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This document discusses investigations into positron moderator efficiency 

specifically through the use of stacks of etched and annealed tungsten meshes. Flash lamp 

annealing (FLA) has been shown to be particularly effective for annealing tungsten 

meshes and FLA enhancement of tungsten meshes may represent the optimal geometry 

and treatment of tungsten for positron moderation. Design and optimization of the intense 

pulsed positron beam, the Mono-energetic Positron System (MePS) in Germany are 

discussed, as are the results of its first experiment investigating low-k materials. 

Additionally, efforts made toward the creation of a stable, high-intensity positron beam at 

The University of Texas at Austin through development of the Deflection Focusing 

Positron Gun (DFPG) are discussed. The DFPG uses a unique geometry and a second 

moderator for brightness enhancement in order to increase the intensity by at least two 

orders of magnitude over the typical source-based beam. 
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Chapter 1: Positrons and Slow Positron Beams 

This dissertation focuses on slow positron beams, their uses, and attempts to 

overcome or mitigate some of their limitations. Slow positron beams used in this research 

typically operate with energies of a few eV up to 100 keV and have a variance in energy 

of less than a few eV. The beams may either be pulsed or continuous. Measurements are 

associated with each. Slow positron beams are often used to study metals or 

semiconductors, owing to the problem of charge-buildup causing an increasing repulsion 

of the beam, but they can also be used to characterize porous materials or liquids. 

Information is obtained through examination of the annihilation photons. 

This chapter serves as an introduction to the positron, and various applications in 

science and industry, in particular details for slow positron beams: their history, 

formation, physics principles, associated spectroscopies, and the challenges that have 

given rise to the work discussed herein. The second chapter elucidates studies and results 

in positron moderation at The University of Texas and at Helmholtz Zentrum Dresden-

Rossendorf (HZDR) in regard to tungsten moderator meshes. The third chapter discusses 

results from the Mono-energetic Positron System (MePS) beam at HZDR. The final 

chapter summarizes the present state and future possibilities of slow positron research at 

The University of Texas. 

1.1 THE POSITRON 

In 1928 Paul Dirac published a paper entitled “The Quantum Theory of the 

Electron.” This monumental paper introduced the Dirac Equation, and united quantum 

mechanics, special relativity, and spin to explain the Zeeman effect. This is the paper 

introduced the seminal idea of the positron and therefore the concept of antimatter [1]. 
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One year later, both Dmitri Skobeltsyn and Chung-Yao Chao observed particles, 

which behaved like electrons with positive charge [2]. On August 2nd 1932, Carl David 

Anderson reported tracks in a cloud chamber photograph, shown in Figure 1-1, which 

offered definitive proof for the existence of positrons. This discovery was honored with 

the Nobel Prize in 1936. 

 

 

Figure 1-1: Anderson’s photograph of the first evidence for the existence of the 
positron. A 6 mm lead plate separated the top half of the cloud chamber 
from the bottom. A magnetic field permeated the chamber, which caused 
electrons and positrons to bend in opposite directions. The image shows that 
the particle lost energy by passing through the lead plate from the bottom, 
which resulted in a smaller turning radius. The direction of the curvature 
confirms that a positron created this track [3]. 

The positron has the same mass as the electron within experimental limits 

(510.9989461(13) keV/c2) and the same spin (1/2), but opposite charge (-
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1.60216565(35)×10-19 C) and magnetic moment (9284.764×10-27 J/T). It is stable in 

vacuum [4]. 

When a positron and an electron collide with low relative velocity and opposite 

spin, they annihilate each other, and their mass energy is converted into other particles 

depending on what annihilation channels are available. The most common channel 

(~99.7% of all reactions) for the annihilation of a thermal positron with an electron in the 

bulk of a material is the creation of two photons [5]. Because momentum and energy 

must be simultaneously conserved, each photon has a energy of 511 keV, the rest mass of 

the original particles, and they are emitted back-to-back in the reference frame where 

their net momentum is zero [6]. This conserves both energy and momentum in the 

interaction. In the lab frame, these photons may differ in energy by several eV and may 

not be collinear. These differences between the interaction reference frame and the lab 

frame give rise to a number of spectroscopies, which will be discussed later in this 

chapter. 

Antimatter has not been found to be naturally abundant in the universe. Positrons 

must be created either via pair production or radioactive decay. There are over 300 

positron-emitting nuclides known [7]. Positrons are created by pair production with a 

photon of energy at least twice that of the mass energy of a single electron and a nearby 

nucleus to absorb the momentum of the photon. Photons cannot pair-produce in vacuo. 

1.1.1 Positron Interactions in Matter 

When slow positrons encounter a metal or semiconductor three categories of 

outcomes are possible: reflection, absorption and reemission, and annihilation as depicted 

in Figure 1-2. 
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Figure 1-2: The possible interactions between a positron beam and a metal or 
semiconductor target. 

A fraction of the incident positrons in a beam will be scattered elastically when 

they encounter a surface. A greater proportion of positrons are diffracted in this way 

when the beam energy is lower. Measurement techniques such as Low Energy Positron 

Diffraction (LEPD) can use these diffracted positrons to create and analyze interference 

patterns, which relay information about the arrangement of the atoms at the surface of a 

metal or semiconductor [8]. 

Positrons penetrate the target to an average depth, which increases with initial 

kinetic energy. During this process, the positrons repeatedly undergo inelastic 

deflections, losing energy primarily through the creation of phonons and plasmons. The 
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implantation depth for a given positron kinetic energy has a Makhovian profile [9]. 

Examples of implantation profiles for varying positron kinetic energy can be seen in 

Figure 1-2. 

Figure 1-3: Makhovian implantation profiles of a positron beam in single crystal silicon 
[10]. 

Positrons lose energy via inelastic collisions until they have thermalized. They 

diffuse through the material with energy kT until they annihilate with an electron or arrive 

at a surface. 

A variety of things will happen when a positron interacts with the surface. If the 

surface has a positive work function, which is greater than the positron’s kinetic energy, 

the positron may become trapped. If the positron hasn’t fully thermalized and has enough 

energy to escape, it may be emitted as an epithermal positron. It may also pick up an 

electron from the surface and escape as neutral, atom-like positronium (Ps), or possibly 
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as the negative positronium ion (Ps-). A positron may also become trapped at the surface. 

If the positronic work function for the material 𝜙+ is negative, a fully thermalized 

positron may be emitted with an energy of kT + 𝜙+.  

Positrons that remain in the material will find an electron and annihilate with it 

and emit two X-rays. Positrons have a lifetime and diffusion length, which depend on by 

the properties of the material they are surrounded by. For example, the positron diffusion 

length in a defect-free crystal lattice of a semiconductor is usually about 150 nm. Lattice 

defects with high local negative charge such as dislocations, vacancies, and impurities 

can trap positrons. In this case, their diffusion length is diminished, but their lifetime is 

extended. Different types of defects are associated with distinct lifetimes, which can even 

be used to distinguish between different arrangements of the same kind of defect. For 

example, one can determine if dopants tend to exist as single atoms, in pairs, or in larger 

clusters, and their ratios. 

Positrons traversing a sample eventually find an election and are annihilated. 

There are a variety of channels for this reaction, but 99.7% of the reactions result in the 

emission of two photons co-linearly in the frame of the interaction. The energy of each 

photon is very close to the rest mass energy of the electron or positron, 511 keV. Because 

the electrons in the sample are moving relative to the lab frame, there may be a difference 

between the reference frame of the interaction and that of the lab frame of several eV. 

Tightly bound core-shell electrons move much faster than outer-shell or conduction band 

electrons and therefore show either a greater difference from the lab frame. This appears 

either as an increasing opening angle when the moment difference is more transverse to 

the direction of flight of the photons, or as a greater Doppler shift when more in-line. 

Positron spectroscopies, which will be discussed later in this chapter, have been 

developed to examine each of these cases. 
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1.1.2 Positronium 

Under the right conditions, a positron can combine with an electron to form 

positronium. Para-positronium (p-Ps) is the singlet 1S0 state of positronium. It has a spin 

of zero (S=0, ms=0) and consequently it decays predominantly via two photos and has a 

vacuum lifetime of 125 ps. Ortho-positronium (o-Ps) is the triplet 3S1 state. It has a spin 

of one (S=1, ms=0,±1) and has a vacuum lifetime of 142 ns. This lifetime is three orders 

of magnitude higher because the first available decay channel requires three photons to 

simultaneously conserve momentum, energy, and angular moment. The relative 

abundance of p-Ps to o-Ps is 1:3 [11]. 

1.2 APPLICATIONS OF POSITRONS IN SCIENCE AND INDUSTRY 

Positrons are used in studies and applications that are too numerous and wide-

ranging to list here with completeness. Part of their broad applicability comes from their 

non-destructive nature; positrons annihilate only with the electrons, which are easily 

replace. A handful of examples are presented. 

1.2.1 Positron Emission Tomography 

In positron emission tomography (PET), a radionuclide, 18F, is administered to a 

patient as fludeoxyglucose to study metabolic processes. This is particularly useful for 

the detection of fast-growing tumors, which metabolize glucose analog rapidly and 

accumulate a large number of 18F atoms. As those atoms decay, they emit positrons, 

which annihilate in the surrounding tissue emitting 511 keV photons. Since those photons 

are emitted very nearly back-to-back, pairs of detectors can be used to track the origin of 

those photons and pinpoint the locations of tumors [12]. 
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Figure 1-4: The molecular structure of fludexyglucose 18F [12]. 

1.2.2 Metal Fatigue 

The non-destructive nature of positron spectroscopies, coupled with their 

sensitivity to defects smaller than a single atomic lattice site have led to a number of 

applications involving the early detection of metal fatigue and part failure, such as for 

steel widely used for piping in nuclear power stations [13], train axles and components 

[14], and various Aerospace components [15, 16]. 

1.2.3 Cold Anti-Hydrogen  

The experiments ATHENA and ATRAP at CERN seek to directly compare the 

properties of hydrogen and anti-hydrogen by combining trapped positrons and anti-

protons. The first low-energy anti-hydrogen atoms were created in 2002, and efforts are 

underway to magnetically trap the anti-hydrogen atoms. Presently, when anti-hydrogen is 
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formed, the now neutral atom drifts into the walls of the trap where it is detected through 

its annihilation products [17]. 

1.2.4 Positronium Bose-Einstein Condensate 

With the first study of a collection of high-density positronium [18], the 

possibility of forming a positronium Bose-Einstein Condensate is on the horizon. There 

are a number of novel properties of positronium in BEC form, not the least of which is 

that the light mass of Ps means that a BEC could be formed at room temperature [19]. 

1.2.5 Oil Well Logging 

It has been shown that positrons are capable of uniquely characterizing different 

rocks including assorted shale, sandstone, and carbonate [20, 21]. Because of this, some, 

including my graduate advisor, have considered developing applications for this inside a 

well to assist in detecting deposits likely to contain oil [21]. 

1.2.6 Laser Production of Positrons 

At Lawrence Livermore National Labs and the Texas Petawatt Laser recent 

experiments have shown that ultra-short burst lasers can be used as intense sources of 

relativistic positrons [23, 24]. 

1.2.7 Positron Source-Sandwich 

Extremely weak 22Na positron sources can be sandwiched between two identical 

samples for study. There is a minimum thickness the samples must have in order to stop 

most of the impinging positrons. The samples are then sandwiched between scintillator 

crystals, which are red by fast photomultipliers. Due to a unique property of 22Na, 3 ps 

after emission of the positron a 1.274 MeV gamma is emitted as the newly created 22Ne 
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atom relaxes into its ground state. This photon can be used as a start signal for the timing, 

and registering of a pair of annihilation photons constitute the stop signal [10]. 

1.2.8 Slow Positron Beams 

The remainder of this chapter discusses slow positron beams. The quality and 

spectroscopies possible depend on a number of factors, the source of the positrons, the 

intensity of the beam, and whether it is pulsed or continuous. 

Slow positron beams have numerous applications including the interactions of 

positronium, the creation of anti-hydrogen, to surface science, to depth profiling and 

defect characterization of materials. 

Slow positron beams are formed without compromises. One of the most important 

factors involves the inefficient moderation process that is necessary to create the mono-

energetic beam. 

