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Abstract
In addition to its numerous technological applications amorphous silica (a-SiO2) is also well suited to the creation and study of exotic
atoms such as positronium (Ps) and muonium. In particular, a dense Ps gas may be created by implanting an intense positron pulse into a
porous a-SiO2 sample. However, such positron pulses can constitute a signiﬁcant dose of radiation, which may damage the sample. We
have observed a reduction in the amount of Ps formed in a thin ﬁlm of porous a-SiO2 following irradiation by intense positron pulses,
indicating the creation of paramagnetic centers. The data show that the primary eﬀect of the irradiation is the inhibition of Ps formation,
with no signiﬁcant change in the subsequent Ps lifetime, from which we deduce that damage centers are created primarily in the bulk
material and not on the internal surfaces of the pores, where they would be accessible to the long-lived Ps. We ﬁnd that the damage
is reversible, and that the system may be returned to its original state by heating to 700 K. The implications of these results for experiments with dense Ps in porous materials are discussed.
 2007 Elsevier B.V. All rights reserved.
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1. Introduction
A scheme to produce a Bose–Einstein condensate (BEC)
of Ps was proposed by Platzman and Mills [1] in which an
intense burst of positrons incident on a target containing a
small cavity would produce a high density of Ps atoms. It
was envisaged that these atoms would cool via collisions
with the walls of the cavity to the ambient cryogenic temperature and undergo a phase transition to form a BEC,
with a critical temperature [2] of around 15 K. This is many
orders of magnitude greater than the critical temperature
for alkali metals or hydrogen due to the relatively low mass
of Ps. However, the critical temperature will only be this
high if the positronium density is > 1 · 1018 cm3 or so.
To produce a Ps BEC in this way would require the
implantation of a positron pulse with an areal density of
around 1013 cm2, probably at an energy of a few keV
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(to penetrate into the cavity region). A pulse of this nature
constitutes a considerable radiation dose, which may have
consequences for the properties of the sample and thereby
aﬀect the formation of a Ps BEC.
The same approach may also be used to perform experiments at lower densities in which Ps atoms interact with
each other but do not form a condensate. In this regard
the cavities act as substitutes for magneto-optical atom
traps [3] and allow for the study of collective eﬀects within
the relatively short Ps lifetime. In a previous experiment [4]
Ps–Ps interactions were observed which were thought to be
a combination of spin exchange quenching and the formation of the di-positronium molecule (Ps2). Continued
experimentation seeks to isolate these processes using a
laser resonance for the Ps2 molecule [5], which, as a purely
leptonic diatomic system has some theoretical interest [6].
These experiments involve a much lower radiation dose
per pulse than would be required to observe a Ps BEC,
but may still lead to a signiﬁcant accumulated dose during
the course of a long experimental run.
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It is well-known that exposure to ionizing radiation can
lead to damage in silica glasses (and similar materials) [7].
For the present purposes we use the term radiation damage
to refer to any center in the system created by the positron
beam that aﬀects the formation of Ps or its subsequent lifetime. The experimental technique described here cannot
easily distinguish between diﬀerent types of damage, nor
can it provide much structural information; the signal is
sensitive only to the amount of long-lived Ps present. The
most common way to obtain such information is the technique of electron spin resonance (ESR) [8] which is sensitive to paramagnetic centers. While not all damage
centers are paramagnetic many of them are and ESR has
been extremely successful in characterizing a wide range
of damage mechanisms.
Low energy positrons implanted into a-SiO2 may form
Ps quite eﬃciently; if the a-SiO2 is porous (that is, an
appreciable fraction of the volume consists of empty voids)
some of this Ps may diﬀuse from the bulk material into the
voids. In this case the ground state energy diﬀerence is converted into kinetic energy, so that if the Ps loses any energy
via collisions in the void it cannot then return into the bulk
and will therefore be trapped [9]. The lifetime of Ps trapped
in this way depends on the pore size and may approach the
vacuum lifetime (142 ns) for voids around 100 nm in diameter [10].
The formation of positronium in the bulk is sensitive to
the electron density in the region where the positrons are
implanted. The presence of ‘‘spur’’ electrons [11], paramagnetic centers, traps or any kind of scavenging electrons can
aﬀect the total amount of Ps created [12]. Furthermore, if
centers containing unpaired spins are present on the walls
of the voids any Ps that diﬀuses into them will have an
increased decay rate [13] due to spin exchange quenching
[14]. Since long lived Ps is almost entirely formed in the
bulk [9] but decays mostly in the voids, such centers would
be expected to increase the Ps decay rate but have little
eﬀect on the amount of Ps formed. Conversely, damage
that exists only in the bulk might be expected to inhibit
the formation of Ps, but should hardly aﬀect its subsequent
decay rate.
In the work we report here, radiation damage was created in a thin ﬁlm of a-SiO2 by irradiation with a pulsed
low energy positron beam. The damage was essentially stable at room temperature and entirely annealed out at
700 K.
2. Experimental procedure
The experiments were performed using a positron accumulator that has been described in detail elsewhere [15].
This device is capable of providing positron pulses with
an areal density up to 5 · 1010 cm2 about once per minute. The beam density may be controlled by radially
expanding the positron plasma in the accumulator prior
to release. This is accomplished simply by varying some
of the electric ﬁelds used for plasma storage [16].

