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Annihilation of positronium atoms confined in mesoporous and macroporous SiO2 films
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We report experiments in which positronium (Ps) atoms were created in thin, porous silica films containing
isolated voids with diameters ranging from 5 to 75 nm. Ps lifetimes in the pore structures were measured directly via
time-delayed laser excitation of 13S1 → 23PJ transitions. In a film containing 5-nm pores Ps was predominantly
emitted into vacuum, with a small component of confined Ps with a lifetime of 75 ns also observed. In films with
larger pores Ps atoms were not emitted into vacuum except from the film surface, and confined Ps lifetimes of
≈90 ns were measured with no dependence on the pore size. However, for such large pores, extended Tao-Eldrup
(ETE)-type models predict Ps lifetimes close to the 142-ns vacuum value. Moreover, 13S1 → 23PJ excitation
of Ps atoms inside the pores was found to result in annihilation and exhibited an extremely broad (≈10 THz)
linewidth. We attribute these observations to a process in which nonthermal Ps atoms in the isolated voids
become temporarily trapped in a series of surface states that dissociate following excitation. The occurrence of
this mechanism is not necessarily apparent from ground-state Ps decay rates without some prior knowledge of
the sample structure, and it precludes the application of ETE-type models as they do not take into account surface
interactions other than pickoff annihilation.
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I. INTRODUCTION

Highly porous materials such as silicate powders, ceramics,
glasses, polymers, zeolites, metal organic frameworks, and
aerogels [1,2] are used in many different ways, including
low-k dielectrics for microelectronics [3], thermal insulators
[4], catalysts [5], molecular sieves [6], drug delivery vehicles
[7], gas storage cells for energy applications [8], and even
superabsorbent powders for cleaning up oil spills [9].

The utility of porous materials often derives from their
large specific surface areas, which in some cases can be
as high as 1000 m2 g−1. The development and synthesis of
useful materials requires knowledge of their structure over a
wide range of porosities, which are often characterized using
gas absorption techniques [10–12]. Positronium (Ps) has also
proved to be useful as a probe of porous materials [13].

Ps atoms confined in small volumes within insulating
materials generally have decay rates that are related to the
Ps-wall collision rate, which depends in part on the size and
shape of the confining material. Remarkably, however, it has
been found that the nature of the material does not have a
significant effect on the pickoff decay rate [14], which means
that generic models that focus on geometric properties can
describe Ps decay rates in a wide range of materials. This
type of model, known as the Tao-Eldrup (TE) model [15,16],
has well-documented limitations [17–19] but, with various
modifications, can successfully correlate Ps lifetimes directly
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with free volumes [20–25]. This approach implicitly assumes
that interactions with internal surfaces do not affect the Ps
decay rate via mechanisms other than pickoff annihilation, e.g.,
via spin exchanging interactions with paramagnetic centers
[26,27] or chemical quenching [28,29].

Here we report experiments in which Ps atoms were
optically excited via the 13S1 → 23PJ transition while inside
thin mesoporous and macroporous SiO2 films [30]. We find
that excitation of atoms immediately leads to annihilation and
that the excitation line shapes are extremely broad (≈10 THz).
In addition to this, the measured Ps lifetimes in the films are
significantly shorter than predicted by extended TE (ETE)
models [25] and, for pore sizes �32 nm, do not depend on
the pore size. Our interpretation of these observations is that
nonthermal Ps atoms in the isolated voids form a series of
temporary surface states that control the Ps-surface scattering
rate, lead to broadening of the excitation line shape, and
facilitate the dissociation of Ps atoms excited to n = 2 levels.

II. EXPERIMENTAL METHODS

A. Ps production, excitation, and detection

The experimental apparatus and techniques used in this
work are explained in detail elsewhere [31]. Positrons obtained
from the decay of a 1-GBq 22Na source were moderated using
neon [32] to generate a monoenergetic positron beam with
approximately 5 × 106 e+ s−1. This beam was coupled to a
two-stage [33] Surko-type positron trap [34] and a parabolic
buncher [35] to produce pulses containing ≈105 positrons with
a spatial (temporal) width of 4 mm (3 ns) FWHM at a repetition
rate of 1 Hz. The positron beam was guided to a target chamber
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FIG. 1. Schematic of the target, positron, and laser beam orienta-
tions used for excitation of Ps atoms (a) in vacuum and (b) inside the
silica film. In the case in (b) the laser covers the entire volume where
Ps is produced in the target.

by an axial magnetic field of strength ≈80 G and could be
implanted into various targets with energy EB ranging from 0
to 5 keV, adjusted by biasing the target. The electric field in
the Ps production region is also determined by the target bias.
For all experiments reported here the silica films were at room
temperature.

