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Abstract: The authors investigated the changes in diffuse reflectance spectra (ρλ) within 0.32–2.1 µm
and integral absorption coefficient (as) of solar irradiation for a zinc oxide powder-based coating.
The latter was consequently irradiated with protons (E = 3 keV, F ≤ 1 × 1016 cm−2), solar spectrum
quanta (5 eq. of solar irradiation, 1 h), electrons (E = 30 keV, F = 1× 1016 cm−2), and—repetitively—solar
spectrum quanta (5 eq. of solar irradiation, 1 h). Following the irradiation procedure, the decrease in
absorption coefficient varied from 0.044 to 0.036 and from 0.062 to 0.04, respectively. Additionally,
it was shown that the solar spectrum quanta did not significantly affect the coating pre-irradiated
with protons or electrons and did not change the value of induced absorption in the visible region
(the latter being caused by the absorption of intrinsic point defects of the zinc oxide crystal lattice).
The absorption coefficient degradation decreased under solar spectrum quanta irradiation, which was
determined by the decrease in the concentration of free electrons that absorbed in the near-infrared
(near-IR) region. ρλ spectra were measured in high vacuum in situ. A post-irradiation transfer of
a coating into the atmosphere leads not only to the complete recovery of its reflectance, but also to
partial translucence in comparison with the non-irradiated state.

Keywords: synergetics; sequential irradiation; separate irradiation; optical properties; protons;
electrons; solar spectrum quanta; zinc oxide

1. Introduction

In outer space (OS), various forms of radiation affect external surfaces of spacecraft (SC) either
simultaneously or consequently. These materials can be considered as open systems. Changes in their
properties are pre-determined by changes of entropy. Methods and principles of synergetics can be
used to describe the non-equilibrium system behavior.

Non-equilibrium thermodynamics is based on the entropy balance equation: dS = dS1 + dS2,
where dS1 and dS2 stand for entropy flow from external space and its production inside the system,
respectively. In an isolated system, dS1 = 0 and dS2 ≥ 0. In an open system, dS1 does not have a
definite value, and a system can reach the state where entropy is below the initial value. If a negative
entropy flow enters the system, it can maintain an arranged configuration. Such backfeed occurs under
non-equilibrium conditions. According to this, non-equilibrium is the source of order.

In the transition to dissipative structures, a symmetry violation leads to ordering near the transition
point; thus, the system entropy decreases [1].

Therefore, the system may manifest synergistic effects when several different kinds of OS
irradiation affect the SC materials simultaneously or consequently, that is, changes in the properties of
materials can differ from the overall change under the separated action of irradiation [2].
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The effect of UV light quanta and the visible spectral range on dielectric and semiconductor
compounds pre-irradiated with charged particles, gamma quanta, or neutrons has always been
of interest to the radiation physics of solids. The purpose of studying this effect is to determine
the ionization energy, types, and concentration of impurities contained in such compounds.
Spectrophotometry remains one of the most efficient methods for such a purpose. Classic studies
employed alkali halid crystals with a cubic lattice [3,4]. As knowledge accumulated, magnesium oxide
crystals were chosen as a reference point [5,6].

With the exploration of OS, it became necessary to study the properties and performance
characteristics of materials for SC under the simultaneous or sequential action of various types of
ionizing radiation. An essential component of ionizing radiation in all orbits is the electromagnetic
radiation (EMR) of the Sun, which includes quanta of the UV, visible, and near-IR regions, whose energy
is within 0.4 to 6 eV. Such particles can both cause lattice defects in the materials of the SC’s outer
surfaces and produce their ionization depending on their energy and the band gap (Еg) of the
irradiated material.

The solar EMR, electrons, and protons affect simultaneously, sequentially, or separately the
materials of the SC’s outer surfaces in real SC orbits while circulating around the Earth or other planets.
When entering the Earth’s shadow, the EMR intensity decreases from maximum to zero. This is a
period of charge particles’ sole action. The defects are formed by this process when SC leave the Earth’s
shadow and are subject to EMR quanta. According to the existing concepts of radiation physics, these
radiation defects can be “annealed”, that is, they can undergo ionization under the influence of quanta
with an energy lower than the band gap (Eg) of the compounds.

