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Abstract

Positron annihilation acquired acceptance for structural investigation of solids but results in porous media—where

positron lifetime spectroscopy (LT) reveals substantial Ps formation—were ambiguous. Data on zeolites lead to the

conclusion that Ps trapping in competing ‘‘extended free volume’’ sites, inhomogeneous regions and grain boundaries

occurs. Furthermore, positron trapping must also be considered. Systematic errors due to incomplete time range

selection are discussed, significance and importance of corrections for 3g/2g counting efficiency differences are shown in

practice.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Structural studies of solids employ positron annihila-

tion techniques (PAT) as routine tools but in highly

inhomogeneous systems and porous media the PAT

data show a complexity which does not facilitate easy

interpretation. Positron lifetime (LT) measurements

reported for fine powders (Paulin and Ambrosino,

1968) reveal the existence of annihilation modes with

long lifetime components associated with the annihila-
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tion of ortho-positronium (o-Ps) in various free or

confined states. Apart from the basic scientific interest

directed to understand the origin of those lifetime

components it became soon clear that ascribing those

long components to trapped o-Ps states may supply

means to identify and characterize the respective

structural trapping sites. The simple quantum-well

model (Tao, 1972; Eldrup et al., 1981; Jean, 1990)—

correlating the o-Ps lifetime to the size of the trapping

sites—was applied with noticeable success. This model

has been developed further recently (e.g., Goworek et

al., 2000), taking into account non-spherical geometry as

well. By all those models, the radius (R) of the free
ed.
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volumes (whether spherical, cylindrical or cuboid) is

related to the resulting lifetime of the o-Ps, thus

providing one with a unique method to determine

nanoscale-size Ps trapping sites (i.e., intrinsic or extra-

structural free volumes) in a range of 0.1–10 nm. It is a

positive development that ab initio calculations have

already been started to calculate the free volumes (Bug

et al., 2004) and estimation of lifetimes is being targeted

also for cases when liquids are present in the voids (Bug

et al., 2005).

One of the important terrains of those PAT applica-

tions is the study of zeolites (Debowska et al., 1988;

Chen et al., 1995; Duplâtre et al., 1999; Kajcsos et al.,

2001; Zaleski and Borowka, 2004). Their highly porous

structure, large external and internal specific surface

bring about properties of high practical value, e.g. in

catalysis or in radioactive waste management as well,

where also the information on the amount and

distribution of ‘‘free volume sites’’ is of primary

importance. The silicate skeleton of zeolites furnishes

the ionization electrons (produced along the track of the

slowing down e+) and provides the free spaces, needed

to accommodate the o-Ps formed. The long lifetime

values and high relative abundance (10–130 ns, ca.

10–30%, e.g., Kajcsos et al., 2001) denote a weak

interaction of o-Ps with its surroundings. These siliceous

solids comprise a variety of open spaces, either

structural channels and cages, or extrinsic nano- and

mesopores. The Ps states are sensitive to additives (e.g.,

surface-bound ions, gases), which shorten the o-Ps

lifetime and may also influence the relative intensities.

Whereas o-Ps decays in vacuum intrinsically by emitting

three g rays, its extrinsic decay in matter is governed by

interactions with electrons of the surrounding medium,

and through a ‘‘pick-off’’ process resulting in a

dominantly 2g-decay. Similarly, for the long-living

trapped o-Ps lifetime states 3g-decay prevails which calls

attention to the fact that the 3g-contribution to the

annihilation pattern will be high, whereas a shortening

of these components due to interactions with new agents

leads mostly to 2g-annihilation. Quantitative informa-

tion on the relative concentration of various kinds of

trapping centres could be obtained through the intensity

of the respective (trapped) o-Ps-species, as is the case for

trapped positrons in defect studies of solids. As,

however, the overall counting efficiencies may drasti-

cally differ for the 3g- and 2g-decay modes leading to a

distortion in the measured intensities of the various

positron and Ps states, serious doubts are cast on the

relevance of the measured o-Ps intensity with respect to

the true, physical intensity. Thus, the determination of

the true LT intensities requires that the ratio r of the 3g/
2g counting efficiencies be determined (e.g., Dauwe,

1992; Kajcsos et al., 1995; Kajcsos et al., 2005), which

might more easily be achieved when combining LT and

Doppler broadening (DB) measurements.
With the intention of better understanding the main

processes influencing the fate of positrons in porous

systems, we extended our work to further questions of

methodology and to those of the evaluation techniques

and here we also reconsider and revisit some of our

earlier data on the basis of newer insight gained since.

