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Abstract
Al2O3 samples grown with natural well-ordered channels (having sizes of 30–90 nm in
diameter) perpendicular to the surface, one side closed, were measured by means of Doppler
broadening (DB) by variable energy positron (VEP) beam and positron annihilation lifetime
(PAL) spectroscopy. The samples annealed at 300 and 560 ◦C showed amorphous structure and
no positronium (Ps) formation. The sample annealed at 850 ◦C showed γ -phase polycrystalline
structure and Ps formation. We were not able to prove from the PAL spectroscopy results
themselves whether Ps is confined to the channels. We discuss the results of decomposition of
the DB annihilation peak into four Gaussians. We conclude that the greater Ps fraction is
confined to the channels. From the Compton-to-peak ratio analysis, the fraction of all the
injected positrons which form o-Ps and in this form escape from the sample (for a VEP
experiment, we have e+ injected from the open side of the channels) has been estimated as
being ∼20%.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Charge, parity, time reversal (CPT) symmetry is one of
the most important laws of field theory. It states that the
physical properties are invariant when one simultaneously
changes the signs of the charge and of the spatial and time
coordinates of particles. There are theoretical attempts to
develop models which violate the CPT theorem. Study of
antimatter properties would help in proving or rejecting the
CPT theorem. Antihydrogen is the first synthesized antiatom
in a series of experiments (for a review see [1]). It has been
produced by interactions of positrons with an antiproton beam.

8 Author to whom any correspondence should be addressed.

It was suggested that an antihydrogen beam can be produced by
interaction of a cold antiproton beam with cloud of positronium
(Ps) atoms [2]. Ps is easily formed by positron (e+) interactions
in some porous or low electron density materials. In the case of
high pore interconnectivity a great number of Ps will find a way
to escape to the vacuum [3]. Also, on the surface of different
materials bombarded with slow positrons with energies of up
to few keV, fast Ps can be produced. Fast (10–100 eV) Ps is
formed from backscattered or epithermal positrons by electron
capture on the surface [4].

Van Petegem et al have demonstrated the power of
Doppler broadening (DB) studies using a variable energy
positron beam and for the first time the authors succeeded in
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Barrier layer

Figure 1. (a) Schematic representation of anodic alumina structure and (b) electron microscopy image of the surface of anodic Al2O3.

obtaining estimations of the diffusion lengths of e+ and Ps
separately [5]. Their experiments showed that in the bulk of
single-crystalline Al2O3 and MgO, Ps is not formed but Ps
emission from the surface has been observed. A subject of
special interest has been vitreous α-SiO2. In the last case
Ps is being formed in the bulk and at very low energy of
the incident e+ about 55% of them are converted into Ps
emitted from the surface [5]. However, for the proposed
antihydrogen experiment the Ps cloud should be cold and that
is why researchers are looking for a material in which Ps is
formed in the bulk and at the same time a great part of it can
escape.

Anodic Al2O3 is known to be grown with well-ordered
porosity (regularly distributed channels perpendicular to
the direction of growth) [6]. Ps has been detected as
localized in the intercrystalline spaces of polycrystalline Al2O3

powder [7, 8]. Thus the well-ordered channel porosity
combined with Ps formation in the bulk in anodic Al2O3

samples would eventually lead to high Ps yield and Ps emission
into vacuum. In this study we applied several positron
annihilation techniques to anodic alumina in order to try to
investigate Ps yield and sites of Ps confinement.

2. Experimental details

2.1. Samples

Samples were formed by electrochemical oxidation of
aluminum in electrolytes, weakly dissolving alumina, and
consist of regular hexagonally packed cells, which are parallel
to each other and perpendicular to the surface of the aluminum
substrate. Every cell includes an axial pore, closed by a barrier
oxide layer on the side of the aluminum anode (figure 1). The
cell diameter of anodic alumina samples is mainly defined by
the anodization voltage. The thickness of the barrier layer may
vary from 10 nm to 1 μm. The details of porous alumina
production technology are described elsewhere [9].

Some of the sample characteristics are reported in table 1.
The samples are split into two groups. The first group (I)
includes samples annealed at 300 ◦C for 2 h with different
diameters of the channels, while the second group (II)

Table 1. Labels, thickness d , channel diameter D, annealing
temperature t , and density of the sample ρ.