Thermal control coatings (TCCs) and solar panels (SPs) are the largest in area among the materials
of the SC’s outer surfaces. Zinc oxide powders are currently used in TCCs [7,8], and studies are
underway to clarify the possible use of zinc oxide in SPs [9,10]. To determine the degradation of their
structure as well as their optical and electrophysical properties in real orbits, it is necessary to know the
laws of formation and accumulation of photo- and radiation defects when exposed to simultaneous,
sequential, or separate radiation of various types.

The purpose of this work was to study changes in diffuse reflectance spectra (ρλ) upon separate
and sequential irradiation of TCCs based on zinc oxide powder by protons → EMR → electrons
→ EMR.

2. Materials and Methods

The studies were carried out using the TRSO-2M TCC brand based on zinc oxide powder (extra
pure, OSC-14-2 in Russian nomenclature by TU-6-09-2175-77, obtained from ZAO Vekton, St. Petersburg,
Russia). Sizes of the powder particles were within 0.5–5 µm, with an average of 1.6 µm. Samples were
prepared by adding 15 wt.% potassium liquid glass (extra pure, OSC-6-2 in Russian nomenclature
by TU-6-09-19-67-72, obtained from OOO NPO “Silikat”, St. Petersburg, Russia) with subsequent
stirring in a magnetic stirrer, applying the mixture onto metal substrates with a diameter of 24 mm and
thickness of 4 mm, and drying in the atmosphere at room temperature for 24–30 h. The air humidity
was 40%.

The obtained samples were mounted onto the stage of “Spektr”, the OS conditions simulator [11].
A high vacuum was obtained (p ≤ 5 × 10−7 torr), and ρλ spectra were recorded within 0.32–2.1 µm.

While recording ρλ spectra in atmospheric conditions after irradiation, free electrons are consumed
by sorbed gases and anionic vacancies were filled with oxygen. Additionally, there were other
defects interacting with the gases. Therefore, the concentration of irradiation-induced defects
decreased. Significantly lower changes in ρλ spectra and integral absorption coefficients were
recorded, in comparison with their true values after irradiation of pigments and TCCs in vacuum (in
situ) and with the actual values existing in space orbits.

“Spektr”, the simulator of space conditions, is designed for studying the diffuse reflectance and
luminescence spectra of solids under initial conditions and during (or after) irradiation by light from a
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xenon lamp, simulating the spectra of solar electromagnetic irradiation, by electrons (E = 5–150 keV) or
by protons (E = 0.5–140 keV). The screen installed in the simulation camera was cooled by liquid nitrogen
to simulate “cold dark” space. Up to 24 samples can be loaded into the apparatus simultaneously,
and ρλ spectra can be registered before and after irradiation without loss of vacuum.

Irradiation of the samples was carried out according to the following scheme: protons→ EMR→
electrons→ EMR.

Irradiation was carried out in three modes.
1. Sample 1, sequential irradiation: protons (Ep+ = 3 keV, FP+ ≤ 1 × 1016 cm−2)→ EMR (Es = 5 sre,

t = 1 h)→ electrons (Ee− = 30 keV, Φe− = 1 × 1016 cm−2)→ EMR (Es = 5 sre, t = 1 h).
2. Sample 2, separate irradiation: electrons (Ee− = 30 keV, Φe− ≤ 1 × 1016 cm−2).
3. Sample 3, separate irradiation: EMR (Es = 5 sre, t = 40 h).
SRE stands for the solar radiation equivalent that shows the number of times the radiation power

is to exceed the solar constant over the entire spectrum (1 sre = 0.137 W/cm2).
The energy of protons and electrons was chosen for these experimental studies because the solar

wind protons fill the entire solar system and their energy is 1–3 keV. Electrons with tens of keV have the
highest fluxes in highly elliptical, geostationary, and other orbits passing through the Earth’s radiation
belts [12,13]. After each irradiation period, the ρλ spectra of the irradiated samples were recorded at
the irradiation site (in situ).

