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Abstract: The work presents the study of synergistic effects in changing of 1) the diffuse reflectance spectra 
within 0.2-2.2 µm and 2) the solar absorptance of barium sulfate (nBaSO4) modified by silicon dioxide 
nanoparticles under separate and simultaneous irradiation with 30 keV electrons and 5 keV protons. The 
spectra were recorded before and after each irradiation period in vacuum at the site of irradiation (in situ). It 
was found that the change in optical properties of the powder under simultanous irradiation is larger in 
comparison with the total change under separate irradiation, with the values of electron fluence varying up to 
Fе=9•1016 cm-2 and the values of proton fluence varying up to Fр=6•1016 cm-2. The difference reaches 1.24 
times. The work provides the description of formation and accumulation of absorption centers under separate 
and sumultaneous irradiation of nBaSO4. 

Keywords: barium sulfate; silicon dioxide; nanoparticles; irradiation; optical properties. 

INTRODUCTION  

In many areas of industry, materials in the field are frequently affected by more than one external factor. 
These factors may act separately, sequentially, and simultaneously. The changes in the properties of 

HIGHLIGHTS 
 

• The composition, structure, and optical properties of nano-modified BaSO4 powder under electron 
and proton irradiation were investigated. 

• The diffuse reflectance spectra were recorded in vacuum after each irradiation period. 

• Simultaneous irradiation changes the optical properties more expressively than separate one. 

• The mechanism of absorption centers’ formation under irradiation is suggested. 

•  
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materials under the effect of external factors need to be thoroughly considered in terms of their application in 
space industry because when designing spacecraft an excessive reserve in operating characteristics will lead 
to a significant increase of construction weight, size, and cost. The inaccurate prediction of changes in the 
properties of materials might result in the early failure of spacecraft. 

The external factors in space orbits are different kinds of irradiation (electrons, protons, and solar 
spectrum quanta), vacuum, and temperature. The change in the properties of materials under simultaneous 
action of several factors differs from the total change under their separate action. The studies on synergistic 
effects caused by the effect of external factors on spacecraft materials showed [1-4] that the former may 
manifest differently depending on the material. Studying synergistic effects in order to create the prediction 
basis for the materials’ operating characteristics has recently gained significance thanks to the development 
of unmanned satellites, frame satellites, and nanosatellites, and because of the continuous increase in the 
active lifetime of regular satellites. Reduction of spacecraft weight and size is a topical issue related with 
optimizing the parameters of spacecraft based on the regularities of changing in operating characteristics 
under the simultaneous action of irradiation. 

The recent studies [5,6] have shown the potential of barium sulfate powder as a pigment for thermal 
control coatings of spacecraft because of its reflectance capacity, which is higher than that of the pigments 
currently in use. In addition, BaSO4 powders are widely used in various branches of industry [7-9]: paint and 
varnish, pulp and paper, construction, instrument engineering, oil, and many others. Furthermore, these 
powders are known as relatively common and cheap. 

A very important characteristic of spacecraft materials is their radiation stability, which may be improved 
via modification with nanoparticles [10-14]. The experimental studies helped to find the types, optimal 
concentrations, and modes of introducing the modifying additives, which allow for a significant increase in 
radiation stability of barium sulfate micropowders, almost without a loss in reflectance capacity. The most 
efficient modifying additive is 3 wt.% SiO2 nanopowder [15]. 

The purpose of this work is to study the synergistic effects under separate and simultaneous irradiation 
of SiO2 nanoparticles-modified BaSO4 (nBaSO4) powder with electrons and protons using the change of 1) 
diffuse reflectance spectra (ρλ) within 200 to 2200 nm registered in vacuum at the irradiation site (in situ) and 
2) solar absorptance (αs). 

MATERIAL AND METHODS  

For the present study, the authors used BaSO4 powder (“Extra pure reagent”, average size 0.9 µm, 
purchased from Nacalai Tesque inc., Japan) modified with SiO2 nanopowder (purity 99.8%, average size 10-
12 nm, surface area 180-220 m2 / g, purchased from “Plasmoterm” LLC, Russia) in a ratio of 100:3. In order 
to modify, silicon dioxide nanopowder was dissolved in distilled water exposed to ultrasonic waves. Next, 
barium sulfate micropowder was added, and a mixture was stirred for 3 hours with magnetic stirrer. A mixture 
obtained was dried at 150°С in oven, ground in agate mortar, and heated for 2 hours in muffle furnace under 
800°С (optimal modification temperature) [16]. After cooling down, the obtained powder of nBaSO4 was 
repeatedly ground in agate mortar. 