Sample d (mm) D (nm) t (◦C) ρ (g cm−3)

I30D 0.1 30 300 1.15
I50D 0.113 50 300 1.26
I80D 0.093 80 300 1.29
II300t 0.091 60 300 1.24
II560t 0.089 60 560 1.28
II850t 0.0885 60 850 1.25

includes samples with same size channels annealed at different
temperatures.

2.2. Conventional positron annihilation spectroscopy

For positron annihilation lifetime (PAL) experiments a positron
source was prepared by depositing about 0.9 MBq of aqueous
22NaCl on a 7 μm thick Kapton foil having a 15 × 15 mm2

area. After drying, the foil was covered with a foil of the
same size, glued on the edges with epoxy resin. A sandwich
arrangement (sample–source–sample) was used. In order to
ensure full stopping of emitted e+, stacks of three sample slabs
plus a Si slab were used on each side to form the source–
sample sandwich. PAL experiments were carried out using a
conventional fast–fast coincidence system (time to amplitude
converter (TAC) range 50 ns, 0.025 ns/channel) having a time
resolution of FWHM = 230 ps (full width at half-maximum).
The measurements were carried out in a vacuum chamber at
a moderate vacuum and at room temperature. Sequences of
6–15 spectra for every sample were recorded every 30 min
with total counts in individual spectra of ∼3 × 105. A rough
preliminary analysis was performed to monitor possible e+
irradiation effects. Such an effect was not found. For each
type of sample the spectra were summed together, resulting in
a statistics of >2×106 counts. The contribution to the lifetime
spectrum of the source was estimated to be 12% (0.382 ns) and
annihilation in Si to be ∼5% (0.219 ns). Both contributions
were treated as source corrections in the final analysis of the
summed spectra by the LT v.9 program [10]. When Ps was
detected the analyses were performed with the assumption that
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Table 2. Lifetimes and corresponding intensities obtained by discrete exponential component analysis of the PAL sample.

Sample τ1 (ns) τ2 (ns) I1 (%) I2 (%) τp-Ps (ns) τo-Ps1 (ns) τo-Ps2 (ns) Ip-Ps (%) Io-Ps1 (%) Io-Ps2 (%)

I30D 0.303(1) 0.587(4) 81.8(5) 18.2(5)
I50D 0.312(2) 0.566(9) 82.5(9) 17.5(9)
I80D 0.303(1) 0.564(2) 80.7(6) 19.3(1)
II300t 0.300(2) 0.575(2) 80.9(3) 19.1(2)
II560t 0.298(2) 0.588(7) 80.9(7) 19.1(7)
II850t 0.225(3) 0.519(9) 59.1(9) 25.8(9) 0.125 3.02(6) 33.5(5) 3.8(1) 3.7(1) 7.6(2)
II850ta 0.225 0.519 54.3(3) 22.4(2) 0.125 4.7(1) 75.9(6) 5.8(1) 3.3(1) 14.1(1)

a Results obtained from the PAL spectrum taken with TAC range 500 ns.

the para-positronium (p-Ps) lifetime is τp-Ps = 0.125 ns and the
ratio of p-Ps intensity to ortho-positronium (o-Ps) intensity is
Ip-Ps/� Io-Ps = 1/3. In all reported PAL analyses the variance
of the fit was better than 1.2.

2.3. Doppler broadening study using a variable energy
positron beam

The energy spectra were recorded every 30 min (statistics of
3 × 105 counts in the 511 keV region) for incident positron
energies (Ee+ ) from 0.1 to 20 keV and were carried out with
a Canberra high purity Ge detector (HPGe) with a resolution
FWHM = 1.17 keV at the 514 keV line of 85Sr on the slow
e+ beam at Ghent. The HPGe detector was coupled to a
digital signal processor unit, model 2060 from Canberra. The
detector was set up aside and perpendicular to the direction of
incident e+ at the position of the sample. Two experiments
were performed with sample II850t. For the experiment O45,
the sample was oriented with the open side of the channels and
its surface at an angle of 45◦ to the beam and to the detector.
For the second experiment C45, with the same sample, the
geometry was the same as for experiment O45 but with the
closed side of the channel to the beam.

More details about the geometry of such an experiment
can be found elsewhere [11]. The DB 511 keV lines were
analyzed with a sum of up to four Gaussians by using the
DBAN program (Matlab based software for decomposition
of the Doppler broadened annihilation line into Gaussians.
Available on request).