A pulsed ultraviolet (UV) Nd:YAG pumped dye laser
(≈500 μJ/pulse, �ν = 85 GHz, λ = 243 nm) was used to
drive 1 3S1 → 2 3P J transitions in Ps. The UV laser light was
linearly polarized parallel to the beam axis. A second infrared
(IR) dye laser (≈6 mJ/pulse, �ν = 5 GHz, λ ≈ 729 nm)
was used to photoionize 2 3P J atoms. For the excitation and
ionization of Ps in vacuum both the UV and IR laser beams
were propagated parallel to the silica target surface, as shown
in Fig. 1(a). To study confined Ps the sample was rotated by
45◦ relative to the beam axis, and the UV laser was directed
into the target, as shown in Fig. 1(b). The IR laser was used in
this configuration only to compare the UV annihilation signal
with the photoionization signal.

The technique of single-shot positron annihilation lifetime
spectroscopy (SSPALS) [36] was used to measure the produc-
tion and excitation of Ps [31]. SSPALS relies on measuring
annihilation radiation generated from a short pulse continu-
ously, in effect developing a lifetime spectrum in “real time.”
The resulting spectra are composed of an initial peak, caused
by fast positron or singlet Ps annihilation (usually occurring
on the timescale of the incident positron pulse), and a longer
decay component due to the scintillator response, system
noise, and, if present, Ps annihilation. The time resolution of
this method is determined primarily by the properties of the
scintillator used. In the present work we use both lead tungstate
(PWO) [37] and lutetium yttrium oxyorthosilicate (LYSO)
[38] scintillators attached to photomultiplier tubes to detect
annihilation γ radiation. These scintillators have decay times
of ≈12 and 40 ns, respectively, and are suitable for studies of
Ps generated in mesoporous materials where Ps lifetimes may
be comparable to the vacuum lifetime.

Figure 2 shows examples of SSPALS spectra obtained
following positron implantation at 3 keV in an untreated Al
target and in a mesoporous silica film (see Sec. II B). We expect
that much more Ps will be produced by the silica film than the
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FIG. 2. Single-shot lifetime spectra measured with a 3 keV
positron beam implanted into a porous silica film (sample A) and an
untreated Al plate. The data were recorded using a PWO detector. The
analysis time windows A, B, and C (−10, 40, and 500 ns, respectively)
are indicated by the dotted vertical lines. The Al spectrum is taken to
be the instrument function used in the fitting procedure described in
the text.

Al target, which is confirmed by the data, which clearly show
increased annihilation radiation at later times in the silica case.
We quantify the amount of long-lived Ps present using the
parameter fd [36], which is defined as

fd =
∫ C

B

V (t) dt/

∫ C

A

V (t) dt, (1)

where V (t) is the detector output voltage and the time windows
defined by A, B, and C will be chosen according to the detector
being used and the process being studied [31]. Here we use A =
−10, B = 40, and C = 500 ns for PWO and A = −10, B =
120, and C = 700 ns for LYSO [38]. For PWO time windows
a rough approximation of the Ps fraction is fPs ≈ 2 × (fd −
fbk), where fbk refers to the background signal [39]. Since all
scintillators have a finite (exponential) decay time, fbk will not
be zero, even if no Ps is formed. Often, one may ignore this
background contribution, but in the present work the signal
obtained from confined Ps is small, and so it has to be taken
into account. We assume that a negligible amount of Ps will
be generated on the Al surface for EB = 3 keV, and the Al
spectrum in Fig. 2 is taken to be the background signal, yielding
fbk = 3.5 ± 0.7%.

Laser-induced changes in lifetime spectra are quantified by
the parameter Sγ , which is given by

Sγ = (fd(off) − fd(on))/fd(off), (2)

where on and off refer to whether the UV laser is on or off
resonance [31].

