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Abstract—The article provides a brief description of the Liulin-MO dosimeter, which is part of the FREND
(Fine Resolution Epithermal Neutron Detector) device installed on the TGO (Trace Gas Orbiter) spacecraft
of the ExoMars-2016 mission. Since April 2018, TGO has been operating in orbit around Mars. Data are pre-
sented on the radiation environment in the orbit of Mars during the decline phase of the 24th cycle of solar
activity and the growth phase of the 25th cycle. During the period under review, a maximum flux and dose
rate due to galactic cosmic rays (GCR) were observed. Between July 2021 and March 2023, the Liulin-MO
dosimeter recorded eight increases in particle f luxes and dose rates from solar proton events (SPEs). Data are
presented on the radiation environment during the SPE in Mars orbit in July 2021–March 2022, when Mars
was on the opposite side of the Sun from Earth. A comparison is made of particle f luxes measured in orbits
around the Earth and Mars.
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INTRODUCTION
As is well known (Frank et al., 1965; Grigoriev

et al., 1965; National Research Council., 1967; Miro-
shnichenko and Petrov, 1985), cosmic radiation is one
of the unfavorable factors limiting the possibilities of
manned flights outside the Earth’s magnetosphere. A
very large number of publications are devoted to the
study of various aspects of the parameters of cosmic
radiation and its impact on equipment and living sys-
tems. We will note here only a few of them (National
Research Council., 1970; Panasyuk and Novikov,
2007; Shafirkin and Grigoriev, 2009; Durante and
Cucinotta, 2011). One of the directions was the exper-
imental study of the radiation environment in relation
to the task of preparing a manned flight to Mars. There
are significantly fewer corresponding experimental
data than for near-Earth space. The most significant
results are obtained using the RAD instrument on the
MSL spacecraft (Hassler et al., 2014; Zeitlin et al.,
2013; Guo et al., 2015). Using this instrument, charac-
teristics of the radiation environment were obtained
during the Earth–Mars f light, as well as on the surface

of Mars during operation as part of the Curiosity rover
(Guo et al., 2017, 2021). The neutron component of
radiation during the f light to Mars, in orbit and on the
surface of Mars was studied and using observations
from the HEND/Mars Odyssey, DAN/MSL instru-
ments (Litvak et al., 2020, 2021; Mitrofanov et al.,
2023). The experiment with the Liulin-MO instru-
ment as part of the ExoMars TGO space mission,
some of the results of which are presented in this arti-
cle, adds to the very limited experimental data on the
parameters of the particle f lux and the absorbed dose
rate of cosmic radiation in space near Mars. The pur-
pose of research carried out using the Liulin-MO
device is:

— Measurement of particle f lux, absorbed dose
rate, and dose equivalent from galactic and solar cos-
mic rays, as well as secondary radiation for manned
flights in interplanetary space and in orbit around
Mars.

— Obtaining data for verification and analysis of
radiation environment models and radiation risk
assessments for crews of future space missions.
367
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Fig. 1. Schematic representation of the location of detec-
tors in the device Liulin-MO (Semkova and etc., 2021).
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Fig. 2. Location of the Liulin-MO dosimeter on the
FREND device.

Dosimeter Liulin-MO
— The TGO ExoMars mission provided a unique
opportunity to measure the characteristics of cosmic
radiation during the decline phase of the 24th and rise
phase of the 25th cycle of solar activity.

Descriptions of the ExoMars mission, the FREND
instrument, which includes the Liulin-MO dosimeter,
as well as the Liulin-MO instrument itself and the
results obtained with its help were presented in publi-
cations (Mitrofanov et al., 2018; Semkova et al., 2018,
2021). In this publication, we present recently
obtained results, including measurements during solar
proton events (SPEs) in 2021–2023. For ease of per-
ception and to ensure coherence of the presentation,
we provide here brief information about the ExoMars
TGO mission, the FREND device, the design and
operating principle of the Liulin-MO device.