For all of the PAL and DB experiments the samples were
annealed at 200 ◦C in vacuum for 2 h prior to the measurements
in order to remove the probable moisture absorbed during the
sample storage in air.

3. Results

3.1. Conventional positron annihilation lifetime spectroscopy

The most commonly accepted method of analyzing of PAL
spectra is called discrete exponentials analysis and it suggests
that e+ annihilate from states with well-defined annihilation
(decay) rates λ = 1/τ . The results for the lifetime spectra
are summarized in table 2. All the spectra with only one
exception (II850t) are resolved into only two exponentials
with lifetimes τ1 ≈ 0.3 ns (∼81%) and τ2 ≈ 0.57 ns
(∼19%). The x-ray analysis has shown that the as-grown
samples have amorphous structure. Similar short lifetimes

have been reported for amorphous alumina powder; however,
the authors have found a long lifetime of ∼1.5 ns (10%) which
is attributed to o-Ps pick-off annihilation [8]. That is why
for our samples the short lifetimes may be associated with
e+ annihilation in the bulk material and the longer ones may
be interpreted as relating to e+ trapped at internal surfaces of
inner particle voids. After injection into the material the e+
is quickly thermalized and at the end of its track may pick up
an e− from its own spur (terminal cloud of secondary e−) to
form Ps. The Ps formation probability depends not only on
the available free volume but also on e− and e+ scavengers
(radicals, ions, dipoles due to different impurities introduced
into the structure during growth) and e− and e+ mobility. The
fact that all the samples show comparable porosity (see ρ in
table 1 and compare with the crystalline alumina density of
ρcr = 4.2 g cm−3) leads to two possible explanations of the
fact that Ps is not formed in all the samples, except for II850t.
The first possibility is that some ions from the acids used are
captured in the structure and inhibit the Ps formation by e+
and/or e− scavenging. The second explanation is that the e+
and e− mobility is very low. The fact that in a powder of
amorphous Al2O3 microparticles about 10% o-Ps is observed
leads us to the conclusion that the first possibility has a stronger
influence on the present samples.

As can be seen in table 1, the samples studied (except
for II850t) display rather constant lifetimes and corresponding
intensities. Two conclusions can be drawn. From the results
for group I it follows that the process of sample growth is well
reproducible and from group II it follows that annealing up
to 560 ◦C does not significantly change the sample structure.
The latter is in excellent agreement with the differential
scanning calorimetry (DSC), x-ray diffraction (XRD) and
thermogravimetric analysis (TGA) shown in figures 2 and 3.

The aim of the DSC, XRD and TGA measurements
(figures 2 and 3) was to study phase transition processes of
anodic alumina structures produced in different technological
conditions. Two different kinds of samples were chosen for
measurements: samples of ‘type 1’ were produced in oxalic
acid, having channels of 50–70 nm diameters; and samples of
‘type 2’ were produced in phosphoric acid, having channels
of 140–160 nm. The samples were scanned from room
temperature to 1200 ◦C under oxygen atmosphere.

To interpret the results obtained we compared them with
aluminum oxide phase transition data. According to published
information, amorphous alumina makes a transition to the γ -
phase at a temperature in the region from 300 to 600 ◦C. At
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Figure 2. DSC and thermogravimetric analysis of anodic alumina samples produced in (a) oxalic acid (type 1) and (b) phosphoric acid
(type 2).

Figure 3. XRD analysis for: (a) samples with 60 nm diameter of the channels (the results are representative for the other diameters 30, 50, 80
nm, as well) annealed at different temperatures and (b) samples with different diameters of the channels annealed at 850 ◦C.

about 850 ◦C, alumina makes a phase transition from the γ -
phase to the δ-phase which in turn makes a transition to the
	-phase at 1050 ◦C. After 1200 ◦C, the 	-phase is changed to
stable α-phase.

As one can see in figure 2, detected peaks of the phase
transition may correspond to this γ -phase to δ-phase transition
and to the subsequent transition of δ-phase to 	-phase or
to a direct transition from γ -phase to 	-phase. However,
it should be noted that the measured temperatures of these
phase transitions are slightly (less than 30 ◦C) different from
those indicated in the literature for pure anodic alumina
material [12–14]. But, due to technological factors, the
structure of the samples reported here contains some quantity
of acid residues, water, and impurities. Molecules of acid
residues can enter into traps of the alumina structure and cannot
be removed. Water molecules in anodic alumina material can
form boehmite (aluminum hydroxyl). All these inclusions can
modify the crystalline structure, which causes a change of
phase transition temperature.

