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PROPOSAL FOR AN INTENSE SLOW POSITRON 
BEAM FACILITY AT PSI 

In the domain of condensed matter physics and materials sciences monoener-
getic slow positrons in the form of highest intensity beams are demonstrated to 
be extreamly useful and considered to be highly needed. This conclusion has been 
reached and the scientific relevance of the positron probe has been highlighted at 
an international workshop in November 1989 at PSI, where the state of the art 
and the international situation on slow positron beams, the fields of application 
of intense beams and the technical and scientific possibilities at PSI for installing 
intense positron sources have been evaluated. The participants agreed that a 
high intensity beam as a large-scale user facility at PSI would serve fundamental 
and applied research. The analysis of responses given by numerous members of 
a widespread positron community has revealed a large research potential in the 
domains of solid-state physics, atomic physics and surface, thin-film and defect 
physics, for example. The excellent feature of slow positron beams to be a suitable 
probe also for lattice defects near surfaces or interfaces has attracted the interest 
not only of science but also of industry. 

In this report we propose the installation of an intense slow positron beam 
facility at PSI including various beam lines of different qualities and based on the 
Cyclotron production of /?+emit ting source material and on a highest efficiency 
moderation scheme which exceeds standard moderation efficiencies by two orders 
of magnitude. In addition to the scientific relevance of the positron probe - the 
proceedings of the workshop are a separate part of this proposal - the whole project 
will represent a large potential for future technologies with respect to source design 
and performance, beam transport, particle beam phase space characteristics and 
detectors. In its proposed form, the project is estimated to be realizable in the 
nineties and costs will amount to between 15 and 20 MSFr. 
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1 Introduction 

At the present time positron physics in Switzerland is being practiced by 
two groups, one at Geneva and one at PSI. Both apply the Angular Correlation 
of Annihilation Radiation, ACAR technique to probe the electronic structure of 
bulk solids, to study Fermi surfaces [1] of high-Tc superconductors for exam
ple, and to analyze radiation damage structures in alloys [2], respectively. Both 
groups use the full spectrum of reactor activated laboratory ß+emitter materi
als as positron sources such as the ~ 1 MeV/12 h halflife "Cu. In recent years, 
so-called positron beam experiments (monochromatic low energy positrons) have 
gained enormous importance in other countries [3]. The discovery about 20 years 
ago of producing monoenergetic positron beams and a rapid development of par
ticle beam physics [4] and technology, especially slow (leV-10keV) positron beam 
technology [5] with ever increasing beam intensities and improved phase-space 
characteristics [6], have qualified tunable monoenergetic slow positron beams as 
operationally most promising probes in condensed matter physics [5]. Meanwhile, 
beam techniques have become so powerful in the last fev/ years that analogues 
to known techniques with electrons, like Low Energy Positron Diffraction LEPD 
[7] or positron microscopy (see e.g. [8]) have been demonstrated to be feasible 
counterparts that open new views of structures of condensed matter, for example. 

In this country no positron beams exist although the need for a high-intensity 
positron source has long been recognised [9] and the necescary prerequisites for 
the installation of such a facility at PSI do exist. This last conclusion has been 
reached in PSI internal seminars where the technical possibilities have closely been 
evaluated [10]. Generally speaking, there are two ways of positron production as a 
first stage in a slow positron beam facility: the use of positron emitting radioiso
topes (reactor/SINQ, Cyclotron based) and positron-electron pair production (re-
actor/SINQ or electron Linac based) respectively (sect. 1.3 and ch. 3). 

1.1 Scientific Relevance of the Positron Probe 

In November 1989 an International Workshop on Intense Slow Positron Beams 
at PSI has been organised, jointly sponsored by PSI and the University of Geneva 
(appendix 1). The purpose of the worksi? jp was an evaluation of the international 
situation in positron physics, of the potential of new physics that can be done with 
the positron beam technique and of the interests in the user community (sect. 1.2) 
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for the realization of an intense slow positron beam facility at PSI. Whence the 
division of the meeting into three parts: 

i. the beam situation internationally and new beam projects worldwide, 

ii. fields of application of the monoenergetic slow positron probe, 

iii. technical possibilities for implementing intense positron sources and related 
experiments at PSI. 

38 scientists from Japan, USA, USSR and Europe as well as 28 scientists from 
Switzerland attended the meeting (Figure 1). 

The proceedings have been published in Helvetica Physica Acta [11], they are 
considered to be part of this proposal. These proceedings summarize the highlights 
of the topics that have been treated and discussed in the meeting: 

i. Besides numerous laboratory beams (state of the art intensity ~ 10*e+/sec) 
existing in various countries [12], two important beam projects should partic
ularly be mentioned: the Tsukuba/Japanese positron factory [13,14] based 
on a dedicated electron Linac (100 MeV, 100 kW) and the Grenoble project 
based on the high-flux reactor at ILL using the Cd(n,7) reaction [15]. Both 
anticipate an intensity of ~ 1010 e+ /sec. 

ii. The most important domains of positron probe applications are solid-state 
physics, in particular for studying the electronic structure by annihilation 
techniques in metals, semiconductors and recently high-Tc superconductors, 
and surface experiments where a number of new areas have been discov
ered in the last 10-15 years: With the unique properties of the positron, 
very fruitful new surface studies have been done, including LEPD, positron-
induced Auger emission spectroscopy (PAES) or surface/near-surface defect 
studies, for example. In order to develop the qualitatively new powerful 
methods potentially present in the positron technique, strong demands for 
high intensity and specific beam qualities have been formulated [11]: 

- High intensity and very small beam size for 2D-ACAR measurements 
on very small single crystals of metals for studying nontrivial Fermi sur
faces corresponding to a large number of electrons per unit cell and/or 
to magnetic ordering. 

— Tunable beam energies for adjusting the penetration depth to study 
multilayer systems or probing homogeneous small regions in an other
wise inhomogeneous sample. 

— Need of polarized beams for performing research on surface magnetism 
or spin-resolved electron momentum distribution measurements. 

- Need of highest intensity together with high beam brightness in order 
to use the large potential and unique feature of the positron-surface 
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Japan 3 
USA 2 
USSR 2 
Europe (-) 31 
CH + PSI 28 

Figure l: Map of Europe with number of workshop participants indicated. 

8 



interaction, namely the reemission of positrons with workfunction en
ergies, as the basis of an investigative surface spectroscopy by several 
techniques, like spectroscopy of thin films or positron reemission mi
croscopy imaging of near surface defects. 

- The need of positron beams of relativistic energies for fast positron life
time measurements. This technique eliminates not only the so-called 
source problems of the sealed-source technique but also surface prob
lems, since MeV positrons penetrate deep into the specimen material, 
which with varying beam energies also permits to apply the 'defect 
profiling' technique. 

- Polarized beams are also needed for studying for example the dynamics 
of thermalized positrons in the solid - which is difficult to study by other 
techniques, since electrons have much higher energies and momenta -
by means of positron Spin Relaxation, e+SR experiments. 

- High beam intensity is also desired for achieving the required good 
statistics needed for detecting electron momentum distributions accu
rately enough. 

The use of beam techniques has certainly widened up the field of applications. 
Besides positron dynamics studies in solids [16], we mention the important 
domain of defect physics [17]. The characterization of interfaces [18] is a 
key requisite in the domain of high-performance materials. Defect analysis 
near a surface or an interface can be accomplished only with tunable slow 
positron beams, a fact which is increasingly recognized also by certain indus
trial laboratories. Slow positron beams are appropriate defect probes [13] 
because of the particular feature of the positron to be trapped in vacancy 
type defects in metals. 

iii. In the third part of the meeting a detailed analysis of the possible coupling 
of an intense positron source to existing or planned facilities at PSI (reac
tor/SINQ, Cyclotron, Linac) [19] together with a new moderation concept 
has shown clear preferences which finally have found their expression in this 
proposal. The new concept of positron moderation [20] promises to achieve 
an efficiency of > 25 %, i.e. increased nearly by two orders of magnitude 
over the presently achievable levels of some 10~3 with otherwise similar phase 
space characteristics of the beams. The realization of such a positron con
version and beam design would represent a final low-energy positron beam 
intensity of > 1010 e+/sec achievable with state of the art technologies. For 
such intensities it has been shown that positron microscopy is feasible and 
could become a challenging new technique in the field of materials physics 
research [21] especially in surface and defect physics. 

Finally the summing up session [12] of the workshop has revealed a deep con
sensus among the participants expressed by the following statement: 
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T h e scientists assisting the workshop on intense beams of slow positrons 
and applications, realize that: 

- The interest for positrons grows both in research and industry, 

- present sources are far from attaining theoretical performance, 

- most interesting problems exist in metals, semiconductors and 
their surfaces, which could be studied with an intense beam, 

- great efforts are undertaken in several institutions, the problem 
is timely and coordination is desirable and possible, 

and, therefore, recommend that PSI seriously considers the construc
tion of an intense slow positron source. This would represent an 
essential contribution to contemporary research in condensed matter 
physics.' 

1.2 User Interests 

According to the general philosophy of PSI as a National Laboratory, a large 
scale facility, like the slow positron beam facility proposed in this report, should 
conceptually be available, and serve the universities of this country and the re
search groups from abroad to perform their own experiments in a multi-user mode 
for external researchers and user groups. Extended and lively discussions at the 
workshop on intense beams have shown large and widespread interests for the in
stallation of such a user facility at PSI. Moreover, in order to base the concept 
and planning of specific beam lines on more specific demands from the user side, a 
questionnaire has been addressed to a widespread positron community, including 
industrial laboratories. There was a broad response to this questionnaire. It gave 
valuable informations on the use of positrons in various disciplines, on specific 
experiments, on the expected beam quality and also on the question of whether 
research groups would be prepared to submit a proposal for a user experiment if a 
high intensity beam existed at PSI. It generally showed what kind of novel physics 
during, say, the coming 15 years could be made with a high-intensity good-quality 
beam facility. Besides specific proposals for user experiments, a summary of this 
inquiry is given in chapter 2 as well as a table of the derived beam-line proper
ties in chapter 3. Prom this result it is also easy to derive a certain collaborative 
potential, especially for applications in materials science, and therefore offering 
possible links to other projects of the Schweizerische Schulrat. 

1.3 Choice of PSI Basis Facility 

Roughly speaking, an intense slow positron source can be based on reactors, 
on ring-accelerators or on Linacs. All these possibilities have been analysed in 
reference [19]. For a judgement and an optimal choice certain simple criteria are 
relevant: 
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i. The anticipated end-performance on the user side has to be a world-top 
performance, i.e. presently expected intensities of < 1010 slow e+/sec would 
not or not fully satisfy this condition. 

ii. The user side availability of the facility should be independent of other users 
of the basis facility, and ideally should be 100 % of the time (no sharing). 

iii. The realization of the positron factory and its beam lines should not imply 
excessively high development risks of individual components. 

The general philosophy that we shall adopt in this proposal (chapter 3) is char
acterized by leaving open certain options of development paths, because at present 
there are still important decisions to be taken aad certain development phases to 
be traversed (chapter 4). Although at the present time the favoured candidate 
to serve as base facility for positron production is the 'Cyclotron solution' - a 
'Linac solution' should not be excluded for the moment. Of all possible scenarios, 
those will probably have the largest impact on the development of positron beam 
technology which can make use of the new high-efficiency moderation concept [20] 
and which represent a certain originality. Therefore, and because of the above 
mentioned criteria, the concept and layout of the proposed slow positron beam 
facility (chapter 3) will be based on a positron factory including as 1st stage a 
Cyclotron for Remitter production and as 2nd stage the moderation by Taqqu 
positron converters for producing the high-intensity slow positron beams. Rough 
estimates of costs and time schedules will also be included in chapter 3. 

1.4 Future Technologies Related to Intense Positron Beams 

Although the proposal indicated above is based largely on state of the art 
technologies, it offers a large research and development potential. We can distin
guish three different sectors: 

i. The source side with 18F or n C Remitter production, processing and in
jection into magnetic confinements, solenoids for high magnetic fields, high 
voltage reflection electrodes, UHV technology. 

ii. The beam preparation and formation sector with moderation, beam extrac
tion, phase space corrections, and 

iii. The user side, especially the development of new detectors (sect. 2.1) which 
are compatible with the highest expected beam intensities. 

Of course, the proposed new concept of high-efficiency moderation calls for 
detailed studies both computational and experimental, such as particle trajectory 
calculations, measurements of magnetic and high-voltage electrostatic confinement 
efficiency and measurement of moderation efficiency. Equally important are phase 
space improvements such as remoderation stage developments or the extraction of 
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the beam into a B-field free space by phase space shifters (appendix 2, [22]). All 
these activities will determine the short-term programme, costs and time schedules 
as well as man-years which will be outlined in chapter 4. 