The beam on target is formed into a pulse about 1 ns
wide full width at half maximum (FWHM) by an electrostatic buncher [17] that applies a pulsed parabolic potential
across the spatial extent of the plasma. In addition to temporal compression, the buncher also accelerates the beam
to an (average) energy of 1.5 keV.
The sample used was a 450 nm thick ﬁlm of meso-porous silica (MCM-41) grown on a silicon substrate. The
pores were 3 nm in diameter and were interconnected in
one dimension only [18]. The porosity was 60%.
The data were recorded as single-shot lifetime spectra
[19] using a 50 mm diameter by 40 mm thick cylindrical
PbF2 Cherenkov radiator, optically coupled to a Hamamatsu H3378–50 photomultiplier tube (PMT). The anode of
the PMT was connected directly to a fast oscilloscope with
a sampling rate of 20 Giga-samples per second. For the
detection of low energy gamma rays, Cherenkov radiators
are extremely ineﬃcient compared to most scintillators.
However, this type of detector does help mitigate saturation problems and provide the best possible temporal resolution. Using a fast micro channel PMT (for example a
Hamamatsu R3809U–50) it is possible to obtain a subnanosecond time response, but such tubes typically have
small photo-cathodes so that only small PbF2 crystals
may be eﬀectively used, with a concomitant reduction in
detection eﬃciency. The detector used here was a compromise between eﬃciency and timing and had a response of
4 ns (FWHM), determined by a combination of the
response time of the PMT and the light collection from
the large crystal.
The lifetime spectra so obtained were integrated automatically and the ‘‘delayed fraction’’ (fd) calculated. This
is deﬁned as the integrated area of the lifetime spectrum
from 20 ns to 150 ns, divided by the total area. This parameter is sensitive to the Ps lifetime as well as the fraction of
Ps created per incident positron.
The mean positron implantation depth z was estimated
to be 60 nm using the formalism of Algers and co-workers [20] and an average beam energy of 1.5 keV, a porosity
of 60% and a bulk silica density of 2.2 g/cm3. The sample
averaged radiation dose per pulse is then
D

np E b
¼ qb  4:5  108 ½Gy;
qs Abz

ð1Þ

where np is the number of positrons per pulse, Eb is the
energy per positron (Joules), qs is the sample density,
corrected for the porosity (kg/cm3), Ab is the cross sectional beam area (cm2) and qb is the beam areal number
density (cm2). Because of positron diﬀusion, the beam energy spread and the motion of secondary (spur) electrons
we estimate that this is probably accurate to ±25%. A
more precise determination of the radiation dose per pulse
would require a detailed consideration of all pertinent energy loss, scattering and diﬀusion mechanisms. Nevertheless, for comparative purposes here this approximation is
suﬃcient. We note that we neglect any contribution from
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the annihilation radiation since the stopping power for
gamma rays in this material is extremely low.
All data were taken after heating the sample to 700 K
for an hour or so. This returned fd to the same level (to
within 5%) each time, implying that this process repaired
all damage created by previous irradiations.

