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EDITORIAL

In November 1989 an international workshop on 'Intense Beams of Slow Positrons
and Applications in Condensed Matter Physics and Other Scientific Disciplines’ was held
at PSI. 38 scientists from Japan, USA, USSR and Europe as well as 28 scientists from this
country attended the meeting, which has been co-sponsored by PSI and the University of
Geneva. We would like to express our appreciation to Mrs. E. Huber, PSI for her skilful
organizational efforts towards a very successful meeting.

The following proceedings highlight the topics that have been treated in the work-
shop. We are grateful to all invited speakers of the workshop, without their efforts it would
not have been possible to publish the proceedings in time. The contribution on ’Defect
Studies by Positron Annihilation’ has been included in an extended form in these proceed-
ings. It meets the general philosophy of PSI by expressing encouraging perspectives for
future developments in positron annihilation applied to defect physics.

We would also like to thank the Editor of Helvetica Physica Acta and the Birkhauser
Verlag, who have supported the idea of publishing the proceedings in one of the current
volumes of the journal.

W.B. Waeber, PSI
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FOREWORD

This collection of reports is the result of an evaluation concerning the installation
of an intense e*-source at PSI and will serve as the basis for a corresponding proposal.
This evaluation was mainly undertaken, because et-beams with intensities that are not
available at present might open new research possibilities such as et-microscopy, mainly
for defect studies, and e*-spectroscopy of electronic structures in metals. The development
of a working e*-microscope is a challenge by itself, and e*-spectroscopy at the envisaged
intensities would call for new types of detectors; i.e., advancement of future technology.

The contributions to this volume which are written versions of talks that were
delivered at a special workshop organized at PSI on November 20, 1989, discuss the possi-
bilities for realizing such a facility and also reveal some of its future applications. We are
especially indebted to our outside colleagues in Switzerland and particularly to those from
abroad who show interest in our plans and lent us their expertise and know-how. Special
thanks go to Prof. M. Peter of the University of Geneva, who enthusiastically supported
the project from its beginning. Last but not least I should like to thank the members of
PST’s defect-physics group who made this evaluation possible, together with various mem-
bers of the Research Division F1, whose contributions are also gratefully acknowledged.
In this sense the project could become a major task whose success would heavily depend
on a close collaboration between different research divisions of PSI.

Professor H.R. Ott
Head of Research Division F3
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THE PULSED POSITRON BEAM IN MUNICH AND A
HIGH INTENSE POSITRON SOURCE AT GRENOBLE
W. Triftshduser, G. Kdgel,
Institut fiir Nukleare Festkorperphysik, Universitdt der Bundeswehr Miinchen,
8014 Neubiberg, Fed. Rep. of Germany,
K. Schreckenbach, B. Krusche,
Institut Laue—Langevin, 38042 Grenoble, France.

A pulsing system for a low energy positron beam of variable energy has been set
up. The system consists of a beam chopper and a beam buncher. Presently, a time
resolution of 135 ps is achieved for the pulsing system at positron energies in the range
between 0.5 keV and 28 keV.

A high intense positron beam is proposed at the high flux nuclear reactor using
113Cd. Positrons are produced by pair production from the y-rays of 1469 after
neutron capture. Outside of the reactor a low energy positron beam of 1010 positrons/s
is expected.

1. INTRODUCTION

Positron annihilation is a standard method to study microscopic properties in
condensed matter [1]. Positron lifetime measurements are particularly valuable because
they allow, in principle, the quantitative identification of several structural defects that
are present simultancously [2]. With the standard lifetime method using a radionucleus
(e.g. 22Na), the time difference between an annihilation quantum and a y-ray following
the positron emission is measured. However, due to the large penetration depth
(20200 ym) of the positrons from radioactive isotopes only bulk properties can be
studied. Monoenergetic positrons of variable energy [3,4] have to be used to control the
mean penetration depth of the positrons in order to obtain information about surface,
surface layers and damage regions. Such monoenergetic positrons are obtained by
slowing down the positrons from a radioactive source in an appropriate moderator
material and accelerating the reemitted ones to the desired energy. However, the time
correlation, as described above, is destroyed due to the moderation process. In order to
regain a time correlation, the positron beam is chopped to 1 ns pulses and a subsequent
buncher compresses the pulses, in the present state, to 135 ps at the target position
[5,6]. Since the coincidence count rate in such a lifetime system is equal to the single
count rate in only one detector, there is almost no principle limitation on the primary
intensity of the positron source. When intense positron beams are available (e.g. 1010
positrons/s), lifetime spectra can be obtained in fractions of a second, and it will be
possible to study dynamical processes on very short time scales. One possibility for a
high intense positron beam based on 15
discussed.

Cd inside a nuclear reactor will be proposed and
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2. THE PULSED LOW ENERGY POSITRON SYSTEM (PLEPS)

The concept of beam pulsing was first developed for heavy ion beams [5-8]. With
a chopper a continuous beam is deflected across an aperture in order to cut out a certain
part of the positron beam and to suppress the rest [9]. A disadvantage, however, is the
reduction of the average beam intensity as well as the additional energy spread arising
when a pulse width is created. With a subsequent beam buncher the positrons may be
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The beam pulsing unit and the corresponding time structure in the beam is shown
schematically in fig. 2. For the in situ treatment and the transfer of the target a
preparation chamber is connected to the vacuum system. The PLEPS is in operation for

several years [11,12].
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Positron lifetimes in various materials ranging from carbon to tantalum have been
investigated at positron energies from 0.5 keV up to 28 keV. Most recently the positron
lifetime at clean metallic surfaces has been
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positron beam will be bunched to 1.5 ns pulses. Thus no total intensity loss is expected

inspite of the remoderation process. iii) The pulse repetition rate will be expanded from
presently 5 ns to 20 ns so that longer positron lifetimes can be determined.

Uy

3. THE PROJECTED HIGH INTENSE POSITRON BEAM

For the high flux reactor at Grenoble a new type of a high intense positron source
is being discussed. The source is based on the pair production process from neutron
capture y—rays. A first type of such a source was already operated for a tunable positron
beam in the energy range between 2 and 3 MeV. A target of a 3.3 mm thick titanium
plate (area S cm x 10 cm) covered with a 0.25 mm thick platinum converter was placed
at the in—pile target site of the BILL beta spectrometer at a neutron flux of 3.3 - 1014
neutrons /cmzs. The beta spectrometer served as monochromator and focussed the
positrons in the focal plane at a distance of 14 m away from the target. The measured
positron flux in the available area of 10 cm - 1 c¢cm in the focal plane was 3 - 10%
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positrons/s at an energy of 2.5 MeV. Due to the relative momentum dispersion of
151072 per cm of the beta spectrometer, the 10 cm length of the focal plane
correspond to an energy range of 30 keV at 2.5 MeV [14]. The total positron intensity
at the target position was estimated as 10 0 positrons/s for the total size of the plate. A
further intensity increase is in principle possible with thicker targets provided the self
heating problem can be solved. A series of positron—electron (Bhabha) scattering
experiments have been performed with this source system in search for possible
resonances in this process as a possible interpretation of observed correlated
positron—electron peaks in heavy ion reactions [14,15].

The combination titanium target and platinum converter yields primary positrons
of relatively high energy (maximum intensity around 2.5 MeV). This is not optimal for
moderating positrons when used as a primary source. The combination of neutron
capture in cadmium and the conversion of the subsequent y-rays in tungsten is better
suited for this purpose. The isotope 3¢q (natural abundance 12%) has a very high
cross section of 27 000 barn for capturing thermal neutrons. Therefore a layer of 1 mm
natural cadmium is totally absorbing for thermal neutrons. The 7-ray spectrum in
cadium after neutron capture is "softer" than in the case of titanium. In a layer of
tungsten the y—rays can be converted into electron—positron pairs and the produced high
energy positrons are moderated in the same layer to low energy positrons. In this way an
intense source of low energy positrons is created. This process is similar to the low
energy positron source at a LINAC, but with very important differences: i) The heat
produced in the converter is much less. ii) A continuous positron beam is being
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produced. iii) The energy distribution of the primary positrons is at lower energies.
Calculations and measurements of the produced primary positron spectrum give
adistribution with a maximum at about 800 keV. For a plane geometry of 1 mm
cadmium covered by 200 ym tungsten,
the absorption of 100 neutrons would
yield about 1 positron [16]. A possible
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the drift of moderated positrons and small diameter) and to facilitate the
the gas moderation, respectively. beam transport, a remoderator may be
used at the entrance of the magnetic transport field. At the high flux reactor at Grenoble
the cadmium bottle could be placed in the light water pool just outside the heavy water
tank. With a flux of about 4 . 1013 neutrons/cmzs at this position, a flux of
remoderated positrons in the transport solenoid of the order of 1010 positrons per second
is expected with a beam diameter of less than 1 ¢cm. For this estimate moderator and

remoderator efficiencies of 5 - 10~ and 15 1071 are assumed, respectively.
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A still higher intensity of positrons could be achieved if positrons from an even
larger source area can be focussed to a narrow beam. The electrostatic focussing is
limited by the initial transversal momentum of the positrons when leaving the
moderator. One possibility to solve this problem may be the use of a drift tube as shown
in fig. 4. The moderated positrons drift along the electric field lines without acceleration
and below the energy threshold for positronium formation. Under these conditions the
annihilation probability is rather low. For suitable gas pressures corresponding to a mass
density of about 5 Jug/cm3 (equivalent to 28 mbar He, 4 mbar N; or 2.5 mbar CO,) the
positron survival time is of the order of 40 us [17,18]. Typical drift velocities are
1to2cm/us. Some additional premoderation of positrons in the keV region is also
likely. For molecular gases the positrons are slowed down via rotational exitations. The
positrons are finally collected and focussed onto a remoderator. Certainly a number of
problems arise for the verification of such a positron drift chamber. It may not even
work in this way, in particular, in the presence of the high radiation level present at the
necessary position inside the reactor. However, it is worthwhile to be investigated
further and it can stimulate discussions whether the drift principle could provide an
effective way of collecting moderated positrons. A similar principle has been already
successfully used for trapping positrons [19].

4. CONCLUSIONS

With a pulsed positron beam it has been proven to obtain a time resolution of 135
ps, and with further upgrading even 50 ps will be possible. In contrast to a conventional
positron lifetime system where coincidences between a high energy <y-ray
(start—detector) and an annihilation quantum (stop—detector) have to be measured,
enables the PLEPS positron lifetime measurements with only one detector. Therefore
there are no principal limitations for the positron source intensity whereas in the other
case the accidental coincidences limit the maximum source activity (~ 50 pCi).

The realization of a continuous high intense beam of low energy positrons seems
feasable. With suitable geometries and collection processes intensities even larger than
1010 low energy positrons/s are not unrealisticc. However, further investigations are
necessary in this field.

Acknowledgements
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PRESENT AND FUTURE POSITRON BEAMS IN JAPAN

Shoichiro Tanigawa

Institute of Materials Science, University of Tsukuba,
Tsukuba, Ibaraki 305, Japan

Introduction

The field of low energy positron physics has significantly expanded in recent years
to include not only particle and atomic physics but also solid state and surface physics or
materials science. The interaction of a positron with matter shows a wide variety. Roughly
speaking, the use of a positron as a probe in materials science can be grouped into four
categories: 1) an electronic structure probe, 2) a lattice defect probe, 3) a surface/interface
probe, and 4) a micro probe. The advances in positron beam technology from an uncon-
trolled use as a white beam as born from radioactive nuclei to a well controlled use as
a slow /monoenergetic and a high brightness beam expanded an object of study from the
bulk to the depth specified surface/interface region and further to the three—dimensionally
specified small region.

In this report, I will review the status of present and future positron beams in
Japan. At present, two slow positron facilities using Linacs as a slow positron generator
are in operation. Several radioisotope-based laboratory beams are in operation.

I begin with a survey of conditions surrounding positron beams in Japan. A second
section will summarize several ways for the generation of positrons. Emphasis will be
placed on three types of planned beams: 1) a Linac—based full scale factory, 2) a cyclotron-

based mini—factory, and 3) a radioisotope-based laboratory beam dedicated to industrial
research.

Conditions Surrounding Positron Beams in Japan

There have been big circumstantial changes around positron research in Japan in
the last few years. One of them is a new trend for the investment of research funds,
especially to basic research fields. The government changed his mind from the applied
research oriented policy to the basic one based on the consideration of the trade imbalance
with other countries and on its contribution to the world via creative basic research. The
applied research will easily produce useful results and is very helpful for the promotion of
industries. The basic research, however, is future—oriented and not directly useful at the
moment. Although positron colleagues persist that positrons are very useful particles, the
word ”positron” sounds very basic and mysterious.

Second, there is a big demand on a probe for lattice defects near surface/interfaces
in materials engineering. The well defined and controlled surface/interface will provide a
new source of high-performance materials. The characterization of surface/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 surface/interface. More important
is the defect analysis near a surface/interface. We have had no suitable probe for defects
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until the physical process to create a low and/or monoenergetic positron was discovered.
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.

The third is the recent guideline on ” Advanced Use of Radiations” in the atomic
energy fund. Of course, a positron is nominated as one of promising candidates for use-
ful radiations. According to the guideline, the Japan Atomic Energy Research Institute
(JAERI) has started drafting a construction plan of a positron factory, in which high-
intensity energy-controllable monoenergetic positron beams are generated from the pair
production reaction caused by high-energy electrons from a Linac.

The fourth is the rapid spread of small cyclotrons, over 30 machines in hospitals
and laboratories for the purpose of the positron CT. The positron CT has intensively been
evaluated in the functional tomography, especially in brains. Also in the experiments on
small animals, one can save the number of animals without killing by the use of the CT.
This advantage has attracted the interest of engineers of automobiles. They are planning
to see the flow of lubricants in the interior of engines without cutting. Roughly speaking,
in the medical science, even a very expensive method is approved if it can save the life
of a patient. The same is true in industries accompanied with mass production, i.e.,
automobiles, VLSI and so on.

The above mentioned situations have been much encouraging positron people in
Japan. A few of our colleagues are rather afraid of the lack of accumulated human resources
in this field and push us, university people, to supply many well educated students to the
positron field.

Survey on Production Methods of Positrons

How can we get positrons? We have only two ways, the use of positron emitting
radioisotopes and the use of positron—electron pair production. Depending on the manners
of utilization, I will classify the methods to generate positrons into the following five groups:

1) Use of long-lived radioisotopes

Until now, #?Na of ~ 100 mCi and 3#Co of ~ 500 mCi have been conveniently used
for laboratory beams. The number of slow positrons varies from 10 to 5 x 10® et /sec.
This number is enough for usual uses except for 2D-ACAR, microscopes, LEPD, and so
on. Although the number of particles will be increased by the upgrade of moderation
methods, it is also a clever way to employ high-efficiency detectors. This type of beam
can be easily converted to a desktop beam and is planned to be introduced into industry
laboratories in Japan.

2) Use of rather short-lived radioisotopes

Successful use of high—intense ¥ Cu has been realized at Brookhaven. The number
of slow positrons attains 10°® e*/sec. It needs a high-flux reactor near the beam site be-
cause of the half-life of 12.7 hours. In Japan, this method is not realistic due to the severe
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regulation on unsealed radioisotopes. That is, the Japanese regulation expects that one
per cent of the activity will diffuse into air.

3) Use of ultra short-lived radioisotopes

In the field of medical science, the positron CT method has rapidly advanced. In
this field, ''C (20.4 min), *N (10 min), *0 (122 sec), and ¥F (110 min) are used as
positron emitters which are supplied from a closely placed compact cyclotron. As far as I
know, only Stein et al. utilized this type of ultra short-lived isotopes for the creation of
slow positrons. A compact cyclotron is very cheap as compared with a high—flux reactor
and an electron Linac. A Japanese group, including me, is now planning the on-line use
of this machine to create ultra short-lived isotopes, such as "F (62 sec), Mg (12 sec).
*Si (4 sec), 3°P (150 sec), and so on. Due to their short life, the production yield can-
not be determined by the usual measurement of radioactivity, but by a direct counting of
positrons themselves after having transported them to a distant place from high radiation
areas. This requires automatically the construction of a slow positron beam line. In an
efficient nuclear reaction of a proton, a deuteron, and a—particles one positron emitter
can be produced per 100 incidents. The maximum positron energies are ranging from 1.5
to 4 MeV. Since the positron emitter and a moderator can be separated in case of the
back-reflecting geometry, the conversion efficiency of 10~ can be expected at the lowest.
The advance in a H™ cyclotron has made possible the use of 1 mA incident proton beam.

Therefore, I myself expect that a slow positron beam of 1 nA is not impossible by this
method.

4) Use of positron—electron pair production by radiations from an electron Linac

There have been many efforts to use an electron Linac for the production of slow
positrons. It has been established that one incident electron of 50 — 120 MeV can produce
10~7 - 107® positrons. The operation mode of most Linacs is a pulsed one with the rep-
etition of 50 — 1000 Hz. Therefore, produced positrons are also in a pulsed mode. Many
experiments require a continuous DC beam because of the saturation of detectors. The
conversion from a pulsed beam to a continuous one has been successfully realized by the
use of a Penning trap. This conversion process loses 90 % of positrons at most, due to
the inhomogeneous magnetic field and their collisions with gasses. In the case of a 1 mA
Linac we can expect a sub-nA beam by the present state of the art.

5) Use of positron—electron pair production by + radiations from the (n, ) reaction in an
atomic reactor

Cd, which is used as a thermal neutron absorber in an atomic reactor, absorbs
neutrons by (n, ) reaction with the cross section over 20.000 barns. In other words, Cd
in a reactor is just the strong v source to create positrons via pair production as proposed
by European colleagues. In Japan, however, this method seems not to be realistic again
in view of the regulation on atomic reactors.

The above listed ways of positron generation provide a continuous beam except for
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the use of a pulsed Linac (4). The advantage of the methods (2) and (5) is a parasitic

use of a reactor. Methods (3) and (4) require the monopoly of an accelerator at the beam
time.

