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The issues of compatibility of correcting electric jet engines (EJE) and large-size transformable antennas (LTA)
used in high-orbit communication satellites are considered. The paper deals with the erosive and polluting effect of EJE
Jets interacting with knitted mesh material (grid mesh), which is used for manufacturing LTA reflectors. The erosive
effect of the EJE jets on the LTA mesh is characterized by the fact that the angles of ions incidence on the surface of the
threads in the mesh are in the range from 0 to 90 i. e. such effect takes place at practically any angle of ions incidence
on the mesh surface. The research includes both mathematical description of physical processes and conducting a wide
series of experiments, which makes it possible to achieve the necessary reliability of the results. It has been established
that the effect of plasma jets of correcting engines can lead to significant sputtering of the reflecting coating from the
surface of a large-size antenna reflector. The authors obtained experimental data on the degradation of the reflection
coefficient of electromagnetic radiation from the mesh, depending on the degree of plasma jet influence.

It was found that the sputtering of reflecting coating from the surface of threads does not significantly affect the re-
flection coefficient. The sputtering of the coating at the points of threads contact is much more significant. Strong
dependence of the reflection coefficient on the type of mesh weaving was also found. The mechanism of sputtering prod-
ucts deposition on reflecting coatings of the thermal control system radiators was investigated. The results of calcula-
tions of the sputtering coefficient and the sputtering indicatrix of the reflecting coating applied to the mesh threads were
obtained. The degradation of the functional characteristics of thermoregulatory coatings (TRC) during the deposition of
thin films of gold, which is one of the possible materials for a reflecting coating, was experimentally determined. Esti-
mates of the maximum permissible level of TRC contamination were obtained. It is shown that, subject to the relevant
design rules, it is possible to use EJE and LTA together in high-orbit communication satellites.

Keywords: electric jet engines, large-size transformable antennas, mesh, contamination, plasma, thermoregulatory
coatings.
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Pacemompenvt sonpocul coemecmumocmu snekmpopakemuvix ogueamenetl (AP]) koppexyuu u kpynHo2abapummuix
mpancpopmupyemvix anmenn (KI'A), npumensiemvix na 6blCOKOOPOUMANLHBIX CHYMHUKAX c653u. B pabome paccmom-
PEHO 3PO3UOHHOE U 3azpsasnsioujee o3deticmeue cmpyii DP/] npu e3aumodelicmeuu ¢ mpuKomaxiCHbiM Cemuamoim
MaAmepuanom (cemenoiommom), KOMoposlil npuMeHsiemcst 0Jisi useomosienust pegprexkmopos KI'A. Dposzuonnoe 6o30eti-
cmeue cmpyti IP/] na cemenonomno KI'A xapaxmepuzyemcs mem, umo yeivl nadenusi UOHO8 HA NOBEPXHOCHb HUMel
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Haxoosmcest 6 ouanazone om (0 0o 90 m. e. npakmuyecku npu a0O0M yeie NadeHuss UOHO8 HA NOGEPXHOCHb Cemeno-
aomua. Mccneoosanue, nposedennoe asmopamu, 6KIIOHAN0 6 ceOs KaK MameMamuieckoe onucanue Quauieckux npo-
yeccos, Max u nposedeHue WUPOKOU cepuul IKCNEPUMEHMO8, UMO NO360AUL0 O0OUMBbC HEOOXOOUMOU 00CHOBEPHOCU
pesynomamos. B pabome ycmanosneno, umo o3oelicmeue nia3MeHHbIX CMpyil 0gueameneii KOppeKyuu Moicem npugo-
Oums K 3HAYUMENIbHOMY PACHBLIEHUIO OMPAXNCAIOWe20 NOKPbIMUsL ¢ NOBEPXHOCIU pehiekmopa KpynHo2abapumHou
anmennvl. Tlonyuenvl sKcnepuMeHmanbhble OaHuble 0 0e2padayui KOIpouyueHma ompasjicerust 31eKmpOMAeHUMHO20
U3NIYUEHUsL CEMENONIOMHA 8 3A8UCUMOCIU 0N CIENEHU 6030eliCEUs. NIA3MEHHOU CmpyU. YCmanogneno, umo pacnuliie-
HUE OMpajcaiowe2o NOKPuImusi ¢ NOGEPXHOCHU HUMEL He 0KA3bl8Aem CYUEeCmEeHH020 GIUAHUSL HA KOdpduyuenm om-
paodicenus. bonee snauumvim siensiemes pacnvlienue NOKpuIMusi 8 Moukax konmaxkma numeil. Takoice 6vina obnapysicena
CUNbHASL 3A8UCUMOCHTb KOI(DGuUYyUeHma ompasicenus om muna niemenusi cemenoiomua. Hcciedosan mexanuzm ocaic-
Oenusi NPOOYKMO8 PacnblieHUs Ha OMpajicaioujue NOKpuimus paouamopos cucmemsbl mepmopezyauposanusi. Ilonyuenvi
pe3yibmamol pacuemos KodQguyuenma pacnvlienus U UHOUKAMPUCH] PACHBLICHUS. OMPANCAIOWE20 NOKPLIMUsL, HAHO-
CUMO20 HA HUMU CEMeNnoIOmHd. IDKCNEPUMEHMANbHO Onpedeiena oezpaoayusi (QYHKYUOHATbHBIX XAPAKMEPUCUK
mepmopezynupyrowux nokpuimuil (TPI1) npu ocasicoenuu Ha HUX MOHKUX NAEHOK 30]10Md, AGIAIOWE20Cs OOHUM U3 603-
MOJICHBIX MAMEPUAIod ompaxcaiowezo nokpvimus. Ilonyuenvt oyenku npeoeibHo OONYCMUMO20 YPOGHS 3A2PA3HEHUsS
TPII. Ioxazano, ymo npu coOMOOEHUU COOMBEMCMEYIOUUX NPABUL NPOEKMUPOBAHUSL B03MONCHO COBMECHHOE UCHOTIb-