to the creation of new defects. Since there are a ﬁnite
number of pre-existing pre-cursor sites this component
saturates, leading to the observed form of the damage
accumulation.
This model is quite consistent with the data we present
here and following Galeener et al. the data shown in
Fig. 1 (b) has been ﬁtted to a function of the form

3. Results and discussion

fd ðDÞ ¼ f0  N 0 ð1  expðD=D0 ÞÞ  Rc D:

3.1. Temperature dependence

Here f0 is an (arbitrary) oﬀset, N0 represents the total number of pre-existing defects, D is the radiation dose, D0 is the
dose for which the number of pre-existing defects remaining is N0/e and Rc represents the (constant) rate at which
new defects are created. It is of course possible that there
are really two activation sites, with one saturating very
slowly. Indeed, the data can be ﬁtted to a double exponential function just as well as to Eq. (2). However, for all
practical purposes we may simply treat the slow component as linearly increasing with the dose in the manner indicated by Eq. (2).
Fig. 2 shows the values of N0 and Rc obtained from
ﬁtting Eq. (2) to the data of Fig. 1(b). Also shown is Rai
which is the initial rate at which damage is activated and
is the instantaneous slope at the very beginning of the irradiation. That is


dfd ðDÞ
Rai ¼
¼ N 0 =D0
ð3Þ
dD D0

Fig. 1 shows the accumulation of damage as a function
of the radiation dose at various temperatures. These data
were taken using a magnetic ﬁeld at the target of 0.5 T
and a beam density of 2 · 109 cm2 which corresponds to
a dose of about 90 Gy/pulse. The top panel (a) is a small
section of the 290 K data and is meant to show the size
of typical error bars as the rest of the data (b) are plotted
as lines for clarity. The horizontal and vertical error bars
show the region over which the data has been averaged
and the statistical error obtained from the averaging
respectively. These data show that the initial rate of damage accumulation is essentially independent of the temperature, except possibly at the highest temperature.
The data shown in Fig. 1(b) have two distinct regions:
an initial linear part at low doses followed by another linear region with a much lower slope at higher doses. This
piecewise linearity is very similar to observations made
by Galeener and co-workers [21] who studied the creation
of ESR signals in vitreous silica following X-ray bombardment (although the signal was ascribed to electrons
released by the X-rays [22]). They attributed the initial fast
component to a process wherein pre-existing defect sites
were activated by charge transfer and the slower process

ð2Þ

It should be remembered that these data are all derived
from fd whose value is essentially arbitrary. That is, the
rates shown indicate the change in fd as a function of the
actual dose. While it is possible in principle to convert this

a

b

Fig. 1. The damage induced as a function of the radiation dose. The top
panel (a) shows the initial damage accumulation at 290 K. The bottom
panel shows damage accumulation for a range of temperatures. The
legend indicates the temperatures for ascending curves, as indicated by the
arrow.

Fig. 2. Parameters obtained from a least squares ﬁt of Eq. (2) to the data
in Fig. 1(b). A measure of the number of pre-existing defect sites is given
by the parameter N0 (a). Also shown are the initial rate of damage
activation Rai (b) and creation Rc (c). The errors are derived from the
ﬁtting procedure and have been increased by a factor of 5 to account for
systematic variations between runs.
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Fig. 3. Almost all damage created by irradiation at room temperature is
quickly repaired by heating the sample to 700 K. Each data point is a
single-shot and the dump rate was 1 per minute.