Present Status of Positron Beams in Japan

At this writing, two slow positron facilities are in operation. One is at the Elec-
trotechnical Laboratory (ETL) in Tsukuba and the other is at the Japan Atomic Energy
Research Institute (JAERI) in Tokai. At ETL, the conversion efficiency of 6 x 10~7 has
been attained by 75 MeV electrons. Storage and stretching of slow positron pulses have
been successfully performed using a Penning trap in order to fully utilize the high-intensity
of the Linac-based beams. The obtained half-life for the storage for a positron of 10 eV
was 5 — 10 msec. At JAERI, the degradation of tungsten moderators was found and was
attributed to the radiation damage.

Two magnetically guided radioisotope-based beams are in operation: one at the
University of Tsukuba and the other at the University of Tokyo. To our knowledge, at
least two electrostatic beams and two microscopes are under construction.

Future Positron Beams in Japan

The future plans on beams in Japan can be grouped into three categories: 1) a
Linac-based positron factory, 2) a cyclotron—-based mini factory, and 3) a desktop beam
for industrial applications. The Takasaki Radiation Chemistry Research Establishment of
JAERI embarked on drafting a construction plan of a positron factory with a dedicated
Linac. The planned specification for a high-power electron Linac is as follows: maximum
energy 100 MeV, pulse width 1 us, repetition 1000 pps, maximum current 1 mA. It is
also planned to furnish the equipment for use of radioisotopes additionally to the factory,
which enables to perform research on surface magnetism, etc. by using polarized beams
which are difficult to obtain by the Linac. The University of Tsukuba group embarked on
the preliminary search for the selection of nuclear reactions in a small cyclotron. At least
two industrial companies plan to introduce their own desktop beams.
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RECENT PROGRESS IN ANNIHILATION RELATED
STUDIES BY SLOW POSITRONS

K.G. Lynn
Brookhaven National Laboratory, Upton, NY 11973 USA

The field of slow—positron physics has expanded significantly in the last few years
to include particle and atomic physics but has been most extensive in those associated with
condensed matter or material science. This can primarily be attributed to the development
of more efficient moderators (conversion of fast-to—slow positrons). These moderators
have been associated with both laboratory— and facility based beams. In this paper I
will focus only on the material-science aspects however. Positrons can and are being
used to examine all of the various fields. I feel the contribution in all these areas will be
significant. Owing to the space constraints, I will primarily discuss those developments
that have been developed in the area of interface science; a field that has both scientific
and technological importance and has a limited number of nondestructive probes used
in studying a buried interface. Interfaces are technologically important for applications
such as electrical properties (semiconductor devices) and mechanical properties (adhesion).
Such applications help to motivate the fundamental research of interface properties and
dynamics, which is necessary to develop the basic understanding of new types of interfaces.
The role of the interface is also important (i.e. grain boundaries) since it contributes to the
strength of a solid. I will only discuss this area owing to the limited length of this paper,
however those interested can read recent reviews by Schultz and Lynn [1] for solid-state
studies and for atomic physics reviews. by Charlton [2], and Stein and Kauppila [3].

Results will be presented on interface studies that have occurred in the last year,
including some unpublished results obtained at Brookhaven over the last year. This field
is in the early stages and I expect that the full utilization of this relatively new probe
can be anticipated in the next few years. I expect that future studies will be made using
laboratory-based beams (10° positrons/sec), as well as those based on intense positron
beams (> 5 x 107 positrons/sec) which require both small and high brightness positron
beams.

The research on interfaces with variable-energy positron beams can be reduced,
at least in the first instance, to measurements of the y-rays resulting from annihilation of
positrons in delocalized, trapped, or Ps states. Occasionally other signals are employed
such as direct Ps detection, characteristic x-rays, secondary or Auger electrons. In this
review most of the data will be that obtained with high resolution semiconductor detectors
[intrinsic Ge or Ge(Li)]. The annihilation line-shape can be deconvoluted to extract the
electron momentum distribution, but more often it is simply quantified by a line-shape
parameter such as “S”, which is the ratio of counts in a central portion of the annihilation
photopeak to the total counts in the peak.

In order to utilized variable—energy positrons to study overlayers and their inter-
faces one must be able to adequately describe the positron implantation profile. The
requirement to adequately describe the stopping profile in typical positron beam exper-
iments is more demanding than previous electron studies. It is not surprising that the
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interaction of an energetic positron is different from electrons with similar velocities. The
differences can be associated with the relative differential and total elastic cross-sections,
and also with the different energy loss processes for the two particles. These variations are
partly associated with the opposite charge, and partly with the fact that there is no Fermi
sea of positrons in the sample so that there is no exchange part to the potential.

Results of the positron implantation profile are shown in Fig. 1 for four different
incident positron energies. Typically 4,000 - 10,000 particles are needed to accurately define
the profile. From these results we find the backscattered fractions (not shown in the figure)
are a sensitive test of the relative weighting of the elastic to inelastic mean—-free paths.
Moreover, there is still a disagreement between the backscattered fraction determined
from the Monte Carlo and those determined experimentally (Baker and Coleman [4] and
Nielsen and Lynn [5]). This discrepancy is not fully understood but could be associated
with an inaccurate description of correlation of positrons to the electron gas as well as
the angle variation associated with inelastic collision. It is worth noting that agreement is
generally good in determining the electron backscattered fraction.
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Figure 1: Monte Carlo simulations of positron stopping profiles for Cu.

The curves shown by Lynn and McKeown (6] in Fig. 1 can be approximately rep-
resented by a derivative of a Gaussian as noted by Valkealahti and Nieminen [7]. However,
work on parameterizing these profiles in various multilayer systems is necessary so that
experimenters can utilize analytical expressions of the implantation profiles for various
composite systems.

Figure 2 shows a highly simplified schematic of positron interface trapping. The
first observation that positrons were trapped at interfacial defects was for copper overlayers
on a W (110) crystal (Schultz, Lynn, Frieze, and Vehanen [8]). The Cu, which forms an
epitaxial overlayer of Cu (111), takes up strain of the lattice mismatch in the first two
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Figure 2: Schematic representation of positron trapping at an open-volume defect at an
interface.

atomic layers. From the results shown in Fig. 3, it can be seen that the yield of 2-keV
incident positrons reemitted from the Cu(111) overlayer is only ~30% of the anticipated
yield. This reduced yield continued until the Cu/W (110) system was annealed to above
1222 K, which is very close to the temperature required to thermally activate the first
atomic layer of Cu on W (110) (Bauer et al. [9]) and is well above the temperature
required to anneal out any point defects in the bulk Cu itself.

The observed recovery of the interfacial defects at the Cu/W (110) interface was
supplemented with measurements of the yield versus energy in the as-deposited state.
These results showed approximately a 50% decrease in the reemitted yield for incident
positron energies above ~ 1 keV, which is consistent with the interfacial trapping.

An example of a "trapping” overlayer on a crystalline substrate, in which the
positron diffuses, is that of SiO; on Si. Iwase, Uedono, and Tanigawa [10] first reported
qualitative measurements in this system, showing an increase in the overfall fraction of
positrons trapped following v irradiation. More recently Nielsen, Lynn, Chen, and Welch
[11] have made measurements in SiO, on Si (110) which fit with a superposition of parame-
ters, including the diffusion in the substrate. Their results, shown in Fig. 4, yield the same
value for Ly as unmodified Si (110) for the portion at energies > 7.5 keV, and the interface
is seen very clearly to be near 7 keV. Using Eq. (1) for the mean penetration length, this
corresponds to 3200 A, which is in adequate agreement with the known thickness of 3500
A.
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Figure 3: Reemitted positron energy distribution for epitaxial Cu(111) evaporated on a
W(110) substrate. The data are normalized to the defect—free yield of 30 % reemission
(upper curve), which was observed only after the as—evaporated system (lower curve) was
briefly annealed to temperatures above 1225 K (from Schultz, Lynn and Vehanen, 1983).

Ly = (Dymegp)? = (A/ANE] (1)

In another study of this type, Nielsen, Lynn, Leung et al. [12] found a different
behavior when a 520-A oxide was grown on a Si (100) substrate. To reduce the effects
of the electric field, the authors measured the sample at 500°C, obtaining the data shown
in Fig. 5. At depths greater than the interface, the bulk diffusion length for the data
shown was consistent with the field—free value. The increase of the line-shape parameter
observed at the SiO,/Si interface indicates positron trapping in open—volume defects. We
have associated this increase with 3y annihilations, suggesting the 0-Ps is being formed in
large open-volume spaces (voids) near the interface.

A different example is epitaxially grown semiconductor/semiconductor interfaces.
An example described above (Fig. 4) illustrated the sensitivity of the variable—energy
positron technique to the SiO,/Si(110) interface. New studies presently underway are in-
vestigating some of the structural and electronic properties of heterostructures that are
nominally epitaxial, grown using standard MBE (molecular-beam epitaxy) techniques
(e.g., Bean [13]). Materials presently being investigated with variable-energy positrons
include GaAs and S5i,Ge, alloys, which have (among others) applications as potential op-
tical sources or detectors that can be matched to existing fiber optics. Other experiments
have been performed for Si/Si superlattices, revealing new information about both elec-
tric field effects introduced by electrically active impurities in the epilayers and structural
properties associated with the MBE fabrication of the material. Fig. 6(a) shows data for
a ~ 3000-A epilayer grown on an N-type Si (100) substrate. The results are only slightly
different from those for “bulk” material due to a layer of boron trapped at the interface,
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Figure 4: Doppler-broadening parameter “S” as a function of incident positron energy in
Si0, on Si (110). The curvature for energy greater than ~7 keV corresponds to positron
diffusion in the crystalline Si. The influence of the interface is observable in the limiting

value of the line-shape parameter, which the curve approaches (Nielsen, Lynn, Chen, and
Welch [11]). '

which results in a bipolar field of ~ 2 x 10* V/cm directed towards the interface. The data
in Figs. 6(b) to 6(d) are for a ~ 3500-Aepilayer on Si (100) that contains oxide-like defects
near the interface. The various data sets shown in Fig. 6(b) at 20°C (as grown), Fig. 6(c)
at 300°C, and Fig. 6(d) after returning to 20°C. The solid curves through the data are the
result of the interative modeling of the diffusion equation discussed above. Included in the
modeling are the effects of positron drift velocity and trapping in defects, observed to be
concentrated at the interface and spread (dilutely) throughout the overlayer. The figure
also shows the bipolar potential calculated for this sample, and the defect distribution used
in the model (Schultz, Tandberg, et al. [14]).

One of the important considerations for positron trapping in semiconductors is
the charge state of the defect. For example, the data in Fig. 5 show clear signs of
trapping in defects at the interface, which implies that they are either neutral or negatively
charged. On the other hand, studies of thick silicon epilayers (4-6 um) on Si substrates
containing varying numbers of dislocations (from ~ 5 x 103 to >10® cm™?) show no signs
of positron trapping, indicating that these defects are positively charged. It is clear that
more detailed studies of the charge states for various defects will be pursued in the future,
and in particular studies will investigate whether or not the electric fields associated with
charged defects are leading to prethermalized trapping of positrons. Puska et al. [15] have
discussed some theoretical aspects of positron states in defects in semiconductors, and
Dlubek and Krause [16] and Dannefear [17) have reviewed some of the bulk solid studies
of semiconductors that have been conducted with positrons.

In a more recent study of Pd-Ta on Si (100) G.J. Van der Kolk et al. [18] have
used Auger electron spectroscopy, RBS and positrons to study applicability of Pd;Ta,;_;
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Figure 5: Positron line-shape parameter S (open circles) and Ps—fraction (crosses) vs
incident energy in Si with a thermally grown 52 nm overlayer of SiO,. The sample had
been heated at 970 C and the measurements were made at 800 K.

as a diffusion barrier on Si. The positron data shows the defect concentrations in the as—
deposited state is very high where the positron diffusion length is of the order of 1 nm.
The reaction of the metal overlayer with Si is easily detectable with positrons (see Fig. 7).
The changes that occur before 600°C 1is associated with annealing out point defects and
the alloy formation occurs between 600 - 700°C.

Although still preliminary, studies of this type are providing the groundwork for
using positrons to determine nondestructively depth profiles in defects in the near surface
region of a solid. It is already possible to solve the problem without assuming a functional
form for the defect profile, but without significant advancements in the numerical proce-
dure the technique is limited by the experimental precision of the data. These concerns,
and the correlation of defect and implantation profiles, will eventually establish the limits
to which a profile of unknown defects can be uniquely determined experimentally.
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Need of Intense Positron Beams
for Solid State Applications of Positron Annihilation
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Département de Physique de la Matiére Condensée, Université de Gengve,
24 quai E. Ansermet, CH-1211 Gen¢ve 4, Switzerland

Abstract: We discuss the need of high intensity positron beams for
2D-ACAR measurements in solids. We outline 1) the difficulties often
encountered to grow single crystals large enough to efficiently use standard
radioactive sources, 2) the small amplitude of signals which are either the
signature of a Fermi surface in metals with large numbers of electrons per
unit cell, or due to the magnetic ordering, 3) the requirements for future high
counting rate detectors.

Since one decade 2D-ACAR measurements (2D Angular Correlation of the
(positron) Annihilation Radiation) are used to study electronic properties of solids. We dis-
cuss why and how intense positron beams facilities shall provide a new impulse to the tech-
nique. We divide the discussion in three sections: 1) materials, 2) signals and 3) detectors.

1. Materials

Single crystals are required to investigate electron momentum distributions. Size
and quality are the two dominant parameters concerning the crystals.

The size of single crystals is the first important parameter in the measurement of
angular correlations. This becomes clear if one consider the source of positrons. With tradi-
tional radioactive positron emitters, the active surface has to be large enough to keep low
the fraction of positron annihilating in the source itself. For example, usual surfaces of the

22Na sources is of the order of 5 to 10mm?, for an activity of 50-100 mCi. A magnetic field ly-
ing along the source-sample axis may be used to guide positrons toward the sample along
helical orbits. This leads to an increase of the positron flux on the sample by factors up to 10
(depending on the distance between the source and the sample, and also on the sample
size). Such homogenous magnetic fields cannot focus particles, therefore the positron flux is
limited by the source strength and the only way to increase the counting rate is to increase
the surface of the material to study up to a surface equal to the one of the positron source.
This criterion cannot always be reached. For many compounds the crystal growth is a deli-
cate procedure. We give two examples:

1) In high T, superconductots, it is often difficult to obtain single crystals of more
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than 1mm> [1]. Moreover when it is possible, the bulky nature of the samples makes diffi-
cult the diffusion of oxygen which is often required to obtain an homogeneous stochiometry
over the whole volume.

2) Some phases are only synthesized through a solid state transformation. In these
situations, the size of crystalites is intrinsically small and only epitaxial growth may over-
come this difficulty, but only films up to 1 pm thick may be grown in that way.

It is clear that in these cases, which are nowadays very frequent, the use of radioac-
tive emitters is far to be ideal. The availability of intense positron beams is the only way to
study many new materials using the angular correlation method. Beyond the need of high in-
tensities, which is discussed in the next section, small beam sections and a variable energy
of the almost monoenergetic positrons are the interesting and often crucial factors.

A very promising way to create thin positrons beams is the technique of brightness
enhancement which has been proposed by Mills [2] and is discussed by Waeber in this vol-

ume. A positron beam of a section down to 1mm? shall make possible 2D-ACAR measure-
ments on many systems which are actually beyond our possibilities. Let us mention for ex-
ample untwinned high-T, superconducting YBa,Cu3O; [3] and other superconducting ox-
ides which are difficult (maybe impossible) to grow with large sizes, Guinier-Preston zones
in metals, the semiconducting beta phase of the disilicide FeSip which is formed via a solid
state phase transition.

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 possibility to study momentum distributions in samples made of
films grown by epitaxy on a substrate. A proper tuning of the positron energy should permit
to implant the positron in the film, keeping the fraction of annihilation in the substrate as low
as possible.

Let us now focus briefly on the structural quality of the crystals. The quality of sin-
gle crystals is a crucial factor which merits attention before 2D-ACAR measurements. It is
usually not sufficient to obtain sharp X-rays patterns to certify that a crystal is good enough
to be used for the study of the electronic properties of the bulk material. Knowledge of the
spectrum of positron lifetimes is required to be sure that positrons do not annihilate in va-
cancies or other types of structural defects. From positron lifetime measurements, it is gen-
erally possible to control if positrons annihilate with Bloch electrons. For a discussion of the
potential advantages of positron beams in the determination of positron lifetimes, we refer to
the contributions of A. Seeger and W. Triftshduser, in this volume.
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2. Signals

The impact of the intensity of the positron beams is straightforward: a decrease of
the counting time. But, maybe more important is the possibility to significantly increase the
statistics of the data within a finite and fixed measuring time. The required statistics de-
pends on many parameters, among them: 1) the resolution of the spectrometer, 2) the size
of the Brillouin zone, 3) the number of bands, 4) magnetic effects and S) the nature of the
positron wavefunction.

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

points has to be typically of 0.0lmrad?. Let us do a rough estimation of the total statistics
required: Suppose we want to have 1% precision for a 2D distribution extending over

100mrad? (IO4 pixels), we need 10® 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 100mrad?, 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 (at least at the same rate [4]), requiring a con-
tinuous 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[5]. An increase of the statistical accura-
cy is also required for this reason. This makes our estimation of the total counts rather un-
dervalued.

4) Magnetic effects: Small signals are also the signature of magnetic effects, stud-
ied with polarized positron beams. One example: in Cr, differences between paramagnetic
and antiferromagnetic states have been observed [6] and successfully interpreted as a modi-

fication 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 per-
form a quantitative analysis of the phenomenon.

5) Positron wavefunction: 2D-ACAR measurements are determined by the behav-
iour of the positron wavefunction. While the positive charge of the positron keeps it in the in-
tersticial 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
YBa,Cu;0; 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 [7] compared to those
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of the Cu-O chains. Therefore, the inhomogeneous positron distribution may be an extra
factor contributing to decrease the amplitude of the interesting signals. It strengthens the
data acquisition of very high statistics.