DESCRIPTION OF THE LIULIN-MO DEVICE
The TGO spacecraft of the Russian-European

project ExoMars (Trace Gas Orbiter) was launched on
March 14, 2016. The main task of the project is to reg-
ister small components of the Martian atmosphere,
including methane. One of the objectives of the proj-
ect is to map the abundance of water in the upper layer
of soil, for which the FREND (Fine Resolution Epi-
thermal Neutron Detector) device was included in the
TGO scientific equipment. The Liulin-MO dosimeter
is an integral part of the FREND device. The sensitive
elements of the dosimeter are semiconductor detec-
tors. The device contains four silicon detectors with an
area of 2 cm2, thickness 300 microns. The detectors
are placed in such a way that they form two pairs of
detectors located one opposite the other, as shown in
Fig. 1.

Each pair of detectors located opposite each other
forms a telescope, which allows, when the detector
signals are turned on for coincidence, selecting from
the entire stream of registered particles only those
whose direction of motion does not deviate greatly
from the direction of the normal to the detectors. In
each telescope, one detector ensures registration of
energy releases of particles with relatively small ioniza-
tion losses, and the second, large ones. Signals from
the detectors are fed to preamplifiers, processing logic
circuits, amplitude-to-digital converters and a micro-
controller. Information from the microcontroller is
transmitted to the FREND device and then through
the spacecraft systems to Earth. A detailed description
of the Liulin-MO device and the logic of its operation
are presented in the publication (Semkova et al.,
2018). The output information of the device is the
number of particles and the total energy release in each
of the detectors, recorded every minute, as well as the
energy release spectra in the detectors, recorded every
hour. In addition, the values of the number of particles
and energy releases in the detectors are also recorded
for particles that coincided in pairs of detectors form-
ing the telescope.

The shielding of detectors from different directions
is extremely heterogeneous. And it is very significant
for the conditions for recording radiation.

The Liulin-MO device is mounted directly under
the collimator of the FREND device, as shown in Fig. 2.
Its shielding from the bottom is quite significant, and
from the opposite side it is determined only by the
structural elements of the Liulin-MO itself.

The shielding of the detectors was calculated based
on documentation for the Liulin-MO and FREND
instruments, as well as data on the ExoMars design.
Distribution covers the range from 0.9 to 178 g/cm2.
SOLAR SYSTEM RESEARCH  Vol. 58  No. 4  2024
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Fig. 3. Shielding distribution functions of detectors (left panel) and the corresponding dependences of the effective detection area
of protons on their energy (right panel).
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Based on the resulting distribution, the detector
shielding function was calculated, which is the proba-
bility density P encounter a shielding thickness equal
to the function argument when moving in a randomly
chosen direction. This distribution of shielding thick-
ness corresponds to the dependence of the effective
detection area of protons on their energy. The shield-
ing functions of detectors and the corresponding
dependences of the effective detection area of protons
on their energy are presented in Fig. 3. The minimum
proton energy that can be detected is 27 MeV. How-
ever, as can be seen from the graph, a noticeable detec-
tion efficiency appears starting from a proton energy of
45–50 MeV.

MEASUREMENT RESULTS

Data Obtained from Liulin-MO

Measurements taken during the Earth–Mars flight.
In the period from April 22, 2016, to September 15,
2016, the Liulin-MO device was turned on periodi-
cally.

Data obtained from the highly elliptical orbit MCO1.
Orbital parameters: altitude 98 000 ± 230 km, inclina-
tion 0°, orbital period 4.2 sol (Martian days). The TGO
arrived in this orbit on October 19, 2016. The FREND
instrument (and Liulin-MO) was turned on during the
period October 31, 2016–January 17, 2017.

Data obtained from the highly elliptical orbit MCO2.
Orbital parameters: altitude 37 150 ± 200 km, inclination
74°, orbital period 24 hours 39 min. The FREND device
(and Liulin-MO) was turned on from February 24, 2017,
to March 7, 2017.

Measurements taken in “scientific” orbit around
Mars. Orbital parameters: almost circular orbit with an
altitude of about 400 km, inclination 74°, orbital
period about 2 hours. In this orbit, the Liulin-MO
instrument has been operating almost continuously
since April 16, 2018.

