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B oannoii cmamve onucanvl Memoovl u cpe0Cmea usmMepeHuli UOHUIUPYIOWE20 UTYUeHUs KOCMUUECKO20
npocmparncmea (MUKII), nposodumvix ¢ NOMOWBIO IKCHEPUMEHMATLHOO KOMNIEKCA KOHMPOAs 003bl
(OKK]]), pacnonosicennozo na sxcnepumeHmanvHom kocmudeckom annapame (OKA) « Cxugp-/]», xomopuwiii
oL evieden Ha opoumy H=8070 km u naxnonenuem 90°. Ilpousseden cpasHumenvbuvilli aHaiu3 pe3yivma-
MO8 pacuémos u IKCNEPUMEHMATLHBIX OAHHBIX, NOJYUYEHHBIX 8 X00e JIeMHOU IKCNIyamayuu 3a 00UH 200 UC-
cnedosanus. Credyem ommemums, Ymo OaHHASL opouma 0ast poccutickux npouzsooumeneii KA ¢ mouxu 3pe-
HUsl 6030eticmeust haxmopos Kocmuueckoeo npocmpancmea (PKII) sensemes manousyyennou. OcnosHas
uoes usmepenuti IKKJ] 3axnouaemcs 6 co30auuu pasiuiHblx YCI08Ul MACCO8OU 3auumyl Oisl KAAHCO020 U3
oesamu MOOyell pecucmpayuu UHmMe2paibHoU HaKonaeHHou 003wl (MPHH]]).

Ilpu ocsoenuu Hogo2o muna opbumel 01a sxcnayamayuu KA, akmyanvhoti aensiemcs 3adaia obecneye-
Hus cmotxocmu 6opmosotl annapamypvl u KA 6 yerom x 6030eticmsuio ¢paxmopos UOHUUPYIOUWe20 U3y-
YeHUST KOCMUUECK020 NPOCMPAHCMEA, XAPAKMEPHBIX HA OaHHOU opbume. [[s1 3mo20 HeobXxo0umMo IKchepu-
MeHmManbHoe NooOmeepHcOeHue Uil ymouneHue Ha o6ase noxy4eHHbX HamypHolX OAHHbIX pAcYémHoll padua-
YUOHHOU MOOEU 8030CUCMBUSL.

OcHosHoll 3a0auetl, KOMOpPAas peuaemcs 8 Cmamoe, s6IAemcs NPoseoeHie MOHUMOPUHEA YPOBHell UHIe-
SPANbHOU HAKONNEHHOU 003bl 30 PA3TUYHBIMU MACCOBLIMU 3AWUMAMU NPU 8030€UCMBUU UOHUSUPYIOLYE2O
UBYUEHUSL KOCMUYeCcKo20 npocmpancmea Ha opoume ¢ H=8070 km u cpasuenue pe3yismamos 3KCnepumeH-
MATbHBIX OAHHBIX € pacuémuvimu oyenkamu, nposedentvimu no OCT134-1044-2007 usm. 1 (2017 2.).

Ipaxmuueckasn 3HAUUMOCTb 3AKIIOUAETNCA 8 THOM, YO IKCNEPUMEHMANIbHbIE Pe3yIbmanmsl HOOmeep-
ounu pacuémmuyio mooens. Ilonyueno skcnepumeHmanbHoe noomeepicoenue OONbUUx paouayUuoHHbIX Ha-
epy30K 6 ouanazone munosvix 3awum 011 IKB 0,5-3 2/cm? kpyeosou opoumsr ¢ H=8070 xm no cpaghe-
nuto ¢ opoumamu I'CO u H=1500 km. Mooepnusuposannvie oamuuxu MPHH]/] nonyuunu nemuyio Keanu-
Qurayuro u nOOmMeepoUIU C8010 IPPHEKMUSHOCMb 8 YACMU BbINOIHEHUS 3A0a4 MOHUMOPUHEA HAKMOpPO8
UOHUBUPYIOU €20 UBTYYEHUSI KOCMUUECKO20 NPOCMPAHCME.

Kniouesvle crnosa: xocmuueckuu annapam, paouayuonnvie 3Qghexmol, UOHUUPYIOWEe UZTYHEeHUEe KOC-

MUHECKO20 NPOCMPAHCMEA, MOHUMOPUHZ PAOUAYUOHHOU 0OCMAHOBKU, NOLYNPOBOOHUKOBHIL YYECMEUNE/b-
HObLU D/IeMeHm.