The structure of modified nBaSO4 was analyzed before and after irradiation in various modes with XRD-
6100 X-ray diffractometer (Shimadzu, Japan). IR reflection spectra within 400 to 4000 cm-1 were recorded 
with Shimadzu IRTracer-100 IR-Fourier spectrometer equipped with DRS-8000A diffuse reflectance 
accessory. Before irradiation, a small portion of modified nBaSO4 powder was sampled for analysis. 

After separate or simultaneous irradiation, a portion sufficient for the registration of IR spectra was 
scraped off the surface layer of the powders pressed. Because three different radiation-exposed samples 
were employed, a few differences could be traced caused by uneven distribution of SiO2 nanoparticles on 
the surface and by unequal concentration of OH groups and gases sorbed on the surface. These differences 
might have resulted in the different intensities of absorption bands in IR spectra. 

The studies of nBaSO4 powder spectra (ρλ) before and after irradiation were carried out in the “Spektr”, 
the outer space conditions simulator [17]. Samples were prepared by pressing nBaSO4 powder into 
substrates with 24 mm diameter and 4 mm height under a pressure of 1 MPa with 2 minutes exposure period. 
A pressure this low was chosen because of experimental data showing its effect on radiation stability of 
pigments [18]. Recording ρλ spectra from 200 to 2200 nm at irradiation site (in situ) was performed after each 
irradiation period in vacuum not lower than Р = 5∙10-6 torr at a temperature not exceeding 303K. Irradiation 
was carried out by 30 keV electrons and by 5 keV protons. Solar absorptance (αs) was calculated via ρλ in 
accordance with international standards [19, 20]. 

Mathematical modeling of the pathways for charged particles was performed using CASINO (monte 
CArlo SImulation of electroN trajectory in sOlids) [21] and SRIM (the Stopping and Range of Ions in Matter) 
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software [22]. When modeling using programs, BaSO4 compound with a density of 4.5 g/cm3 was selected 
as a target. In CASINO, electron energy was specified to be 30 keV whereas beam diameter was 100 nm; in 
SRIM protons energy was specified to be 5 keV. 

RESULTS AND DISCUSSION 

The study of nBaSO4 powders structure 

Studies of nBaSO4 powders structure were carried out before irradiation and after separate and 
simultaneous irradiation with electrons and protons. Figure 1 shows an example of XRD spectra for modified 
barium sulfate powder before and after simultaneous irradiation with electrons and protons with a fluence of 
6.73•1016 and 3.36•1016 cm-2, respectively. All of the XRD data obtained show peaks corresponding to the 
phase of orthorhombic crystalline barium sulfate. SiO2 nanopowder occurring in the samples under analysis 
does not have reflection peaks in XRD spectra because of its amorphous structure. In the analysis of XRD 
spectra of nBaSO4 powder obtained before irradiation and after separate and simultaneous action of 
electrons and protons, it was found that irradiation does not cause the occurrence of additional phases and 
significant changes in structure.  

 

 
 

Figure 1. X-ray diffraction patterns of nBaSO4 powder before irradiation (A) and after simultaneous irradiation with 
electrons and protons (B). 

The study of IR reflection spectra 

The authors studied the reflectance spectra in the IR region of nBaSO4 powder before and after separate 
and simultaneous irradiation with electrons and protons. Kubelka-Munk transformation [23] was implemented 
and valuated to maximum intensity peak at 1132 cm-1. Figure 2 shows an example of IR spectra for modified 
barium sulfate powder before and after irradiation with е- and p+ with a fluence of 6.73·1016 and 3.36·1016 cm-2. 