2 Specific Proposals for User Experiments 

Like any large scale facility, the positron be*>m has to be based and con
ceptually layed out according to the user needs and interests as well as to poten
tially future user activities. As a representative group of the worldwide positron 
community concerned with the creation of a new positron facility, the scientists 
contributing to the International Positron Conference, Ghent 1988 [3] have been 
selected. A questionnaire (appendix 3) has been addressed in October 1989 to 
this group in order to probe the general question 'what kind of good physics is 
wanted to be done at least in the next decade provided an intense beam of slow 
positrons were available at PSI'. One of the specific questions which tested the 
worldwide scientific (active) interest for a highest intensity slow positron beam 
was the following: 'Would research groups tentatively be prepared to submit at a 
later time proposals for user experiments to be realized at a .JSI positron beam fa
cility'. Almost all of the returned questionnaires expressed a willingness to submit 
specific proposals and to participate in future positron user experiments at PSI. 
A summary of the responses to the questionnaire is given in Table 1. A careful 
analysis and evaluation of the contents of Table 1 is certainly a decisive factor 
for the characteristics of beam lines and for the properties of experimental areas 
which have to be taken into account when proposing a large scale slow positron 
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Table 1: Summary of proposed slow positron beam user experiments 

Scientific discipl ine/proposed experiments beam quality proposal 

co 

Fermiology, 2D-ACAR 
interplay magnetism 
superconductivity 

2D-ACAR, Lifetime+Doppler broadening 
el.structure of inhomogeneous alloy systems, 
kinetic of phase separation/role of defects 

Defect physics, 2D-ACAR, 
e + microscopy 

e + annihilation in chemistry and 
chem.physics, Ps formation in solids 

Defects in solids, depth profiling, 
defect characterisation, lifetime expts. 

e + SR (new types of experiments, 
analogous to NMR, /zSR), fast LT 
measurements 

e + microscopy 

polarized 

*+>J 

brightness 
enhanced 

^ s • 

<f> ~ lOOnm 
eV - keV 

polarized, 
relativistic 
energies 

brightness 
enhanced 

y 

/•s^ 

y 

yes 

y 

y 

y 

CH 

CH 

CH 

DK 

DK 

FRG 

FRG 

M. Peter/A.A. Manuel, 
Univ Geneva 

G. Kostorz, 
Angewandte Physik, 
ETH Zurich 

F3/Defektrhysik 

O.E. Mogensen, 
Denmark 

M. Eldrup, 
Metallurgy Dept, 
Ris^ Nat.Lab. 

A. Seeger, 
Max Planck Institut 
für Metallforschung, 
Stuttgart 

W. Triftshäuser, 
Univ der Bundeswehr, 
München 



Table 1 (continued) 

Scientific discipline/proposed experiments beam quality proposal 

Fundamental atomic physics, 
QED tests with Ps 

Condensed matter physics, 
rapid changes of solid surface properties 
defect studies in external fields 

Lifetime experiments 

Thin polymer-based films, 
artificial mambranes 

Materials science, 
e+ microanalysis for defect studies 

2D-ACAR, 3D bulk ACAR reconstruction 
life-momentum correlation 

Surface Physics, Atomic Physics 
e+ microscopy, e+ reemission 
spectroscopy, (E,0)resolved 
e+ atom/molecule/Ps scattering 

Material science+fundamental physics, 
e+ reemission microscopy/holography 

polarized, 
eV - keV 

(j> ~ 0.5mm, 
eV - keV 

polarized 

brightness 
enhanced 

brightness 
enhanced 
AE<100meV 

ET <0.2eV 

FRG R. Ley, 
Institut f. Physik 
Univ Mainz 

FRG H.E. Schaefer 
Inst f. Theoretische und 
Angew. Physik, U Stuttgart 

FRG H. Schneider, 
Angew. Kernphysik, 
Justus Liebig Univ Giessen 

H Sz. Vass, 
Acad.of Sei, Central Res. 
Institut for Physics 

NL A. van Veen, 
IRI, Univ Delft 

S Lon Yongming, 
Phys.Dept, Univ Uppsala 

U.K. P.G. Coleman, 
Univ East Anglia 

USA K.F. Canter, 
Phys.Dept, Brandeis U 



Tabie 1 (continued) 

Scientific discipline/proposed experiments beam quality proposal 

Or 

e+ chemistry, 
chemisorbed surface states 

Polarized e+ annihilation-
induced Auger spectroscopy 

Surface physics, adsorbates on 
surfaces, surface magnetism 

Solid state and surface physics, 
semiconductor surfaces, high Tc surfaces 

polarized 
AEiO.leV 

polarized 

polarized 
<t> ~lmm2 

AE~0.1eV 

polarized 

Physico-chemistry of surfaces, ACAR studies of <f> ~ l^m-lmm 
physical/structural characteristics of conducting eV - keV 
surfaces and thin films, e+ microscopy 

USA Y.C. Jean, 
Univ Missouri, 
Kansas City 

USA A. Weiss, 
Phys.Dept, 
Univ Arlington, Texas 

USA L.O. Roellig, 
Dept. of Physics, 
City College, N.Y. 

USSR V.N. Belyaev, 
Physical Engin.Inst. 
Moscow 

USSR V. Shantarovich, 
Acad.Sci.of USSR, 
Inst .of Chem. Physics 

Beam quality requests; 

• polarized 8/20 

• energy range eV - keV 

• energy spread < 0.1 eV 

beam size < 1mm2 

brightness enhancement 4/20 



physics user facility (chapter 3). Roughly speaking the proposed disciplines and/or 
beam experiments (Table 1) can be grouped into the following domains of physics, 
chemistry and materials sciences: 

• solid state physics 

• surface and thin film physics and chemistry 

• materials science 

• physics of defects in solids 

• atomic physics 

Moreover, in his contribution to the workshop, Tanigawa from Tsukuba Uni
versity, Japan states [13]: "There is a big demand on a probe for lattice defects 
near surfaces/interfaces in materials engineering. The well defined and controlled 
surface/interface will provide a new source of high-performance materials. The 
characterization of surfaces/interfaces is a key requisite. Electrons, ions, photons, 
and so on have been successfully used as a probe of atomistic arrangements and 
element compositions near surfaces/interfaces. More important is the defect anal
ysis near a surface/interface. We have had no suitable probe for defects until 
the physical process to create a low and/or monoenergetic positron was discov
ered. This excellent feature of slow positron beams has attracted the interest of 
industrial people, especially in semiconductor based devices. Some companies are 
planning to construct their own beams." 

In the following sections we reproduce specific proposals for user experiments 
which various groups of researchers are prepared to realize at a PSI positron facil
ity, provided beam qualities are suitable. 
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2.1 2D-AC AR Measurements Using an Intense Beam of 
Monoenergetic and Polarized Positrons 

M. Peter, A.A. Manuel 

Departement de Physique de la Matiere Condensee, Universite de Geneve, 
24 quai E. Ansermet, CH-1211 Geneve 4, Switzerland 

Since one decade we are using positron annihilation to study electronic properties of 
solids. Specialized in the investigation of electronic pro] crties of metals, alloys, oxides and 
metallic compounds, our main fields of interest are actually superconductivity and magnetism. 

In this proposal, we present our motivations in the first section. In the second sec
tion, we explain why and how it is crucial for our research activities in future to have access 
to an intense beam of monoenergetic positrons. In section 3 , we summarize the characteris
tics of the positron beam we propose to construct at the Paul Scherrer Institute. 

I. Our motivations 

In solids, the measurement of Angular Correlation of positron Annihilation Radia

tion (ACAR) gives the Electron Momentum Density (EMD), or, more exactly the elec

tron-positron momentum density. Fermi surfaces can be deduced from EMD's. For Fermi 

surfaces studies De Haas-van Alphen measurements are not applicable when the collision 

rate is smaller than the cyclotron frequency; ACAR is not subject to such extrinsic limita

tions. 

Experimental EMD's can be checked against the available numerical predictions. In 

addition, deviations from the single particle models can be detected, which allows calibration 

of different theoretical models of correlations. 

Positrons from common ß-sources penetrate tens to hundreds of microns into the 

samples before annihilation. Therefore ACAR is a bulk method. This is again a considerable 

advantage over competing methods like for instance SPARPES where interpretation of 

measurements is subject to the question of the relevance of results from the surface to the 

bulk properties. 
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n. Needs for an intense beam of monoeneryetic positrons 

For each of the main characteristics of positron beams (hi<jh flux, energy selection, 

brightness and polarisation) we outline the impact on ACAR measurements. 

a) High positron flux 

A high positron flux will (i) shorten measuring time. It will also lead to more precise 

measurements (ii) and will necessitate (iii) improved detectors with shorter response time. 

i) measuring time 

The impact of the intensity of the positron beams is straightforward: a decrease of 

the counting time. It brings a much needed gain in measurement speed: at present, with use 

of radioactive sources (^Na or 58Co) a full analysis of a substance takes months! This lim

its drastically the possibilities to investigate evoluting phenomena (temperature or magnetic 

field dependances, for example) 

ii) signals 

As important as the speed of the measurement is the possibility to significantly in

crease the statistics of the data within a finite and fixed measuring time. The required sta

tistics depends on many parameters, among them: 1) the resolution of the spectrometer, 2) 

the size of the Brillouin zone, 3) the number of bands and 4) the nature of the positron wave-

function. 

1) Resolution: With a resolution of about 0.3x0.3mrad , the mesh of experimental 

points has to be typically of O.Olmrad . Let us do a rough estimation of the total statistics 

required: Suppose we want to have 1% precision for a 2D distribution extending over 

lOOmrad2 (104 pixels), we need 108 counts. This number is a minimum threshold, it ne

glects the statistical error added by the determination of the efficiency resolution function 

and it assumes a constant distribution limited to lOOmrad2, which is clearly not the case. 

2) Size of Brillouin zones: Today, interesting systems to investigate are compounds 

and their total number of atoms per unit cell is increasing over the years. As a consequence, 

the size of Brillouin zones is continuously decreasing and, therefore, the angular resolution 

of 2D-ACAR spectrometers has to increase, requiring a continuous increase of the number 

of pixels then, jointly, of the global statistics. 

3) Number of bands: An other consequence of the large number of atoms per unit 

cell is an increase of the number of electronic bands. For metallic systems this leads to a de

crease of the amplitude of the Fermi surface breaks. An increase of the statistical accuracy 
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is also required for this reason. 

4) Positron wavefunction: 2D-ACAR measurements arc determined by the behav

iour of the positron wavefunction. While the positive charge of the positron keeps it in the in

terstitial region, hence reducing the contribution of the (less interesting) core electrons, the 

Coulomb repulsion may have some drawback. It is the case in the study of strongly ionic ma

terials. Here, the positron will not sample uniformly the valence electronic states. In die su

perconducting oxide YI&2CU3O7 for example, it is thought that the Fermi surface is mainly 

due to the electronic states of the so called Cu-O planes, where positron density is small 

compared to the density in the Cu-O chains. Therefore, die inhomogeneous positron distri

bution may be an extra factor contributing to decrease the amplitude of the interesting sig

nals. It strengthens die need of very high statistics. 

When we add all diese factors, we realize mat statistics for & compound like die 

high-Tc superconductor YBa2Cu307 should be more man 109 counts. This is not achievable 

actually within reasonable measuring time. Intense positrons beams are needed to reach 

diis criterion. 

Hi) detectors 

The size of die detectors has direct bearing on die measuring speed, diis under
lines even more die necessity to maximize die detector performances in parallel with die de
velopment of high performance sources. 

Actual 2D-ACAR machines are based eidier on Anger cameras, multi-scintillators 
systems or high density proportional chambers (HDPC). We use diis last technology char
acterized mainly by a high spatial resolution (l-2mm2) and reasonable detection efficiency 
of die gamma rays (15-18%). An important limitation of these detectors is die slow time 
resolution (200ns). This make die random coincidence rate too large when die true coinci
dence rate is higher than 1 keps. 

The situation is improved with Anger cameras (time resolution of 25-50ns). which 
are very promising candidates for 2D-ACAR measurements using high intensity positron 
beams. They are commercially available, fully optimized and equiped with dedicated elec
tronic read-out. There are some outsiders: a) BGO arrays and position sensitive photomulti
pliers, b) barium fluoride scintillator and TAME filled wire chambers, c) thin solid-state con
verters and d) microchannel plates. Actually, we think that BGO arrays are very promising 
because they ar* based on the most recent developments of photomultipliers tubes, while 
the design of Anger camera is made from a technology which is already 20 years old. 

To emphasize the impact of intense positron beams on 2D-ACAR measurements, 
we have given estimations of the positron flux, the coincidence rate and the signal to noise 
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ratio for various sou-ce/detector configurations in the Proceedings of the PSI workshop on In

tense Positron Beams (Manuel and Peter, HPA, to appear). For example, a counting rate of 

100-500 coincidences per second may be achieved actually with our HDPC detectors using 

^Na positron sources and magnetic focusing. With a beam of 1010 positrons per second, the 

signal to noise ratio S will be smaller than 1. Detectors made of a BGO array coupled to a 

position sensitive photomultiplier shall offer a counting rate of 5200cps and S-100. 

This outlines the need of improved detectors to take full advantage of intense posi

tron beams. These detectors must have a high time resolution (X< 5ns). Such detectors offer 

the possibility to accumulate 109 counts within 2 days (smaller acquisition time should be 

reached by increasing the size of the detectors), while the same statistics is achieved after 

~100 days with our actual laboratory equipement. 

These estimations clearly point out the necessity and the interest to develop a 

beam of 1010 positrons per second and, simultaneously, a new generation of fast detectors 

preserving a high spatial resolution. 

b) Variable energy 
Monoenergetic positrons of variable energy will allow selection of penetration 

depth and hence ACAR at controlled depth. The advantage for the investigation of surface 

properties is evident Selection of monoenergetic positrons is however rather inefficient, 

which means again the necessity of a very intense beam to start with. The possibility of a 

spatial decomposition of the beam into components of different energies with possibility of 

simultaneous observation is to be studied. 

To have at our disposal monoenergetic positron beams with the possibility to select 

the energy of the positrons up to 60 keV should open other fields of investigation. Let us 

mention for example the study of electronic momentum distributions in samples made of 

films grown by epitaxy on a substrate. A proper tuning of the positron energy will permit to 

implant the positron in the film, keeping the fraction of annihilation in the substrate as low as 

possible. 

c) Brightness 
Strong spatial focusing of the positron beam is another obvious advantage for the 

investigation of solids. In many materials it is difficult or impossible to prepare large single 

crystals of good quality and with homogeneous properties or, when it is possible, then only 

after annealing periods of the order of months. Hence rapid investigation of samples of differ

ent compositions and preparations is rarely compatible with the necessity for large crystals. 

A very promising way to create thin positrons beams is the technique of brightness 
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enhancement A positron beam of a section down to lmm shall make possible 2D-ACAR 

measurements on many systems which are actually beyond our possibilities. Some exam

ples: a) untwinned high-Tc superconducting YBa2Cu3(>7, b) other superconducting oxides 

which are difficult (maybe impossible) to grow with large sizes, c) Guinier-Preston zones in 

metals, d) some phases, like the semiconducting disilicide ß-FeSi2, which are formed via a 

solid state phase transition. 

d) Polarisation 

While the positrons penetrate into the sample, they dissipate their kinetic energy 

and assume in many cases the temperature of the sample. This is particularly true for met

als, less so in insulators. Also, the positrons retain their spin polarisation, which makes 

possible spin-resolved EMD measurements. 

Small signals are often the signature of such magnetic effects. For example: in Cr, 

we have observed differences between paramagnetic and annferromagnetic states. They 

were successfully interpreted as a modification of the Fermi surface by the magnetic order. 

With the actual positrons sources ( Na isotopes), the signal was not far from the limit of 

detection and it was not possible to perform a quantitative analysis of the phenomenon. 

Therefore, high intesity beams of polarized positrons will lead to more precise studies. They 

will also open new fields of reserach like for example the study of the magnetic phase dia

grams in oxides and their interplay with superconductivity. 

III. Proposal for a positron beam at PSI 

Let us state now the beam facility we would like to access for 2D-ACAR measure

ments: 

A permanently available dc beam of 1010 polarized monoenergetic posi

trons per second (or more) with a section of lmm2 (or less) and with the 

possibility to select the energy of the positrons up to 60keV. The beam 

should be available in an experimental area with low rf and radiation back

grounds. The surface offered to the users should be sufficient, accounting 

for the surface (~5x20m2) required for angular correlation machines of high 

resolution. 