202



Part 2. Aviation and spacecraft engineering

Results of monitoring the radiation environment
in medium circular orbit

D. V. Eliseevl*, O.S. Grafodatskijz, V. V. Ivanovl, I A. Maksimovl,
K. V. Molchanov®, V. Y. Prokopyev’

'JSC “Academician M. F. Reshetnev “Information Satellite Systems”
52, Lenin St., Zheleznogorsk, Krasnoyarsk region, 662972, Russian Federation
*JSC “Central Research Institute for Machine Building”
4, Pionerskaya St., Korolev, Moscow Region, 141070, Russian Federation
*Novosibirsk State University
1, Pirogova St., Novosibirsk, 630090, Russian Federation
*E-mail: eliseevdv@iss-reshetnev.ru

Problem definition — these data will form the basis for the development of technical solutions that will
minimize mass, time and financial costs while ensuring the radiation resistance of on-board equipment and
the spacecraft as a whole.

Goal — the experimental dose control complex measures the level of absorbed ionizing space radiation
doses in the sensitive element, assesses the radiation effects influence on the spacecraft, determines space-
craft’s residual radiation resource and refines impact models of the ionizing space radiation, located on an
experimental spacecraft “Skif-D”’, which was launched into orbit H=8070 km and inclination 90°.

Results — flight experiment demonstrated high convergence of the comparative analysis’ results of the
experimentally obtained impact levels in orbit of the operation of the “Skif-D” spacecraft with the impact
model stated in the Russian Federation Scientific and Technical Documentation (OST134-1044-2007
amend.1 (2017) “Methods of the calculation of radiating conditions on-board of spacecrafts and specifica-
tion of requirements for resistance of radio-electronic equipment of spacecrafts to the action of the charged
particles from the space of natural origin”);

Practical value — successful modernization of the ICDRM integral accumulated dose sensors in terms of
their miniaturization and transition to a digital output (flight qualification of the sensors was obtained), the
prospects of the concept of monitoring the integral accumulated radiation dose using semiconductor detec-
tors with individual mass protection, experimental confirmation of a higher radiation exposure in the range
of typical protections for ECB equal to 0.5-3 g/cm? on a 8000 km circular orbit compared to the GEO and
1500 km circular orbit.

Keywords: spacecrafi, radiation effects, factors of outer space, monitoring on-board equipment, semi-
conductor-sensing element.

Introduction

The development of the satellite constellation of the space system “Sphera” determined the need to
develop a circular orbit with H ~ 8000 km. The first Skif-D spacecraft, launched on October 22, 2022,
was launched into an orbit of H = 8070 km and an inclination of 90°. The results of its flight tests are
planned to be used to deploy a standard orbital constellation of a broadband Internet access system.

This orbit for domestic spacecraft manufacturers from the point of view of the impact of space fac-
tors is little studied, in connection with this, monitoring the radiation situation [1-4] is the most impor-
tant task, the solution of which will allow formulating requirements and ensure the resistance of the
unmanned vehicle and spacecraft as a whole to the effects of ionizing radiation from space. It should
be noted that currently only a small amount of information from the 03B satellites with H = 8063 km
and an inclination of ~0° is available in open sources [5-7].

In order to clarify the levels of exposure to ionizing radiation from outer space, equipment for mon-
itoring dose loads on the electronic component base was integrated on the Skif-D spacecraft of JSC
Academician M. F. Reshetnev “Information Sattelite Systems” together with Novosibirsk State Uni-
versity. The information obtained from the equipment of the experimental dose control complex
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(EDCC) will form the basis for clarifying the radiation situation, which will further help supplement
existing research in various orbits [8; 9] and develop technical solutions to minimize mass, time and
financial costs while ensuring the radiation resistance of on-board equipment and the spacecraft as a
whole.

Description of the experiment

EDCC provides measurements of the levels of absorbed doses of ionizing radiation from outer
space in the sensitive element and is intended to assess the influence of radiation impacts on the
spacecraft, determine the residual radiation resource of the spacecraft, and refine the models of the
impact of ionizing radiation from outer space (IROS).

EDCC is designed as a monoblock, which includes a matrix of modules for recording the integral
accumulated dose (ICDRM matrix) (Fig. 1). Registration of ionizing radiation is carried out using a
matrix of identical sensitive elements ICDRM, located on a 3x3 grid.

