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Abstract-. The aim of the present work is to study the
dynamics of the space charge in crosslinked polyethylene (XLPE)
induced by electron beam irradiation. For this purpose three
energies have been chosen so as to implant charges in a
controlled way, in the volume, at different depths not too close to
the electrodes. Pulsed Electro Acoustic (PEA) method was used to
measure space charge in each sample, at the end of the
irradiation process, in ambient conditions. The space charge
measurements show the existence of two electron implantation
sites after irradiation, one in the bulk at a depth depending on
the irradiation energy and the other near the irradiated surface
and a fixed position (25 um). The application of the electric field
shows that the charge implanted in the volume tends to be
evacuated during the polarization. The charge accumulated
persists during the relaxation and is stable after 1 hour. The
current measurements reveal the impact of the irradiation in
XLPE sample: the steady current measured on the irradiated
sample is substantially higher compared to the one recorded on
the non-irradiated specimens. Also a change in conduction
mechanism is observed. The current recorded on XLPE
irradiated weakly diverges from linearity with the electric field in
the field range up to 40 kV/mm.

I. INTRODUCTION

Cross-linked polyethylene (XLPE) is one of the most used
electrical polymeric insulation for DC power cables for its
good electrical and thermal properties. The issues with the
presence of space charge in XLPE have led to a large amount
of research [1, 2] into the way to study the electric behavior
and the way to improve material compounding. Space charge
plays an important role in aging of XLPE and strongly affects
its electrical characteristic [3], therefore the behavior and the
dynamic of apparition and accumulation is continuously
investigated. When XLPE is submitted to a high DC field a
space charge is developed in the bulk. However, many
processes can be involved in charge accumulation and
unravelling their nature is tricky.

An electron beam represents an alternative ways to build up
a space charge in insulating materials, as reported using a
recently built irradiation means [4, 5]. The irradiation by
electrons allowed to deposit charges at specific location, and
to control the quantity of deposited charge with varying the
beam current or the time specimen is exposed to irradiation.

This constitutes a marked difference compared to charge
implantation with DC field.

In this study of space charges in XLPE, electronic charges
where deposited at different depths using an electron beam.
We focus on charges deposited in the bulk of XLPE materials.
To probe the distribution and the dynamic of charge implanted
in the bulk after the irradiations and during the polarisation
under dc field, the pulsed electro-pulsed acoustic (PEA)
method has been chosen. Isothermal charging current
measurements on XLPE have been done using different
electric field levels up to 40kV/mm at different temperatures.
Experimental results were used to determine the mechanism of
conduction on both irradiated and non-irradiated sample and
evaluate the difference induced by the irradiation.

Il. EXPERIMENTAL SET-UP

A. XLPE Samples

The specimens were taken from rolls issued from peeled HV
cable produced in the frame of the European project Artemis
[6, 7]. The cable peelings were 150 um in thickness and
80 mm wide. Prior to peeling, the cable, with 15mm thick
insulation, was submitted to an electrical and thermal aging
under 225 kVac voltage with 90°C at the inner screen. More
information on samples and peelings are available elsewhere
[7]. Electrical and structural characterizations of the aged
cable were achieved in a previous work and it was considered
that the induced ageing is negligible [8].

The sample was irradiated with an electron beam using
irradiation chamber called Matspace, which is equipped with
an electron gun with energy in the range [10-100 keV] [9].
The irradiation was performed under vacuum of about 10°
mbar, we can consider that the irradiation to be homogeneous
on the sample, with a flux of 1 nA/cm? The irradiation time
was limited to 5 minutes to avoid surface discharges.

B. Space charge measurements

Space charge measurements were performed by classic
pulsed electro acoustic (PEA) [10, 11] method. The test bench
is based on a PEA cell developed in the Laboratory. This
technique is currently used to measure the distribution of the
charge in solid dielectric materials.

The specimen was placed between a semiconducting
material layer (carbon black doped polymer) acting as high



voltage electrode and an aluminum bottom electrode to the
ground. The measurements were carried out under dc field of
40 kV/mm in air at a controlled temperature of 25 °C. The
polarization was applied to all samples for 10000 s with a
depolarization time of 3600 s. The space charge profile was
not recorded during the application ramp at 1 kV/mm.s™ for
electric field to reach the desired voltage.

