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Abstract- Investigating radiation-induced effects in synthetic
polymers makes sense for nuclear power and aerospace
industries. We propose in this work to investigate the effect of the
dose pre-deposited by gamma rays on the behavior of the charges
implanted by electron beam in PET (polyethylene terephthalate)
samples. The samples used in this study are PET films of 25 um
in thickness. The samples were first irradiated by gamma rays, at
different doses (0.1 to 2 MGy). Then, they were exposed to 20
keV energy electron beam, during 5 min, with the purpose to
implant electrons near the surface. Materials were characterized
by different techniques, notably Light Intensity Modulation
Method (LIMM) for space charge measurements and FTIR as
physicochemical analysis. The results show that the electrons
implanted in the PET irradiated at high dose do not stay close to
the surface for a long time, which could be associated with
significant material modifications at the scale of the molecules.

Keywords— Poly(ethylene terephthalate), gamma radiation,
space charge, e-Beam

I. INTRODUCTION

The synthetic polymers have an important place in the
nuclear power industry and aerospace. They are sensitive to
ionizing radiation, which induces polymer chains excitation
and ionization leading, eventually, to the formation of new
groups called the radiation defects. The defects can be created
in the chain (macromolecular defects) or emitted as small
molecules (gas emission). The behavior of polymeric
materials face to the irradiation remains a very delicate subject
and under the study. In order to reproduce in the laboratory, at
least partially, the effects of an "aggressive" environment on
polymers and thus to better understand the problems that may
occur, the combination of two kinds of irradiation has been
studied. Indeed, at present the effects of electron beam (EB)
bombardment [1, 2] or gamma rays (GR) [3, 4] on polymers
have been studied separately. An important difference
between the two irradiation means is that gamma irradiation
produces mainly electron-hole pairs when e-beam can provide
in addition primary electron deposition, breaking electrical
neutrality. This can make a substantial difference when
dealing with irradiation effects on the dielectric properties.

Based on the previous work on the combined effect of
gamma ray and electron beam on the electrical properties of
polyethylene terephthalate films [5], we present in this work
the study of the behavior of the charges implanted by the
electron beam on samples previously irradiated by gamma

rays. Space charges in irradiated samples were probed by
Light Intensity Modulation Method (LIMM) and this was
complemented by Fourier Transform Infrared (FTIR)
spectroscopy.

Il. EXPERIMENTAL

A. Material and irradiation

Polyethylene-terephthalate (PET) films, 25 pum thick were
used in this study. The chemical structure of PET is presented
in Fig. 1. The particular chemical composition of this polymer,
which comprises an aromatic ring, provide it with a set of
remarkable chemical, physical and dielectric properties. The
samples were first subjected to ionizing radiation (y rays), then
bombarded with a dose of electrons.

Fig. 1. The chemical structure of PET

The samples were irradiated in air, at ambient temperature,
using 1.25 MeV GR radiation source of *°Co with a dose rate
of 22 Gy/min. The samples were irradiated homogeneously in
the dose range of 0.1 to 2 MGy using a facility available at the
Nuclear Research Center of Algiers, Algeria.

EB with 20 keV energy at a flux of a 1 nA/cm?2 was used as
post irradiation means to deposit charges. The irradiation time
was 5 min. It was realized under secondary vacuum using the
Matspace facility [4]. It can be considered to be homogeneous
over sample surface of several cm2. With this energy,
electrons are deposited within a few pm from the surface. Fig.
2 shows the maximum penetration depth of electrons predicted
using the ESTAR software for PET.

B. Measurement methods

For the relatively thin films probed in this work, only
thermal methods like thermal pulse or Light Intensity
Modulation Method (LIMM) can provide space charge data
with good spatial resolution [6].
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Fig. 2. Maximum electron penetration depth versus energy
according to ESTAR software.

The LIMM method was selected and used in air in post-
irradiation conditions. It gives access to the distribution of
space charge in the volume of the irradiated films, after the
end of the irradiation. It is based on a perturbation of the
electrostatic equilibrium consisting in a non-uniform thermal
gradient created inside the material. A laser beam modulated
in intensity and focused on the surface of the sample provides
such thermal perturbation at frequencies in the range 10%-10*
Hz. The interaction between the thermal wave with the charge
and / or the spatial polarization produces a pyroelectric
current. This current is converted into a voltage and extracted
from the noise by a synchronous detector that provides the real
and the imaginary part of the pyroelectric current. A
mathematical deconvolution then makes it possible to
determine the space charge profiles [6]. The microcomputer
manages the modulation frequency of the laser beam, the
acquisition of the useful signal and the laser beam position on
the surface of the sample.

The FTIR spectra of our polymer films were recorded in
transmission mode from a Thermo-Nicolet spectrometer of a
range of 400 to 4000 cm™ with a resolution of 2 cm™. The
information extracted from the infrared absorption spectrum is
qualitative and quantitative.

I1l1. RESULTS AND DISCUSSION

A. Physicochemical analysis

Generally, the most obvious chemical and physical changes
that occur when polymers are exposed to ionizing radiation are
formation of the volatile products, the loss of mass, the
appearance of unsaturated structures, the chains scission and
the crosslinking [3].