Puc. 1. Marpunia MPUH/] ox pa3znoit MaccoBoi 3amuToit

Fig. 1. ICDRM matrix under different mass protection

A separate [CDRM represents a microelectronic
ckness on ICDRM assembly from a semiconductor sensitive element and
a radiation-resistant crystal of an analog-to-digital

d=63mm || d=1.0 mm d=4.8 mm smart converter. ICDRM has a digital output for ex-
ternal control and reading of measured data. Informa-
e tion exchange between ICDRM and EDCC is carried
out via the internal digital interface SPL
d=03 mm | | d=3.0mm ICDRM registers the integral flux of all main
types of ionizing radiation (photons, electrons, pro-
ICDRAM 1CDRM tons) incident on its sensitive element. The response

NZ25 Nag

of ICDRM to each type of radiation is known thanks
to calibrations under ground conditions. The sensor

d=7.5mm d=2.0 mm || d=4.0 mm was tested in the y radiation field of the “’Co radionu-

p— p— clide from the GET 38-2011 source and in the B ra-
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Puc. 2. CooTBeTcTBHE MOPAKOBOrO HOMEpA the range of absorbed doses from 0.50 Gy to 1.20 -
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Fig. 2. ICDRM and mass protection Each sensitive element is subject to specific radia-
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d & tion conditions — mass protection weakens the flow of
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ionizing radiation and changes its spectrum (differently for each type of radiation). Mass protection
varies thanks to the installation of steel grating with different cell thicknesses (Fig. 2).
As a result of long-term monitoring of the dynamics of the readings of each of ICDRM, a curve of
dose loads is formed depending on the level of protection, characteristic of a given type of orbit.
Technical characteristics are presented in Table. 1.

Table 1
Technical characteristics of EDCC
Parameter Meaning
Estimated service life 3 years
Dimensions 134 mm x 134 mm x §2.5 mm
Weight, no more than 1.4 kg
Power consumption, no more than 6 W
Operating temperature range from —20 to +50 °C
Supply voltage from23t032V
Information exchange highway Multiplex exchange channel GOST R 52070-2003
Number of ICDRM modules 9 pcs.
Cumulative dose range of ICDRM 0.05 mo 120 kRad

Measurement technique

The operating principle of EDCC is based on various studies of the effect of ionizing radiation on
the electronic component base [10—12]. Under the influence of radiation in the sensitive element, the
conductivity of the channel in the built-in field-effect transistor degrades. Thus, by measuring the volt-
age drop across the sensitive element when direct current is passed through it, one can judge the value
of the integral accumulated radiation dose.

The scatter at a fixed dose over a sample of fitting curves (o) is calculated as the standard deviation
from the average fitting curve. The value of the relative standard deviation of resistance at a given ac-
cumulated dose according to a sample of calibrations of a series of ICDRM sensors does not exceed
+2.5 % in the operating range of the absorbed dose. The range of +c spread of the electrical resistance
value from the resistance value corresponding to the average calibration curve is shown in Fig. 3 dot-
ted lines.
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Puc. 3. 3aBucuMocTy n3MeHEHUs 3HAYECHHUS DIIEKTPUIECKOTO COMPOTHUBIICHHS
qyBCcTBHTENBHOTO A5teMenTa MPUH/I ot moriomenHo# 10361 HA OCHOBE TaHHBIX,
MOJTYYEHHBIX B pE3yJbTaTe MPOBEJCHUS KATHOPOBOK B HA3EMHBIX YCIOBHSIX

Fig. 3. Depending on the change in the value of the electrical resistance of the ICDRM’s
sensitive element and absorbed dose based on data obtained from ground-based calibrations
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Results of experimental data and their comparison with calculated estimates

The experimental data obtained make it possible to estimate the dynamics of the growth of the ab-
sorbed dose for each value of mass protection. Graphs characterizing the dynamics of changes in the
drain-source voltage of ICDRM sensitive elements when exposed to ionizing radiation from outer
space are shown in Figures 4—6.

The readings of the drain-source voltage of ICDRM have the expected dynamics, due to the appro-
priate mass protection of the sensitive element, except for of ICDRM No. 5 (protection 1 mm for alu-
minum). The differences in the readings of of [CDRM No. 4 can most likely be explained by the lower
value of the initial resistance of the transistor channel of the sensing element of ICDRM No. 4. The
average value of the initial resistance of the drain-source channel is about 311 kOhm, while the initial
resistance of ICDRM No. 4 was 28. 1 kOhm.
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Fig. 4. Dynamics of drain-source voltage changes
in the ICDRM’s sensitive element No. 4, 5 and 6
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Fig. 5. Dynamics of drain-source voltage changes
in the ICDRM’s sensitive element No. 2, 7 and 8
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Fig. 6. Dynamics of drain-source voltage changes
in the ICDRM’s sensitive element No. 1, 3 and 9

Simultaneously with dose measurement, the current temperature was monitored on the ICDRM
matrix. The monitoring results are shown in Fig. 7, the temperature varies from —5 to +15°C, the aver-
age temperature of the ICDRM matrix is about 5°C. With a relatively small temperature spread, the
spread of ADC readings when taking telemetry in one session could be £2 units of ADC.