1.3 SLOW POSITRON BEAM COMPONENTS 

All positron beams share some basic components: a source of positrons, a 

moderator, a filter to remove un-moderated positrons, a transport system to guide the 

positrons to the target, and at least one detector. 

1.3.1 Positron Sources for Beams 

Arguably the most important component for a positron beam is a source. There 

are a few commonly used methods for generating beams of slow positrons. One requires 

an accelerator, which is used to create electron-positron pairs through a radiation 

converter. The electrons are discarded and the positrons gathered and focused into a 

beam. This method is chosen by Gamma-induced Positron System (GiPS) and Mono-

energetic Positron System (MePS) beams, as discussed in chapter 3. Another technique 

places a cadmium-lined tube directly inside a nuclear reactor. The cadmium captures 
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thermal neutrons and emits energetic X-rays, which then generate electron-positron pairs 

inside a target of tungsten. The Neutron-induced Positron Source Munich (NEPOMUC) 

operates in this manner [87]. The final method, and by far the most popular, is the use of 

a radioactive source that creates positrons with its decays. While, the previous two 

techniques require the use of an accelerator or a nuclear reactor; this method does not. 

The versatility of source-based positron beams makes them much more useful as an in-

house tool for various industries, particularly those involved in semiconductor 

development. It is also a more desirable source of positrons, since it is not limited by 

competing for beam time or maintenance shut downs. Finally, it’s far less expensive to 

operate. 

While slow positrons can provide unique information about a sample, they are 

limited by several factors. The first limitation is the number of positrons generated by a 

radioactive source. This limit may be due to the small size of the sample, by the cost of 

the source, or by safety considerations. A list of sources commonly used in positron 

beams is shown in Table 1-1. 
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Isotope Endpoint Energy (MeV) Half-Life Positron Fraction 

22Na 0.54 2.6 y 0.91 
58Co 0.47 71 d 0.15 
11C 0.96 20 m 0.99 
44Ti 1.47 47 y 0.94 
64Cu 0.65 12.8 h 0.19 
68Ge 1.88 275 d 0.86 
57Ni 0.85 36 h 0.19 
90Nb 1.50 14.6 h 0.54 
55Co 1.50 18.2 h 0.81 

Table 1-1: Different radioactive sources used for positron production [25]. 

Pair production techniques are often used for positron beams. NEPOMUC in 

Munich, Germany uses a cadmium-lined end-cap inserted into an open beam port in the 

reactor FRM II. The Cadmium efficiently captures reactor neutrons with an extremely 

high neutron capture cross-section of 20600 barn. The relaxation of the nucleus emits 5 

MeV X-rays. The photons create electron-positron pairs in a tungsten converter [26]. A 

similar beam design is being used by PULSTAR at NC State University [27]. In the 

Electron Linac with high Brilliance and low Emittance (ELBE) facility in Dresden-

Rossendorf, Germany, electrons with up to 36 MeV enter a water-cooled aluminum 

converter creating electron-positron pairs from the bremsstrahlung radiation. The 

positrons are used for the MePS beam line [28]. 

For source-based positron beams, the most common source used is 22Na. It has a 

good balance of high-positron fraction (91%), a half-life of 2.6 years, so the sample 

doesn’t have to be replaced often, and is commercially available via South Africa in a 
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sealed source capsule designed by the team at the Martin Luther Universität in Halle, 

Germany [29]. This is the standard method for producing slow positron beams 

worldwide, including the beam in the NETL building at UT. This is even the preferred 

method for experiments like ALPHA, which collects positrons and combines them with 

antiprotons to create anti-hydrogen [30]. The typical 22Na source capsule is shown in 

Figure 1-5. A positron source with a short half-life like 64Cu becomes viable only with 

immediate access to a reactor. The source can be created by exposure of a thing foil of 
63Cu, the most common isotope of copper, to neutron radiation. Unfortunately, the 12.8-

hour half-life requires constant replacement. The overall percent of copper activated is 

often small, and the same sample can be re-activated dozens or hundreds of times [31]. A. 

van Veen et. al., have proposed a novel use for an in-reactor copper source that would 

produce positrons through a combination of neutron activation and pair-production [32]. 

Other sources such as 58Co can be created via neutron irradiation of 58Ni and then radio-

chemically separated and concentrated [33]. 
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Figure 1-5: The 22Na source container that is commercially available. The outside of the 
capsule is made of titanium. 22Na2CO3 is evaporated into a recess over 
tantalum (a high-Z material that will reflect approximately 25% of 
positrons), and sealed behind a 5µm thick, welded titanium foil. In the 
diagram, the positrons would be emitted downward [34]. 

1.3.2 Positron Moderation 

The most significant limitation to forming an intense positron beam comes from 

making it mono-energetic. The positrons are the product of the weak decay of an up 

quark into a down quark, a positron, and an electron neutrino. This is a three-body decay. 

A spectrum of positron energies are allowed for which all conservation laws are obeyed. 

The positron penetration depth in a solid is a function of the positron’s energy; therefore 

it is desirable that the beam be as mono-energetic as possible. 
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A solution for forming a beam of mono-energetic positrons depends on the 

positron work function. The work function of a material ϕ is determined by the sum of 

its surface dipole energy and its bulk chemical potential. While the electronic work 

function for all materials is positive—one must supply energy to remove an electron from 

a sample—there are many materials, which have a negative positronic work function due 

to a difference in sign between the dipole energy and chemical potential terms. A 

positron entering such a material first loses energy through inelastic collisions, which 

predominately generate plasmons in the 101 eV range and phonons in the eV range [35]. 

After a positron has lost most of its energy while still inside the material, it will 

thermalize and then diffuse until it finds an electron and they annihilate. The positron 

diffusion length is typically denoted as L+. If the positron arrives at the surface, it is 

ejected perpendicular with the sum of its thermal and work function energies, typically 

from 1 to 3 eV depending on the material and the crystal orientation of the emitting 

surface. Tungsten is the most commonly used moderator because of the combination of 

high efficiency, robust nature of its moderation properties, and its ease of use compared 

with others, such as solid noble gas moderators. Tungsten can be exposed to air for 

extended periods and yet retain more than 60% of its moderation efficiency, which is 

about 10-4 [2]. For every 10,000 positrons that enter the moderator, one leaves with only 

the work function energy. The highest known efficiency moderators, solid noble gas 

moderators, can approach 10-2 [36]. The slow positron beam is made exclusively from 

these moderated positrons. 

The moderator efficiency ε is the ratio of the number of moderated positrons 

emitted from a moderator divided by the number of energetic positrons encountering its 

surface. It should be noted that this is sometimes alternately defined as simply the 
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number of moderated positrons striking the target divided by the activity of the positron 

source. For a radioactive source, this can be estimated by  

 

where y0 is the branching ratio for positron re-emission from the surface, L+ is the 

diffusion length for positrons in the material, and R is the mean range for positrons in the 

moderator [2]. 

There are numerous moderator geometries. And the definition for moderator 

efficiency is dependent on geometry. For this reason, moderator efficiencies are typically 

listed giving only their order of magnitude, or the moderator is characterized by giving 

the branching ratio y0, the diffusion length L+, and the work function energy φ+.  

The next chapter discusses positron moderation in detail. 

1.3.3 Beam Transport 

The transport of a mono-energetic positron beam is nearly completely lossless. 

Positrons travel under vacuum of 10-6 Torr or less. 

The beams are focused and accelerated by means of electrostatic lenses. Pulsed 

beams additionally have electronic chopper and buncher systems to create shorter pulses 

and gain better temporal resolution. Choppers are occasionally employed to transform a 

continuous beam into a pulsed one, though with the low count-rates inherent in positron 

beams, it’s generally undesirable to discard moderated positrons. 

The beam is typically is guided by toroidal magnets, which keep the positrons 

collimated in spite of whatever small transverse momenta the positrons may have. 

Helmholtz coils are used to cancel the earth’s magnetic field along the beam line, which, 

while small, can exert a significant lever arm over the length of the beam line. 
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Moderated positrons are separated from epithermal positrons either by means of 

an E×B filter [37], or a bend in the beam line around which the moderated positrons are 

guided using a magnetic field. Positrons that are un-moderated or only partially 

moderated have a larger turning radius than positrons that are moderated.  

1.4 POSITRON ANNIHILATION SPECTROSCOPIES 

Slow beam positron annihilation spectroscopies (PAS) are capable of revealing 

information about the arrangement of dopants and defects in a metal or semiconductor 

sample with a resolution better than a single atomic lattice site at depths typically up to a 

few micrometers. Information on this scale at depths more than a few monolayers cannot 

be achieved by any other spectroscopic technique. A comparison of techniques can be 

seen in Figure 1-6. Furthermore, the sensitivity range in for open-volume defects starts at 

around one vacancy per 107 atoms. This enormous sensitivity comes about because a 

thermal positron can diffuse on the order of 102 nm in the bulk of a material, so each can 

probe a large number of lattice sites [2]. 
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Figure 1-6: A comparison of the capabilities of spectroscopic techniques. Positrons are 
capable of discerning defects smaller than an atom, and can penetrate deeply 
into a sample [38]. 

Deviations from linearity of the photons in the laboratory frame arise primarily 

from the momentum of the electron , which was first used to determine the Fermi 

surfaces of metals and alloys [39]. 

1.4.1 Momentum Distribution 

Measuring the momentum of the interaction frame by examining the annihilation 

photons is one of the main categories of slow positron beam techniques. Positrons 

penetrate a sample material to a mean depth proportional to their energy. The positrons 

lose energy by undergoing inelastic collisions until they thermalize to a Maxwell-

Boltzmann distribution. The thermalized positrons then diffuse through the material until 

they annihilate with an electron. The annihilation rate is inversely proportional to the 
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overlap of positron and electron wave functions [10]. This annihilation releases two 511 

keV photons back-to-back in the reference frame where their net momenta is zero. Since 

the electrons in the sample are moving much faster than the positrons, that reference 

frame is likely to be different from that of the laboratory. 

In early experiments, the difference in momenta between the lab frame and the 

annihilation frame was measured by a method called angular correlation of annihilation 

radiation (ACAR). ACAR measured the momentum of the annihilation relative to the lab 

by finding the opening angle of the emitted photons. Detectors were placed several 

meters to either side of the sample at angles varying from 180º. Increasingly shallower 

angles measure an increasing momentum difference between the zero momentum frame 

and the lab frame transverse to the direction of travel of the emitted photons. With this 

technique, Stephan Berko was able to measure the Fermi surface of copper, shown in 

Figure 1-7 [40]. The major drawback of this technique is extremely low count rates due 

to the small solid angle of the detectors. 
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Figure 1-7: 2D ACAR by Berko in 1979 showing astounding agreement with theory 
[40]. 

Doppler-broadening PAS techniques are used now instead of ACAR. Rather than 

measuring the transverse momentum difference, one measures the difference in-line with 

the emitted photons. In this case, one photon will have more energy (typically 5 eV or 

less) and appear blue-shifted due to the electron's momentum in that direction, and the 

photon moving in the opposite direction will be red-shifted symmetrically about the 511 

keV peak. The advantage of Doppler-broadening spectroscopy is that the detector can be 

placed right beside to the sample being studied, which increases the detection rate by 

orders of magnitude. Using two detectors, the photons can be observed in coincidence 

and background detections can be dramatically reduced. This technique requires an 

energy resolution on the detector in the low eV range to be viable. 
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For Doppler broadening spectroscopy, a number of detectors are placed as 

physically close to the target as possible. The configuration of these detectors varies 

depending on their purpose. At least one cryogenically cooled high-purity germanium 

detector HPGe is required because of their high energy resolution, and it is often it is 

paired with another HPGe, or with a NaI(Tl) or BaF2 detector. NaI(Tl) and BaF2 detectors 

have a much lower energy resolution [41], and work well with time-of-flight 

measurements or as coincidence counters. 

Doppler broadening spectroscopy can also be done using back-to-back detectors 

to eliminate backgrounds. 

1.4.2 Lifetime  

Crystal imperfections trap positrons differently depending on the nature of the 

imperfection. Positron lifetime spectroscopy (LT), measures the length of time between a 

positron entering the sample and annihilating with an electron. The lifetime of a positron 

in a solid depends inversely on the local electron density. Different types of defects have 

unique positron lifetimes, which differ from the lifetime of the positron in the bulk of the 

material. A vacancy in the crystal lattice traps positrons because the lack of a nearby 

nucleus increases the negative charge density in the area and becomes a positron trap. 