Reference to our preliminary results (reported separately

by Bosnar et al., 2006) obtained with LT measurements

on the progress of crystallization of zeolites out of their

amorphous precursors will also be made.
2. Experimental

Zeolite samples were studied by PAT with the aim of

characterizing various forms of free volume present. In

the present short work we shall refer only to some

selected results but a comprehensive experimental out-

line is necessary for the data interpretation. Host

matrices with known high Ps yield (Duplâtre et al.,

1999; Kajcsos et al., 2000; Liszkay et al., 2001) were

selected (MFI silicalite-1, fajausite, Na-Y, Na-X, etc.),

taking well-documented samples, characterized by X-ray

and thermogravimetry measurements as well. These

siliceous solids comprise a variety of open spaces, either

structural channels and cages, or extrinsic nano- and

mesopores. Each of these sites, with their respectively

different sizes and shapes, can give rise to a specific o-Ps

component, the experimental difficulty lies ‘‘only’’ with

recording the spectra with high enough statistics.

The non-framework cations are located in channels

and voids and are coordinated with water molecules

inside the channel. The cation-size influences the size of

its hydration shell and the pore volume occupancy by

water molecules. The removal of water—necessary to

make the free volume available to o-Ps—was achieved

by appropriate vacuum heat treatment (Liszkay et al.,

2001).

LT measurements were performed on samples pre-

pared by pressing (with 0.3GPa) the zeolite powders

into 1–1.5mm thick disks of 8–13mm diameter,

sandwiching the 22Na source (0.5–2.0MBq activity,

sealed between thin Kapton or Ni foils) between two

sample disks, wrapped in Al-foil. LT measurements were

performed on the as-prepared sample assemblies, which

were placed into a glass holder, evacuated or in a part of

the experiment filled with high purity N2 gas at

atmospheric pressures (Kajcsos et al., 2000). For

performing temperature-dependent measurements in

the range of 110–300K, we had a sample-holder cryostat

operating with gas cooling from a liquid nitrogen

reservoir. Earlier results (Kajcsos et al., 2000, 2005)

have shown that the capillary gas condensation at low

temperatures practically eliminates the 3g-decaying
long-living o-Ps components and could allow so to
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determine the ratio r of the 3g/2g counting efficiencies

which we want to apply for our data.

Two fast-fast coincidence LT spectrometers were

employed, one featuring a pair of XP 2020 URQ

photomultipliers equipped with BaF2 scintillators,

whereas the other working with XP 2020 photomulti-

pliers equipped with NE111 plastic scintillators. The

wide energy selection windows (50% on the start and

80% on the stop line) enabled high efficiency recording

of 3g-events, still with a 250 ps FWHM time resolution

for 60Co with the BaF2 scintillators and 290 ps FWHM

for the plastic scintillators. The LT spectra were

recorded employing simultaneously two time-to-pulse

height converter units, one set to a ‘‘short’’ time range of

100 ns whereas the other to a ‘‘long’’ time range of 2 ms.
The output time spectra were recorded for the 100 ns

setting in a Microfast 16 k PC MCA, whereas for the

2ms setting the time-to-pulse-height-converter output

signal was split further into two branches, one led into a

PC-based 4 k MCA and the other one into a Microfast

16 k PC MCA with the intention to estimate the

distorting influence of the compliance of time range

setting with the range of lifetimes and also to compare

the performance of two fully differing MCA designs.

The time calibration values for the various settings were

of 200.3, 40.1 and 99.8 ps/ch, respectively. Integral

counts of at least 2� 106–1� 107 were collected under

the various conditions. The reproducibility of the

spectra was found good. The lifetimes and relative

intensities were evaluated (with appropriate source

corrections) using the LT v.9 fitting program (Kansy,

1996).