20

15 L

Temperature on the radiation sensor matrix, degrees Celsius

-10
DAYS

Puc. 7. Peructpanusa temnepatypsl Ha Mmatpuue MPUH/I B paszuble 101

Fig. 7. Temperature registration on matrix the ICDRM on different days

To calculate the levels of accumulated doses as a model of the impact in orbit of the spacecraft op-
eration (H = 8070 km, i = 90°, mission life is 3 years), the data from OST134-1044 amend. 1 “Meth-
ods for calculating radiation conditions on board spacecraft and establishing requirements for the re-
sistance of radio-electronic equipment of spacecraft to the effects of charged particles from outer space
of natural origin” were used.

The levels of absorbed doses, in accordance with the OST model representation, for an irradiation
angle of 4 sr are given in Table 2 [13].
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Absorbed dose levels per mission life

Table 2

Amount of protection, Dose behind spherical protection, rad
g/cm2 electrons of NERB, protons of protons of SCR, Total value,
rad NERB, rad rad
rad
1.00E-02 3.02E+07 2.84E+08 3.77E+04 3.14E+08
1.00E-01 3.18E+06 4.26E+06 9.11E+03 7.45E+06
2.00E-01 8.92E+05 8.55E+05 5.17E+03 1.75E+06
3.00E-01 4.24E+05 3.43E+05 3.57E+03 7.71E+05
4.00E-01 2.20E+05 1.63E+05 2.67E+03 3.86E+05
5.00E-01 1.29E+05 9.02E+04 2.07E+03 2.21E+05
6.00E-01 8.36E+04 5.69E+04 1.63E+03 1.42E+05
7.00E-01 5.79E+04 3.89E+04 1.32E+03 9.81E+04
8.00E-01 4.21E+04 2.85E+04 1.10E+03 7.17E+04
9.00E-01 3.18E+04 2.16E+04 9,33E+02 5.43E+04
1.00E+00 2.47E+04 1.69E+04 8.05E+02 4 .24E+04
2.00E+00 5.96E+02 3.04E+03 3.06E+02 3.94E+03
3.00E+00 4.57E+02 1.13E+03 1.72E+02 1.76E+03
4.00E+00 3.79E+02 5.40E+02 1.14E+02 1.03E+03
5.00E+00 3.25E+02 3.44E+02 8.22E+01 7.51E+02
6.00E+00 2.84E+02 2.37E+02 6.26E+01 5.84E+02
8.00E+00 2.25E+02 1.28E+02 4.09E+01 3.94E+02
1.00E+01 1.83E+02 7.81E+01 2.89E+01 2.90E+02

As a result of the calculation estimates, the exposure levels were determined for each sensitive
element of ICDRM, which made it possible to construct an absorbed dose curve (the dependence of
the absorbed dose on the protection value), and further verify the calculated values with the experi-

mental ones.

The calculation results for all ICDRM for 3 years of mission life are presented in Table 3.

Calclation results for 3 years of mission life

Table 3

Sensor number

Protection value, mm Al

Absorbed dose, rad

5 0.3 1.42E+06
4 1 1.07E+05
6 2 2.07E+04
2 2.5 1.26E+04
8 3 8.31E+03
7 4 4.04E+03
9 4.8 2.29E+03
3 6.3 1.12E+03
1 7.5 7.96E+02

The results of a comparison of calculated and experimental data for 220 days and 1 year of opera-
tion are shown in Tables 4, 5 and in Figures 8, 9, respectively.
Based on the data presented in Figures 8, 9, it can be concluded that the curves of the dependence
of absorbed doses on the value of mass protection obtained during field measurements and calculated
estimates are qualitatively the same. Minor discrepancies are apparently due to insufficient experimen-
tal data (more time is needed to carry out measurements).
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Calculation results for mission life 220 days

Table 4

Sensor number Protection value, mm Al Absorbed dose, rad (cal- Absorbed dose, rad (experimen-
culated) tal)