C. Current measurements

The charging current measurements were performed in air
at different temperature ranging from 20 to 80 °C by step of
20 °C, with a various DC voltage varying from 5 to 40 kV/mm
for each temperature. Gold electrodes of 20 mm diameter and
30 nm thickness were deposited on both faces of the samples.
The sample was then placed between two brass electrodes for
the measurements. The protocol used in the measurements
consisted of 10000 s of polarization and a depolarization time
lasting 3600 s.

I11. RESULTS AND DISCUSSION

A. Charge implantation profiles

Fig. 1 shows space charge distributions obtained in air just
after the electronic irradiation in XLPE, with different
irradiation energies of 60, 70 and 80 keV. Peaks detected on
the electrodes (abscissa 0 and 150um) represent the image
charges. As we can see, a broad negative charge peak is
detected in the bulk at different depth as function of the energy
of electrons. For the irradiation with 60 keV the peak
maximum is observed at 65 um from the irradiated surface.
With the increase of the energy to 70 keV the electrons
penetrate deeper, the peak maximum being detected at 80 um.
After the irradiation under 80 keV the peak is observed at
about 100 um. The profile for the irradiation under 80 keV is
with a shoulder near the ground electrode.
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Fig. 1. Space charge profiles recorded on a XLPE after irradiation under 60,
70 and 80 keV electron beam for 5 min with a flux of 1 nA/cm2. The film
surfaces are at 0 and 150pm.

It gives the impression that some charges have drifted to the
ground electrode during or after thermalization. During

irradiation, one of the faces of the sample is at floating
potential. As a result, a high field region settles between the
region of implanted charges and the ground electrode, and this
space-charge induced field is higher as the charge region is
close to the ground. This feature main explain the drift of
negative charges for the highest electron beam energy used
here.

On the other hand a negative charge is detected near to the
surface where the maximum of the peak observed at 25 pm.
This deposited charge its common for all irradiations used.
The presence of this unexpected charge near the surface is still
not clearly understood. It could correspond to drift back of
implanted electrons, to artefacts in the irradiation chamber
producing low energy electrons, or to an evolution of the
surface of the films during their storage time.

B. Space charges under DC fields

The measurements of space charge on non-irradiated XLPE
performed under polarization using DC field of 40 k\V/mm for
1 hour is shown in Fig. 2. Negative charge injection appears
clearly from the ground electrode. Over time the negative
charge grows slowly and the image charge on the ground
electrode decreases. Also the injection of a small amount of
positive charges near to the anode is detected, but without
evolving much with time.

The space charge profiles obtained in Volts-off for 1 h are
plotted in Fig. 2. The negative charges injected during the
polarization step appear spread nearly homogeneously into the
all insulation. The charge decays uniformly with time. The
positive induced charges on the electrodes representing the
image charge are also decreasing slowly during the relaxation.
In the last profile recorded after 1 hour of relaxation a
negligible amount of negative charges is still detected in the
volume, and we can consider that the charges are totally
recombined or extracted.
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Fig. 2. Space charge profile recorded on a non-irradiated XLPE, during (a) 1 h
of polarisation under 40 kVV/mm and (b) 1 h of relaxation in Volt-off. Arrows
indicate the trend regarding charge evolution in time.

During polarization of the sample irradiated under 70 keV,
Fig. 3, the distribution of the space charge shows much change



in the 3 h charging time. Indeed, the charge previously stored
starts to decrease as soon as the field is applied. The initial
peak vanishes after about 1 h of polarization. At the same time
an accumulation of negative charge near to the irradiated
surface (at 25 pm from it) is detected. This accumulation of
negative is added to previously stored negative charge at this
depth.

Once the initial peak has completely disappeared, a
prominent positive charge peak appears at 50 to 120 pm from
the ground electrode. The peak maximum is observed at about
75 um; the peak grows continuously during the polarization.
The influence charges on both electrodes are also changing
continuously during the polarization due to internal charges
redistribution. A small amount of positive heterocharge is
detected in the non-irradiated region.