For the independent observation of the 3g/2g fraction,
full g-energy—or extended Doppler (XDB)—measure-

ments were performed (energy range: 40 keV–1.4MeV)

using a Canberra HPGe detector with 1.86 keV FWHM

resolution at the 1.28MeV g line of the 1MBq 22Na

positron source. The XDB spectra were recorded in a

Microfast 16 k analyser. The 1.28MeV photopeak was

used to monitor the number of positrons, enabling to

trace alterations between the 2g- and 3g-channels.
Changes in the relative counts of the annihilation peak

are proportional with the number of positrons leaving

the 2g-annihilation channel and annihilating via 3g-
decay. As a ‘‘pure’’ 2g-annihilation case, spectra

measured on water-saturated pellets were used (the

negligible presence of 3g annihilation was proven by

lifetime measurements). Details for the corrections were

given by Liszkay et al., 2001.
3. Results and discussion

A satisfactory fit of the LT spectra usually requires at

least four lifetime components: 0.2–0.5 ns combining the

p-Ps and e+-annihilations, 1–4 ns for o-Ps probably
trapped in microvoids of the lattice, 10–90 ns for o-Ps

decaying in internal channels of the zeolites and

100–135 ns for o-Ps decaying outside of the crystallites,

in the intergrain space (Kajcsos et al., 2001), whereas

mesopores may also contribute to this latter two

components (Kajcsos et al., 2005). It has been also

shown already that even a higher number of lifetime

components could be significantly resolved: for silicalite-

1 MFI samples five components were extracted.

Furthermore, in case of LT measurements performed

on the MFI samples in closed N2 gas atmosphere, at low

temperatures due to the capillary condensation into the

channels and cages of the zeolite skeleton a newer

component—ascribed to a Ps-bubble-like state in the

condensed gas—became evident (Kajcsos et al., 2001,

2005), as will be discussed further.

The intensities of the long-lived components are

subject to corrections due distortions by the unequal

efficiencies for the detection of 2g- and 3g-events
(Kajcsos et al., 2005), and the registered spectra mirror

the ‘‘survival proportions’’ of the various components

and not those of the ‘‘birth fractions’’ (Kajcsos et al.,

2001; Liszkay et al., 2001). The smaller the trapping site

in which the o-Ps is confined, the higher the 2g-decay
fraction, whereas the larger the site, the higher the 3g-
decay fraction will be. Interestingly, preliminary studies

on the gel-preparation technique have shown that

partially exchanged gel samples exhibit higher contribu-

tion of long-living components as the gel sample

exchanged in a higher extent, i.e., latent crystallization

centres may induce unexpectedly high fraction of Ps.

This line of studies will be continued in the future.

As an example for the differences encountered for the

actual values evaluated for two different silicalite-1

sample featuring very long lifetimes, the results obtained

from spectra (recorded with the ‘‘long range’’ setting)

without correction for the efficiency differences for the

2g-decay and the 3g-decay recording, respectively, and

with correction for these differences are presented in

Table 1. (The values of r were determined comparing

LT and DB measurements at room- and low tempera-

tures, where the 3g-fraction becomes negligible.) Ob-

viously, the influence of a higher r value is more

pronounced on the intensities, and it is also obvious that

the corrections for the actual ‘‘birth population’’ relative

intensities modify the intensity values of the short

components as well. It is also clear that in case of

r ¼ 1 no corrections are necessary. As the actual value

of r—for given detectors—depends mostly on the

energy window settings and on the detector solid angles,

one can aim at approximating the value r ¼ 1, what we

did in most cases, being aware of the fact that one can

gain simplicity in the evaluation procedure on this way

at the expense of efficiency and statistics.

