S E S 2 016
Twelfth Scientific Conference with International Participation
SPACE, ECOLOGY, SAFETY
2— 4 November 2016, Sofia, Bulgaria

BULGARIAN PARTICIPATION IN ESA-ROSCOSMOS EXOMARS MISSIONS.
RADIATION CHARACTERISTICS ONBOARD EXOMARS TGO DURING THE
CRUISE TO MARS ACCORDING TO LIULIN-MO DATA

Jordanka Semkoval, Rositza Koleval, Tsvetan Dachevl, Yuri Matviichukl, Borislav Tomov',
Krasimir Krastev', Stephan Maltchev', Plamen Dimitrovl, Igor Mitrofanovz, Alexey Malahovz,
Dmitry GoIovinz, Maxim Mokrousovz, Anton Saninz, Maxim Litvakz, Andrey Kozyrevz,
Vladislav Tretyakovz, Sergey Nikiforovz, Andrey Vostrukhinz, Fedor Fedosovz,
Natalia Grebennikovaz, Lev Zelenyiz, Victor Benghins, Vyacheslav Shurshakov®

1Space Research and Technology Institute — Bulgarian Academy of Sciences
23pace Research Institute, Russian Academy of Sciences

3institute of Biomedical Problems, Russian Academy of Sciences
e-mail: jsemkova@stil.bas.bg

Key words: space radiation, space radiation dosimetry, ExoMars, galactic cosmic rays

Abstract: ExoMars is a joint ESA - Rosscosmos programme for investigating Mars
(http://exploration.esa.int/mars/46048-programme-overview/). Two missions are foreseen within this programme:
one consisting of the Trace Gas Orbiter (TGO), that carries scientific instruments for the detection of trace gases
in the Martian atmosphere, and for the location of their source regions, plus an Entry, Descent and landing
demonstrator Module (EDM), launched on 14 March 2016; and the other, featuring a rover and a surface platform,
with a launch date of 2020. SRTI-BAS participates in both missions with experiments for investigation of the
space radiation environment, conducted by dosimeters of Liulin type instruments. The experiment Liulin-MO for
measuring the radiation environment onboard the ExoMars 2016 TGO is a part of the Russian Fine Resolution
Epithermal Neutron Detector (FREND) onboard TGO. The second envisaged experiment is the Liulin-ML
experiment for investigation of the radiation environment on Mars surface. The experiment will be conducted with
the Liulin-ML dosemeter as a module of the Russian active detector of neutrons and gamma rays (ADRON-EM)
on the surface platform of ExoMars 2020 mission. Presented is the Liulin-MO dosimeter, results from
measurements of the dosimetric parameters in the interplanetary space during the cruise of TGO to Mars and first
results from dosimetric measurements in high elliptic Mars’ orbit.
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Kocmuyecku azeHyuu (http://exploration.esa.int/mars/46048-programme-overview/). Exk3oMapc eknoysa dse
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Kocmu4yecku mucuu: 1) edHa, ekrroysawa usnpawaHemo Ha opbumarneH cibmHuk TGO 3a uscnedsaHe Ha Masnku
ammocgepHU cbcmasku (MemaH u 0p.), kKoumo Moz2am da umMam buorio2udecKku urnu 2eos102u4ecku npousxod u
Ha OecaHmeH, u demoHcmpayuoHeH mModyn kbm Mapc, kossmo bewe udcmpernsHa Ha 14.03.2016e; 2) emopa,
KOSIMO wje sKroYea criyckaema nnamgopma Ha noebpxHocmma Ha Mapc u mapcoxo0, u Kossmo e niaHupaHa 3a
uscmpensare npe3 20202. UKUT-BAH ydacmeysa u 8 dgeme MucCUU C €KCrIepuMeHmu 3a u3crie3eaHe Ha
paduayuoHHUmMe ycroeusi 8 KocMmoca, nposexdaHu ¢ Ao3umempu om cepusma ‘“Tlronun”. [Jo3umempuyHusm
meneckon “MMonuH-MO” e eOuH om modynume Ha pyckuss Oemekmop Ha HeympoHu ®PEH/[] Ha 6opda Ha
cnbmHuka TGO. C “TlronuH-MO” ce nposexdam uscnedsaHusi Ha paduayuoHHume ycrosusi Ha bopda Ha TGO o
gpeme Ha ronema My KkbM Mapc u 6 opbuma okosio Mapc. Bmopusim npedsudeH ekcriepumeHm e “flronun-MJT’
3a u3y4yasaHe Ha paduayUuoHHUME ycrio8usi Ha noebpxHocmma Ha Mapc. Tol we ce nposexda ¢ do3umemnbpa
“MonuH-MIT, eduH om molynume Ha pyckuss demekmop Ha HeympoHu u 2ama nvyu ALAPOH-EM Ha
criyckaemama nnamegopMa Ha noebpxHocmma Ha Mapc. [lpedcmaseH e do3umembpbm “SlonuH-MO?,
p3ynmamu om usmepeaHusima My Ha do3umempuyHUMme rnapamempu 8 MexoyrniaHemHomo MpocmpaHcmeo no
gpeme Ha nbmysaHemo Ha TGO kbm Mapc u nbpsu pe3ynmamu om U3MEP8aHUsima 8b8 8UCOKO eflunmuyHa
opbuma okono Mapc .