When we add all these factors, we realize that statistics for a compound like the

high-T, superconductor YBa,Cu30; should be more than 10° counts. This is not achievable

actually within reasonable measuring time. We show in the section 3 that intense positrons
beams are needed to reach this criterion.

3. Detectors
Actual 2D-ACAR machines are based either on Anger cameras, multi-scintillators
systems or high density proportional chambers (HDPC). We use this last technology [8]

characterized mainly by a high spatial resolution (1-2mm?) and reasonable detection effi-
ciency of the gamma rays (15-18%). An important limitation of these detectors is the slow
time resolution (200ns). This make the random coincidence rate too large when the true co-
incidence rate is higher that 1 kcps. The situation is improved with Anger cameras
(coincidence time of 25-50ns) [9].

Anger cameras are very promising candidates for 2D-ACAR measurements using
high intensity positron beams. They are commercially available, fully optimized and equiped
with dedicated electronic read-out. There are some outsiders: barium fluoride scintillator and
TAME filled wire chambers [10], BGO arrays and position sensitive photomultipliers [11],
thin solid-state converters [4] and microchannel plates [12].

To emphasize the impact of intense positron beams on 2D-ACAR measurements,
we give estimations of the coincidence rate C and the signal to noise ratio S for various
source/detector configurations. For radioisotopes, the positron flux on samples I is calculat-
ed from the source intensity i (taking account for self-absroption) from the source-sample
solid angle A [13]. R, the rate of gamma rays on a detector is given by

R = 2¢isBsA+0-€
where € is the efficiency of the detectors, P the positron yield (0.89 for 22Na and 0.15 for
38Co) and O the solid angle sustended by the detectors. The coincidence rate C is given by
C=R-E.
N, the noise rate, is expressed as

N=2.R *R,,

where T is the coincidence time of the detectors and R;=R,=R. Finally, S is calculated as
S=C/(fN)

where f is a factor (we take f=8) to account for lake of energy resolution of the detectors.
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A) HDPC 30x30cm?, at 7.75m; e=15%; t=400ns

22Na 50mCi: I=3.7 10 cps
C=20cps
S =180
58Co 1Ci: I1=1.2107 cps
C =66 cps
S=50
positron beam: I = 1010 cps (expected value)
S<1

B) Improved detector 7x7 cm2, at 7.75m; €=20%; 1=5ns
positron beam: I = 1010 ¢ps (expected value)

C =5200cps
S =100

22Na 50mCi: I=3.7 10 cps
C=2cps

(for radioisotopes, the following parameters have been used: sample: 1 mm?Z; radi-

oactive sources: 10x1 mm2, self-absorption: 50%, sample-source: 3 mm, no mag-
netic field to guide positrons.)

Table 1: Estimated counting rates C and signal to noise ratio S for var-
ious detectors and sources configurations (I is the positron
flux on the sample)

The table outlines the need of improved detectors to take full advantage of intense
positrons beams. These detectors have to have a fast coincidence time (T< 5ns). Such de-
tectors offer the possibility to accumulate 10° counts within 2 days (smaller acquisition time
should be obtained with larger detectors), while the same statistics is achieved after ~100
days using HDPC’s and a magnetic field to guide positrons from a 22Na source.

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

a beam of 10'° positrons per second.

Conclusions

We have outlined the important characteristics of a positron beam to be efficiently
used for the investigation of the electronic properties of solids by the 2D-ACAR technique,
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namely: a) the beam size, required to measure small single crystals, b) the 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, c¢) the possibility to vary the energy
of the positrons impinging on the sample which shall make possible to adjust the penetration
depth of the positrons for the study of epitaxial films as well as multilayers. Finally, we have
shown that intense positron beams require a new generation of detectors characterized by a
high resolving time as well as high counting rates capabilities.

As a last word, let us state the ideal beam facility we would like to have to our dis-

posal for 2D-ACAR measurements: A permanently available DC beam of 10'® polarized

positrons per second (or more) with a section of 1mm? (or less) and the possibility to select
the energy of the positrons between 2 and 60keV.
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Abstract

The paper reviews the general background and the principal experimental techniques developed
for the study of defects in crystals or, more generally, of inhomogeneities in condensed matter by
means of positron annihilation. The various versions of the so-called trapping model that have
been developed for the analysis of such experiments are described and critically considered. It is
emphasized that in order to extract reliable information on defects in crystals from positron anni-
hilation measurements detailed information on the thermalization, the diffusion, and the capture
of the positrons by the defects acting as traps is required.

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.

1 Introduction

During the past two decades positrons have developed into important probes for studying inhomo-
geneities in condensed matter, in particular lattice defects in crystals. They may be characterized
as "active” internal probes [1]. The attribute "active” alludes to the fact that, owing to their small
mass, positrons in condensed matter are usually very mobile and hence capable of scanning a fairly
large volume in spite of their short mean life. ( Their "lives”are terminated by annihilation with
electrons; in condensed matter the mean positron life is of the order of magnitude 2-1071%s.) This
property enables positrons implanted into condensed matter to roam and to find inhomogeneities
in the host sample even when their concentration is rather low. In order for the positrons to act as
probes for inhomogeneities of the sample they must be able to "decorate” them. This requires an
attractive interaction between positrons and inhomogeneities that is large enough for the positrons
to be trapped. In quantum mechanical language this means that the positrons must possess at least
one bound state localized at each inhomogeneity and that the positron binding energy in that state
must be large enough for the positrons to spend a time comparable with or larger than their mean
lifetime in that state.
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Many different inhomogeneities may act as traps for positrons. Even if for the time being we
confine ourselves to crystalline materials, the list of possible traps includes a very wide variety
of defects: vacancies, voids, bubbles, foreign atoms, dislocations, grain boundaries, and phase
boundaries. The power of positrons as probes is that they can give us quantitative information on
the nature of the traps and that, in particular, they are capable of distinguishing between different
traps. However, a prerequisit for this is that before the trapping the positrons are in a standard
state so that differences in their behaviour may be attributed directly to different properties of
the traps. It is indeed usually assumed that positrons implanted into condensed matter become
part of the thermal equilibrium so quickly that the thermalization period may be disregarded. It
should be borne in mind that this is an assumption that is difficult to verify. We must therefore
be prepared to encounter situations in which it is not admissable.

From the preceding discussion it is clear that we have to address ourselves to the following
questions:

1. What happens during the implantation of positrons in condensed matter? How long does it
take for them to reach thermal equilibrium?

2. How do the positrons reach the traps after they have been thermalized?
3. What happens at the traps? How can we obtain quantitative information on the traps?

The present survey is not a review in the usual sense, aiming at covering the literature on
the subject (the available space forbids this), but rather an attempt to provide the reader with a
background knowledge on the techniques and the main achievements of the investigation of defects
in condensed matter by means of positron annihilation, to draw his attention to a number of open
problems, and to point out the potential of several new techniques, particularly those related to
high-energy and /or spin-polarized positron beams.

2 Positron Thermalization and Diffusion

In positron annihilation studies of condensed matter positrons (e*) are implanted into the
sample with kinetic energies that exceed the thermal energy kg T considerably. (The e* kinetic
energies are typically 10? to 10° keV in the case of unmoderated et from external or internal
radioactive sources, a few MeV in the case of positrons coming from accelerators, or of the order
of magnitude of 1 keV in the case of "slow” positrons obtained by moderation and emission
from surfaces with negative et work functions.) In view of the rather short life of e* in condensed
matter it is important to have some information on the time it takes for the positrons to thermalize,
i.e. to reach average kinetic energies 3kgT/2. There is little doubt that in condensed matter the
positrons lose most of their kinetic energy very rapidly by the excitation of electron-hole pairs [2,3].
Our detailed knowledge on the final thermalization process, which is governed by the interaction
between phonons and positrons, is rather limited, however. Under circumstances under which
the trapping rate is particularly large ("resonance trapping”, cf. Sect. 4) we cannot exclude the
possibility that positrons are trapped before they are fully thermalized. More direct experimental
information is needed.

For the following discussion let us assume that the thermalization process is not suddenly
terminated by the capture of the positrons in (possibly metastable) localized states. In analogy
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to holes (= defect electrons ) in semiconductors the movement of the thermalized e* may then be
characterized by a diffusivity D* and a mobility u*. These two quantities are related by

Dt = kgTyut. (1)

The et diffusivity determines how fast the thermalized positrons reach the traps. For the present
subject the knowledge of D*(T') is therefore of paramount importance.

In 1972 one of the present authors [4,5] proposed that the e diffusion in solids is limited by
the scattering of phonons by the positrons. Under the simplest assumptions (isotropic phonon
spectrum with linear dispersion curve, elastic scattering) this gives for the mean free path of the
positrons (see, e.g. [6,7])

It = 7rh4c12p0/mi€§kBT (2)

and for their mobility
pt = 2(rmykpT/[2)" Y2 /31%. (3)

Here po and ¢ denote density and longitudinal sound velocity of the material, ¢4 the deformation
potential constant for positrons, and m, the effective mass of the positrons. % has the usual
meaning of Planck’s constant A divided by 27. The positron diffusivity follows from (1 - 3) as

L 22x1/2p,2p

- Smiﬂeﬁ(kBT)l/z-

(4)

A further prediction was [5] that (2 - 4) should cease to hold at temperatures below a critical
temperature

To = 12my. ¢ [ kg. (5)

Below T} the phonon-positron scattering ceases to be elastic, and the effectivity of the phonons in
limiting the positron mean free path is drastically reduced. In pure materials this should lead to
a rapid increase of Dt with decreasing temperature (cf. Fig. 1). In pure metals at low enough
temperatures the scattering of the et by the conduction electrons might come into play and reduce
the temperature dependence of D*. In the following we estimate this effect from a treatment of
the diffusivity of positive muons by Jickle and Kehr (8).

Jackle and Kehr (8] consider positive particles of effective mass my that interact with the
conduction electrons through a screened Coulomb potential with Thomas-Fermi screening. Their
final result for the diffusivity of these particles may be written as

3 e h Me 2
DY = e e e (o) - (6)

In (6) m. denotes the electrons mass, ep the Fermi energy of the conduction electrons, and ¢(3) =
1.20 a value of Riemann’s zeta function. The quantity h/me = 7.274 - 10~*m?%s~! is known as
the "quantum of circulation”. Since Jickle and Kehr [8] had in mind the application to positive
muons, for which m4/me > 1, they made assumptions whose validity for e* is not entirely clear.
Nevertheless, (6) should give the right order of magnitude for et as well. After inserting numerical

values it reads 2 5
+-4.107° [ Me m 7
br=4-10 (kBT) (m) 5 s
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or with my4/me = 1.5 and eg = 10 eV,
Dt =27 'Km?s~1. (7b)

Measurements of Dt are by no means straightforward. At the present time, for metals the most
promising method is based on the ”slow-positron beam technique”[9]. Positrons with variable ki-
netic energies between, say, 0.1 keV and 30 keV are implanted into high-quality single crystals with
well-polished surfaces. The back-diffusion of the implanted positrons is monitored by measuring
the positronium yield at the surface. The data analysis requires several assumptions which may
affect somewhat the final outcome.

Soisinen et al. [10] have recently summarized their measurement on four metals (Al, Mo, Cu,
Ag). The temperature dependence of Dt was found to be close to the T-1/2 law predicted by
(4) over fairly wide temperature ranges (16 K to 505 K for Al, 34 K to 1400 K for Mo). Possible
deviations in the direction of a slightly stronger temperature dependence might be caused on the
low-temperature side (T" < Tp) by the ineffectiveness of elastic et— phonon collisions mentioned
above, on the high-temperature side by the curvature of the phonon dispersion curves, which was
not taken into account in the derivation of (4).

Typical room-temperature values of D* lie between 1-10"%m?s~! and 2 - 10™*m2s~!. As
discussed by Soisinen et al. [10], this is in agreement with (4), measured elastic constants, and
reasonable values for the effective positron mass m4 (about 1.5 times the electron mass me),
and the deformation-potential constant ¢g. One must keep in mind, however, that even for cubic
materials the assumption of elastic isotropy, on which (2 - 5) are based, may be grossly violated. In
such cases the characterization of the deformation potential involves a second constant in addition
to €q. A theoretical investigation of this effect is under way.

Comparison of (7) and (4) shows that even in metals the phonon scattering dominates over
the electron scattering at all accessible temperatures with the possible exception of T/Tp >1.
However, at such low temperatures It is presumably limited by residual impurities even in the
purest metals available.

In semiconductors and insulators the possibility exists to obtain the positron mobility from
drift experiments in applied electric fields. By observing the Doppler shift of the 2y-annihilation
radiation (cf. Sect. 5.2) Mills and Pfeiffer measured the drift velocities of positrons in strong
electric bias fields in Ge [11] and Si [12] and deduced et mobilities from them. Table 1 shows
the diffusivities calculated from these by means of (1). They are of the same order of magnitude
as in the metals discussed above. Whereas the temperature dependence in Si is compatible with
(4), that in Ge is substantially weaker, indicating that in this case impurity scattering might have
played a role.

We may use (3) to extract the mean free path It of the positrons from the experimental values
of Dt or u*. The assumptions D¥(293K) =2 - 10~ m2s~! and m; = 1.5m, give us the room
temperature value of the mean free path of the positrons [*(293K) = 6.9 nm and It (30 K) = 69
nm. These values may be compared with the mean diffusion length during the positron lifetime 7,

Lp = (2D*71)1/2, (8)

With D* =2 . 107* m? s~! and a positron lifetime 7 = 2 -107'% we obtain Lp = 0.28um. We see
that over the entire range over which (2 - 4) is applicable we have Lp > %, so that the diffusion
- picture for the motion of the positrons is indeed appropriate in both metals and semiconductors.
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Table 1: Positron diffusivities D% in units of 10~* m2s~! in
germanium and silicon as deduced from drift measure-
ments [11,12].

Following ideas of Norton and Levinstein [13] and of Mills and Pfeiffer [11,12], knowing D+
allows us to obtain a lower limit for the thermalization time. A particle with effective mass m*,
velocity v, and kinetic energy € = m, v%/2 loses energy by the emission of acoustic phonons at the
rate [14,15]

8 c? _
= —é-ﬁl_'—_(ﬂ' kg T)~12 /2, (9)
In (9) the deformation potential constant has been eliminated using (4). Integrating (9) between
the limits €¢g = 3kgT/2 and ¢; > €, gives us for the thermalization time associated with the

emission of thermal phonons
3r\? D+
= — —_ 10
da=(5) 3 (10)

[Eq.(10) differs by a factor of 4 from the corresponding one of Mills and Pfeiffer [11], which we
believe to contain a numerical error.] Taking Al as an example and using the Dt data of Soisinen
et al. [10], we obtain Atem (20K) = 37ps and Atem (500K) = 5 ps. We emphasize that these
estimates are based on the emission of phonons only and that they disregard both the excitation
of electron-hole pairs (which reduces the thermalization times only slightly) and the absorption
of phonons, which leads to gains in the kinetic energy and therefore lengthens the thermalization
period. The latter effect is more pronounced at higher temperatures.

de e mi v*

_c'l?w ﬂp0h4

Under certain conditions measurements of positron trapping rates (cf. Sect. 3) can be used
to determine the temperature dependence of D*. Provided that the rate at which positrons that
have arrived at the traps by diffusion are captured in the bound state is sufficiently fast, in cubic
materials the trapping rate per unit trap concentration (measured in atomic units) may be written
as [16]

o = 4nrgDt [V, (11)

Here 79 denotes the effective capture radius of the traps and V, the atomic volume. If the trap
concentration Cy is temperature-independent, the temperature dependence of D may be obtained
from measurements of the trapping rate ¢C; as a function of temperature, provided that we know
the temperature dependence of 7. We may assume ry to be independent of temperature if the
range of the interaction between positrons and traps is short (e.g., comparable with the interatomic
distance as in the case of vacant sites in metals or electrically neutral vacancies in semiconductors).
If the interaction is long-range, the temperature dependence of 7y may be estimated by considering
the drift of the positrons due to the force exerted on them by the traps.

An example of the technique outlined in the preceding paragraph is provided by the work
of Shirai and Takamura [17] on the trapping of positrons by stacking-fault tetrahedra in Au.
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The stacking-fault tetrahedra (introduced by quenching from high temperatures and subsequent
moderate annealing) are rather stable so that the temperature variation of ¢C; could be measured
between 4.2 K and 400 K, yielding a T-1/2-law above 50 K. This is in agreement with (4) since
to a good approximation the effective capture radius of stacking-fault tetrahedra may be taken as
temperature-independent. Below 50 K the temperature variation is stronger, possibly due to the
suppression of elastic positron-phonon scattering below Tp.

The discussions of the present section have so far been based on the picture of weak positron-
phonon interactions, which can be handled by a scattering formalism and contributions to the
effective positron mass m . However, it is well known that in some solids electrons and positive
holes ( = defect electrons) may interact strongly with optical phonons, forming polarons. As
Gol’danskii and Prokop’ev [18] pointed out in ionic crystals positrons should form polarons, too.

In contrast to the situation prevailing in insulators and semiconductors, owing to the screening
of the et charge by conduction electrons positrons in metals do not give rise to long-range electric
fields. An analogue to the above-mentioned optical polaron, the "acoustic polaron”, is nevertheless
conceivable.

In order to introduce the idea of acoustic polarons in metals (or valence crystals), let us compare
the positron Bloch waves in a rigid or only slightly deformed metal crystal with a situation where
the positron charge density in the interstices is drastically increased and at the same time the ion
cores have moved away from the positrons. The ”localization” of the positron wavefunction leads
to an increase of the et kinetic energy, the increase of the positron-ion separation to a decrease of
the potential energy of the system. In addition there is an energy increase due to the deformation
of the lattice. The following situations may arise [19,20].

