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Abstract

Positron annihilation lifetime spectroscopy is a powerful technique for the study of free volume in polymers. The

lifetime of ortho-positronium (o-Ps), a bound state of an electron and a positron, can be used to assess the cavity size,

while the intensity can be used to characterize the number of cavities. In the past, results have been published, which

suffer from artifacts, whereby the drop in o-Ps intensity is not related to a decrease in the number of cavities. One of the

possible artifacts is the build-up of an internal charge during long-term exposure to positron irradiation, which affects

the o-Ps intensity. In this study, we focus on the charging created in polycarbonate by positron radiation, which we

investigated by the laser intensity modulation method and by charge-decay experiments, both isothermally and with

thermal stimulated discharge. From these measurements we conclude that: (1) the o-Ps intensity decrease during

prolonged positron irradiation is due to the accumulation of a space charge; (2) in reverse, changes in the o-Ps intensity

may be used to probe electric fields in dielectrics.

r 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

For the characterization of amorphous polymers, the

determination of the free volume plays an important

role. Among the techniques which yield information

about the free volume, positron annihilation lifetime

spectroscopy (PALS) is the most direct, since it allows

the detection of free volume holes on an atomic scale.

When positrons are injected into a polymer, they can

form positronium (Ps) in the two states: ortho- and para-

positronium (o-Ps and p-Ps), the triplet and the singlet

state of the system positron–electron (Mogensen, 1995).

The p-Ps lifetime is very short (about 125 ps in vacuum).

Annihilation occurs with the emission of two gamma

photons at 0.511MeV. In contrast, o-Ps is a long living

system with a lifetime of about 142 ns in vacuum. Its

annihilation takes place with the emission of three

gamma photons. Interestingly, in condensed matter such

as polymers, o-Ps is easily trapped in the potential well

of a free volume cavity. Annihilation then occurs after

localization of the positron with an electron of opposite

spin on the wall of the cavity. This process, known as

pick-off reaction, strongly reduces the lifetime of o-Ps,

to-Ps; to values between 1 and 5 ns. Since to-Ps is inversely

proportional to the square of the overlap of the positron

component of the Ps wave function with the cavity wall

electron wave function, it is related to the size of the

cavity itself. A semi-empirical equation (Eldrup et al.,

1981) was obtained that correlates to-Ps with the radius

of the cavity R; assuming a spherical potential well

of radius R0 with an electron layer of thickness

R � R0 ¼ 1:656 (A.
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The probability of o-Ps formation is called the intensity

o-Ps, Io-Ps, which is proportional to the number of

cavities in the system (Kobayashi et al., 1989). In this
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manner, the total free volume can be evaluated from the

following equation:

vfp4
3
pR3Io-Ps: ð2Þ

Until now, a few PALS studies have been reported

which attempt to relate free volume variations to the

structural relaxation of polycarbonate (PC) (Hill and

Agrawal, 1990; Sandreczki et al., 1996; Davies and

Pethrick, 1998). In these papers, a drop in Io-Ps is

attributed to the reduction of the concentration of free

volume elements. Unfortunately, prolonged positron

irradiation was proven to be responsible for most of the

Io-Ps drop as was demonstrated by other authors (Li and

Boyce, 1993; Qi et al., 2001; Chen et al., 2001). All of

them observed a reduction of Io-Ps that cannot be

ascribed to any structural relaxation, since Io-Ps returns

to its original value if the sample under investigation is

replaced by another one with the same thermo-mechan-

ical history, but free of irradiation effects. According to

these authors, the main reason for this interference of o-

Ps formation is the build-up of an internal electric field,

due to the lack of charge dissipation in the insulating

polymer. However, to the best knowledge of the

authors, no papers have appeared yet, which give direct

evidence for electrical fields induced in the sample after

prolonged positron irradiation. The aim of this work is

to characterize the charge distribution in PC samples

after exposure to a positron source. The techniques used

are the thermal stimulated discharge (TSD), to deter-

mine the surface potential and its post-irradiation decay,

and a thermal wave technique (laser intensity modula-

tion method—LIMM) to determine the charge profile

across the thickness of the sample.

2. Experimental

PC from General Electric (Lexan 161) was used in all

the experiments. The polymer was first dried at about

120�C in vacuum and then compression molded to

sheets of 1 and 4mm in thickness. Specimens of about

1mm2 area were taken from each sheet. Samples were

positron irradiated as obtained or after metallization

with gold on one side. It is worthwhile noting that the

metallized samples were irradiated on their non-metal-

lized side.

PALS measurements were performed by exposing the

samples to the radioactive isotope 22NaCl with an

activity of 10 mC. The irradiation time was varied

between 2 and 15 days. A fast–fast coincidence circuit

of PAL spectrometer with a lifetime resolution of 240 ps

monitored by using 60Co source was used to record all

PAL spectra. The counting rate was about 70 cps. Each

spectrum was collected to a total count of 2	 106. This

resulted in an acquisition time of 9 h for each spectrum.