 

 
Figure 2. IR spectra of nBaSO4 powder before (A) and after simultaneous irradiation with electrons and protons (B). 
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The highest intensity pertains to the bands (Table 1) pre-determined by a different types of fluctuation in 
SO4

2- centers [24-28]: the bands at 610 and 642 cm-1 are determined by out-of-plane bending; the band at 
985 cm-1 is determined by symmetric stretching; the three bands within the region from 1080 to 1200 см-1 are 
caused by symmetric and asymmetric stretching and bending. The band at 2060 cm-1 is related to fluctuations 
of sulfur-containing oxygen. The weak band at 2325-2360 cm-1 with two peaks corresponds to fluctuations of 
atmospheric carbon dioxide. The wide absorption band at 3146 cm-1 is determined by OH groups on the 
sample surface. 

Table 1. Intensities of peaks (relative units) in the IR spectra of nBaSO4 powder under separate and simultaneous 
irradiation with electrons and protons.  

Irradiation 
mode 

Wavenumber, cm-1 

476 610 642 810 985 1086 1132 1196 1400 2060 2356 3146 

Before 0.036 0.862 0.544 0.003 0.107 1.026 1.086 0.998 0.024 0.002 0.007 0.031 

e- 0.049 0.823 0.504 0.016 0.138 1.041 1.086 0.996 0.006 0.014 0.005 0.001 

p+ 0.061 0.819 0.580 0.019 0.273 1.025 1.086 1.039 0.005 0.017 0.004 0.002 

e- + p+ 0.041 1.015 0.674 0.005 0.228 1.007 1.086 1.036 0.015 0.001 0.001 0.034 

 
The bands typical of SiO2 compounds are located approximately in the same region of wavenumbers 

[29-32]: 
 

• fluctuations of bridging Si-O-Si oxygen at 460, 810, and 1110 cm-1 and symmetric Si-Si valence 
fluctuations at 615 cm-1; 

• torsional fluctuations of SiO2 at 805 cm-1. 
 
As seen from the data in Table 1, the authors can argue that 
 

1) During separate irradiation with protons and electrons, the band intensity at 476, 810, and 2060 
cm-1 increases while the intensity of bands at 610, 3146, and 1400 cm-1 decreases; 

2) During simultaneous irradiation, the intensity of bands at 476, 810, 2060, and 3146 cm-1 does not 
significantly change while the intensity of bands at 610, 642, 985, and 1196 cm-1 increases, and 
the intensity of bands at 1086 and 1400 cm-1 decreases; 

3) The large increase of band intensity at 642, 985, and 1196 cm-1 occurs during separate irradiation 
with protons and simultaneous irradiation with protons and electrons whereas for the band at 
1086 cm-1 intensity decreases in the abovementioned irradiation modes; 

4) Irradiation with electrons leads to a decrease in the band intensity with the peaks at 642 and                         
1196 cm-1 and to its increase at 985 and 1086 cm-1. 

 

Study of diffuse reflectance spectra within the 0.2-2.2 µm  

Irradiation with electrons 

The authors examined ρ spectra and Δρ difference spectra, which are determined by the difference 
between ρ spectra before and after irradiation, and are represented by the spectra of irradiation-induced 
absorption (Figure 3). The reflectance of non-irradiated powder from 400 to 1400 nm approximates 95%. 
Solar absorptance (αs) calculated by ρ spectra of nBaSO4 powder equals 0.048 before irradiation.  
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Figure 3. ρ (A) and ∆ρ (B) spectra before (1) and after irradiation of the nBaSO4 powder with electron fluence,·1016 cm-

2: 0.5(2); 1.5(3); 3(4); 5(5); 7(6), 9(7). 

When irradiating by electrons, the reflectance significantly decreases within the region from 200 to 1000 
nm, and the most significant changes occur from 200 to 500 nm. From 800 to 2200 nm, changes are 
insignificant and do not exceed 5%. The Δρ spectra (Figure 3B) show that maximum change occurs at a 
wavelength of 200 nm where the reflectance reaches 61% at maximum fluence. In the visible spectrum 
region, the absorption band appears with the maximum at 600 nm and disappears as fluence increases. The 
shape and non-elementary character of absorption bands from 200 to 900 nm allow assuming that several 
types of intrinsic defects occur in nBaSO4 powders, which absorb in the UV and in the visible spectrum 
regions. 

The correlation between the changes in solar absorptance (Δαs) and electron fluence (Table 2) shows 
its gradual increase. Its maximum value equals 0.072 with a fluence of F=9·1016cm-2. 