(a) The formation of a state consisting of strongly localized positively charged particles sur-
rounded by ”deformation clouds” ( = acoustic et polarons) leads to a lowering of the total
energy of the system. Then acoustic polarons are stable. They may be considered as ”quasi-
particles” with an effective mass m4 that is large compared with the electron mass m,.
There is so far no evidence that for positrons this situation might prevail in any metal. The
analogous polaron state of the heavier ”isotopes” of the et viz. the positive muon ut, the
positive pion 7, and the hydrogen nuclei, however, is always stable owing to the much bigger
masses of these particles.

(b) The formation of acoustic polarons leads to an enhancement of the total energy of the system.
Acoustic et polarons may then be either mechanically metastable (b;) or mechanically un-
stable (bz). In the case (b;) an interesting situation arises if the decay rate of the metastable
state is smaller than or comparable with the et annihilation rate. Since owing to their large
effective mass the lowest energy band of the acoustic polarons is very narrow, at elevated
temperatures acoustic-polaron states may be partially occupied. This means that on the
average the positrons spend a temperature-dependent fraction f of their life in one of the
metastable states. (For details see [19,20]). The consequences for positron diffusion will be
treated presently. In the context of et diffusion case (bz) is of no interest and will hence
not be considered further. Irrespective of whether the acoustic et polarons are stable or
metastable, i.e., whether case (a) or case (b;) is realized, their high-temperature diffusion
proceeds by the ”adiabatic mechanism” [21,22].

For this mechanism the hopping frequency may be approximately written as

v=uvpexp(—H kg T), (12)
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where vp denotes the Debye frequency of the host metal and Ht > 0 a small activation energy.
The positron diffusivity will then be given by

DY =(1- f) Df + f vp d®exp(—H* [kpT). (13)

Here d is of the order of magnitude of the distance between interstices and D] the "ordinary”
positron diffusivity given by, e.g., (4). Since vpd® cannot be much larger than 10~7 m?s™1, the
positron diffusivity will be dominated by the first term of (13) unless f is very close to unity. Fig.
1 indicates qualitatively the temperature variation of the positron diffusivity one might expect
from (13). For the sake of clarity the example chosen is not very realistic, though. In practice this

- A N
1 1 - - . ~a
K% e scattering o 7
(o] L ]
(= B \‘ ~ J
101
Q inelastic phonon/‘\\
3 scattering " T
107 |
elastic phonon \l
i scattering '
-6 |
1077 | !
i phonon - assisted self -localization—
“adiabatic hopping” | 7
10° i H*
| ‘\Jl Vg EXP (_ kBT )
1 1 1 | ‘| 1 1 s
107 1072 1 /T,

Figure 1: Schematized temperature dependence of the positron diffusivity Dt in metals (loga-
rithmic scales). The different mechanisms limiting the positron diffusivity and their temperature
dependence are indicated.

means that it will be difficult to identify acoustic et polarons by means of diffusivity measurements.
Chances are better for et-lifetime or ete”-momentum measurements (Sect. 5) since the situation
of an acoustic e is reminiscent to that of a positron trapped in a vacancy (cf. Sect. 3).

From the point of view of predictive theory the distinction between (by) and (by) is a rather
delicate matter. There is strong experimental evidence [23,24,25,26] that in cadmium (b;) is real-
ized (with complications connected with the hexagonal crystal structure). A similar ”prevacancy
effect” found in some cubic metals (e.g. Fe [27]) might also be due to metastable acoustic et
polarons.
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3 Positron Trapping

The importance of positron annihilation for the study of defects and disorder rests on the fact
that positrons may be trapped by inhomogeneities in condensed matter. This is illustrated by Fig.
2 for the case of a vacancy in a metal. In a perfect crystal the potential energy U of the positrons
is periodic with the periodicity of the lattice. The et wavefunctions are Bloch functions. They
describe an et probability distribution which possesses lattice periodicity, too. The admissable
et energies form ”bands”. The bottom of the "et conduction band”, €., is indicated in Fig. 2.
Removal of an ion core plus redistribution of the conduction electrons (= formation of a vacant
lattice site) results in a local lowering of the et potential energy. In most metals the ensuing
potential well is deep and wide enough to give rise to at least one bound state for positrons. As
indicated in Fig. 2 by a full line, the positron wavefunction associated with such a bound state is
localized at the vacant site with some overlap into the neighbouring lattice cells. Electron density
and momentum distribution, too, are modified at the lattice inhomogeneities. As a consequence,
the trapping of positrons in the bound state affects the annihilation characteristics profoundly.
This allows us to distinguish positrons annihilating in bound states (="trapped e*”) from those
annihilating in Bloch states (= "free et”). Positrons may thus serve to decorate lattice defects
and other inhomogeneities. The 1964 paper by Dekhtyar et al. [28] on the angular correlation of

Ule*) e* "conduction band “—Bloch states

\ /
€t F N /7’ e* bound state
~ .
< in vacancy

X

Figure 2: Lattice potential acting on positrons in a metal containing a monovacancy. The bottom
of the conduction band of et propagating in Bloch states is indicated by ¢, the energy level of e*
trapped in a vacancy by ¢.

the et annihilation radiation (= ACAR) in plastically deformed Ni-Fe alloys appears to contain
the first indication of the strong effects of lattice defects (in this case presumably of dislocations)
on positron annihilation. At about the same time Gol’danskii and Prokop’ev [18] proposed that
in alkali halide crystals et might be trapped by negative charged interstitial ions as well as by
vacancies on the cation sublattice. Not much later Berko and Erskine [29] noted the effect of
plastic deformation of Al on ACAR and interpreted it in terms of dislocation trapping.

The early work of e* annihilation in plastically deformed metals received little attention. The
same was true of the observation of the rather strong temperature dependence of ACAR at elevated
temperatures in In, Zn, and Cd [30], which, as we now know, was due to the trapping of et by
vacancies present in high-temperature thermal equilibrium.
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T
T Figure 3: Schematic temperature dependence of the
= solid melt mean positron lifetime 7 in a metal. 7r and 7, de-
L - note the lifetimes of free (untrapped) e* and of et
Tm T trapped in vancancies. Ty, = melting temperature.

The break-through came with the experiments of MacKenzie, Khoo, McDonald, and McKee
[31], who observed on four metals (Al, In, Zn, Cd) at elevated temperatures a reversible rise of
the mean et lifetime, 7, with increasing temperature (Fig. 3). The authors recognized that the
rise had to do with lattice vacancies formed in thermal equilibrium at high temperatures (hence
the reversibility!) but the definitive explanation was given only two years later by Bergersen and
Stott [32] as well as Connors and West [33], who applied the two-state trapping model to the data
of MacKenzie et al [31]. Shortly before that, Grosskreutz and Millett [34] had interpreted the
increase of et lifetimes in cyclically deformed Al and Cu in terms of et trapping by the dislocation
cores.

The essentials of the two-state trapping model are as follows: The positrons may be in
either one of two states: The "free” state, in which they annihilate with a rate Tf_l, and a trapped
state, in which they annihilate with a rate 7,71 < 3 1. Immediately after thermalization (see Sect.
2) virtually all et are supposed to be in the free state; from there they may be trapped with
a trapping rate oC, where C; denotes the trap concentration and o the trapping rate per unit
concentration.

The lifetime spectrum following from the two-state trapping model consists of two components
with decay times 79 and 7. The time spent by a positron in the free state may end either by
annihilation or by being trapped, hence the decay time of the free positron population is given by

= (14)

nwnE=E ——"-
Tfl-{-G'Ct

The simple two-state trapping model as described above disregards the possibility of et es-
caping from the traps (="detrapping”); hence it gives for the decay time of the trapped positron
population

T = Tt (15)

The relative intensities of the two components, Iy and I; (lp + I; = 1), are given by

Te — Tt I = i1t 0Cy (16)

Ip = ! :
0 (14 750Cy) — 7% 1 (1 + 170Cy) — 71

the mean lifetime by
1 + Tta'Ct,

—_— 17

1 + TEO C t ( )
The mean lifetime shows a sigmoidal behaviour as a function of the trap concentration. It increases
from the lifetime of the free e*, 7, at trap concentrations C; < (mi7r0?)~1/2 to the lifetime of

T=rlotnh=mn
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the trapped positrons, 1, at Cy > (rtrfoi’)*‘/ 2, The observations of MacKenzie et al. [31] may
thus indeed be understood in terms of et trapping by vacancies in thermal equilibrium since their
concentration increases exponentially with temperature (Fig. 4).

Cy

Figure 4: Concentration Cy of vacancies in a metal
= as a function of temperature (schematic). HF =
' vacancy formation enthalpy

3"1 e o

The mean positron lifetime is easily obtained from the measured lifetime spectrum and most of
the early lifetime studies of et were based on it. More information may be deduced, however, by
lifetime spectroscopy, i.e., the decomposition of the lifetime spectrum into (exponentially decaying)
components with decay times 79, 71, T2 etc. Provided the simple two-state trapping model outlined
above is valid, the three quantities deducible from a two-component decomposition of the lifetime
spectrum, 79,71, and Iy/l, allow us to derive 7, 7, and oCy. Applied to vacancies in thermal
equilibrium this means that we may deduce, in addition to the lifetime 7y of free positions, the
lifetime of positrons annihilating in the vacancies and, from

HF - _ d InoC,
7 d(1/ kgT)’

an effective enthalpy of vacancy formation.

(18)

The preceding example may serve to illustrate some of the characteristic features of the study
of lattice defects by et annihilation:

(i) The technique is specific, since the lifetime 7, of the trapped positrons depends on the nature
of the traps. Within the limits set by the resolving power the technique allows different traps
to be distinguished from each other.

(ii) The technique is sensitive. Typical values for atomic defects are (7r )/2 = 2 -1071%; VA /o
=5 -107?° m? Considering vacancies in thermal equilibrium and assuming D* = 0.5 -
107 m? 57! gives us (7t 7, 02)"1/2 = 4.1075, hence a lower limit for the detectable vacancy
concentration of about 10~7. This has been confirmed experimentally on a number of metals
in which C; would be estimated independently. In low-temperature experiments, where D
is larger, the sensitivity is even greater.

(iii) Variations in the trap concentration as required, e.g., for the determination of defect for-
mation enthalpies (¢f.(19)), can be followed only through a concentration window centred at
(147102)~1/2 and extending about one and a half powers of ten in either direction. Outside
this window one either has ”saturation trapping”, hence no dependence of the annihilation
signal on the concentration of the traps, or no trapping at all since the positrons are too
short-lived in order to reach the traps.
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= Cy Figure 5: Positron lifetimes in a metal as a

obs_e rvatfion function of the vacancy concentration accord-
window ing to Eqs. (14), (15), and (17). The window
-7 -4 of observable vacancy concentrations is indi-
0°"-10
cated.

(iv) For quantitative investigations of the trap concentration one has to know the et diffusivity
D*. (An estimate of the capture radius 7o can often be obtained by simple arguments.)
For obtaining accurate values of the defect formation enthalpies one must at least know
the temperature dependence of the diffusivity. E.g., if in thermal-equilibrium studies mono-
vacancies are the only defects that have to be taken into account and if ro is treated as
temperature-independent we have, making use of (11),

d In D*
d(1/ks T)’

dlne C

L R
d(1/kg T) Hyv

(19)
where va is the enthalpy of monovacancy formation. Eq. (4)givesusdIn D+ /d (1/kg T') =
kg T'/2. In this case the difference between H Fv and H.g is small but, as a rule, not negligible.

The difference can become quite large if acoustic polarons (cf. Sect. 2) have to be taken into
account.

High-temperature positron annihilation measurements and their analysis in terms of the
trapping model are at present the most powerful technique for determining enthalpies of
monovacancy formation in metals and alloys. Recent reviews of this field have been published
by Schaefer [35,36]; for earlier reviews see [7,37].

Notwithstanding the fact that some of the pioneering work on et trapping was done on
plastically deformed metals and alloys, our knowledge on e*-dislocation interactions has remained
rather vague. E.g., the influence of the dislocation character (edge vs. screw dislocations) and of
the dislocation splitting on et trapping and annihilation has not been established with any degree
of reliability. Another point which is awaiting clarification is the réle of special sites along the
dislocation lines, e.g., of jogs and constrictions.



414 Proceedings of the PSI Workshop on Positrons HiP.As

4 Critique and Extensions of the Simple Two-State Trapping
Model

The trapping model may be considered as the back-bone of defect studies by means of et
annihilation. The basic physical concept appears to have been conceived in 1965 independently
by several groups (Gol’danskii and Prokop’ev [18], Berko and Erskine [29], Brandt [38]). The
mathematical formulation of the simple two-state trapping model, on which the equations of Sect. 3

are based, have been given simultaneously by Bergersen and Stott [32] and by Connors and West
[33].

Successful as it has been especially in the study of vacancies in thermal equilibrium, the sim-
ple two-state trapping model has several serious limitations.The most important ones are briefly
discussed in this section.

(i) Because of the sensitivity of the method we can only rarely expect that it suffices to take
into account one kind of traps only. E.g., after plastic deformation not only vacancies but
also different types of dislocations will act as traps. In low-temperature experiments impu-
rities-will in general have to be taken into account. The extension of the simple two-state
trapping model to N different traps with lifetimes ; and trapping rates 0;C; (j = 1,...,N)
is straightforward [37].

(ii) The expressions of Sect. 2 and their extensions mentioned in (i) are based on the assumption
that the specific trapping rates o; are independent of the time the positrons have spent
in the material since their implantation. This is strictly true only if the trapping rate is
"capture limited”, i.e. if the diffusion is so fast that it may be neglected compared with the
quantum-mechanical transition rate from the positron ”band states” into the bound states.
In the opposite limiting case [to which (11) pertains] the above-mentioned assumption is only
approximately true since it neglects the fact that as the reaction between traps and positrons
proceeds, the trap positron pair correlation function changes in the direction of the depletion
of short trap-positron separations.

In the case of negligible detrapping [cf.(i)] it is not difficult to take the time dependence of the
trapping rate into account [7]. Corrections for the time dependence have to be made only if

16 # 7o DTt [ro Ct]2 %1

(r1 —70) Va (20)

i.e., for fairly high trap concentrations. (For the generalization of (20) to more than one kind
of trap see [7].)

(iii) An essential assumption of the two-state trapping model of Sect. 3 is that the binding of
the positrons to the traps is strong enough for the escape of the positrons from the traps to
be neglected. This assumption fails if the parameter A¢;/kgT is not sufficiently large, i.e. if
either the binding energy Ae; of the positrons to the j-traps is too small or the temperature
too high. In the same approximation in which o; may be taken as time-independent [cf.(ii))
the detrapping may be taken into account by introducing escape frequencies v;. The general
solution of this extension of the trapping model is complicated [39] but simple expressions
exist in special cases, e.g. for the mean lifetime [39].

Taking into account detrapping correctly requires the pair-correlation-function approach alluded
to in item (ii). The general solution of the problem is rather complicated and leads to simple
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analytical expressions only in special cases [40]. A complete analytical solution is available under
the assumption that the specific trapping rate o; may be taken as time-independent and that the
detrapping may be described by time-independent detrapping frequencies [16].

Another important deviation from the simple trapping model caused by preferential trapping
of positrons with kinetic energies, has come into the dicussion during the past few years. Brandt
and Arista [3] pointed out that the ensuing removal of these positrons from the ensemble of ”free”
positrons will result in a "heating” or ”"cooling” of the remaining positrons ensemble. Brandt and
Arista considered in particular the case of very long thermalization times at the low-energy end
of the et energy distribution. If the trap concentration is high, a considerable fraction of the
positrons may be trapped before they reach thermal equilibrium. Shirai and Takamura [41,42] and
McMullen and Stott [43,44] have independently considered the preferential trapping of positrons
with energies close to those of virtual bound states ("resonances”) at the traps. For typical
potential wells describing traps of atomic dimensions such as resonances are likely to occur at
energies of the order of magnitude 1 eV.

Experimental indications for the trapping of nonthermal positrons in vacancies in Al and Cu
have been reported by Nielsen, Lynn and Chen [45].These authors observed the energy distribution
of positrons reemitted from the specimen surface and found a considerable decrease in the fraction
of positrons with energies around leV, in the presence of vacancies.

The question of preferential trapping of epithermal positrons is certainly important enough
to warrant further investigation. Resonance trapping may, e.g., complicate the comparison of
et-annihilation investigations of frozen-in and thermal-equilibrium vacancies.

Summarizing the current situation we may state that a complete theoretical framework is
available which allows us to treat any extension of the simple two-state trapping model that at
the present time appears necessary for analyzing experimental data. Reasonably simple analytical
solutions have been derived in quite a number of cases of practical interest. So far relatively little
use has been made of the extensions with the noticeable exception of the work of Mogensen et.
al. [46] on positron trapping by halogen ions in water. At present the theory is far ahead of the
experiments. However, as the experimental techniques continue to improve, more and more refined
versions of the trapping model will have to be employed in the data analysis.

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 ¥
quanta according to

et +e” =27 - (21)

is much more frequent than that into three ¥ 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
annthilation 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 et 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, 7}, is less than the annihilation rate -r{"1 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 ete™ momentum distribution of trapped
positrons compared with ”free” annihilation.

5.2 ete”™ momentum distribution

For measuring the ete™ momentum distributions and their changes due to e* trapping two
techniques are available, viz,

1. the Doppler Broadening of the 2y-annihilation photon line (Fig. 6a) and
2. the Angular Correlation of the Annihilation Radiation (ACAR) (Fig. 6b).

In the rest systems of the ete™ pairs annihilating in the 2y 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 ete™ rest systems. This has the following consequences for
observations in the laboratory system :

(i) If the ete™ momentum possesses a ”longitudinal” component (i.e., parallel to the direction of
the 4 detection) the energies of the two photons are different; hence the annihilation photon
line is Doppler-broadened.

