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Abstract. Some applications of controlled-energy positron beams in material studies are discussed. In porous
organic polysilicates, measurements of 3y annihilation by Doppler broadening (DB) method at the Trento Uni-
versity allowed to trace pore closing and filling by water vapor. In silicon coimplanted by He* and H*, DB data
combined with positron lifetime measurements at the Miinchen pulsed positron beam allowed to explain Si
blistering. Presently measured samples of W for applications in thermonuclear reactors, irradiated by W* and

electrons, show vast changes of positron lifetimes, indicating complex dynamics of defects.
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Positron defectoscopy

Positron annihilation is one of the few really non-
destructive techniques in material science, giving
unique information on types and concentrations
of defects, even at a single parts per million (ppm)
level, see, for example, [1]. Applications of positron
annihilation techniques span from semiconductors
[2, 3] and metals [4] to polymers [5] and porous
media [6]. In each case, answers given by positron
methods are unique and complementary to other
techniques.

Two most common techniques, the analysis of
Doppler broadening (DB) of the 511-keV annihila-
tion line and the positron lifetime measurements,
are to some extent complementary. The broadening
brings information on momenta of electrons that
positrons annihilate with. The main contribution
to the annihilation comes from valence electrons,
that is, possessing a few electron-volts energy. In the
relativistic transformation, these energies translate
to broadening of a few kiloelectron-volts, i.e. simi-
lar to the intrinsic resolution of gamma detectors
used in experiments. Therefore, the information on
relative contributions from valence and core (i.e.,
from defect sites) electrons is not straightforward.
Somewhat phenomenological line-broadening pa-
rameters (central area S parameter, W lateral area,
V 3y annihilation) are used, and some normalization
is needed to make comparison between different
experiments and theories. Evaluation of DB requires
not only information of the overlap between a posi-
tron and electrons in the material but also a detailed
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knowledge of electronic momenta of electrons that
positrons annihilate with [7].

Theories are quite successful in predicting posi-
tron lifetime, especially in non-defected (and low-Z)
materials. The experiment is not easy, again. In pure
metals, positron lifetimes are in the 100-200 ps range,
see, for example, [8]. The fastest techniques show
intrinsic resolutions not better than 160-180 ps, see,
for example, [9]. In order to extract components of
lifetime spectra that are characteristic for a given
type of defect, numerical deconvolution procedures
should be applied and results are subject to careful
validations, see, for example, [10]. Precise measure-
ments allow to distinguish closely positioned lifetime
components, such as 221 ps in pure silicon and
250 ps in oxygen (or arsenic) decorated vacancies
in Si [11, 12].

Positron beams

In order to obtain a depth-resolved defectoscopy, the
energy of injected positrons should be controlled, i.e.
positrons should form a beam [13-15]. Particularly
difficult is constructing beams for lifetime measure-
ments, as ultra-rapid bunching is needed [16, 17].

In spite of numerous attempts, few positron
beams are technologically operative. Several reasons
lay behind, the principal being high-operative costs
of positron sources. The most frequently used source
is *Na isotope, uniquely from iThemba LABS, South
Africa. Difficulties in preparing strong radioactive
sources induced alternative ways of producing
positrons. Miinchen lifetime apparatus [18] uses a
neutron flux from Garching nuclear reactor. High-
-energy gamma produced in neutron capture in Cd
are subsequently used for the production of e*e~
pairs production in the Bremsstrahlung process in a
Pt foil. Combined DB and lifetime measurements at
Japanese positron facility in Tsukuba use an intense
positron beam produced by an electron linear accel-
erator and a brightness enhancement method [19].

The mean implantation depth is related to the
positron energy and target density through the
relation

<z> =40 E"%/p

where z is given in nm, E in keV, and p in g/cm?®.

The implantation profile is expressed by a de-
rivate of Gaussian function. Owing to this profile
(and the diffusion length of thermalized positrons),
the depth resolution worsens with the implanta-
tion depth. However, positrons remain particularly
sensitive to any discontinuities, impurities, interior
electrical fields, or even mechanical stress inside
studied structures [20].

Case study | — porous materials

Porous materials are used as molecular sieves, as
low-¢ dielectrics, and recently, as possible source
of positronium for antigravity experiments [21]. In
empty (i.e., air filled) cavities, the injected positron

can attach an electron and form a free positronium.
The ortho-positronium, annihilating into three
gamma quanta and with lifetime of 142 ns is formed
in the statistical weight 3:1 as compared to para-
-positronium (annihilating into two 511 keV quanta
and with 125 ps lifetime). In condensed matter,
because of electron contact densities, the lifetime of
0-Ps is shorter than that in a free space. The inten-
sity of a long-lifetime (in the range of nanosecond)
component is an indication of the presence of free
volumes in the material, and the value of this lifetime
is related to the cavity volume and shape [22, 23].