Introduction

Mars, like each celestial body, is unceasingly bombarded by energetic particles of galactic
cosmic rays (GCR) and sporadically - by particles of solar particle events (SPE). These ionising
particles modify the escape rates and the chemistry of Mars atmosphere; affect the evolution of the
climate. Mars is known to have no strong magnetic field and very thin atmosphere. Particles of GCR
penetrate down to the Martian surface, affect the chemistry at ground and can destroy complex
organic materials if existing [1] and references therein). Secondary neutrons are produced within an
upper most layer about 1 m thick. These neutrons easily leak out to the near-Mars space and
contribute into the local radiation environment of Mars. They also bear important information about the
abundances and distributions of light elements, especially hydrogen. GCR and SEP events affect the
operation of satellites, and the human exploration of the planet.

GCR represent a continuous radiation source and they are the most penetrating among the
major types of ionising radiation. The distribution of GCR is believed to be isotropic throughout the
interstellar and interplanetary space. The energies of GCR particles can reach 10%° eV/nucleon. Most
of the deleterious effects with regard to health produced by this radiation are associated with nuclei in
the energy range from several hundred MeV/nucleon to a few GeV/nucleon. The flux and spectra of
GCR show modulation that anti-correlates with the solar activity. The GCR flux consists [2]) mainly of
protons (85% 90%) and helium (about 11%), with about 1% electrons and another 1% heavy ions.
The latter are sometimes referred to as “HZE” particles, for high charge (Z) and energy (E). These
are defined as the bare nuclei of lithium (Z = 3) and all heavier elements, fully stripped of their
electrons. The HZE particles play a particularly important role in the space dosimetry [3]) as they are
highly penetrating and affect strongly the biological objects and humans in space [4]).

Solar energetic particles (SEP) are randomly distributed events, but they may deliver very high
doses over short periods and that is why they could be associated with the lethal equivalent doses. It
is now widely agreed that SEPs come from two different sources with different acceleration
mechanisms working: the flares themselves release impulsive events while the coronal mass ejection
(CME) shocks produce gradual events [5]). High fluxes of charged particles (mostly protons, some
helium and heavier ions) with energies up to several GeV and intensity up to 10* cm? s™ sr' are
emitted. The time profile of a typical SEP event starts with a rapid increase in flux, reaching a peak in
minutes to hours. Although SEPs are more likely to occur around solar maximum, such events are at
present unpredictable with regard to their times of occurrence and it cannot be assumed that SEPs will
not occur under solar minimum. The most intense solar proton fluencies observed were those on
August 1972 and October 1989. The flare containing the largest peak flux of highly penetrating
particles was in February 1956. On this basis the so-called worst-case flare is composed, that is
thought to occur once a century, but statistics are extremely poor.