The measured SSPALS signal is the γ -ray flux convolved
with the full response of the detection system; we refer to the
latter as the instrument function (IF). For the present purposes
we approximate the IF as an SSPALS spectrum obtained when
no Ps is produced [40]. This will contain a component due
to fast annihilation events and so is not the true IF, as this
component will change when some of the positrons form Ps
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atoms. However, by scaling the IF and convolving it with an
exponential function one may fit SSPALS spectra that contain a
Ps component and thus determine Ps lifetimes. This procedure,
which we refer to as instrument function fitting (IFF), does not
discriminate between Ps in vacuum or inside a porous network.
We note that one can generate an analytical approximation [41]
of the IF instead of relying on a measurement assumed to be
free of significant Ps production. Fits performed using such a
function were in agreement with our measurements, but with
larger error bars due to the extra fitting parameters.

Ps lifetimes can also be measured using delayed laser
excitation (DLE), in which case we use the notation τDLE.
In this method photoexcitation of the 13S1 → 23PJ transi-
tion is followed by annihilation, resulting either from the
sample properties (as in the present case, see Sec. III) or
from photoionization using a second (IR) laser pulse [31].
The amount of excess annihilation radiation in the lifetime
spectrum immediately after the laser has been fired depends
on the number of Ps atoms remaining in the sample. Thus,
lifetimes are obtained from the correlation between the areas
of the excess annihilation peaks and the UV laser delay time.

B. Porous silica films

The experiments we describe here were conducted using
four samples (henceforth labeled A–D) with different pore
sizes and porosities, as listed in Table. I.

All films were prepared by the sol-gel method [2] using
tetraethylorthosilicate (TEOS) as a silica precursor and a
sacrificial porogen. The sol was deposited by spin coating on a
silicon single-crystal substrate, and the porogen was removed
by heating the samples in air. The film preparation for sample
A differs from that used for samples B, C, and D. The porosity
of sample A was generated using micelles of nonionic Pluronic
F-127 triblock copolymer as a surfactant [42]. Porous films of
approximately 1 μm thickness were formed by removing the
pore-generating agent by heating the samples to 450 ◦C in air.

Samples B, C, and D were prepared using poly(methyl
methacrylate) (PMMA) latex nanoparticles with diameters of
32, 51, and 75 nm as a sacrificial template [43]. The template
was removed by heating to 450 ◦C (sample B) and 600 ◦C
(samples C and D) in air. Positron measurements showed no
difference between identically prepared films heated to 450 ◦C
and 600 ◦C. Samples B, C, and D were approximately 300 nm
thick. For each pore size the full width at half maximum of

TABLE I. Properties of the four samples used in the present
work. The porosity P and mean pore diameter D were determined
as explained in the text. Ps lifetimes obtained from both instrument
function fitting (τIFF) and delayed laser excitation (τDLE) are shown.
The value of fd was measured using a PWO detector and a positron
beam energy of 3 keV and includes background subtraction (see
Sec. II A).

Sample P (%) D (nm) τIFF (ns) τDLE (ns) fd (%)

A 50 5 146 ± 3 75 ± 5 14.2
B 40 32 83 ± 5 91 ± 3 3.2
C 40 51 91 ± 6 89 ± 2 1.6
D 40 75 84 ± 6 89 ± 2 1.8

the size distribution of the latex nanoparticles was measured
[43,44] using dynamic light scattering and was found to be
less than 10 nm. The pore size distributions in the films were
experimentally determined via spectroscopic ellipsometry and
were found to be indistinguishable from the size distribution of
the latex nanoparticles. After removal of the porogen the films
are known to shrink slightly, and the shape of the pores becomes
partially flattened, although the present experiment would not
be sensitive to such changes. The pore size and porosity of
all samples as determined from spectroscopic ellipsometry are
listed in Table I.

Films prepared under the same conditions as those used
in this work were studied by Guillemot and coworkers [43].
A disordered pore distribution was observed via scanning
electron microscopy imaging, and Fourier transform infrared
spectroscopy showed that curing the films at increasing tem-
peratures up to 450 ◦C results in a progressive decrease of the
intensity for the silanol Si-OH stretching band (950 cm−1) and
for the hydroxyl stretching band (3000 cm−1). The fact that
some fraction of silanol groups remains after heating at 450 ◦C
suggests that a few percent of microporosity subsists in the
silica walls in the PMMA-templated films [43]. Positron-based
characterization of these films was also performed [45], in
which the samples were heated to 450 ◦C with a 10 ◦C/min
heating rate a few minutes before installation into a UHV
system. Earlier studies on mesoporous films have shown that
reheating porous silica films improves the reproducibility of
positron measurements, probably due to the removal of water
that penetrates into the pore matrix during aging in ambient
atmosphere. In the present work the samples were not reheated
prior to insertion in the vacuum system. Moreover, they had
been stored for several years in atmosphere before being used.

