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Abstract
The aim of this paper is to verify if commonly occurring space debris materials
change their reflectivity and morphology after being exposed to low energy protons.
Therefore, a set of six different materials frequently used in spacecraft engineering
was irradiated with low energy (100 keV) protons to simulate the aging of their
surfaces due to space radiation in low Earth orbit (LEO). A microscopic and spectro-
scopic analysis of the irradiated samples reveals that the tested materials containing
organic polymers (Polytetrafluoroethylene (PTFE) and carbon fiber reinforced plas-
tic (CFRP)) show changes in surface morphology. Metallic surfaces did not show
surface modifications but we found changes in the reflectivity of coated polyimide
sheets, like used in Multi Layer Insulation blankets, during and after proton irradia-
tion. Our results show that space materials exhibit significant changes after irradiation
equivalent to the dose accumulated after 100 years in LEO. This knowledge is highly
relevant for the interpretation of optical data related to the observation of space debris
as well as to studies about laser-matter interaction for laser-based debris removal.
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Introduction

Although since 2007 an increasing number of space missions follow the agreement
of deorbiting satellites at their end of life [1], satellite operators have to deal with an
increasing amount of space debris [2]. In case of potential collisions, operators can
react by initiating collision avoidance maneuvers. Between the years 2005 to 2014,
the number of these maneuvers has increased by a factor of eight [3]. Unfortunately,
they are quite costly. Most debris fragments smaller than 10 cm are not detected and
catalogued and thus cannot be avoided [4]. To improve this situation, space orga-
nizations like NASA, ESA, and JAXA are working on data bases cataloging space
debris. Even for a scenario in which 90% of all space missions follow the mitigation
standards, collisions of space debris are expected to lead to an increase in the space
debris population in low Earth orbit (LEO) by 30% over the next 200 years [5]. The
situation becomes even worse considering currently planned and ongoing mega con-
stellation projects. Here an increase up to 590% until 2215 of debris particles larger
10 cm is predicted [6]. This suggests that active strategies for debris removal will
become necessary to preserve the near Earth environment for future space missions.

An approach, for gathering additional information about the space debris environ-
ment in the LEO is extracting data from debris-reflected sunlight with telescopes, so
called light curves [7]. These light curves are often measured with spectral or polar-
ization sensitive detectors. Results are then evaluated with computer simulations to
extract more details of space objects, such as their rotational period, their shape or
their surface materials [8–11]. As a prerequisite for these simulations, it is neces-
sary to provide the computer models with parameters for the reflectivity of different
space materials, often resolved with respect to the incidence and scattered angle (so-
called bidirectional reflectance distribution function, BRDF) and as a function of
polarization and wavelength [9].

While this is already a difficult task in itself, a major additional challenge is that
it can be insufficient to measure the reflectivity of space materials on Earth, since
material properties might change during the exposure to the space environment. Var-
ious studies have been performed investigating surface degradation due to UV light
[12], atomic oxygen [13], and particle irradiation [14, 15]. The results of these stud-
ies consistently show that the space environment can induce significant changes to
optical and mechanical parameters. During the mission MISSE-6 (Materials Interna-
tional Space Station Experiment) [13], a set of a 168 materials was exposed for 18
months on the exterior of the International Space Station (ISS). It should, however,
be noted that the space environment at the ISS (ca. 400 km orbital height) is dom-
inated by atomic oxygen and UV solar radiation. The major space traffic in LEO
is distributed to higher orbits, where three major peaks can be pointed out: one at
roughly 500 km SSO (Sun Synchronous Orbit), a brought one in the region between
780 to 880 km SSO and a third sharp one at 990 km and 83◦ inclination [6, 16, 17].

Rarely investigated are the changes of material properties due to low energetic pro-
ton and electron irradiation as encountered in the inner van Allen belt, which reaches
from 0.2 to 2 Earth radii (L-Shells: L=1 to L=3) [18] and therefore is intersecting
with the higher LEO orbits. This radiation belt is dominated by positively charged
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particles (protons) originating from the sun with a kinetic energy in the range of
several keV up to 400 MeV [19].