The presence of these inclusions also may be responsible
for the mass modification during phase transitions. At 880 ◦C
this effect cannot be explained by water loss. Reduction of
mass of the ‘type 1’ samples is probably caused by losses
of CO2 from traps. Samples of ‘type 2’ were produced
in phosphoric acid and contain P2O5 residuals which have
larger size, so they cannot exit from traps and remain in
intercrystalline areas.

Tests of some samples by XRD methods were carried
out. The results are presented in figure 3. As one can see in
figure 3(a), a significant formation of polycrystalline gamma
phase is observed only after an annealing at 850 ◦C. Figure 3(b)
shows the results of XRD studies for the samples with different
(30, 50 and 80 nm) diameters of channels, annealed at 850 ◦C.

We can conclude that the results are in good agreement
with published ones [13–15]. The reported measurements
have shown that the processes of phase transition in the
samples studied are rather complex and depend on the growth
conditions. A significant change in the sample structure
occurs when the sample is annealed at 850 ◦C. Obviously,
crystallization takes place. The present studies show the
presence of γ -phase in all samples annealed at 850 ◦C (see
figure 3(b)).

Shantarovich et al have shown significant differences
between powders (microparticle size of ∼100 nm) of
amorphous and of polycrystalline α-phase Al2O3 not only in
the o-Ps intensities but also in their lifetimes [8]. On the
basis of kinetic equations describing the formation of non-
localized Ps followed by diffusion and trapping into free
volume holes and the size of the amorphous particles, the
authors concluded that due to the low diffusion coefficient
in amorphous alumina, non-localized Ps does not reach the
surface of the microparticles and the observed o-Ps lifetime
of 1.5 ns comes from pick-off annihilation of o-Ps confined in
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Figure 4. Comparison of the lifetime spectra for samples II560t and II850t after background subtraction: (a) 50 ns TAC range, (b) 500 ns TAC
range.

voids within the microparticles. The diffusion constant of non-
localized Ps is greatly increased in the crystalline phase and the
long lifetime reported by Shantarovich et al of 42.4 ns (4.2%)
is due to pick-off annihilation of o-Ps localized in the space
between the microparticles. The latter is confirmed in the study
of Van Petegem et al, who have found that the o-Ps diffusion
length of 15 nm for vitreous α-SiO2 is two times longer than
that for e+ [5].

Special attention has to be paid when there is a component
in a lifetime spectrum which does not decay completely within
the chosen TAC range of the PAL spectrometer, as is the
case for sample II850t (see figure 4(a); the background is not
reached at the end of the timescale). The spectra shown in
figure 4(b) have been measured with ten times longer TAC
range (500 ns, 0.25 ns/channel). The discrete lifetime analysis
for sample II850t gives rather different results for the long
lifetimes (see table 2). For lifetimes longer than 10 ns the
extended Tao–Eldrup model (ETE) has to be applied to convert
the o-Ps pick-off lifetime to the size of the pores [15, 16].
The lifetime τo−Ps1 = 4.7 ns may be associated with small
free volumes with the radius of 0.5 nm within or between the
crystalline grains. The observed lifetime τo−Ps2 = 75.9 ns
corresponds to the following sizes of the pores: R = 3.1 nm
assuming spherical shape and r = 2.3 nm assuming cylindrical
shape. The pore sizes determined in such a way cannot be
associated with the channels of 60 nm diameter for which
we should measure a lifetime of 135 ns according to the
ETE model. The density of ρb ≈ 2.5 for the Al2O3 bulk
material between the channels was obtained using the rough
estimation that 50% of the sample volume consists of channels
(see figure 1) and using the sample density given in table 1.
The estimated density ρb is considerably lower than that of
crystalline alumina ρcr. This means that there is a significant
free volume fraction in the bulk material between the channels.
If Ps were to annihilate in these free volumes (between the
grains of the polycrystalline material) the size would be R =
3.1 nm. However, due to the long e+ and Ps diffusion lengths in
crystalline Al2O3 it seems unlikely that Ps would be confined
between the grains without escaping to the channels.