III. RESULTS AND DISCUSSION

Energetic positrons implanted into insulating materials can
form Ps atoms via several different mechanisms [46], either in
the bulk material or following positron diffusion to a surface
[47–49]. In porous materials it is possible for Ps atoms in inter-
nal open volumes to escape into vacuum or become localized,
depending on the pore geometry and interconnectivity [50]. Ps
emission into vacuum is more likely to occur from materials
with high porosity and small pores [45], and films similar to
sample A are often used as Ps sources [51].

Figure 3 shows line shapes of 1 3S1 → 2 3P J transitions
of Ps driven in vacuum [see Fig. 1(a)] for different positron
implantation energies and silica targets. The data presented in
Fig. 3(a) were recorded using sample A and show Doppler
profiles consistent with those previously obtained from sim-
ilar films [52]. Small-pore films typically exhibit collisional
cooling as the positron beam implantation energy is increased,
which in this case is indicated by a small narrowing of the line
shape.

The data shown in Fig. 3(b) were recorded using sample B.
In this case the signal rapidly drops off as the positron beam
energy is increased, indicating a reduction in the number of Ps
atoms emitted into vacuum. The signal obtained for a positron
beam energy of 0.2 keV is attributed to Ps emitted directly
from the silica surface. In this case there is no Ps cooling, as
evidenced by the much broader Doppler profile.
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FIG. 3. The 1 3S1 → 2 3P J transitions driven in Ps atoms in
vacuum for different positron beam energies and using (a) sample
A and (b) sample B. A second (IR) laser tuned to 729 nm was used
to photoionize excited states, except where indicated. The inset in (a)
shows a scan of the time delay between the positron pulse and lasers
on resonance. The line shapes were recorded using a LYSO detector,
and the delay scan was recorded using a PWO detector.

It should be remembered that, by its definition, Sγ is a
measure of the fraction of Ps atoms present that are excited
by the applied laser light, and therefore, it is not directly
sensitive to the absolute number of Ps atoms produced by the
positron pulse. However, if Ps atoms are generated that are not
excited by the laser, then Sγ will decrease accordingly. Thus,
the data shown in Fig. 3 can be interpreted in the following
way: the nearly constant value of Sγ in Fig. 3(a) means that
the fraction of Ps produced that is emitted into vacuum has
almost no dependence on the beam energy, whereas the drop
in Sγ for increasing beam energy seen in Fig. 3(b) means that
a lower fraction of the produced atoms interact with the laser
light. This can be explained if long-lived Ps atoms are created
but are not emitted into vacuum or if they are emitted with
very high speeds. In general the energy of Ps atoms emitted
from silica films will decrease as EB is increased, indicating
that confined Ps is produced. Very similar data were obtained
using samples C and D, and these observations are consistent
with measurements [45] showing that Ps emission via the pore
network in similar films becomes much more efficient above a
porosity threshold of approximately 60%.

Figure 4(a) shows a lifetime spectrum measured for
positrons implanted into sample A at an energy of 3 keV. IFF
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FIG. 4. (a) Single-shot lifetime spectra (solid line) recorded using
sample A (see Table I) and the fit (red dashed line) used to determine
τIFF. (b) Lifetime spectra in which the UV laser is fired at different
delays from 30 to 130 ns in 10-ns intervals as described in the text,
and (c) difference signal between lifetime spectra with and without
laser irradiation plotted on a linear scale. The inset in (c) shows the
integrated areas of the laser-induced peaks and the fit (straight dashed
line) used to determine τDLE. These data were recorded using a PWO
detector.

using these data yields τIFF = 146 ± 3 ns, i.e., the Ps vacuum
lifetime. This is consistent with the observation that most Ps
produced in this sample is emitted into vacuum [see Fig. 3(a)].
Figure 5 shows IFF data for spectra generated using samples B,
C, and D, yielding lifetimes of 83 ± 5, 91 ± 6, and 84 ± 6 ns,
respectively.