The deep space manned missions are already a near future of the astronautics. Radiation risk

on such a long-duration journey, a great part of which will take place in the interplanetary space,
appears to be one of the basic factors in planning and designing the mission.
The estimation of the radiation effects for a long-duration manned space mission requires three
distinct procedures: i) Knowledge and modeling of the particle radiation environment; ii) Calculation of
primary and secondary particle transport through shielding materials; and iii) Assessment of the
biological effect of the dose

i) Direct measurements of the radiation environment in the interplanetary space and at
celestial bodies other than Earth are quite sparse. The first evaluation of the radiation field at Mars
orbit was performed by the experiments on board of Mars Odyssey orbiter [6]) using data of three
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different instruments: MARIE, a dedicated energetic charged particle spectrometer; the Gamma Ray
Spectrometer GRS and the scintillator component of the High Energy Neutron Detector HEND. The
time period analysed data cover the time span from early 2002 through the end of May 2007,
encompassing the maximum, the declining of Solar cycle 23 and most of the extraordinarily deep solar
minimum. During a quiet period in 2002 the GCR flux was evaluated to be 0.135 cm srt s
Weakening of the interplanetary magnetic field over this period of time led to an observed doubling of
the galactic cosmic ray flux. 23 SEP events (with 25 peaks) were recorded durlng the period, the large
majority of events were quite weak. Peak SEP fluxes between 50 and 100 cm Zsr' s were seen
only twice (July 2002 and October 2002), and only in the large event of October 2003 was a flux
above 1000 cm™ sr' s recorded. According to HEND data [7] the flux of the secondary (epithermal)
neutrons from the Mars surface, produced by GCR only, has increased during this time period in about
1.5 times from 0.73 up to 1.1 cm ’s

During the deep solar minimum at the end of 2008 - first half of 2009 - the RADOM dosrmeter—
spectrometer on the Chandrayaan-1 satellite [8] regrstered during lunar transfer trajectory (4 to 6"
November 2008) an average GCR flux of ~ 3.14 cm™ 25 , producing an average dose rate of ~13 uGy
h™ in the silicon detector of the instrument. In a 100 km crrcular orbit around the Moon the GCR dose
rates fall down because of the Moon sh|eld|ng to about 9.46 puGy h™* and stayed stable around this
value. The average flux was 2.45 cm™ s

The CRaTER experiment on board the Lunar Reconnaissance Orbiter spacecraft provided
another evaluation of GCR doses in Moon orbit durrng an adjacent period of the same deep and
prolonged minimum between the 23" and the 24™ solar cycles [9]. Using a validated radiation
transport models of the instrument for the period from 16 September 2009 through 6 March 2010 they
estimated a direct GCR dose in silicon of ~ 320 pGy d*. The Moon albedo particles complemented the
dose rate to 372 pGy d*. Thanks to the sophisticated instrument model they succeeded to estimate
the contribution of the different GCR components: ~43% of the total dose is delivered by protons,
18.5% by alpha particle and ~30% by all other heavier ions. The albedo particles contribute another
8.5% to the total dose rate.

The most recent measurements of the interplanetary radiation environment were performed
aboard of NASA Mars Science Laboratory (MSL, Curiosity) during its cruise to Mars by the RAD
instrument [10]. For the period from 6 December 2011 to 14 July 2012 — conditions of increasing solar
activity - for solar quiet times (without SEPS) they report an average daily dose rate in silicon is 332 +
23 pGyl/day. The fluence rate of GCR was 3.87 + 0.34 cm™ s [11]. The 4 SEP events during this
period produced ~ 25 mGy, from 1.2 to 19.5 mGy/event. The integral particle fluxes for penetrating ion
species (protons and other) with Z = 1, estrmated from RAD during the transit of MSL to Mars from
June 11 to July 14, 2012 is 0.225 £ 0.018 cm”™ 257 51 [12]

RAD on MSL is the only experiment measuring the complex radiation environment on Mars’
surface. From 7 August 2012 to 1 June 2013 (solar maximum) the average dose rate (in water) from
GCR was 210 pGy/day, the only SEP event delivered a dose of 25 uGy [11].

ii) Biological effect of the dose. Energy deposition by charged particles is dominantly due to
ionization energy loss, dE/dx. A commonly used term in radiobiology is Linear Energy Transfer (LET)
in water. In practice to account for the varying biological effects of different types of radiation is used
the quantity dose equivalent H given in units of Seiverts (Sv). It is estimated by means of the quality
factor Q, a strictly function of LET. Both CRaTER and RAD experiments provide the possibility to
calculate LET and estimate the dose equivalent. They give well comparable values of H though
measured under different conditions.

During the period near the last solar minimum, when GCR intensities were greatest, the dose
equivalent rate measured by CRaTER in Moon orbit at the altitudes of the Lunar Reconnaissance
Orbiter (~50 km) is estimated to be ~ 2.88 mSv d* or an annual dose equivalent of ~ 1.05 Sv [9].