During electron-beam irradiation primary electrons are
deposited and electron-hole pairs are created due to the energy
deposition. In fact the density of electron-hole pairs creation is
theoretically much higher than primary electrons deposition,
the energy amount to create a pair being taken as 30 eV [12].
Most of the pairs created presumably disappear by geminate
recombination but some of them lead to charge trapping with a
zero net charge as long as the charges don’t move. With the
application of a DC field, redistribution of the charges appears
and net positive charges can be revealed. In the configuration
used for applying the field, electrons are drifted towards the
right electrode, i.e. in the irradiated region and positive
charges to the non-irradiated region. As transport is most
effective in the irradiated region, negative charges tend to be
extracted at the anode or trapped nearby it whereas positive
charges do not move substantially. This leads to the build-up
of a net positive charge.

During Volt-off, Fig. 4, it is obvious that the positive charge
created when the DC field is applied decreases very slowly.
The same behavior holds for the net charge peaks near cathode
and anode. The distribution of space charge during relaxation
is same as in the last profile observed during polarization. An
electrostatic equilibrium seems to be reached between the
different kinds of charges. Results for different e-beam
energy, not shown here for the sake of space saving show
similar trends, i.e. change of the sign of the charge from
negative to positive followed by stable charge in volts-off.

C. Charging current

Charging currents were measured for about 10000s under
DC field of 40 kV/mm at a temperature of 20°C. The charging
current recorded is plotted on Fig. 5, for both irradiated under
70 keV and non-irradiated samples. Just after voltage
application, a fast decrease in current is observed (Fig. 5) in
the non-irradiated sample tending to a stable value after about
4000 s. For the irradiated specimen the current deceases
continuously over the 3 h charging time, and it seems not
reaching a steady state value. Because of this strong difference
in transient currents, there is a crossover of the curves, the
final current being higher for the irradiated material.
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Fig. 3. Space charge profile recorded on a XLPE, after irradiation
by electrons under 70 keV for 5 min. during 3 h of polarization under
40 kV/mm. Irradiated face to the right.
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Fig. 4. Space charge profiles recorded on a XLPE irradiated by electrons
under 70 keV for 5 min, during 1h of relaxation
after polarization for 3h under 40 kV/mm.

In these experiments, currents were measured consecutively
at different field steps followed by discharging (see below).
The presence of slowly moving charges inside the irradiated
sample certainly brings complex response when submitted to
step voltages followed by discharging.

Fig. 6 shows the evolution of current density vs. electric
field at a temperature of 20°C for irradiated and non-irradiated
XLPE. The values of current are taken after 3 h of polarization
for each sample (even though the charging current is still
decreasing). Between each polarization step the specimen was
short-circuited for about 1 h. A linear fitting was applied in
order to the determine the dominating regime of conduction.

In non-irradiated XLPE sample we find two linear regions;
the intersection of these lines defines a threshold field [13]
between two conduction regimes at low and high field. The
threshold field is at 20 kvV/mm. The slope at low field is about
1.4. We consider that the conduction is dominated by ohmic
mechanism. At high field the slope is estimated to be equal to



3.6 which is indicative of conduction process governed by
space charge limited current.

The current density vs. electric field characteristic on the
irradiated XLPE is very different from that of the reference
sample. A much slower field dependence of the current
appears, with a slope of 0.65 and no transition of mechanism
is detected. The current here is modified by the presence of
internal charges generated by irradiation. The highest value of
current density at 5 kvV/mm compared to the one at 10 kV/mm,
can be explained by the transport of charge deposited by the
electron beam encompassing excess electrons deposited as
well as electronic or ionic carriers created upon energy
deposition.
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Fig. 5. Charging current measured in 10000 s at 20°C and 40 kV/cm for non-
irradiated and irradiated 70 keV XLPE.
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irradiated and 70 keV irradiated XLPE at 20 °C

IV. CONCLUSION

Two charge clouds have been observed in XLPE peelings
during and after e-beam irradiation. One of the charge clouds
appears in the bulk and corresponds to primary electron
deposition. The second one is near the irradiated face; the
charge appears very stable there. Several reasons may explain
this feature: either positive charges are accumulated during

polarisation and persist during relaxation or traps are formed
near the surface during long-term storage of cable peelings or
blocking conditions are at play for charge release. Current
transients and current-field characteristics show that the
electrical properties are substantially influenced by the
irradiation process. It is obvious that application of DC field
for 1h did not erase the history of the samples regarding
irradiation effects. The open question is whether only
electrostatic effects are at play during irradiation or should we
consider an evolution of the trapping and transport sites, i.e.
chemical evolution of the material. This will be investigated in
the next steps.
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