Table 2. The correlation between changes in the solar absorptance (αs) of the nBaSO4 powder and the electron fluence 
under separate irradiation 

Fе-, cm-2 0.5·1016 1.5·1016 3·1016 5·1016 7·1016 9·1016 

∆αs 0.018 0.027 0.038 0.049 0.059 0.072 

Irradiation with protons 

When irradiating by 5 keV protons, the reflectance changes primarily in the visible spectrum region 
(Figure 4). When increasing proton fluence, the reflectance significantly decreases. Similar to the irradiation 
with electrons, the major changes occur in the UV spectrum region. With maximum protons fluence 
(F=6·1016cm-2), the Δρ value reaches 60%. It decreases during the transition to the visible spectrum region. 
The difference between Δρ spectra and spectra for electron irradiation lies in the fact that the long-wave front 
of the absorption band is narrower. In the area of 600 nm, the changes in reflectance are almost nonexistent. 
This might be the evidence of a fewer number of absorption centers’ types during irradiation with protons. 

 

 

Figure 4. ρ (A) and ∆ρ (B) spectra before (1) and after irradiation of the nBaSO4 powder with proton fluence, ·1016 cm-

2: 0.3 (2); 1 (3); 2 (4); 3 (5); 4.5 (6), 6 (7). 
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The values of changes in Δαs when irradiating by protons (Table 3), calculated from Δρ spectra, show 
the increase in the coefficient with the increase in proton fluence. At small and equal values of the fluence, 
significant changes occur for irradiation with electrons. With the increase in the fluence to 5·1016 cm-2, the 
irradiation with protons results in significant changes and reaches 0.066, which is higher than the value for 
irradiation with electrons (Table 2). 

Table 3. The correlation between changes in the solar absorptance (αs) of the nBaSO4 powder and the proton fluence 
under separate irradiation 

Fр+, cm-2 0.3·1016 1·1016 2·1016 3·1016 4.5·1016 6·1016 

∆αs 0.003 0.006 0.014 0.025 0.042 0.066 

 
As well as for irradiation with electrons, the ∆αs values for irradiation of nBaSO4 powder by protons are 

relatively low in comparison with other pigments that are applied for previously studied “solar reflector” 
thermal control coatings [33, 34]. It allows concluding on the effective stability of barium sulfate powder 
modified by SiO2 nanoparticles when exposed to the action of electrons and protons. 

Simultaneous irradiation with electrons and protons 

Measurements of the diffuse reflectance spectra of nBaSO4 powder were carried out with simultaneous 
irradiation with electrons and protons (Figure 5). Within 200-1400 nm spectrum range, a decrease in the 
reflectance coefficient is observed, and in the longer wavelength region its slight increase (about 2%) can be 
traced. As in the case of separate irradiation with electrons and protons, the largest decrease in the 
reflectance coefficients is recorded in the UV region of the spectrum with a peak at 200 nm. The maximum 
value of ∆ρ reaches 66% at a wavelength of 200 nm. The long-wavelength front of the absorption band 
qualitatively coincides with the one for the irradiation with electrons: it is protracted into the IR region, and a 
protrusion at about 600 nm is clearly observable. In the region above 1400 nm, the reflectance coefficient 
does not change. 

 

 

Figure 5. ρ (A) and ∆ρ (B) spectra before (1) and after simultaneous irradiation of the nBaSO4 powder with the fluence 
of electrons and protons, ·1016 cm-2: 1 + 0.37 (2); 2.1 + 0.93 (3); 3 + 1.35 (4); 5 + 2.42 (5); 6.73 + 3.36 (6). 

 
The Δαs values of nBaSO4 powder depending on the time of simultaneous irradiation with electrons and 

protons are given in Table 4. In addition, Table 4 contains comparative values of Δαs for separate irradiation, 
as well as the values of the additivity coefficient (Cadd) calculated as the ratio of Δαs values for simultaneous 
irradiation (Δαssim) to the sum of Δαs values for separate irradiation with electrons and protons (∑Δαs): 

 

Cadd= Δαssim / ∑Δαs.                                                                                                                  (1)  
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Table 4. The correlation between changes in the solar absorptance, additivity coefficient, and the time of simultaneous 
irradiation of the nBaSO4 powder with electrons and protons  

Simultaneous 
irradiation time, 
hours 

1 2.1 3 5 6.73 

Fe-, cm-2 1·1016 2.1·1016 3·1016 5·1016 6.73·1016 
Fр+, cm-2 0.37·1016 0.93·1016 1.35·1016 2.42·1016 3.36·1016 