(ii) In general (viz. if the ete™ momentum possesses a non-vanishing component transverse to
the direction of v detection) the flight directions of the two members of a photon pair deviate
from 180 °. Hence the dependence of the coincidence count rate C(8) on the angle 6 between
the simultaneously emitted ys (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 v 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 ete™ momenta p(ete™). E,, 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(ete™). 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 ACAR, 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” v quantum or by the positron entering the sample (cf. Sect. 5.3.). This means that the
longitudinal components of ete~ 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 (p*) and the positive pion (%), it does not decay
with a fixed rate but annihilates with its antiparticle, the electron. As already emphasized (cf.
Sect. 3), the et annihilation rate and its inverse, the et 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 2y 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 7, 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” (ete™ bound states with total spin 1) may be excluded, the positron lifetime
cannot exceed an upper limit, 7., given by

1 3

‘."o0 e ’\p-Ps +Z

4 )‘O—PS & (22)

In (22) Ap—ps = 7.994 -10° s7! is the annihilation rate of para-positronium (= e*e~ bound states
with total spin zero) [47], Ag—ps = 7.0516 - 106 s~! 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 7, = 500 ps.
If positron lifetime spectroscopy leads to time constants exceeding 7., we have to conclude that
ortho-positronium is involved.

Time constants larger than 7, 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 7.,. In lifetime spectroscopy we are
thus particularly interested in ”short” lifetimes, say between 1. 107 s and 3 - 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.
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Figure 7:
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Positron lifetime spectrometers fall into two categories, viz. v spectrometers and 8+ spec-
trometers. The basic idea of 4+ spectrometers is shown in Fig 7. The positrons are obtained from a
radioactive source that emits so-called prompt v quanta almost simultaneously with the positrons.
The prompt vs are used to start an electronic clock. The clock is stopped by detecting one of
the annihilation 4s. 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 finite resolution of the spectrometer.

For weldable materials, i.e. for solid metals and alloys, the use of the ¥y 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 v 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 BaF; 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
v triggering the stop signal. These artifacts may be avoided by arranging the BaF; detectors in
a geometry, which makes it impossible for the quasi-collinear annihilation ys 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 - 10° Bq) between them gives a coincidence
counting rate of 250 s~! 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 v detection was employed only for the annihilation s
supplying the stop signal; the start signal was obtained from the passage of the positrons (coming
from a ??Na source) through a 3 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 et
kinetic energy of 275 keV was selected by means of a 3 spectrometer.

In the following years the 37y detection technique of Bell and Graham [54] was supplanted
by the yy-technique, which allowed better time resolutions to be achieved. In 1979 Maier and
Myllyla [55] pointed out that the performance of 3y 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-Myllyla proposal was demonstrated [55]. Lifetime measurements on solid
In gave results that compared well with those obtained with a conventional v 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 3y-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 fiir 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 ??Na source (6 - 10 Bq and a
moderator comprising a tungsten foil (thickness: 3-6um) 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 6-10% e* 571
in the energy range 0.5-6.5 MeV. A relative energy stability of better than 3-10~* 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 et lifetime measurements are obtained from a plastic scintillator (Pilot
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U, thickness 3-5mm), through which the et pass immediately before they are implanted into the
target specimen. The stop signal is produced in a BaF, 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 - 10%e*s™! a time resolution
of 180 ps (FWHM) at a coincidence count rate of 480 s~! 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
et 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 et impinging vertically on cylindrical specimens heated by an electron beam.

By varying the et 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 et beam of variable energy).

A substantial futher improvement of the time resolution of the 8%y spectrometer may be
expected from the development of a positron clock [58]. In this novel extension of the relativistic
beam technique the et beam is circularly deflected by means of an electromagnetic field with a
frequency f 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 B+ 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 f 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 et beam by + 14 mm over a distance
of 1.8 m has been produced. The practical realization of a beam-based et 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, 37+ and 7 , make use of only one of the two photons emitted
in a 2y 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 ete™ momentum
may be established. From this, information on the evolution of the et 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 4+ F technique, which
suffers from the low detection efficiency of the v 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 B*vE arrangement pile-up pulses in the start detector can be used to discriminate
random coincidences arising from multiple annihilation signals. In a tyE 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 BaF; scintillation counter
(crystal diameter X length = 51mm 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 8%y E triple-coincidence count rate of
4-10%s~! at a beam current of 6-10%ets~1 has been achieved) rather than for good time resolution

(FWHM = 900 ps).
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Preliminary results on fused quartz (Fig. 8) have demonstrated the potential of the S¥yE
method for the investigation of positronium states. In Fig. 8 the W parameter characterizing
the Doppler broadening (i.e., the width of the 2y-annihilation line) is plotted as a function of
the positron age. In the plateau regime (large broadening above ¢t = 3us) 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 et
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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 (etSR) 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 et polarization is essentially conserved. The
interaction between the et magnetic moments and spatially varying magnetic fields in the sample
which the et experience during their diffusive motion can lead to a depolarization of the et
ensemble and hence to a relaxation of the et spin polarization towards its equilibrium value.
However, since ete™ annihilation conserves parity, no direct information on the et spin can be
derived from the annihilation radiation. As shown already in 1957 by Hanna and Preston [76],
ferromagnets may, nevertheless, serve as et 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 et spin relaxation allows us to

test microscopic models relating the correlation time 7. of the magnetic fields felt by the et to the
et diffusivity, Dt.

Theory shows that in a-Fe et propagating in Bloch states cannot lead to an observable de-
polarization [77], whereas et in metastable self-localized states that diffuse by adiabatic hopping
[22] can give rise to a detectable relaxation rate. In pilot experiments using ®8Ge 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 et motion [75]. Further investigations of this topic should include other materials, e.g. the
ferrimagnetic insulator Fe304. If a sufficiently intense beam of polarized et becomes available,
time-resolved depolarization experiments will become possible. Such experiments will allow us to
determine the et spin relaxation rate directly rather than indirectly from the dependence of the
et 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 question 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 3*-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 difficult to obtain by other means. Application of
strong magnetic fields parallel or antiparallel to the beam direction would allow us to study positro-
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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The Laboratory Positron Beam in Helsinki:
Applications to Positron Dynamics in Solids

P. Hautojérvi and H. Huomo
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Abstract: We report experiences on a laboratory positron beam based on
positron-active isotopes. Measured quantities, count rates and times are
discussed. We also show applications of the beam on positron diffusion,
mobility and defect profiling experiments.

1. Introduction

The development in the slow positron beam techniques has been very rapid (for a
review see [1]). There are now several feasible plans for high intensity (>108 e*/sec) positron
beams as described elsewhere in these proceedings.

In parallel with the trend towards intense multiuser beam facilities there exists an
increasing demand for simple, versatile and low-cost laboratory beams based on long-living
positron active isotopes. For most experiments e.g. applications to defect studies, positron
intensities of 103 e*/sec are already sufficient. Also the effective use of future high-intensity
beams requires that more groups have their own beams for preliminary tests and experiments.

In this paper we report experiences on the isotope-based laboratory beam in Helsinki.
We give also a brief account to some experiments which are feasible with this type of positron
beams.

2. The Positron Beam

Our laboratory beam became operational in 1984 [2]. It has been designed for surface
and positron physics experiments. It is an all-metal system with oil-free ultra high vacuum
(p < 10-10 mbar) pumps. The beam is magnetically guided. The moderated positrons are
extracted electrostatically and the non-moderated positrons are excluded by an ExB filter. The
beam energy can be varied from 0 eV to 30 keV with an electrostatic accelerator.

The initial positron source was Co-58 electro-deposited onto a tungsten single crystal
needle. The moderator was a W(110) single crystal in a back-scattering geometry. This
source-moderator assembly had a moderation efficiency up to 3x10-3. Intensities of 106 -107
et/sec were easily obtained with a 100-500 mCi Co-58 source. Main disadvantages of this
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arrangement were the short lifetime of Co-58 isotope (71 days) and the necessity of UHV for the
W(110) moderator. In 1989 we had to give up this technique, as the supplier failed to prepare the
special Co-58 sources for us.

Now we are using a 50 mCi Na-22 source prepared by the technique described
elsewhere [3]. The transmission moderator is a 7000 A thick W(100) foil obtained from Aarhus
University. Initially the foil was annealed 15 min at 2000°C in 1x10-8 torr vacuum. The foil is
exposed to air during mounting, which decreases the efficiency by about 20%. The present beam
intensity is 1.5x10° e*/sec corresponding to the moderation efficiency of about 3x1074,
Reference [4] contains more information on thin film moderator preparation and characterization.

3. Experimental Quantities and Counting Rates

In most experiments the annihilation radiation from the sample is monitored as a
function of the positron beam energy. Our detector is a HPGe with 35% efficiency. It is placed
4 cm away from the sample. In the following we give some typical counting rates and times
based on a beam intensity of 100 e*/sec.

i) Positronium emission from the sample surface to vacuum is measured by 3y/2y
ratio. Typically about 103 counts are collected to the annihilation peak in 30 sec. A
whole Ps fraction curve Fpy(E) takes 0.5 h.

(i1) Positron re-emission spectrum is measured at a fixed incident energy E by
observing the annihilation rate as a function of the grid bias Vg placed in front of the
sample. A typical counting time for the re-emission spectrum f(Vyg) is 0.5 h.

(iii) Doppler broadening is the slowest to measure. We collect 2x100 counts to the
511 keV peak to get the lineshape parameter S accurately enough. The counting rate
of the Ge detector is limited to 10-20 kHz not to deteriorate the resolution. The 3
min time per a point is needed and the whole S(E) curve takes 2 h.

We see that at 100 e*/sec in 0.5-2 h a whole curve Fpg(E), f(Vg) or S(E) is
measured. These data accumulation rates are much higher than in the bulk experiments with
unmoderated positrons, where typical counting time for a lifetime spectrum or Doppler
broadening takes several hours. Thus positron beam intensities around 105 and even 104 e*/sec
are still sufficient for most experiments described below.
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4. Applications to Positron Dynamics in Solids

4.1 Positron Diffusion in metals

Positron diffusion coefficient is measured by observing the fraction of positrons
returning back to the sample surface after implantation. The back-diffused fraction is determined
either from Ps emission or Doppler broadening as a function of the positron implantation energy.
The first parameter is faster to measure, but it requires a clean and stable surface i.e. UHV. In
addition, great care must be taken to subtract properly the contribution of non-thermalized Ps
which is significant at low (<5 keV) incident energies [5]. Doppler broadening measurements
requires that Ps emission does not occur (dirty sample surface). Sometimes the surface
S-parameter is rather close to the bulk one, which makes the analysis less accurate.

Fig. 1 shows our experimental results in several metals as function of temperature
[6]. The results are in agreement with the theoretical prediction De<T-1/2 due to positron
scattering by acoustic phonons.
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Fig. 2. The lineshape S-parameter as a function of positron incident energy for
various bias voltages of the Au/Si Schottky diode. From ref. [7].

4.2 Positron Mobility in Si

Positron mobility was measured by implanting positrons into the depleted layer of a
100 A Au/n-Si (P: 7.4 x 1014 cm-3) Schottky diode [7]. Changing the diode bias the electric
field strength and depletion depth could be varied from 10 to 30 kV/cm and from 1 to 3 pum,
respectively.

At small incident positron energies (E<4 keV) the lineshape parameter S does not
depend on the bias voltage, as the positrons are implanted into the Au overlayer. At higher
energies (E>5 keV) the S-parameter depends strongly on the bias, i.e. on the electric field
strength.The value of the S-parameter is a superposition of the Au and Si bulk S-parameters . At
high negative bias the field is seen to pull positrons towards the Au layer.

The analysis of the data with drift-diffusion equation gives a value p4=120%10
cm2/Vs, which corresponds to a diffusion coefficient D4=3.0+0.2 em?2s-1, During its mean life
of 220 ps a positron in Si may drift several micrometers, i.e. distances which are 10 times
longer than the thermal diffusion lenght. Long drift lengths under electric field open possibilities
to new types of positron moderators,
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4.3 Defect Profiling
As an example of a defect study in near-surface region we consider semi-insulating
GaAs implanted with 1017 60 keV H™ ions cm-2 [8]. Fig. 3 shows the S-parameter measured
before and after implantation and after annealing treatments . In presence of vacancy defects the
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Fig.4. Depth profiles of vacancy defects in

H* implanted GaAs compared to
those of displaced atoms and
hydrogen atoms. From ref. [8].

value of S is known to increase. This is easily seen in comparing the bulk and as-implanted

curves. The plateau in the as-implanted curve is attributed to saturation trapping of positrons

resulting the defect-characteristic value Sgef. The ratio Sgef/Spulk is 1.028 showing that these

defects are monovacancies. In SI-GaAs material As vacancies are positive and Ga vacancies

negative. Thus we identify the positron traps as Ga vacancies.

In the near-surface region the lineshape S-parameter is a superposition of
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annihilations in the surface, in the defects, and in the bulk. To calculate the fractions of positrons
at various states the diffusion-annihilation equation is used. The defect profile is varied until a
satisfactory fit with the calculated S(E) curve to the experiments is obtained [9].

Fig. 4 shows profiles of the H atoms obtained by nuclear resonance broadening
(NRB), displaced atoms obtained by Rutherford back-scattering and vacancy defects obtained by
positron beam [9]. The results on vacancy defects are understood in such a way that after
implantation the vacancies between 300 and 600 nm are filled with H atoms. They become
effective traps for positrons only after 470 K annealing, which is seen in Fig. 3 as the
broadening of the plateau of the T4=470 K curve compared to the as-implanted curve. The
H-void complexes appear after annealing at higher temperatures. In the S(E) curve they are seen
as a bump around 15 keV.

5. Conclusions

Positron motion and trapping is well understood in metals. Recently, much progress,
both theoretical and experimental, has been made in these problems in semiconductors. We are
reaching the state where positron beams can be applied e.g. to defect studies in near-surface
regions, thin films and overlayer. For many application, only a rather modest beam capable to
measure Doppler broadening vs. incident energy with intensity around 105 e/sec is sufficient.
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POSSIBLE SOURCE TECHNIQUES AT PSI FOR SLOW
POSITRON BEAMS
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Abstract

The various techniques available at PSI for the primary source of a slow et-beam of high
intensity are dicussed assuming conventional moderation. The final choice of a specific
source technique depends upon the type of experiments the beam will be applied for
and in some cases also upon the results of more detailed feasibility studies.

1 General Considerations

There are in principle two different ways to produce positrons, namely, by pair
production or by §* decay. In both cases, the positrons typically have energies far above the
value which is usually associated with "slow positrons” (~1eV). Therefore, it is necessary
to slow the positrons down to the desired energy range. This is usually accomplished by
stopping the high energy positrons in a solid with a negative positron work function such as
W, Ni or solid Ne. In such a solid, the positrons are slowed down to thermal energies very
rapidly compared to their lifetime in the solid. There is a certain probability that a positron,
during its diffusive motion through the solid, moves back to the surface before annihilation
with an electron of the solid occurs. Due to the negative work function, such positrons
can escape from the solid into the vacuum with a final energy which corresponds roughly
to the work function (~1eV) and with an energy spread according to the thermal motion
(~0.1eV). A monochromatic positron beam of variable energy can then be formed by means
of suitable magnetic or electrostatic fields. Unfortunately, this moderation procedure is a
very inefficient way to slow the positrons down. This is due to the fact that the range of
the fast positrons in the solid is much larger than the mean diffusion length of the positrons
(~10004), i.e. most positrons annihilate with an electron of the solid before they can reach
the surface.

A commonly used moderator is single crystal W(110). With carefully heat treated
source and moderator and optimized extraction optics, a moderation efficiency of ~0.3% has
been achieved with good long-term stability [1]. The efficiency decreased slowly by a factor
of 2 during 1 year of operation and was regained after heat treatment. Higher efficencies
have been reported for solid Ne moderators (0.7%) [2]. A completely new technique is
proposed at this workshop and will be treated in a separate contribution to this volume by
D.Taqqu. Magnetic and electrostatic confinement of the e* together with a thin moderator
is used in this method and efficiencies of >10% are quoted. In the present paper which
deals with techniques available at PSI to produce primary 8% sources of high intensity,
conventional moderation is assumed for the estimation of the final slow positron beam
intensity. e=1072 is assumed if not stated explicitly.

At this point it is important to note that the choice of a specific beam technique
not only depends upon the intensity which can be reached but also depends upon other
properties such as polarization and brightness. In principle, positrons from 3-decay are
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polarized, while those from pair production are not. However, for the production of a high
intensity beam using 3-decay sources the collection of the positrons at a large solid angle is
required, i.e. a compromise has to be made between polarization, if desired, and intensity,
depending upon the experiments for which the beam will be used.

Application of slow positrons to et-microbeams or to et-microscopy, on the other
hand, implies small beam size and angular divergence as well as low spread in energy in
addition to high intensity. These types of beam qualities can be discussed in terms of the
brightness B of the beam (see the contribution to this volume by W.B.Waeber). To increase
the brightness of a beam, remoderators are used [3] rather than collimation by appertures.
These consist of one or more stages of acceleration to ~10keV followed by focussing the
beam to moderators. In order to minimize the number of brightness enhancement stages,
it is necessary to use primary beams of small diameter and low angular divergence. This
implies small source size and moderators with low transversal energy Er of the re-emitted
positrons for high-brightness beams. In terms of Er the brightness writes as B=d?Er, where
d is the diameter of the beam. Often moderators with parallel W vanes are used together
with electrostatic extraction parallel to the re-emitting surface. Such an arrangement
results in large transversal energy since the positrons after re-emission, carry away the
positron work function energy in a direction normal to the emitting surface. For W vanes,
e.g. this gives Er~2.5e¢V. If the moderator surface is oriented normal to the beam axis
the transversal energy is Er~kT, hence ideally two orders of magnitude lower than in the
parallel geometry. High-brightness beams therefore require moderator arrangements with
the extraction normal to the emitting surfaces.

From the preceding discussion it is evident that the choice of the way in which a slow
positron beam is produced is highly dependent upon the kind of investigation intended.
This holds for the methods to produce the fast positrons as well as the slowing down
procedures and beam line considerations. In the present status of the project for a slow
et-beam at PSI, the evaluation of possible applications is still in progress. It therefore
appears not reasonable to restrict our discussion to only one specific solution for such a
beam, but rather to evaluate the different possible techniques which could in principle be
realized at PSI. This will be done in the following sections.