While the region has a greater local negative charge, there are actually fewer electrons 

there because of the absence of core-shell electrons around the nucleus. This leads to a 

longer lifetime for trapped positrons [35]. The number of different lifetimes measured 

and their relative intensities give information about the types and relative abundances of a 

variety of defects. Positron lifetime spectroscopy requires a start signal for the creation of 

each positron, and a stop signal for each annihilation. The most straightforward method is 

to use an intermittent or pulsed beam. For positrons created in pulsed bunches in an 
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accelerator, lifetime spectroscopy is ideal. When using a radioactive source to generate 

the beam, however, one must chop and bunch the continuous supply of mono-energetic 

positrons. 

1.4.3 Other Spectroscopies 

While other spectroscopies don’t show up within the scope of this document, they 

are worth noting. 

The technique of age-momentum correlation (AMOC) combines Doppler-

broadening spectroscopy with lifetime spectroscopy. A profile is measured in 2D, which 

consists of a series of Doppler curves measured as a function of the lifetime of the 

positron. This enables long lifetimes, like those from o-Ps to be filtered out from 

annihilation events. This is particularly useful for positronium chemistry [10]. 

Low energy positron diffraction (LEPD) uses positrons with energies up to 200 

eV to detect the crystal structure of the surface of a material. LEPD can be useful in 

conjunction with low energy electron diffraction (LEED) to characterize complex 

surfaces [42]. 

There are numerous other positron spectroscopies such as positron-induced Auger 

electron spectroscopy (PAES), transmission positron microscopy (TPM), positron re-

emission microscopy, (PRM) and more. 

1.5 MOTIVATION 

The motivation for the work is ultimately to create positron beams with greater 

intensity. In the next chapter, this is addressed through studies meant to improve 

moderator efficiency using annealed tungsten meshes. The following chapter discusses 

the development of an intense, pulsed positron beam at the Helmholtz Zentrum in 
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Dresden. The final chapter details work done at The University of Texas on the 

Deflection Focusing Positron Gun. 
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Chapter 2: M1oderator Studies 

This chapter describes the work done both at the Physics Department of The 

University of Texas at Austin, Texas, U.S.A. and at the Helmholtz-Zentrum at Dresden-

Rossendorf (HZDR), in Dresden, Germany. We will begin broadly with moderators and 

positron sources in general terms, but will continue with a focus on the particular source, 
22Na, and the moderator, tungsten. 22Na is commercially available, but sometimes difficult 

to obtain, has a high positron fraction and a half-life long enough that a source may be 

used for several years before it needs to be replaced. For these reasons, it is the most 

common source used to make positron beams. Many moderator materials will be 

discussed, but the emphasis will be on tungsten as a moderator material. It is also 

preferred in applications due to its high moderation efficiency, its relatively large 

negative work function, and its ability to retain most of its effectiveness as a moderator 

after exposure to air is a desirable property. 

2.1 POSITRON MODERATORS 

The most significant limitation to form positron beams with high intensity lies in 

the moderation step. Positrons, whether from Bremsstrahlung or radioactive decay, have 

a broad energy spectrum. For 22Na, for example, its energy spectrum extends up to 545 

keV. Positron experiments directly using such a distribution, for example those that 

utilize low-activity 22Na sources sandwiched between two detectors, must also take into 

account the de-convolution of the 22Na energy distribution to obtain useful data. For more 

precise, depth-dependent analysis, the beam must have a much narrower energy 

distribution function. Fortunately, the use of positron moderators can provide a beam 

                                                
Some of the work in this chapter is based on the publication: W. Anwand, J.M. Johnson, M. Butterling, A. 
Wagner, W. Skorupa, and G. Brauer, Jour. of Phys.: Conf. Ser. 443 (2013). My contributions include the 
etching and annealing of meshes as well as additional analysis. 
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with an energy variance of only a few eV due to variability in the surface of the 

moderator and the thermal energy of the positrons. This is about 1.5 eV at room 

temperature of 300 K for the 110 surface of tungsten [43]. Such a beam is referred to as a 

“slow positron beam.” 

Positron moderation comes in one of two forms: transmission or reflection. 

Positrons either pass through a moderator and are emitted from the opposite surface to 

which they entered (transmission), or they penetrate into and then are re-emitted from the 

same surface (reflection). Positrons entering a moderator lose energy via inelastic 

collisions until they reach thermal equilibrium with the material. Once thermalized, a 

positron diffuses through the moderator. If a positron finds the surface of the material, it 

is ejected perpendicular to that surface with its thermal energy plus the work function 

energy of that surface. This takes picoseconds for the positron to lose its kinetic energy 

and thermalize, and then nanoseconds for the positron to diffuse through a material 

before annihilation [44]. If the positron doesn’t reach the surface, it will annihilate with 

an electron. 

There is a characteristic diffusion length L+ associated with each material. This is 

the average distance that a positron will travel through a pure, defect-free sample. Low 

energy positrons may thermalize inside the moderator and then never reach the emitting 

surface. This is the case for the majority of positrons. The highest efficiency solid noble 

gas moderators lose well over 99% of positrons to annihilations within the moderator 

[45]. Positrons from the higher-energy portion of the spectrum may reach the emitting 

surface before they’ve thermalized and leave with a significant amount of energy in 

addition to the contribution from the positronic work function. These are referred to as 

epithermal positrons. Epithermal positrons are filtered out of the beam using some 
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combination of electric and magnetic fields to change the beam trajectory during 

transport. 

Even under ideal circumstances a moderator’s parameters can only be tailored to 

moderate a small region of the positron energy spectrum. Because of this, the primary 

limitation on the intensity of positron beams lies in their moderation. In Table 3-1 many 

common moderators are listed.  

Moderator efficiency is typically defined as the number of moderated positrons 

leaving with the work function energy divided by the number of positrons entering the 

moderator from the source. This simple definition unfortunately conflates the 

contribution by the material with geometric considerations. Those moderators listed in 

Table 3-1 are shown with the order of the maximum efficiency measured. While solid 

noble gas moderators have reached as high as 10-2 [46] their use comes with some 

additional complications and costs associated with cryogenically depositing a gas on a 

surface in vacuum. These include re-growing the moderator, venting gaseous He, and 

others [47]. 

The most commonly used moderator is tungsten. It has a moderation efficiency on 

the order of 10-3 as shown in Table 2-1. This is comparable or better-than other metallic 

moderators, and it is the most stable when exposed to air, retaining upwards of 60% of its 

efficiency making in-situ annealing not absolutely necessary [2]. Tungsten has a melting 

point of 3422 ºC, which makes annealing difficult to achieve in-situ. 
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Moderator Efficiency Reference 

Cu (110) with S 10-3 A.P. Mills Jr. [48] 

Pt with MgO 10-5 K.G. Lynn and H. Lutz [49] 

Au 10-4 S. Pendyala et. al. [50] 

W (110) 10-3 A. Vanahem et. al. [51] 

Al 10-5 P.J. Schultz et. al. [52] 

Cryosolid Ne 10-2 A.P. Mills Jr. et. al. [53] 

Field assisted SiC 10-2 Weber et. al.[54] 

Table 2-1: An assortment of moderators. Because of the strong dependence of 
moderation efficiency on geometry, only the order of magnitude is listed. 

Optimization of moderator efficiency through use of novel materials and altering 

moderator geometry to suit a particular source of positrons have both been key areas of 

research in the field of positron physics. The remainder of this chapter will discuss the 

latter. 

2.1.1 Tungsten Foil Moderators 

For reasons stated previously, (high moderation efficiency, effectiveness despite 

exposure to atmosphere, commercial availability, and structural stability) W foils remain 

the most common moderator in use for slow positron beams [2]. The W foil is analyzed 

in some detail. 

The penetration depth, z, of a positron is determined from its implantation profile 

by a Makhovian distribution given by equation (1). 

           (1) 

where 
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. 

In these equations, the average penetration depth of the positron is given as  

, 

Γ is the gamma function, and A, m, and r are empirical constants found to be A = 

4.0 μg cm-2 keV-r, m = 2, and r = 1.6 for a tungsten moderator [2, 51, 55] though there has 

been some discussion that perhaps for A, 3.6 μg cm-2 keV-r is a better number [56]. 

Equation (1) is used to calculate the implantation profile for a mono-energetic beam on a 

sample. It can also be used in conjunction with the known energy distribution of a 

positron source given by:  

 

to determine the fraction of positrons stopped at a given depth: 

            (2) 

This gives rise to well-established distribution curve for 22Na seen in Figure 2-1. 

A further correction to N(E), shown as N*(E) was made using GEANT4 to account for 

the modification to the energy spectrum caused by exiting the source capsule through the 

containing Ti foil. 
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Figure 2-1: This figure shows the spectrum of the kinetic energy of positrons emitted by 
22Na. The solid line shows the known spectrum, and the dotted line 
represents the results of a GEANT4 simulation, which correct the spectrum 
for having passed through a 5 μm Ti foil. In all commercially available 
capsules, the 22Na salts are sealed behind such a foil. 

Given equations (1) and (2), the parameters for tungsten, the positron energy 

spectrum of 22Na, and taking into account the modification to the energy spectrum by 

passing through the Ti foil shown in Figure 2-1, one can arrive at a curve showing the 

distribution of positrons emitted from a 22Na stopped at a certain depth in W foil 

moderator. This curve can be seen in Figure 2-2. 
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Figure 2-2: This figure shows the fraction of positrons stopped by depth in a tungsten 
foil. This theoretical calculation assumes the ideal case of a perfectly 
annealed single-crystal foil. The thinnest commercially available foils are 9 
μm ± 25% (Goodfellow), indicated in red, are much thicker than the ideal 
1.80 μm. This difference in thickness contributes a 40% loss of efficiency. 

This curve shows that for 22Na, the most positrons are stopped near 1.80 μm. By 

these calculations, one can gain almost a factor of two in moderator efficiency with a W 

foil by reducing its thickness. There is a further loss of efficiency not accounted for in 

Figure 2-2 due to the foils being polycrystalline. 

The moderation efficiency is also determined by the positron diffusion length L+ 

in the material. While there is a maximum diffusion length for any given material, 

dislocations, defects, or crystal boundaries can serve as trapping sites for diffusing 

positrons and dramatically reduce the diffusion length of a moderator. Figure 2-3 shows 

theoretical curves for efficiency vs. positron diffusion length for two thicknesses of 

moderators: the commercially available 9 μm foil, and the theoretically optimal 2 μm foil 

with the assumption that they are both single-crystal and defect-free. Assuming the 
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maximum positron diffusion length in tungsten, 135 nm [43], this places an absolute limit 

to the efficiency of a W moderator foil at 4.5×10-3, and the absolute limit of the 

commercially available foils at 2.7×10-3. These are theoretical maxima. Measured 

efficiencies are typically an order of magnitude lower. The creation of 2 μm single-

crystalline tungsten foils for use as positron moderators is commonplace in positron labs. 

 

 

Figure 2-3: This figure shows the calculated W moderator efficiency plotted against 
diffusion length. At the maximum theoretical diffusion length in defect-free 
tungsten, 135 nm, the limit to moderator efficiency is calculated to be 
4.5x10-3. 

In practice, there are still some hurdles to overcome. Gramsch et. al. reported a 

moderator efficiency of only 2.6×10-4 for a 6μm tungsten foil after annealing to 2100 ºC 

in vacuum. [57] The discrepancy between the theoretical case and the experiment is 

likely due to surface properties, grain boundaries, and impurities [58]. There exists an 

upper limit to the moderator’s efficiency that can be achieved using defect-free single 
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crystal tungsten foils of optimal thickness. To achieve efficiencies beyond the 10-4 range 

with tungsten, a different geometry is required. 

2.1.2 Tungsten Moderator Meshes 

One promising approach to increasing moderator efficiency through geometry 

comes in the form of stacked tungsten meshes. These meshes are available commercially 

with wires of diameter of 25 μm arranged in a grid with 2 wires per mm. The first 

investigations done using stacked tungsten meshes was by Fornari et. al. in 1983 [59]. 