As one can see from the electron microscopy image
(figure 1) the distances between the channels are of the same
order as the channel widths. The structures of the powder of α-
alumina and sample II850t (γ -phase) are crystallographically
different, but both forms are polycrystalline and probably can
be considered analogous according to the distances between
free spaces, e+ and non-localized Ps diffusion lengths, i.e. the
longest lifetime should come mainly from pick-off annihilation
of o-Ps localized within the channels.

A theory exists which considers that Ps is initially formed
by some excess energy and is slowly thermalized [17]. A
description of the model (called elastic thermalization lifetime
analysis, ETLA) can be found in the help for LT v.9 [10]
or [17]. The model assumes: (a) Ps is created as a weakly
bound pair, e−–e+, and the initial contact density (η), i.e. the
initial electron density on the positron divided by the density
in the ground state of Ps, is η(0) < 1; (b) gradually, because
of the slowing down, the pair is more and more localized
and η increases. The localization process influences the Ps
pick-off lifetime, which changes from a low value τo-Ps(0)

to a higher value τo-Ps(∞), i.e. 1/τo-Ps(t) = 1/τo-Ps(∞) +
[1/τo-Ps(0)−1/τo-Ps(∞)] exp(−γ t), where γ is the rate of the
thermalization process. Simultaneously, the intrinsic lifetime
of Ps decreases, due to the increasing of η.

Because the ETE model considers a thermalized o-Ps and
as a consequence of the ETLA model, it follows that the pore
radius has to be estimated from the asymptotic o-Ps lifetime
τo-Ps(∞).

Our attempts to apply the ETLA model of LT v.9 to
the suggestion of one site for o-Ps annihilation showed that
τo-Ps(∞) ≈ 149 ns. Although this value slightly exceeds the
intrinsic o-Ps lifetime (142 ns), it is indicated that by slow
thermalization we may explain the discrepancy between the
longest lifetime obtained by the discrete lifetime analysis and
the expected lifetime of 135 ns as estimated from the channel
size using the ETE model.

In the case of two localization sites for o-Ps between
the grains in the bulk and in the channels the model became
too complicated and we have not succeeded in getting a
reasonable ETLA fit to this suggestion. Hence, by means of

5



J. Phys.: Condens. Matter 20 (2008) 095206 N Djourelov et al

Figure 5. Narrow Gaussian fraction (a) and shift (b) versus incident positron energy, Ee+ , as a result of a decomposition of the Doppler
annihilation line into three Gaussians for experiments O45 (open side of the channels, 45◦ to the beam axis), C45 (closed side of the channels,
45◦ to the beam axis), performed on sample II850t. The intrinsic FWHM of Gn (not plotted) behaves in a similar way to the shift, starting
from ∼0.6 keV at the lowest Ee+ , and saturates at ∼0 keV at higher Ee+ . The lines are to guide the eye.

PAL measurements we are not able to confirm or reject the
possibility of two localization sites.

3.2. Doppler broadening study using a variable energy
positron beam

We followed the same idea as is reported in [5] but with
a different geometry, described in detail in [11]. First we
analyzed the DB annihilation line for both experiments O45
and C45, suggesting for the fitting curve three Gaussians
without any constraint. The middle and broad Gaussians
were obtained centered with almost constant widths, intrinsic
(obtained after accounting for the HPGe resolution), with
FWHM = 2.50 ± 0.03 and 4.63 ± 0.03 keV. The middle
Gaussian is attributed to e+ and pick-off o-Ps annihilation with
valence e−, while the broad one is attributed to e+ annihilation
with core e−. The fraction of the narrow Gaussian Gn and
its shift are presented in figure 5. The intrinsic FWHM of
Gn (not plotted) behaves in similar way to the shift, starting
from ∼0.6 keV at the lowest Ee+ and saturating at ∼0 keV
at higher Ee+ . The saturation fraction of p-Ps at high Ee+ is
∼6–8% which, within the error limit, agrees satisfactorily with
the p-Ps fraction of 5.8% obtained from PAL measurements
(see table 2).