number to the total defect number or concentration one
would have to make a number of assumptions regarding
the details of the (unknown) processes. For the present purposes it is suﬃcient simply to compare the changes in fd.
Fig. 1(b) shows that after about 30 kGy or so the
amount of damage present is reduced as the temperature
is increased. Because of variations in the initial amount
of damage present the 330 K curve appears to be out of
sequence. However, this oﬀset is accounted for in the ﬁt
so that the parameters shown in Fig. 2 are unaﬀected by it.
Figs. 1 and 2 both show that at low temperatures there is
very little variation in the amount of damage created. The
eﬀective number of activation sites (N0) shown in Fig. 2(a)
is largely unchanged until around 450 K as is the initial
activation rate Rai shown in Fig. 2(b). The damage creation
rate Rc shown in Fig. 2(c) is fairly constant until the temperature exceeds 500 K, where it too begins to fall oﬀ.
The creation rate is around an order of magnitude less than
the (initial) activation rate. This is consistent with the idea
that there is a separate (creation) process that requires
more energy and is thus slower than the activation process.
The recovery of the system after raising the temperature
is quite rapid, as shown in Fig. 3. These data show the
eﬀect of heating following irradiation at room temperature.
At temperatures above 700 K most of the damage created
by irradiation is repaired, with an additional 5% growth
that occurs over a time scale of many hours. When the
sample is kept at room temperature following irradiation
no change in fd was observed after 24 h. That is, the damage is stable at room temperature.

the amount of mixing of the Ps m = 0 magnetic sub states
[23], and hence fd, will be diﬀerent when the ﬁeld is
changed.
Fig. 4 shows damage accumulation for two diﬀerent densities as obtained by expanding the plasma. The lower density beam creates less damage per pulse, as we would expect
and eventually approaches the same saturation level as the
higher density beam; the amount of damage present
depends only on the radiation dose and not on the dose rate.
The situation appears to be slightly diﬀerent when a
higher magnetic ﬁeld is used, as shown in Fig. 5. Here
the beam density (and the dose per pulse) is about 10 times
higher and there is a diﬀerence between the high and low
density beams. Even at low doses similar to that applied
in Fig. 4 the higher density beam seems to create more
damage than the lower density beam for a given dose.
However, the reduction in fd in this case is slightly misleading because at these beam densities there is signiﬁcant spin
exchange quenching due to collisions between oppositely
polarized triplet Ps atoms [4].
As damage accumulates the amount of Ps formed (and
hence the Ps density) decreases, which reduces the amount
of spin exchange quenching and thus the high and low

Fig. 4. The accumulation of damage with a low magnetic ﬁeld (0.15 T) for
two diﬀerent density beams. When scaled for the total dose the amount of
damage is essentially independent of the beam density.

3.2. Density dependence
The data shown so far were all taken with the same
beam areal density (2 · 109 cm2) which corresponds to a
sample averaged dose of around 90 Gy/pulse. In order to
gain some insight into the eﬀects one might expect using
more intense pulses, such as those envisioned for Ps BEC
experiments, the accumulation of damage was studied
using diﬀerent beam densities (at room temperature).
The beam density can be varied by allowing the positron
plasma to expand in the accumulator prior to release or by
changing the magnetic ﬁeld at the sample. In the latter case

Fig. 5. The accumulation of damage with a high magnetic ﬁeld (2 T) for
two diﬀerent density beams. The initial value of fd is less than in previous
ﬁgures due to magnetic quenching.
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density data in Fig. 5 eventually converge. (We note that
the higher density data are somewhat distorted as fd
approaches 0.06 which is very close to the Ps detection limit
of the system.) This seems to imply that the actual amount
of damage created is still proportional to the applied dose.
Even when the beam density is suﬃciently high to allow
for Ps–Ps interactions it is unlikely that there would be
multi-positron interactions occurring in a single pulse. Thus,
the damage creation mechanisms are almost certainly single
positron eﬀects. However, it is possible in principle for spur
electrons from diﬀerent positrons to interact with each other.
In the present case this is unlikely since the smallest mean
positron separation is 100 nm, while the spur size is considerably smaller than this (20–60 nm) [24]. For a much higher
density beam this would no longer be true and there could
very well be additional multi-particle based damage creation
(or repair) mechanisms, so that the dose rate might then
become important. So far we have observed no indication
of this. If a single pulse of density 5 · 1012 cm2 were used
(equivalent to a dose of 225 kGy) then we might expect
that the amount of Ps produced as a result would be reduced
by a factor of 2 or so due to damage. While this is far from
ideal it does not render experimentation to make a Ps BEC
in porous silica unfeasible.
The sample was mounted on a manipulator with a computer controlled stepper motor and could be positioned
along one axis perpendicular to the beam to within an
accuracy of 25 lm. Following irradiation with a high
density beam (see Fig. 5) approximately 250 lm (FWHM)
the sample was scanned laterally using a probe beam
180 lm (FWHM) in order to determine the spatial distribution of the damage. To avoid creating additional damage
with the probe beam each point measured consisted of only
ﬁve shots. The measured quantity was fd versus position,
but as is evident from Fig. 5, the damage is created non-linearly. The true beam proﬁle was recovered by converting fd
into an approximate equivalent dose. This was done using
an average of the data shown in Fig. 5 to partially account
for the density dependent quenching eﬀect. If the damage
were entirely localized to the incident beam proﬁle we
should expect the data of Fig. 6 to approximate a Gaussian