Consequentely, we propose to the Paul Scherrer Insitute to construct a positron 

beam with these characteristics. If our proposal is accepted, we shall start to work jointly 

with PSI. Our part in this project will be the development of detectors adequate for 2D-

ACAR measurements using the positron beam. 
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IV. Conclusions 

We have outlined the important characteristics that a positron beam should have in 

order to be efficiently used for the investigation of the electronic properties of solids by the 

2D-ACAR technique. These are: 

a) the beam size, which has to be thin enough to measure small single crystals, 

b) the possibility to vary the energy of the positrons, to control the penetration 

depth of the positrons. 

c) the polarisation of the beam, essential for magnetic studies. 

d) a high intensity of the beam, which is needed to get the large statistics required 

for a precise determination of the electron-positron momentum distributions in solids. We 

have also shown that intense positron beams require a new generation of detectors charac

terized by a high resolving time as well as high counting rate capabilities. 

It is clear that the possibilities offered by high flux sources will have to be paid for 

by considerable disadvantages: High price of the beam, intermittent availability as opposed 

to the continuous presence of the laboratory source. But these are inconveniences proper to 

all large scale solutions - to be offset by the power of the instrument and also by the con

centration of the best specialists in cooperative efforts. 
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2.2 Positron Reemission Microscopy 

P.G. Coleman 

School of Physics, University of East Anglia, 
Norwich NR4 7TJ, United Kingdom 

Introduction — Positron Reemission from Solid Surfaces 

The twenty-year history of the development of monoenergetic slow positron 
beams has seen an increase of eight orders of magnitude in usable positron in
tensities and a steady improvement in beam guidance and focussing techniques. 
Since the first true positron-surface experiments in 1978 [1] a number of areas 
have been identified where the unique properties of the positron could lead to 
potentially very fruitful new surface studies have been identified. These include 
low-energy positron diffraction (LEPD) [2], surface electron momentum density 
measurements by positronium velocity spectroscopy [3] and angular correlation of 
annihilation radiation [4], positron-induced Auger emission [5], and surface and 
near-surface defect studies [6]. All of these areas would be stimulated greatly by 
the availability of an intense positron source. 

All five techniques listed above have been pursued and refined over the years. 
One unique feature of the positron-surface interaction - the reemission of positrons 
at near-normal angles with work function energies - has not, however, been ex
ploited in more than a handful of experiments as the basis of an investigative 
surface spectroscopy. There are several ways in which this phenomenon may be 
used to study surfaces, including spectroscopy of thin films [7], [8] and energy loss 
spectroscopy of the vibrational modes of surfaces and adsorbates [9]. 

In this short contribution the development of electrostatic positron beams and 
of a prototype positron microscope at the University of East Anglia (UEA) is 
briefly summarised, and the need for an intense positron source in the future is 
highlighted. 

Positron Reemission Microscopy 

In all standard work function positron reemission experiments it is the spatially 
averaged emission from a surface that is measured. The retention of spatial infor
mation by faithful magnification of the reemitted positron intensity distribution 
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allows direct imaging of any features of a surface which affect positron emission. 
In this way the positron provides an inherently different view of a surface than 
do electron and other microscopies developed to date. Prominent among such 
features will be surface defects; slow positrons have long been established as a sen
sitive probe of crystal defects, and can be trapped by single monovacancies. This 
sensitivity should make positron microscopy better suited to such studies than its 
more traditional electron counterparts. High-resolution positron microscopy holds 
promise eventually for time-dependent mapping of surface defect formation and 
migration. 

Imaging of large adsorbate structures is also feasible with positron microscopy; 
this may find application in studying catalysis and also in imaging large biolog
ical molecules (the low energy, and thus nondestructive nature, of the reemit-
ted positrons, together with the likely large difference in reemission coefficients 
between substrate and adsorbed species make this latter possibility particularly 
intriguing). 

Prototype positron microscopes have been constructed and their potential 
demonstrated in two U.S. laboratories [11], [12]. 

Preliminary Work at U E A 

An electrostatically-focussed positron beam has been constructed and is cur
rently being used to take its first measurements on positron reemission from copper 
and tungsten surfaces. A schematic diagram of the apparatus is shown in Figure 
1. Surfaces are prepared by argon-ion sputtering and annealing, and characterised 
by LEED/Auger spectroscopies. 

Figure 1: UEA electrostatic positron beam apparatus 

The incident beam arm, main chamber and ion pump are shielded with mu-
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metal. The size and shape of the transported positron beam at the site of the 
target were initially monitored by viewing a microchannel-plate- phosphor screen 
assembly mounted at the target position. The reemitted positrons traverse the 
field-free region into the transport lenses of a hemispherical energy analyser and 
are eventually detected by a single channel electron multiplier. Measurements 
of the intensity and energy spectra of the reemitted positrons have been made 
for Cu(llO) and polycrystalline tungsten, the latter being a widely-used positron 
moderator, as a function of temperature, orientation and surface concidtion. The 
positron work functions for the two surfaces studied are very different and we 
have to date been able to shed some light on the differences between them as 
positron emitters. However, the energy analyser and control unit we are using are 
relatively low-resolution (250 - 300 meV) devices. We are currently planning to 
improve the resolution by an order of magnitude, to allow us to study the energy 
loss of positrons at solid surfaces, and to gain more precise information on emission 
from and through metallic overlayers. 

Our positron microscope is in the design/construction phase. A schematic 
diagram of the planned device is shown in Figure 2. 

S SOURCE 
R REMODERATORS 
T TARGET 
D DETECTOR 

Figure 2: The UEA Positron Reemission Microscope 

The first stage of construction of the microscope - the incident beam arm 
- should be completed by September 1990. A realistic assessment is tha* the 
brightness enhancement stages and magnification optics will be designed, built 
and tested in the period up to September 1992. 

The primary positron moderator will be an annealed tungsten foil. The beam 
itself will be monitored using an open-faced position-sensitive detector at the 
position of each target as the system is developed. While the first stage of the 
microscope is being built and tested the second stage, a double remoderation unit 
based on the design of Canter and Brandeis University (with whom we are in close 
contact) [13] will be designed. To aid this process, lens transport codes are being 

25 



written which should give some guidance as to the expected performance of the 
positron transport characteristics of the various elements. Remoderation allows us 
to increase greatly the brightness of the positron beam by reducing its diameter 
without degrading its angular divergence. At each remoderation stage the absolute 
intensity of the beam drops by about 60 %, but the brightness can be increased by 
up to two orders of magnitude. Clearly the number of remoderation stages used 
is a compromise between brightness required and the positron intensity needed to 
keep data collection times to an acceptable level. 

The remoderating crystals, both tungsten to maximize the reemitted positron 
intensities, will be drawn back from the optics for periodic cleaning and reanneal-
ing. Two remoderating stages should produce a final beam of 10-20 Lm in diam
eter, to be implanted at an energy of a few keV. We expect initially to achieve 
a resolution of 300 nm; to obtain images with improved resolution (perhaps two 
orders of magnitude better) it will be necessary to improve further the angular in
tegrity of the beam. This can be attempted by cooling the remoderating surfaces to 
reduce thermal smearing. Images will be recorded by the open-faces microchannel 
plate position sensitive detector, with a framestore facility for image enhancement 
and manipulation. 

In the initial two-year stage we shall use Na-22 as the primary positron source, 
because of its relatively long half-life. A 700 MBq source should provide several 
thousand positrons s1 at the sample; however, typical run times per image will be 
10 hours. 

Need for an intense positron source 

The intensity of this beam is the one factor where most improvement can po
tentially be made, and which is indeed the crucial factor in making the microscope 
feasible. To obtain images on a practical time scale it will be necessary to increase 
the delivered positron flux. This has been accepted by both U.S. laboratories 
involved in building prototype microscopes; Prof. Canter at Brandeis University 
has, for example, suspended his in- house work and is planning to perform further 
microscopy research only at the new Brookhaven intense beam, now in the final 
stages of construction. 

There are two possible ways forward in the light of work here at UEA. Firstly, 
the UEA laboratory microscope could possibly be transported and appended to 
a "side arm" of the PSI beam. An ideal primary beam would then be of about 
8 mm diameter, with energy spread of less than a few hundred meV and angular 
spread less than 10°. Secondly, and perhaps more realistically, in the light of 
experience gained from constructing our laboratory-based prototype, we should 
be in the position to contribute effectively to the design of a new microscope at 
PSI - perhaps starting with a beam of even better characteristics. 

In either case, a primary beam of 1010 positrons/3ec, such as that proposed at 
PSI, would certainly make the routine operation of a positron microscope feasi-
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ble, with data collection times of at most minutes, even perhaps enabling time-
dependent studies of surface processes. 
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2.3 A Proposal for Direct Investigation of Biological Thin 
Layers/Membranes by Slow Positrons 

Sz. Vass 

Central Research Institute for Physics of the Hungarian Academy of Sciences, 
H-1525 Budapest, P.O. Box 49, Hungary 

S. Györgyi, F. Tölgesi 

Institute of Biophysics, Semmelweiss Medical University, 

H-1444 Budapest P.O. Box 263, Hungary 

Membranes play a central role in controlling material transport in biological 
systems [1], The research of membrane functions is focused on the following topics: 

- interactions of lipid headgroups 

- defects in the hydrocarbon structure 

- interactions between proteins, polypeptides, enzymes and lipids in their 
vicinity 

Membrane functions and structure are closely correlated and thus positron an
nihilation, that turned out to be an extremely sensitive technique in the structural 
research of metals, is a very promising tool also in this field. 

The application of positron annihilation dates back to the middle 1960's, and 
the results since that time are summarized in Refs. [2] and [3]. The main fields of 
application are micelles, membranes, cells and carbonic anhidrases. 

In conventional positron annihilation experiments, membranes are present in 
aqueous solution as multilamellar planar bilayers or vesicles [3]. In such experi
ments, high (~100 keV) energy positrons are injected into the system. After or 
along with slowing down, positrons enter in different type interactions with the 
(outer) electrons of molecules. All interactions end with annihilation carrying dif
ferent type of information on the medium. The interpretation of experimental 
results is difficult, partly because biological systems are complex, partly because 
positron/electron interactions are of intricate collective nature. 

Our proposal is to investigate a single bilayer, or a sandwich consisting of a few 
bilayers, with slow positrons. A single dipalmytoil phosphatidylcholine (DPPC) 
bilayer (with surface area F ~ 0.5 nm2/headgroup and molar mass M ~ 730 g) 
has an approximate superficial density d ~ 2-M/(F-6.028-1023) ~ 5-10-7 g/cm2. 
From a comparison with experimental data available for thin Al and Cu layers 
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[4], a DPPC bilayer is guessed to absorb slow positrons with energy of about 10 
- 100 eV. The production of thin organic layers involves technical and principial 
difficulties: the bilayer(s) should be stable under high vacuum by keeping the 
similarity with the biological systems to be modelled. We assume that structures 
with the above mentioned requirements can be produced by the Langmuir-Blodgett 
technique (e.g. from DPPC), or by in-situ polymerization of lipid-like molecules 
with UV irradiation [5]. 

In spite of all difficulties, this concept may open new possibilities in the research 
of thin organic layers. Manipulations with the layers and the response to them 
in the experimental results are expectedly better interpretable in the proposed 
arrangement than in the "bulk" aqueous solutions. The following experiments are 
considered: 

— 37-correlation study of membrane defects. 

— Chemical reactions of positrons and positronium with molecules im
planted in the membranes. 

— Investigation of the electronic structure of membranes with 2D ACAR 
measurements. From the counting rate of existing ACAR instruments 
[6], [7] one can conclude that angular correlation measurements on 
thin organic layers probably require the planned, 1010/s intensity of 
the positron beam. 

— Provided that the positron beam can be focused on appropriately small 
spots, the surrounding of proteins etc. can selectively be investigated. 

All experiments can be carried out with systematically varied positron energy, 
membrane composition and external conditions (temperature, electric field). 
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2.4 Positron Annihilation in the Study of Alloy Phase Trans 
formation 

G. Kostorz, B. Schönfeld 

Institut für Angewandte Physik, ETH-Hönggerberg, 

CH-8093 Zürich, Switzerland 

At the Institut für Angewandte Physik, phase transformations in alloys (order
ing, decomposition) are investigated using X-ray, neutron and electron diffraction 
techniques and transmission electron microscopy. Positron annihilation would pro
vide a useful supplementary tool in these studies, in particular in elucidating the 
role of vacancies in the kinetics of diffusion controlled transformations and in the 
interpretation of newly developing ordered structures on the basis of the electronic 
structure (Fermi surface). 

Positron lifetimes are sensitive to the vacancy concentration in alloys, and 
sufficiently sensitive measurements may serve to monitor the change of vacancy 
concentrations in the kinetics of a transformation. A good time resolution of the 
process being studied is required, i.e. measurement intervals of about a minute 
would be desirable (Doppler broadening of the 511 keV line). 

Angular-correlated measurements of positron annihilation using two-dimensional 
position-sensitive detectors (now called '2D-AC AR') are one of the few possibili
ties to determine Fermi surfaces also in concentrated alloys (i.e. where the electron 
mean-free-path is small). For the development of order from a homogeneous solid 
solution special features of the Fermi surface (e.g. flat pieces offering a high den
sity of states for particular structures) are important and should be known with 
good accuracy. 

As a supplement to the methods already available at the Institut, the meth
ods mentioned above would offer desirable opportunities that could, be used by 
researchers within the usual personnel and budget limitations. 
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2.5 Extract ion of the Workshop Proceedings 

In this section an extraction of the workshop proceedings paper by A. Seeger 
and F. Banhart [17] is reproduced, since it is appropriate in this chapter to point 
out the potential of several new techniques proposed therein, particularly of those 
related to high-energy and/or spin-polarized positron beams. 

DEFECT STUDIES BY POSITRON ANNIHILATION - TECHNIQUES, 
ACHIEVEMENTS. PROBLEMS, PERSPECTIVES 

A. Seeger, F. Banhart 

Universität Stuttgart, Institut für theoretische und angewandte Physik 
and 

Max-Planck-Institut für Metallforschung, Institut für Physik, 
Heisenbergstrasse 1, D-7000 Stuttgart 80, Germany 

The great potential of an intense beam of relativistic positrons for positron lifetime spectroscopy 
and age-momentum correlation measurements is pointed out. Such a beam should be spin-polarized 
in order to facilitate measurements of the positron spin relaxation rate in ferro- and ferrimagnets 
as well as of the formation of ortho- and para-positronium. 