Actually, in such analyses for samples in which bulk Ps is
formed, the narrow Gaussian has a complex contribution from
p-Ps which is formed on the surface (p-Pss) and escapes from
the sample and p-Ps formed in the bulk. Surface emission
of p-Pss is well studied [5, 11] for several polymers and
oxides, including single-crystalline α-Al2O3, and in all cases
the Gaussian which corresponds to p-Pss has been reported
as having FWHM of ≈0.7 keV and a shift of ∼0.6 keV, and
these parameters are independent of Ee+ . The Gn parameters
at the lowest e+ energy for O45 and C45 when the bulk p-Ps
yield is negligible are in perfect agreement with the reported
ones. The C45 experiment shows the saturation level of the
Gn shift at 0.02 keV. In this experiment, asymmetry of the
DB line is not expected at high Ee+ due to the barrier layer
which closes the channels and makes the mean normal to the

surface component of p-Ps momentum zero. The fact that at
the saturation level the Gn is not exactly centered is a result of
the non-perfect background subtraction around the annihilation
line. For the experiment O45 the Gn shift is 0.06, being
higher than that for C45 by 0.04 keV. If we consider Ps as
thermalized, its velocity will be v = 7 × 104 m s−1 (this is an
underestimation because the Ps confinement is not taken into
account). So, the p-Ps mean path will be >vτp-Ps = 875 nm,
which is comparable to the channel lengths (see table 1).
Consequently, a fraction of p-Ps will reach the open side of
the channels and after escaping they will not be subjected any
longer to collisions with the channel wall. Another fraction
which has a momentum component toward the bottom of the
channels will collide with the bottom, changing the component
direction toward the surface. Both effects will contribute to
the component of p-Ps momentum normal to the surface which
will not be compensated. The extra Gn shift at high Ee+ cannot
be explained if Ps is localized and annihilates between the
grains in the bulk Al2O3 and does not reach the channels.

We have analyzed C45 and O45 data using four Gaussians,
i.e. splitting Gn into two Gaussians by fixing the width
FWHM = 0.7 keV and shift to 0.6 keV of the Gaussian
which corresponds to p-Pss and using a centered Gaussian for
the second narrow one. The intrinsic FWHM of the second
one was obtained from the fit close to 0 keV. Figure 6 depicts
the fractions of these two narrow Gaussians at low Ee+ . For
the experiment C45 the incident e+ at very low energies are
stopped within the barrier layer which capes the channels. At
Ee+ = 0.8 keV we see an increase of the bulk p-Ps for C45
but not for O45. So, at this energy, e+ can penetrate the barrier
layer. This energy corresponds to a mean positron implantation
depth zm = 11 nm, calculated from zm = (40/ρb)E1.6 [18],
which agrees fairly well with the thickness of the barrier layer.
The very low fraction of p-Ps annihilating in the bulk for C45 at
Ee+ < 0.8 keV means that the fraction of Ps which annihilates
in the barrier material is very low. We fit an e+ diffusion
model [5] to the data for the surface p-Ps fraction of C45 for
Ee+ < 0.8 keV and we obtained the positron diffusion length
L+ = 14±1 nm for in the barrier layer, i.e. for polycrystalline
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Figure 6. Fractions of the two narrow Gaussians which correspond
to annihilation of p-Ps escaping from the surface (blue-shifted at
0.6 keV, intrinsic FWHM = 0.7 keV) and p-Ps annihilating in the
bulk (centered, intrinsic FWHM of ≈0 keV) for experiments C45
and O45, as a function of incident positron energy Ee+ . The lines are
to guide the eye.

γ -phase Al2O3. The last value is of the same order as that
one obtained for single-crystalline Al2O3 and α-Al2O3 [5, 19].
Due to the fact that L+ is of the same order of magnitude as
the channel wall thickness (see figure 1(b)) we can draw the
conclusion that most of the Ps reach the channels.

The classical meaning of the free path of a particle
enclosed in a cavity is given by l = 4V/S, where V is the
volume and S is the surface of the cavity. Thus, for a very
long cylinder l = D, where D = 60 nm is the diameter
of the channels. Consequently, o-Ps will be subjected to
v/ l = 1.2 × 104 collisions per ns. The probability for o-
Ps escaping from the one-side-open channel per collision is
p = (π D2/4)/S = D/(4d) = 1.5 × 10−5 (for the channel
length d ∼ 105 nm; see table 1). This means that o-Ps will
escape from the channel if it decays after l/(vp) = 6th ns.
Simple calculation shows that for o-Ps with lifetime >76 ns
more than 92% of the o-Ps decay after the sixth ns. The
92% estimation of o-Ps leaving the channels is underestimated
for two reasons: first, part of the o-Ps decaying before the
sixth ns will also escape, and second, the o-Ps velocity v is
underestimated. Consequently, most of the o-Ps will escape
from the channels.