The spectra ρλ allowed the authors to calculate the integral absorption coefficient of solar radiation
(as), the latter being the TCC performance characteristic. The calculations were carried out in compliance
with the standards [14,15]:

as = 1−Rs = 1−

∫ λ2

λ1
ρλIλdλ∫ λ2

λ1
Iλdλ

, (1)

where Rs is the integral reflectance coefficient of solar radiation, Iλ is the radiation spectrum of the Sun,
and (λ1-λ2) is the wavelength range of the solar spectrum used for integration, equal to 0.32–2.1 µm.

The values of the absorption coefficient before irradiation (aso) and after a certain fluence of
electrons or protons (asf) were used to calculate the coefficient change (∆as = asf − aso). Additionally,
the authors analyzed the correlations between ∆as and the electron/proton fluence.

Images of the samples were obtained using a Hitachi TM-1000 SEM microscope (Tokyo, Japan).
Mathematical modeling of the charged particle paths was conducted via CASINO (monte CArlo

SImulation of electroN trajectory in sOlids) (version 3.3.0.4, Universite de Sherbrooke, Sherbrooke,
Quebec, Canada) [16] and SRIM (the Stopping and Range of Ions in Matter) (version 2013.00, James F.
Ziegler, USA) [17].

CASINO allows one to model a large number of electron paths in solids via the Monte Carlo
method, based on different models. The basic idea is modeling electron trajectories sufficiently to
represent conditions of displaying structures in SEM.

SRIM is software designed to calculate interactions of ions with matter. SRIM is popular in the
research community working on ionic implantation technologies, and is also widely used in other
areas of radiation materials science.

Because the amount of binder was relatively small compared with that of the pigment, a ZnO
compound with a density of 5.6 g/cm3 was applied as a target during modeling for simplicity and
visibility. While working in CASINO, the specified energy of electrons was 30 keV, while the beam
diameter was 1 nm. For modeling in SRIM, the specified energy for protons (i.e., hydrogen ions) was
3 keV.

3. Results and Discussion

Figure 1 shows images of the initial ZnO powder and the coating prepared on its base. After drying
the coating on a substrate, a smooth sample was obtained. The surface of the latter reproduced the
surface of ZnO powder particles. The thickness of the obtained coating was 150 µm, which is a
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standard thickness for classic TCCs. As can be seen from Figure 1, the addition of potassium liquid
glass improves the even distribution of the ZnO powder particles.
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Figure 1. (A) SEM images of ZnO powder and (B) coating obtained by addition of 15 wt.% of potassium
liquid glass.

The authors conducted mathematical modeling of the charged particle paths (Figure 2) via
CASINO for electrons and SRIM for protons. The results show that the path value for 30 keV electrons
is much higher than that for 3 keV protons in the zinc oxide powder. As can be seen from Figure 2,
the maximum path value is 3 µm for electrons and 110 nm for protons. As for the combined action of
the oppositely charged particles, it is carried out in a 110 nm thick layer, which is 27.3 times as small as
the depth of the layer damaged by electron irradiation.
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Figure 2. (A) Modeling the path for electrons of 30 keV and (B) protons of 3 keV in zinc oxide.

3.1. Sample 1: (p+
→ EMR) Irradiation Mode

As seen from the ρλ spectrum of the initial TCC (Figure 3), the main absorption edge corresponds
to 375 nm. In the longer wavelength region, the reflectance coefficient (ρ) increases and exceeds 90%
at 450 nm. Then, it undergoes a smooth insignificant decrease to 1400 nm, whereas in the longer
wavelength region it sharply decreases, being 65% at 2100 nm.



Symmetry 2020, 12, 1021 5 of 13

Symmetry 2020, 12, x FOR PEER REVIEW 5 of 13 

 

 
Figure 3. ρλ spectra before (1) and after irradiation of the TRSO-2M coating with a 3 keV proton 
fluence: 1×1015 (2), 3×1015 (3), 6×1015 (4), and 1×1016 (5). 

