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Positronium emission from single crystalline Al2O3, MgO and vitreousa-SiO2 surfaces was studied as a
function of the positron implantation energyE by means of Doppler broadening spectroscopy and Compton-
to-peak ratio analysis. When the Ge-detector is in-line with the positron beam, the emission of para-
positronium yields a red-shifted fly-away peak with intensityIpPs

e . An analysis ofIpPs
e versusE for Al2O3 and

MgO where no Ps is formed in the bulksfPs=0d results in positron diffusion lengthsL+sAl2O3d=s18±1d nm
and L+sMgOd=s14±1d nm, and efficiencies for the emission of Ps by picking up of a surface electron of
fpusAl2O3d=s0.28±0.2d and fpusMgOd=s0.24±0.2d. For a-SiO2 the bulk Ps fraction is fPssa-SiO2d
=s0.72±0.01d, fpusa-SiO2d=s0.12±0.01d and the diffusion lengths of positrons, para-positronium and ortho-
positronium areL+sSiO2d=s8±2dnm, LpPssSiO2d=s14.5±2d nm andLoPssSiO2d=s11±2d=nm. Depending on
the specimen-detector geometry the emission of Ps at low implantation energy may cause either an increase or
a decrease of the width of the annihilation line shape at low implantation energies.
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It is well-known that many solids emit positroniumsPsd
when they are bombarded by slow positrons. This phenom-
enon is particularly interesting in wide band gap insulators
such as some metal oxides, in porous low-k dielectrics and in
the vast majority of polymeric materials. The literature
abounds with reports on experiments where the Doppler
broadened line shape parameterSsEd is investigated in func-
tion of the energy of the implanted positrons, by means of a
VEP—Variable Enery Positron beam. This method presents
two not well documented problems. First, the value of theS
parameter at the surface, i.e., at extrapolated zero implanta-
tion energy, may be either higher or lower than its corre-
sponding value deep into the material. We will show that this
effect is due to the particular geometry of the VEP. Second,
when analyzing the evolution ofS versus the implantation
energy, one can obtain a diffusion lengthL. However the
analysis ofSsEd data is unable to tell whether the diffusing
particle is a positron or a positronium, and is unable to sepa-
rate them if both are present. We will show that, with the
proper geometry, and performing a detailed analysis of the
annihilation line shape, one can obtain the diffusion lengths
of positrons, para-positronium(pPs) and ortho-positronium
(oPs). There are several mechanisms at the basis of Ps emis-
sion in insulators(for an overview see Ref. 1). The following
processes to form Ps at the surface have been reported in the
literature:(a) implanted positrons can diffuse to the surface,
capture an electron and leave as Ps,2 (b) implanted positrons
can get trapped into a surface state that can be thermally
activated into Ps emission,3 and (c) Ps can be formed in the
bulk of the material and can diffuse back to the surface
where it is emitted.4–6

Time-Of-Flight (TOF) spectroscopy is the most accurate
method to measure the energy distribution of emitted ortho-
positronium (oPs) in a direct way. Sferlazzo3,6 used this
method to study oPs emission from Al,MgO anda-SiO2
surfaces. Unfortunately the TOF technique needs a dedicated

instrument to be built. As an alternative, Eldrupet al.7 and
later Rice-Evans and Smith8 used Doppler broadening of an-
nihilation radiation(DBAR) to study the emission of para-
positronium(pPs), respectively, from ice crystals and a GaAs
wafer surface at very low implantation energies. The
511 keV annihilation peak is broadened due to the conserva-
tion of energy and linear momentum of the annihilating
positron-electron pair. A variable energy positron beam ex-
periment(VEP) may be done with two different modes for
the beam, sample andg-ray detector. In the longitudinal
mode theg-ray detector is located behind the sample on the
axis of the beam. For the transverse mode the line of sight of
the g-ray detector is perpendicular to the beam axis, i.e.,
parallel to the surface of the sample. In a longitudinal beam
positronium emitted at the surface of a sample has a linear
momentum mainly away from the detector. This linear mo-
mentum causes a red shift of the pPs contribution in the
annihilation spectrum. In a transverse beam the fly-away pPs
shows no red shift. In this paper we exploit the longitudinal
mode to investigate the emission of Ps from single crystal
Al2O3, MgO and vitreousa-SiO2 surfaces. Thea-SiO2 speci-
men is particularly interesting because it is well known that
it forms Ps in the bulk, and because its amorphous structure
is a good analog to amorphous polymers, which may also
benefit from this new approach.