∆αs 

e- 0.019 0.028 0.035 0.047 0.057 

р+ 0.004 0.006 0.009 0.019 0.029 

      e- + р+ 0.028 0.042 0.054 0.078 0.094 

    ∑Δαs 0.023 0.034 0.044 0.066 0.086 

Cadd=∆αssim/∑Δαs 1.22 1.24 1.23 1.18  1.09  

 
The data in the tables show that 
 

1) At the given values of energy and fluence, electrons make a significantly greater contribution to 
the degradation of the nBaSO4 powder optical properties in comparison with that of protons;  

2) Of the three modes of irradiation, the largest changes in Δαs occur for the simultaneous irradiation 
with electrons and protons, and the most insignificant changes are caused by the irradiation with 
protons;  

3) With the same irradiation period, simultaneous irradiation leads to more significant changes in 
the absorption coefficient in comparison with the sum of changes induced by separate irradiation 
with electrons and protons;  

4) The additivity coefficient is greater than unity at any irradiation time, and its largest value (Cadd = 
1.24) correlates with 2 hour long irradiation period, an electron fluence F = 2.1·1016 cm-2, and a 
proton fluence F = 0.93·1016 cm-2.  

Comparing the contribution of electrons and protons to Δαs values (Figure 6), the authors can argue that 
at a short irradiation time, the contribution of protons to the degradation of the nBaSO4 powder optical 
properties is up to 4.75 times lower than that of electrons. With an increase in the irradiation time, this 
difference decreases, and at a maximum irradiation time of 6.73 h reaches 1.97 times. The largest changes 
in Δαs (0.094) correlate with the longest period of simultaneous irradiation with electrons and protons (6.73 
h). In this case, the sum of Δαs values for separate irradiation with electrons and protons reaches 0.086 (the 
same time, similar intensities).  

 

 
Figure 6. Correlation between changes in the solar absorptance (αs) of the nBaSO4 powder obtained by calculations 
based on the experimental values: under separate irradiation with electrons (1), protons (2), under simultaneous 
irradiation with electrons and protons (3), the sum of ∆as values under the separate action of electrons and protons (4). 
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Thus, an estimation of degradation based on the results of separate irradiation would lead to 1.23 times 
underestimation for 3 h and 1.09 times for the maximum irradiation time. The underestimation of changes in 
the main operating characteristic (Δαs) can lead to an increase in the temperature of spacecraft if nBaSO4 
powder is to be applied as a pigment for thermal control coatings of spacecraft.  

Analysis of the irradiation-induced processes resulting in the degradation of the nBaSO4 powder optical 
properties 

Judging by induced absorption spectra during separate and simultaneous irradiation of the nBaSO4 
powder with electrons and protons (Figures 3, 4, and 5), the main changes occur in the UV and visible regions 
with Δρ maximum at 200 nm. In this region, intrinsic defects of the anionic sublattice (such as SO4

-, SO3
-, 

SO2
-, and O-) initiate the absorption [35 - 39]. At low fluence of electrons or protons, the absorption band is 

narrow; with an increase in fluence, it broadens to longer wavelengths. In this case, a protrusion is recorded 
(about 600 nm).  

The electron energy E = 30 keV is insufficient to displace the atoms of nBaSO4 cationic and anionic 
sublattices from the crystal lattice sites. Therefore, the main and only mechanism of their interaction is 
ionization process. The path for electrons with such energy does not exceed 5 µm (Figure 7).  

The main losses of protons with energy E = 5 keV are determined by elastic collisions with lattice atoms 
followed by the formation of anionic and cationic vacancies and interstitial anions and cations in different 
charge states. There are almost no ionization losses. The path for protons of this energy is less than 200 nm 
(Figure 7).  

The primary defects are electron / hole pairs being the result of ionization processes upon irradiating 
nBaSO4 compounds – as well as oxide compounds – with electrons and protons. 

                                                 МеО + (е-, р+) → Ме2+ + О2-                                                                  (2) 

           BaSO4 + (е-, р+) → Ва2+ + SО4
2-                                                             (3) 

 
SO4

2- centers decompose forming other hole centers.  