After irradiation with a proton fluence of 1×1015 cm−2, the reflectance coefficient decreases by 3% 
in the visible region, while in the near-IR region the changes are even smaller. With an increase in the 
proton fluence, the changes in ρ increase mainly in the visible region. In the difference spectra 
(obtained by subtracting the post-irradiation spectra from the pre-irradiation spectra, Δρ), an 
absorption band is formed with a maximum at 410 nm (Figure 4). 

 
Figure 4. ∆ρλ spectra after irradiation of the TRSO-2M coating with a 3 keV proton fluence: 1×1015 (1), 
3×1015 (2), 6×1015 (3), and 1×1016 (4). 

The intensity of this band increases with increasing proton fluence and reaches 19.5% at its 
maximum value (F = 1×1016 cm−2). 

In the near-IR region, the changes in ρ increase with higher wavelengths. As proton fluence 
increases, they become more significant. However, the absolute Δρ values in this region are not large; 
the maximum value at λ = 2100 nm is 6%. 

Figure 3. ρλ spectra before (1) and after irradiation of the TRSO-2M coating with a 3 keV proton fluence:
1 × 1015 (2), 3 × 1015 (3), 6 × 1015 (4), and 1 × 1016 (5).

After irradiation with a proton fluence of 1 × 1015 cm−2, the reflectance coefficient decreases by 3%
in the visible region, while in the near-IR region the changes are even smaller. With an increase in the
proton fluence, the changes in ρ increase mainly in the visible region. In the difference spectra (obtained
by subtracting the post-irradiation spectra from the pre-irradiation spectra, ∆ρ), an absorption band is
formed with a maximum at 410 nm (Figure 4).
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Figure 4. ∆ρλ spectra after irradiation of the TRSO-2M coating with a 3 keV proton fluence: 1 × 1015 (1),
3 × 1015 (2), 6 × 1015 (3), and 1 × 1016 (4).

The intensity of this band increases with increasing proton fluence and reaches 19.5% at its
maximum value (F = 1 × 1016 cm−2).
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In the near-IR region, the changes in ρ increase with higher wavelengths. As proton fluence
increases, they become more significant. However, the absolute ∆ρ values in this region are not large;
the maximum value at λ = 2100 nm is 6%.

Subsequent EMR for 1 h with an intensity of 5 sre leads to a very small (0.5%) increase in the
reflectance coefficient within the band at 410 nm (Figure 5). In the near-IR region, an increase in the
reflectance coefficient occurs (up to 2–3%), that is, reflectance is recovered.
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(1) and after sequential EMR (2).

3.2. Sample 1: (e−→ EMR) Irradiation Mode after the Action of Protons and EMR

Irradiation by electrons after the action of EMR does not change ∆ρ at the maximum of the band
at 410 nm (Figure 6). In this case, an increase in ∆ρ values is recorded on its long wavelength wing with
the formation of an additional band at approximately 580–600 nm. In the near-IR region, ∆ρ values
increase significantly as wavelength increases, reaching 11.5% at λ = 2100 nm.

Then, 1 h long EMR irradiation followed by exposure to electrons (with the same intensity as
protons) leads to the same ∆ρ values in the near-IR region of the spectrum as its post-proton irradiation
effect. Reflectance—previously reduced by electron irradiation—is recovered. The parameters of the
band in the visible region are not changed.