5 Experimental Techniques 

5.1 Introductory remarks 

The information of the behaviour of thermalized e+ in condensed matter is transmitted exclu
sively by the annihilation irradiation. Since the annihilation of positron-electron pairs into two 7 
quanta according to 

e + + e _ - 2 7 (21) 

is much more frequent than that into three 7 quanta, we confine ourselves entirely to the 2y process 
(21). 

The measuring techniques fall into two broad categories, depending on whether they give 
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Information on the momentum distribution of the annihilating positron-electron pairs or on the 
annihilation rate of the positrons. The annihilation rate is determined by the overlap of the positron 
wavefunction with the electron wavefunctions and is thus closely related to the electron density at 
the annihilation sites. The momenta of thermalized positrons are small compared with the width 
of the momentum distribution of the electrons in condensed matter. Variations in the momentum 
distribution of the e+ e~ pairs and/ or in the annihilation rate pertain therefore primarily to the 
electrons of the host material. As a consequence, the information on the positron behaviour has to 
be obtained in a more indirect way, e.g. through diffusion (Sect. 2) and trapping (Sects. 3 and 4) 
studies, or through depolarization experiments (Sects. 5 and 6). 

It has already been argued (Sect. 3) that at a vacant lattice site the electron charge 
density is less than at an interstitial site in a perfect environment. Hence the annihilation rate 
of positrons trapped in a vacancy, r"1 , is less than the annihilation rate rfl of "free" positrons. 
Analogous arguments hold for the momentum distribution. The absence of the ion core in a 
vacancy reduces the high-momentum components in the e+e~ momentum distribution of trapped 
positrons compared with "free" annihilation. 

5.2 e+e~ m o m e n t u m dis t r ibut ion 

For measuring the e+e~ momentum distributions and their changes due to e+ trapping two 
techniques are available, viz, 

1. the Doppler Broadening of the 27-annihilation photon line (Fig. 6a) and 

2. the angular Correlation of the annihilation Äadiation (ACAR) (Fig. 6b). 

In the rest systems of the e+e~ pairs annihilating in the 27 mode the laws of conservation of energy 
and momentum require the energies of the two photons resulting from an annihilation event to be 
equal and their momenta to be opposite. Owing to the velocities of the electrons, the laboratory 
system differs from the individual e+e~ rest systems. This has the following consequences for 
observations in the laboratory system : 

(i) If the e+e" momentum possesses a "longitudinal" component (i.e., parallel to the direction of 
the 7 detection) the energies of the two photons are different; hence the annihilation photon 
line is Doppler-broadened. 

(ii) In general (viz. if the e+e~ momentum possesses a non-vanishing component transverse to 
the direction of 7 detection) the flight directions of the two members of a photon pair deviate 
from 180 °. Hence the dependence of the coincidence count rate C(0) on the angle 8 between 
the simultaneously emitted 7s (ACAR) is a measure of the e+e~ momentum distribution. 

Both types of measurements (Doppler broadening and ACAR) give in principle the same in
formation but are in practice quite different. ACAR is capable of a very high resolution (limited 
only by geometry and statistics) but since it is based on coincidences the counting is slow. (This 
disadvantage may be alleviated by two-dimensional 7 detection though at the cost of considerable 
expenditure.) The resolution of the Doppler broadening measurements is limited by the energy 
resolution of the available Ge detectors but since no coincidences are involved, data accumulation 
is much faster and simpler than in ACAR. 
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Figure 6: a): The ACAR technique for determining the distribution of the transverse components 
of the e + e - momenta p(e+e_). .E7l and E^ denote the photon energies in the laboratory system. 
NaJ = sodium iodide detector 
b): The Doppler-broadening technique for determining the distribution of the longitudinal com
ponents of p(e+e"). Ge = germanium detector. N(E) = count rate. The arrows indicate the 
possibility to use the second annihilation photon for the determination of the positron age. 
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In contrast to AC AR, Doppler broadening uses only one of the two annihilation photons. The 
second one may be employed to stop an electronic clock that had been set going by either a 
"prompt" 7 quantum or by the positron entering the sample (cf. Sect. 5.3.). This means that the 
longitudinal components of e+e~ momenta may be correlated with the time that the individual 
positrons have spent in the target, the so-called positron age. Such so-called "age-momentum" 
measurements will be discussed below (Sect. 5.5) 

5.3 Positron lifetimes 

The positron is a stable particle. In contrast to other positively charged elementary particles with 
finite lifetimes, such as the positive muon (fi+) and the positive pion (x+), it does not decay 
with a fixed rate but annihilates with its antiparticle, the electron. As already emphasized (cf. 
Sect. 3), the e+ annihilation rate and its inverse, the e+ lifetime, depend on the environment 
in which the positrons annihilate. Measurements of the mean lifetime or, more generally, of the 
distribution of lifetimes (= lifetime spectroscopy) can therefore give information on the sites at 
which the positrons annihilate, e.g. on inhomogeneities at which they have been trapped. Lifetime 
data possess the advantage that - as long as we confine ourselves to 27 annihilation and exclude 
formation of orthopositronium - their qualitative interpretation is straightforward: longer lifetimes 
mean smaller electron densities at the location of the positrons. If for a given material the rt values 
of a number of different traps are known, this rule helps us in finding the correct assignment of 
new lifetime components. 

For the interpretation of e+ lifetimes it is important to note that if the formation of ortho
positronium "atoms" (e+e~ bound states with total spin 1) may be excluded, the positron lifetime 
cannot exceed an upper limit, r,», given by 

r^1 = - AP_P, + - A0_Pi. (22) 

In (22) Ap_p, = 7.994 • 109 s_ 1 is the annihilation rate of para-positronium (= e+e~ bound states 
with total spin zero) [47], A0_Ps = 7.0516 • 106 s"1 that of ortho-positronium [48]. 

The physical background of (22) is as follows. Because of the Coulomb attraction between 
positrons and electrons the electron density at the positrons cannot be smaller than in positronium 
atoms even if the average electron density in the environment is much smaller. A lower limit for the 
positron annihilation rate in the absence of positronium may thus be derived from the annihilation 
rates of para - and ortho-positronium, taking into account the statistical weights of the different 
spin states. Eq. (22) gives us for the corresponding upper limit of the positron lifetime r«, = 500 ps. 
If positron lifetime spectroscopy leads to time constants exceeding r«, we have to conclude that 
ortho-positronium is involved. 

Time constants larger than r«, are familiar in insulating materials. They have also been found 
in nanocrystalline metals (see e.g. [49]). This indicates that these nanocrystals may contain open 
spaces ("microvoids") large enough to sustain positronium atoms. 

From the preceding discussion it follows that the lifetimes of trapped positrons are insensitive 
against the nature of the positron traps if they are close to r«,. In lifetime spectroscopy we are 
thus particularly interested in "short" lifetimes, say between 1 • 10"10 s and 3 • 10 ~10 s. The 
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accurate measurement of such lifetimes is not easy since they are comparable with the widths of 
the resolution functions of the best available lifetime spectrometers. 

'prompt 

'srarr" 

Ey = 511kGV 

"srop" 

InN 
Figure 7: 
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Positron lifetime spectrometers fall into two categories, viz. 77 spectrometers and ß+i spec
trometers. The basic idea of 77 spectrometers is shown in Fig 7. The positrons are obtained from a 
radioactive source that emits so-called prompt 7 quanta almost simultaneously with the positrons. 
The prompt 7s are used to start an electronic clock. The clock is stopped by detecting one of 
the annihilation 7s. One obtains a so-called time differential spectrum in which the count rate is 
plotted against the time spent by the positrons in the sample before they annihilate. Ideally, if 
the lifetime spectrum consists of only one component this plot should be exponential. In practice, 
however, it is always considerably distorted due to the unite resolution of the spectrometer. 

For weldable materials, i.e. for solid metals and alloys, the use of the 77 method was very much 
facilitated by the invention of the "sealed-source" technique [50,51]. This technique, which in the 
meantime has become widespread, allows measurements up to the melting point of tungsten, on 
specimens irradiated at arbitrary temperatures or quenched from high temperatures, etc. 

An intrinsic drawback of the 77 technique is the low detection efficiency of the 7 detectors, 
which makes it rather time-consuming to achieve statistics that are good enough for the ana
lysis of complicated lifetime spectra. The problem has recently been alleviated by replacing the 
conventional plastic scintillators by more efficient BaF2 crystals [52]. 

If this is done, special attention has to be paid, however, to artifacts in the e+ lifetime spectrum 
that may arise if the BaF? start detector can be reached by the companion of the annihilation 
7 triggering the stop signal. These artifacts may be avoided by arranging the BaF2 detectors in 
a geometry, which makes it impossible for the quasi-collinear annihilation 7s to reach both the 
start and the stop detector, or by retaining a plastic scintillator as start detector [53]. The lower 
detection efficiency of the plastic scintillators reduces considerably the probability that a start 
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pulse is recorded in which both start and stop signal of a single positron are superimposed. A 
preliminary set-up consisting of a start scintillator (Pilot U, diameter X height = 30 mm X 30 
mm) and a stop scintillator (BaF2, diameter X height = 40mm X 30mm) at a distance of 15 mm 
in a 180 "-geometry, and a positron source (activity 1.5 • 105 Bq) between them gives a coincidence 
counting rate of 250 s"1 and a time resolution of 250 ps (FWHM) [53]. 

It has been known for a long time that an alternative exists for obtaining the start signal of 
the lifetime spectrometer. Already in the first comprehensive study of positron lifetimes in liquids 
and solids by Bell and Graham [54] the 7 detection was employed only for the annihilation 7s 
supplying the stop signal; the start signal was obtained from the passage of the positrons (coming 
from a 22Na source) through a ß counter ( a stilbine crystal). In order to permit a correction 
for the transit time of the positrons, after their passage through the entrance counter a fixed e+ 

kinetic energy of 275 keV was selected by means of a ß spectrometer. 

In the following years the ßy detection technique of Bell and Graham [54] was supplanted 
by the 77-technique, which allowed better time resolutions to be achieved. In 1979 Maier and 
Myllylä [55] pointed out that the performance of ß"i spectrometers can be decisively improved by 
employing relativistic positrons. If all positrons enter the sample with a speed sufficiently close to 
the speed of light, detection efficiency unity and high counting rates in the start detector can be 
achieved simultaneously with a negligible contribution of the positron transit time to the width of 
the resolution function. 

In a pilot study using a ̂ Ge/^Ga source (maximum kinetic energy of the positrons 1.9 MeV) 
the viability of the Maier-Myllylä proposal was demonstrated [55]. Lifetime measurements on solid 
In gave results that compared well with those obtained with a conventional 77 spectrometer in 
spite of the fact that a compromise between time resolution and counting rate was unavoidable 
[56]. Full exploitation of the strengths of the /^-techniques, however, requires a reasonably intense 
and well collimated beam of monoenergetic relativistic positrons. Such a beam has recently been 
installed at the Max-Planck-Institut für Metallforschung in Stuttgart and will be described in the 
next subsection. 

5.4 Fast positron lifetime measurements by means of a relativistic positron 
beam [57,58] 

A slow-positron source was installed in the high-voltage terminal of a vertical electrostatic accel
erator of the pelletron type. The source consists at present of a 22Na source (6 • 108 Bq and a 
moderator comprising a tungsten foil (thickness: 3-6/zm) and tungsten rings (heightx diameter: 
3,3 mmx 10 mm) in a combined transmission-reflection geometry. By means of a variable voltage 
(0-30 V), equally divided between the tungsten rings, of an extraction voltage (0-50 kV) between 
the moderator and the terminal, and of an electrostatic lens the positrons are focused into the ac
celerator tube. This arrangement delivers to the target a monoenergetic flux of about 6-104 e+ s - 1 

in the energy range 0.5-6.5 MeV. A relative energy stability of better than 3 • 10~4 can be achieved 
but is not necessary for the lifetime measurements. By means of deflection magnets, correction 
coils, and quadrupole magnets the beam can be deflected into various positions and focused onto 
a spot of less than 1 mm in diameter. 

The start signals for e+ lifetime measurements are obtained from a plastic scintillator (Pilot 
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U, thickness 3-5mm), through which the e+ pass immediately before they are implanted into the 
target specimen. The stop signal is produced in a BaF2 scintillator (diameter x height = 25 x 
25 mm) by one of the 511 keV annihilation photons. A veto scintillator with a cylindrical hole 
(5 mm in diameter) between start detector and target is used to eliminate coincidence signals 
from backscattered positrons. With this setup and a beam flux of 6 • 104e+s_l a time resolution 
of 180 ps (FWHM) at a coincidence count rate of 480 s_ 1 is obtained. The e+ lifetime spectra 
show an exceedingly low background. This makes the spectrometer particularly well-suited for the 
investigation of weak long-lived components in the lifetime spectra, due to, e.g. orthopositronium. 

Since the MeV positrons are implanted deeply into the material the specimen preparation for 
e+ lifetime studies is considerably simplified in comparison with the above-mentioned sealed-source 
technique. 

Generally speaking, the beam technique simplifies the specimen preparation for lifetime mea
surements strikingly since it virtually eliminates not only the so-called source problems but also, on 
account of the deep penetration of MeV positrons, any surface problems. This is particularly true 
of those materials to which the sealed-source technique (Sect. 5.3.) is not applicable. Examples 
of investigations that would have been either impossible or not at least very difficult without the 
beam technique are high-temperature thermal equilibrium studies on In, Al, and Ge in the solid 
and molten state [59,60] as well as in Si up to the melting temperature [61]. They were performed 
with the e+ impinging vertically on cylindrical specimens heated by an electron beam. 

By varying the e+ beam energy the depth distribution of the implanted positrons may be 
changed. This should permit an extension of the "defect profiling" technique already implemented 
with slow-positron beams [62,63] to the investigation of defect distribution deep inside macroscopic 
specimens and to non-destructive testing of materials. As an example of great practical importance 
we mention the distribution of oxygen precipitates in as-grown Si crystals, which Doyama et. al. 
[64] have already successfully studied by Doppler-broadening measurements (though without the 
depth resolution achievable with an e+ beam of variable energy). 