Fig. 6. The damage as a function of position. Zero distance corresponds
to the sample position during the prior irradiation. The damage has been
inferred from measured values of fd as described in the text.
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proﬁle with a FWHM close to a convolution of the irradiation and probe beams (i.e. 310 lm). The observed proﬁle
appears to be slightly wider than this (400 lm) which is
probably due to saturation, as well as the approximation
used to determine the dose.
4. Conclusion
Because the Ps signal is indiscriminate we cannot say
what kind of damage has been created in these experiments. In order to determine speciﬁc information about
the damage sites created it would be necessary to perform
supplementary measurements, such as ESR. In fact this
has been done before by other researchers, but the results
are not as clear as one might hope. Hasagawa and coworkers [25] used both positron annihilation lifetime spectroscopy (PALS) and ESR to study radiation damage in
silica glass. Two distinct types of defect were observed
using positrons, but these researchers were not able to
make a direct correlation between their ESR and PALS
data. One possible reason for this is simply that PALS is
sensitive to both paramagnetic and diamagnetic defects,
while ESR is sensitive only to paramagnetic centers.
Hasagawa et al. speculated that E’ centers, non-bridging
oxygen hole centers and peroxy radicals [26] were likely
candidates for the centers they observed.
Fujinami and Chilton [27] have also performed simultaneous positron annihilation spectroscopy and ESR measurements, using silica bombarded with ions. They found
centers that trapped positrons that were not observed by
ESR and attributed this to dissolved oxygen or charged
Frenkel defects. However, since their sample did not return
to the un-irradiated state until heated to temperatures
above 900 K, it is unlikely we have observed the same type
of center here. Fujinami and Chilton [27] point out that
there are number of possible charged defects that may trap
positrons but be undetectable to ESR. Also, an intriguing
possibility [28] is that we may be observing electrons and
holes trapped pair wise (negative U trapping [29]) which
would be undetectable via ESR, although this is purely
speculative.
There are also many well-known paramagnetic centers
that are unstable at room temperature (for example, self
trapped holes are not stable above 200 K [30]) and future
experiments at cryogenic temperatures will be required to
ascertain the extent to which these additional defects might
impact a Ps BEC experiment, which must necessarily be
performed at low temperature.
To summarize, we have observed damage of an
unknown nature in a porous a-SiO2 ﬁlm created by slow
positrons. The dose required to create signiﬁcant damage
is higher than was applied in previous experiments [4]
where this eﬀect was negligible. However, it may become
important in work using more intense positron pulses. It
appears that the amount of damage depends only on the
dose, although we cannot rule out additional processes at
much higher beam densities. We also do not know if the
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damage would prevent Ps formation in the same pulse in
which it was itself created. This is important because we
have shown that the damage is almost entirely localized
to the irradiated area, so that in an experiment with very
high densities one could simply move the sample by a
1000 microns or so between shots and avoid the damaged
regions. An inspection of the Ps lifetime spectra shows that
only the Ps intensity is aﬀected, which is consistent with the
idea that the damage is all conﬁned to the bulk. We have
found that the damage is stable at room temperature but
is completely repaired by heating the sample to 700 K.
For non-cryogenic experiments this type damage can be
avoided altogether by keeping the sample hot.
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