Thus, sequential irradiation according to the scheme (p+
→ EMR→ e− → EMR) results in the

following changes in the diffuse reflectance spectra of a coating based on zinc oxide powder:

- the exposure to protons forms an absorption band in the visible region with a maximum at 410 nm
with a ∆ρvalue of up to 19.5%. The latter increases to 6% with an increase in absorption wavelength;

- the exposure to EMR leads to an almost complete “annealing” of defects that absorb in the near-IR
region. However, it does not change the concentration of defects that absorb in the visible region
of the spectrum;

- the exposure to electrons not only recovers the ∆ρλ spectrum of the near-IR region induced by
exposure to protons and “destroyed” by exposure to EMR, but also significantly increases the ∆ρ

values, while maintaining its correlation with the wavelength;
- the subsequent action of EMR leads to qualitatively similar changes in the ∆ρλ spectrum to the

changes after irradiation with protons. The changes in the visible region are absent. In the near-IR
region, defect “annealing” occurs being induced by exposure to electrons.
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1·1016 and after sequential irradiation with EMR, electrons (1), and follow-up EMR (2).

3.3. Sample 2: Electron Irradiation of the Initial Powder

The authors separately irradiated the powder with electrons to elucidate the processes that occur
during the defect “annealing” via radiation from a xenon arc lamp, which simulated the solar absorption
spectrum in the near-IR region. Figure 7 shows the difference spectra obtained after irradiation with
electron fluence (F = (0.6–10) × 1015 cm−2).
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Figure 7. ∆ρλ Spectra after irradiation of a TRSO-2M coating with 30 keV electrons,
fluence values = 0.6·1015 (1), 2 × 1015 (2), 4 × 1015 (3), 6 × 1015 (4), and 1 × 1016 (5) cm−2.

As seen from the figure, electrons of such energy lead to insignificant changes in the ρλ spectrum
in the visible region—the maximum ∆ρ value reaches 7% at the highest fluence F = 1 × 1016 cm−2.
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In this case, several absorption bands are notable in this region. In the near-IR region, it reaches 13.8%
with a fluence of 6·1015 cm−2 at a wavelength of 2100 nm, that is, approximately the same value as
when pre-irradiated with protons and EMR and exposed to electrons (Figure 6). The peak ∆ρ value
reaches 14.3% at F = 1 × 1016 cm−2.

Regardless of the powder state (i.e., the initial one or sequentially pre-irradiated with protons
and EMR), the degradation of the reflectance spectrum in the near-IR region remains the same. In the
visible region, this similarity is not maintained—after proton exposure, electrons do not increase the
intensity of the main absorption band at 410 nm, while the effect of electrons on the initial powder
leads to a decrease in the reflectance coefficient to 7%.

Further irradiation of this sample with EMR quanta in the same mode as for sample 1 leads to
almost complete “annealing” of defects that absorb in the near-IR region. In contrast to sample 1
(Figure 6), the annealing of sample 2 is stronger (Figure 8).
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3.4. Sample 3: EMR Irradiation of the Initial Powder

The changes in the ρλ spectra under the influence of EMR (after irradiating samples 1 and 2 with
protons and electrons) demonstrated that the effect of solar spectrum quanta causes a decrease in
irregularities induced by pre-irradiation with charged particles. Such “treatment” refers mainly to
defects absorbing in the near-IR region. As for the defects absorbing in the visible spectral region
within a long wavelength band wing, the above-mentioned treatment is comparatively insignificant.
It is of interest to examine the effect of the solar EMR on the diffuse reflectance spectra of the coating.

For this purpose, the initial powder was irradiated with EMR (sample 3) for 40 h with 5 sre intensity.
The subsequent degradation in the visible region did not exceed 3% and reached 10% in the near-IR
region (Figure 9).
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Comparing the spectra of Figures 7–9 demonstrates that the separate exposure of zinc oxide
powder-based TCCs to EMR results in a degradation of the diffuse reflectance spectrum that is
qualitatively similar to the one induced by exposure to electrons. Small changes in the reflectance
coefficient ρ occur in the visible region, and significant changes occur in the near-IR region. The structure
of absorption bands also coincides after exposure to these radiation types.

The effect of atmospheric gases on zinc oxide powder is of interest when irradiated by solar
spectrum quanta. A 33-day-long exposure of the irradiated coating leads not only to the recovery of
reflectance in the visible and near-IR regions, but also to its translucence, that is, the post-exposure
ρ values become larger than the initial ones (Figure 9). The maximum increase in reflectance coefficient
reaches 35% at 2100 nm.