The slow positron community’s interest in stacked tungsten meshes has increased 

dramatically since the early 2000s primarily due to two publications. One by Saito et. al. 

in 2002 showed an increase of moderator efficiency to 7.5×10-4 when using a stack of 

tungsten meshes electro-polished to around 10 μm diameter [60]. Two years later, Weng 

et. al. confirmed those findings and obtained an optimal efficiency of 1.2×10-3 for a 

stack of twelve 10 μm thick wires. [61]. These two results represent a significant increase 

in moderator efficiency over single-crystal tungsten foils. While still falling short of the 

efficiency of noble gas moderators, they retain all the other advantages: the treatment is 

easy to perform, the cost is lower, the setup and maintenance is simpler, and they are 

more stable in the long term [60]. 

A stack of tungsten meshes, etched to an appropriate thickness increases the 

amount of the material within one positron diffusion length, thus allowing more 

thermalized positrons to escape. Epithermal positrons leaving one mesh, would be 

capable of penetrating into additional wires and losing energy until they too become 

thermalized. An electric field gently guides the moderated positrons out and into the 

beam. It is estimated that this moderator configuration could improve maximum 

moderator efficiency by one order of magnitude [62]. 
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Two qualities of the tungsten mesh must be modified to increase the moderation 

efficiency. The first is that the diameter of the wires must be reduced gently, so that the 

wires maintain their surface integrity, and secondly the wires have to be annealed to 

eliminate defects. 

The tungsten mesh, from Goodfellow, had a purity of 99.99%, wire diameter of 

25μm, and a transmission coefficient of 81%. To reduce the diameter to the desired 

10μm, the mesh was cut into 2 cm squares, weighed on a microgram scale and then 

placed it in a bath of Clorox bleach. The dilute (6%) sodium hypochlorite solution gently 

etched away the tungsten wire. After etching for some time period, the meshes were 

removed from the Clorox bath, rinsed with distilled water, dried and then weighed again 

[63]. The mass before etching mb and after etching ma were used to determine the wire 

diameter according to 

. 

The results of the etching can be seen in SEM photos in Figure 2-4. 

 

 

Figure 2-4: a) The tungsten mesh as received. b) Tungsten mesh after etching in sodium 
hypochlorite. Note that the wire integrity is still intact even though most of 
the tungsten has been etched away. 
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Tungsten meshes can be etched slowly and with high precision using a dilute 

solution of sodium hypochlorite. The meshes are commercially available as 25 µm 

diameter wires spaced 2 per mm. This wire thickness is well above optimum, but we have 

shown that we can maintain wire integrity even as more than 80% of the mass is 

removed, as seen in Figure 2-5. 

2.2 FLASH LAMP ANNEALING 

Rapid thermal processing (RTP) is a procedure used in the production of 

semiconductors [2]. As semiconductors become smaller, traditional RTP has become to 

slow to maintain the integrity of the distribution of thermally induced dopants [64]. Flash 

lamp annealing (FLA) has begun to regain popularity with the need to anneal on milli- or 

micro-second timescales [65, 66, 67]. FLA has also been used for cleaning surfaces and 

defect annealing of poly-crystalline tungsten foils [68]. 

Flash lamp annealing of tungsten moderators provides an opportunity to optimize 

the moderator’s properties. A W foil can be rapidly heated to above its melting point of 

3422 ºC in 1 to 3 ms while still maintaining its integrity. Annealing experiments were 

performed by twelve xenon-filled gas discharging lamps charged by a 4.8 mF capacitor 

bank with a maximum charging voltage of 4 kV. The capacitor bank is discharged via 

induction coils, which control the duration of the flash. The facility at HZDR produces a 

pulse length from 100 μs to 80 ms. The Xe flash bulbs generate a short light pulse with 

an spectral distribution in the optical range, from 400 to 700 nm, with a peak around 500 

nm [58]. 

Tungsten foils of 9 μm thickness were annealed by a pulse with a duration of 1.25 

ms with an energy density of 32 J/cm2 resulting from 31 MW of electrical power. The foil 

was placed in an argon flow at normal pressure for annealing. The FLA was carried out 
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in a series of pulses of increasing energy density, starting at 8 J/cm2. The foil was 

examined between each pulse. Complete surface cleaning could be observed at energy 

densities above 12.5 J/cm2, which corresponds to a surface temperature of approximately 

1600 ºC. Temperatures above the melting point were required to obtain defect annealing 

and crystalline grain growth, which result in longer positron diffusion lengths [58]. 

Scanning electron microscope images of the results before and after annealing can be can 

be seen in Figure 2-5. Images taken with an optical microscope between each FLA step 

can be seen in Figure 2-6. 

 

 

Figure 2-5: a) SEM image of the as-received 9 μm tungsten foil. b) SEM after FLA 
showing approximately 10% of the surface has become molten. 
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Figure 2-6: Images taken from an optical microscope at each stage of annealing. A large 
difference can be seen between the received tungsten foil, and the first FLA 
step due to the cleaning of the surface. Another large difference is visible 
between the last two steps. In the final image, the melting point of tungsten 
has been reached and a shiny partially molten spot is visible. 

To anneal tungsten foils beyond the 10% surface melting becomes difficult due to 

a 25% variance in thickness of the commercially-available tungsten foils [58]. Higher 

energy densities melt holes in the foil where it is particularly thin. 

The mono-energetic slow positron beam “SPONSOR” at Helmholtz-Zentrum 

Dresden-Rossendorf [69] was achieving 22 counts per second with an un-annealed single 

crystal 2μm tungsten foil that had been in use for about nine years. When that foil was 

replaced with a flash lamp annealed 9μm polycrystalline foil, the count-rate increased by 

nearly a factor of 20 to 400 counts per second. The efficiency of the moderator was 

estimated to be 3×10-4. 

Figure 2-7 shows the measured S parameter vs. incident positron energy for the 4 

moderator foils studied: the 2 μm single crystal foil, and three 9 μm polycrystalline foils, 
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one was as it was received, and two that had undergone FLA. Positron diffusion lengths 

L+ in the foils were calculated from this data using the VEPFIT software [70]. The fits 

resulted in a very short L+ ~ 1 nm for the as-received tungsten foil. The 2 μm single 

crystalline foil showed L+ = 48 nm. Two 9 μm polycrystalline FLA foils were studied and 

their fits showed diffusion lengths of L+ = 94 and 99 nm. Because the foil could not be 

completely melted, the samples fell short of achieving an optimum L+ near 135 nm [51]. 

From the comparison of the diffusion lengths of the 2 μm foil and the 9 μm foils it is 

clear that the shorter diffusion length only contributes half of the degradation of the 

efficiency, which is more than an order of magnitude in total. Structural changes at the 

surface primarily influence moderator properties. Furthermore, the peculiar loss of 

efficiency of about 20% was measured after the foils were kept in vacuum conditions of 5

×10-7 Torr for one week. The foils returned to their original efficiencies after exposure to 

air for a few hours [58]. This is seemingly in conflict with other results suggesting that 

exposure to air reduces the efficiency and that by re-annealing in situ has been 

demonstrated to counteract that and improve moderator efficiency by up to 30% [2]. 

Furthermore, recent studies by Williams et al. suggest that previous upper limits by 

Vehanen shown in Figures 2-3 and 2-4, should be adjusted downwards. According to this 

data our results are now near the maximum value for FLA-treated tungsten foils, as 

shown in Figure 2-7 [62]. 
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Figure 2-7: Updated moderator foil efficiency data re-calculated using new 3D model of 
diffusion. Our results are listed under Anwand et al. [62]. 

The next logical step is to apply FLA to tungsten mesh moderators. Meshes don’t 

suffer from the same limitations as the foils because the wire diameter is extremely 

uniform, and the meshes can be etched carefully so that there is homogeneous volume 

degradation such that the wire uniformity is maintained. Etching to a wire diameter of 15 

μm and then annealing with a 3.0 μs under an argon flow, Figure 2-8 shows that complete 

melting of the mesh is possible while still retaining its integrity. In fact, the integrity of 

the mesh has increased because the individual wires that have been woven together have 

now been fused. Conservatively assuming an efficiency improvement like that of the 

polycrystalline foils, and taking into account the three times higher surface area of the 

meshes, a total efficiency of 9×10-4 should be achievable for a stack of 10-12 meshes 

[58]. As the wire diameter drops below about 10 μm, the wires can no longer be annealed 

using a flash lamp. Even the most cautious increase in temperature near the melting point 

results in the destruction of the mesh, Figure 2-9.  
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Figure 2-8: a) Tungsten mesh with wires etched to 15 μm diameter. b) After FLA, some 
surface melting can be seen as the wires have become shiny. c) At higher 
energies, FLA can completely melt a larger volume of the mesh without 
destroying it as evidenced by the string-of-pearls formation shown here. 
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Figure 2-9: Attempted annealing of a tungsten mesh etched to 8 μm. Even careful 
stepping up of the energy, it became impossible to anneal the mesh without 
destroying it. 

Fortunately, work by Williams et. al. suggests that there is little benefit gained by 

excessively reducing moderator mesh thickness, and that the real parameter of merit is 

the overall transmission of the foils. A stack of fewer but thicker moderator foils shows 

little difference from more meshes with thinner wires [62]. This is particularly good news 

because it means that one can benefit from using FLA on a thicker mesh to achieve total 

melting without loss of moderation efficiency from its thickness. 
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2.3 CONCLUSIONS AND FUTURE WORK 

Stacked tungsten meshes retain all the properties that make single-crystal tungsten 

foil moderators popular, but can reach moderation efficiencies a factor of 3 higher given 

the same treatment. Furthermore, while FLA is useful for annealing moderator foils, it’s 

surprisingly effective when used with polycrystalline meshes, completely melting and 

recrystallizing them in a string-of-beads configuration. This removes defects and crystal 

boundaries, except perhaps between the individual beads, and should increase the 

positron diffusion length to near its maximum value of 135 nm. This is effective because 

increases the useable moderator volume by eliminating positron trapping sites within. 

In light of the results from Williams et. al. [62] suggesting that wire diameter in 

tungsten meshes plays a less significant role than transmission of the meshes, it is likely 

that FLA treatment of 15 μm diameter meshes resulting in melting into a string-of-beads 

configuration represents the best-case scenario for achieving an annealed tungsten mesh. 

This work seems to represent the extent of what can be achieved with the optimization of 

tungsten moderators. Further improvements may be possible through precisely 

determining the optimal transmission coefficient and confirming the dependence of the 

moderation efficiency of a tungsten mesh to depend primarily on its transmission 

coefficient, and then optimizing wire thickness in coordination with number of meshes. 

Beyond that, further improvements with tungsten as a moderator would seem to demand 

that one find another, more clever geometry. To achieve significantly higher moderation 

efficiencies, further improvements and research in solid noble gas or perhaps in field-

assisted SiC moderators seems the most likely candidates. 
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Ch2apter 3: HZDR and the Completion of MePS 

This chapter will focus primarily on simulation and testing for the Mono-

energetic Positron System (MePS) as part of the ELBE Positron Source (EPOS). The 

positrons for EPOS are generated by the ELBE (Electron Linac with high Brilliance and 

low Emittance) accelerator facility at the Helmholtz-Zentrum, Dresden-Rossendorf 

(HZDR) in Rossendorf, Germany. This chapter will focus on making the beam 

operational and efficient. Some first experiments will be discussed. Finally, other 

positron experiments at HZDR such as Gamma-induced Positron System (GiPS) and the 

Conventional Positron System (CoPS) beam, SPONSOR, which is a tungsten-moderated 
22Na beam, will be presented. 

3.1 HZDR AND THE ELBE FACILITY OVERVIEW 

HZDR is a research facility operated by the Federal Government of Germany and 

the Free State of Saxony in the forest next to the village of Rossendorf, about 20 km 

outside of Dresden. It is the headquarters for four other research sites in Germany and 

France. HZDR is designed as a resource for external users. Approximately half of the 

beam time at ELBE and the magnet time at the High Magnetic Field Laboratory is 

allotted specifically for external users [71]. 