The Doppler broadening measurements were performed
in the longitudinal mode at the variable energy positron
beam(VEP) in Ghent. The annihilation photons are detected
by a high purity germanium(HPGe) detector with a full
width at half maximum(FWHM) of 1.2 keV at 511 keV.
The annihilation peaks were analyzed into three or four
Gaussian distribution functions(see Fig. 1). Two main con-
tributions have the same centroid, and they describe fairly
well the low-momentum and the high-momentum contribu-
tion of the annihilations of positrons in the bulk and /or on
the surface. The third Gaussian contribution is shifted toward
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low energy, and is due to the emitted pPs. A fourth contribu-
tion is also centered and has a narrow FWHM. This last
contribution is identified as annihilation of pPs in the bulk.
The Compton-to-peak ratio, as defined further in Eq.(7) and
thereafter, is also observed as a probe for the emission of
oPs. Two background corrections were used: a constant con-
tribution due to the background level originating from exter-
nal sources and a Compton background correction, based on
the error-function.9 As the positronium is emitted from the
surface, the distance to the detector is increasing but due to
its short lifetime, 99.9% of the emitted pPs annihilates within
1 mm from the surface. As a consequence the solid angle for
detection of emitted pPs is the same as for positrons and Ps
annihilating inside the material. When the detector is placed
perpendicular to the normal of the sample no asymmetry in
the annihilation peak was observed. Therefore one can as-
sume that most of the pPs is emitted perpendicular to the
surface. Consider a cylindrical detector with diameter 2R
which is placed behind the specimen at distanced. In first
approximation all annihilation photons which are emitted
within the angle umax=arccossd/ÎR2+d2d are detected,
whereu is the angle between the beam axis and the direction
of emission of the radiation. The observed Doppler energy
shift is Ed=sc/2dpz cosu, and its spatial mean valuekEdl is
easily evaluated as

kEdl =
cpz

4
s1 + cosumaxd, s1d

wherepz>p is the linear momentum of the emitted pPs.
The shape of the fly-away pPs peakWsEdd is a convolu-

tion of the Doppler shift distributionwspzd with the intrinsic
resolution function of the HPGe detectorgse ,sd:

WsEdd ~ wspzd ^ gse,sd ~ wsÎEzd ^ gse,sd, s2d

whereEz is the longitudinal kinetic energy of the fly-away
pPs,e is the energy parameter for the convolution ands is
the Gaussian dispersion of the detector resolution function.
As the detector resolution is roughly a Gaussian function, the
pPs peak will be a Gaussian function only if its momentum
distributionwsÎEzd is also a Gaussian function. TOF results

on MgO and SiO2 reported by Sferlazzoet al. show that the
Ps energy distribution is an asymmetric function with a tail at
the high energy side.6 After transformation to momentum
distributions, the experimental TOF curves are nearly sym-
metrical functions that deviate not more than 10% from a
Gaussian function. Therefore it is justified to fit the fly-away
pPs contribution with a Gaussian function. Because all the
samples are insulators, charging effects have to be consid-
ered. At low implantation energies charging has a drastic
influence on the count rate. Therefore in the analysis we only
consider those measurements made with positrons with an
energy of 200 eV and higher. Due to the high sensitivity of
Ge-detectors to external influences such as temperature
variations usually a digital stabilizer is used in Doppler
broadening measurements. The stabilizer corrects the gain of
the spectrum amplifier to balance the content of two regions
chosen symmetrically around the 511 keV peak position.
Due to the pPs contribution the annihilation peak is asym-
metric and this asymmetry is changing as function of the
implantation energy. As a consequence the stabilizer will cor-
rect the gain(and thus the calibration factor) as a function of
the implantation energy and the correct energy information is
affected. Therefore no stabilizer was used for our measure-
ments. Usually positron diffusion lengths are calculated from
the SsEd curve using fitting routines such as VEPFIT.10 In
these routines it is assumed that each positron environment
(surface, interface, layer1, layer2,. . .) has a characteristic
value of theS-parameter. In the longitudinal mode the red
shifted pPs causes a strong asymmetry of the peak and the
S-parameter is no longer a simple linear combination of the
characteristic values. Therefore we need a different ap-
proach. The positron implantation profilePsz,Ed of a mono-
energetic beam with mean energyE is well approximated by
the Makhov distribution:

Psz,Ed =
mzm−1

z0
m expf− sz/z0dmg, z0 =

a

r

En

GSm+ 1

m
D , s3d

with r the density of the material andm, n anda are, respec-
tively, 2.0±0.1, 1.62±0.05 and 4.0±0.3mg cm−2 keV−1.62,
as reported by Vehanenet al.11 If positronium is formed in
the bulk material through the spur or the blob
mechanism,12–14 we may assume that the initial distribution
of positronium is equal to the implantation profile of posi-
trons. The fractionfPsof bulk positrons form Ps. The remain-
ing fractions1− fPsd of positrons can diffuse back to the sur-
face and may emerge as oPs or pPs by picking up an electron
from the surface. The fraction of the surface-positrons that
capture such an electron isfpu. The bulk Ps diffuses and is
either trapped into free-volume sites of the amorphous struc-
ture, or reaches the surface whereupon it is ejected. The
trapped oPs decays mainly through pick-off annihilation and
the well known Eldrup formula describes the relation be-
tween its decay constant,loPs>lpo and the radius of the
trapping sites. The decay of trapped pPs is branched into
pick-off annihilation and self annihilation, thuslpPs=hl0

p

+lpo, where h is the contact density of the Ps,l0
p

=1/124 ps−1 is the decay constant of pPs in vacuum,lpPs

FIG. 1. Annihilation peak obtained from a MgO single crystal,
fitted by a low momentum(1) and a high momentum(2) central
Gaussian contribution and a red-shifted contribution(3) from the
emitted pPs. The central pPs is absent in MgO and Al2O3. Due to its
low intensity the background correction is not shown here.
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and lpo are obtained from a lifetime spectrum analysis(see
Table I). Because of this branching only the fraction

fb =
hl0

lpPs
=

lpPs− loPs

lpPs
> 0.906 s4d

of pPs is observed as a “narrow” central contribution in Dop-
pler or angular correlation measurements. The diffusion of
any of these particles, and the fraction that reach the surface
is given by15,16

FjsEd =E
0

`

Psz,Edexps− z/Ljddz, s5d

where the subscriptj stands for the positronss+d, and both
states of positronium(pPs and oPs). The respective diffusion
lengths areL+, LpPs andLoPs. The following set of equations
describe the intensities of fly-away para-positronium that is
observed in the red-shifted contribution in the Doppler pro-
file, the fly-away ortho-positronium that is observed in the
Compton-to-peak ratio, and the fraction of bulk para-
positronium that appears as a central narrow contribution in
the Doppler profile:

IpPs
e = s1/4dffF+sEd + fsFpPssEdg, s6ad

IoPs
e = s3/4dffF+sEd + fsFoPssEdg, s6bd

IpPs
b = s1/4dfbfPsf1 − FpPssEdg, s6cd

where f = fpus1− fPsd. Equations(6) are greatly simplified for
materials that do not form Ps in the bulk, such as Al2O3 and
MgO, because thenfPs=0, and it is sufficient to observe the
fly-away pPs peak.

Figure 2 shows the intensity of the pPs flying away from

the surface of single crystals of Al2O3 and MgO as function
of the positron implantation energy. In the case of Al2O3 the
intensity starts at 9% and decreases smoothly with increasing
implantation energy until about 1500 eV whereas for MgO it
starts at 8%. Above 1500 eV the intensity of the pPs peak
is too low to be distinguished clearly from the central anni-
hilation peak. From the fitting procedure we obtain the
positron diffusion lengthsL+=18±1 nm for Al2O3 and
L+=14±1 nm for MgO. This value for Al2O3 coincides with
the result obtained by Braueret al.17 for an a-Al2O3 speci-
men after annealing for 1 hour at 800°C. Delocalized or
Bloch Ps was never found in single crystal Al2O3 and MgO
and we can assume that the Ps is formed at the surface by
electron capturing.18 The fitted values of these electron
pick-up fractions arefpu=0.28±0.02 for Al2O3 and fpu
=0.24±0.02 for MgO. Thus we see that of all positrons
reaching the surface approximately 26% are emitted as Ps.