The o-Ps which escapes from the sample will annihilate
in the vacuum via 3γ annihilation, while the e+ annihilation is
mostly via 2γ annihilation (the 3γ positron annihilation cross
section is only 1/372 of that for 2γ positron annihilation and
can be neglected). If there is Ps formation there will be 3γ o-
Ps annihilation with a fraction dependent on the o-Ps lifetime.
The related 3γ /2γ annihilation ratio, known as the Compton-
to-peak ratio (RC/P, in our case defined as the counts in the
region 150–450 keV divided by the counts in the 511 keV peak)
is plotted as a function of incident positron energy, Ee+ , in
figure 7. For comparison the RC/P for a Kapton film is plotted
in figure 7, as well. In Kapton, Ps is not formed in the bulk
and RC/P(Ee+ = 20 keV) = 2.76. For the same incident
positron energy when the influence from the surface on RC/P

is negligible, higher RC/P values are observed for experiment

Figure 7. Compton-to-peak ratio, RC/P, as a function of incident
positron energy, Ee+ , for experiments O45 (open side of the
channels, 45◦ to the beam axis), C45 (closed side of the channels,
45◦ to the beam axis) performed on sample II850t and for Kapton
(127 μm thick, 45◦ to the beam axis).

O45 compared to those for C45. The corresponding values of
3.19 and 2.89 are due to the 3γ annihilation of o-Ps.

Mills showed that the 3γ annihilation can be determined
using the energy spectrum and calibration values for the counts
in the 511 keV peak (P) and RC/P for two samples with 0
and 100% yield of 3γ annihilation [20]. The formula is easily
modified if the second calibration sample has a known non-
zero 3γ annihilation yield ( fk ):

f = fk

[
1 + Pk

P0

(
Rk − R f

)
(
R f − R0

)
]−1

, (1)

where the subscript k stands for the second calibration sample.
For the C45 experiment the 3γ annihilation fraction is

due not to o-Ps escaping from the sample but to the large

pore size. It can be estimated from fk = Io−Ps
ηλ0

o−Ps

ηλ0
o−Ps+τ−1

o−Ps
,

where λ0
o−Ps = 1/142 ns−1 is the rate of annihilation of o-

Ps in vacuum. We may consider the contact density η = 1
due to the rather large space where Ps is localized, and using
τo-Ps = 75.9 ns (table 2) we obtain fk = 7.3% for the
suggestion Io-Ps = 21% (Io-Ps = 3Ip-Ps; Ip-Ps is the Gn fraction
of 7%, figure 6, at high Ee+ ). From fk , P and RC/P parameters
for Kapton and C45, from equation (1) we obtain f = 29.2 for
O45. Hence, f − fk = 22.0% of the injected e+ annihilate via
3γ o-Ps self-annihilation in the vacuum out of the sample, i.e.
most of the formed o-Ps escape from the channels in vacuum.

4. Conclusions

We have measured PAL characteristics of Al2O3 samples
grown with natural well-ordered channel porosity. For the
samples with different channel diameters and annealed at
temperatures up to 560 ◦C we found no variations in the e+
lifetimes and, what is more important, no Ps formation. The
lack of Ps formation has been explained by possible capture in
the structure of ions from the acids used in the growth process.
The only sample showing Ps formation is II850t which was
annealed at 850 ◦C. On the basis of just PAL measurements,
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we do not have any direct proof that Ps is trapped in the
channels. However, there are two indications that the latter
actually occurs. The first one is that the transformation into
the polycrystalline form of alumina significantly increases the
diffusion length of the non-localized Ps which, in this case,
can easily reach the channels and be trapped there. The second
indication is that the o-Ps components can be explained with
one complex component according to the ETLA model and its
asymptotic lifetime is close to the expected lifetime of o-Ps
confined to the channels as estimated using the extended Tau–
Eldrup model.

Doppler broadening experiments with a variable energy
positron beam have been performed on sample II850t; the
PAL measurements have shown Ps formation. From the
decomposition of the DB 511 keV peak into four Gaussians for
the C45 experiment we have found that there is no significant
fraction of Ps confined within the matrix forming the channel
walls, from which we are driven to the conclusion that Ps is
localized in the channels. The Compton-to-peak ratio at high
incident positron energy revealed an additional 3γ annihilation
fraction for O45 compared to C45. The fraction of all the
injected positrons which form o-Ps and escape the sample has
been calculated as being ∼20%.
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