2 Facilities at PSI
2.1 SAPHIR Reactor

This facility is a 10MW swimming pool type light water reactor. It is presently used
mainly as a neutron source for thermal neutron scattering experiments in crystal structure
research, solid state physics and chemistry, biology etc. The fast neutron spectrum is used
for radiation damage research in material science and technology (defects in metals and
alloys, semiconductor conditioning, etc.). The production of isotopes using both thermal
and fast neutrons and training of power reactor operators are further examples.

Among other isotopes, *Cu is produced routinely for applications in positron an-
nihilation experiments (1D-ACAR) at PSI (formerly at ETH-Honggerberg). These sources
consist of 25um copper sheets (~lcm?) resulting in 1Ci ®*Cu after 12h irradiation at
8x10'*n/cm?s which is the maximum available thermal neutron flux in the core of the



Vol. 63, 1990 Proceedings of the PSI Workshop on Positrons 437

reactor. The maximum fast flux in the core is 10" cm™2s~!. It is somewhat lower at the
core edge, and decreases rapidly outside the core.

The time schedule of the reactor operating sessions is such that approx. 3-4 weeks
of operation at full power are usually followed by 1 week at low power for maintenance and
education purposes. There are 2 longer shutdowns per year (3-4 weeks) partly also due to
personnel considerations. During operation the stability of the neutron flux is excellent.
The swimming pool type of construction brings about several advantages for irradiation
experiments: ease of access, since not enclosed in a vessel, available space around the core,
certain variability of in-core and core-edge irradiation positions.

2.2 Ring Accelerator

The proton cyclotron at PSI primarily produces a proton beam of 590MeV. Prior
to injection into the high energy cyclotron, the protons are accelerated to 72MeV in an
injector cyclotron. The beam current is at present ~200pA, and at least ImA will be
available after the 12 month shutdown during 1990. This great effort to increase the beam
current was necessary mainly in order to facilitate a high flux spallation neutron source at
PSI (SINQ) which is at present under construction. This intense neutron source will be
available at the end of 1993 mainly for neutron scattering experiments using cold neutrons
at an intensity comparable with ILL. The thermal neutron flux in the moderator tank
will be comparable with SAPHIR (10'*cm™2s™"), but due to the lower accessibility (many
m? of Fe) and the possible disturbance of the neutron flux for the scattering experiments,
SAPHIR will certainly be superior to SINQ for isotope production with thermal neutrons.
For nuclear reactions with epithermal or fast neutrons SAPHIR is expected to give the
higher flux. There is, however, one possible advantage of SINQ over SAPHIR, namely in
cases where high thermal but low fast neutron flux is desired. An example will be given in
section 3.4.

The 590MeV pulsed beam extracted from the ring accelerator has a pulse repetition
frequency of 50.7MHz and a pulse width of 1ns. The beam is used to simultaneously
produce several secondary particle beams of pions, muons, neutrons and polarized protons
at different targets. The final beam dump is used for the production of neutrons (SINQ)
and is not available for isotope production. The injector cyclotron is already used for
the production of 3*-emitters for application in positron emission tomography (PET) at
PSI. For this purpose a 100uA beam of the 72MeV Injector II is split from the beam
and guided to the isotope production area. Several gaseous and liquid targets have been
developed together with chemical and physical isotope enrichment procedures in hot cells
and radiopharmaceutical carrier compounds.

3 'Possible Sources at PSI
3.1 Carbon-11

This isotope has 100% [3-emission, and no 7’s except 511keV are produced. Its half-
life is 20.3min. and the B-spectrum has a maximum energy of 1MeV. It can be produced
with protons according to the reaction

“N(p,a)!'C.
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The cross section for this reaction [4] has a threshold at 5MeV. The resonance excitation
function has a maximum of 280mb at 7MeV and the direct reaction has a relatively high
tail at higher energies (~80mb at 15MeV). The thick target yield for 26MeV protons is
200Ci/mA. Thus, with the full ImA proton beam at PSI Injector II and a moderation
efficiency of 1073, theoretically, 0.75x10'° slow et /s can be obtained.

For PET applications at PSI, the 72MeV proton beam for ! C production is reduced
to 16MeV by means of a degrader [5]. The N target consists of 15bar N; gas in a stainless
steel bottle 18cm long. There is a steady gas flow through the target. The carbon produced
reacts with traces of oxygen in the circuit to give CO,. A cold trap in the circuit serves as
a separator of the CO, from the N, carrier gas. With this existing circuit a source activity
of a few Curies has already been obtained although normal operation for this application
is at a much lower activity.

Due to ever present natural carbon in the circuit, the specific activity is much
lower than the theoretically expected value of 9.2kCi/umole. With the present equipment
50Ci/mmole is routinely obtained. For a 10Ci source on lem?, e.g., this means that the
source thickness would be 8.6mg/cm?. Comparing this with the range p/u=60mg/cm? for
gt from ''C, it is obvious that a continuously working 'CQ; source of higher activity
would need some effort to increase the specific activity. A continuously working source can
be realized by placing a cold finger behind a S-thin window which separates the target
circuit from the UHV e*-moderator vessel. Pressure reduction from 15 to less than 1bar
would probably be necessary in order to reduce the mechanical stress on the window and
the B-absorption in the gas.

To summarize, we can state that with a N, target at a proton beam current of
1001A a slow et-beam intensity of 10%e¢* /s can be expected using state-of-the-art tech-
niques. The potential of the method is nearly two orders of magnitude higher. As to which
extent this can be utilized, depends mainly upon the feasible beam current. This is limited
by the heat transfer from the gas to the water cooled target bottle. Due to heating by
stopping the protons the density of the gas is decreased in the path of the beam. To reduce
this effect, the beam can be scanned or its diameter can be increased. Also, optimization
of the degrader, the gas pressure, the dimensions of the target bottle, the N, flow and
the water cooling will be indispensible in order to obtain a high intensity e*-beam. One
should however, keep in mind that the power dissipated by a 100uA/25MeV proton beam
1s 2.5kW. In addition, increasing the current to the full 1mA of Injector II would interrupt
all other experiments at the ring accelerator. This would perhaps only be acceptable for
short periods of time, say for 1h each day.

3.2 Fluorine-18

Similar to 1C, this isotope is a 100% S*-emitter, and it has no +4’s except 511keV.

The maximum B-energy is 0.6MeV and the half-life is 110min. It is produced according to
180(p,n)ieF

using liquid 'O enriched water targets [6]-[9]. 120 enriched water is commercially available

but very expensive (~100$/g). It is now also produced at PSI for PET applications.

The cross section for the above (p,n) reaction is similar to that of '*N but with narrower

resonances and lower tail at high energy [10]. The thick target yield for 15MeV protons
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is 180Ci/mA, thus close to the result for !C. The problems connected with the power
dissipated by the beam at high current seem to be more worse for liquid targets than for
gas targets. This comes from the formation of gas bubbles in the liquid due to local boiling
and radiolytic decomposition. Vogt et al. [8] in their experiments observed a linear decrease
of the '®F yield by a factor of 2 on going from 20 to 40uA beam current.

Using state-of-the-art techniques, practical yields would result in ~10® slow et /s
for this reaction as was the case for ''C. On the other hand, high specific activities seem
to be possible (50Ci/pmole [9]). Losses due to self absorption are therefore less important.
However, the separation from the liquid target and the deposition of '*F in a continuous
way is more difficult than in the case of 1!CO,/*N. Operation in a batch mode is therefore
the more probable solution.

3.3 Cobalt-58

As an alternative to **Cu (see chapter 2.1), the SAPHIR reactor can be used to

produce *®*Co according to the reaction
*8Ni(n,p)**Co.

At PSI, a wet chemical procedure was developed to separate 5?Fe from Ni [5]. It is believed
that a similar technique can be used to separate %Co from Ni. Using the cross section
of 113mb [11] and the fast flux at SAPHIR, one obtaines 1Ci*®Co/g Ni after 70 days
of irradiation or 150mCig* /g Ni (branching ratio: 15%3%), i.e. a few kg of Ni would
be necessary to irradiate in the reactor and to chemically separate in order to produce
~10'%low e* /s with conventional moderators. This large amount of Ni and the relatively
high v background makes ®Co an unattractive isotope for intense et-beams. It may,
however, be useful for lower e*-intensities (10%*/s) if *Na or ®*Cu can not be used. The
situation is also more attractive for a high flux reactor. It is planned to make some test
runs at PSI in 1990 to produce *Co. During irradiation in the reactor, shielding of the
thermal neutron flux by Cd is necessary in order to suppress the concomitant reaction

%8Co(n,y)**Co(stable) [11].

3.4 Pair Production Using 4’s from Cd(n,y)

If Cd is placed in a thermal neutron flux, a very strong y-source can be obtained
from the prompt 4’s of the reaction **Cd(n,y)''*Cd (¢=20000b for thermal n-spectra of
light water reactors [11]). These v’s, having energies up to 6MeV, can be used for pair
production. Such an e*-source was proposed for the high flux reactor at ILL/Grenoble (see
the contribution to this volume by W.Triftshiuser). One problem of this method is that
the moderator must be placed close to the Cd-target. If an in-core position is chosen at
SAPHIR, the high flux of fast neutrons would cause a high radiation damage rate in the
moderator material and a corresponding decrease in moderation efficiency. Frequent heat
treatments would therefore be necessary or even permanent operation at high temperature
(~2000°C for W) which would also decrease the moderation efficiency. The ILL e*-source
will be at a position of much lower fast n-flux. This is not feasible at SAPHIR.

Another possibility at PSI will be SINQ. At present it is being investigated whether
there is an accessible position in the moderator tank of SINQ with high thermal flux
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(10'em~2s71) and sufficiently low fast flux. At such a position, a Cd-tube of 2cm diameter,
20cm long and with a wall thickness of 0.1lmm, surrounded by a W-tube with 0.25mm wall
thickness for pair production/moderation would yield 6x10'33+/s. Additional concentric
W-tubes can help to increase this yield. An axial electrostatic field is needed in order to
extract the slow et from the arrangement. This can be accomplished by dividing the tubes
into several longitudinal sections and applying a voltage to each section. The relative large
volume of such a source, limits the application for high brightness beams.

3.5 Electro-Production

There are efforts at PSI for the installation of an et /e™-collider storage ring operat-
ing at a lower energy than LEP at CERN, but at a higher current. Besides the interesting
features of such a machine for experiments in elementary particle physics, it would also
provide usful tools for other scientific fields, e.g. synchrotron radiation for investigations
in solid state physics and surface science. Since the positrons for these machines will be
produced by means of an e™-Linac using bremsstrahlung and pair production in a target,
it would be possible to use this Linac also as a source for slow e*. Such a combined use
would be economical because the Linac is needed only during short periods of time to load
the storage ring. For the time between these periods (several hours) the Linac would be
available for other applications.

In a recent study (B-factory) [12], a 200MeV Linac was proposed for et*-production
with an averaged e™-current of 1.5uA (1.9x10'e~ /s, 12ns pulse length, 50pulses/s). As-
suming the highest reported conversion efficiency of 8x10~%e* /e~ [13], a slow e*-intensity
of 8x107s™! can be expected. It follows that an increase of the beam current to ~200pA
would be necessary in order to reach 10 slow e*/s which is believed to be the limit of
this technique set by thermal power dissipation in the target [13]. Such high intensity et-
beams based on dedicated Linacs are planned in different laboratories (see the contribution
of S.Tanigawa in this volume and ref. [13] and the references given therein).

4 Conclusions

Pair production seems to be the most promising method if 10'%slow et /s are desired,
provided that a suitable position in the SINQ moderator tank will be available or the current
of the Linac for the planned meson factory can be increased to 200uA. Proton induced §*-
emitters such as ''C or ®F are limited by the available beam current of 100pA at Injector
I and by power dissipation in the targets at higher currents. However, this type of sources
as well as *®Co produced at SAPHIR would be useful for laboratory based beams of lower
intensity (10%%/s).
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HIGH EFFICIENCY POSITRON MODERATION

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

ABSTRACT

A new positron moderation scheme is proposed. It makes use of electric and mag-
netic fields to confine the 3% emitted by a radioactive source forcing them to slow down
within a thin foil. A specific arrangement is described where an intermediary slowed-down
beam of energy below 10 keV is produced. By directing it towards a standard moderator
optimal conversion into slow positrons is achieved. This scheme is best applied to short
lived B emitters for which a 25% moderation efficiency can be reached. Within the state
of the art technology a slow positron source intensity exceeding 2-10'° et /sec is achievable.

1. INTRODUCTION

With the steady increase of interest in the applications of slow positron beams,
various schemes have been proposed in order to produce beams of high intensity (>
10'° et /sec) [1]. In this paper, a method is presented where the high intensity is achieved
by optimizing the conversion of the A% emitted from a radioactive source into slow
positrons. The basic idea is to collect most of the Bt emitted by the source and slow
them down to quite low energy before directing them onto the moderator. In this way
no positron can enter very deep into the moderator thereby minimizing the moderation
losses.

The main features of the method are:

1. The 8% source is deposited as a thin layer on a thin foil so that almost all positrons
escape from it.

2. Confining fields force the high energy positrons to return towards the foil and slow
down in it.

3. Just before the positrons have slowed down to energies at which they may stop in
the foil, they are moved out from the slowing down path and directed towards a
moderator operated in the back reflection mode.

4. The slow positrons emitted by the moderator are extracted from the confining field
to form a standard slow positron beam.

The basic principles underlying these various steps are described in the next two
paragraphs. The achievable moderation efficiency and beam intensity are discussed in the
last paragraph.

2. CONFINEMENT

The source is deposited on the center of a thin foil over a diameter d,. The foil is
placed on the axis of a high field solenoid (at field B,) perpendicular to it. The emitted
positrons follow spiralling trajectories around the field lines so that they remain transver-
sally confined within a diameter d which exceeds d, by about twice the cyclotron radius
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of the highest energy positrons.

To this transverse confinement, a first longitudinal confining configuration is added
by increasing the axial field on both sides of the foil to a maximal value B,,. This intro-
duces a mirror action [2] so that all positrons emitted with an angle to the axis greater

than
6. = arc sin y/B,/By, (1)

are reflected back to the foil and slow down into it. Such a magnetic bottle configuration
is an efficient energy independent confining device, but only as long as multiple scattering
effects that inevitably accompany the slowing down do not move the reemission angle to
6 < 6.. The so-called escape cone (8 < 6.) is reached diffusively and the positrons will
flow out from the magnetic bottle slowly at high energy and increasingly faster as they
decellerate towards the lowest energies.

In order to conserve optimal longitudinal confinement at lower energies, another
kind of reflection element is added in the form of a positive electrostatic column at both
extremities of the solenoidal field (at B = B,). This end cap, made of a serie of ring
electrodes connected via a resistive voltage divider to a high voltage supply V;, form an
electrostatic mirror for positrons emitted from the foil with energy

eVs

2
E < i=%w% B.JB, (2

so that all positrons slowed down to E < eV, will be reflected.

Use of a high voltage parallel to a B field may require special measures to inhibit
discharges but as a 100 kV HV has already been routinely used [3] it can be anticipated
that the 100-200 kV positive HV range should be easily achievable. Under these con-
ditions, both magnetic and electrostatic mirrors contribute in a complementary way to
obtain a high confinement efficiency.

3. MODERATION AND EXTRACTION

As a result of confinement and because of the possibility of using very thin source
foils, positrons of 5-10 keV kinetic energy are still able to travel back and forth between foil
crossings. This is an energy range for which high conversion efficiency to slow positrons
have been measured. Best results have been obtained for the solid neon moderator in the
back reflection mode [4]. This moderator has also a re-emission probability distribution
for slow positrons which is optimally suited to the present extraction scheme so that it
will be adopted as the element on which the slowed-down positrons will be directed after
having been moved away from the slowing-down path.

The specific problem to be solved is how to achieve a selective displacement of the
low energy positrons with the simultaneous requirement that the operation takes place
without affecting the slow-down of the higher energy positrons. The solution proposed
here, together with the procedure used for the extraction of the slow positron beam, will
be described with reference to Fig. 1 which shows the overall system in a schematic form
together with the field distributions and some beam trajectories.

Between the two HV end caps, one has on the left side the magnetic bottle with
the source placed at its centre and the moderator close to it slightly moved downwards. On
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the right side a long solenoid operated at a field B’ < B, contains longitudinal electrodes
(E1 to E5) in which the positrons will be subjected to various electric fields. These fields
are made to vary sufficiently slowly to ensure a high degree of adiabaticity in the change
of transverse momentum.

A first requirement, the full transparency of the right magnetic mirror to low en-
ergy positrons, is achieved by placing the foil at a positive potential relative to that of
a cyclindrical electrode that extends over the region of increased magnetic field. With
AV being this potential difference (AV equals the foil potential V, in the configuration of
Fig. 1) the positrons exiting from the foil are longitudinally accelerated and the reflection
condition (1) is modified to an expression similar to (2):

—eAV
3
E> 16 B./B, ®

or

8 > arcsin \/(B,/Bn)(1+eAV/E) . (3"

This ensures the passage of all positrons emitted with an energy below the selected cut-off
energy:

E. = eAV/(B,/B,—1) . (4)

These positrons, together with many others of much higher energy, exit the mag-
netic bottle and enter the B’ field region with 8 < arcsin /B’/B, [2]. By using B’ < B,
the longitudinal velocity v is very close to the particle velocity.