306anue SP/] u KI['A na 8b1coKOOpOUmMANbHBIX CHYMHUKAX CEA3U.

Kniouegvie cnosa: snexkmpopaxemmvle dgueamenu, KpynHo2abapummvle mpanchopmupyemvle aHmeHHbvl, Cemeno-
JIOMHO, 3a2pA3HeHnUe, N1a3Md, mepmopezyiupyioujue NoKpoulmus.

Introduction. The main operational characteristic of
any satellite system is its durability, i.e. the ability to ful-
fill the assigned target tasks during the required active life
(RAL) by all spacecraft (SC) included in its composition.

A modern SC includes hundreds of radio-electronic
units, optical devices and working surfaces, thousands of
structural elements and cable assemblies. This entire
technical complex must function for a long RAL (up to
15 years) under the conditions of the negative impact of
space environment.

The range of factors affecting a SC during its orbital
operation is extremely wide. As a result of their impact,
various physicochemical processes occur in the materials
of a SC structure and elements of onboard equipment
(OE), leading to the deterioration of their operational pa-
rameters, as well as to the occurrence of abnormal situa-
tions in the operation of a SC and catastrophic failures of
SC onboard systems. Therefore, one of the main problems
in the field of applied cosmophysics when creating and
ensuring the reliable functioning of SC is the problem of
ensuring its resistance to the effects of space factors and
factors of a technogenic nature.

Research on the influence of the space environment on
SC in the world and in our country has been carried out
for several decades. JSC “ISS” has many years of experi-
ence in the space environment study, the result of which
is the refinement of the physics and mechanisms of the
impact of the space environment on SC, the development
and testing of methods and means of protection, the use of
which allows ensuring a long active life of the SC being
developed [1-17]. The work is carried out in close coop-
eration with such leading Russian research institutes as
MAI, Research Institute of Nuclear Physics of Moscow
State University, NSU, TPU, etc.