In Fig. 4, the periods of measurements with the
Liulin-MO device are compared with the level of solar
SOLAR SYSTEM RESEARCH  Vol. 58  No. 4  2024
activity (SA). Data on the number of sunspots pre-
sented in the figure are taken from the website
http://sidc.be/silso, the Royal Observatory of Bel-
gium. The results obtained during the first three stages
of the TGO flight were reviewed in (Semkova et al.,
2018). In this publication we will consider the results
obtained in the “scientific” orbit. Figure 5 shows graphs
of average daily fluxes and dose rates measured by the
Liulin-MO device from May 2018 to September 2023.

The top graph shows particle f lux data, and the
bottom graph shows radiation dose rates. Data are pre-
sented for each detector pair AB and CD.

One can see the maximum flux occurring at the SA
minimum, as well as the subsequent decrease in read-
ings due to the effect of solar modulation of the GCR.
The increase in dose rate from May 2018 to February
2020 corresponds to an increase in GCR intensity
during the decline of the 24th solar cycle. In March–
August 2020, radiation parameters were at their maxi-
mum, which was due to the minimum of the 24th cycle
and the transition to the 25th cycle of solar activity.

The maximum flow value was 3.3 particles cm–1 s–1,
absorbed dose rate (in silicon) 382 microGray per day,
dose equivalent rate 1700 microSievert per day. Since
September 2020, a decrease in GCR flux and dose rate
has been observed. Between September 2020 and Sep-
tember 2023, the GCR flux, absorbed dose rate, and
dose equivalent rate decreased by 47% relative to the
values measured during the solar cycle 24 minimum.

Since 2021, increases in f luxes and radiation dose
rates have been observed, caused by the arrival of pro-
tons from large solar f lares in the vicinity of Mars.
Eight such increases due to SPE were recorded, data
on which are presented in Table 1.

The solar proton event observed on February 15–
19, 2022, was the most intense recorded by the Liulin-
MO instrument in Mars orbit. The absorbed dose for
an event approximately corresponds to the dose for 38
days of f light under undisturbed radiation conditions,
and the dose equivalent corresponds to the dose for 13
days of f light under undisturbed conditions. The dose
from SPE October 28–31, 2021, is approximately two
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Fig. 4. Solar activity during the periods of measurement by the Liulin-MO device. The shaded areas show the periods of Liulin-
MO measurements: on the f light path, MSO1 and MSO2 in the left rectangle, and in the scientific, circular orbit of Mars in the
right rectangle.
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Fig. 5. Graphs of average particle f luxes and radiation dose rates measured by the Liulin-MO device.
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times less. The remaining SPEs gave significantly

lower doses. Let us look at the events of October 28,

2021, and February 15, 2022, in more detail.

The event on October 28, 2021, is compared to an

X1.0 class solar f lare that occurred at 15:17 UT in

active region 12891 with coordinates S26W05. The

data is taken from the SPE catalog posted on the space
weather website of the SINP MSU https://

swx.sinp.msu.ru/apps/sep_events_cat. Figure 6 shows

the relative positions of the Sun, Earth, and Mars, as

well as the corresponding interplanetary magnetic field

lines, calculated in the approximation of a constant solar

wind speed of 400 km/s. The figure was obtained using

the site https://solar-machgithub.io, which provides cal-
SOLAR SYSTEM RESEARCH  Vol. 58  No. 4  2024



NEW RESULTS OF RADIATION STUDY ON BOARD TGO ExoMars 371

Table 1. SPE recorded by the Liulin-MO instrument in Mars orbit

Event start time, UT Duration, h
Total dose per SPE

(in silicon), milliGray

Maximum dose rate, 

microGray h–1

Maximum flow,

cm–2 s–1

July 17, 2021, 09:06 am 23 0.096 20 4.25 ± 0.2

September 17, 2021, 07:12 am 37 0.185 26 4.5 ± 0.2

October 28, 2021, 4:55 pm 79 6.500 402 48.5 ± 2.43

February 15, 2022, 11:00 pm 76 13.800 1009 109.7 ± 5.5

March 14, 2022, 5:55 pm 17 0.095 31 5.13 ± 0.26

February 24, 2023, 9:07 pm 24 0.185 59 5.1 ± 0.25

February 25, 2023, 9:20 pm 21 0.098 47 3.9 ± 0.2

March 13, 2023, 05:24 am 39 0.165 38 4.4 ± 0.22

Fig. 6. The relative position of the Sun, Earth, Mars and
model interplanetary magnetic field lines connecting the
Earth and Mars with the Sun on October 28, 2021.
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Table 2. Dose values reported during SPE October 28, 2021