DLE data for sample A are shown in Fig. 4(b), using the
sample orientation shown in Fig. 1(b) (i.e., Ps excitation inside
the sample). The laser-induced peaks in the lifetime spectra
ranging from 30 to 130 ns in 10-ns intervals are clearly visible.
The same data are shown in Fig. 4(c) with the background
(no laser) spectrum subtracted. The background-subtracted
areas of the laser-induced excess γ radiation peaks are ap-
proximately proportional to the number of Ps atoms present.
Thus, fitting an exponential function to these data, as shown
in the inset in Fig. 4(c), yields a lifetime (in this case τDLE =
75 ± 5 ns). Figure 6 shows background-subtracted DLE data
obtained in the same way for samples B, C, and D, yielding
lifetimes of 91 ± 3, 89 ± 2, and 89 ± 2 ns, respectively.

We note that similarly produced [42] silica films were pre-
viously studied using Ps reemission and lifetime spectroscopy
[53]. In that work the lifetime of Ps inside the pores of a
mesoporous film nominally identical to sample A was found
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FIG. 5. Lifetime spectra (solid lines) and IFF (dashed lines) for
samples B (32 nm), C (51 nm), and D (75 nm). The τIFF values obtained
from the fits are shown in the legends. These data were recorded using
a PWO detector.

to be 74 ± 1 ns. The good agreement between the current
and previous measurements shows that the sample properties
are resilient to long-term storage in atmosphere, even without
heating immediately before use.

A key feature of the DLE method employed in this work is
that it is sensitive only to Ps inside the porous material. The
reason for this is that Ps excited via 1 3S1 → 2 3P J transitions
in vacuum will generally decay back to the 1 3S1 ground state,
resulting in a negligible change in the total decay rate. Because
of Zeeman and Stark mixing it is possible for atoms excited
in this way to decay to the short-lived 1 1S0 singlet ground
state [54], which would provide an annihilation signal [55].
However, the electric fields and laser light polarization used
in this work were such that this effect was negligible [56].
This is confirmed by the “IR off” curve in Fig. 3(a), where no
signal was observed when Ps was excited in vacuum if the IR
photoionization laser was not used.

Conversely, Ps excited inside the sample was found to
annihilate without the presence of an additional laser, giving
rise to laser-induced excess annihilation peaks in the lifetime
spectra [see Figs. 4(c) and 6]. The shape of these peaks is
not presently understood, and in particular it is not known
why the sample C curves are different from the others. It
is possible that dissociated positrons undergo complicated
surface interactions before annihilation and that the peak
shapes contain information about this process, but more studies
are required to understand the observed line shapes.

B
-s

u
b
 S

ig
n
a
l 
(a

rb
. 
u
n
it

s)

FIG. 6. Background-subtracted laser-induced peaks for samples
B (32 nm), C (51 nm), and D (75 nm) as indicated. The insets show
the integrated areas of the laser-induced peaks and the fits (dashed
lines) used to determine the Ps lifetimes τDLE given in Table I. These
data were recorded using a PWO detector.

As is evident from Fig. 4, the DLE signal obtained with
sample A persists for up to 130 ns after the positron implan-
tation. However, the efficient vacuum emission observed from
the same sample suggests that Ps is emitted on a timescale much
shorter than the Ps lifetime. Measurements of the Ps emission
time profile are shown in the inset of Fig. 3(a) and show that Ps
can be detected in vacuum over a time span of ≈40 ns. This is
consistent with the Ps flight time through the laser and is much
shorter than the range over which DLE signals are observed.
The emission time from similar samples has been measured
directly in time-of-flight experiments [57] and was found to
be on the order of 10 ns. Thus, these data show that the DLE
signal is primarily due to Ps that is permanently confined in
the sample, implying that this sample has both open and closed
pore networks. A comparison of the DLE signals observed
for sample A (Fig. 4) and for the large-pore samples (Fig. 6)
indicates that the confined Ps fraction in all cases is of the same
magnitude; that is, on the order of a few percent of implanted
positrons form confined Ps.

