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Abstract- The number of satellites operated in an environment in
which exist high-energy protons is currently increasing.
Therefore, the investigation of the impact of protons on the
insulation properties of materials is important. In this work, we
investigate the relationship between charge accumulation
phenomena and modification of molecule structure by proton
irradiation. We focus on ETFE (ethylene tetrafluoroethylene
copolymer) used at wire harness irradiated by proton and
measured the space charge distribution using the PEA method
during the proton irradiation. Furthermore, we investigated the
modification of the molecular chain using x-ray photoelectron
spectroscopy (XPS) and nuclear magnetic resonance (NMR). As
the result, we observed that the molecule chain is scissored by
proton irradiation. These phenomena can be considered as one of
the reasons for charge accumulation.

I. INTRODUCTION

Many satellites are used in several kinds of orbits for
telecommunications, environmental observation, resource
exploration, the global navigation satellite system (GNSS), and
social security [1]. Their surfaces are made with many
insulating materials such as the multi layer insulator (MLI),
optical solar reflector (OSR), coating material of wire harness,
and so on. Spacecrafts are operated in the radio-active rays
environment, such as high energy electrons and protons.
Charged particles accumulate in the bulk or the surface of
materials of spacecraft and lead to electrostatic discharge (ESD)
phenomena [2]. ESD is the origin of satellite anomalies; hence,
we should investigate charge accumulation phenomena in the
bulk of satellite surface materials [3].

Currently, the demand for the use of GNSS is continuously
increasing for autonomous driving cars application as example.
These satellites are operated in the Van Allen radiation belt and
there are high energy protons. Furthermore, exploration of the
moon and other planet plans, such as ARTEMIS and Luna plans
are centrally drawn up by the USA, EU, and Russia. However,
these environments are outside the earth's magnetosphere
where solar protons with high energy and wide energy range are
irradiated. Therefore, to prevent accidents and ensure the high
reliability of satellite operations, it is essential to investigate the
charging and discharging characteristics of surface materials of
satellites exposed to protons [4].

We focus on ETFE (ethylene - tetrafluoroethylene
copolymer), which is used for coating material of wire harness.

In this paper, we measured the space charge distributions under
proton beam irradiation to investigate the charging and
discharging characteristics. Furthermore, for understanding the
relation between charge accumulation phenomena and
modification of molecular structure by the proton irradiation,
we investigated the modification of the molecular chain using
x-ray photoelectron spectroscopy (XPS) and nuclear magnetic
resonance (NMR).

II. EXPERIMENTAL CONDITIONS

A.  Sample Treatment

We focused on ETFE (Fluon®, manufactured by AGC Inc.).
Figure 1 shows the molecular chain of ETFE. "m" and "n" are
component ratios. For the experiments, a sample thickness of
about 100 um was used. The sample used for the space charge
measurement during proton irradiation has an Al evaporated
layer on both sides of the sample. During proton beam
irradiation, the both Al evaporated layer was connected to the
ground. When we measured the molecular bonding energy, we
used the proton-irradiated sample after 1 day, without previous
metallization.

B. Irradiation facility and conditions

The irradiation was carried out using the 3 MV Tandem
Accelerator facility of Takasaki Advanced Radiation Research
Institute of the National Institutes for Quantum and
Radiological Science and Technology, Japan (its former name
was the Japan Atomic Energy Agency). The proton beam
irradiation was carried out in a vacuum of approximately 1 x
107 Pa. The acceleration energy of the irradiated proton was 2.0
MeV with a current density of 30 nA/cm?. The irradiation time
was 30 min. The irradiation area was 30 x 30 mm?’. The
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Fig. 1. Molecular chain of ETFE



calculated penetration depth of irradiated proton is about 51 um
using the stopping and range of ions in matter (SRIM) at the
above irradiation conditions [5].

C. PEA measurement principle and conditions

The PEA method provides the space charge density
distribution in the bulk of dielectric materials. As the detail of
the principle of the PEA method was already described in many
past papers, please refer for example to [6-8] for general
aspects. Figure 2 shows the schematic diagram of the PEA
method for in-situ space charge measurement during charged
particle irradiation. The ring electrode is used as the electrode
on the irradiation side, and the irradiated particles reach the
sample directly. The ring electrode is connected to the Al layer.
We used an adhesive to stick the sample to the ground (GND)
electrode. No DC field was applied during irradiation and space
charge measurement. Measurement times are 60 min (30 min
during irradiation and 30 min for relaxation) and we measured
space charge distribution every 10 seconds.

D. XPS measurement conditions

SSX-100 (from Surface Science Instruments) was used to
obtain XPS spectra at Tokyo City University Nanotechnology
Research Center. The source of X-ray is Al Ko type anode
(1487 V) and the detecting energy range is 0 — 1100 eV with
0.58 eV of FWHM. We measured the Cis spectrum at the
irradiation surface side of the sample.

E.  NMR measurement conditions

Solid state NMR measurement was carried out using a Jeol
Resonance ECA600II spectrometer. The NMR spectra were
measured at 600 MHz, 1.5 s of decay time between pulses, and
MAS spinning rate of 20 kHz. We used 3.2 mm MAS probe to
measure 'H. A sample of 30 x 30 mm (irradiation area) was cut
into required standard pieces for measurement.
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Fig. 2. Schematic diagram of the PEA method for charged
particle irradiation

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

A.  Space charge distributions measurement

Figure 3 shows space charge distribution under proton
irradiation. Figures (a), (b), (c), and (d) show the space charge
behavior with time, the space charge distributions, the electric
field distributions, and the accumulated positive charges in the
material with time, respectively. In those figures, the irradiation
surface is shown at the right side, and the vertical black broken
line in the sample is the calculated penetration depth of the
irradiated proton. For simplicity, “irradiation area (IA)” is the
range from the irradiation surface to the calculated proton
penetrated depth and the “non-irradiation area (NIA)” is the
range from the penetrated depth to the left side grounded
electrode.