A substantial futher improvement of the time resolution of the ß+f spectrometer may be 
expected from the development of a positron clock [58]. In this novel extension of the relativistic 
beam technique the e+ beam is circularly deflected by means of an electromagnetic field with a 
frequency / in the GHz range. It will scan over a ring of scintillator segments like the pointer of a 
clock (hence the name) and then be refocused onto the specimen. The start pulse supplied by one 
of the ß+ scintillator segments supplies additional information on the position of the transmitted 
positron in the scintillator arrangement and on the phase of the circular GHz field. This allows us to 
determine the time of the start signal with considerably increased accuracy. The time resolution 
of the start circuit can then be calculated from the deflection frequency / and the number of 
scintillators segments N (e.g., for f = 1.25 GHz and N = 40 we obtain a contribution of only 
20 ps from the start circuit to the total spectrometer time resolution). By means of a 1.25 GHz 
prototype resonator a periodic linear deflection of a 4 MeV e+ beam by ± 14 mm over a distance 
of 1.8 m has been produced. The practical realization of a beam-based e+ clock thus appears to 
be feasible. It should be given high priority since it promises to bring the time resolution close to 
the limit set by that of the stop detectors and thus to make detailed studies of very short lifetimes 
feasible. 
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5.5 Measurements of the positron age-momentum correlation 

Both types of lifetime measurements, ß*i and 77 , make use of only one of the two photons emitted 
in a 27 annihilation event. As already mentioned (Sect. 5.2.), by simultaneously measuring the 
Doppler shift of the other photon a correlation between the positron age and the e+e~ momentum 
may be established. From this, information on the evolution of the e+ states during thermalization, 
diffusion, and trapping may be obtained. The age-momentum correlation technique is based on 
triple-coincidences and therefore rather slow. This is particularly true of the 77£ technique, which 
suffers from the low detection efficiency of the 7 detectors as well as from the pile-up effects at 
high source strengths. In spite of the potential power of this method only very few investigations 
have so far been reported [65-68]. Earlier attempts [69,70] combined with ACAR and lifetime 
measurements were thus even slower. 

In the ß~jE arrangement pile-up pulses in the start detector can be used to discriminate 
random coincidences arising from multiple annihilation signals. In a ß+^E pilot set-up [58] using 
the e+ beam described in Sect. 5.4. the start detector consists of a thin plastic scintillator (d = 
1 mm) coupled with two photomultipliers. The stop detector is a fast BaF2 scintillation counter 
(crystal diameter x length = 51 mm x 51 mm). For the energy measurements a high-purity coaxial 
Ge detector crystal (diameter x length = 54.6 mm x 52.2 mm) is used. This pilot system has been 
optimized for high count rates with low background (a ß+j E triple-coincidence count rate of 
4 • 102s_1 at a beam current of 6 • 104e+s -1 has been achieved) rather than for good time resolution 
(FWHM « 900 ps). 
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Figure 8: Age-momen
tum correlation 
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Doppler-broadening 
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the annihilation 7 line 
is measured as a func
tion of the positron age 
t. 

Preliminary results on fused quartz (Fig. 8) have demonstrated the potential of the ß+fE 
method for the investigation of positronium states. In Fig. 8 the W parameter characterizing 
the Doppler broadening (i.e., the width of the 27-annihilation line) is plotted as a function of 
the positron age. In the plateau regime (large broadening above t = 3/ts) pick-off annihilation 
of ortho-positronium with crystal electrons (with high momentum) occurs. The sharp decrease 
of the W parameter towards shorter positron ages is considered as evidence that in the short e+ 
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lifetimes parapositronium is involved. We note that this investigation is in agreement with that of 
Bell and Graham [54], who observed long lifetime components of positrons annihilating in fused 
quartz and some other insulating materials and explained them in terms of the conversion of triplet 
positronium to the singlet state by electron spin reversing collision with electrons. 

5.6 Positron spin relaxation (e + SR) experiments 

Since the main information obtainable from e+ annihilation experiments concerns the annihilation 
electrons, it is difficult to investigate the behaviour of thermalized or nearly thermalized positrons 
in condensed matter, since their energies and momenta are small compared with those of the 
electrons. Spin relaxation experiments with protons [71] and muons [72,73] have provided us with 
rather direct insights into the dynamics of these particles in solids. Since positrons are also spin-
1/2 particles, it is an intersting question whether analogous information may be expected from 
positron spin relaxation (e+SR) experiments. 

In e+SR experiments [74,75] spin polarized positrons from radioactive sources are implanted 
into a ferromagnetic (more generally: ferrimagnetic) specimen. During the thermalization period, 
provided it does not exceed a few picoseconds, the e+ polarization is essentially conserved. The 
interaction between the e+ magnetic moments and spatially varying magnetic fields in the sample 
which the e+ experience during their diffusive motion can lead to a depolarization of the e+ 

ensemble and hence to a relaxation of the e+ spin polarization towards its equilibrium value. 
However, since e+e~ annihilation conserves parity, no direct information on the e+ spin can be 
derived from the annihilation radiation. As shown already in 1957 by Hanna and Preston [76], 
ferromagnets may, nevertheless, serve as e+ polarization detectors. In our e+SR experiments 
ferromagnetic samples serve both as depolarizing medium and as polarization detectors. In order 
to achieve this, the magnetic structure of the sample has to satisfy several requirements [74]. They 
are satisfied in a-iron and some of its alloys. The observation of e+ spin relaxation allows us to 
test microscopic models relating the correlation time rc of the magnetic fields felt by the e+ to the 
e+ diffusivity, D+. 

Theory shows that in Q-Fe e+ propagating in Bloch states cannot lead to an observable de
polarization [77], whereas e+ in metastable self-localized states that diffuse by adiabatic hopping 
[22] can give rise to a detectable relaxation rate. In pilot experiments using wGe positron source 
(activity < 3-107Bq) we have observed a small temperature-dependent depolarization in nitrogen-
doped a - iron, which we have interpreted as an indication of a spin relaxation associated with 
the e+ motion [75]. Further investigations of this topic should include other materials, e.g. the 
ferrimagnetic insulator FeaO«. If a sufficiently intense beam of polarized e+ becomes available, 
time-resolved depolarization experiments will become possible. Such experiments will allow us to 
determine the e+ spin relaxation rate directly rather than indirectly from the dependence of the 
e+ polarization on temperature and applied magnetic field as was done in the above-mentioned 
pilot experiments [75]. 
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5.7 Spin-polarized positrons in positronium research 

Since the pioneering work of Page and Heinberg [78] the application of spin-polarized positrons 
annihilating with electrons in magnetic fields has developed into a powerful tool in the investigation 
of positronium or positronium-like states ("quasi-positronium") in condensed matter (see, e.g., 
[79]).The formation of singlet or triplet positronium is favoured depending on whether the incoming 
positrons are polarized parallel or antiparallel to the magnetic field direction. In the presence of 
a magnetic field the annihilation characteristics of positronium atoms is modified by the mixing 
of the para state with the ortho state of magnetic quantum number m = 0. The influence of a 
reversal of the magnetic field on the annihilation radiation can thus be taken as a measure of the 
fraction of positrons forming positronium in the specimen. Herlach and Heinrich [80] employed 
this technique for detecting positronium in F-centers in KCl. This work demonstrated the trapping 
of positrons in anion vacancies (cf. [18]). 

The experimental set-up for the e+SR technique (cf Sect. 5.6.) may also be used as a sensitive 
system for the detection of positronium. Experiments on various solids are currently being carried 
out. An intensive beam of high energetic spin-polarized positrons will be very useful not only for 
e+SR experiments but also in the field of positronium research. 

6 Conclusions 

During the past twenty years positron annihilation methods have been established as powerful 
tools for studying defects in crystals or, more generally, inhomogeneities in condensed matter. 
Models for the analysis of such data are available with widely different degrees of complexity and 
sophistication. A particularly effective technique is positron lifetime spectroscopy, since it is sen
sitive, defect-specific, and relatively easy to interpret. Reliable interpretation of the experimental 
data, also of other positron-annihilation techniques such as the angular correlation of the annihi
lation radiation (ACAR) or the Doppler broadening of the 511 keV annihilation, requires reliable 
information on the behaviour of positrons in condensed matter, e.g. on the thermalization pro
cess, on the positron diffusivity, on the process of positron capture by traps, and, at present most 
controversial, on the qu-stion whether and in which materials positrons may occupy metastable 
localized states (= acoustic polarons) in which they diffuse by hopping. Since such information is 
hard to come by, there is a wide field for future experimental work based on improved techniques. 

With regard to novel experimental techniques the potential of positron beams of relativistic 
energies for lifetime measurements has clearly been demonstrated. A breakthrough not only in the 
rate of lifetime-data accumulation but also in the achievable time resolution appears feasible by 
means of the so-called positron clock. If a substantially more intense beam than that at present 
operative at the Stuttgart pelletron is available, further extensions of the experimental methods 
will become possible, e.g. routine age-momentum correlation measurements with good statistics 
and high time resolution. 

It is highly desirable that a future intense relativistic beam should provide spin-polarized 
positrons, i.e., be fed by positrons from /7+-decay of radioactive nuclei rather than from pair pro
duction. Such a beam would make measurements of the rate of positron spin relaxation in suitably 
chosen ferro- and ferrimagnets possible. From such measurements we may expect information on 
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the behaviour of positrons in crystals that is diflicuit to obtain by other means. Application of 
strong magnetic fields parallel or antiparallel to the beam direction would allow us to study posit ro-
nium formation in the target rather directly, since the formation of para- or ortho-positronium is 
favoured depending on whether the external magnetic field is parallel or antiparallel to the positron 
polarization. 
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2.6 Study of Space Resolved near Surface Positron Trap
ping Sites in Low Temperature Neutron Irradiated 
Single Crystal Fe(Cu) Alloys 

W.B. Waeber, U. Zimmermann, G. Solt 

Paul Scherrer Institute, CH-5232 Villigen PSI, Switzerland 

1. Introductory remarks 

The proposed user experiment is a positron reemission microscopic study of 
irradiation damage, produced by fast neutron bombardment under controlled con
ditions, of metastable, oversaturated Fe(Cu) alloy systems. 

Irradiation by fast neutrons affects metastable phase equilibria in a twofold 
way: first, the cascades developing from primary knock-on events are presumably 
preferred nucleation centres for the phase separation, and second, the concentra
tion of point defects and their agglomerates in the bulk is usually maintained on 
a very high level, making kinetics appreciably faster and different from that in a 
system in thermal equilibrium. 

Basic research in this field, grown up originally from technological needs of 
producing radiation-resistant reactor materials, covers now the general subject 
of phase stability and diffusive phase transitions in non-equilibrium conditions, 
occurring in the presence of a 'field' of energetic, stochastic collision events. 

In particular, the irradiation enhanced nucleation and growth of the Cu-rich 
phase in the Fe(Cu) system has previously been investigated by TEM, small-angle 
neutron scattering and also positron AC AR methods. In spite of the fact that, 
in addition, the process of thermal nucleation in non-irradiated Fe(Cu) has fairly 
well been documented, several questions are still open, like that of 

i) the size above which the coherent interface becomes unstable, 

ii) the structure of the new phase for particle size below a diameter of ~ 40 Ä, 

iii) the size distribution of vacancy agglomerates in irradiated samples (voids), 
their evolution, the vacancy content of the copper-rich particles. 

In particular, previous ACAR experiments could not unambiguously distinguish 
between trapping in dislocation cores, in misfit open volumes, at the interfaces 
of precipitates or in voids 1. Positron microscopy, combined with annihilation 

'K. Ghazi Wakili, P. Tipping, U. Zimmermann, W.B. Waeber, Z. Phys. B, Condensed Matter, 
79, 39 (1990) 
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techniques, makes it possible to analyze annihilation spectra in a spatially resolved 
way, which should help in a substantial way to characterize the different defect 
types 2. Furthermore, comparison with the results of high resolution electron 
microscopy on the same materials, being developed in the frame of a parallel 
but independent project at PSI, offers an exciting new possibility for a better 
understanding of the irradiation induced phase separation in this system. 

2. Objectives 

2.1 Interfaces and damage cascades studied by positron microscopy 

In recent years, several studies have shown that monochromatic positron 
beams of variable energy (< 50keV) are powerful tools to investigate near surface 
defects and defects at interfaces 3 . 

Although techniques of depth profiling of defects and interfaces have been ap
plied very successfully to various systems, including metals, semiconductors and 
ionic crystals, there are some limitations. Considering the application to neutron 
irradiated metals and alloys, one of the most serious problems arises from the fact 
that many different types of defects may exist simultaneously, either immediately 
after irradiation or after thermal evolution during post-irradiation annealing. Con
ventional techniques, however, are usually not able to distinguish between more 
than two different types of defects present at the same time. Moreover, establish
ing the link between the physics of defects in solids and mechanical properties, for 
example, requires not only the knowledge of average defect concentrations but also 
their spatial distribution. The 3-D resolved imaging of defects is particularly of 
interest in the case of precipitates in alloys, e.g. Cu-particles in an Fe-matrix after 
irradiation or thermally induced decomposition of a supersaturated solid solution, 
with defects at or near the interface, e.g. misfit dislocations. Damage cascades 
indued by irradiation with neutrons, protons or ion bombardment as well as their 
thermal evolution are examples for non-uniform distributions of defects. 

Clearly, it is an important step towards a more detailed understanding of the 
above phenomena, to extend the positron beam technique to 3 dimensions and 
utilize positron reemission and positron trapping in defects as the contrast mech
anism for the imaging procedure, provided sufficiently high spatial resolution is 
achieved 4. 

In order to attain a more precise separation of regions containing different types 
of defects, such as central and peripheral regions of collision cascades, a brightness 

2W.B. Waeber, Helvetica Physica Acta, 63, 448 (1990) 
3P. Hautojärvi, H. Huomo, Helvetica Physica Acta, 63, 429 (1990) 

K.G. Lynn, Helvetica Physica Acta, 63, 389 (1990) 
«W.B. Waeber, Helvetica Physica Acta, 63, 448 (1990) 
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enhanced microbeam including scanning is needed. According to recent computer 
simulations of electron lens systems 5, focusing of positrons down to 2nm at lkV 
seems to be possible by means of single pole piece magnetic immersion lenses and 
sampling of the reemitted positrons through the bore of the lens. Such a system 
would allow scanning positron reemission microscopy on thick samples in reflection 
mode. 

The advantage of the reflection mode over transmission mode PRM is that 
thin targets are difficult to prepare in monocrystaline form. Temperature control 
is also easier for thick targets so that in-situ annealing studies are possible. 

2.2 Theoretical study of contrast and resolution for various defects in 
reemission microscopy 

A number of interesting problems in positron microscopy is connected with 
the properties of the positron as a probe for defects, rather than the properties of 
the solid itself or its imperfections 6 . These include, e.g., effects of positron ther-
malization (trapping of epithermal positrons) and positron diffusion (temperature 
dependence of D + and influence on the trapping rate) as well as deviations from 
the usually applied simple 2-state trapping model and the underlying assumptions, 
for example capture or diffusion limited trapping, self-trapping, detrapping. 