The overall FTIR spectra recorded for the irradiated GR +
EB PET films with different GR doses are shown in Fig. 2 and
compared to the reference PET. It should be noted that the
baseline has been subtracted from the spectra for a better
comparison. The peaks observed in the spectral region 500 -
1100 cm™ are those reported in the literature [8-10]. The CH,
rotation in trans conformation gives the 728 cm™ band. The
bands between 847-880 cm™ are related to the group C = C-H

(aromatic ring) and the phenol group (OH). In addition, the
broad bands located between 1100 and 1300 cm™ are
attributed mainly to a C-O stretch of the ester group.
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Fig.3. FTIR spectra of irradiated PET

The evolution of the area of the peaks at 728 and 1018 cm™
as a function of the absorbed doses of GR + EB is shown in
Fig. 3. The peaks area shows a slight rise for 100 kGy GR
dose and then it continuously decreases with a substantial for
larger doses. As for the other peaks (793, 849, 873 and 972
cm’™), their intensities remain only slightly affected during the
irradiation.
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Fig. 4. The areas of the peaks at 728 cm™ and 1018 cm™
versus the absorbed dose.

The peaks positioned between 1471-1680 cm™ are assigned
to carboxylic acid groups. The most intense bands at 1723 cm’
! are attributed to the C = O carbonyl groups. To better
visualize the degradation of PET after radiation exposure, we
plotted the area of the peaks at 1340, 1410 and 1725 cm™ (the
representation is given in Fig. 4). We find that the intensity of
the peaks decreases very strongly with the absorbed dose of
GR + EB. Also, the oxidation plays an important role in the
degradation of the material as is has already been reported
[11].
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Fig. 5. The areas of the peaks at 1340, 1410 and 1725 cm™ versus the
absorbed doses.

From the analysis of the FTIR spectra, we can deduce that
there is a major structural evolution between the irradiated
sample and virgin one, especially at high doses (2 MGy + 20
keV). A reduction in peak intensity indicates a decrease in the
concentration of the original bands and / or the change in the
chemical environment of the band. This decrease is related to
the degradation of the material by a scission of
macromolecular chains, and consequently a decrease in the
average molecular weight.

B. Profiles of charges density and electric field

The space charge measurements were performed directly
after electron beam irradiation. The sample was placed in the
cell, with the irradiated surface placed facing the laser beam. In
such a way, the region with implanted electron is probed with
improved spatial resolution. To obtain the charge density and
electric field profiles, the real and imaginary parts of the
pyroelectric currents are recorded then deconvolution is
applied.

Fig. 6 shows the charge density profiles obtained by the
LIMM method for the irradiated samples. It should be noted
that the samples irradiated only with GR showed no workable
signal. The charge density profiles shows the existence of two
peaks, a negative charge peak near the surface and positive
charge one deeper in the bulk. The positive charge detected at
the very surface is probably due to artefacts in the LIMM
signal conditioning [12].

The peak of negative charges is most probably due to
electrons implanted by the beam. It is detected at around 2 um
for the irradiated samples GR + EB. For the sample irradiated
only with electrons beam, the peak is positioned at 4 pm.
Indeed, the charges are implanted near the irradiated surface
and this penetration depth is consistent with that predicted
(maximum penetration 6 um) by the model (Fig. 2).

The positive charge peak is present in the bulk for all the
samples. Its origin is not clear. As PET is a polar material, one
possibility is the build-up of orientation polarization under the
field produced by the deposited electrons. Charge profiles with
stable double peak in the bulk were observed in a similar way

when homocharges were generated under high DC field and
the features were observed using different techniques [13].

The detected charge amount is very large, implying very
large residual fields, of the order of 100-200kV/mm, induced
by space charges, see Fig.7. These very large fields produced
by electron implantation may indeed drive very specific
charging processes into the bulk of polar materials.
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Fig. 6. Evolution of charge distribution profile as a function of the gamma
doses

The internal electric field profiles of irradiated samples GR
+ EB are shown in Fig. 7. We find that the electric field is
positive between 0-3 pum and negative in the region 3-10 pm.
Therefore, the negative charges will tend to migrate to the non-
irradiated region of the sample over time. In addition, we
noticed that a positive peak of field related to the positive
charges is located at around 12 um. This peak, observed for all
moderate doses, has a larger amplitude than the one related to
negative charges. This peak, observed for all moderate doses,
has a larger amplitude than the one related to negative charges.
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Fig. 7. Evolution of electric field distribution profile as a function of the
gamma doses (Energy of electron beam : 20 keV during 5 min)

An important information is the evolution of the response
with the dose. For moderate GR doses, 0 to 300 MGy, the
shape of the charge or field profiles does not evolve much with
the dose. Also, at low dose the charge amount does not evolve



in the same way as FTIR data. It means that main effects at the
origin of charge build-up as double peak with combined
irradiation sources are presumably not due to the post gamma
irradiation effects (as could be the case if electron-holes pair
generated would be stabilized in deep traps).

For larger GR dose (2 MGy), a much lower charge density is
obtained. The signal is practically uniform and the material
cannot anymore retain the charge generated by the e-beam.

In summary, the strongly irradiated sample by gamma
radiation retains very little charge injected by the electrons
beam (the peak of 2 MGy + 20 keV is ten times less intense
than that of the virgin).

IV. CONCLUSION

In this paper we have presented the space charge
distribution profiles recorded by LIMM technique and the
physicochemical modification of PET samples irradiated by
combined gamma-ray and electron beam sources. These
results show that very high internal field can be generated into
PET by e-beam irradiation and this electron implantation
induced complex space charge profiles. For doses up to
300kGy under GR, the behavior of the samples does not
depend much on the on the irradiation dose whereas FTIR
spectra show noticeable evolution.

The electrons implanted in the strongly irradiated sample do
not stay trapped close to the surface for a long time, which
could be associated with significant modifications at the scale
of the PET molecules.
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