ELBE stands for Electron Linac with high Brilliance and low Emittance. This 

acronym was chosen after the famous river Elbe, which passes through the center of 

Dresden. The radiation source at ELBE is a superconducting linear accelerator. Electrons 

are pre-accelerated to 250 keV by a thermionic electron gun and bunched in a two-stage 

RF buncher before entering the main accelerator. The main accelerator consists of two 

                                                
Some of the work in this chapter is contained in the publication: M. Jungmann, J. Haberle, R. Krause-
Rehberg, W. Anwand, M. Butterling, A. Wagner, J.M. Johnson, and T.E. Cowan, Jour. of Phys.: Conf. Ser. 
443 (2013). Much of the simulation work given in this chapter was solely my own. 
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helium-cooled 20 MeV superconducting linear accelerator modules operated at 1.3 GHz 

[72]. This facility is host to a number of other experimental set-ups, which utilize the 

beam. The major facilities will be discussed briefly. The layout of the ELBE facility is 

shown in Figure 3-1. 

 

 

Figure 3-1: The ELBE Facility as it exists today. The upgrades added to the facility 
beginning in 2012 (shaded regions on the right) have been truncated so that 
core of the facility might be seen clearer [73]. 

The most famous facility associated with ELBE is FELBE, the Free-electron laser 

facility. Two free electron lasers (FELs) cover the mid- and far-infrared spectral range 

from 4-250 μm. A high-field, high repetition-rate THz facility, TELBE, is currently being 

commissioned. In addition, there are a Bremsstrahlung facility, gELBE, and a neutron 

time-of-flight facility, nELBE, which generate bremsstrahlung photons and neutrons 

respectively [71, 72, 73]. 

The research presented here occurred at the positron facility, called pELBE by 

some sources and EPOS by the positron community at HZDR. That is how it will be 

referenced here. 
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3.2 EPOS 

The Elbe Positron Source (EPOS) refers to two systems, which use ELBE to 

generate positrons. Sometimes a third, self-contained beam, The Slow Positron System of 

Rossendorf (SPONSOR), is assigned as part of, but I will refer to it separately because it 

generates positrons from a 22Na source. 

3.2.1 Positron Sources on the ELBE Beam Line 

The two systems utilize ELBE electrons to produce positrons: Gamma-induced 

Positron System (GiPS) and Mono-energetic Positron System (MePS). To fit this 

additional system of acronyms, the SPONSOR beam and a few Positron Annihilation 

Lifetime Spectroscopy (PALS) tubes are now sometimes referred to collectively as 

Conventional Positron Spectroscopy (CoPS). 

The ELBE electron beam, which is used for GiPS and MePS, has time structure 

that consists of short bunches of electrons with duration less than 5 ps with frequency of 

26/2n MHz where n is a whole number. The repetition frequency is adjusted to the needs 

of the experiment. For positron lifetime measurements, 77 ns is typical. For measuring 

exceptionally long lifetimes, like measuring porosimetry with o-positronium, a 616 ns 

repetition time might be used. In the case where the frequency is lowered, a higher bunch 

charge can be used that the overall intensity will not be diminished [74]. 

3.2.1.1 GiPS 

While GiPS is not the subject of research presented here, the author did have 

limited involvement with its operation, and its unique properties as a positron beam are 

worth sharing. 

To create positrons, the 20 MeV ELBE electrons are decelerated in a niobium 

radiator to generate photons. The electrons are then deflected into a beam dump and the 



 45 

photons enter the experimental hall. They have enough energy to produce electron-

positron pairs within the bulk of the sample. The positrons rapidly lose energy and 

annihilate within the sample. Coincidence Doppler Broadening Spectroscopy (CDBS) 

can be performed, and, because ELBE is a pulsed beam, Lifetime spectroscopy (LT) and 

Age-Momentum Correlation spectroscopy (AMOC) can also be used [75]. The 

arrangement of GiPS can be seen in Figure 3-2. 

There is no moderator involved in this technique, but as you may recall, the 

moderation step is only important to control the beam energy and thereby control the 

penetration depth of the positrons to depths on the order of micrometers or sometimes 

millimeters. In GiPS, the positrons are produced at various depths within the sample, so 

the kind of depth control available to traditional beams isn’t possible. On the other hand, 

GiPS presents the possibility for the study of the bulk of a material with depths of up to 5 

or 10 cm not possible by traditional positron beams. This makes it possible for GiPS to 

perform meaningful studies of materials such as liquids, gases, powders, and coarse 

dispersions. Traditional beams are limited to studying surfaces and are further limited to 

the study of metals and semiconductors due to the retarding effects of charge [75]. 

GiPS can utilize three (or more) pairs of detectors focused on the target. Each pair 

consists of one cryogenically cooled HPGe detector in coincidence with a BaF2 detector 

for AMOC measurements, and pairs of HPGe detectors in coincidence for CDBS 

measurements [73, 75]. 
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Figure 3-2: This is one arrangement for GiPS. Four HPGe detectors are arranged in 
coincidence with BaF2 detectors, which would likely coincide with AMOC 
measurements [73]. 

GiPS was completed in 2005. 

3.2.1.2 MePS 

Construction began on MePS in 2007. The system is designed to be a mono-

energetic “slow” positron beam. The layout of the MePS experiment can be seen in 

Figure 3-3. 
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Figure 3-3: The organization of the MePS beam line [74]. 

Electrons exit the ELBE primary beam and enter MePS through two Beryllium 

windows, which keep the main beam line physically isolated from MePS. Positrons are 

created by Bremsstrahlung in the radiation converter, which is made of a series of fifty 

directly water-cooled W foils with a thickness of 0.1 mm. A tungsten moderator, which 

was originally only a series of foils, but now includes meshes as well, is positioned to sit 

in in the center of a vacuum chamber of approximately 250 mm in diameter in the path of 

the positrons emerging from the converter. It is positioned at an angle to the incoming 

beam and is operated in reflection mode. The moderator is held in place by a thin metal 

support as can be seen in Figure 3-4. This is the preferred method in order to keep as 

much material out of the beam path as possible, to limit radioactivity due to activation of 

the support material. Un-moderated positrons and the remainder of the beam continue 
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forward into a water-cooled 5N aluminum (99.999% pure) block that acts as a beam 

dump [74]. 

 

 

Figure 3-4: Arrangement of the original platinum moderator in front of the extraction 
lens [76]. 

The moderated positrons are accelerated from the surface of the moderator to the 

beam line by using an extraction lens. The lens consists of the open end of a cylinder 

covered in a mesh and held at -2 eV relative to the moderator. The mesh on the extraction 

lens creates a more uniform voltage bias across the open end of the beam pipe. The 

moderator is positioned so that its surface and the mesh on the extraction lens are parallel 

and the moderator is aligned with the beam pipe. 

The extraction lens also serves as the first stage of an Einzel lens. A classic Einzel 

lens consists of three sequential cylindrical tubes. In the case of a positron beam, the first 

and last are floated at a negative relative voltage and the center at a more positive 

voltage, typically ground. The Einzel lens first defocuses a charged beam, and then 

refocuses it on the other side. By varying the voltages of the various stages, that focal 
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length can be shifted. MePS focuses the positron bunch to a point 10 cm from the 

moderator where it enters the longitudinal magnetic guidance system [74]. 

Magnets guide the positrons through the vacuum pipe. The magnetic guidance 

system contains more than 30 steering coil pairs so that the position of the pulse of 

positrons in the beam line can be adjusted. In order to shield the experiment from the 

radiation of the converter, the beam pipe descends below the floor of the facility, passes 

underneath a concrete wall, and then rises up in the MePS experiment room as can be 

seen in Figure 3-5. The radiation shielding is 3.2 m of heavy concrete. Two apertures 

remove fringe positrons before the beam proceeds to the chopper [74]. 

 

 

Figure 3-5: MePS beam line after it has passed through the cable tunnel and is rising 
into the positron lab [76]. 

Though the electron beam that generated the positron pulse was only 5 ns in 

width, when the bunch arrives in the positron lab, it as broadened to around 10 ns. There 

are three main reasons for this. The moderation process itself contributes, as does 
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inhomogeneity in the acceleration field, and also differences in the length of the beam 

path due to the three bends used to navigate under the radiation shielding. For these 

reasons, a chopper and a double-slit buncher are used to compress the beam [74]. 

The chopper system increases the resolution of the beam pulse by removing 

positrons that miss the pulse window either because they have too much or too little 

kinetic energy. The chopper remains charged to deflect anything in beam line into the 

wall except for a narrow 4 ns window where the voltage is dropped to zero. The bulk of 

the beam pulse passes through that window [74]. 

Then the double-slit RF buncher squeezes the positron pulse by slowing the 

positrons at the leading edge of the pulse, and accelerating those at the rear so that the 

time focus is at the sample position [74]. 

The positron pulse then enters a series of accelerators that provide the ability to 

control implantation depth in the sample. The shift of the time focus due to different 

acceleration voltages is compensated by a different velocity in a drift path and also by 

different RF-amplitudes in the buncher [74]. 

The positron pulse then passes around a bend and into a Faraday “cup”, which 

consists of a mesh of wires surrounding the final segment of the beam line to shield it 

from stray fields, and then the pulse strikes the target. The purpose of the bend will be 

discussed in a subsequent section. It was not in the original proposal for MePS, but it was 

later discovered to be necessary to deal with backscattered positrons from high-Z 

materials [77]. The PMT (Hamamatsu H3370-50) is located close to the sample, but 

outside the vacuum of the beam line. A glass viewport separates it from the sample [74]. 

Many other arrangements of detectors are possible, however, and the PMT was only used 

in the initial experiments. 
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Much of the original work in this chapter focuses on simulation and modeling of 

the chopper and buncher at the end of the beam line, and optimization experiments and 

simulations regarding the positioning of the moderator, the extraction lens, and the Einzel 

lens at the beginning of the beam line, though the entire beam line was modeled. 

MePS competes for time with the many other experimental facilities that use the 

ELBE beam line. In order to make the most effective use of that time, MePS plans to 

install a 22Na source for beam diagnostics purposes. This source would feed into the beam 

line just before the chopper. 

3.3 MEPS DIAGNOSTICS 

As with any complex experimental system, a number of small problems emerged 

upon its completion. One of these was the problem of positrons being scattered back into 

the beam from the target, only to be turned around at the accelerators and show up again 

in subsequent data. A difficulty was also discovered with the alignment of the moderator 

and the beam. In addition, a few systems were studied to determine if they were 

optimally-designed, or if improvements could be made. Finally, the exact parameters of 

the chopper and buncher controls needed to be worked out. 

3.3.1 Solving Backscattered Positron Problem 

Anomalous peaks appeared in the initial MePS test runs in 2011 while using 

copper as a target sample. After some investigations, it was learned that the signal 

showed positrons that had been backscattered from the target during earlier pulses. 

When studying any high-Z material, a large number of positrons will be scattered 

back into the beam line traveling in the opposite direction [77]. When they reach the 

accelerators, they are turned around and re-directed at the target again. This can affect 

energy resolution in either a continuous or pulsed beam, and can especially impact 
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lifetime spectra in the latter. An E×B filter can be inserted between the accelerator and 

the sample to suppress backscattered positrons from reaching the accelerator, turning 

around and returning to the sample. MePS instead uses steering coils that allow the 

positrons to follow the beam line initially, but backscattered positrons are instead directed 

into the wall away from the sample. This effect can be seen in Figure 3-6. A lifetime 

spectrum of a Cu sample was taken at a time when there was no bend, and again after the 

bend had been introduced. In the first spectrum, a strong peak can be seen at 70 ns after 

the main peak. The second spectrum the peak is clear and no spurious signals can be seen 

even out to 400 ns [74]. 

An image of the beam line in the MePS lab showing the 45º bend can be seen in 

Figure 3-7. 

 

 

Figure 3-6: Lifetime spectra of Cu before adding a 45º bend between the accelerator and 
sample (left) and after (right) [74]. 
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Figure 3-7: Installation of the 45º bend before the sample chamber [76]. 

3.3.2 Simulation Work for MePS 

Despite completion of the beam in its more-or-less final form, there were still a 

number of parameters that warranted investigation through additional simulation. Those 

investigations were specifically targeted at understanding tolerances, and optimizing 

geometry and electronics to maximize the number of positrons accepted into the beam 

line during each pulse. 