In this work we study the degradation of several materials due to energetic protons
as encountered in the inner van Allen belt. A focus is on low energetic particles (100
keV) since these particles are known to cause most severe surface modifications as
they are stopped near the surface of the spacecraft material [20]. The goal of this work
is to conclude how and which material properties, such as the surface morphology
and reflectivity, are affected by the proton irradiation.

Methods

To investigate the effects of low energetic particle irradiation on material surfaces,
we performed space aging experiments at the Complex Irradiation Facility (CIF)
at the German Aerospace Center (DLR) in Bremen. Here, the main focus was on
proton irradiation. The samples were investigated before and after radiation with inci-
dent light- and scanning electron microscopy, in order to detect possible changes to
the surface morphology. We also performed in-situ measurements of the reflectivity
at 632 nm using a measurement system, which we call LAMBDA (Laser cAMera
alBeDo Analyzer). In the following, we briefly introduce the applied systems.

CIF - Complex Irradiation Facility

The CIF is an ultra-high vacuum system designed to experimentally simulate low
energetic corpuscular and electromagnetic radiation and its impact on spacecraft
material surfaces. The facility is equipped with three light sources and two particle
accelerators providing protons and electrons, see Fig. 1. The radiation sources can
operate separately or combined [21]. The light sources are an Argon-VUV-source,
a Deuterium lamp, and a solar simulator equipped with a Xenon arc lamp, which
can simulate the solar irradiance up to several solar constants. Accelerators produce
monoenergetic protons and electrons in an energy range from 1 to 10 keV at 1 to
100 nA and 10 to 100 keV with a current up to 100 μA. Both species are acceler-
ated separately and then magnetically deflected to a common beam line which ends
at the irradiation chamber where specimens under study are located at a temperature-
controlled sample station. The facility is intentionally designed for the investigation
of radiation effects on material surfaces [21, 22]. It has proven its value already in
other research projects, mainly concerning deorbit sails and solar sailing [23].

LAMBDA - Laser cAMera alBeDo Analyzer

LAMBDA is a device we specifically designed for this work. It allows for an in-situ
monitoring of the relative reflectivity at a wavelength of 632 nm under a given angle
of material surfaces during the irradiation in the CIF. The system consists of a HeNe-
Laser, Canon EOS 5D Mark IV camera, and a beam expanding lens system, which
is arranged as depicted in Fig. 2. Due to the geometry of the irradiation chamber, the
laser beam, the camera axis and the proton beam are arranged under 30◦ to each other.
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Fig. 1 Schematic of the complex irradiation facility

The measurement principle works as follows: red laser light is emitted by a
low power HeNe-Laser. The expanded beam spot illuminates the samples inside
the UHV-chamber while they are under particle irradiation. Since the reflection is

Fig. 2 Schematic principle of LAMBDA
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depending on the condition of a surface, the reflectivity per spatial angle is chang-
ing. This change is detected by the camera. Calculating the average value of a related
pixel region gives information about the reflected light which is directed towards the
camera. The charged particle irradiation time can be related to an orbit equivalent
time. This approach allows to quantify how much a surface degenerates depending
on orbit and time.

Microscopes

The microscopic inspection of the optical surfaces before and after irradiation in the
CIF was performed with an incident light microscope, which is a Keyence Digital
Microscope Type VHX-7000 Series. We took an stitch image of the overall sam-
ple surface before and after the irradiation as well as detail images of areas where
predamages were existing. The dimensions and appearance of predamages were com-
pared in terms of growth due to the exhibition to protons. Furthermore, we use a
scanning electron microscope (SEM, Zeiss type EVOMA 10) to detect surface mod-
ifications at high magnification. Here we investigated a set of reference samples and
compared their surface structure to the aged ones.

Spectral Analysis

A Fourier-Transform InfraRed Spectrometer (FTIR) Bruker Vertex70v has been used
to analyze the reflectance spectra of the unirradiated reference samples and the irra-
diated samples in the wavelength range from 0.4 μm to 10 μm. The visible range
between 0.4 μm and 1.0 μm was measured using a tungsten light source com-
bined with a silicon diode and the range 1.2 μm to 10 μm with the internal Globar
light source and a room temperature DLaTGS (Deuterated Lanthanum α Alanine
doped TriGlycine Sulphate) diode. As a reference mirror for reflectance measure-
ments,a copper mirror was applied. The copper’s spectrum was removed during
post-processing. Here, we calculated the reflectivity of copper using the software
”SCOUT” [24] and divided all data by the reflectivity of copper in order to get the
absolute reflectivity of each sample. A measurement of the real copper mirror was
taken to confirm its behavior over the full wavelength range.