Large cavities (as deduced from positron lifetimes
in tens of nanosecond range [24]) can be formed in
boron-based (Vycor) glasses after chemical etching
of sodium (and boron) matrices. Recent measure-
ments of the o-Ps lifetime in Vycor glasses [25] vs.
temperature showed some persistent hysteresis:
lifetimes change after cooling cycles and remain such
until baking of the sample is applied. Measurements
without the use of positron beams hardly explain
this problem.

Brusa and collaborators [26, 27] exploited a
similar question using energy-controlled positron
beam and monitoring all three parameters (S, W,
V) of DB. Material under study were thin layers
(310 nm) of porous, low-¢ SiIOCH, deposited on Si
by plasma reactions from trimethylsilane. Layers
were then capped by a 45-nm thick layer formed in
a separate N, discharge.

Positron beam measurements aimed to explain
aging properties of such layers. In Fig. 1, we present
the ratio R between the low-energy wing param-
eter V, corresponding to gamma energies between
410 keV < E, <500 keV, and the central part param-
eter S, E, = 511 =+ 0.85 keV. This ratio reflects the
annihilation into three gamma quanta, because of
the o-Ps formation. Positron implantation energy
was between 80 eV and 26 keV, what in this sand-
wich material corresponds to the depth between
3 nm and 5 um. The deconvolution of the annihilation
parameters vs. the positron implantation depth (and
diffusion) was done with VEPFIT numerical package.

At the depth between capping and the silicon
substrate, high values of the R parameter (up to
R = 7 in the center of the layer) are visible, indi-
cating porosity of the SIOCH layer. Assuming the
spherical shape of pores, their size of about 1.3-1.4
nm was deduced. Annealing the samples at 900°C
causes pores to coalesce, bringing R parameter to the
value of about 2. A change in R parameters is also
seen between 600 and 700°C, indicating probably a
chemical change in the lining of nanocavities (no such
a change is seen in S parameter).

Storing samples in air for one month causes
a similar effect as the high-temperature anneal-
ing — pores seem to disappear [27], but the reason
is different: pores get filled with water vapor. The
original value of R in the layer re-emerges after an-
nealing at 400°C. Aging is much faster (48 h) in H,O
atmosphere and slower in H, or O, atmospheres.

A layer-by-layer comparison of S and the W
(‘wing’ 1.6 keV < |E, - 511 keV| < 4.25 keV) pa-
rameters allows to deduce the stoichiometry of the
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Fig. 1. Positron-beam measurements on SiOCH capped
films (Trento laboratory, adapted from [26, 27]). (a) Frac-
tion of 3y annihilation (qualitatively, formation of long-
-lived, 0-Ps) for samples annealed at different temperatures
(lower panel) and the normalized S parameter (upper
panel). (b) Correlation plot between S (low electron
momentum) and W (high electron momentum) param-
eters, indicating different types of defects and chemical
structures at different depths.

SiOCH layer, see Fig. 1b. The (S, W) point with
(1.0, 1.0) values corresponds to pure Si (spectra
were normalized to these values), the left upper
corner — to pure SiO, while points on the slopes
of the ‘triangle’ - to different stoichiometries. The
right lower point corresponds, as we deduce from
additional Raman spectra [26]), to SiO, sC,,H;, in
the middle of the porous layer.

Case study Il — hydrogen and helium in silicon

Helium implantation in silicon over a certain flux
(2 x 10 cm?) causes formation of nanobubbles.

Brusa et al. [28] via DB measurements with the
variable-energy positron beam showed that a lower
dose of He* (0.5 x 10'° cm?) also leads, in the first
moment, to the formation of vacancies in Si. How-
ever, the defects do not grow to vacancy clusters,
so they disappear after an appropriate annealing
treatment. DB data [28], supported by the theory
[7], allowed to identify mono-, bi-, and trivacancies
and vacancy clusters in irradiated Si.