Modern trends in the development of space communi-
cation systems require the creation of large-size trans-
formable antennas (LTA) with a diameter of 5-10 m and
more, installed on SC board. The reflectors of such anten-
nas are made of mesh materials knitted from metal
threads and covered with thin electrically conductive
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films to ensure the required values of the reflection coef-
ficient in the operating frequency range.

Electric jet engines (EJE) with a high specific impulse
are used as correcting engines (CE) to correct the orbit of
communication satellites operating in geostationary or-
bits. It allows saving the mass of the working flood of the
engines and obtaining a significant (hundreds of kilo-
grams) gain in SC payload mass.

However, design practice shows that when the EJE
and LTA are used together in communication satellites,
situations may arise when plasma jets of the EJE hit the
antenna reflectors, causing a number of negative effects
that can significantly affect the normal SC functioning.
The most significant effects include the erosion of the
reflecting coating and the contamination of the SC optical
surfaces with the products of sputtering of the coating and
the mesh cloth warp. Erosion of the reflecting coating can
lead to decreasing the reflection coefficient of electro-
magnetic radiation of the LTA reflector. Contamination of
the SC optical surfaces leads to degradation of their oper-
ating characteristics and, as a consequence, to the disrup-
tion of the normal operation of the SC onboard systems.

Erosion of mesh when exposed to a plasma jet.The
mechanisms of the erosive effect of plasma jets of EJE
on the SC were discussed in detail in [1; 18]. A peculiar-
ity of the erosive effect of the EJE jets on the LTA mesh
is that the angles of incidence of ions on the surface of the
threads are in the range from 0 to 90° at practically
any angle of incidence of ions on the surface of the LTA
mesh 0 [19]. To illustrate this effect, fig. 1 shows the
results of calculating the depth of erosion of a reflecting
coating at different values of the angle 6.

Fig. 1 shows that the nature of the coating wear
weakly depends on 0. Erosion occurs almost uniformly
over the entire irradiated surface of the threads, which is
due to the nature of the dependence of the sputtering rela-
tive coefficient of a continuous surface on the angle of
ions incidence S(0) [20]. At the points of the threads fac-
ing the engine, 0 = 0 (if a thread is perpendicular to the jet
axis) and S (0) = 1.
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Fig. 1. Erosion depth of conducting coating (in fractions of thickness) for different angles
of ion incidence on the mesh surface 0 (axis Y — erosion depth)

Puc. 1. I'myOuna 5po3un IpOBOASAIIETO MOKPHITUS (B A0JISX TOJNLIMHBI CJI0S) MPU PA3IMYHbIX YIJIaX IMaJeHUs] HOHOB
Ha MOBEPXHOCTH CETENOIOTHA O
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Fig. 2. Micrographofmesh threads (a) and a map of the elemental composition of their surface (b) in the vicinity
of the point of complete sputtering of the reflecting coating

Puc. 2. Mukpodororpadus HuTeil cerenosoTHa (a) ¥ KapThl AIEMEHTHOT'O COCTaBa UX MOBEPXHOCTH (6)
BOJIM3M TOYKH MOJIHOTO PACIbUICHUS OTPAXKAIOLIET0 MOKPITHS

On the lateral surface of the threads 0 increases, and
the ion flux density decreases proportionally to cos (0).
But in this case S (0) increases, which compensates for
the decrease in the current density. Thus, over most of the
irradiated surface of the threads, the sputtering rate
changes insignificantly.

This type of wear leads to the fact that at some point
of time the reflective coating disappears immediately
from almost the entire irradiated surface of the threads;
thereafter the wear of the base begins.

Fig. 2 shows a micrograph of the surface and a map of
the elemental composition of the mesh threads in the vi-
cinity of the point of complete sputtering of the reflecting
coating, obtained by SEM.

As it can be seen from fig. 2, the boundary of the
complete sputtering of the reflecting coating is rather
sharp, which confirms the conclusion about the complete
coating sputtering from the entire irradiated surface of the
thread.