3.3.2.1 Einzel Lens Optimization 

Using the extant 2.85 cm diameter Einzel lens, simulations were used to optimize 

the voltages to focus the positrons at a distance of 10 cm, where the longitudinal 

magnetic field begins. At 2 kV, simulations showed a tight 2 cm focus with a loss of 

33.5% of the moderated positrons. The middle stage of an Einzel lens defocuses the 

positron beam, which causes positrons on the edge of the beam profile to collide with it. 

The optimal profile with a diameter of 1.75 cm can be seen in Figure 3-8. 
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Figure 3-8: Positron pulse profile at the focal point of the Einzel lens. 66.85% of 
moderated positrons survive to reach the focus. 

It was proposed to use a wider center Einzel stage. This would prevent the 

positrons on the edge of the beam from striking the surface of the lens. After a series of 

configurations were tested, the optimal of these is pictured in Figure 3-9. The inner 

diameter was increased to 3 cm. While 10% more positrons survived to reach the beam, 

the beam is approximately 3 cm at the focus. 

With an Einzel lens of 4 cm, 96.9% of the positrons arrive at the focus, but it then 

expands the diameter of the pulse to 4 cm. This configuration can be seen in Figure 3-10. 
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Figure 3-9: With this configuration, at 2 kV, 77% of the positrons survive to the focal 
point, but with a much worse focus. 

 

 

Figure 3-10: With the double-diameter configuration, at 2 kV, 96.9% of the positrons 
survive to the focal point, but with a focus of 4 cm. 
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Investigations were performed by changing the voltages of the extraction lens and 

the rest of the Einzel lens. It was determined that Figure 3-8 represented the optimal 

configuration. 

3.3.2.2 Moderator Alignment in MePS 

The moderator is particularly difficult to align because of the combination of 

several factors. The alignment can no longer be seen directly, is must be viewed through 

a camera as seen in Figure 3-11 in order to minimize damage done to the fragile 

aluminum vacuum chamber by repeatedly opening and closing flanges to view it. It is 

also attached to the end of a long arm, which can be challenging to maneuver and then fix 

in place. For these reasons, it was determined beneficial to examine the effects of small 

misalignments both on the position of the moderator relative to the lens and on the 

potential effects of small angular misalignments on the resolution of the timing. 

 

 

Figure 3-11: Aligning a 22Na test sample with the beam line using a camera that has been 
inserted into the sample chamber. This same method is used to align the 
moderator [76]. See Figure 3-4 for optimal alignment. 
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A potentially significant source of time-resolution loss in MePS can arise from 

small misalignments between the moderator surface and the accelerating grid. Because 

the positrons start at such low energies, a small angular misalignment can lead to a 

significant difference in the gradient of the electrical potential, which causes more distant 

positrons at one side of the moderator to lag behind the bunch. 

A SIMION 8.0 simulation was created consisting of the end of the pipe, the 

Einzel lens, an idealized accelerating grid, and the moderator mesh at three times the 

default resolution (3 grid units/mm). The angle was varied between the mesh and the grid 

by keeping the mesh stationary and tilting everything else relative to it. It was done in 

this way because particle generation and surface geometry are handled separately in 

SIMION, and by angling the moderator, it would’ve become impossible to generate 

positrons directly at its surface. Now in SIMION 8.1, this would have been unnecessary 

thanks to electrode surface enhancement and the ability of the program to automatically 

calculate fractional grid units for important surfaces. 

Assuming an idea separation of 4 mm between the mesh and the grid, and a 

misalignment of 1º, at 2 keV there is an average of 59.7 ps difference in time to reach the 

accelerating grid between the closest point on the moderator and the furthest. For a 2º 

misalignment, the time difference is 140 ps, and for a 3º misalignment, there is a 208 ps 

difference. A simulation of the end of the beam pipe and positron beam can be seen in an 

oblique cross section in Figure 3-12. A side view of a misalignment of 1º, 2º, and 3º can 

be seen in Figure 3-13. 
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Figure 3-12: Simulations showing flight path of positrons generated at the top of the 
moderator where the spacing is smallest, versus the bottom where it is the 
largest. 

 

Figure 3-13: A cross-section showing a) a 1º misalignment, b) a 2º misalignment, and c) 
a 3º misalignment. 

An additional series of simulations was performed to examine the profile of the 

beam at the focal point of the Einzel lens to determine the effect of small misalignments. 

In Figure 3-14 one can see the affect on the beam profile at the focal point of the 2 keV 

Einzel lens. While the beam profile is shifted and some fringe positrons are strongly 

affected by a 3º difference, the number of positrons significantly out of the beam profile 

is less than 5%, and the beam can easily be shifted back into position by means of the 

steering coils. The beam diameter did increase slightly as well. 
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Figure 3-14: Simulation of the effect of a 3º misalignment on the positron beam profile. 
The profile is stretched in the direction of the misalignment as compared to 
Figure 3-8. 

Ultimately, it was determined that while misalignments of up to 3º did not present 

a significant enough degradation in the beam profile to warrant investigating a new 

mechanism for support or alignment of the moderator. While misalignments of greater 

than 3º can pose a significant problem, they are easy to visually discern and correct using 

the current alignment tools. 

3.3.2.3 Chopper and Buncher Simulations 

In order to improve the resolution of the pulse for positron annihilation lifetime 

measurements, chopper and buncher systems must be used. The chopper cleans up the 

pulse by removing positrons leading the pulse, or lagging behind for any reason. Once the 

pulse has been chopped, the buncher focuses the pulse on the target by slowing down 

positrons at the leading edge of the pulse, leaving the middle of the pulse unaffected, and 

accelerating the positrons at the back of the pulse. These efforts are beneficial for 
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spectroscopies such as LT or AMOC that use measurements of the positron’s lifetime 

within a material. 

Additional difficulties arise from the voltage of the extraction lens at the start of 

the beam line when it comes to the chopper and buncher systems. The higher the voltage 

is on the extraction lens, the more momentum the positrons have in the beam line. This 

means that the chopper and buncher must work and at much higher currents. 

Investigations were carried out to examine the effects of beam quality when using 

relatively low voltages on the extraction lens. 

A series of investigations were carried out to examine the buncher performance 

and the beam pulse profile at the target by varying the voltages on the moderator and 

Einzel. The standard beam settings were 2 kV on the moderator, ground (0 V) on the 

extraction lens and the last stage of the Einzel, and -2.3 kV on the center stage, and using 

a maximum voltage of ±200 V on the buncher. Using a Gaussian bunch with a FWHM of 

4 ns with 3 eV of work function energy from the moderation in a direction over the entire 

forward 2π direction results in a pulse of 1 ns FWHM as shown in Figures 3-15 and 3-16. 

Investigations were also conducted to examine varying voltage settings by as 

much as 1%. While some configurations did slightly affect the pulse shape, this was due 

to altering the pulse’s arrival at the buncher, which would then slightly shift the bulk of 

the positrons forward or backward in the pulse. This didn’t noticeably affect the width of 

the pulse, though it no longer retained a Gaussian shape as seen in Figure 3-17. It was 

ultimately determined that these kinds of fluctuations wouldn’t significantly affect the 

data. 
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Figure 3-15: Arrival time at the target of a bunched pulse of 4 ns FWHM pulse with the 
moderator at -2 kV. 

 

Figure 3-16: Close up of the bunched pulse from Figure 3-15. 
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Figure 3-17: Effects of a fluctuation of -10 V and +10 V on the moderator. 

  

   

Figure 3-18: Scaling down of the extraction voltage/max buncher voltage to -1000/10 V, 
-900/90 V, -800/80 V, and -700/75 V. 
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Figure 3-18 shows attempts to use a lower voltage at the extraction lens in order 

to use a lower buncher voltage. One can see that the bunches run at 1000, 900, and 800 V 

actually have a slightly lower FWHM than the 2 kV extraction lens simulations. At 700 

V, the pulse width is somewhat worse, and it rapidly deteriorates below that. There is, 

however a loss in the overall positron count reaching the target in each of these settings. 

For 2 keV positrons, 77.3% of moderated positrons arrive at the sample. For 1 keV it’s 

49.4%, for 900 eV it’s 45.9%. There is a loss in absolute intensity by almost 50% for 

reducing the extraction voltage by half. 

 

 

Figure 3-19: One of the two sections of the Gaussian chopper system in the MePS beam 
line [76]. 

One segment of the chopper can be seen in Figure 3-19. The chopper operates 

inside the beam line by having no voltage on the plates as the bulk of the beam pulse 

passes through. Otherwise, the plates are charged to divert stray particles not in the pulse 

into baffles. The results are somewhat complicated when inside a magnetic field where 

transverse momentum added to a particle simply increases the radius of its helical motion 

as it continues forward down the beam line. Simulations done with the field in that 

section off and on were performed. 
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Examining the effects of the chopper, a pulse was generated with a 4 ns FWHM 

from a 3 eV work function energy with a standard deviation of 0.1 eV. This was then 

added to a flat background of positrons, which is unrealistic but gives a good look at 

chopper performance down the line. The test pulse can be seen in Figure 4-20. 

 

Figure 3-20: A test pulse for the MePS chopper simulation. 

A series of tests were run simulating a 4 ns Gauss chopper with the buncher 

active. Using an ideal chopper (one that could instantly be charged to 100 V) yielded 

bunches like the an example in Figure 3-21 with a FWHM of approximately 1 ns and 

virtually no remaining background signal. 
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Figure 3-21: A test pulse for the MePS chopper simulation. After chopping with an ideal 
100 V Gauss buncher, the bunch has approximately a 1 ns FWHM. 

Using a 2 ns chopper rise-time yields pulses like the one in Figure 3-22. This is in 

somewhat good agreement with the simulations done by previously in the MePS 

collaboration, though differences are likely due to a difference in the window. Whereas 

previous chopper simulations maintained a Gaussian shape, later simulations rose in 2 ns, 

waited 4 ns, and then fell in 2 ns. Some differences in the simulations may have arisen 

due to an update in SIMION allowing for more realistic generation of magnetic fields 

through direct calculations of current through the steering coils. 

Figure 3-23 shows the results of many simulations into the time resolution 

function with chopper pulse widths varying from 0.78 ns to 6.27 ns and including the 

contribution of the PMT. To meet the demands of the beam, it was determined that MePS 

needs a chopper that could function at 13 MHz up to 100 V with a Gaussian shape of 4 ns 

in width. 
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Figure 3-22: A test pulse for the MePS chopper simulation. After chopping with an ideal 
100 V Gaussian chopper, the bunch has approximately a 1 ns FWHM. 
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Figure 3-23: Simulations of resulting positron bunch shapes after chopping with a 
Gaussian shape of the size shown. The shapes contain contributions from 
the photo-multiplier tube. 

A 4 ns Gaussian pulse for 100 V introduces non-trivial electronics challenges. For 

that reason, simulations were run to investigate the introduction of a magnetic chopper 

system instead. As the beam passed through the chopper system, the magnetic field 

would chop it by deflecting positrons outside of the desired pulse into the walls of a 

series of apertures. The results of such a chopper system can be seen in Figure 3-23. For 

such a system, the two chopper plates, which can be seen in that figure would be replaced 

by magnetic coils. Those coils would carry a current that would deflect positrons into the 

walls surrounding each chopper, and prevent them from passing through the apertures 

while chopping. In Figure 3-24, the pink is the full 75 Gauss field from the magnetic coils 

outside of the beam line. Variations in local field strength near the chopping coils can be 
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seen. At 0.5 A, 67% of the beam survives. At 1 A (pictured) 24% of the positrons 

survive. That drops to 3% at 1.5 A and 0% at 2 A (pictured). 

 

  

Figure 3-24: In the diagram on the left, the MePS chopper system consisting of 4 
apertures with two pairs of plates is shown. The diagrams on the right show 
the effect of replacing those choppers with magnetic coils. 

Ultimately, the chopper problem proved non-trivial. The chopper system 

remained non-functioning until 2013. A strip-line kicker system was investigated as a 

solution subsequently. 

3.4 MEPS FIRST EXPERIMENT 

Low-k dielectric layers are used in ultra large-scale integration circuits to reduce 

the R×C product. This allows for higher clock frequencies. The first experiment at MePS 

consisted of measuring the positron lifetime spectra of a set of low-k dielectric layers 

prepared variously [76]. 