The helium and hydrogen coimplantation leads to
blistering in Si; this effect cannot be obtained by He*
or H* implantation alone. Samples with the implan-
tation dose of 10'® cm~2 of He* (at 30 keV of energy)
and the same dose of H* (and 24 keV of energy) were
studied with three combined positron techniques,
in joint Trento and Miinchen measurements [29].
Electron transmission microscopy shows the pres-
ence of nanocavities at the mean depth of 290 nm.
DB measurements themselves did not reveal clearly
the presence of these nanocavities — the S curve
shows only a weak maximum, see Fig. 2a. The DB
S curve has been deconvoluted using additional
information from measurements by a coincidence
method, in which the ambient gamma background
at E, > 511 keV is reduced. This method allows to
extract better signal from high-momentum (i.e.,
core) electrons, and in this way, detect the chemi-
cal species around defects, see [8]. Such curves are
shown in Fig. 2: at different implantation depths,
different chemical species are present. Buried cavi-
ties in Si are decorated by oxygen atoms [29]. Such
conclusion is supported by depth-resolved lifetime
measurements from Miinchen pulsed beam (Fig. 2c).

Case study lll — materials for fusion reactors

A thermonuclear reaction would solve energy prob-
lems for centuries. Currently, a 13-bln euro, common
EU, United States, Brazil, India, Russia and Korea
project, ITER in Cadarache was started, aiming to
obtain a net energy production. The difficulty stays
not in the reaction itself, but in constructing the
container for 150 mln K plasma.

Previous generation reactors (such as JET)
were lined with carbon. Carbon sputtering (and
formation of hydrocarbons [30]) was a part of the
thermonuclear reaction dynamics, determining, for
example, the edge plasma temperature and density
and also a limitation of the operational efficiency.
The ITER reactor is lined with W in the divertor and
with Be in the rest of the chamber. High heat fluxes
are expected in the divertor, apart from neutron, He,
H atoms, and ions bombardments. Theory [31] indi-
cates that He and H coimplantation in W can cause
similar blistering as in Si. However, tests simulating
the fusion environment indicated that exposure of W
to deuterium atmosphere but seeded with He could
result in suppression of blisters, see, for example,
[32, 33]. Ogorodnikova and Sugiyama [34] showed
that tungsten exposed to deuterium plasma is sub-
ject to bigger damage than Eurofer that is proposed
as a structure material for next-generation reactors.
Recently, Ogorodnikova and Gann [35] showed that
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Fig. 2. Blistering in Si studied by three positron-beam
techniques. (a) Measurement and deconvolution (inset) of
S parameter (Trento laboratory). (b) Doppler-broadening
with reduction of the high-momentum background by
coincidence technique: upper panel — ratio of S parameter
to that in Si at four positron implantation energies: full
(black) squares E = 0.15 keV, full (magenta) circles E =
1 keV, full (violet) triangles E = 3 keV, inverted (pink)
triangles E = 6.5 keV; lower panel - characteristic ratio
curves extracted via the diffusion equation from measure-
ments: positrons annihilating at the surface, full squares;
at buried surfaces, open (blue) squares; in the clean
nanocavities, open (red) diamonds. (c) Positron lifetimes
—open (red) diamonds, mean lifetime; full (blue) circles,
7y; full (black) squares, 1,; inset, lifetime intensity I, vs.
positron implantation energy (Miinchen measurements).
Adapted from [29].

deuterium trapping in W is related to radiation dam-
age. Positron annihilation S-W curves from Orleans
laboratory [36] indicated that apart from vacancies,
some small vacancy clusters are formed in tungsten
even at low-damage level.

In present work, samples of polycrystalline W
ITER-grade were studied with the pulsed low-energy
positron beam system (PLEPS) [37] at the high-
-intensity positron beam facility NEPOMUC at the
MLZ [38] in Garching (Miinchen). All specimens
were recrystallized prior to any irradiation treatment
in order to reduce the density of initial intrinsic
defects. Three types of samples were studied: un-
damaged samples, samples irradiated with 20 MeV
tungsten W®* ions (at two different fluxes, 1.6 X
10'?/cm? and 1.6 x 10'*/cm?, at room temperature),
and irradiated with 3.5 MeV electrons (4.3 x 10/
cm?and 1.3 x 10'%/cm?, at room temperature). Two
positron implantation energies were used, 16 and
18 keV, corresponding to the mean depth of 170
and 200 nm. Positron profiles extend down to some
400 nm. Preliminary results of lifetime spectra are
shown in Fig. 3.