The dose equivalent rate measured by MSL/RAD near the maximum of the present solar cycle
was estimated to 0.64 + 0.12 mSv d* on Mars surface and 1.84 + 0.30 mSv d* during cruise [10, 11].
This gives a total mission dose equivalent of ~ 1.01 Sv for a round trip Mars surface mission with 180
days (each way) cruise, and 500 days on the Martian surface for the 2012-2013 weak solar
maximum. The larger part of that dose (662 + 108 mSv), which approaches two-thirds of the career
exposure limit recognized at NASA to carry a 3% increased risk of fatal cancer at the upper 95%
confidence level would be accumulated during the cruise phase. That dose is also two-thirds of the
career exposure limit recognized by the Russian Space Agency, European Space Agency, and
Canadian Space Agency. It was noted that only about 5.4% of the contribution to the estimated total
dose equivalent from both GCR and SEP events of 466 + 84 mSv during the 253 days MSL'’s cruise to
Mars was due to SEPs and it was surmised (given the relatively low activity profile of solar cycle 24)
that the SEP contribution could have been many times larger had it been measured in a different time
frame.
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Since 1989 the Liulin type dosemeters-spectrometers have been conducting measurements of
the radiation environment characteristics onboard a number of manned and unmanned spacecrafts in
low Earth orbits or in the interplanetary space [13]. The total number of the built instruments and
conducted experiments is 28. Liulin type instruments have been used onboard Mir Space Station, in
many experiments on ISS, Foton M2/M3/M4, Chandrayaan-1, Phobos-Grunt, and BION satellites.

New Liulin type instrumentation is used for radiation investigations during the ExoMars TGO
mission. The dosimetry experiment Liulin-MO is a part of the Russian Fine Resolution Epithermal
Neutron Detector (FREND) onboard the TGO. Main goal of FREND is to map neutron fluxes coming
from Mars, which are good indicator of hydrogen abundance in the shallow layer (up to 1 m deep) in
the regolith (https://np.cosmos.ru/en-us/instruments/frend). FREND contains four *He counters for
neutrons with energies from 0.4 keV to 500 keV, one stilbene-based scintilator for high energy
neutrons (up to 10 MeV) and the dosimetry module Liulin-MO. Liulin-MO has been developed in SRTI-
Bulgaria with participation of IMBP-RAS and IKI-RAS.

Liulin-MO scientific objectives

The main goal of the Liulin-MO dosemetric experiments is investigation of the radiation
conditions in the heliosphere at distances from 1 to 1.5 AU from the Sun.
The primary science objectives of the Liulin-MO investigation are:

e To measure dose and determine dose equivalent rates for human explorers during the
interplanetary cruise and in Mars orbit.

e Measurement of the fluxes of GCRs, SEPs, secondary charged particles and gamma rays
during the cruise and in Mars orbit.

e Together with other detectors of FREND instrument to provide data for verification and
benchmarking of the radiation environment models and assessment of the radiation risk to the
crewmembers of future exploratory flights. ExoMars TGO mission represents the unique opportunity to
conduct measurements of the radiation characteristics during the declining phase of the 24" Solar
Cycle.More detailed science objectives are to provide during the cruise and on Mars orbit:

e Continuous measurements of the energy deposition spectra, dose rate and particle flux.
Investigation of their changes over time (e.g., over the course of the solar activity cycle). Estimation of
the absorbed dose D.Measurements of dE/dx (energy loss per path length) spectra in silicon that can
be related to the Linear Energy Transfer (LET) spectra in water and then calculation of the radiation
quality factor Q according to the Q(LET) relationship given in ICRP — 60 [14]. Estimation of the dose
equivalent H as H = D+Q.

e Measurements of GCR flux and dose rate in dependence on the heliocentric distance.