Degradation of the mesh reflection coefficient. The
degradation of the mesh reflection coefficient when the
reflecting coating is sputtered is associated with decreas-
ing the conductivity of the surface layer and increasing
the contact resistance of the threads. In a complete formu-
lation, the construction of a mathematical model of this
effect is an extremely difficult task; therefore, in the
framework of this work, the dependence of the reflection
coefficient on the degree of exposure to the plasma jet of
the EJE was determined experimentally.

Measurements of the reflection coefficient of the mesh
samples in the operating frequency range were carried out
before and after the impact of the jet. The degree of jet
impact on the mesh was determined by calculation. In this
case, the following parameters of the reflecting coating
wear were used:

9 = Area of complete coating sputtering
s Initial swrface area of reflecting ceating’

(M
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_ Sputtered reflecting coating mass
m — nitial mase of reflecting coating > (La)

9, = Maxtmum sresion depth of reflecting coating (1.b)
b Initial reflecting coating taickness >

where 9 is wear rate for area; 8,, is wear rate for mass;
9, is wear rate for thickness.
The calculation of 9 and 9,, was carried out by in-

tegrating the corresponding parameters over the surface of
the threads on the area of a fragment containing a suffi-
ciently large number of mesh cells. The calculation took
into account the mutual shielding of the threads. The
value 9, was determined from the ratio of the maximum

erosion length (the depth of erosion of a semi-infinite
target) to the initial layer thickness /. The calculated de-
pendences of the wear degree of the reflecting coating on
the exposure time at different angles of ions incidence are
shown in fig. 3.
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Fig. 3. Dependence of wear degree of reflective coating
on the time of exposure to a plasma jet

Puc. 3. 3aBucuMoOCTh CTENEHN U3HOCA OTPpaXaAKLIETO ITOKPLITUS
OT BPEMCHHU BO3I[€ﬁCTBPIH IJIA3MEHHOU CTpyu

Fig. 3 shows that the degrees of wear for area and
mass asymptotically approach their limiting value of 0.5,
and the degree of wear for thickness increases linearly
with time. The degree of wear for area does not start to
change immediately, but only after some time, corre-
sponding to the sputtering of the reflecting coating to the
entire depth, i. e. when 3, = 1. The wear degree for mass

initially grows rapidly, but the growth rate slows down
after sputtering a significant part of the coating.

It should be noted that 80 % of wear for mass is
achieved when the reflecting coating is sputtered to a
depth of about (2-3) Ay, and 80 % of wear for area is
achieved when the reflecting coating is sputtered to a
depth of about 64,. This indicates that the side surfaces of
the threads are sputtered much more slowly than the sur-
faces facing the engine. Apparently, the coating at the
points of threads contactis sprayed even more slowly.

The analysis showed that the degree of wear for thick-
ness 9, is the most suitable for constructing an empirical

dependence of the reflection coefficient on the degree of
reflecting coating wear. Application of 3, and 9,, leads

to significant errors, since the calculation of 8, 3,, near
their limiting value (at 3, >> 1) is inaccurate due to the

inaccuracy of the geometric model of the mesh.

Fig. 4 shows the results of measurements of the mesh
reflection coefficient depending on the degree of wear for
the reflecting coating thickness. In the experiment the ion
current density and the time of exposure to the samples
were varied. In total, 18 samples were irradiated. Values
of 8§, from 0.5 to 44 were realized on them.

Taking into account the large variations in the meas-
ured values of the reflection coefficient, the following
function was used to approximate the dependence of the
reflection coefficient of the electromagnetic radiation of
the LTA reflector mesh on the degree of the reflecting
coating wear (in fig. 4 it is shown by a dotted line):

AR=R,, {1-exp(-B-9,)}. )

where AR, is the maximum degradation of the reflection
coefficient of the mesh electromagnetic radiation; f is an
adjustable parameter determined from the experiment.

As it can be seen from fig. 4, the value of AR = R, is
achieved at 9, >> 1. Allowable 4R values were main-

tained at 3, < 15-20 depending on the signal frequency.
In this case 3, and 9, ~ 0.5. This fact suggests that the

sputtering of reflecting coating from the surface of the
threads does not significantly affect the reflection coeffi-
cient. Apparently, sputtering of the coating at the points
of threads contacts is more significant. This hypothesis is
confirmed by a significant change in the reflection coeffi-
cient when changing 9, from 5 to 44 (see fig. 4).