Clearly, the resolving power and contrast in a positron reemission microscope is, 
as far as the target is concerned, determined partly by the geometry (like distance 
to the surface) of the defect, partly by the dynamic interactions between the given 
type of defect and the 'gas' of positrons, like trapping-detrapping mechanisms and 
diffusion in and near the defect and in the parent phase, and partly by the variation 
of the reemission probability on the target surface. For a microscopic description 
of these interactions, a more or less detailed knowledge of the electronic structure 
near the particular defect is needed. The microscopic parameters should serve 
then as input to an appropriate phenomenological treatment of the kinetics of the 
positron gas propagating inside the alloy, in which the defect centres are dispersed. 
For an interpretation of future image contrasts, a preliminary investigation of the 
expected theoretical limits and possible positron 'profiles' for the different types 
of defects in the irradiated alloy is obviously needed and, therefore, included in 
the present project. 

2.3 Combination of imaging with annihilation techniques 

In principle, the combination of positron microscopy by imaging of reemitted 
positrons and the simultaneously measured annihilation radiation characteristics 
is an attractive way to be applied in defect spectroscopy. The annihilation 7-
radiation can be analysed by means of the usual techniques AC AR, LT or DB. If 
this is done in combination with reemitted positron imaging, the features observed 

5Zhifeng Shao, PSD. Lin, Rev. Sei. Instrum. 60, 3434 (1989) 
6A. Seeger, F. Banhart, Helvetica Physica Acta, 63, 403 (1990) 
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in the micrographs can be identified as different defect types according to their 
ACAR, LT or DB spectra. It should however be mentioned that very intense 
beams (10 l oe+ /s) are certainly not useful for LT or DB, since these techniques 
are not able to work at such high count rates. Operation in two different beam 
modes, imaging at high-intensity and 7-radiation analysis at a lower rate, would 
be a suitable way to overcome this problem. For the LT technique in addition, a 
pulsed beam is required in order to supply a start signal. 

For the phase of the development of the intense beam, when a laboratory 
beam is already available, the Fe-Cu system would be very suitable, since this 
beam, to a certain extent, can already be used for defect spectroscopy using both 
DB and an immersion lens. It would be possible to use such a low intensity 
beam to generate micrographs in a sense of microprobe analysis, i.e. by observing 
the DB S-parameter in 3 dimensions over a small volume which contains one 
kind of defects. Instead of the DB S-parameter, the Ps fraction, which is also 
measured with a HPGe-detector, can be used alternatively as the imaging signal. 
Ps formation microscopy would also be a kind of reemission (scanning) microscopy. 
The two complementary quantities, Ps formation and DB S-parameter, can also 
be measured simultaneously with a single HPGe-detector. 

If a pulsed beam is available, combination of the above techniques with simul
taneous LT-measurements is also possible and even age-momentum distributions 
can be obtained, i.e. one annihilation photon is used for the LT-stop signal and 
the energy of the remaining photon from the same annihilation event is measured 
with an HPGe-detector. Since positron lifetimes in different types of defects are 
well-known in contrast to S-parameters, a pulsed beam is indispensable for real 
defect spectroscopy applied to systems like irradiated Fe-Cu alloys. 

For Ps formation at a surface of a solid an additional signal should in principle 
be available, namely the emission of the electron which was bound to positrons to 
form Ps. This electron is released from the surface with an energy of 6.8eV, the Ps 
binding energy, after pick-off annihilation of the positron with a surface electron. 
Emission of electrons from pick-off annihilation of Ps was observed recently on 
solid noble gas surfaces 7. If this process is efficient also on surfaces of other solids, 
it could be used as an imaging signal. Combining this with ACAR or DB of the 
pick-off annihilation radiation would be very interesting for surface studies. 

3. Experimental questions 

Required B e a m Qualities: From the preceding sections 2.1 and 2.3 it is evident, 
that the beam qualities required for the primary beam are as follows: 

7E.M.Gullikson and A.P.Mills Jr., Phys.Rev.B 39, 6121 (1989) 
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• brightness enhanced (beam diameter ~ I urn) 

• pulsed (FWHM < lOOps, repetition frequency ~ 108s_1) 

• tunable energy ~ kV 

• intensity > 10 l oe+ /s (before brigthness enhancement) for imaging, switch-
able to ~ 107s - 1 (at the sample) for annihilation techniques. 

Microscope: The preferred PRM type is a reflection mode scanning reemission 
microscope using pulsed beam technique and tunable energy. Focalization of the 
microbeam to < 5nm is desired. The optical design will be similar to that proposed 
in 8 for a low voltage scanning electron microscope (Figure 1). 

A HPGe-detector for DB and Ps-formation and a BaF2 scintillation counter 
close to the sample for LT-measurements will be attached to the instrument. 
Shielding of the detectors and/or anti-coincidence circuiting with the imaging sig
nal may be necessary in order to suppress counts from annihilations of reemitted 
positrons. 

Surface treatment (ion-gun) and surface analysis (Auger/LEED) attached to 
the UHV-sample chamber are also desirable, as well as in-situ heating (< 700°C) 
and cooling (LN2) of the sample. 

In carrying out the above programme the goal is to get new insight in both 
the functioning of the microscope and in the nature of irradiation defects in the 
sample. In principle the two objectives could be split and one could focus either on 
the study of specific solid-state or materials-science problem such as irradiation 
induced phase separation in binary alloys, by using existing positron beams or 
existing positron microscopes for measurements of specific phenomena, or on the 
installation of the microscope. We prefer in this proposal not to divide these 
objectives but look forward to collaboration with other groups interested in the 
introduction of positron microscopy at PSI. 

Zhifeng Shao, PSD. Lin, Rev. Sei. Instrum. 60 3434 (1989) 
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Figure 1: Conceptual design of a LVSEM. 1. Brightness enhanced positron beam; 
2. stigmator; 3. differential aperture; 4. condenser lens; 5. beam defining aperture; 
6. scanning coils; 7. objective-detection system, and 8. specimen. (The essential 
part of this ßgure is taken from reference [23].) 
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3 Concept and Proposal for the Facility Layout 

In this chapter the perspectives and implications are outlined, which are the 
result of a detailed evaluation of conceptually possible development paths for the 
installation of a highest intensity slow positron beam facility at PSI. The following 
guidelines for the final determination of the facility concept will be decisive. 

1. World top performance, including the maximum possible intensity, as allowed 
by the specific beam properties at each experimental area (sect. 3.3). 

2. As little interdependence as possible with other base-facility users, by avoid
ing time sharing or current splitting, for example. 

3. To minimize development risks by investment of existing state of the art 
technologies as much as possible. 

The general approach in the project realization has to imply enough flexibility, 
i.e. to leave certain options open for the final choice of the positron production 
method as long as necessary depending on the outcome of certain feasibility studies 
(chapter 4). This implies a certain two-phase structure of the project. 

Among the various beam characteristics the positron spin polarization is an 
important property which allows a whole category of advanced user experiments 
to be realized. This beam property seems to be the crucial question in the present 
discussion. Although, it is known that radioactive isotope /^emit ters produce 
polarized beams while positrons originating from pair production processes are 
unpolarized, the slow positron beam emerging from the high-efficiency moderation 
converter proposed by Taqqu [20] is not polarized in spite of the fact that the 
positrons stem from /Remitters. Of course, all other phase space characteristics 
are easily manageable by existing technical solutions that can be optimized (sect. 
3.3). Hence, for spin polarized beams the presently available best solution with 
maximum achievable performance seems to be conventional high-intensity positron 
sources with conventional moderation schemes, i.e. intensities of ~ 109 e + / s at 
the most (see BNL beam) or a possible repolarization of the Taqqu beam with an 
intensity loss by a factor 3 or 4. 

A less crucial but still important question is the steady-state operation of the 
facility when based on short lived (~ 1 h) /^emit ter radioisotopes. If the source 
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material, in the i 8 F case Li18F for example, can only be brought in batches into op
erational position, a continuous mode of operation would be lost and consequently 
make the facility less attractive. However, there are ideas to overcome the batch 
mode by using more sophisticated processes (sect 3.2 and chapter 4). 

The plan of this chapter is the following: Section 3.1 gives a short summary of 
the base-facilities available at PSI and it sketches the reasons for the particular 
choices which will determine the character of the positron factory proposed in 
section 3.2. In section 3.3 follows a detailed discussion of the proposed beam 
lines with indicated characteristics of the various experimental areas. In the last 
section coarse indications of costs and time schedules are given as far as they can 
be estimated at present. 

3.1 Options 
At PSI, the basis-facilities like the Saphir reactor, SINQ, accelerators, and 

the necessary infrastructure for an installation of a slow positron beam facility are 
existent, or planned, as in the case of an electron Linac. Usually, a primary slow 
positron beam in a DC mode is wanted. However, in many cases Linacs serve as 
the base-facility for positron production, which produce a pulsed primary beam. 
Roughly speaking, any operation on the primary beam, such as the transformation 
from a pulsed to DC structure (Penning-Traps) or vice versa, repolarization or 
brightness enhancement, etc. usually results in a loss of final beam intensity. 

A detailed analysis of anticipated end-performances in the cases of PSI large 
scale facilities is given in reference [19]. This evaluation was made by assuming 
conventional moderation efficiencies of the order of 10 - 3 . In Table 2 a summary 
of the technical solutions that possibly could be realized at PSI is presented; it 
includes not only the new moderation scheme as proposed by Taqqu [20] but also 
explicitly the two most important positron projects worldwide. From Table 2 it 
seems to be evident that, unless a new way of high-efficiency repolarization of a 
positron beam is feasible, a combination of the last two lines in the table is favoured 
(sect. 3.2). Furthermore, unless a new high-efficiency concept of producing slow 
positrons from Linacs is found, the first two lines represent solutions that are 
projected to be realized elsewhere. 

A possible reason for rejecting the reactor as an on-line basis facility for pro
ducing slow positrons using Cd(n,7) pair production is the high rate of radiation 
damage in the moderator material, which at an in-core position or at a core edge 
position would occur, which in turn would drastically reduce the moderation effi
ciency. It is not even sure that damage cascades could be healed out completely 
by periodic annealing treatments. This is still a point of criticism to the Grenoble 
project [15]. Similar arguments apply in the case of the SINQ, where, in addition, 
a negative influence on the neutron beams may possibly be too strong. The In
jector II option would be an acceptable solution from the physics view point, it 
is, however, to be rejected, since it does probably not allow ever to split off more 
than ~ 100 /iA for isotope production including ß+emitter production. Moreover, 
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Table 2: Summary of options for the base-facility at PSI 

ß+production 
mode 

pair-produciton 

radio isotopes 

PSI basis 
facility 

planned 
linac 
lOOMeV, 100kW 

reactor 
or 
SINQ 

reactors 

mini-Cyclotron 
or 
Cyclotron II 

/Remitter 
examples 

Brems-
strahlung, 
W target 

Cd(n, 7 ) / W target 

'longlife' 
MCu(12h),58Co(70d), 
22Na(2,5y) 

'shortlife' 
18F (110min), 
n C (20min) 

moderation 
efficiency 

standard 
moderation 
~ 1 0 " 6 

~ 1 0 " 3 

~ 1 0 " 3 

Taqqu 
Converter 
2 5 % 

polarization 

no 

no 

yes 

repolarization 
possible 

projects 

Japan 
e+factory 
~ 1010e+/s 

Grenoble 
project 
~ 10 l oc+/s 

laboratory 
beams 
> 106e+/s 

PSI 
e+project 
> 1010e+/s 



proton energies of more than 70 MeV would have to be degraded down to ~ 15 
MeV for an optimal production of 18F or 11C. 

For the time being the Linac choice for the positron production base facility 
should be left open, although a dedicated Linac would probably not fall into con
sideration. This choice leads, at the present day, at best to a copy of the Japanese 
positron factory (with dedicated Linac) or to a slow positron facility with one order 
of magnitude less intensity than the anticipated world best performance of 1010 

e+ /sec, although this intensity seems to represent an upper limit of this technique 
due to arising targetry problems. However, the option of a Linac choice should 
not be excluded now, because new Linac-based solutions which maybe more effi
cient than existing similar projects cannot be excluded. If a Linac should offer an 
attractive way to proceed, it will be realized - at present, any adaptation or ac
commodation to a Linac of slow positron beam generation and preparation which 
would make use of Taqqu's concept seems to be technically unrealistic. 

As for the Cyclotron base: What is available at the present time are concep
tual proposals with realistic development possibilities based largely on state of 
the art technologies (18F or n C /Remitter production, selfsupporting carbon foils 
[20], solenoids for high magnetic fields, high voltage reflection electrodes, UHV 
technology). These proposals represent useful, realistic and also financially sound 
solutions which are based on dedicated Cyclotrons and which promise world's best 
performance including an inherent development potential beyond intensities of 1010 

e+ /sec. Both options, Linac and Cyclotron should guarantee liberty of choice af
ter profound and detailed feasibility studies of the most crucial components and 
anticipated performances (sect. 3.2). 

3.2 Proposal for the Positron Factory 

At present a very good choice for slow positron beam production (Figure 2) 
which meets the required top performances (> 1010 e+/sec) is the following: 

• dedicated Cyclotron for /Remitter production 

• Taqqu tandem converters with phase space shifters [20,22] 

• 3 - 4 beam lines each with 2 - 3 beam ports (user experiments, sect 3.3) 

This solution offers a 100 % availability for positron research. Schematically, 
the Cyclotron could eventually be replaced by a Linac and the Taqqu converters 
by conventional moderator stages. In both cases, since it is difficult to obtain 
polarized slow positron beams from Linacs or from Taqqu conversion states (see 
however the possibility of repolarization, Table 2), one would have to furnish the 
facility by some additional radioactive ß+sources. 

The dedicated mini-Cyclotron can be optimized for the production of 18F or 
n C as far as it concerns the proton energy (10 - 20 MeV) and current (PSI state of 
the art ~ 50 ^A for 1 Ci 18F after 2 h irradiation time). In any case the technical 
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Figure 2: PSJ Positron Facility, schematic (cf. Table 3) 
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limits of Remitter production are not coupled with the Cyclotron but rather with 
the targetry (chapter 4). 