The samples were grown with a low-k layer thickness of about 1 µm. Figure 3-25 

shows the positron lifetime spectra of 5 samples each measured with beam energy of 5 

keV, which corresponds to a mean positron depth of 450 nm. The ratio of the signal peak 

Magnetic Chopper 20 turns, 2 Amps 

Magnetic Chopper 20 turns, 1.5 Amps 
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to the background is about 104. The spectra were recorded with the buncher functional, 

but not the chopper. The time resolution is 500 ps (FWHM), which is adequate to 

measure the long lifetimes associated with porosymmetry due to positronium formation. 

The count rate was 25000 positrons per second with a 104:1 peak-to-background ratio. 

The observed pore size at this depth was 0.68 nm for the untreated sample and 1.12 to 

1.18 for the treated samples [78]. Using MELT [79] software the distributions of pore 

size were calculated for each of the treatments based on the lifetime. The results can be 

seen in Figure 3-26. 

 

 

Figure 3-25: The first positron lifetime spectra taken at MePS 1 μm low-k dielectric 
layers measured at 5 keV positron kinetic energy. The samples underwent 
different treatments: as-received (N1), plasma-treated (N2, N3), and with an 
additional TiN cap layer (N7, N9) [74]. 
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Figure 3-26: The pore size distributions as determined by MELT. 

3.5 MEPS FUTURE WORK 

Though the author’s time with the MePS experiment ended in 2013, the 

experiment continues in new and interesting directions. While the system was originally 

set up to run traditional positron experiments, efforts are currently being directed toward 

adding additional functionality with an Apparatus for In-situ Defect Analysis (AIDA). 

AIDA combines ion implantation, thin film deposition, heating and cooling, and 

resistometry with positron annihilation spectroscopy. Among the many other capabilities 

of this system, it creates the possibility for real-time positron analysis to be performed 

while a sample is being deposited, annealed, or doped. AIDA-I is currently functioning 

on the SPONSOR beam line, and AIDA-II is in place on MePS [71]. 
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Chapter 4: Positron Beams at UT 

This chapter is divided into two parts. The first describes the work done for the 

Physics Department of The University of Texas at the Nuclear Engineering Teaching 

Labs (NETL) to create a positron beam. The second part of this consists of design and 

simulation work to transform the extant positron beam into a stable beam capable of 

precision measurements. In addit3ion to other changes, a new, high-intensity positron gun 

has been developed, the Deflection Focusing Positron Gun. It has the ability to increase 

the intensity of the standard source-based beam by at least two orders of magnitude. 

4.1 THE POSITRON BEAM AT NETL 

In the NETL facility there exits a functional positron beam. The 22Na source 

currently has an activity of 0.2 mCi. 

The beam uses a stack of 12 tungsten meshes as a moderator as per Weng et. al. 

[61], and operates at vacuum between 10-7 and 10-9 Torr. The system uses a NaI(Tl) 

detector at present, which lacks the resolution for Doppler broadening spectroscopy, but 

is suitable for alignment and simple moderator efficiency measurements. Before defect 

studies are possible, it must be replaced by one or more HPGe detectors. The positrons 

are accelerated to their full energy as they leave the source. This energy can vary 

depending on the needs of the experiment, but should never be set below about 1.2 keV, 

which is the minimum energy at which the positron gun can function properly. 

The positrons are generated in a source identical to the one shown in Figure 1-5, 

which resides inside a Steigerwald-type gun. The gun also houses a series of electrostatic 

lenses. These focus the positrons to a point just beyond the mu-metal shield where the 

                                                
The work in this chapter is solely my own, except for the original design of the Deflection Focusing 
Positron Gun. Select portions of this chapter have been based on a paper accepted for publication in 
Electronic Device Failure Analysis in 2017. 
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longitudinal field from the guiding coils begins. This field prevents transverse momentum 

from causing the beam to spread and guides the positrons down the center of the beam 

line in helical paths. A large transverse magnetic field then bends the moderated positrons 

toward the target while leaving the epithermal positrons to travel forward into a beam 

dump. 

 

 

Figure 4-1: Schematic layout of the 22Na positron beam at NETL. 

4.1.1 The Extant Positron Gun 

The positron gun was designed to be able to house either a positron source or a 

filament for an electron beam. Diagrams of the gun can be seen in Figures 4-2, 4-3, and 

4-4. The first describes the components of the gun, while the second and third show the 

gun and the beam in simulations. The topology of the electric field can be seen in the red 

equipotential lines in Figure 4-3, and as a height difference in the potential landscape 

view of Figure 4-4. The three electrostatic lenses were intended to operate as an Einzel 

lens, but because of an additional confinement contribution from the Wehnelt cylinder, 

the lens does not have the two symmetric focal points before and after the lens as is 

expected. 
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Figure 4-2: The Steigerwald positron gun. 

 

Figure 4-3: SIMION 8.0 simulation of the Steigerwald gun. 

 

Figure 4-4: SIMION 8.0 Steigerwald gun potential landscape view. The first and third 
lenses are held at 0 V as are the outside of the gun and the vacuum pipe. 
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The positron source capsule is inserted into a sleeve, which holds the moderator 

meshes at about 1mm distance from the capsule. These are then loaded into the Wehnelt 

cylinder from the back through an opening sealed by a pneumatic gate valve. Once the 

source is in place, the gate valve is closed, the system is pumped down, and the voltages 

are set. The gun has been designed to load and seal quickly to minimize worker radiation 

exposure. 

The voltage of the meshes determines the energy of the moderated positrons. The 

stack is typically held between 1.5 and 3 kV above the next stage, which is held at 

ground. The voltage difference between the mesh and the first lens pulls the positrons 

forward into the beam and sets the energy of the positrons. 

4.1.2 Beam Transport 

The beam line is approximately 1.2 m long, with a bend after a meter. The beam 

line is made of non-magnetic stainless steel, held together with non-magnetic bolts and 

copper gaskets. The actual beam can be seen in Figure 4-5. 

Helmholtz coils surround most of the beam. The coils consist of a few wrappings 

of wire supported by a frame. The Helmholtz coils are designed to generate a slight 

magnetic field along each of three axes in order to negate the natural magnetic field of the 

earth. In reality, only a slight vertical field of about 0.2 G is present from the 

environment, and so only one pair of the coils has current. 
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Figure 4-5: View of the positron beam at NETL. The path of the slow positron beam is 
marked in green. 
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The first meter of the beam line is encased in a solenoidal guiding coil that creates 

a longitudinal magnetic field to transform momentum of the positrons transverse to the 

beam direction into tight helical motion by means of the Lorentz force. A mu-metal 

shield prevents strong magnetic fields from that coil from affecting the focusing of the 

positron gun. In addition, a steering coil is placed just outside of the mu-metal shield, 

which provides the ability to make fine adjustments to the beam direction as it emerges 

from the gun. 

After a meter the beam enters a circular chamber. A pair of steering coils creates a 

large transverse magnetic field, which guides the moderated positrons at a precise radius 

to strike the target. Epithermal positrons enter this field with a greater velocity and are 

unable to round the corner. Most strike the walls of the chamber or continue forward into 

the beam dump, which consists of a small section of pipe capped at the end and 

surrounded by radiation shielding. 

After the beam enters the next section, there is a short magnetic coil, which 

provides an additional longitudinal field in the new direction before the positrons strike 

the target. 

The beam line is kept below 10-7 Torr. With limited baking and extended periods 

of time under vacuum, pressures in the low 10-8 or upper 10-9 range can be reached. Fully 

baking the system is not possible due to the temperature sensitivity of some of the 

components used to secure the magnetic coils. 

4.1.3 Detection 

A graphite block acts as a target. This was adequate for simple positron count 

experiments. A NaI was placed as near the target as possible, a distance of 5 cm.  

The system is calibrated using weak 137Cs, 22Na, and 152Eu sources. 
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4.1.4 Beam Line Components and Operation 

The vacuum is maintained by a Pfieffer TMU 1000 turbomolecular pump. This 

pump originally used a Alcatel Drytel 31 as a forepump, but when that pump failed, it 

was replaced by a mechanical pump already present in Professor Fink’s lab. To prevent 

the oil in the pump from reaching the blades of the turbo pump, a gate valve and an 

NW50 molecular sieve trap from MDC separate the two pumps. Convection gauges 

register the pressure on either side of the valve. The forepump is operated until the 

convection gauges read 1 mTorr. At that point, the turbo pump is activated. An ionization 

gauge can be used to measure the pressure in the beam line after the turbopump has been 

engaged for at least 30 minutes. 

The voltages on the different elements of the positron or electron guns are 

maintained by high voltage sources. The current in the magnetic coils is controlled by 

various DC current supplies. 

A DSA from Canberra connects the NaI(Tl) or HPGE detector to a computer 

running Genie 2000 Software. 

A conflat pneumatic gate valve from VAT allows access to the positron gun. To 

access the target, one must remove a conflat blank flange from the end of the beam line. 

4.1.5 Beam Alignment 

An electron gun was used not only to align the beam, but also to understand the 

parameters involved and their effect on the beam’s alignment.  

There are a number of parameters that must be understood in order to properly 

align the beam: the voltages of the various elements of the gun, and the currents in the 

magnetic coils (three Helmholtz coils, the guiding coil on the main beam line, the guiding 

coil after the bend, the steering coil, and the bending magnet). The beam has been shown 
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to be particularly sensitive to stray magnetic fields, including simply opening the steel 

door, which has been weakly magnetized.  

The earth’s magnetic field was determined by measuring the field in three 

directions using a DC Gaussmeter at points along the center of the beam line and 

averaging those measurements. The Helmholtz coil current was chosen in each direction 

to negate those fields. 

The rest of the parameters were determined through using an electron source in 

place of a positron source. The circuit consisting of the filament, a resistor, and a batter is 

floated at the normal positron source (1.5 keV for example) so that the electrons enter the 

beam under nearly identical conditions to the positrons. The voltages on the source gun 

where flipped, and the DC current in the magnetic coils was reversed for all except the 

Helmholtz coils. 

To align the beam, glass viewports were made and seated inside conflat endcaps. 

The glass was sprayed with a thin layer of Aerodag (a mixture of graphite and alcohol in 

an aerosol can) ad coated in a phosphor. The graphite prevents buildup of charge on the 

window by conducting it to the walls of the beam line, and the alcohol provides a 

temporarily wet surface to which the phosphor can adhere. The positron source was 

replaced by a filament of roughly the same size, and a current was passed through it to 

enable it to emit electrons into the vacuum. All magnetic coils were operated with the 

current flowing in the reverse direction, except those of the Helmholtz coils. All voltages 

in the gun were reversed in sign. Figure 4-6 shows the alignment of the electron beam in 

progress, and Figure 4-7 shows a tightly-focused and well-aligned beam. These photos 

were taken before the beam dump was added. The beam now has a phosphor-coated end 

cap at the end of the beam dump and at the end of the beam line. When properly aligned, 
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one can turn the bending magnet on and off, and the beam spot will change which screen 

it appears on, but it remains tightly focused and in the center of either one. 

 

 

Figure 4-6: Electron beam alignment in progress. 
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Figure 4-7: Electron beam aligned after bend. Beam spot has a diameter of 1 mm. 

After it is properly aligned as an electron beam, the filament is swapped for a 

positron source, the signs are reversed on the voltage sources, and the directions of 

currents are reversed. At this point the beam is very close to alignment, but not perfectly 

so. Some adjustments are necessary to properly align the positron beam. This process 

must be repeated periodically. 

4.1.6 Mesh Analysis 

Initial tungsten mesh analyses were performed. Meshes were annealed at 2500 C 

and etched individually in Clorox to a wire diameter of 10 μm. They were arranged with 

random orientation in a stack of 12 meshes. The stack of meshes was measured to be 

85% optically transparent. 
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Peak count rates of 2.5 cps were measured using a NaI(Tl) detector. The 

background at the detector with no source installed can be seen in Figure 4-8. The 

detector count rate was determined to be 0.014 counts per second as a background, and 

0.16 counts per second with the source installed, but not accelerated. 

 

 

Figure 4-8: Background measurement with no source taken over 20 hours. This 
corresponds to a rate of 0.014 counts per second in the region of interest. 