In addition, strong dependence of the reflection coef-
ficient on the type of mesh weaving was found during the
experiment. Fig. 5 shows the values of AR/R . of two
mesh samples differing in the type of weaving.

Fig. 5 shows that the mesh of type 1 has significantly
higher resistance to the effect of a plasma jet than the
mesh of type 2. The reason for such strong difference is,
apparently, the different degree of protection of the points
of threads contacts from the action of ions. Hence it fol-
lows that the type of weaving is an important parameter
and it must be taken into account when choosing mesh
and assessing the resistance of LTA to the effect of
plasma jets of an EJE. To confirm the durability of the
mesh, it is necessary to test it.

Since the effect of the plasma jet on the LTA occurs
unevenly over the surface of the reflector and, accord-
ingly, the degree of wear is different for each section of
the reflector, the calculation of the change in the LTA
reflection coefficient as a whole is performed by averag-
ing over all sections:

R :LZR,.S,., ?3)
Stot i

where S, is the total area of the reflector; S; is the area of
the section; R; is the reflection coefficient of the section
(calculated by the formula (2) for the estimated degree of
wear of the section 3, ).
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The authors calculated the wear degree of the LTA re-
flector mesh of the experimental SC. The calculation was
carried out for the case of the simultaneous action of two
CEs (correcting engines) located on opposite sides of the
SC body and installed at different angles. The operating
time of both engines corresponded to the SC RAL.

In the course of the calculation it was found that at the
end of the RAL the reflecting coating will be completely
sputtered over about 35 % of the reflector area. The re-
flecting coating remains on the rest of the surface. The
maximum degree of the coating wearin depth reaches 17,
the wear of the base is less than 1 %.

At this level of exposure, the change in the reflection
coefficient at the point with the maximum coating
wear (9, = 17) is close to the maximum permissible

value of AR, But since the coating wear is much less
on most of the reflector, the degradation of the antenna
reflection coefficient as a whole is guaranteed not to ex-
ceed AR,

However with a different structural-layout scheme
(SLS) of the SC the impact on the LTA may be critical,
therefore, the problem of choosing the SC SLS in which
the effect of the CE plasma jet on the LTA will not ex-
ceed the permissible level is very urgent.

The TRC contamination with the products of the
mesh sputtering. Particles of metal, mainly reflecting
coating, sputtered from the surface of the mesh threads,
can be deposited on the surface of the TRC changing their
thermo-optical characteristics. In this regard it becomes
necessary to determine the thickness of the contamination
films formed on the surface of the TRC during the entire
time of the SC operation in orbit, as well as the optical
properties of these films and their influence on the thermo
optical characteristics of the TRC.

The deposition fluxes of particles on the TRC surface
are calculated by integrating the sputtering fluxes over the
entire surface of the LTA exposed to the plasma jet:

1.0
0.8
0.6 &

04 -

AR/A Rmax

10.0

20.0

n, = | ’1‘2 Ind(0,.748)cos(8,)dS,  (4)

s TVyp

where a is the radius vector connecting the point of the

sputtered surface "A" and the point of the surface on
which the sputtered products "B" are deposited; nvc is
flux density of sputtered particles at point "A"; 0A is the
angle of incidence of ions on the sputtered surface at point
"A"; 6B is the angle of incidence of sputtered particles at

point "B"; Ind (6 A,;AB) is the sputtering indicatrix. In
its turn, nvs is calculated as:

Jycos(0,)F
my, =S [ f(E)-S(E0,E, (5)

0
where J; is the ion current density; £ is the ion energy;
f(E) is the ion distribution function according to energy;

S(E£,0,) is the dependence of the sputtering coefficient
on the energy and the angle of ions incidence; e is the
electron charge.