The scientific background for the Taqqu conversion stages is given in reference 
[20] and for the phase-space shifters in appendix 2 [22]. In his paper the question 
of furnishing the conversion stages with the source material 18F (halflife 110 min) 
is implicitly answered by assuming a batch-mode operation. However, from a user 
point of view it is desirable to have a continuous-mode operation of the beams. In 
the batch-mode case the interface of Figure 2 represents schematically the process 
of producing Li18F, depositing it onto the thin carbon foil and introducing the 
latter into the magnetic bottle. For a direct injection of the emitted positrons into 
the center of the bottle onto the carbon foil, no technical solution has been found 
up to now. There is however the unconventional possibility of continuous injection 
of 18F (or n C) emitters directly onto the carbon foil by means of a multichannel 
evaporation device. Such a solution would guarantee a continuous mode operation 
of the final positron beam (chapter 4). 

3.3 Proposal for the Beam Lines 

Roughly speaking, the more severe the beam-quality requirements are, the 
weaker is the resulting beam intensity, which calls, of course, for a maximum pos
sible primary-source intensity. From the user interests as summarized in Table 1, 
chapter 2, and from the proposed user experiments various demanded beam prop
erties can be derived. In Table 3 the beam lines as indicated in Figure 2 are 
summarized together with the proposed experimental areas and their respective 
beam characteristics. Also indicated are various experimental techniques which 
in many cases can be realized only if the corresponding beam characteristics are 
guaranteed. 

Of course, not all of the indicated beam lines need to be realized at the same 
time, i.e. a certain scheme of priorities will be applied in order to obtain sensible 
distribution of capacities and plan of realization (sect. 3.4). Proposed shaded areas 
in Figure 2, Table 3 and Table 5 indicate 2nd priorities of realization. Priorities 
are subject to changes according to requirements from user sides or from sides of 
finances. In particular the beam port D3 (Table 3) implies acceleration of positrons 
to relativistic energies by a positron accelerator; this might represent an important 
financial point (sect. 3.4). 

3.4 Cost Estimates and Time Schedules 

Referring to Figure 2 and Table 3 rough estimates of costs with respect to 
investments, exploitation and performance are listed in Table 4. 

We propose two steps for the realization of the PSI positron facility (Table 5). 
With reference to Figure 2 the beam lines A, B should become operational in 
1994/95, whereas conversion to slow positrons for the beam lines C, D should 

54 



consequently take less development time and go into operation in 1996/97. Pur
chasing of a dedicated Cyclotron in 1993. These time schedules are based on the 
assumption of 2 years for the development of the /?+emitter block, i.e. -1992 and 
2 - 3 years of development and realization of the first Taqqu converter, i.e. -1993, 
and the realization of the beam lines A, B - 1994. 

Table 3: Beam lines and experimental areas, cliaracteristics and experimental 
techniques 

beam 
line 

A 

B 

C 

D 

exptl. 
area 

1 
2 

1 
2 
3 

1 
2 

I 
2 
3 

time 
struct. 

DC 
pulsed 

DC 
DC 

pulsed 

DC 
pulsed 

DC 
DC 
DC 

beam 
energy 

0-50 keV 
0-50 keV 

slow 
slow 
slow 

slow 
0-50 **V 

slow 
O-501ceV 
1-5 MeV 

spin 
polariz. 

no 
no 

no 
no 
no 

yes 
yes 

yes 
yes 
yes 

brightness 
enhancement 

no 
no 

no 
yes 
yes 

no 
no 

yes 
yes 
yes 

exptl. 
techniques 

PAES, 2D-ACAR 
LT 

open 
LEPD 
LT/DB,microscopy 

PAES 
open 

e+SR, microprobe 
2D-ACAR 
LT, ACAR 

From Figure 2 a rough estimate of the needed experimental hall space can be 
taken to be of the order of 800 m2 for positron factory and positron user areas 
together. A possible location could easily be realized in the PSI Building Diorit, for 
example, by insertion of a single floor some few meters above the decommissionned 
research reactor. An extended experimental hall infrastructure is already existent 
in the Diorit building. 

55 



Table 4: Rough cost estimates for the proposed positron facility, a new concept 
and beam design, with anticipated world best performance, 100 % availability and 
continuous mode performance of >J010 e+/s) 

MFr. 

Project planning, project request (Botschaft) 0.5 

Cyclotron ~ 15 MeV, ~ 200 //A 3 

/Remitter station (on-line), interface to Taqqu converter 2 

Taqqu converters, phase space shifters (2x) 4 

Beam lines (3-4 user categories, each 2-3 beam ports 5 

Positron linac for relativistic energies 2 

Lab-construction measures (radiation protection, experimental areas) 2 

Total Investment, Development and Construction 18.5 

Operational costs / year 0.5 
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Table 5: Time schedules of the proposed Positron Facility Project, indicated are 
the involved PSI Divisions 

(cf. Figure 2) 

I. General Activities 
- Elaboration of project 

request (Botschaft) 

- Lab-Beam Test-Facility 
Planning, Construct, (sect. 4.3) 

- Component Development 
on Test-Facility 

- Evaluation Exptl. Hall, 
Location, Infrastructure 

- Elaboration of Reference 
Design and Concept 
Engineering 

- Exptl. Hall Preparation 

- ß+ Emitter Block Develop
ment, Final Planning 

- Final /3+Emitter Block, 
Construction 

- Cyclotron Evaluation, 
Purchasing 

II. Beam Lines A, B 
- 1st Converter, Shifter 

Development, Planning 

- Final Construction 

- Beam Lines A, B Construct. 

- User Experiments on A, B 

III. Beam Line» C, D 
- 2a4 Converter, Shifter 

Construction 
; - Be&m lanes C, D Construct 
- User Experiments on C, P 
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4 Current Planning and Short Term Activities 

At PSI there is an almost complete availability in various fields of technical 
know-how and scientific expertise for the realization of a positron beam facil
ity, such as UHV technology, cryo-physics, high magnetic fields, particle beam 
transport, particle acceleration and detectors. Perhaps the only missing piece is 
a specific practical knowledge about solid Ne-moderators, which can however be 
acquired from other laboratories like BNL, for example. In addition, there is an 
enormous research and development potential contained in the proposed positron 
facility layout and in future user experiments: 

1. on the positron source / moderator side, 

2. on improvements of phase-space characteristics of positron beams and 

3. on the detector side. 

Under 1) fall: the study of batch-mode / continuous-mode operation, i.e. the 
/^emit ter production / injection stage, magnetic and high voltage electrostatic 
confinements of positrons (positron trajectories, confinement efficiency, modera
tion efficiency) and phase space correction and beam extraction into a B-field free 
region (appendix 2). 

Under 2) fall: issues like remoderation / reaccelleration stages (brightness 
enhancement), beam transport technology, beam time structure changes (DC 
/ pulsed, chopping / bunching), repolarization and acceleration to high-energy 
positrons. 

Under 3) fall: the development of rapid cameras (high time resolution) or the 
development of highly resolving position sensitive detectors for 2D-ACAR.. 

In the following two sections computational efforts and specific experiments for 
the heart piece of the positron factory, the Taqqu conversion stage, are described 
in detail and in section 4.3 a laboratory-beam test-facility is proposed which as 
a first priority item is needed for an efficient development of key components of 
the large scale positron beam facility. The last section details the budget for the 
years 1991-93. 
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4.1 Design Study of the Slow Positron Source 
The high moderation efficiency converter concept [20] relies on techniques 

that have not yet been used in connection t > »low positron beam production. 
Their implementation in a practical design requires first a good understanding of 
their properties and second practical experience in using them. 

We discuss here some of the work that has to be done in the preliminary 
phase, and in 4.2, an experimental programme that should lead, step by step, to 
an optimized design of the high-intensity slow positron source. 

A ) Source Product ion The use of a short-lived radioactive source as a positron 
emitter for a multi-user facility requires an efficient and reliable concept for the 
source preparation. The best method presently available for 18F production is the 
circulating H ^ O target developed by R. Iwata and collaborators [24]. It should 
in principle stand a proton irradiation current exceeding 20 /xA without loss in 
efficiency. It has been routinely used for many years at a current of 15 ftA. limited 
only by the available Cyclotron current. We should consider either a copy of the 
Japanese design or the development of a new design based on the experience avail
able at PSI. An optimal procedure would be to start up a collaboration with the 
Japanese group that could lead to a test of the apparatus at Cyclotrons delivering 
more than 20 /zA current in order to assess the limitations of the method in terms 
of efficiency, reliability and achievable specific activity. 

In parallel to this development one has to consider the preparation of Li18F 
from the 1 8F~ ion dissolved in the target and its deposition on the carbon foil 
support. The selection of the most efficient and reliable method will require the 
involvement of specialists in radiochemistry. 

In connection to the carbon foil production and use, PSI is in the fortunate 
position to dispose of many years of experience in this field. 

B) Simulation of the positron s lowing-down in the converter This very 
relevant task of the preliminary phase consists of a Monte-Carlo follow up of 
the positrons from the time they are emitted all through their trajectories in the 
various magnetic and electric fields, and during their slowing down and scattering 
in the foil. It should lead to a reliable estimate of the confinement efficiency as 
a function of the magnetic mirror ratio B m / B 0 and the reflection high voltage. 
It should also give information on the resulting source size and on the extraction 
efficiency as a function of the extraction voltage and source thickness. 

Computer programmes for obtaining maps of the magnetic and electric fields 
are available. Monte-Carlo programmes for the slowing down of positrons in 
matter have been developed by external groups. The main programming effort 
will be to define the field configuration, set up the various programmes to work 
together and select algorithms for efficient computation. After a first application 
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to a check of the estimated conversion efficiency, the results of the simulation 
should provide a basis for design and cost optimization. For example, the length 
and the field of the extraction solenoid (region of B' field in Figure 1 of Ref. [20]) 
is best selected after the knowledge of how it affects the extraction efficiency and 
the beam quality. 

Ultimately, the simulation results will be the basic reference for comparing the 
obtained experimental results with theory. 

C ) Des ign Concept for the Electrostatic Reflector This component is re
quired in the first experimental investigation of the method. It is necessary to start 
with the design of the reflector as soon as possible, because it has to be tested 
beforehand in connection to possible discharge effects. Many configurations exist 
in various apparatus all around the world, and contacts with the specialists in this 
field should be made in order to provide for the optimal design fulfilling our spe
cific requirements. These are first, the operation in a longitudinal magnetic field 
of a few kG, and second, the minimization of the outer diameter of the column 
(for optional extraction of the slow positron beam). 

D ) Simulation of the Phase Space Shifter The function of this component 
and the principle of its operation are described in appendix 2. Its efficiency should 
be checked by computer simulation in order to define the optimal configuration of 
the multi-cell structure. 

Also the required transport of the positrons to the very low field region is an 
important operation to simulate. A preliminary estimate indicates that in order 
to conserve adiabaticity in the transport to the lowest field it is necessary to make 
this operation at a beam energy below 100 eV. This may require another special 
multi cell arrangement to return (at the lowest field) the widened positron beam 
to its initial higher energy. 

These are the most important features of the converter, which should be in
vestigated immediately after the acceptance of the proposal. The involvement of 
a wide circle of specialists in the various fields is very important for an efficient 
realization of the project. 

The most time consuming job (point B) should be taken over by a physicist 
belonging to the design group which could, after having achieved sufficient infor
mation on the point, go over to point D and complete the full simulation of the 
device. 
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4.2 Experimental Development of the Intense Positron 
Source 

In this section we describe the experimental steps that should be undertaken 
before planning the final form of the proposed high-intensity slow positron source. 

The basic feature that allows the high-efficiency conversion is the slowing down 
of the ß+ emitted by the radioactive source within a very thin foil. The most pow
erful way to achieve this feature is the confinement of the high-energy positrons 
by high electric and magnetic fields. It is therefore of quite general interest to 
have this concept demonstrated experimentally. The set-up of a first experimen
tal arrangement with both magnetic and electrostatic confinement operational will 
allow to verify the validity of the concept and give a sound basis for further devel
opments. 

The main components required for this stage are the following: 

1. Two high-field superconducting coils with 10 cm inner bore 

2. A cryostat system allowing for variation of the distance between the coils 

(variation of Bm/Bo) 

3. Ten to twenty normal-conducting coils with 30 cm inner bore allowing to 
set up 3 kG solenoidal channels 

4. Two HV columns with terminal voltage exceeding 100 kV tested for discharge-
free operation in a magnetic field 

5. A 18F source production line ending with the evaporation of Li18F on a 
carbon foil and fast injection into the apparatus. In the initial phase a full 
collaboration with the F2 department should reduce the developmental costs 
to a minimum 

6. Power supplies, HV system, mechanical and control components, Nal detec
tors and data acquisition system. 

The costs of the whole preliminary apparatus should not exceed 300 kFr. It 
can be reduced appreciably by making maximum use of the technological skills 
available at PSI. 

The experimental configuration will have the source foil inserted at the center 
between the superconducting coils and on both sides the HV columns at lower 
field. The fraction of positrons stopping in the source foil is measured via 2y 
annihilation spectroscopy. This gives directly the confinement efficiency which 
can be compared with the results of the simulation for various field configurations. 
In absence of major difficulties, this experimental phase could be completed by 
the end of 1991. It should be continued with the following experimental work: 

1) Prel iminary Study of the Extraction Efficiency This quantity depends 
on the energy distribution of the positrons at their last reflection by the mirror 
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fields. Information of this distribution can be obtained with minimal effort by 
inserting a second thin foil close to the first one and applying a potential difference 
between them. The foil with greater positive voltage should stop more positrons. 
The relative stopping rate can be measured as a function of the potential and 
compared to the results of the simulation. The resulting information on the lowest 
positron energies emitted by the foil is sufficient to give a reliable estimate of the 
total conversion efficiency of the final positron source. 

2) Realization of the Intermediate B e a m Extraction This step requires a 
major increase in the length of the low field section (B ' solenoid in ref. [20]) and 
full operation of the transverse and longitudinal fields used for the extraction. This 
results in a shifted positron beam of intermediate energy whose intensity and size 
can be measured without interfering with the slowing down. 

3) Moderat ion and Extraction o f the Slow Positron B e a m This stage 
corresponds to the set-up of the complete device with the required Neon moderator 
and UHV system. It should lead to a first useable high intensity slow positron 
beam. Upon achievement of this stage (which can be scheduled to take place in 
1993) the accumulated experience will allow the planning of the converter in its 
final form. 

4) Phase Space Shifter An experimental model should be started in 1991, and 
tests with electrons followed by design improvements take place in 1992 so that 
the full device can be planned in 1993 (see Table 5). 

5) Source Product ion S y s t e m The set-up of an optimized source production 
line should be started soon after the success of the first experiments. It can be 
anticipated that the interest of the department F2 in an efficient 18F production 
scheme will allow to keep up a fruitful collaboration up to the final stage. This 
should involve an investigation of the origin of the fluor impurity in the target. 
It could lead to a significant increase in specific activity. Furthermore, increase 
in HJ8F flow rate should allow irradiation with much more than 20 /xA proton 
current, so that the slow positron source intensity can be boosted up to peak at a 
value close to 10 n e + / sec . 