As the positrons pass between the first set of vertical electrodes (E1), they are
subjected to an horizontal electric field E, drift downwards with a velocity E/B’ and exit
this field region of length ¢ displaced downwards by

! 1 4
d = v”B’/o Edz

The next set of electrodes (E2) with a maximal positive voltage V' at the middle have
the special task to separate between the higher energy positrons that pass it, get reflected
by the HV mirror and return toward the source foil whereas those with energy below the
cut-off energy E. (which equals here e(V' — V,)) are returned towards the moderator.
The positrons that pass E2 continue their path towards the HV end cap. On their
way, they transverse drifts in the three other directions (upwards, right and left) of the
same amount as the initial downwards drift. Full drift compensation is achieved in this
way for positrons initially centered on (or spiralling around) the magnetic field axis. For
off-axis trajectories, the well known E x B drift 1nhom0genelty effect [5] cumulates in the

present configuration into a slow rotation (by an angle ~ 1/v} v for each pass) around the
axis.

Positrons slowed down to a kinetic energy smaller than E, will not pass the V'
potential hill in E2 and are reflected back into E1 thereby increasing their downward drift
to 2d’. They then return into the centre of the magnetic bottle displaced downwards by
d, = 2d'\/B'/B,.
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With ¢ sufficiently high to ensure that d, is greater than the slowing down beam
diameter d (at B,), complete separation is achieved and the moderator can be placed with
its upper edge at a distance d/2 from the magnetic axis so that all returning positrons
impinge on it. This takes place with an angular distribution that extends from 0° to 90°,
so that an appreciable part of these positrons will backscatter before full moderation is
achieved. Together with the re-emitted slow positrons they return into the B’ field re-
gion, get reflected at E2 and return toward the moderator, displaced further downwards
by about d. A slight increase of the moderator potential in the downward direction (by
less than 1V per d) is introduced so that the lowest energy positrons (whose re-emission
probability in solid neon is significantly less than 100% according to Fig. 1 of ref. [4])
will not reach the moderator. The higher energy positrons reimpinge the moderator and
get re-emitted with a further reduced energy distribution. By allowing this downward
drift and remoderation to repeat itself a few times a highly efficient conversion into slow
positrons of a few eV energy width is achieved.

The trapping and downward drift of the slow positrons between moderator and
E2 terminates when the positrons reach a special downward extension of E2 in which V'
is reduced to V" < V,. Positron reflection is thereby inhibited and a beam with width
of the order of d\/B,/B’ is formed, passes below the HV end cap and exits the solenoid
via a magnetic guide where the field B is made to decrease slowly to a very low value.
Beam size increases thereby like 1/4/B but divergence decreases by the same amount
leaving the beam brightness constant [2]. As most experiments or remoderation stages
require a prior beam extraction into a field-free region, it is necessary to correct for the
angular momentum resulting from the axial magnetic field (Busch theorem, see for exam-
ple ref. [6]). This will be done in a low field solenoid by imparting to the positrons the
Larmor transverse angular velocity eB/2m in such a way that a beam focus is achieved
on the solenoid axis. This operation, which will be described in more details elsewhere
[7], should be achievable without important intensity losses and without great increase
in beam emittance. Thereafter the beam exits the solenoid with a final emittance only
slightly worse than that of a standard slow positron beam emitted from a 1 cm? moderator.

4. AN INTENSE SLOW POSITRON SOURCE

Application of this high moderation efficiency scheme to the realisation of a high
intensity slow positron source is made possible by the availability of strong positron sources
with high specific activity. The optimal source material appears to be ®F from which,
according to ref. [8], .06 umole can be produced at a specific activity of 50 Curies/umole
in a few hours irradiation of a H330 target with 20 pA of a 20 MeV proton beam. By
depositing Li'®F over 4 mm diameter on a thin 5 pg/cm? self supported carbon foil, a
3 curies source foil with 17 pg/em? is obtained. For an axial field of B, = 3 T the emitted
B* remain transversally confined during slowing down within a diameter d ~ 6 mm (at
B = B,). Averaging the foil thickness over the beam diameter d results in an average
t ~ 12 pg/em? which is significantly less than the average range of a 5 keV positron for
any angle of incidence [9]. The positron losses in the source foil can be estimated by
computing the probability (averaged over the incident angular distribution) for a positron
with energy E > E, to stop in a foil of thickness 2t instead of exiting (either by backscat-
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tering or by transmission) with an energy less than E.. This source of positron losses falls
rapidly with the increase of E.. On the other hand, optimal conversion efficiency in the
moderator requires minimizing E.. The optimal value of E. for the source and moderator
considered here can be estimated to be between 5 keV and 10 keV. It should result in an
efficiency of converting the confined positrons into slow positrons of the order of 50%.

The other relevant efficiency factor, the confinement efficiency, depends on B,/ B,,
Vg and the source properties (end energy and Z). A gross estimate for the Li'®F source,
B,./B, = 3 and Vi = 200 kV gives a result significantly greater than 50%.

Taking into account some other small losses, a resulting overall conversion effi-
ciency of the order of 25% can be expected.

The development of the proposed scheme will lead to the possibility of realizing
a slow positron source of about 2:10'° et /sec intensity at most common cyclotrons. The
required A1 source production system which has been routinely in use for many years
[10], does not appear to have reached a fundamental intensity limitation of any kind. It
can therefore be anticipated that a significant increase in proton beam current will result
in an almost proportional increase in both absolute and specific source activity so that
the present method could lead to the achievement, in a not too distant future, of a slow
positron beam with intensities in the range of 10 et /sec.
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a) Schematic overall arrangement showing the main components.

b) Longitudinal magnetic field distribution.

¢) Axial electric potential. In E2, the distribution along the extraction path (with V" maximal potential)
differs from that on the slowing down path.

d) Horizontal transverse electric field (E" on extraction path).

e) Vertical transverse electric field.

f) Various beam envelopes drawn with vertical scale increased by a factor of 20. — (1) Leftward slowing-
down beam emitted at E slightly greater than E.. - - — (1) Same beam rightward -.-.— Left bound beam
envelope after E < E.. —..-..— Same after reflection from E2. Shaded area: region of downward movement

(2) Exiting slow positron

of backscattered and slow positrons trapped between E2 and moderator.
beam.
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POSITRON MICROSCOPY, A POSSIBLE NEW
EXPERIMENT AT PSI

W.B. Waeber
Paul Scherrer Institute, CH-5232 Villigen PSI

ABSTRACT The state of the art of positron microscopy is reviewed in this pa-
per, highlighting the topics such as the basic physical processes in the various modes
of imaging and in particular the natural and technical limits of the new technique.
Trends of its further development and anticipated improvements, the main fields of
applications in condensed matter physics and materials sciences and also new types
of experiments with no analogues in electron microscopy are discussed and put into
perspective with relation to future slow positron beam technology.

1 Introduction

"Positron microscopes offer a new view of things’ — this is the title of a short note
which recently appeared in Physics Today [1]. Indeed, this statement has been demon-
strated by a number of exciting new publications on the subject during the year of 1988.

An immediate question arises as to why the positron probe interacting with matter
should be able to produce images of the same or even a better quality than many other
existing imaging techniques using above all electrons, but also ions and other primary
beams such as v’s, resulting in some secondary particles for imaging. An answer to this
question is that even if the structure of condensed matter viewed with positrons might not
be as finely resolved as with electrons, for example, it might possibly reveal a qualitatively
different picture. The so—called positron reemission microscope (PRM) as first proposed
by Hulett et al [2] in 1984 produces contrasts by more or less readily emitting positrons
from different surface regions. It is known that positrons in solids are strongly attracted
and preferentially trapped by defects [3]. Without scanning a large number of atoms as
needed for example with the scanning tunneling microscope in order to single out one
defect at the surface of a crystal, the positron microscope may be able to image individual
sites or spatial distributions of monovacancies in ’one single shot’ [1]. Of course, with the
currently available slow positron laboratory beam intensities (state of the art ~ 10° e* /sec)
such a single shot would take several hours for the imaging process. Hence, the basis for
any practical positron microscope is an intense source and a bright beam of low—energy
positrons. This is one important instance that calls for very bright, highest intensity slow
positron beams.

With respect to radiation damage of biological samples, for example, there is a dis-
tinct advantage of a PRM over the transmission electron microscope since it is eV energies
of positrons versus energies several orders of magnitude times greater, which traverse the
specimen material. Other applications, above all in surface and thin film physics and in
defect physics are indicated, as well as sophisticated combinations of microscopic imag-
ing with positron annihilation or spectroscopy techniques for studying spatially resolved
trapping sites, for example.
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In this reviewing note the state of the art of positron microscopy is summarized
by referring mainly to the work of two leading groups in the field: those at the Michigan
University and at the Brandeis University-Bell Labs respectively, who independently re-
alized the successful operation of PRM instruments. It will become evident that positron
microscopy experiments at PSI would open up an exciting new field of applications in
condensed matter physics provided an intense slow positron beam facility were available
[4]. In the following sections the various types of positron microscopes are presented, a
discussion of the limits of the technique follows, and some fields of specific applications
are mentioned, also by showing various possibilities to combine other more conventional
positron techniques with space resolving positron imaging and microbeam techniques.

2 Positron versus Electron Microscopy

With respect to transmission microscopy any quantitative comparison between
positron and electron microscopy is somewhat unbalanced, because positrons can hardly
ever compete with electrons which already offer very high resolution. Nevertheless, it may
be interesting to look at the scattering behaviour of positrons interacting with matter
in order to isolate the gradual differences between positrons and electrons, resulting for
example, in pronounced amplitude and phase contrast changes.

The reemission microscope (PRM), however, exploits unique features of the positron,
which leads to differences that are much more of a qualitative than of a quantitative nature.
The basic design of such a microscope was first suggested in 1984 by Hulett, Dale and
Pendyala of Oak Ridge National Laboratory [2]. Variants of such a PRM have been built

and are reviewed below.

2.1 The Transmission Positron Microscope

Van House and Rich at Michigan University have realized a transmission positron
microscope TPM [5] in which a positron beam of intensity 3.5 x 10° e*/sec, focused into
a 1.7 mm spot at the target, passes through the sample without thermalizing within the
sample material. They produced images with a beam energy set at 1.3 keV for polymer
foils ~ 400 A thick with a magnification factor of 55, a resolution of 4000 nm and a 4 h
running time. As in transmission electron microscopy, the TPM samples primarily bulk
properties of thin targets; good contrast is obtained for positron interactions at energies
E > 2keV.

The scattering interactions with matter for positron energies in the range 1 keV
< E < 1MeV are governed by a much more effective screening of the nuclei than would be
experienced by electrons, especially for E < 100 keV, resulting in a substantially reduced
small-angle scattering and in a strongly Z-dependent difference in the amplitude contrast:
between 10 % for Z = 8 and 130 % for Z = 80 at E = 50 keV. For lower positron
energies these differences would even become 2-3 times larger. As further pointed out
in reference [5], a comparison between TPM and TEM images could provide information
on atomic form factors and an enhanced sensitive microanalysis is indicated, due to the
mentioned screening differences and the strong Z-dependence, respectively. For E > 100
keV the range of positrons in the bulk solid is a factor of 1.3 larger than for electrons
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as a consequence of the reduced elastic scattering. This means that thicker targets or
lower energies for a given contrast could be used in the positron case. Furthermore, due
to the strong repulsion of positrons by the nuclear charge, an equally pronounced Z-
dependence in the phase contrast differences as found for the amplitude contrast is the
result. Of course, there are several further substantial differences between the electron and
the positron behaviour in solids, such as the relative contributions of elastic and inelastic
scattering to the contrast, as well as a larger positron energy loss per unit length due to the
increased inelastic scattering resulting in a more intense secondary electron production.
These differences and other intrinsic positron properties in solids could prove to be of use
in specific applications with no analogue in the electron microscopy case. For a further
reaching discussion, reference [5] and the references therein should be consulted.

2.2 The Positron Reemission Microscope

The PRM is clearly distinct from a standard electron microscope. In a reemission
microscope a positron beam with initial energies of 1 — 10 keV is implanted within a
diffusion length of the sample surface (~ 100 — 1000 A) The positrons become thermalized
and a fraction of up to 50 % of the incident positrons may be reemitted spontaneously
as slow positrons (~ 1 eV) from the surface if the sample has a negative affinity (work
function) for positrons. For an extended table of work functions see e.g. reference [6]. A
fairly small energy spread of the emitted positrons facilitates sharp images by subsequent
acceleration and focusing of the positrons to form an image of the reemitting surface on
a detector which is sensitive to the position of the emerging positrons. The nature of the
low energy positron emission process, and the short depth of the small accelerating fields
for imaging combine to make the PRM an extremely surface- and near-surface-sensitive
device, sampling positron interactions occurring at eV energies.

The Michigan group PRM [7] is designed in a reflection geometry (Figure 1). An
off-axis positron beam illuminates the sample at an angle from the front, and the positrons
are reemitted from the sample’s front surface. Hence, this design allows direct imaging of
thick targets. The reflection geometry also allows an energy dependent, and thus depth
controlled, implantation of the incident positrons into the sample, thus resulting in the
possibility of depth profiling subsurface features. Van House and Rich studied tungsten
and molybdenum foils whose surfaces had been masked by a grid prior to bombardment
with ions. The near—surface defect sensitivity of the PRM contrast between the bombarded
and masked portions was clearly demonstrated. Images were taken of a variety of targets,
among them the image of an N, bombarded Mo foil was taken at a magnification factor
of 56 and a resolution of 2300 nm. It required 30 h to accumulate at an incident beam
intensity of 5 x 10° e*/sec and an incident energy of 2 keV.

The Brandeis—Bell Labs PRM instrument [8] closely follows the original Oak Ridge
conception [2] in which the sample was to be placed on a 1 — 10 nm thick substrate. Positron
beam back illumination of the substrate, thermalization of the positrons in the substrate
and reemission from the front side would allow to image the sample by a shadowing effect.
By contrast, in the device of Brandes, Canter and Mills, a 150 nm thick Nickel film replaces
the above mentioned substrate and sample. The positron beam used in their experiment
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face of the sample material.

employed two stages of brightness enhancement (see section 3). With an attained intensity
of 10* et /sec, accelerated to 5 keV and brought to a focus of 20 um diameter on the back of
the sample, the positrons emitted from the front were magnified by objective and projector
lenses by a magnification factor of 1150 producing an image (Figure 2) in a 14 h running
time with an experimental resolution of 300 nm. As pointed out by Brandes et al [8], a
flux increase by several orders of magnitude would be feasible by installing a 100-mCi ?Na
instead of a 80—mCi *Co source, a solid Ne positron moderator and cooled remoderators
for the two brightness enhancement stages.

3 Positron Microscopy and its Limits

Spatial resolution, positron beam properties and restrictions in the preparation of
the samples and their environmental conditions are important items to be considered when
discussing natural and technical limits in positron microscopy. Detailed discussions of the
influence of various instrumental parameters on the resolution can be found in references
[5,7,8]. In this reviewing note we shall concentrate on the various physical mechanisms
that will determine the resolving power of positron microscopes.



452 Proceedings of the PSI Workshop on Positrons H.P.A.

3.1 Resolution of positron microscopes

In direct imaging of features, the overall resolution will be determined, generally
speaking, by a convolution of the characteristics of physical processes in the target and the
instrumental characteristics such as aberrations of the positron optical system, primary
beam properties and detector properties. As for the PRM, the physical effects in the tar-
get which enter this convolution are determined by the combined variation in the positron
implantation depth, the positron diffusion prior to reemission and an energy dependent
positron reemission probability €, averaged over the microscope’s field of view. By com-
parison, for the TPM the role of the target is taken over by the moderator or remoderator
(see section 3.2) used to generate the primary positron beam. Whence, in the case of the
transmission microscope the diffusion length of positrons in the target does not enter the
resolution function, because there is no thermalisation of positrons in the target.

In the TPM case, where the resolution depends on instrumental characteristics and
target properties through chromatic aberration only, it can easily be shown [5] that there
exists a ’diffraction limit’ of the resolution, scaling with the de Broglie wavelength as ~ A%/4,
while neglecting chromatic aberrations (variation AE < E at the target). For a primary
beam energy E = 100 keV at the target, this amounts to ~ 2 A. If the prerequirements
of sufficiently bright and intense beams were fulfilled (see below and Figure 3) this limit
would easily compare with resolution limits achieved with modern TEM’s.

Contrast in a PRM image may be provided by variations in bulk defect densities,
different crystal orientations and various surface phenomena that attenuate the emitted
positrons or affect the positron work function and hence the reemission probability e.

If bulk positron interactions determine the features of an image, their resolution is
then limited by the positron thermal diffusion length (100-1000 A) Both the reflection
mode and the transmission mode PRM employ the same contrast mechanisms for bulk
defect imaging, because defects which trap or scatter positrons diffusing back to the surface
will be imaged, regardless of the mode of implantation.

On the other hand, only defects within a few nm from the surface can be imaged
effectively. The further a defect is below the positron emitting surface, the more difficult
it is to observe it due to lateral diffusion around the defect. Surface and near surface
phenomena like defects, adsorbates, overlayer islands or thin film overlayers give rise to
variations in the reemission rate near the point of positron emission, which in turn result in
higher resolution (as small as a few A [7], in any case < 10 A, the de Broglie wavelength of
the emitted positrons [8])! depending on the details of the positron interactions with such
surface phenomena. This makes the PRM extremely surface-sensitive. The resolution
will be limited in this case by the instrumental resolution alone since, again, there is no
target specific thermal diffusion involved in this imaging process. The ultimate resolution
of the Michigan group PRM is in fact limited by geometry (Figure 1): the off-axis incident
beam prevents one from moving the imaging lens closer to the sample. In the transmission
mode PRM the positrons are introduced from behind an overlying structure. It has the

In references [8,12] Canter et al hope that the reemission microscopy technique might lead to a form of
holographic imaging by interference between emitted positrons from the substrate and scattered positrons
from adsorbed atoms or molecules. Thus, the 1 nm resolution limit could eventually be circumvented.
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Figure3: The horizontal line at 1 nm resolution gives the de Broglie wavelength A of 1.5 eV
positrons. A determines the diffraction limit to the resolution. The inclined lines give the
resolution limit due to positron statistics as a function of the intensity of the slow positron
beam.

advantage that surface features are illuminated only by ~ 1 eV positrons, an important
aspect when concerned with biological sample material. Hence, a PRM installed at a high
flux facility (> 10' e*/s) would allow to observe the dynamics of monovacancy diffusion
[12], early stages of precipitate nucleation and of radiation damage, for example.