Thus, to calculate nv, in addition to the parameters of
the plasma jet, it is necessary to know the characteristics
of the mesh sputtering, namely, the sputtering indicatrix

Ind (GA ,;AB) and the sputtering coefficient S(£,0,).

Just as for smooth solid surfaces, the coefficient of
sputtering of the mesh surface can be defined as the ratio

N .
S =—%, where N, is the number of atoms sputtered
from the surface of the mesh threads per unit time;
N; =J;cos(0)/e is the number of ions falling on the

reflector surface.

However, unlike smooth surfaces N, is calculated by
integrating the flux density of sputtered particles nvgover
the surface of the threads.

30.0 40.0 50.0

Wear degree for thickness, relative units

©  Exponential

= = = Approximation

Fig. 4. Change in the mesh reflection coefficient depending
on the degree the reflective coating wear

Puc. 4. Iamenenune KOBq)(i)PIHI/IeHTa OTpaXXCHUA CCTCOJIOTHA B 3aBUCUMOCTHU
OT CTCIIEHU N3HOCA OTPAXKAKOMICTO IMOKPBITUS
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Fig. 5. Influence of weaving type on the change of the mesh reflection
coefficient (values at all points are normalized by maximum value AR/R ),
axis Y — degree of wear for thickness

Puc. 5. BnusHue Trma mieTeHus Ha u3MeHeHHe K03 GUIIMEHTa OTPaKCHHS
CETEIOoJIOTHA (3HAYCHUSI BO BCEX TOUKAX HOPMUPOBAHbI
M0 MAKCUMAaJIbHOMY 3HAYE€HHIO AR ax max)
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Fig. 6. Dependence of the mesh sputtering coefficient on the angle of ions incidence

Puc. 6. 3aBucumocts KO3(1)(1)I/IIII/IGHT3 pacnblICHUA CETEIIOJI0THA OT yIJla NaJCHUS HOHOB

A three-dimensional computational model of the mesh
containing a sufficiently large number of elementary cells
is used to calculate nvg.

Fig. 6 shows the calculated dependence of the mesh
sputtering coefficient when it is exposed to a plasma jet of
the EJE.

As you can see from fig. 6, the angular dependence
of the mesh sputtering coefficient differs significantly
from the angular dependence of a solid surface [20]. At
6 < 60-70° the ion flux N, decreases proportionally to

cos (0), while N, changes only slightly, since the total
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cross section of threads interacting with the flux remains
almost unchanged.

At 6 > 60-70° the mesh geometric transmittance
tends to zero and almost all the ions of the jet fall on the
surface of the threads. Therefore, there is a rapid growth
of § here. At 6 =90° N, =0 and, correspondingly, S =0.

Let us note that the mesh sputtering coefficient at 6 =0
corresponds to the sputtering coefficient of the solid mate-
rial, corrected for the mesh geometric transmittance:

S~S,,-(1-T), (6)
where T is the mesh geometric transmittance.
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The mesh sputtering indicatrix (fig. 7) also has a num-
ber of significant differences from the sputtering indica-
trix of smooth materials.

From fig. 7 it can be seen that at sliding angles of in-
cidence, most of the mesh sputtering products are directed
towards the ion source, while on smooth surfaces it is
directed away from the source. This is due to the fact that
the sections of the threads that are directed to the source
are sputtered at an oblique incidence of ions.

It should also be noted that when sputtering mesh sur-
faces, the streams of sputtered particles also spread to the
rear hemisphere, since particles from the surface of the
threads are emitted in almost all directions.

The calculation of the contamination of the of the sur-
faces of the experimental SC developed by JSC Academi-
cian M. F. Reshetnev “Information Satellite Systems” by
sputtering products of the reflecting coating of the LTD
reflectorwas carried out.

Calculations show that the maximum thickness
of the deposited film on the side surface of the SC body
is about 1.5 nm, and the surface density of contaminants
is 3 - 10° g / cm’ It should be noted that the film will
consist not only of gold atoms, but also of the mesh base
atoms (tungsten or molybdenum), as well as of particles
of its own external atmosphere [3], captured by the film.