3.5. Formation of Intrinsic Point Defects under EMR

As seen from the previous studies [18,19] on the ∆ρλ spectra of irradiated zinc oxide powders
and TCCs made on their basis, the induced absorption in the visible region is determined by intrinsic
point defects of the crystal lattice (i.e., vacancies and interstitial cations/anions of oxygen and zinc
in various charge states). For this study, the analysis was carried out for zinc oxide pigment under
the assumption that the processes would be qualitatively identical for the TRSO-2M coating itself,
the latter containing 85% of this pigment.

The ionization energy of these defects is as follows: eV: Zni
2+-3.13, Vo

+-3.03, VZn
−-2.83,

(VZn−-Zni
o)-2.64, Vo

o-2.44, K(Vo)-2.05, K1(VZn)-1.86, K2(VZn)-1.64, VZn
o-1.25, VO

2+-1.05, where K(Vo),
K1(VZn), and K2(VZn) stand for the complexes of point defects based on oxygen and zinc
vacancies [18,20,21]. At high fluences of charged particles or EMR doses, small colloid centers
and zinc colloids may form inside the zinc oxide powder [19].

In the near-IR region, absorption is determined by free electrons. Their energy distribution in
the conductivity band occurs in accordance with a power law. Therefore, the action of solar EMR
after the formation of such defects—induced by irradiation with protons or electrons—leads to a
decrease in the concentration of free electrons and does not change the concentration of intrinsic point
radiation defects.
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The solar radiation spectrum includes UV, visible, and near-IR regions. The integral radiation
intensity is 0.137 W/cm2 [14]. The main absorption edge of zinc oxide at room temperature is assigned
to 375 nm (Figure 3). The region λ ≤ 375 nm contains 6.5% of quanta of the entire spectrum energy,
which is 0.009 W/cm2. The longer wavelength region contains 93.5% of these quanta (Figure 10),
which is equal to 0.128 W/cm2.
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With a lamp emission intensity of 5 sre, the radiation power is W = 2340 J/cm2 or 1.46× 1022 eV/cm2

for a 1 h irradiation period. The power is transferred by quanta with energies lower than the zinc oxide
band gap; in this case its value equals 3.3 eV, which correlates with the data of the other authors [22].

Such quanta cannot form electron–hole pairs by transferring electrons from the valence band
to the conductivity band. They can solely interact with crystal lattice defects that are located in
the band gap. Since the powder under investigation has high purity, then—at the beginning of the
irradiation period—these quanta can heat solely microcrystalline powder grains. Only 6.5% of the
lamp’s entire emission spectrum can form ionization defects.

3.6. Recovering of Diffuse Reflectance Spectra by EMR

If quanta with E < Eg affect ZnO powder that was pre-irradiated with protons or electrons (i.e.,
the one that already contains intrinsic point defects), they can interact with these defects. This can
reduce their concentration and the intensity of the related absorption bands in the visible region.
In addition, they interact with free electrons formed by pre-irradiation with protons or electrons,
as well as with phonons.

If we average the value of the levels of intrinsic point defects in ZnO to half-width of the band gap,
that is, 1.65 eV, the number of quanta capable of ionizing crystal lattice defects will be 8.8 × 1021 cm−2.

Thus, the estimation shows that we can form intrinsic crystal lattice defects by irradiating the initial
TCC based on zinc oxide powder with the light of a xenon lamp simulating the solar radiation spectrum.
The initial stage of this process is the formation of electrons and holes; 6.5% of all radiation is spent
on this process. The bulk of radiation quanta (93.5%) does not have sufficient energy to initiate this
process and can interact solely with previously formed lattice point defects and phonons.
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Free electrons (as any other charged particle) can neither absorb energy from a light wave, nor
radiate energy into this wave. An electron can receive only a small recoil energy in light scattering.
Absorption of photons directly by conductivity electrons is possible only in simultaneous collisions of
electrons with crystal lattice nodes, phonons, defects of various kinds, and grain boundaries, and with
each other [23]. Therefore, the subsequent absorption of quanta with an energy smaller than the ZnO
band gap involves intrinsic point defects and phonons for zinc oxide powders pre-irradiated with
protons or electrons and containing free electrons.