A spectrum with the beam properly aligned can be seen in Figure 4-9. This 

spectrum was taken over 13.45 hours and corresponds to 2.5 counts per second. 

Approximately half of the positrons are emitted in the forward direction, and 

approximately half of those emitted in the other direction are reflected forward by the 
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tantalum backing of the 22Na capsule [2]. Due to geometry considerations and a slight 

spacing between the source capsule and the moderator meshes, only about 40 percent of 

those positrons arrive in the moderator. Furthermore, only 90 percent of the 22Na decays 

result in a positron. Thus, only 47% of the source activity, 0.7 mCi at the time of 

measurement, resulted in a positron that reached the moderator. This corresponds to 12 × 

106 positrons entering the moderator per second. 

 

 

Figure 4-9: With the positron beam aligned and on target 2.5 counts per second in the 
region of interest are registered. 

The NaI(Tl) detector crystal is 0.5 cm in diameter, and rests 5 cm from the 

graphite target. Due to these geometric limitations, only 12% of positron annihilations 

result in a photon that will strike the scintillator crystal. The NaI(Tl) detector has an 

efficiency of 1% at 511 keV [81]. This corresponds to 210 moderated positrons striking 

the target per second. 
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Assuming no loss of moderated positrons in transport and a 40% loss in 

moderation efficiency due to exposure to air [2], one can calculate a moderator efficiency 

η of 3 × 10-5. This is far from ideal, but there are a number of factors likely contributing 

to this low value. The first is that the assumption of a lossless transport is likely not 

entirely valid. Inhomogeneity in the longitudinal magnetic fields affect the positron beam 

much more than the electron beam due to the positron source being larger, and that the 

transverse momentum of the positrons can be as much as an order of magnitude higher.  

Furthermore, difficulties in annealing tungsten meshes—these were created 

before the benefits of flash lamp annealing were discovered—and contamination by 

titanium from the ‘boat’ used to heat them during the annealing process are all likely to 

have contributed to this lower efficiency. Nevertheless, this result represents a promising 

beginning for establishing a high-intensity source-based positron beam at UT. 

4.2 THE DEFLECTION FOCUSING POSITRON GUN 

The primary limitation of source-based positron beams is low positron count rate. 

Virtually all such beams use similar 22Na source capsules. While it is possible to obtain 

positron intensities upwards of 25000 per second such as at MePS, these count rates 

require large facilities and are expensive to build and operate. The problem of increasing 

the intensity of the source-based slow positron beam has been addressed with the 

development of the Deflection Focusing Positron Gun (DFPG) at Physics Department of 

The University of Texas. The DFPG utilizes a much larger source to produce two orders 

of magnitude more positrons. In addition, the DFPG would take advantage of 

advancements in moderator mesh production and annealing discussed in chapter 3 and 

could use 58Co as a source instead of 22Na. The diagram for the device can be seen in Fig 

4-10. 
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Figure 4-10: The Deflection Focusing Positron Gun is shown in profile with the 
individual parts numbered for reference. The beam path is outlined in red. 

Instead of the standard source (dia. 2mm), the DFPG utilizes a ring-structure to 

increase the size of the source by two orders of magnitude. Due to the unique design of 

the source, no commercial option is available. Instead of using 22Na, which has a 2.6 year 

half-life, we intend to use 58Co, which has a half-life of only 71 days. Though the positron 

fraction of 58Co is only 0.15 while that of 22Na is 0.90, this still amounts to a two-fold 

increase in positrons per second for the same amount of material. 58Co can be obtained by 
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neutron irradiation of 58Ni. The 58Co can be electrochemically separated from the 58Ni and 

electro-deposited it into a recess in the source holder [82, 83]. 

The moderator, layers of FLA-treated tungsten meshes, rests just above the 

source. The source and the meshes are collectively floated at 5 kV above ground (1) in 

Figure 4-10. The voltage difference between the source and the extraction lens draws the 

moderated positrons forward from the meshes as seen in Fig 4-11. 

Once the positrons are emitted from the moderator meshes, they enter the 

focusing layers of the DFA. The next three stages constitute a modified Einzel lens (2). 

The first and last stages (a and c) are held at a 0 voltage. The large voltage difference 

between the source and the first stage of the lens (2a) pulls the moderated positrons 

forward to form a cylindrical beam. The center stage of the lens is held at 3.8 kV (2b) 

defocuses the beam so that it can be refocused by the final stage of the lens (2c). 

The focused beam enters the hollow spherical region, which bends the beam to 

refocus it to a single point. The outside section of this region (3) is held at 2.3 kV. This 

voltage guides the beam around the bend. The inside spherical electrode (4) is held at 0 

V. The conical region, which follows, guides the ring-shaped beam to a narrow region 

where it strikes a second moderator. The outside of it (5) is held at 0 V, while the inside 

is at 780 V. 

The second moderator (7) has a distinct purpose from the first. For the first 

moderation step, a small segment of the spectrum of positron energies and reduce the 

positrons in that range to thermal energies. This is associated with efficiencies on the 

order of 10-4. The second moderation step differs fundamentally from the first. 

 



 86 

 

Figure 4-11: Efficiency of 5 kV against the extraction lens.  
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We begin with a beam with uniform energy and need only introduce a small non-

conservative process to overcome phase space conservation limitations imposed by 

Liouville’s Theorem. For a positron beam, the quantity θd(E) 0.5 is a constant. The 

distribution of positrons at the focal point is shown in Figure 4-12. It is at this point that 

the second moderator is struck. For the right choice of moderator, it has been shown that 

only a 50% loss in beam intensity occurs, and this can result in a brightness enhancement  

 

of up to three orders of magnitude [85].  

 

 

Figure 4-12: Positron profile at the focus of the DFPG. 
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Figure 4-13: Cross section of the DFPG in SIMION showing the path of the positrons 
from their moderation at the left to their emission on the right. The red 
vertical line is the position of the beam’s focus. 

Some of the moderated positrons (11%) generated at the edges of the moderator 

mesh may strike the outside walls of the accelerator. As one can see in Figure 4-13, there 

is a primary focus at 0, and a second focal ring with a 2.3 mm radius. 38% of the 

positrons cross the focal distance of 0.37 m within 1.5 mm of the central axis. This is an 

acceptable beam size for Doppler Broadening spectroscopy. The energy distribution is 

shown in Figure 4-14. 
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Figure 4-14: A sample distribution of positron energy at the focus. 

For a positron source of 1 Ci, after moderation with an optimized stack of 

tungsten meshes that have undergone FLA, approximately 3.7×106 moderated positrons 

are emitted into the forward direction per second, with 3.3×106 reaching the focal plane. 

This corresponds to a brightness of 4.1×105 (θ=0.46, d=8.7 mm, E=5 kV). Re-moderating 

reduces the count-rate to 1.6×106 e+/s, but with a brightness increase of up to 4×108. If 

you take only those positrons in the middle, you end up with a brightness of 1.3×109 and 

a count rate of 13×106 e+/s. 
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This kind of re-moderation is used transform mm spot sizes to μm ones in order to 

make positron microscopes [85] or use brightness enhancements to control the energy 

and angular distribution in order to measure the total cross sections for positron scattering 

[86]. Instead of performing these kinds of precision measurements, the design of this 

beam is geared toward being able to dramatically increase the intensity of a source-based 

positron beam. The combination of a FLA tungsten meshes and the 100-fold increased 

source activity, with only a loss of 50% of the intensity, means that there is real potential 

for a source-based beam with three orders of magnitude more positrons per second. 

 

 

Figure 4-15: The DFPG with the outer layers removed. 
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The DFPG has been tested with an electron gun that was rotated to check the 

symmetry of the system. The results show a fixed spot of less than 1 mm in size as the 

beam is rotated relative to the gun. 

4.3 WORKHORSE POSITRON BEAM 

With a modest investment of time and capital, the positron beam at NETL could 

be made into a stable, high-intensity beam capable of doing research and providing a 

marketable service. The author has personally spoken with local semiconductor 

companies who purchase services from NETL who have expressed strong interest in 

having access to positron services as well. This beam could produce excellent scientific 

data and fund its own operation. 

The current beam includes a number of limitations that should be addressed to 

increase its usefulness as a scientific tool. The first limitation is in how the beam energy 

is set. The positron gun sets the beam energy by applying a voltage difference between 

the source and the first stage of the Einzel lens. To change the energy of the beam, one 

must change the source voltage. However, doing that changes a number of parameters 

down the line, most notably the strength of the field needed to bend the beam toward the 

target. This requires breaking vacuum, and realigning the beam with the electron gun, 

before reinserting the positron source. Because a positron beam should be able to scan a 

variety of depths by changing the beam energy, this limitation is unacceptable. 
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Figure 4-16: Proposed beam without the DFPG installed. 

 

 

Figure 4-17: Schematic with the DFPG installed. 
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For other traditional positron beams, the positrons are accelerated initially, but the 

positrons are accelerated to the full beam energy after the bend. The entire front half of 

the beam line is floated at a single voltage that is to be the positron beam energy (plus 

any initial voltage used to draw the positrons forward into the beam line). The front half 

of the beam line is encased in Plexiglas shielding to prevent accidental contact between 

its operators and the surface of the apparatus, which can be floated as high as 100 kV, 

though beams of this type typically have a cut-off energy 35 keV. A ceramic section is 

placed after the bend, which electrostatically isolates the last portion of the beam line 

from the rest. That section is held at ground (0 V). Such an arrangement enables one to 

create a variable energy beam without having to alter parameters on the front half of the 

beam line to accommodate changes in positron energy, because the positron’s energy 

only changes after it is already directed toward the target. 

Furthermore the beam energy is increased before the bend, the resulting resolution 

of the beam worsens because a greater spread of energies are able to make the corner. 

The radial distance at the bending magnet for a 20 V difference between 100 and 120 eV 

positrons has a spread 3 times greater than if the beam were at 1000 and 1020 V and 6.7 

times greater than 5000 and 5020 V. 

While the Helmholtz coils, the bending coils, and the steering coils are well-suited 

to maintaining a constant field, the longitudinal guiding coils are not and contribute to an 

increased beam diameter at the target. New guiding coils should be constructed taking 

care to maintain uniformity of wire density. Furthermore, for regions that can’t be 

encased in a magnetic coil, Large diameter short coils should be spaced at distances equal 

to their diameter to maintain a constant magnetic field along the path of the beam in 

places that cannot be encased in a continuous magnetic coil [2]. 
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For efficient analysis of large numbers of samples, the beam would need a 

designated sample chamber with a mechanism for loading and grounding the sample 

material. SPONSOR attaches samples in series to a pair of thin copper wire supports 

using an electrically conducting bonding liquid. The supports are attached to a device that 

can raise and lower samples inside the chamber, so one could scan several samples in 

sequence without breaking vacuum. The pressure in this chamber should be capable of 

being isolated from the rest of the beam line by a gate valve, and should have a small 

turbo pump dedicated to it. This would allow the rapid changing of samples without the 

need to break vacuum for the entire beam line, or to further expose the moderator to air. 

A few items need replacement as well. A new dry roughing pump is needed to 

back the large turbo due to the risk of oil damaging the turbomolecular pump. The MCA 

either needs to be replaced or repaired, due to a worsening connection problem that often 

prevents or interrupts the collection of data. 

A new 22Na source should be purchased as well, so that the beam can be aligned 

and calibrated and begin operation while waiting to complete and install the DFPG. 

Finally, the chamber for the DFPG should be moved into the laboratory and 

connected to the modified beam line. To install the DFPG, the gun must be assembled 

inside the chamber. The source material must be deposited in the source module and 

sealed to prevent accidental contamination. The moderator meshes must be etched and 

annealed and then placed above the source. The second moderator stage has not been 

constructed, nor has the second Einzel lens that will be needed to draw positrons from 

that moderator into the beam pipe. 
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4.4 CONCLUSION AND FUTURE WORK 

The Deflection Focusing Positron Gun has been modeled, developed, and tested 

using an electron beam. The increased source dimensions in conjunction with advances in 

moderation efficiency using flash-lamp-annealed tungsten meshes provide the ability to 

make the highest intensity source-based positron beam.  

With some investment of time and money, the positron beam at NETL can be 

improved to optimize its research capabilities and provide a service to clients. 
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