Experiment

Samples

Figure 3 shows the sample holder used for the irradiation in the CIF. It carries 6
samples with the size of 21x21 mm2 each. The samples, which are CFRP, Aluminum,
ITO coated aluminized Polyimide Foil (MLI), AcktarBlack coated aluminum foil,
Titanium, and PTFE, are listed in Table 1. These materials are frequently used in
spacecraft engineering and represent different material groups.
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Fig. 3 Sample set

Irradiation Parameters

We decided to perform our irradiation tests using an irradiation dose representative
for an orbital height of 800 km, as this is where a majority of objects in low Earth
orbit are resident [17]. The most populated inclination at this orbital height is the

Table 1 Properties of material choice

Material Description Category

Carbon Fiber Reinforced
Plastic (CFRP)

Fiber Fabric (canvas) with
Epoxy resin, 1mm thickness

Polymer, black

AcktarBlack Type: Spectral BlackTM,
Layer thickness: 3 – 7μm on
125μm Aluminum foil, 99.5 –
99.7% absorbtivity for wave-
length range 0.3 – 14μm

Metal, black surface

Coated polyimide Coating: ITO – Polyimide –
Aluminum, Type: Sheldahl No
146631, typically applied in
Multilayer Insulation

Polymer, polished metal
surface (golden)

Aluminum 6082 2mm thick material with
polished surface

Metal, polished metals surface

Titan 0.8mm thick material with
polished surface

Metal, polished metals surface

Polytetrafluorethylene
(PTFE, Teflon)

Commercially available
material with 1mm thickness

Polymer, white
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sun synchronous orbit (SSO). In this orbit, the amount of atomic oxygen can be
neglected, whereas the density of charged particles (protons and electrons) is rather
high. This density of protons (p+) and electrons (e-) was estimated using SPENVIS
(SPace ENVironment Information System), where AE8 and AP8 models have been
used to calculate the electron and proton fluxes, respectively [25]. In Fig. 4 we display
the fluence over the particle energy. The fluence sums up all particles per centimeter
square, which are on a chosen energy level and above. We calculated both extreme
cases during the sun cycle, which is the solar maximum (solid lines), where the sun
peaks in giant particle and mass eruptions, and the solar minimum (dotted lines),
where the sun activity is low and calm. We found that the minimum and maximum
fluencies of electrons (blue lines) and protons (black lines) are on a comparable level
during the sun cycle. The largest proton fluence equals to 2.2×1013 p+ cm-2 and
corresponds to proton energy of 100 keV. The CIF has ability to produce protons
with maximum kinetic energy of 100 keV. Exposed area is 6.2×7.3 cm2. If one takes
a current of 0.1 μA (6.24×1011 p+ s-1), then the flux over the area is 1.38×1010 p+

cm-2 s-1. Under these conditions, 100 years in LEO’s 800 km SSO orbit are simulated
in 26.6 minutes.

In orbit, any material will encounter a continuous spectrum of particles with differ-
ent kinetic energy over a period of several years. As opposed to this, the CIF generates
mono-energetic particle radiation and the fluence will be applied over short time. As
we are interested in changes to the optical surface, we decided - in an initial step - to
irradiate samples with protons of a kinetic energy of 100 keV, since there are reliable
models to estimate the irradiation dose. Since the penetration depth lies between 0.6
and 1.1 μm in the investigated materials, depending on the material properties, it is
likely to induce surface modifications at these conditions. The irradiation parameters
were chosen to 100 nA at 100 keV for 26.6 min, which represents an in-orbit duration
of 100 years at 800 km SSO. The expectable errors are listed in Table 2 below.