¢ Investigation of the dependence of the GCR radiation parameters in Mars orbit on the distance
to Mars.

e Simultaneous registration of SEP events together with other space instruments providing
radiation data, including HEND instrument on Mars Odyssey and DAN on Curiosity.

e Assessment of both the charged particle and the neutron fluxes and dose rates during periods
of quiet Sun and during SEP events combining data from the dosimeter and the neutron detectors of
FREND. Liulin-MO has no capabilities to measure the contributions to dose and dose equivalent from
neutral particles, but the neutron detectors of FREND may provide these data [15].

e An additional goal of the Liulin-MO experiment is to increase the accuracy of the neutron
measurements by providing information about radiation fluctuations from charged particles that can
have an impact on the signals from the neutron detectors of the FREND instrument.

e Comparison of orbital and ground data as measured by the FREND’s dosimeter on TGO and
the dosimeter Liulin-ML of ADRON instrument on the ExoMars 2020 Surface Platform.

Liulin-MO relies on previous and recent flight heritage of Liulin type dosimetric instruments. It is a
further development of the Liulin-5 and Liulin-Phobos dosimetric telescopes already flown in space
[16, 17].

Description of Liulin-MO

The dosimeter Liulin-MO contains two dosimetric telescopes - A&B, and C&D arranged at two
perpendicular directions. Each pair of dosimetric telescopes consists of two 300 um thick, 20x10 mm
area rectangular Si PIN photodiodes. The distance between the parallel Si PIN photodiodes is 20.8
mm. A schematic view of the location of the detectors is presented in Fig. 1, the block diagram of the
instrument is shown in Fig 2. The geometry factor of the telescope for isotropic radiation is ~ 1,38
cm?’sr. The geometry factor of a single detector is ~ 12,56 cm” sr. The external view of FREND with its
dosimeter Liulin-MO is shown in Fig. 3.
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Fig. 1. A schematic view of the location of Liulin-MO detectors

The primary measured parameters are the amplitudes of voltage pulses at the outputs of
charge-sensitive preamplifiers - shaping amplifiers CSA1 to CSA4, connected to the detectors. The
amplitude of a voltage pulse is proportional to the energy deposited in the corresponding detector by a
charged particle or a photon crossing the detector, and to the respective dose. These amplitudes are
digitized with an 8-bit ADC and organized in a deposited 256 channel’s energy deposition spectrum for
each of the detectors. The energy deposition spectrum in a single detector A (or B) is obtained by
summing the energy deposition spectrum measured by B - CSA2 in the range ~ 0.08 + 15.9 MeV with
the energy deposition spectrum measured by A - CSALl in the range ~ 16 + 190 MeV. The same
procedure is used to obtain the energy

deposition spectrum in single detectors C and

D. In that way each pair of two parallel

detectors and their corresponding CSAs r T

provide data in the energy deposition range ~ c o Pulse ofpue
0.08 + 190 MeV. The energy deposition s | height ||
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separately and used to obtain the linear energy

transfer (LET) spectrum in the direction of A - L .fesag| c°incidence2|_[

‘B (C - D). The LET is used for calculation of

the radiation quality factor Q, according to the

Q(LET) relationship given in ICRP — 60. Totally | £13

9 energy deposition spectra in anti-coincidence Board supply | | Data and commands
and coincidence modes are measured and Soffror EREND

provided in Liulin-MO output data. Fig. 2. Block diagram of Liulin-MO dosimetry module

The parameters, provided by Liulin-MO
simultaneously for two perpendicular directions
have the following ranges: absorbed dose rate
in the range 107 Gy h™ + 0.1 Gy h™; particle
flux in the range 0 + 10* cm™ s™; energy
deposition spectrum and coincidence energy
deposition spectrum in the range 0.08 + 190
MeV. The large dynamic ranges of the flux and
the dose rate measurements allows Liulin-MO
to measure the fluxes and dose rates both of
the relatively low-intensity GCR and the
occasional high-intensity  powerful SEP
events. The dynamic range of the energy
deposition spectrum allows assessment of the
contribution to the absorbed dose, LET, and
dose equivalent of the gamma rays, electrons,
protons and heavy ions of GCR, including the

Fig. 3. FREND instrument. The arrow shows Liulin-MO
module. Credit: ESA/Roscosmos/FREND/IKI.
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most dangerous iron ions.The dose rates and the fluxes are resolved every minute, while the energy
deposition spectra and the LET spectra are resolved every hour.

The dosimeter receives power directly from TGO, but sends all acquired data to FREND.
The data transferred to FREND is 2 Mbits/day. FREND then retransmits it together with its own
scientific data.

The entire package Liulin-MO has a mass of 0.7 kg and consumes 2.2 W.

More detailed description of Liulin-MO dosimeter can be found in [18].