Changes in the characteristics of TRCdepending on
the level of contamination will be considered in the next
section.

Degradation of the TRC thermo-optical character-
istics. The deposition of thin metal films (products of the
sputtering of the reflecting coating and the base of the
mesh threads) on the surface of the TRC can lead to a
significant change in their thermo-optical characteristics.
Experiments to determine the dependence of the solar
radiation absorption coefficient — 4, and the emissivity
(emissivity factor) — € on the thickness of the deposited
gold film on the surface of the TRC were carried out to
study this issue at the PP-2 stand of Moscow Aviation
Institute. A detailed description of these experiments and
the data obtained is given in [21]. The objects of research
were “mirror” coating of the OSO-S type and a film coat-
ing of the PM-OA type. The use of gold as a metal for
deposition is due to the fact that it does not form oxide
films in air. Films of other metals are rapidly oxidized,
while their properties change greatly.

Mirror coating OSO-S is a thin plate made of K-208
glass with one-sided deposition of a layer of silver, glued
to the metal plate with glass outside. Initial characteristics
of the coating: 4, = 0.08; ¢ = 0.85. The PM-OA film
coating is made on the basis of the PM-1EU polyimide
film with one-sided aluminum sputtering. Coating initial
characteristics: A, = 0.31; ¢ = 0.68.

The samples were rectangular plates 20x20 mm in size
(OSO-S) and 30 x 25 mm (PM-OA), onto which thin gold
films with a thickness of 1 to 24 nm were deposited by
cathodic sputtering.

To apply the films, the TRC samples were placed in a
protective casing (fig. 8), which protected the samples
from sputtering products from the walls of the vacuum
chamber.
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The sputtering target was also placed inside the casing
and was protected from sputtering products from the walls
of the vacuum chamber. The jet ions passed through
a special collimating hole (ceramics) and hit the target.
A Hall engine of the M50 type was used as an ion source,
accelerating xenon ions to the energy of ~ 300 eV. For the
gas (recombined xenon ions) to escape from the casing,
holes were made in its side walls, covered with plates,
excluding the direct visibility of the target and samples
from the side of the vacuum chamber. The sputtering
products of the target were deposited on the TRC samples
located immediately in front of it. The control of the mass
deposited on the TRC samples was carried out using
a quartz microbalance with a resonance frequency
of 6 MHz (sensitivity 1.1 - 10 g/ cm® / Hz). The sputter-
ing process continued until the change in the frequency of
the quartz resonator reaches a predetermined value.

Fig. 9 shows the results of measuring the thermo-
optical characteristics of TRC with deposited gold films
of various thicknesses.

It can be seen from these graphs that the nature of the
change in the coefficients 4; and e, depending on the
thickness of the contamination film d, is the same for both
types of TRC. In the range d from 0 to 4 nme practically
does not change. At d > 4 nm, ¢ rapidly decreases and
at d = 24 nm reaches values comparable to € of a mono-
lithic material (for polished gold from 0.018 to 0.035).

The A, behavior is more complex. At d from 0 to
3 nm, a sharp increase in 4 is observed, in the range
from 3 to 7 nm A, reaches maximum and reaches a pla-
teau, and at d > 7 nm it gradually decreases to values
comparable to the A, of a monolithic material.

Such an unusual behavior of A4 and ¢ is explained
by the fact that the gold film with a thickness of up to
3-5 nm is granular. This is confirmed by the AFM images
shown in fig. 10.

From fig. 10 it can be seen that at d = 2.7 nm almost
all the granules have coalesced, and at d > 6 nm, the film
is almost a monolithic substance. With a small film thick-
ness, while the granules have not coalesced yet, the film
has very low conductivity. As d increases, the granules
coalesce and the conductivity of the film rapidly in-
creases, reaching the level of a monolithic material.

The presence of a thick reflective film leads to the fact
that thermal radiation does not leave the material and its €
is comparable to & of the film material. As long as the
reflecting layer is not formed, the value of &€ remains prac-
tically unchanged and is equal to € of an uncontaminated
TRC.