Last but not least, one of several contributions to the resolution of a positron mi-
croscope is a counting-statistics limited term proportional to the inverse square root of
the positron flux density. Figure 3 shows the resolution limit due to positron statistics
as a function of slow positron beam intensity and exposure time. The limit is given for 3
different exposure times under the same assumptions as in reference (8] but with cooled
remoderators for the brightness enhancement (see section 3.2).

3.2 Brightness enhancement of positron beams

Equally important as beam intensity is flux (i.e. intensity per unit area) incident
on the sample in a microscope or microprobe application. For high magnification positron
reemission microscopy it is an absolute necessity that sufficient brightness of the primary
beam is available. This means that questions about phase space characteristics of positron
beams are essential: In order to focus a beam down to a small spot (typically > 1 um)
the brightness of the primary beam moderator has to be given equal attention as is given
to maximizing the beam intensity. Brightness is a measure not only of the intensity of the
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beam but of its diameter and angular divergence. Thus, in order to convert a quoted beam
intensity of, say, 10'° et /sec into an optimal flux at the sample in a microscope, one has
to know more about the details of the actual beam design [9].

Various phase space issues and corresponding limits are discussed in the references
[10,11]. The brightness of a beam is defined as a current per unit area per unit solid angle;
per unit energy it can be written as R = I /(T?E), where I is the intensity, I' = 26d is the
phase space occupied by the slow positrons in the beam with longitudinal particle kinetic
energy E, beam diameter d and half angular spread 6. It is appropriate now to mention
the statement of the Liouville theorem: The particle density in phase space is constant if
the beam is only acted upon by conservative forces. For a constant longitudinal energy
spread AFE this means, that the brightness per unit energy is also a constant. Hence, in
analogy to the above formulation, considering a moderator of diameter D and transverse
energy Er < E, and by using the relation I'vVE = 2D+/E7, the brightness (per unit energy
normalized to source activity) of a moderator can be written as [12]

Rm = E/(4.D2ET) y

where € is the moderator efficiency.

Yet, brightness enhancement of positron beams can be achieved and a method for
this has been proposed by Mills [13] in 1980. He recognized that the moderation used to
generate a positron beam (i.e. the thermalization process of positrons in a solid) is not a
conservative process and that Liouville’s condition should not apply to it. Mills proposed
that a beam with enhanced brightness could be obtained by

accelerating(to a few keV) + focusing(down to ~ 1072D) + remoderation

of the positrons by a small crystal, which would thermalize and reemit the low—energy
positrons from a small area with low angular divergence. Canter et al [12] estimated with
the above figures a 103 increase in R,, and a loss down to one tenth of the original intensity
by assuming a 10 % remoderation efficiency. Further details of such enhancement stages
can be found e.g. in [12].

Mills’s enhancement concept was experimentally verified in 1985 by Frieze et al [14];
Canter et al [8] used such enhancement stages in their PRM to reduce the beam area by
several 10° and to increase the beam brightness by a factor of 500. Their final result was
a 5 keV beam with ~ 10* et /sec whose full width at half maximum was 12 ym. They
anticipated an improvement in the resolution by increasing the brightness enhancement
factor to 25’000 when using more intense radioactive sources, switching to more efficient
primary moderator and cooled remoderator stages.

3.3 Specimen preparation and environmental conditions

Appreciable change of ¢(E), the reemission probability, may result from heat treat-
ments and from vacuum condition changes, which have, of course, to guarantee repro-
ducible values of e. On the other hand, for biological materials high vacuum required in
any particle microscope technique may be a limit to study such samples.
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The reflection mode PRM offers a wide spectrum of choice and preparation of tar-
gets, it is thus particularly useful in surface physics and materials sciences. This geometry
allows an energy dependent implantation of positrons, and therefore the possibility exists
to perform depth profiling of subsurface features. However, its resolution is limited by
geometry (see section 3.1).

Sample preparation for the transmission type PRM is more critical, because targets
have to be thin enough to allow the passage of positrons and thick enough to allow for
thermalization to occur. Depth profiling is also possible, however, there is the restriction
in sample thickness.

Positron microbeam technology is useful to apply to positron surface and bulk spec-
troscopies as well as ACAR or life time spectroscopy on small samples, or in a spatially
resolved mode for inhomogeneous samples (certain high T, compounds, for example) [15].
Microbeams can also be used to improve the angular resolution of ACAR instruments.

4 Applications of Positron Microscopy Techniques

The TPM should have a variety of new applications as a result of the different
contrast which appears when positrons rather than electrons are used as the imaging
particles (see section 2.1 and reference [5]). Furthermore, as a consequence of a larger
energy loss per unit length for positrons than for electrons, the secondary electron intensity
of a thin target in a TPM will be increased and the spectral composition altered when
positrons are incident on the target. When combined with a secondary electron analysis
technique, the TPM will provide a different sensitivity to target composition from that of
a TEM.

The areas of application of a PRM are radically different from those of the TPM.
We have seen that resolutions of a few A are possible in a PRM, especially when imaging
surface and near surface features, for example, to image single vacancies in a crystal or
overlayer molecules of biological interest [8]. The defect sensitivity of the PRM may also
be useful in studies of the role of surface defects in materials science applications. Surface
sensitivity will also be present in the scanning positron microprobe. In reference [16],
Brandes et al discuss applications to defect spectroscopy and observation of small samples,
a problem which is discussed also in [15].

An experimental combination of positron microscopy with annihilation techniques
would result in a method that has no analogue in electron microscopy. Such a combination
would allow to obtain new information such as distinguishing various types of positron
trapping sites, like monovacancies, grain boundaries or misfit dislocations at precipitate
interfaces, in a spatially resolved mode. In addition, the Michigan group [7] considers the
incorporation of an energy analyser with an energy resolution of about 0.1 €V in their
PRM so that high spatial resolution imaging could be combined with reemitted positron
spectroscopy [17] of thin metal films and multilayer systems. One could then selectively
image layers of specific material (depth profiling), alloyed or pseudomorphically deformed
layers [18] or overlayer islands for nucleation or growth studies [17].

PSI is considering the feasibility of applying positron reemission microscopy charac-
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terized by ’high spatial resolution imaging in seconds’, and by a combination of positron
imaging with annihilation techniques. A first objective of such experiments would be to
study space resolved positron trapping sites in low temperature irradiated iron-copper
alloys.

5 Conclusions

Positron microscopy views things differently, it offers new applications in ma-
terials science, in particular for defect analysis and surface physics. Positron microscopy
is less destructive for biological material or molecules on top of the reemitting surface, for
example, since it is eV energies of positrons which image objects in positron reemission
microscopes.

The availability of an intense slow positron beam facility is essential. It gives
positron reemission microscopy the unique ability to observe the dynamics of monova-
cancy migration and aggregation in the earliest stages of precipitate nucleation or metal
fatigue, for example. An efficient way to realize such instruments at PSI is indicated by
collaborative ventures with experienced university groups and interested industry research
laboratories.

A combination of positron microscopy with annihilation techniques would
add new and necessary information for distinguishing between positron trapping sites
in a spatially resolved way. The combination of high spatial resolution imaging with
reemitted positron spectroscopy of thin metal films and multilayer systems would
offer the selective imaging of layers of specific material, i.e. a kind of depth profiling.

Positron microscopy is still in an early phase of development. It tends to become a
new and powerful technique with great potential for materials science applications. More-
over, positron beam technology has reached a level of development where studies in cer-
tain cases begin to go beyond the capabilities of electrons, in particular in surface and
defect structure determinations. Considering the already existing infrastructure at PSI
(cryophysics, UHV technology, charged particle beam technology, detector technology) to-
gether with important user group interests, this is the right moment to enter an exciting
new area of research.
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SUMMING UP

M. Peter and A.A. Manuel
Département de Physique de la Matiére Condensée, Université de Geneéve,
24 quai E. Ansermet, CH-1211 Genéve 4, Switzerland

The purpose of the workshop on high intensity positron beams held at the Paul
Scherrer Institute (PSI) was to obtain the opinion of some of the world’s experts on the po-
tential interest for the development, at the PSI, of a large scale effort for the production (and
the detection) of positrons for the investigation of condensed matter. The program was or-
ganised around three topics:

- Intense sources around the world,

- Applications of positrons in condensed matter physics,

- Possible techniques and experiments at PSI.

1. Recent positron beam technology!

Among the sources of positrons we can distinguish between 1) pair production in
heavy targets and 2) the use of radioactive isotopes. We briefly summarize some typical
characteristics of the facilities which have been presented or mentioned during the work-
shop, keeping in mind that exact comparisons are difficult and sometimes misleading.

A. Pair production based facilities.

In this category there is one exception to LINAC-based systems. It is the project
of the Laue Langevin Institute2. The 113 Cd(n,y)!14Cd nuclear reaction will be used to cre-
ate high energetic y-rays which will be converted in 10!3 positron-electron pairs per second
in W moderators inserted in a "positron bottle". After remoderation and extraction a flux of
1010 slow positrons/sec is expected3.

Six LINAC-based systems actually in operation were outlined:

1) Livermore: 120MeV LINAC, flux 7 109 (instantaneous) 2 107 (average) mo-
noenergetic positrons/sec. The energy of positrons may be fixed between  740eV and
18keV4

2) Oak Ridge: 150-180MeV, 50-60kW LINAC with pulse width of 2-40ns and rep-
etition frequency of 30-1000Hz. Using W moderator, 1.1 108 positrons/sec (at 33kW) are
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obtained with a typical energy of 3keV>.

3) Giessen: The Giessen facility to produce slow positrons (TEPOS) is using a
65MeV LINAC. At 34keV it delivers a maximum current of 200A (time average), used to
produce a monoenergetic positron beam of 108 positrons/sec (time average). The diameter of
the beam is of the order of 10mm (50% of the flux) and the energy can be fixed between
10eV and 80keV®. A separate new beam line is under construction’.

4) Mainz: a LINAC of 200MeV is used® to project electrons on a watercooled Ta
target. Using W moderator, a beam of about 2 107 positrons of about 60eV are produced per
second. The spot is collimated to a diameter of Smm at the sample.

5) ETL Tsukuba: a 75MeV, 4uA LINAC is used to produce® a beam of 107 slow
positrons/sec after pulse stretching!® using a Penning trap. Monoenergetic positrons up to
~35keV are available.

6) JAERI Tokai: Herell, the 100MeV LINAC has a peak intensity of 6A for pulse
width of 25ns at the frequency of 600Hz. Using Ti moderator, a beam of 109 positrons/sec is
obtained. The energy of positrons is 2eV (peak) 2eV (FWHM). Pulse stretching available.

One LINAC-based facility is under study. It is the Positron Factory Project in Ja-
panl2, With a 100kW, 100MeV (max.) LINAC producing pulses up to 100usec width at
1000Hz, 1010 slow positrons/sec are expected from this large scale facility which will be
equipped with various kind of instrumentation. We have not quoted high-energy physics fa-
cilities like the SLC!3 etc.

B. Use of radioactive isotopes.

Three positron emitters are commonly used: 4Cu (T; /=13 hours, positron yield=
19%), 38Co (T =71 days, positron yield=15%) and 22Na (T 12=2.6 years, positron
yield=89%). The following 1%boratories have been presented or mentioned during the work-
shop:

Tsukuba, University: 25mCi of 22Na irradiate a W vane moderator. Monoenergetic
positron beam of 0-50keV is available!4. This group is actually planning to use a mini-cyclo-
tron to produce short-lived positron emitters with high intensities.

NIRIM, Tsukuba: T. Akahane and T. Chiba are now testing a micro-beam!?>.

Stuttgart: From 16mCi of 22Na and W moderator, a beam of 4mm in diameter hav-
ing a flux of 6 104 slow positrons is formed. It is available for various kind of studies. From
this beam, using a Pelletron accelerator, relativistic (0.5-6.5MeV) positrons may be sent on
various beam lines. One is equipped with a "positron clock” to perform lifetime measure-
ments with a resolution of 175ps (FWHM)!6,
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East Anglia: Using 20mCi of 22Na, a 1-8keV flux is obtained. Remoderation and fo-
calisation lead to a sub-millimetre beam!17,

Munich: Using a 30mCi 22Na source and W(100) single crystal of 1um thickness as
transmission moderator (efficiency of 4 10-4), a beam of 2mm in diameter is formed having a
flux of 4 103 positrons/sec (dc) and 6 104 positrons/sec in pulses of ~ 135ps (FWHM) dura-
tion. The energy range is 50eV - 40keV for the dc beam and 500eV - 40keV for the pulsed
onel8. The pulsed beam permits to increase the resolution of lifetime measurements up to
240ps.

Helsinki: a 4x7mm?2 beam of 4.7 106 positrons/sec is obtained using 300mCi of 58Co
and a W moderator with an efficiency (including transport) of 0.28%. The energy of the beam
may be tuned from 1eV to 35ke V19,

Trento: Solenoid beam, 22Na 5mCi, 4um thick W film as transmission moderator,
intensity ~103 positrons/sec, continuous, diameter of the beam: 5mm, energy: 100eV-
30ke V20,

Brookhaven: This laboratory is exploiting beams of various kinds. We quote two of
them. The first uses 4Cu as positrons source. The low half-life and high activation cross-
section of this isotope are used to produce very intensive sources (22Ci, total activities of
115Ci) with a flux of 2.4 1015 thermal neutrons per cm? and per sec. Using Cu as moderator,
a beam of 108 monoenergetic positrons per sec. is obtained?!. Another installation2? produc-
es an adjustable, 0.5 to 3.0MeV, beam of 3 105 monoenergetic positrons per sec., from a
70mCi 22Na source. The diameter of the beam is 1.1 mm FWHM at 2.2MeV.

Brandeis and AT&T: These groups have developed a micro-beam of 5keV posi-
trons having a diameter of 12um FWHM. This is achieved from 100mCi of 38Co by succes-
sive moderation-focalisation to finally obtain a brightness enhancement of 500x23-

Wayne: W moderators are used to produce a beam of > 105 positrons/sec with an
energy of 200eV (spread of 2eV) from a 50mCi 22Na source?*,

The above list is far to be complete. Here again, we have not considered high-ener-
gy physics positron sources. In solid state, atomic, and molecular physics, other develop-
ments have been made in Europe, US and Japan. More information may be found in the pro-
ceedings of ICPA-8, Gent, 198825,

2. Motivations for the construction of an intense positron beam at PSI

Positron annihilation opens up to wide domains of physics. The lifetime of positrons
in matter correlates with the spatial electron density. Hence lifetime data are used for the
measurements of samples quality. The Angular Correlation (ACAR) measures electron
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momentum density (EMD), or, more exactly the electron-positron momentum density. The
information is therefore less direct than the EMD obtained by Compton scattering but still,
it is an efficient method which in favourable cases can be implemented in ordinary laboratory
conditions. Fermi surfaces can be deduced from EMD’s. The experimental EMD’s can be
checked against the available numerical predictions. De Haas-van Alphen measurements
give also information on Fermi surfaces, but this method is only applicable if the collision
rate is smaller than the cyclotron frequency: ACPAR is not subject to such extrinsic limita-
tions. In addition, deviations from the single particle models can be detected, which allows
calibration of different theoretical models.

Positrons from common beta-emitting sources penetrate tens to hundreds of mi-
crons into the samples before annihilation: ACAR is thus a bulk method. This is again a con-
siderable advantage over competing methods like for instance SPARPES where results are
subject to the question of the relevance of results from the surface to the bulk properties.

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.

Sources of increased intensity will allow essential improvements in the ACPAR
techniques. And, for reasons of self-absorption and lifetime, the essential breakthrough will
necessitate proximity of a large device; either a reactor or a powerful beam. (We noticed
however in the focusing techniques explained by Triftshduser a possibility of concentrating
positrons from a larger surface of conventional emitters). Increased intensity brings a much
needed gain in measurement speed: at present, a full analysis of a substance takes months!
Such increased intensity will necessitate improved detectors (shorter response time), this
appears to be technically possible. The surface of the detectors has direct bearing on the
measuring speed, this underlines even more the necessity of maximize detector performanc-
es in parallel with the development of high performance sources.

Monoenergetic positrons will allow selection of penetration depth and hence
ACPAR at controlled depth. The advantage for the investigation of surface properties is evi-
dent. Selection of monoenergetic positrons is however rather inefficient, which means again
the necessity of a very intense beam to start with. The highest efficiency is actually ob-
tained using Ne moderators26. The possibility of a spatial decomposition of the beam into
components of different energies with possibility of simultaneous observation is to be stud-
ied.

Strong spatial focusing of the positron beam is another obvious advantage. In many
materials it is difficult or impossible to prepare large single crystals of good quality, and with
homogeneous properties. Or, if it is possible, then only after annealing periods of the order of
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months. Hence rapid investigation of samples of different compositions and preparations is
rarely compatible with the necessity for large crystals.

The possibility of time bunching of positrons offers in addition the possibility of dy-
namic studies. The presence of very high positron densities could open more exotic possibili-
ties such as the possibility of the positron-electron laser and the transmission positron
microscope which is discussed by Waeber. 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 concentration of the best specialists in cooperative efforts.

Coordination is possible: At present it is not clear which method of positron pro-
duction will produce the best results. Different schemes are presently proposed and should
be tried. No system is in view which would be so powerful in satisfying all experimental
need. For these reasons, the participants to the workshop arrived to the following proposi-
tion:

proposition:

Scientists assisting the workshop on intense beams of slow positrons and applica-
tions, considering 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, surfaces, which could
be studies with an intense beam,
- great efforts are undertaken in several institutions, that the problem is timely and
that coordination is possible,
recommend that PSI seriously consider the construction of an intense slow positron
source. This would present an essential contribution to the contemporary research in con-
densed matter physics.
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