 
SO4

2- → SO4
-+ e-                                                                                                                                  (4) 

SO4
2- → SO3

2-+ O                                                                                                                                (5) 

SO3
2- + e-→ SO3

-                                                                                                                                  (6) 

SO3
2- → SO2

- + O-                                                                                  (7) 
 

 
 

Figure 7. Path of 5 keV protons and 30 keV electrons in BaSO4. 
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In addition to those formed by irradiation, BaSO4 powders contain non-stoichiometric SO4
2- absorption 

centers. When they decompose, energy electrons are released, and they can decompose other SO4
2- centers 

forming the same absorption centers as in reactions (4-7): SO4
-, SO3

-, SO2
-, O- , and О. These centers absorb 

quanta in UV and visible regions of the spectrum.  
If SO4

2- centers are the primary defects of the anionic sublattice formed under the action of radiation or 
during autodecomposition of non-stoichiometric SO4

2-, SO4
-, SO3

-, SO2
-, O-, and О are secondary absorption 

centers. The positions of the absorption bands for some of these centers are currently established: 380nm 
(SO3

-), 575nm (SO2
-), and 620 nm (O-) [35 - 39]. Their values show that as the structure of these centers is 

simplified, the wavelength of the absorption bands’ peaks (caused by these centers and their ionization 
energy) increases.  

This correlation can be linked – to a certain extent – to the correlations known in radiation physics. For 
example, in alkali halide crystals, the band of irradiation-induced primary defects and color centers of the 
anionic sublattice (F-centers) is located in the shorter wavelength part of the spectrum compared to its 
combinations (R, M, and other more complex centers) [40]. In TiO2, F-centers absorb within 800–1200 nm, 
and F+ centers absorb in the 1740 nm region [41]. In ZnO, F-centers absorb in the 410 nm region, and F+ 
centers absorb in the 560 nm region [42]. Therefore, it can be assumed that the absorption band of SO4

- 
centers is located in a shorter wavelength region in comparison with the bands of SO3

-, SO2
-, and absorption 

centers.  
The bands of absorption centers determined by defects of the cationic sublattice in TiO2 ZnO, and ZrO2 

[41 - 43] are located in a shorter wavelength region in comparison with the bands for defects in the anionic 
sublattice. By analogy with the absorption bands of the abovementioned oxides, it can be assumed that the 
absorption bands for the absorption centers 1) of ions in different charge states and 2) of barium atoms in 
BaSO4 are located in a shorter wavelength region compared to the bands of defects in the anionic sublattice. 
This region of the spectrum varies from λ˂200 nm to λ > λg. Therefore, we can conclude that changes in the 
solar absorptance (αs) of BaSO4 powder are determined only by changes in the concentration of anionic 
defects such as SO4

- , SO3
-, SO2

-, and O-.  
The regularities of the change in the concentration of absorption centers with the Δαs values were 

compared with the change in the intensity of the IR absorption bands under separate and simultaneous 
irradiation with electrons and protons of the nBaSO4 powder. The change in the intensity of these bands 
changes qualitatively and quantitatively according to various trends: it decreases, increases, and remains 
unchanged; the changes are small or large. Therefore, it is difficult to detect which processes will determine 
the increase in the concentration of these absorption centers during irradiation. After the final irradiation 
period (6.73 h), the additivity coefficient is 1.09 according to the Δαs values (Table 4), i.e., simultaneous 
irradiation provides large changes (0.094) compared to the total change for separate irradiation (0.086). The 
change in the intensity of three powerful absorption bands at 1086, 1132, and 1196 cm-1 provides the 
additivity coefficient of less than unity, which is opposite to the change in the concentration of absorption 
centers and of αs. Therefore, they cannot be a measure of the optical degradation degree for nBaSO4 powder 
under irradiation with protons and electrons of such energies. This correlation is consistent with the change 
in the intensity of absorption bands at 610 cm-1 and 642 cm-1 determined by interplanar bending.  

The changes in the intensity of the absorption bands at 476, 810, and 1110 cm-1 determined by the 
vibrations of the bridging Si-O-Si oxygen, as well as the band at 610 cm-1 determined by the symmetric 
stretching of Si-Si, are qualitatively opposite to the changes in the absorption coefficient αs. Therefore, they 
can only confirm the fact that silicon dioxide is present in this compound, and its fluctuations change in 
intensity with all the irradiation types.  