5 0.3 2.86E+05 1.19E+05
4 1 2.15E+04 5.22E+03
6 2 4.16E+03 4 91E+03
2 2.5 2.53E+03 3.12E+03
8 3 1.67E+03 1.99E+03
7 4 8.11E+02 6.14E+02
9 4.8 4.60E+02 5.68E+02
3 6.3 2.24E+02 3.94E+02
1 7.5 1.60E+02 1.96E+02

1.000E+06

e 2.86E+05
experimental data for 220 days
[1.000E+05 theoretical data for 220 days
1196405 \_~2.156404
[1.000E+04 4.91E+03
N\ [ 2128103 99p403

5228403 4 16£403
1.000E+03

[1.000E+02

accumulated dose, rad

1.000E+01

0 1 2

2.53E+03

3

V= 8.11F+02 5 58F102

1.67E+03 S \
6.14E402 \ 4 60rs02

thickness of protection, mm
4 5 6

/~3.94E+02

L2.24E+02 N

1.96E+02
/

1.60E+02

7 8

Puc. 8. Hakomennas nosa pasnuunsix garaynkoB MPUH/I 3a 220 nueit

Fig. 8. Absorbed dose of ICDRM over 220 days

Calculation results for mission life 1 year

Table 5

Sensor number Protection value, mm Al Absorbed dose, rad (calcu- Absorbed dose, rad (experi-
lated) mental)
5 0.3 4.75E+05 2.95E+05
4 1 3.57E+04 1.12E+04
6 2 6.91E+03 1.02E+04
2 2.5 4.20E+03 6.78E+03
8 3 2.77E+03 4.13E+03
7 4 1.35E+03 1.09E+03
9 4.8 7.63E+02 8.82E+02
3 6.3 3.72E+02 5.77E+02
1 7.5 2.65E+02 2.23E+02

The available data confirm that a circular orbit of 8000 km is a sufficiently rigid orbit, from the
point of view of radiation exposure, for the operation of a spacecraft with a long-term mission life.
The calculated values of the accumulated dose for various values of protection for geostationary orbit,
circular orbits of 8000 and 1500 km for mission life 10 years are shown in Figures 10 and 11 [14].
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1.000E+06
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Puc. 9. HakorenHast no3a paznuunbix garaunkoB MPUH/I 3a 1 rox (365 nueit)

Fig. 9. Absorbed dose of ICDRM over 1 years (365 days)
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Fig. 10. Comparative graph of GEO, 8000 and 1500 km circular orbits
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Fig. 11. Comparative graph of GEO, 8000 and 1500 km circular orbits
for the protection range of 0.5-3 g/cm?
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Based on the data presented in graphs 10, 11, it can be concluded that the impact levels for the
8000 km orbit in the range of typical protections for ECB 0.5-3 g/cm? exceed the requirements for the
GEO orbit and the 1500 km circular orbit for a similar mission life.

The level of impact outside the spacecraft for an 8000 km orbitis ~ 5 times higher than the level of
impact in GEO and ~ 1.5 orders of magnitude higher than the level of impact in an orbit of 1500 km,
which in turn imposes great restrictions on the list of non-metallic materials that can be used outside
the spacecraft.

Conclusion

The results of the flight experiment as part of the Skif-D spacecraft demonstrated:

1) successful modernization of the ICDRM integral accumulated dose sensors in terms of their
miniaturization and transition to a digital output (flight qualification of the sensors was obtained);

2) the prospects of the concept of monitoring the integral accumulated radiation dose through the
use of semiconductor detectors with individual mass protection;

3) high convergence of the results of a comparative analysis of the experimentally obtained levels
of impact in orbit of the operation of the Skif-D ESA with theimpact model set out in the Scientific
and Technical Documents of the Russian Federation (OST134-1044-2007 amend. 1 (2017) “Methods
for calculating radiation conditions on board space devices and establishing requirements for the resis-
tance of radioelectronic equipment of spacecraft to the effects of charged particles of outer space of
natural origin”);

4) experimental confirm at ion of a higher radiation load in the range of standard protections for
an ECB of 0.5-3 g/cm? for a circular orbit of 8000 km compared to the GEO and 1500 km orbits.

Further work with the EDCC equipment within the framework of the orbital experiment of the
Skif-D spacecraft will make it possible to accumulate more voluminous statistics on the radiation situ-
ation in the 8000 km orbit, including various phases of solar activity. In the future, it is planned to de-
velop mathematical models that make it possible to calculate the spectra of the influencing outer space
nuclear radiation based on the analysis of multi-channel EDCC data.
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