Considering the worst cases we irradiated within a time range between 95.5 and
104.5 years. The greatest impact is the fluctuation in the proton current. Since it is

Fig. 4 Electron and proton fluence corresponding to 100 years in the 800 km LEO orbit
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Table 2 Measurement errors during the irradiation procedure

Error Source Nominal Value Error Range

Sample Size 45.26 cm2 ± 1 mm per length measurement

Exposed Area 42.32 cm2 ±0.958 cm2

Current Stability 100 nA +0 ... +7 nA

Timing 0 s ± 1 s

Fluence 2.2x1013 p+ cm−2 ±9.91x1011 p+ cm−2

under steady fluctuation around 100 nA depending on gas flow in the proton source
and probe voltage, extraction voltage and lens voltage, it is very unlikely that the
samples were irradiated with great discrepancies to 100 nA in average. The error
range is set by the logged peak values.

Results and Discussion

In-Situ Measurements

The experiment was split into two phases. In the first phase, we irradiated the sam-
ples with 100 keV protons with a current of 100 nA for approximately 26.6 min. In
phase two, the proton irradiation was stopped. To estimate, if any detected effects
only occur during proton irradiation, we observed the samples for another approx-
imately 30 min under vacuum without radiation. Subsequently, the samples were
removed from the irradiation chamber and placed in the airlock, which was flooded
with nitrogen. This was to visibly confirm if any major changes of the surface occur
after venting the airlock in terms of oxidation when the sample is removed from the
airlock. Due to geometric reasons, it was not possible to apply LAMBDA at the air-
lock. Therefore, Fig. 5 displays the recorded behavior of phase 1 and 2, but not for
the venting of the airlock.

In general, the reflectivity/brightness changes are relatively small and do not
change by more than 2.5%. Nonetheless, certain changes can be detected. In par-
ticular, the coated polyimide foil (panel b) of Fig. 5) showed a notable decrease in
the reflected intensity during proton irradiation (phase 1). Furthermore, CFRP (panel
a)) showed a constant brightness during proton irradiation but an intensity drop was
observed when the radiation was turned off. This indicates that the material might
have been glowing due to surfaces charging. The metallic samples (Titanium c), Al
6082 d)) as well as PTFE, panel e) showed no significant radiation-induced changes
in their reflectivity. AcktarBlack is a very absorptive material with an overall reflec-
tivity < 2%. Therefore, its reflectivity could not be observed since the signal is below
the sensor sensitivity.
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Fig. 5 Measurement results of LAMBDA

Microscopic Measurements

After releasing the target from the vacuum, it was immediately investigated with the
digital microscope. We took measurements of the same samples and areas before and
after the proton irradiation. At 200 times magnification, no structural damages due
to protons were visible, see Fig. 6.

Afterwards, the samples were investigated with a SEM. This allows for the inves-
tigation with a higher resolution. Here, we took a set of reference samples and
compared them to the irradiated sample set. We found that samples containing
organic polymers (CFRP and PTFE) showed radiation induced surface modifications,
while metallic samples, including coated polyimide foil, appeared unaffected by the
proton irradiation. The detailed findings for PTFE and CFRP are as follows:

PTFE showed significant changes on the material surface structure, see Fig. 7.
While the reference sample shows a plain structure with scratches and irregulari-
ties, the irradiated sample showed a very irregular surface which looks like melting
patterns. As a thermoplastic with very low thermal conductivity and low radia-
tive cooling ability due to its white appearance, melting seems to be a reasonable
behavior.

CFRP was investigated for three conditions: changes in pure resin areas, changes
in fiber dominated areas and changes in fiber-resin bonding, see Fig 8. Major changes
were found in the pure resin areas (panels a) and b)), where abrasion of the sur-
face has occurred. The reference surface is mostly plain with sharp grains and a few
mountains. For the irradiated sample, almost no sharp grains are detectable; the sur-
face appears smoother. Regarding the fibers, panel c) and d) they appear with better
contrast for the irradiated sample. This indicates abrasion of the resin since the fibers
are usually covered with a thin layer of resin. Furthermore, the reference shows resin
conglomerates on the fiber surface while the irradiated sample shows a plainer sur-
face with breaking patterns along the fiber. In the bonding area, panels e) and f), we
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Fig. 6 Microscope images
(sample size 21x21 mm2) of the
samples before (left panel) and
after (right panel) irradiation
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(a) PTFE unirradiated (b) PTFE irradiated

Fig. 7 Comparison of SEM image of the non-irradiated PTFE reference (a) and the proton irradiated
sample (b)

can see fibers that are peaking out the resin for the irradiated sample. On the other
side, for the references we see a blurry scheme of the fiber which indicates that it
is still covered with a resin layer. We detected these results on several points on the
sample surface.