The nature of A, change is completely different. The
rapid growth of A, at d from 0 to 3 nm is associated with
resonant absorption of radiation arising on the grid struc-
ture of the film. With further increase in d, the value of
the A coefficient gradually decreases, approaching the A,
of gold on the substrate.

Since the degradation of TRC is characterized by a
change not in the individual As or &, but in the As/e ratio,
films with thickness of less than 2—-3 nm are critical for
TRC, when a significant increase in As occurs with
relatively small changes in €.
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Fig. 7. Indicatrix of the mesh sputtering for different angle of incidence of ions

Puc. 7. I/IHI[I/IKanI/Ica pacnblICHUA CETEIIOJIOTHA IIPU Pa3JIMYHBIX yIJlaX MagC€Hus HOHOB

. Samples
. Plasma ‘_ Ptotective
source casing
a b

Fig. 8. The scheme of the deposition of gold films on the TRC samples (a) and the appearance
of the protective casing with the samples (b)

Puc. 8. Cxema HambuIeHHS TUICHOK 30i10Ta Ha 00pa3isl TPII () v BHEIIHMI BUJ 3aIIMTHOTO KOXyXa ¢ 00pa3uamu (6)
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Fig. 9. Change of TRC optical characteristics depending on gold film thickness:
a—0SO-S; b — PM-OA

Puc. 9. 3menenue ontuueckux xapakrepuctuk TPII B 3aBUCMMOCTH OT TONIIUHBI TUIEHKH 30J10Ta:
a—0CO-C; b —TIM-OA

531

En



Cubupckuil scypHan Hayku u mexvoaoeui. Tom 21, Ne 4

a

b

Fig. 10. AFM-images of contamination films on the OSO-S surface with
a film thickness of 2.7 nm (a) and 6 nm (b)

Puc. 10. ACM-n300paxeHus miIeHoK 3arps3HeHus Ha noBepxaoctu OCO-C
TIPH TONLINHE TUICHKU 2,7 HM (a) 1 6 HM (0)

If we assume that the change in the ratio As/e of TRC
should not exceed 50 % of the initial value, from the data
obtained it can be found that the permissible level of
contamination of OSO-S with gold films is dlim = 0.3 nm
(6 - 107 - g/ cm® ), and PM-OA — dlim = 1.7 nm
(3.5-10°g/cm?).

When thicker films are deposited (d > 107 g / cm?),
the characteristics of the TRC change catastrophically.
The emissivity decreases to 0.3, and the absorption
coefficient increases 2—3 times. In this case, the 4s/e ratio
can increase by a factor of 5-10.

It should be noted that since under real SC operating
conditions, pollution films contain not only metals, but
also other particles (carbon, silicon, organic matter), the
conductivity of the films and, accordingly, the change in
the As coefficient will be less than that of films made of
pure metal. Therefore, the above dlim estimates are worst
case estimates.

Conclusion. As a result of a set of theoretical and
experimental work to determine the effect of the plasma
jet of correcting electric jet engines on the functional
characteristics of spacecraft, results were obtained that are
of significant interest and practical importance in the field
of designing and ensuring the resistance of modern
automatic spacecraft to the impact of man-made factors.

It has been established in this work that the effect of
plasma jets of correcting engines can lead to significant
sputtering of the reflective coating from the surface of the
reflector of a large-size antenna.

It has been shown experimentally that the sputtering
of the coating at the points of contact and interweaving of
the threads under the action of the jet plasma of the
engines occurs much less intensively, which causes
relatively high values of the reflection coefficients
measured on the samples of the mesh with high degrees of
wear.

It has been established that the contamination of the
optically sensitive SC surfaces with the products of LTA

sputtering can be significant and should be taken into
account when choosing the structural-layout scheme
(SLS) of the SC.

The paper shows the fundamental possibility of creat-
ing modern automatic spacecraft, which include large-size
antennas and electric jet engines. The implementation
of this opportunity can be achieved by the appropriate
choice of the SLS, taking into account this impact.
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