Device Location of measurements Dose (in water) per SPE, microGray

RAMIS In polar orbit near Earth 10474

LND On the lunar surface 17404

CRaTER In lunar orbit 31191

RAD On the surface of Mars 288

Liulin-MO In orbit around Mars 9186
culations in accordance with the methodology described
in (Gieseler et al., 2022).

You can see that Mars and Earth are located on
almost opposite sides of the Sun. However, the f luxes
of protons generated by this event were observed at
both of these points in the Solar System almost simul-
taneously. Figure 7 compares the time dependences of
the f lux of protons with energies greater than 50 MeV,
recorded near the Earth on the GOES-16 spacecraft,
and the f lux of particles measured by a pair of detec-
tors A and B of the Liulin-MO instrument near Mars.
GOES-16 data were also taken from the space weather
website of the Institute of Nuclear Physics of Moscow
State University (section “INSTRUMENTS”)
https://swx.sinp.msu.ru/tools/ida.php?gcm=1.

It can be seen that the increase in f lows near the
Earth begins a little earlier and has a steeper growth
front. During the phase of decreasing intensity, the
appearance of the second and third local maxima is
observed almost simultaneously near the Earth and
Mars.

During the SPE on October 28, 2021, cosmic radi-
ation doses were recorded on several spacecraft at
once: in polar orbit near Earth with the RAMIS
instrument, on the lunar surface with the LND instru-
ment and in lunar orbit with the CRaTER instrument,
on the surface of Mars with the RAD instrument and
in orbit around Mars with the Liulin-MO instrument
(Guo et al., 2023). Figure 8 presents dose rate data
taken from this work, measured with these devices, as
well as the dynamics of dose accumulation during
SOLAR SYSTEM RESEARCH  Vol. 58  No. 4  2024
SPE. Table 2 shows the values of doses in water accu-

mulated over the entire event.

The next, largest event recorded by the Liulin-MO

instrument occurred on February 15, 2022. This event

is associated with a powerful coronal mass ejection

(CME), which was observed on several coronagraphs

located on the SOHO, STEREO-A and the Solar
Orbiter spacecraft (https://www.esa.int/Science_Ex-
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Fig. 7. Time dependence of the proton flux near the Earth and the particle f lux measured near Mars. The curve is the f lux of
protons with energies greater than 50 MeV recorded near the Earth by the GOES-16 spacecraft. The dots are the particle f lux
measured by a pair of detectors A and B of the Liulin-MO instrument near Mars.
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ploration/Space_Science/Solar_Orbiter/Giant_solar_

eruption_seen_by_Solar_Orbiter). To relate observed

SPEs in Mars orbit to solar events, we use information

provided in the CME listings in online catalogs: Solar

Eruptive Event Detection System (SEEDS, http://

spaceweather.gmu.edu/seeds/) and CDAW Catalog

(https://cdaw.gsfc.nasa.gov/CME_list/) (Gopals-

wamy et al., 2009). SEEDS uses images from the

LASCO coronagraph on the SOHO spacecraft
(Brueckner et al. 1995), from the C2 telescope and the

external coronagraph COR2 (Howard et al., 2002)

onboard the STEREO spacecraft. The CDAW catalog

uses images obtained from the LASCO, C2 and C3

telescopes on the SOHO spacecraft.

These data show that the CME occurred beyond

the eastern limb and propagated in a northeasterly

direction on the far side of the Sun at a speed of about
SOLAR SYSTEM RESEARCH  Vol. 58  No. 4  2024
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Fig. 9. The relative position of the Sun, Earth, Mars and model interplanetary magnetic field lines connecting the Earth and Mars
with the Sun on February 15, 2022.
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Fig. 10. Comparison of particle f luxes recorded by the GOES and ExoMars spacecraft during the SPE on February 15, 2022. The
curve is the f lux of protons with an energy greater than 50 MeV recorded near the Earth by the GOES-16 spacecraft. The dots are
the particle f lux measured by a pair of detectors A and B of the Liulin-MO instrument near Mars.
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1900 km s–1. It can be assumed that the acceleration of
protons to high energies occurred at the front of the
shock wave of this CME. The relative position of the
Sun, Earth, Mars, and the interplanetary magnetic
field lines connecting the Earth and Mars with the Sun
on February 15, 2022, is shown in Fig. 9.