The 1 3S1 → 2 3P J excitation line shapes observed for
confined Ps in all four samples are extremely broad. An
example of this, measured using sample B, is shown in Fig. 7.
These data show 1 3S1 → 2 3P J line shapes recorded with
Ps excited in vacuum [see Fig. 1(a)], and with Ps atoms
confined in the sample [see Fig. 1(b)]. Although very broad
and not very reproducible in terms of the shape, the line
shapes measured for confined Ps are, nevertheless, resonant at
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FIG. 7. Normalized 1 3S1 → 2 3P J line shapes measured using
sample B for Ps in vacuum (target angle of 0◦) and for Ps confined in
isolated pores (target angle of 45◦). These data were recorded using
a LYSO detector.

≈243 nm. This proves that the annihilation mechanism is not
caused by nonresonant laser-induced processes that can quench
ground-state atoms, such as the production of paramagnetic
centers [26,58,59].

The vacuum Ps data in Fig. 7 were recorded with a positron
beam energy of 0.5 keV. This produces Ps directly from the
SiO2 surface that is emitted with no significant collisional
cooling and has an energy on the order of a few eV [60].
The vacuum line shape is therefore maximally broad with
respect to Doppler effects, and the extreme broadening of the
transitions observed for confined Ps must be caused by some
other mechanism.

In Fig. 8 we compare the IFF and DLE lifetime measure-
ments reported in Table I with the ETE prediction as given by
Wada and Hyodo [25] (which are essentially indistinguishable
from the models of Gidley and coworkers [22] and others [23]).
This curve describes thermalized Ps at 300 K and can therefore

FIG. 8. Ps lifetimes in all samples as derived from DLE (circles)
and IFF (triangles). Also shown is the ETE model prediction derived
using the approximation of Wada and Hyodo [25]. The dashed
horizontal line indicates the Ps vacuum lifetime.

give only an approximate prediction for our data; in sample
A, Ps will thermalize in less than 10 ns, whereas in the other
samples thermalization will take much longer (50–100 ns) [61].
Hotter Ps will exhibit a shorter lifetime [22], but this effect
is much smaller in the “classical” regime of large pores. For
nonthermal Ps we would expect ETE predictions somewhat
lower than shown in Fig. 8, with lifetimes in larger-pore
samples reduced to (at most) 100 ns. The lifetimes would still
depend on the pore size.

It is evident from Fig. 8 that the IFF and DLE methods give
consistent results for the large-pore samples (B–D) but that
there is a large disagreement for the small-pore sample (A).
This occurs because the IFF method is sensitive to all Ps decays
and thus detects both confined and vacuum Ps, while DLE
detects only confined Ps. In the large-pore measurements there
is only confined Ps, and thus, the two methods agree. Most of
the Ps atoms created in sample A are emitted into vacuum; IFF
is dominated by this signal and therefore gives a value close to
the vacuum lifetime.

There are several aspects of our measurements that are
presently not explained. These are the nature of the quench-
ing/dissociation mechanism that causes annihilation upon ex-
citation and the extreme broadening of the transition linewidth,
the lifetime disagreement with ETE predictions, and the fact
that the observed ≈90 ns lifetimes in the larger-pore samples
do not depend on the pore sizes. Nevertheless, some of the
properties of the underlying physical mechanism(s) can be
deduced from our measurements:

(1) An almost identical DLE signal from confined Ps is
generated if an IR laser is used along with the UV light
to photoionize excited states; the observed signal does not
increase significantly when both lasers are used, indicating
that the quenching process is roughly as efficient as pho-
toionization. The IR radiation fluence used was sufficient to
approach saturation of the ionization process [56], and we
therefore conclude that most confined atoms that are excited
do subsequently annihilate.

(2) Ps atoms that are not confined have been probed inside
porous silica films similar to sample A in previous experiments
[62]. In this work excited atoms did not annihilate unless an
ionization laser was used, and line broadening was not ob-
served. Conversely, in all present cases involving permanently
confined Ps, we do observe these effects. This implies that
the quenching mechanism is connected to the isolated pore
structures, either due to the presence of contaminants or via a
physical mechanism that occurs exclusively therein.

(3) Since excitation of 2 3P J levels will not ordinarily result
in an increased annihilation rate [56], the extreme width of the
observed 1 3S1 → 2 3P J line shapes coupled with the fact that
excitation leads directly to annihilation indicates that the Ps
is strongly interacting with a surface during the excitation.
The existence of the annihilation signal indicates that excited
surface states are able to dissociate or engage in some other
decay process.