Furthermore, in contrast with the standard concept of a batch-mode operation 
of the positron source, a scheme for continuous 18F extraction and controlled depo
sition of Li18F on the support within the converter can be developed. This should 
allow to compensate the intensity variation associated with radioactive decay and 
conserve a constant slow positron intensity (over a few hours) at a level of about 
half of the peak intensity. 
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4.3 Installation of a Laboratory-Beam Test-Facility 
Parallel to the activities described in sections 4.1 and 4.2 a laboratory positron 

beam test-facility has to be installed according to standard beam technology with 
an anticipated slow positron beam intensity of the order of ~ 107e+/sec. The 
purpose of this test-facility is twofold: 

i. Until part of the proposed large scale facility becomes available, tests of 
components to be developed in the transitional period have to be performed, 
such as 

— optimization of '"Co, 22Na sources 

— development of solid Ne-moderators 

— development of brightness enhancement stages 

— high resolution position sensitive detector development 

— testing multichannel evaporation and 1 8F injection onto carbon-foil 

in collaboration with the PSI research departments F l and F2 and with the 
University of Geneva (sect. 2.1). 

ii. To gain experience with beam experiments, such as 2D-ACAR, defect spec
troscopy (sect. 2.7), lifetime measurements or for preparations of certain 
user experiments such as positron microscopy in collaboration with the UK 
group of the University of East Anglia (sect. 2.2), for example. 

The test facility should consist of 

• a source chamber with conventional moderators with exchangeable compo
nents 

• acceleration sectors with remoderation stages, possibility of cooling 

• specimen chamber with detector systems (exchangeable), sputtering device, 
surface analysis techniques, etc. 

This laboratory beam should allow to test also components destined for beam 
transport purposes, like solenoids, lenses, beam splitters, choppers or beam bunch
ing systems. The test facility should be about 5 - 6 m long, bakeable, equipped 
with an integrated UHV system. 

The test facility should be realized with the highest priority; characterization, 
construction and installation should be terminated by end of 1991. The realization 
needs contributions from the Divisions F l and B8. Costs will be indicated in the 
following section. 
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4.4 Short term costs / Time schedules / MJ 
In Table 6 a budget for the years 1991-93 gives specific indications of costs 

and manpower distributed among the Research Divisions F l / F2 / F3 and Division 
B8. The corresponding activities are further detailed in sections 4.1, 4.2 and 4.3. 
Not included in Table 6 is the budget for the positron microscopy project as 
described in section 2.7. 

Table 6: Short term costs, time schedules, MJ of involved PSI Divisions for 
the activities described in sections 4.1, 4.2 and 4.3. 

Section 

4.1 

4.2 

4.3 

1991 1992 

Elaboration of exact project 
request, reference design and 
concept engineering (Botschaft) 

kFr 

100 

300 

400 

MJ 

F l 

1 

1 

0.5 

F2 

0.5 

1 

F3 

0.5 

1 

1 

B8 

1 

2 

1 

Cyclotron Purchase 

total 800 10.5 

kFr 

200 

300 

200 

1993 

Component specification 
and investments 

MJ 

F l 

1 

1 

0.5 

F2 

1 

1 

F3 

1 

1 

1 

B8 

1 

2 

1 

700 11.5 

preproject phase 

kFr 

300 

500 

200 

3000 

4000 

MJ 

F l 

1 

1 

F2 

1 

1 

F3 

1 

1 

1 

10.5 

project phase 

B8 

1 

2 

0.5 

During the preproject phase (1991/92) an elaboration of the exact project 
request (Botschaft) including a detailed definition of the entire project, an elabo
ration of the reference design and the concept engineering, has to be accomplished. 
In parallel, a technical coordination of the necessary R + D activities as described 
in sections 4.1, 4.2 and 4.3 and Table 5 will have to be guaranteed. 
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5 Conclusions 

In this proposal we have tried to show that the positron probe in the form of 
a slow monoenergetic beam becomes increasingly important in condensed matter 
physics and materials sciences, in particular in surface, thin film and defect physics. 
The lively discussions at the workshop on positrons held in November 1989 at PSI 
manifested a strong and widespread international interest in this subject. The 
conference proceedings, published in Helvetica Physica Acta [11], are part of this 
proposal. 

The proposed user experiments call for the realization of an intense beam 
facility offering various new experimental possibilities. Two such facilities are in 
the phase of planning: A positron factory in Japan (50 M$, ~ 1010e+/s) [13] and 
the Grenoble project (~ 1010e+/s) [15]. The presently proposed future positron 
user facility meets the PSI philosophy as a National Laboratory to serve also the 
universities of this country and other research groups from abroad to perform 
their own experiments in various disciplines. The user proposals included in this 
report largely influenced the proposed design and characteristics of the various 
beam lines. From the proposed user experiments like 

• Electronic structure of small homogeneous regions in solids by 2D-AC AR 
and the study of the interplay between magnetism and superconductivity, 

• Positron reemission microscopy and its combination with annihilation tech
niques, 

• Time dependent studies of surface processes, 

• Fast lifetime measurements and defect profiling deep inside a bulk solid, 

• Measurement of positron age-momentum correlations, 

the following major beam line properties have been derived: 

• Generally high-intensity and very small beam size, 

• Variable beam energy of polarized slow positrons, 

• Brightness enhanced slow beams with minimal energy spread, 
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• Relativistic polarized positron beams, 

• DC and pulsed beams, 

as beam qualities to be realized in the new positron facility. A large potential for 
new beam techniques is contained in the beam line part of the project, particu
larly those related to high-energy and/or spin-polarized or brightness enhanced 
positron beams. Also, the necessary prerequirements in infrastructure and know-
how for the realization of an intense slow positron beam user facility are existent 
at PSI. 

Therefore, based on the evaluation of the scientific need and the international 
beam situation, we believe that 

the initiation of a project for the realization of an intense slow 
positron beam facility at PSI is indicated. The facility should 
be based on Cyclotron Remitter production and Taqqu con
version of positron energies (> 1010 slow e + / s ) , the project 
should start 1991 and last for 7 years. Overall costs are esti
mated to amount to between 15 and 20 MFr and the project 
will absorb an average manpower of 8—12 MJ/year. 

The facility would have a 100 % accessibility, the component development risks 
would not be too high and the anticipated end-performance would be a world top 
performance. 
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APPENDIX 1 

— 

1 PAUL SCHERRER INSTITUTE 

Workshop on 
Intense beams of slow positrons and applications in 

condensed matter physics and other scientific disciplines 

20 November 1989, lecture room PSI-west 
5232 Villigeu PSI 

Programme 

08.45 Welcome address and aim of workshop H.R. Ott PSI 

USA intense sources and e+ microscopy K.G. Lynn Brookhaven 

FRG beams and proposal 'Grenoble' W. Triftshäuser Munich U 

Present and future e+ beams in Japan S. Tanigawa Tsukuba U 

10.45 Coffee break 

11.00 Applications in solid state physics 

Applications in defect physics 

Efforts around the Finland e+ source 

A. Manuel 

A. Seeger 

P. Hautojärvi 

Geneva U 

Stuttgart U 

Helsinki U 

12.45 Lunch 

14.00 Possible source techniques at PSI 

High efficiency moderation 

Joint venture: e+ microscopy at PSI? 

15.45 Coffee break 

16.15 General discussion (30 min) 

Summary talk 

17.00 End of workshop 

Sponsors of this workshop: 

U. Zimmermann 

D. Taqqu 

W.B. Waeber 

PSI 

PSI 

PSI 

M. Peter Geneva U 

WW/UZ 

PSI and Geneva University 
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APPENDIX 2 

The Phase Space-Shifter 

D. Taqqu 
Paul Scherrer Institute, CH-5232 Villigen-PSI 

A fundamental property of beams produced in a magnetic field is that parti
cles produced at various points differ in their momentum by an amount resulting 

—t 

from the variation of the magnetic potential A in which they are embedded. The 
results from the general expression of the momentum in presence of electromag
netic fields 

P = p-eA (1) 

with p = fmv being the usual particle momentum in absence of magnetic fields. 

The relation 

LÄdT-ILBiS (2) 

results for constant axial fields in an azimuthal A with amplitude dependant on 
the distance r to the axis: 

Ae = rB/2 (3) 
that adds via (1) to the transverse momentum 

p x = epB (4) 

with p being the cyclotron radius. 
The helical trajectory of a particle in a magnetic field is directly related to the 

fact that the equation of motion involves P and not p and for situations where 
p •< r / 2 conservation of the angular momentum fxP makes the extraction from 
the magnetic field very difficult: as the field falls off to zero skew rays are produced 
with transverse momentum of the order of Pg which can result in a complete blow-
off of the beam. The opposite situation takes place when p = r / 2 . In this case, 
from (1), (3) and (4) we have P = 0 and the particle trajectories come close to 
the magnetic axis. In this case the fall off of the field to zero results in a particle 
trajectory in the plane of the axis. The relation p = r / 2 occurs naturally for 
beams produced outside the magnetic field. For such beams a solenoidal field acts 
as a magnetic lens with optimal focusing properties. 

In the case of the proposed high moderation efficiency scheme the moderator 
is placed in a magnetic field of a few Tesla. For a beam radius r0 = 3mm at 
B0 = 3 T and a transverse energy of the slow positrons of a few eV corresponding 

75 



to p = lO/i, we have r0/2p = 150 or Pj. — 150px- If n o special measures were 
taken such a beam would exit the magnetic field with a four dimensional phase 
space area increased by a factor (150)2 over the naturally expected *2p\ r2. 

Fig. 1 is a phase space diagram for a beam emitted from a source in an axial 
magnetic field. Radial source extension is rm and maximal transverse momentum 
is pj.. The contribution of eA is best seen when the y component of P is drawn in 
function of the x coordinator (or vice-versa). 

Each particle emitted at a coordinate x will see its phase space positron shifted 
along the py axis by -cA(x). This leads to the slanted phase space distribution 
of Figure 1. However, there is an exact conservation of phase space area. Along 
its trajectory the single particle phase space point will oscillate within the slanted 
area. Only particles emitted near rTO will have trajectories that extend outside rm 

(up to rm + 2p) leading to a minimal increase of phase space area at p <C rm. 
These elementary considerations show that no fundamental law forbids the 

extraction of a beam produced in a magnetic field with p± •< A$ in such a 
way that the final phase space will be close to -K2T2p\ and not to -K2T2 A\. As 
the slanted phase space distribution is not conserved outside the magnetic field, 
it is necessary to straighten it up before or during extraction. It can be easily 
checked that standard focusing elements like magnetic lenses will not do the job: 
they produce radial forces that can be used to straighten up phase space ellipses 
that correlate x and px (or y and pv) but not in the present case whereas the 
correlation takes place between x and Py (or y and Px). What is required is to 
impact a transverse momentum that corrects for the eA term in the expression (1) 
of P. 

One way to achieve the phase space shifting operation is described here. It 
should be well adapted to the case of a slow positron beam produced in a high 
magnetic field. 

The preliminary step required is to transport the beam to a very low magnetic 

field B'. The radial beam extension increases to r' = r0yjB0/B' and the transverse 

momentum decreases to p'± = P±0JB'JB0. The magnetic potential at the beam 
edge decreases by the same factor: 

so that the disturbingly high ratio eA$/P± remains unchanged. Through this 
operation however, the pitch length L = p\\feB' of the helical trajectory has 
been brought to a value that is much greater than the beam radius r' which is a 
necessary condition to enable acting on the beam with minimal aberration effects. 

The principle of the phase space shifting is to let act on each positron an 
azimuthal deflection force (via a transverse electric field E$) over a length / in 
such a way that the product Egl is proportional to the distance r from the axis. 
The imparted momentum Ap± = eE$l/v\\ can thereby be made equal to the 
momentum eA$ = erB(2 so that the generalized momentum P = p — eA 
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is reduced to the momentum p that the particle had before the operation. The 
resulting helicoidal trajectory will have spiraling radius p = Ap8/eB = r/2 so 
that after half a pitch length it passes very close to the field axis. This operation 
straightens up the slanted phase space distribution and achieves a sharp focus at 
the distance L/2 downstream of the deflector. 

Practical realization of this operation makes use of a multicell structure, each 
cell having the trapezoidal shape illustrated in Fig. 2. The required configuration 
can be constructed by mounting concentric isolated cylinders one into the other 
and connecting each pair of adjacent cylinders by multiple radial isolator coated 
foils. With the foils covered with a conductive coating over the appropriate length 
(~ r2) and the cylinder surfaces between the foils coated with high resistance 
film, application of a potential difference between the foils coated with high resis
tance film, application of a potential difference between the side walls of the cells 
produces the required electric field over the required length. 

Analysis of the various aberration effects indicate that the electric field distri
bution can be optimized to result in a phase space shifting operation with quite 
limited increase in phase space area. 

The final beam exits the magnetic field region in the form of an axial beam 
that can be transported and focused by standard lenses. The use of such a phase 
space shifter is essential in the case of the high-intensity slow positron source 
production scheme proposed here as otherwise a good quality beam could not 
have been achieved without substantial loss in beam intensity. 
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Figure 1: Phase-space diagram of a beam emitted in an axiai magnetic Geld. 

B 

Figure 2: Shape of a single cell of the phase-space shifter. 
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APPENDIX 3 

c PAUL SCHERRER INSTITUTE 
Questionnaire for experiments at a possible intensive beam of slow e + at PSI 

1. In which category of experiments at an intensive slow e+ beam (~ 10" e+/sec) 
would you be interested in (scientific discipline)? 

2a. What type of 'advanced experiments' would you propose? 

2b. Would you tentatively be prepared to submit at a later time an extended version 
of a proposal? 

3. What beam qualities would serve your particular requirements (polarized positrons, 
beam size, energy/energy width, etc)? 

4. If not at PSI, where would you try to realize your experiments? 

5. If at PSI such a beam existed, how frequently would you use it? 

6. Would you be interested to use a c+ microscope if such a facility were realized at 
PSI? If yes, to which kind of problems would you apply it to? 

7. Would you tentatively be interested to actively participate in a joint venture for 
the development of a 'high performance' c+ microscope with analytical capabili
ties? If yes, what kind of scientific experience could you contribute? 

8. Would you tentatively be prepared to participate in the development phase of an 
intense e+ source? If yes, what kind of scientific experience 
could you contribute? 

Name: Institution: 

Address: 

Date: Signature: 

Potdoc 11/PSI 5 1089 
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