From Fig.3(a), (b), we can see positive charge accumulation
at the calculated penetration depth of irradiated protons.
Furthermore, negative charges were injected at the NIA from
the GND electrode over time. From Fig. 3(c), the maximum
value of the electric field at NIA is 8 kV/mm. We have already
shown that charge injection was not observed at so low electric
field in DC conditions [9]. From Fig. 3(a), (b), we can see
positive charge accumulation at the NIA, even more clearly
during the relaxation time. This feature can be due to transport
from irradiated layer. The injection of negative charges and
transport of positive charges possibly result from higher electric
field than determined in the IA.

From Fig. 3(d), it can be seen that the increasing trend of the
amount of positive accumulated charge changes 17 minutes
after the start of irradiation. Furthermore, the maximum amount
of positive stored charge is about 0.24 mC/m?. However, the
irradiation current density is 30 nA/cm?, which corresponds to
0.3 mC/m? at every 1 s. It can be found that this charge storage
is very low. It is thought that this is because the negative charge
is injected into the sample and transported into the sample due
to the internal electric field and cancels out the stored positive
charge. Also, the deposited positive charge can be transported
through the TA and evacuated to the irradiated electrode. It is
considered that the conductivity of TA is increased [3], and the
charge injection barrier of the sample irradiated surface
becomes low because of the proton irradiation. These
phenomena may be due to changes in the molecular structure,
such as the formation of localized levels and the creation of new
trap levels. The formation of localized levels is a future issue,
as it will require calculations by using molecular orbital
methods in future work. The changes in molecular structure is
discussed in the next section.

B.  XPS measurement

Figure 4 shows the measurement results of the molecular
binding energy at Cis on ETFE using XPS. Figures 4 (a) and (b)
show the results for the non-irradiated sample and the proton-
irradiation sample, respectively. We considered five constituent
peaks of the response, C-C, F-C-F, C-O, C-F, and -CF;. The
black, orange, blue, purple, green, and pink lines represent C-
C, F-C-F, C-O, C-F, and -CF3, respectively. The red line means
the sum of each constituent peak, which was fitted to the
measurement waveform. From Fig. 4, mainly the two peaks at
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Fig. 3. Space charge distribution under proton irradiation

281.9 and 286.8 eV are observed on non-irradiated ETFE, 5
peaks are found on the irradiated ETFE. The result of the non-
irradiation sample is consistent with the molecular structure
shown in Fig.1. We can see a decrease in the F-C-F peak and
an increase in the C-F and C-O peaks. It is the evidence of C-F
bonds scission on F-C-F, and oxygen is thought to have bonded
to the broken part when the sample is exposed to the air. As for
the inside of the sample, oxidation is not revealed. Therefore,
broken bonds may remain as radicals, or may have combined
with irradiated protons to form ethylene. The increase in
ethylene bonds is reported also in the FT-IR results [10]. When
radicals are generated, the conductivity of the sample may
increase due to the increase in free electrons, which is consistent
with the increase in conductivity discussed in the space charge
distribution measurement results.

C. NMR measurement

Figure 5 shows the 'H NMR spectrum of ETFE before and
after the proton irradiation. The vertical axis of Fig. 5 shows the
measurement intensity. The intensity is standardized to the peak
at 2.8 ppm. From Fig. 5 a new peak was observed at 6.9 ppm
due to proton irradiation.

Furthermore, we already obtained the NMR spectra on 13C
of ETFE [10]. From the result, although CH, peak intensity is
same between irradiated and non-irradiated sample, the peak
becomes broader. And CF; intensity peak of irradiated material
becomes smaller than in non-irradiated sample.

From the above results, it is suggested that C-F bonds scission
occurred on F-C-F and H" bonded there. The results are
consistent with XPS and FT-IR [10,11] results.

IV. CONCLUSION

In this work, we investigated the relationship between charge
accumulation phenomena and modification of molecule
structure by proton irradiation using space charge distributions,
XPS, and NMR measurement.

From the measurement results of space charge distribution,
positive charges are accumulated during proton irradiation. The
position of accumulation of the positive charges was related to
the proton penetration depth. However, the injected negative
charges from the Al evaporated layer freely transport toward
the position of the accumulated proton and compensated for the
charges of the accumulated protons. Furthermore, the positive
charge accumulation at the NIA was revealed, particularly
during the relaxation time. These phenomena were suggested to
be caused by a decrease in the charge injection barrier, the
formation of new trap levels, and an increase in conductivity.
From the results of the modification of the molecular chain
using XPS and NMR, we observed C-F bonds scission on F-C-
F and the irradiated H" replaced F scissored from F-C-F. These
phenomena can be considered as one of the reasons for the
decrease in the charge injection barrier, the formation of new
trap levels, and the increase in conductivity. The formation of
localized levels requires more analysis by molecular orbital
calculation, which will be further analyzed in future work.
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Fig. 5. Measurement results of 'H on ETFE using NMR