The two LT spectrometers with NE111 and BaF2

scintillators, respectively, gave a reassuring equivalency
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Table 1

Lifetimes and relative intensities for two MFI samples (sample A: grain size: 10mm, sample B: grain size: 12 mm), as evaluated

uncorrected and corrected with the respective r values, which were determined comparing room temperature and low temperature LT

spectra (Kajcsos et al., 2005)

Samples t1 (ns)
(70.1)

t2 (ns)
(70.1)

t3 (ns)
(70.2)

t4 (ns)
(71.2)

t5 (ns)
(71.6)

I1 (%)

(70.6)

I2 (%)

(70.3)

I3 (%)

(70.4)

I4 (%)

(70.4)

I5 (%)

(70.3)

r

A (uncorr.) 0.35 2.05 5.60 35.1 135.4 42.7 24.1 2.6 2.5 28.1

A (corr.) 0.35 2.05 5.60 35.1 135.4 49.0 27.2 2.9 2.4 18.5 1.8

B (uncorr.) 0.35 2.24 7.50 33.2 123.3 53.9 5.5 10.8 8.6 21.2

B (corr.) 0.35 2.24 7.50 33.2 123.3 57.4 5.8 11.0 8.4 17.4 1.3

The lifetimes are not influenced by the correction. (The errors on the intensities are given in absolute numbers.)
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Fig. 1. The comparison of LT spectra recorded for a Na-Y

sample with ‘‘short’’ and ‘‘long’’ time range setting shows that

the inclinations of the decay curves coincide well, but the true

background level is still not reached at the end of the recording

range.
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for the recorded spectra in the range of source activities

used here, no distorting effects due to higher count rates

on the system with the BaF2 scintillators were observed

with the source activity employed here. The LT spectra

with the 2 ms time range setting recorded with the two

different types of MCA show an excellent agreement, a

reassuring result, indeed.

The comparison of LT spectra recorded for a Na-Y

sample with ‘‘short’’ and ‘‘long’’ time range setting

(Fig. 1) shows that the inclinations of the decay curves

coincide well, but as in the case of the ‘‘short’’ setting the

background level is not reached still at the end of the

recording range, the higher channel content at this

position is taken as an artificially higher background

and the intensities determined differ for the two cases by

several percents (Table 2), depending on the degree how

the actual time ranges and lifetimes commeasure. It

means that in addition to data influence from the sample

synthesis and treatment (e.g., Kajcsos et al., 2001) and

the changes in the 3g/2g-ratio (e.g., Kajcsos et al., 2005),

the short (incomplete) time range settings may also

result in somewhat incorrect intensity values if the

background level is not properly reached.

The generally employed procedure to record the

spectra consecutively with ‘‘short’’ and ‘‘long’’ time

range setting may cause a systematic error if not only the

lifetime values but also the relative intensities are

assumed to be identical in the various recordings. Also,

as for the evaluation of the short components a fine

enough time/channel definition is needed, unconven-

tionally long recording times are required. In accordance

with the general rule of thumb, if the time range may

accommodate 5–6 decay times of the actual long-living

component, both the lifetimes and intensities could be

trusted. If, however, only less than two half-lives are

contained—which was often the case in early experi-

ments, the lifetimes may carry substantially higher errors

and the intensity values may differ drastically from the

factual values, underlying the necessity of using long

settings of the time-to-pulse heights converters and

large-range MCAs for the recording of LT spectra. In
this case, the simultaneous evaluation of both the short

and long-living components from the same data set

becomes possible.

The free volume parameters defined from the Tao-

Eldrup model give values as R ¼ 8.7–13.7 Å. As,

however, for the MFI samples only t2 and t3 could be

correlated with crystalline free spaces (excluded vo-

lumes, intersections of channels, or the channels

themselves, etc.,) and as there are no crystallographic

formations present which could account for the very

long lifetime values found for t4 and t5, these

components probably correspond to o-Ps annihilating

from mesopores, probably playing a role in other types

of zeolites as well.

For the complexity of the picture the positrons bring

on zeolites here we present the case when the silicalite-1

sample has been measured (with r ¼ 1 setting) in the

presence of N2 in a broad temperature range. The

lifetime values present one additional surprising con-

tribution, becoming evident in the multi-component free
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Table 2

Lifetimes and relative intensities for two samples (sample C: Na-X, sample D: Na-X), as evaluated from the spectra recorded in the 2 ms
and 100ns time range, respectively

Samples t1 (ns)
(70.05)

t2 (ns)
(70.07)

t3 (ns)
(70.1)

t4 (ns)
(70.6)

I1 (%)

(70.5)

I2 (%)