The W-ion implantation significantly changes
lifetime spectra, introducing a long-time compo-
nent (see Fig. 3a). In contrast, no much significant
damage is seen in samples implanted by electrons.
Deconvolution of spectra with WINFIT numerical
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Fig. 3. Positron lifetime spectra of ITER-grade tungsten.
(a) Polycrystalline W — reference sample (red, i.e., upper
curve), W*¢ irradiated (lower, cyan). (b) Electron im-
planted samples: high dose (yellow, uppermost), low dose
(green, intermediate), and the reference samples (lowest
curve, red). Preliminary data from Miinchen pulsed low-
-electron positron beam system (PLEPS).
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Table 1. Mean positron lifetimes as studied by Miinchen beam in reference and irradiated W samples

Reference sample W low

W high

e low e high

170 182

245

170 200

package, with 240-ps apparatus time resolution,
gives in reference samples a dominating (80% inten-
sity) short (118 ps) lifetime, with some (~370 ps)
intermediate lifetime component, that could indicate
annihilation on grain boundaries.

Note that bulk measurements (Trento lifetime ap-
paratus, 180 ps resolution) in annealed monocrystal
W gave 103 and 240 ps (9%) lifetime components
[14], compatible with present data. In high-dose W
ion-implanted samples, the positron signal goes into
saturation: no short lifetime is visible, what indicates
a high concentration of positron-trapping defects
(vacancies, oligovacancies, and clusters of vacancies,
probably). The annihilation spectra are dominated
(with 80% intensity) by a 220-ps component. The
rest of positrons are trapped by large defects (lifetime
of ~500 ps). This would be compatible with Orsay
data [36] on positron-annihilation DB of self-ion-
-irradiated tungsten and saturation in the D decora-
tion of radiation-induced defects at irradiation dose
of around 1.6 x 10" W/cm? as it was reported also
in [35]. Results in samples irradiated with W ions at
low dose are not so clear. A dominant lifetime (with
83% intensity) is 187 ps, somewhat lower than that
in samples irradiated at low dose.

The results for samples irradiated with elec-
trons are far from being conclusive: little change
in lifetimes is seen, see Fig. 3b. A short component
of about 130-140 ps (about 60% intensity) can be
deconvoluted but longer components are mixed.
Total trapping of positron into defects can be envis-
aged in the high-dose electron-implanted samples
but the extraction of other lifetimes would require
much better statistics (and measurement times).
Positron mean lifetimes in studied samples are given
in Table 1.

Toward a European Network

An increasing level of technological complexity
in the economical competition requires more and
more sophisticated diagnostic methods in mate-
rial science. This is not the cost of work power but
technological progress, which makes new products
competitive: unique properties of materials resulting
from their composition, manufacturing, and post-
-processing that define technological applications.
New diagnostic methods are urgently needed, espe-
cially for defectoscopy, damage, and aging.
Positron annihilation techniques were developed
in United States, in 60s of past century [39]. In
the EU framework, a worldwide unique scanning
positron microscope has been constructed within
the BRITE-Euram Programme jointly by Miinchen
and Trento laboratories [40, 41] and success-
fully applied to problems of fatigue and fracture in
metals [42], but the technological impact of this
project was limited, mainly because of the low posi-

tron intensities available with conventional labora-

tory positron sources, and therefore, it is currently

set up at the NEPOMUC facility. Japanese positron
beam in Tsukuba continues to challenge important
questions, mainly in the field of semiconductors

[43]. The beam constructed within a national

programme at the Australian National University

in Canberra is dedicated mainly to atomic physics

[44]. Currently operating positron beams, among

others, in Helsinki [45], Halle [46], London [47],

Delft [48], and Orleans [49] rarely go beyond na-

tional contexts and specialized applications, with the

exception of the NEPOMUC facility, where scientists
of European countries have access within the EU
great facilities NI3 programme.

Huge EU funds allocated to research and devel-
opment (54 bln euro in 7th Framework via XIIth
Directorate only) make possible setting up a tight
network of European positron laboratories for ma-
terial studies with positrons, with the main aim to
bundle and coordinate the different competences
scattered among the different laboratories, so that
more comprehensive positron investigations become
possible.

Factors for this opportunity are:

— subjects that found a methodological barrier
when using traditional investigations [23],

— new challenges for material in manufacturing
consumables, transportation, energetics, envi-
ronmental protection, and healthy societies,

- global, expanding outside EU search for positron
answers [31],

— growing scientific infrastructures in ‘emerging’
countries,

- vast EU experience in projecting positron beams
[8, 14-18, 40, 46, 48, 49].
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