(4) The observed Ps lifetimes in samples B, C, and D are
all shorter than ETE predictions [25] and are all essentially
the same (≈90 ns), with no dependence on the pore size. This
implies that the quenching mechanism is not mediated by direct
surface interactions at a rate determined by the Ps-surface
scattering. Instead, this observation suggests that Ps exists in
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surface states that give rise to similar Ps-surface interaction
rates, regardless of the pore size.

The seemingly conflicting observations of extreme line
broadening (suggesting a strong Ps-surface interaction) and
relatively long lifetimes (indicating a weak Ps-surface inter-
action) can be reconciled if Ps atoms become captured in
surface states but are continuously trapped and detrapped
during the thermalization process. This can occur only in a
confining geometry where multiple interactions with surfaces
are inevitable. Presently, we can only speculate as to the
Ps-surface attachment mechanism, but the resonant attachment
of positrons to molecules is a well-known phenomenon [63],
and weak Ps-atom binding is expected to be a common
phenomenon [64–66].

Temporary Ps attachment can result in a surface scattering
rate that does not depend strongly on the pore size but instead
is determined primarily by the trapping and detrapping rates.
Then, for similar surface conditions, similar Ps lifetimes will be
observed, even for very different pore sizes. However, in sam-
ple A the observed ≈75-ns lifetime is shorter than is observed
for the other cases, which does not agree with this hypothesis.
This may be explained by the fact that in sample A the Ps de
Broglie wavelength is much closer to the pore size than it is
in the other samples [52,67], which can modify the surface
interaction rate and reduce the lifetime to the ETE prediction.

The measured 1 3S1 → 2 3P J linewidth will be affected by
temporary surface interactions if the excitation Rabi frequency
is comparable to or less than the average scattering rate; the
applied laser fluences result in Rabi frequencies on the order
of a few gigahertz [57]. The surface residence time for a mech-
anism of this type must be short (subnanosecond) to account
for the observed lifetimes but will still have a large effect on
the effective scattering rate, which would be much faster than
the Rabi frequency for realistic experimental parameters.

The precise nature of the broadening mechanism remains
unclear, but it has some characteristics consistent with chem-
ical quenching [68]. In this process Ps is thought to form
a chemical bond with a molecule, leading to an increased
annihilation rate. Chemical quenching of Ps has been observed
for Ps interacting with NO2 molecules adsorbed on the internal
surfaces of silica aerogel and was found to have a cross section
several orders of magnitude larger than that of spin conversion
[69]. As pointed out by Hyodo and coworkers [27], it has
not been demonstrated that a stable compound is formed in
this process (which they refer to as attachment quenching),
and they suggest that it is more likely that the Ps forms a
resonance state with the molecule. If attached Ps atoms are

excited, they may no longer exist in a bound state, leading to
dissociation as we have observed. This is consistent with the
fact that chemical quenching is characterized by an increase in
the (ground-state) Ps momentum, as observed via the angular
correlation of annihilation radiation [69].

Additional work is required to fully describe the physical
mechanisms underlying the surface interaction and quenching
processes. To study these effects further it would be beneficial
to perform systematic measurements in a series of well-
characterized samples. Experiments performed at different
temperatures can confirm whether or not the observed effects
are mediated by nonthermal Ps, and films made from materials
other than silica [70] are likely to exhibit different surface
attachment properties and will contain different contaminants.
It may also be instructive to perform laser excitation measure-
ments of Ps in surface states on single-crystal quartz samples
[71,72]. Ps thermalization rates must be strongly affected by a
surface trapping-detrapping mechanism, and it is therefore of
interest to directly measure this for confined Ps using various
energy-time selection methods [61,73–76].

IV. CONCLUSIONS

The experiments we have described here reveal the ex-
istence of decay pathways that may affect the applicability
of ETE-type models used in positron-based characterization
methods [13]. Some of the effects of surface chemistry
and morphology on ground-state Ps atoms have been previ-
ously characterized [77–80], but the excited-state effects we
observed are unique. Without prior knowledge of the pore
structure it may not be apparent from the Ps decay rates
that these processes are occurring. In the present case the
pore sizes were known well enough that the almost constant
lifetimes were obviously anomalous, and laser excitation has
revealed unexplained broadening and annihilation. If they are
common in isolated void networks, the observed effects have
implications for proposed schemes to perform laser cooling on
confined Ps atoms [81] or to produce Bose-Einstein condensed
Ps in isolated cavities [82].
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