Bulk positron lifetime measurements were performed to
detect the existence of Ps in the bulk of the samples and to
verify the trapping of the positrons in point defects such as
vacancies. The results are shown in Table I. For Al2O3 and
MgO no long oPs component is found. The single short life-
time that was found in MgO corresponds well to the value
which was reported by Forsteret al.,19 who attributes it to
saturation trapping in point defects. In the case of Al2O3 two
short lifetimes were found. The longer one corresponds to
the trapped state, and its intensity of 80% again indicates
strong trapping.

In the case of vitreousa-SiO2 three lifetime components
were found, which are in agreement with values reported by
Uedonoet al.20 The third lifetime of 1.6 ns is much longer
than the maximum lifetime of positrons inside materials.
This is an indication for the existence of oPs in the bulk of
a-SiO2. For delocalized Ps in single crystala-SiO2 a single
lifetime of 283 ps was reported by Van Den Boschet al.21

We can conclude that the lifetime of 1.6 ns we find in the
bulk of vitreous a-SiO2 corresponds to the decay of oPs
trapped inside free volumes of the amorphous structure. Thus
the values to be used in Eq.(4) for SiO2 are lpPs=t1

−1 and
loPs=t3

−1. The bulk pPs is also trapped in the free volume,
and hence it mainly self-annihilates with isotropic low-
momentum transfer. Therefore it is necessary to add the cen-
tral narrow contribution to the analysis of the Doppler line-
shape, and to observe the Compton-to peak ratio, in order to
fully exploit the possibilities of Eqs.(6). The experimental
fraction of emitted oPs is obtained from a Compton-to-peak
ratio analysis of the annihilation spectrum at implantation
energyE:

IoPs
expsEd = aF1 +

Ps0d
Ps`d

Rs0d − RsEd
RsEd − Rs`dG−1

, s7d

where P is the number of counts in the peak area around
511 keV andR=C/P is the ratio of the number of counts in
a chosen fixed area of the Compton regionC to the peak
countsP. The valuesPs`d andRs`d are the asymptotic val-
ues for high implantation energy, i.e., in the bulk of the ma-
terial, Ps0d andRs0d are the values extrapolated to zero im-
plantation energy. Equation(7) can only be applied ifPs`d

TABLE I. Results of positron lifetime measurements on Al2O3,
MgO anda-SiO2.

t1 spsd t2 spsd t3 snsd I1 s%d I2 s%d I3 s%d

Al2O3 80 160 – 20 80 –

MgO – 195 – – 100 –

SiO2 150 550 1.6 23.6 16.9 59.5

FIG. 2. Intensity the pPs peak emitted from an Al2O3 s•d and a
MgO surfaces+d as function of the implantation energy. The solid
lines represent the fit of Eq.(6a) to determine the diffusion length
L+.
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andRs`d correspond to a situation where no oPs is detected
by three-quantum annihilation. Of all positrons that are in-
jected deep into the bulksE→`d the fraction,

f3gs`d > I3
hloPs

0

hloPs
0 + loPs

ø 0.0067, s8d

decays into three photons, whereloPs
0 is the natural decay

constant of oPs. Becausef3gs`d is at least 20 times smaller
than f3gs0d, we may safely ignore this contribution. In con-
trast to pPs the fly-away oPs may annihilate several cm in
front of the specimen, and thus the solid angle for the detec-
tion of the corresponding three-quantum annihilation
is reduced by a factor<0.55 with respect to all two-quantum
annihilation. This effect is taken into account by adjusting
the value of the proportionality constanta in the follow-
ing way: fitting of the first and second equation of(6)
yields the zero-extrapolated valuesIoPs

e s0d and IpPs
e s0d anda

is chosen so thatIoPs
e s0d / IpPs

e s0d=3. For the linehape fittings
of a-SiO2 the FWHME of the central pPs peak was fixed at a
value which was estimated by 2 methods. Hasegawaet al.22

determined the width in angular correlation of the bulk pPs
in unirradiateda-SiO2 as FWHMu=3.8 mrad. From this we
estimate FWHME=s1/2dmc2 FWHMu=0.97 keV. On the
other hand, using the Eldrup formula, the experimental life-
time of trapped oPs of 1.6 ns corresponds to a radius of the
trapping center R0=4.12 Å. According to Nakanishi,23