Liulin-MO data during the TGO cruise and discussion

FREND and its dosimeter Liulin-MO were turned on for the first time on 06.04.2016 during
initial check of the science instruments onboard TGO. All modules of FREND performed nominally.

From 22.04.2016 to 18.07.2016 one of the 3He and the scintillate detectors of FREND, as well
as Liulin-MO were turned on almost continuously. From 19.07.2016 to 11.08.2016 during Deep Space
Maneuvers of TGO all FREND modules were turned off. From 11.08.2016 to 15.09.2016 Liulin-MO
was turned on periodically. During the TGO cruise the dosimeter has measured the dosimetric
parameters of GCR. No SPE were registered.

On 15.09.2016 FREND was turned off for the period during the operations for Mars orbit
insertion and EDM release. TGO was inserted into Mars orbit on 19.10.2016. FREND, including Liulin-
MO, were turned on again on 31.10.2016 already in Mars high elliptic orbit.

In Fig. 4 the fluxes and dose rates recorded in the perpendicular detectors B(A) and D(C) of
Liulin-MO from 22.04 to 18.07.2016 during the interplanetary cruise are shown. A good correlation
between the flux and dose rate data is observed. The average dose rate in B(A) is 15.45 pGy h™, in
D(C) it is 16.23 uGy h™. The average flux is 3.12 cm?stin B(A) and 3.29 cm® stin D(C). The linear
approximations of the dose rates are also shown. The difference between the corresponding values of
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Fig. 4. Particle fluxes and dose rates recorded in the perpendicular detectors B(A) and D(C) of Liulin-
MO from 22.04 to 18.07.2016. The straight lines are the linear approximations of the dose rates.

the dose rates and fluxes in B(A) and D(C) is due to the different shielding of the detectors in two

perpendicular directions.shows the dose rates Table 1. Comparison of the dose rates in silicon,
recorded in detectors B(A) and D(C) from | measured by RAD and Liulin-MO

22.04 to 18.07.2016 and count rates of the Culin-MO TGO
Oulu neutron monitor for the same period RAD (MSL cruise) iulin (
(https://cosmicrays.oulu.fi/). A good cruise)

agreement of the variations in Liulin-MO dose GCR  dose rate GCR dose rate
rates with the neutron monitor count rate over (06.12.2011- (22.04-18.07.2016)
the time is observed. The increase of the dose 14.07.2012)

rates and particle fluxes with time correlates 372+30 uGy d* in
with the decreasing of the solar activity in the -1 B(A)

declining phase of the 24-th solar cycle and 332423 Gy d 390+31 pGy d* in
the increase of GCR fluxes. D(C)
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Fig. 5. Dose rates recorded in detectors B(A) and D(C) from 22.04 to 18.07.2016 and
count rates of the Oulu neutron monitor for the same period. Shown are also the linear
approximations of the measured values.

Table 1 presents a comparison of the dose rates in silicon, measured by RAD instrument
onboard Mars Science Laboratory (MSL, Curiosity rover) during the cruise to Mars in 2011-2012 year
[10] and by Liulin-MO from 22.04 to 18.07.2016 during the cruise of TGO to Mars. The daily doses
measured by the two instruments in the interplanetary space differ by about 10-15%. This is due to the
different shielding of the instruments, but also to the increased GCR flux in 2016 compared to the
GCR flux in 2012.

The LET spectra and the preliminary results for the radiation quality factors were evaluated,
and the dose equivalent rates in the interplanetary space were obtained. Fig. 6. shows the LET
spectra in directions B-A and D-C and the comparison with the LET spectra obtained by RAD
instrument during In B-A direction Q = 3.97; in D-C direction Q = 4.27 for GCRs, H (BA) = 1.8 £ 0.3
mSvd*, H (DC) =2 0.3 mSv d™. RAD estimated H = 1.84 + 0.30 mSv d™ in the interplanetary space.

Fig. 7 shows the charged particle counts (in arbitrary units) by 4 different instruments located
at different location in the heliosphere, taken from 22.04 to 18.07.2016: 1) the Solar Isotope
Spectrometer (SIS) protons with energies > 30 MeV on the Advanced Composition Explorer (ACE
satellite) located at L1 |libration point at about 1.5 million km from Earth
(http://www.srl.caltech.edu/ACE/ASC/level2/lvI2DATA_SIS.html); 2) Liulin-MO FREND dosimeter on
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Fig. 6. GCR LET spectrum in the interplanetary space measured from 22.04 to 18.07.2016.
Comparison with RAD data for GCR LET spectrum during the transit and on Mars surface.

