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Abstract—Scientific objectives, instruments, and measurement program of the scientific instrumentation of
the Kazachok stationary landing platform of the State Corporation Roscosmos and the European Space
Agency (ESA) ExoMars-2022 project are presented. The scientific objectives of research on the landing plat-
form included the long-term climate monitoring, the studies of the atmospheric composition, the mecha-
nisms for dust lifting and related electrical phenomena, atmosphere—surface interactions, the subsurface
water abundance, monitoring the radiation situation, and the study of Mars internal structure. To address
these problems, 11 Russian and two European instruments with a total mass of 45 kg were built, tested and
integrated into the spacecraft. These include a television camera system, meteorological complexes, a suite
for studying dust and related electrical phenomena, optical spectrometers and an analytical complex for
studying the atmospheric composition, a microwave radiometer, the neutron and gamma spectrometers for
surface research, a seismometer, magnetometers and a Mars proper motion experiment to study its internal
structure. Although the ExoMars-2022 project has been discontinued, the scientific objectives of the landing
platform have not lost their relevance, and the technical solutions and developments implemented in scien-
tific equipment are of interest and promising for further Mars exploration.
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INTRODUCTION

Recent issues of the Solar System Research journal
began the publication of a series of articles devoted to
experiments prepared for the Kazachok landing plat-
form (Moskatinyev et al.,, 2020a; 2020b) of the
ExoMars-2022 project of the State Corporation Ros-
cosmos and the European Space Agency (ESA) (Vago
et al., 2015a). The launch of an automatic interplane-
tary station, consisting of a European cruise module,
a Russian descent module with a landing platform
(LP) and the European rover, was scheduled for Sep-
tember 2022 from the Baikonur Cosmodrome using a
Proton-M launch vehicle with a Briz-M upper stage.

The landing was scheduled to take place in 2024 in
the Oxia Planum region located near the equator in
the northern hemisphere of Mars, east of the Chryse
Planitia, on the border of highland and lowlands
(Vago et al., 2015b; Ivanov et al., 2020). The landing
area is a 120x19 km ellipse inside a shallow crater.
Here phyllosilicates (clay rocks) enriched in iron and
magnesium come to the surface. Above them there lies
a layer of a dark material, possibly of volcanic origin,

which has been eroded over the past 100 million years.
The latter is not known to have undergone tempera-
ture-related changes or metamorphism. There are no
significant elevations inside the ellipse of landing, and
it offers a fairly flat terrain for landing.

For reasons unrelated to scientific or technical
problems, the international cooperation ExoMars was
terminated in the spring of 2022 and the launch did
not take place. At the same time, the scientific equip-
ment was fully prepared, tested and integrated on the
LP. The scientific objectives of the complex have not
lost their relevance, and the technical solutions and
developments implemented in the scientific instru-
ments are of interest and promising for further
research of Mars.

Scientific objectives of the scientific instrumenta-
tion complex (SIC) and its composition, correspond-
ing to the early stage of the project (before 2014), were
presented in (Zelenyi et al., 2015). Since then, the sci-
entific objectives and composition of SIC have under-
gone significant changes. First of all, it was decided to
renounce taking soil samples with a help of a manipu-
lator arm and their analysis with an onboard analytical
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Fig. 1. Scientific instruments of the Rosalind Franklin rover and the Kazachok landing platform.

laboratory based on a gas chromatograph and mass
spectrometer. This task would be most optimally
accomplished from a mobile platform, the Rosalind
Franklin rover (Vago et al., 2017). In addition, SIC was
supplemented by a number of European instruments
and sensors, selected following an international com-
petition that ended in November 2015. Two European
instruments (LaRa and HABIT) were selected; some
European blocks and sensors were incorporated into
Russian instruments (MAIGRET, MTK and PK).
Thus, the mutual participation of international coop-
eration partners in two segments of the project was
balanced: the Rosalind Franklin rover with predomi-
nantly European scientific equipment and the
Kazachok LP with predominantly Russian equipment.
The composition of scientific equipment of the rover
and LP is shown in Fig. 1. A photograph of the LP
with the installed rover during the assembly process is
given in Fig. 2. The SIC instruments are mainly
located at the level of the LP deck to the right and left
of the rover.

The purpose of the series of publications and this
paper is to present the SIC state based on the comple-
tion of the LP development and testing in 2022. The
SIC included 13 instruments (36 blocks), with a total
mass (including the cable system) of <45 kg.

By the time this paper has been prepared, seven
articles devoted to the LP SIC instruments and sensors
were published in the Solar System Research (2022—
2023). Another six papers adequately describing the
SIC instruments were published in other journals (rel-
evant references are given in Table 2). Unfortunately,
up-to-date and detailed descriptions of three instru-
ments and the main SIC meteorological package are
not yet available. We hope that they will appear in the
near future, and this paper will be able to partially
compensate for the lack of information.