FWHMusmradd=16.6/R0sÅd. From this we obtain FWHME
=4.24/R0=1.02 keV. The FWHM of the central pPs peak
was therefore fixed to 1.6 keV, taking into account the in-
trinsic resolution of the HPGe detector at 511 keV. The
experimental data for the intensities of the fly-away pPs,
the fly-away oPs and the bulk pPs are shown in Fig. 3
together with the results from the fitting of Eq.(6). We see
that the intensity of the central contribution(bulk pPs) in-
creases as function of the positron implantation energy at the
expense of the intensity of the red-shifted contribution(emit-
ted pPs). The fitted diffusion lengths fora-SiO2 are

L+sSiO2d=8±2 nm, LpPssSiO2d=14.5±2 nm andLoPssSiO2d
=11±2 nm. The diffusion lengths of ortho- and para-
positronium are roughly equal. This is easily understood con-
sidering thatL=Î2nD/ sl+kd wherel is the decay constant
of the free particle,k is the trapping rate of the particle into
some sink,n is the dimension of he diffusion process(i.e.,
n=3 in the case of bulk diffusion)24 and D is the diffusion
coefficient. For the bulk ofa-SiO2 all positronium is effi-
ciently trapped into the free-volume sites, which means that
k@l both for oPs and pPs and thusLoPs<LpPs<Î2nDPs/k.
Braueret al.25 reported a diffusion length ofL+,21 nm in a
thick layer of thermally grown SiO2, which was claimed to
be identical to vitreous silica. These authors also remarked
that the obtainedL+ values include both positrons and posi-
tronium. Our values forL+, LpPs and LoPs are somewhat
lower, most notablyL+. The reason might be that our experi-
ments are performed at very low implantation energy
s0,E,1.6 keVd and that epithermal positrons may reach
the surface, in which case the diffusion is not in thermal
equilibrium. This may enhance the emmision for very low
energies, and thus shorten the apparent diffusion lengthL+.

The fitting results in a total bulk Ps formation fraction
fPs=s0.73±0.05d. This corresponds to an expected long life-
time intensityI3=s0.55±0.04d which agrees fairly well with
the value of 0.595 which we obtained from the lifetime spec-
trum; see Table I. The fitted fraction of surface positrons that
picks up an electron and is emitted as Ps isfpu

=s0.12±0.01d which is approximately half as efficient as for
Al2O3 and MgO.

These findings have implications for standardS versusE
experiments. With longitudinal beam detector geometry the
fly-away pPs increases the asymmetry of the peak and thus
decreases the observedS-parameter for low implantation en-
ergy E. However,with a perpendicular beam-detector geom-
etry the fly-away pPs is seen as a very narrow central con-
tribution and theS parameter increases for lowE. For
materials that form Ps in the bulk and at the surface, such as
SiO2 and polymers, it is possible to obtain the three diffusion
constants only if the intensities of bulk pPs, emitted pPs and
emitted oPs are separately observed and the three equations
(6) are solved simultaneously. Transverse VEP experiments
yield only one meanS versusE relation. They are unable to
distinguish the bulk pPs from the emitted pPs and are there-
fore not suitable to obtain the complete set of experimental
parameters. Diffusion lengths obtained in the transverse
mode are therefore to be treated with suspicion.

In our analysis we have approximated the lineshape
WsEdd by a Gaussian distribution, and we do not expect to
obtain a detailed description of the energy distribution of the
emitted pPs. Therefore we plan to use coincidence Doppler
broadening spectroscopy(CDB) in longitudinal geometry to
study the emission of Ps. For this purpose the sample has to
be rotatedp /4 with respect to the beam axis, and the two
detectors to be placed perpendicular to the sample surface.
CDB has an improved peak-to-background ratio of a factor
of 1000 and an improved effective energy resolution of a
factor Î2.

FIG. 3. Ps emission froma-SiO2 as function of the implantation
energy. The figure shows the intensity of the pPs emitted from the
surfaces+d, the intensity of pPs formed in the bulkshd and the
intensity of the emitted oPss•d. The solid lines represent the fit of
Eq. (6) to determine the diffusion lengthsL+, LpPs andLoPs.
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In conclusion, we have used Doppler broadening and
red-shift spectroscopy and Compton-to-peak ratio to
study posi-tronium emission for Al2O3, MgO and a-SiO2
surfaces. We have shown for the first time that detailed
analysis can yield the distinct diffusion lengthsL+, LpPs
and LoPs, as well as the fractionfPs of positronium
formed in the bulk and the fractionfpu of positrons

forming positronium at the surface by picking-up of an
electron.
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