(70.2)

I3 (%)

(70.2)

I4 (%)

(70.3)

C (2ms range) 0.30 0.65 1.86 37.9 55.9 34.1 7.4 2.6

C (100 ns range) 0.25 0.61 1.90 35.1 56.9 34.4 7.3 1.4

D (2ms range) 0.31 0.65 1.87 63.2 52.2 30.1 8.7 9.0

D (100 ns range) 0.30 0.66 5.60 35.1 56.7 30.5 8.4 5.4

As r ¼ 1 value was set, no intensity corrections were needed. (The errors on the intensities are given in absolute numbers.)
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Fig. 2. The relative intensity values vs. temperature as

measured for a MFI silicalite-1 sample in N2 gas at atmospheric

pressure. Ig denotes the intensity of the component connected

with o-Ps annihilating in the gas. I1 represents the ‘‘short

lifetime’’ contribution, not resolved further into p-Ps, free

positron or trapped positron sub-components.
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evaluation of the data in the whole temperature range,

successively re-fitting of the data after a stepwise

identification of various basic components which were

then better extracted in the ‘‘series fitting mode’’—a

most ingenious and useful feature in the LT v. 9 fitting

code—are shown in Fig. 2. The additional component,

tg ¼ 3.3 ns hardly visible at room temperature but

becoming successively more and more dominant upon

cooling could be identified with the annihilation of o-Ps

in the adsorbed gas. Scrutinizing the intensities of the

various components, it becomes obvious that in total,

Ps-formation takes place in the whole temperature range

at about 75% constant level, proving that this is a

feature of the given zeolite structure. The I1 component

includes the contribution from p-Ps and free annihila-

tion, and as t1 substantially surpasses the p-Ps lifetime

and bulk lifetime values for SiO2, a trapping of positrons

could also be assumed.
4. Conclusions

The present results suggest a coherent picture for the

positron behaviour in zeolites: a large fraction of the

interacting e+/e� pairs initially created in the bulk

(sometimes referred to as Ps, but not possessing lifetimes

that exceed some 0.5 ns) is rapidly expelled into the

channels, in which it can develop into positronium, with

long-living o-Ps state, too. The latter thereafter travels

through the channels, rapidly losing its initial kinetic

energy and sampling suitable structural free volumes or

large defected sites, like mesopores as perspective

trapping sites. It can reach the end of the channels only

if it does not get trapped before. If trapped, Ps remains

and decays in the trap with a lifetime depending on the

size of this trap. The LT distribution in zeolites might be

interpreted by the ‘‘free volume’’ trapping of o-Ps.

Whereas the resulting lifetime might be correlated to the

size of the trap, the saturation-near level of trapping

may fully mask the proportionality between the trap

concentration and the relative intensity of the respective

lifetime component. The high level of trapping of o-Ps

may shadow sensitivity to absolute structural features,

too, showing great similarity to the behaviour of

positrons in amorphous glasses where a saturation level

trapping masks the possible influence of structural

changes on the annihilation pattern. The high level of

trapping, however, may allow the study of the relative

changes of features of the internal walls by changes of

the respective lifetimes upon e.g. ion decoration of the

cages. To establish the true intensity ratios between

various annihilation channels coming into existence in

the complex structural pattern of micro- and nanopor-

ous media, the combined application of the various PAT

methods is necessary. Slow positron measurements

should also be performed to clarify some questions

mentioned before.

During the Ps-formation process, the influence of

incomplete thermalization, delayed formation of Ps,

diffusion of o-Ps before getting trapped, a distribution of

lifetimes instead of discrete values, the possibility of
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transitions between various trapped states and that of

the de-trapping should all be considered in details, just

as well as trapping of positrons in porous media. It is

also a challenge to provide experimental data for

comparison with the recently started Path Integral

Monte Carlo calculations of free volumes in porous

materials.
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L., Pál-Borbély, G., Beyer, H.K., Caullet, P., Patarin, J.,

2001. Positrons and positronium in zeolites. Mater. Sci.

Forum 363–365, 238–243.

Kajcsos, Zs., Liszkay, L., Duplâtre, G., Varga, L., Lohonyai,
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