22



0.8

0.8

v Al
i MM ARV "N\”‘yﬁ

LIULIN-WW*M

| 1 1 | I | | | | | | | | | | | | | | |
0'950 o 20 40 680 80 100

Fig. 7. Charged particle counts (in arbitrary units) by : 1) SIS-ACE protons with energies > 30, 2) Liulin-MO-
TGO protons with energies > 30 MeV and other charged particles 3) LEND - LRO GCR on (in blue), 4)
FREND -TGO GCR

0.4 —

TGO - electrons with energies > 2.5 MeV, protons with energies > 30 MeV, heavy charged particles; 3)
the *He detector of LEND instrument on Lunar Reconnaissance Orbiter LRO (https://np.cosmos.ru/en-
us/instruments/lend) and 4) FREND Hel detector on TGO - particles fitted counts
(https://np.cosmos.ru/en-us/instruments/frend). A good agreement of all 4 instruments GCR counts is
observed, particularly of SIS and Liulin-MO.

First Liulun-MO data in high elliptic Mars’ orbit

On 19.10.2016 TGO was captured in high elliptic Mars’ orbit with apocenter about 101 000 km
and pericenter about 250 km.

In Fig.8 the particle flux measured by Liulin-MO on 01.11.2016 immediately after switching on

= FluxRate

< Part of solid angle

particle/(sg.cm s)

0,5

0,0
01.11.2016 6:00 01.11.2016 7:00 01.11.2016 8:00 01.11.2016 9:00 01.11.2016 10:00 01.11.2016 11:00 01.11.2016 12:00 01.11.2016 13:00
Time

Fig. 8. Top- data for the particle flux rate near the pericenter. Bottom-part of the TGO solid angle
not shadowed by Mars.

of all FREND detectors in high elliptic Mars orbit is plotted. The observed decrease of the GCR
particle flux is due to the shadowing of Liulin-MO field of view
by the planet when TGO is close to or in pericenter.
Simultaneously in the same figure the part of the TGO solid
angle not shadowed by Mars is plotted. A good correlation
between the trend of the measured particle flux and the part of | TGO
the TGO solid angle not shadowed by Mars is observed.

In Fig. 9. the scheme for calculation of the TGO
shadowing by Mars is presented, where Rm is the Mars radii,
D is the distance of TGO to Mars, @© is half of the TGO solid

Fig. 9. Scheme for calculation of the
TGO shadow by Mars
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angle shadowed by Mars. The part n of the angle not shadowed by Mars is calculated as: n =[1 -
cos(0)]/2 Q.

The effect of the shadowing of the particle flux by Mars is observed from the pericenter to
TGO altitudes of 1500-3000 km from the planet.

Conclusion

New dosimetric telescope Liulin-MO for measuring the radiation environment as a module of
FREND neutron instrument has been launched onboard the ExoMars 2016 Trace Gas Orbiter
satellite. The average measured dose rate in Si from GCR during the transit to Mars for the period
22.04-18.07.2016 is 372 £ 30 mGy d* and 390 + 31 mG%/ d* in two pegaendicular directions. The
average flux in the interplanetary space is 3.12 cm? s™ and 3.29 cm™ s in two perpendicular
directions.

This is in good agreement with previous radiation dose measurements in the interplanetary
space and with current solar activity.

The Preliminary data shows dose equivalent rates for the same period 1.8 + 0.3 mSv d'and 2
+ 0.3 mSv d™ in two perpendicular directions.

A good agreement between the measurements of GCR count rates taken during the TGO
transit by all FREND detectors and measurements taken by other instruments in different locations in
the heliosphere is observed.

The first dosimetric measurements in high elliptic Mars’ orbit demonstrate strong dependence
of the GCR fluxes near the TGO pericenter on the part of the TGO solid angle not shadowed by Mars.

A similar to Liulin-MO module, called Liulin-ML for investigation of the radiation environment
on Mars’ surface as a part of the active detector of neutrons and gamma rays (ADRON-EM) on the
Surface Platform is under preparation for ExoMars 2020 mission.
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