The absorption of photons by defects of the crystal lattice leads to their excitation. The transition
to the equilibrium state is accompanied by luminescence, emission of phonons, or impact ionization
(Auger effect).

Therefore, the decrease in absorption (∆ρ values) recorded in the near-IR region of the spectrum
(absorption by free electrons under the solar spectrum quanta in TCCs based on zinc oxide powder
previously irradiated by protons or electrons) can be determined by several of the above processes.
Studying these processes will deepen the concept of synergistic effects caused by the combined exposure
of space technology materials to various types of radiation.

3.7. Change in the Integral Absorption Coefficient

The integral absorption coefficient is the main performance characteristic of TCCs. Table 1 provides
its variation during sequential irradiation of the TRSO-2M coating according to the following scheme:
p+
→ EMR→ e−→ EMR.

Table 1. Change in the absorption coefficient as during sequential irradiation of the TRSO-2M coating
(p+
→ EMR→ e−→ EMR).

Protons EMR e− EMR

F, cm−2 1 × 1015 3 × 1015 6 × 1015 1 × 1016 1 h 1 × 1016 1 h

∆as 0.009 0.021 0.032 0.044 0.036 0.062 0.04

The data from Table 1 demonstrates that the exposure to EMR for 1 h leads to a decrease in
∆as from 0.044 to 0.036 and from 0.62 to 0.04 for the coating pre-irradiated with protons (E = 3 keV,
F = 1 × 1016 cm−2) and electrons (E = 30 keV, F = 1 × 1016 cm−2), respectively. With a short EMR
exposure time, the decrease is significant, reaching 1.22 and 1.55 times for the TRSO-2M coating
pre-irradiated with protons and electrons, respectively.

Degradation within the spectrum significantly differs in both cases, that is, ∆as = 0.044 after
irradiation by protons and ∆as = 0.062 after irradiation by electrons. Recovery value also differs by a
factor of three, namely, by 0.008 in the first case and by 0.022 in the second case.

The degradation decrease and reflectance recovery lead to the final degradation values being
close for both modes, that is, 0.036 and 0.04, respectively.

The obtained feature of degradation and reflectance recovery indicates that defects of system
symmetry occurring in preliminary irradiation by electrons or protons lead to ordering in the subsequent
irradiation by solar spectrum quanta. Thus, system entropy is bound to decrease [1].

4. Conclusions

Studying changes in optical properties upon separate and sequential irradiation with 3 keV
protons, 30 keV electrons, and solar spectrum quanta showed the presence of synergistic effects
for the TRSO-2M coating based on zinc oxide powder. The exposure of the coating (pre-irradiated
with protons and electrons) to the solar spectrum quanta leads to a decrease in the degradation
of the diffuse reflectance spectra in the near-IR region because of the absorption by free electrons.
Subsequent atmospheric exposure of the coating irradiated in vacuum leads not only to a complete
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recovery of reflectance in the near-IR region of the spectrum, but also to its increase compared with the
initial state.

The effect of solar spectrum quanta on the coating irradiated by protons or electrons almost does
not change the value of the induced absorption in the visible region. The intensity of the integral
absorption band at 410 nm caused by intrinsic point defects of the ZnO crystal lattice does not change.

A decrease in the integral absorption coefficient, which is the main performance characteristic of
the TCC, can be significant upon irradiation with solar spectrum quanta followed by irradiation with
protons or electrons. Thus, the exposure to solar spectrum quanta for 1 h leads to a decrease in ∆as

from 0.044 to 0.036 and from 0.62 to 0.04 for the coating previously irradiated with protons (E = 3 keV,
F = 1 × 1016 cm−2) and electrons (E = 30 keV, F = 1 × 1016 cm−2), respectively.
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