Such an exposure time was proven to result in negligible

radiation effects as illustrated by Fig. 2a. All spectra

were analysed using POSITRONFIT (Kirkegaard et al.,

1981), which describes the spectrum as a convolution of

the instrument resolution function and a finite number

of negative exponentials plus the background:

yðtÞ ¼ RðtÞ# N
Xn

i¼1

Iili exp ð�litÞ þ B

 !
: ð3Þ

Here RðtÞ is the resolution function, li the inverse of the

annihilation times (annihilation rates), and B the back-

ground. All spectra were decomposed in three lifetime

components: a short one related to p-Ps annihilation, an

intermediate one related to free positron annihilation,

and a long component related to o-Ps annihilation.

After positron irradiation, the isothermally or ther-

mally stimulated decay of the surface potential was

monitored using the capacitive probe technique shown

in Fig. 1.

The surface voltage yields the total charge density

within the sample. To determine the spatial distribution

of the charge we applied the LIMM, a thermal wave

technique. The experimental set-up used is described in

(W .ubbenhorst and van Turnhout, 1994; Quintel et al.,

1998). LIMM is based on pyroelectricity, a property of

dielectric materials that show a temperature-dependent

polarization P; they therefore generate a current as a

result of a temperature change DTðtÞ: The pyroelectric

current density of a charged sample covered with two

electrodes is given by: jðtÞ ¼ p dT=dt; where p denotes

the pyroelectric constant: p ¼ dP=dT : The latter is

proportional to the electric field, and so the charge

profile can be calculated from the LIMM spectra.
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Fig. 1. Schematic representation of the capacitive probe method.
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3. Results and discussion

Figs. 2 and 3 show the course of Io-Ps during

irradiation and the subsequent charge decay measured

with the capacitive probe. Fig. 2 applies to a non-

metallized 4-mm thick sample, while Fig. 3 relates a

metallized 4-mm sample. The non-metallized sample

shows a marked decrease in Io-Ps during positron

irradiation, which translates to a gradual charge build-

up (voltage measured after radiation is 2000V). The

charge accumulated is stable at room temperature and is

released only near the glass transition temperature (Tg).

In contrast, the metallized sample does not show any

effect on Io-Ps; since it remains practically constant

during the irradiation. The absence of an effect on Io-Ps is

in line with the charge that shows up at room

temperature. Two striking features can be seen in

Fig. 3b: (i) the initial value of the potential is low, about

one order of magnitude less than that of the non-

metallized sample; (ii) the charge rapidly decays to zero

in a couple of hours, even at room temperature. Fig. 4
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Fig. 2. Response of the 4mm non-metallized sample to

positron irradiation and its charge decay: (a) o-Ps intensity

decay vs. irradiation time; (b) room-temperature charge

evolution; and (c) thermally stimulated discharging. The

amount of charge is measured in terms of electrostatic

potential.
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Fig. 3. Response of 4mm metallized sample to positron

irradiation and its charge decay: (a) o-Ps intensity behaviour;

(b) discharging at room temperature. The amount of charge is

measured in terms of electrostatic potential.
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Fig. 4. Comparison between discharge rate of 1 and 4mm

metallized samples.
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suggests that there is a slight difference between the

1mm- and the 4mm-thick metallized sample. The

thinner sample has a higher initial value and a slightly

different decay profile. However, this difference becomes

negligible if compared with the non-metallized sample,

which shows no charge release at all at room tempera-

ture.

Evidently, the presence of a metal layer strongly

hinders the storage of charge and provokes a fast decay

of the small amount of charge retained. By contrast,

charge is much more efficiently trapped in the non-

metallized sample. The charges created in the metallized

samples are rapidly dissipated by ohmic conduction due

to the increase in the bulk conductivity of PC by the

irradiation with the gamma photons generated both

from the positron annihilation and from the 22Na

radioactive decay.

The charge distribution revealed by LIMM also looks

interesting. This is shown in Fig. 5, where the difference

between the real and imaginary part of the pyroelectric

current is plotted across the thickness of the insulated

sample, in which the charge is retained after irradiation.

The results demonstrate a variation in the polarization,

which corresponds to the presence of a space charge

accumulated between 0.1 and 0.3mm from the surface.

4. Conclusions

We proved the build-up of an internal electric field in

PC samples due to prolonged positron irradiation. Its

effect on the positron response was determined through

the analysis of the probability of Ps formation (Io-Ps),

while the corresponding charge pattern was analysed by

surface potential decay and thermal wave measure-

ments. The results show a clear influence of the sample

layout on the development of the trapped charge both

during and after irradiation. Particularly, the presence of

a metal layer on the back of the irradiated sample

induces a rapid neutralization of the created charge

independent of the thickness of the sample.
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Fig. 5. LIMM plot for the non-metallized sample, which describes the charge profile after positron irradiation.
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