It can be seen that in this event the f lux of particles
near Mars significantly exceeded the f lux of particles
near the Earth (Fig. 10). This is due to the more con-
venient location of Mars relative to the supposed area
of acceleration of high-energy protons. Both of the
SPEs examined occurred under conditions where the
Earth and Mars were in almost opposite directions rel-
ative to the Sun.

On February 24 and 25, 2023, SPEs occurred,
during which the Earth and Mars were on the same
SOLAR SYSTEM RESEARCH  Vol. 58  No. 4  2024
side of the Sun on close interplanetary magnetic field

lines, as shown in Fig. 11.

Both solar f lares occurred in active region 13229.

The first M3.7 class f lare occurred on February 24 at

20:03 in the area with coordinates N29W24. The sec-

ond M6.4 class f lare occurred on February 25 at 18:40

in the area with coordinates N24W45. Despite the fact

that both f lares were relatively weak, their appearance

near the base of the corotating field line of the inter-

planetary magnetic field contributed to the appear-

ance of high-energy protons in the vicinity of Earth

and Mars. Figure 12 shows the time profiles of proton

fluxes with energies greater than 50 MeV and greater

than 100 MeV, recorded near the Earth on the GOES-16
spacecraft, as well as the particle f lux measured by a
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Fig. 11. The relative position of the Sun, Earth, Mars and model interplanetary magnetic field lines connecting the Earth and
Mars with the Sun on February 24 and 25, 2023.
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Fig. 12. Comparison of particle f luxes recorded by the GOES-16 and ExoMars spacecraft during the SPE on February 24–25,
2023. The curves are f luxes of protons with energies greater than 50 MeV and greater than 100 MeV, respectively, recorded near
the Earth by the GOES-16 spacecraft. The dots are the particle f lux measured by a pair of detectors A and B of the Liulin-MO
instrument near Mars.
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pair of detectors A and B of the Liulin-MO instrument

near Mars.

It can be seen that the energy spectrum of the sec-

ond SPE is much softer than that of the first. The

beginning of the f lux increase for the first event near

the Earth and Mars occurs almost simultaneously,

and for the second event there is a delay in the maxi-

mum flux near Mars, compared to the moment the

maximum occurs near the Earth. The presented

results are important for subsequent analysis of the
processes of propagation of solar cosmic rays in inter-
planetary space.

CONCLUSIONS

Unique data were obtained on the radiation envi-
ronment in the orbit of Mars during the decline phase
of the 24th cycle of solar activity and the growth phase
of the 25th cycle. It is shown that in September 2023,
the GCR flux, absorbed dose rate and dose equivalent
SOLAR SYSTEM RESEARCH  Vol. 58  No. 4  2024
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rate are 47% relative to the values measured during the
minimum period of the 24th cycle of solar activity.

Unique data were also obtained on the radiation
environment during the SPE in Mars orbit in July
2021–March 2022, when Mars was on the opposite
side of the Sun from Earth. A comparison is made of
particle f luxes measured in orbits around the Earth
and Mars.

Between July 2021 and March 2023, the Liulin-
MO instrument at TGO detected eight increases due
to solar proton events. Six of them were minor.

Two SPEs: October 28, 2021, and February 15,
2022, gave a noticeable contribution to the dose of 6.5
milliGrays and 13.8 milliGrays in silicon, respectively.

The Liulin-MO device data used in this work is
freely available on the website http://esa-
pro.space.bas.bg/LIULIN_MO_MARS_2/.

The results obtained are important for experimen-
tal verification and improvement of methods for cal-
culating and predicting the radiation environment
when planning manned expeditions beyond the
Earth’s magnetosphere.
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