The concentration of OH groups decreases under separate irradiation with protons and electrons and 
increases under their simultaneous action. A decrease is determined by their desorption under the action of 
radiation while an increase is determined by their formation during the interaction of radiation with a powder.  

They can form via two channels. First, water molecules on the surface and in the bulk decompose under 
the action of radiation and form OH groups and atomic hydrogen. Such radicals have a significant effect on 
the recombination processes in the sulfate subsystem when exposed to radiation. On the one hand, they 
suppress them, on the other hand, they lead to the appearance of a new channel for the decomposition of 
complex anions. Quantum chemistry methods show that atomic hydrogen forms stable complexes with SO4

- 
and SO3

-. When the SO4
2- anion interacts with atomic hydrogen, SO3

- and OH- ions are formed without 
activation [34-38].  

The second channel is determined by the fact that hydrogen atoms, which appear as a result of 
thermalization of protons at the depth of their path, can participate in the formation of OH groups under 
simultaneous irradiation. The oxygen atoms and ions required are formed during ionization processes under 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4
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the action of electrons (expressions 3-8). Therefore, along with desorption of OH groups bound to the surface 
of the nBaSO4 powder by gravity and electron bonding, their formation occurs in approximately the same 
amount under simultaneous irradiation.  

As a result, the following regularities of the change in optical properties were observed under the 
simultaneous action of protons and electrons:  

 
 

1) the intensity of the absorption band at 3146 cm-1 remains approximately the same as before 
irradiation;  

2) additional amount of SO4
2-, SO4

-, SO3
-, SO2

-, and О- ions is formed (in comparison with the 
amount formed under the separate action of protons / electrons in the same irradiation modes);  

3) the intensity values of the absorption bands and the solar absorptance (αs) exceed the total value 
under separate irradiation;  

4) the additivity coefficient is greater than unity for all values of electron and proton fluences.  

5) Weak-intensity bands of sulfur-containing oxygen (2060 cm-1) and carbon dioxide (2356 cm-1) 
show a small amount of corresponding fluctuations.  

 

Thus, from the entire set of absorption bands in the IR region (from 500 to 4000 cm-1), one can evaluate 
the patterns of change in the concentration of absorption centers and the additivity coefficient under separate 
and simultaneous irradiation of the nBaSO4 powder only by the change in the intensity of absorption bands 
at 610 cm-1 and 642 cm-1, which are determined by interplanar bending of SO4

2- centers. The rest of the 
bands can serve as indicators for the presence of respective absorption centers in the present study.  

 

CONCLUSION 

The changes in the composition, structure, and diffuse reflectance spectra in the UV, visible, near IR, 
and IR spectrum regions have been studied under separate and simultaneous irradiation with 30 keV 
electrons and 5 keV protons of a micron-sized BaSO4 powder modified with SiO2 nanoparticles. The study 
was carried out via recording diffuse reflectance spectra within 0.2 - 2.2 µm in vacuum at the irradiation site 
(in situ). The energies were selected considering the fact that in high orbits of spacecraft (geostationary orbit, 
r = 36000 km, high elliptical orbit, r1 = 400 km, r2 = 40000 km) – as well as in other regions of the solar system 
– such particles have maximum fluxes and show the most significant change in optical properties of the 
materials applied for the outer surfaces of the spacecraft.  

In addition, the authors described the processes of formation and accumulation of absorption centers 
under separate and simultaneous irradiation of nBaSO4. It is shown that bands are formed in the spectra of 
induced absorption within 200 nm to 600-800 nm caused by defects in the anionic sublattice of SO4

2-, SO4
-, 

SO3
-, SO2

-, and O- because of ionization processes while irradiating with electrons and – mainly – elastic 
collisions while irradiating with protons. There is no absorption in the longer wavelength region. A certain 
contribution to the change in the optical properties can be made by OH groups formed both during the 
thermalization of protons and by water molecules existing before irradiation. 

It was found that for all values of the electron fluence (up to Fе = 9·1016 cm-2) and the proton fluence (up 
to Fр = 6·1016 cm-2), the change in the solar absorptance (Δαs) of the nBaSO4 powder is greater under 
simultaneous irradiation than the sum of changes under separate irradiation. The difference reaches 1.24 
times. 
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