Spectral Analysis

We also investigated the wavelength dependent direct reflectance of the samples at
30◦ incidence/reflectance angle with the FTIR described in Section “Spectral Anal-
ysis”, see Fig. 9. This allows for estimating possible wavelength depended spectral
shifts due to proton related aging. As it turned out, none of the samples undergo
any measurable color shifts in the whole wavelength range, except a slight variation
of the 850 nm Aluminum feature. Nevertheless, we measured a change in reflectiv-
ity between the reference set and the irradiated sample set. Most significant is the
change of reflectivity of aluminum (green) and titanium (orange). The reflectivity of
the irradiated samples drops below the reflectivity of the unirradiated reference sam-
ple to approximately 60% and 75%, respectively, of the initial value of the reference
sample. Since both sets have been treated by the same polishing procedure, this can
either be explained by manufacturing discrepancies or by re-oxidation of the sur-
faces after irradiation. Re-oxidation processes for metals, especially for aluminum,
are expectable. Also, since there is no visible modification on the sample surface
that could cause a less reflective behavior, such as tiny scratches, we considered re-
oxidation processes, which lead to a less reflective metal surface. This result would
be consistent with the fact that we didn’t measure significant reflectivity changes
during proton irradiation.

Most interesting is the behavior of coated polyimide (brown). As we have mea-
sured before, its reflectivity has been reduced during the aging process. The purpose
of coated polyimide as MLI layers is to protect a satellite from rising temperatures
due to thermal radiation, but we observe a decay in reflectivity for the infrared range
(wavenumbers smaller than 6000 cm-1). It drops from 0.9 (panel a)) to less than 0.75

1180 The Journal of the Astronautical Sciences  (2021) 68:1170–1185

1 3



Reference Sample Irradiated Sample
R
es
in

A
re
a

(a) (b)

Fi
be
rs

(c) (d)

Fi
be
r-
R
es
in
-B

on
di
ng

(e) (f)

Fig. 8 SEM image of CFRP reference (left column) and sample (right column)

(panel b)). Panel c) shows that the foils’s feature is affected by less than 10%. In
average, it lost about 20% of its reflectance. This confirms the result of LAMBDA.

On the other hand, polymer samples (light blue, red), including AcktarBlack
(cyan), showed no variations in their spectral features (panel a) and b). CFRP and
AcktarBlack are black and therefore very absorptive, while PTFE is a white but very
diffusive material. That is why they don’t show any significant specular reflections.
The infra-red measurement shows a similar result like the visible with a peak for the
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(a) Reflectivity of unirradiated reference samples at an angle of incidence of 30°

(b) Reflectivity of irradiated samples at an angle of incidence of 30°

(c) Samples reflectivity normalized by reference reflectivity

Fig. 9 Comparison of reflection responses
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CFRP, AcktarBlack and PTFE around 5800 cm-1. Panel c) on the other hand indi-
cates that there are changes which could not be detected by LAMBDA due to the
low response of the samples. REM pictures, on the other hand, indicated changes in
surface morphology.

Conclusion

We investigated the effects of low energetic proton irradiation equivalent to 800
km SSO LEO orbit on different types of material surfaces over a simulated time
span of 100 years. A microscopic analysis of the irradiated samples reveals that
materials containing organic polymers Polytetrafluoroethylene (PTFE) and carbon
fiber reinforced plastic (CFRP) show significant changes in surface morphology.
These changes can be directly detected using scanning electron microscopy SEM. As
opposed to this, no major changes in the surface morphology were detected for metal-
lic surfaces such as aluminum, titanium, AcktarBlack or ITO and aluminum coated
polyimide as applied in multi-layer insulation (MLI). Changes in optical properties
where detected for coated polyimide measured by LAMBDA and also affect the rel-
ative reflectivity as measured via FTIR spectroscopy. To solidify our conclusion, we
intend to extend our irradiation experiments towards lower proton energies (e.g. 10
keV) as well as to perform additional testing with low energetic electrons.

For further work, we intend to lower the proton energies based on a space envi-
ronmental beta-model (e.g. GREEN model [26]) to provoke more protons interacting
with the surface as well as applying electrons with an equivalent energy.
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