The research tasks of SIC are discussed in the sec-
tion SCIENTIFIC TASKS, the brief information
about instruments of the complex is collected in the
section SCIENTIFIC EXPERIMENTS ON LAND-
ING PLATFORM, examples of measurement scenar-
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Fig. 2. Landing platform and rover under assembly at the TAS-I enterprise (Turin, Italy). The optical units of the PanCam and
ISEM instruments and the WISDOM radar antenna of the rover are marked. Photo by IKI RAS.

ios are given in the section SCIENCE OPERATIONS
PLAN.

SCIENTIFIC TASKS

Immobile landing platforms have been repeatedly
and successfully used in the history of Mars explora-
tion: NASA'’s projects Viking- 1, Viking-2, Pathfinder,
Phoenix, and InSight. Before the advent of mobile
platforms, they targeted primarily research and, to a
lesser extent, monitoring goals (Viking, Phoenix). In
recent years, the emphasis has shifted to monitoring
(InSight). A fixed platform is undoubtedly the best
option for meteorological and geophysical monitor-
ing. It is also expedient to solve a number of important
research problems related to studies of the atmosphere
and atmosphere-surface interactions on a fixed plat-
form. Combining the objectives of surface and atmo-
spheric research, even using the most advanced equip-
ment, leads to inevitable compromises when planning
experiments, reducing the priority of atmospheric
research. At the same time, in studying the surface
composition, habitability, search for signs of life
remotely or by collecting and analyzing soil samples,
mobility, the ability to choose the location for analy-
ses, is a key advantage. These considerations were
taken into account when formulating the scientific
tasks and selecting the scientific instrumentation for
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the Kazachok LP and sharing tasks between the LP
and the Rosalind Franklin rover.

When planning the mission, (Zelenyi et al., 2015)
declared the following scientific tasks of the LP: (1)
long-term monitoring of climatic conditions on the
Mars surface at the landing site; (2) study the compo-
sition of the Martian atmosphere from the surface; (3)
study the interaction of atmosphere and surface; (4)
study the surface composition; (5) study the internal
structure of Mars; (6) monitoring of the radiation sit-
uation and other factors. Taking into account the
mentioned changes in emphasis, the scientific objec-
tives of research on the landing platform by the time it
was ready can be formulated as follows:

1. Long-term climate monitoring.
2. Atmosphere composition research.

3. Study of dust lifting mechanisms and related
electrical phenomena.

4. Investigation of surface—atmosphere interac-
tions.

5. Study of the abundance of water in the subsur-
face.

6. Monitoring of the radiation environment.
7. Study of the internal structure of Mars.

The list of scientific experiments and their corre-
spondence to scientific objectives is given in Table 1.
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Table 1. Correspondence of scientific tasks of the ExoMars LP and scientific experiments

Scientific objectives

2
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TSPP-EM (Television system) X X X
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PK (Dust suit) X o x
FAST (Fourier spectrometer) X () X X
MGAK (Gas analyzer package) () X
M-DLS (Laser spectrometer) X [
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ADRON-EM (Neutron and gamma spectrometer
. A . x [ X
with activation; dosimeter)
MAIGRET, ARM (Magnetometers) X X [ )
SEM (Seismometer) [
LARA (Radio beacon) o

@ indicates the primary scientific objective, X indicate additional scientific goals.

The order of experiments in the table approximately
reflects their compliance with the scientific objectives.

Scientific Objectives Related to the Atmosphere

Long-term climate monitoring, studying atmo-
spheric composition and atmospheric dust phenom-
ena are the key and closely related scientific themes of
the ExoMars LP. They break down into the following
major components: (1) regular long-term hourly
monitoring of the main meteorological parameters
(temperature, pressure, wind speed and direction, and
humidity), providing a basis for tuning and validating
Mars atmospheric general circulation models; (2) reg-
ular measurements of atmospheric gases, including
noble gases, and their isotopologues to determine the
daily and seasonal dynamics of the atmosphere com-
position near the Martian surface and surface—atmo-
sphere interactions, elucidating the isotopic ratios of
volatile compounds in various reservoirs; (3) studying
the atmospheric structure and the dynamics of plane-
tary boundary layer during the descent of the landing

module and remotely from the surface; study of the
dynamics of the near-surface atmospheric layer; (4)
study of dust lifting mechanisms and transport pro-
cesses, including measurements of the momentum of
near-surface dust particles simultaneously with their
sizes and recording of related electrical phenomena.

There have been relatively few full-fledged weather
stations on numerous vehicles that reached the surface
of Mars: Viking Lander (VL) -1, -2 (Chamberlain et al.,
1976), Phoenix (Taylor et al., 2008); the Curiosity and
Perseverance rovers (Gémez-Elvira et al., 2012; Rodri-
guez-Manfredi et al., 2021) and the Interior Explora-
tion using Seismic Investigations, Geodesy and Heat
Transport (/nSight) platform (Spiga et al., 2018). Ele-
ments of weather stations were also present on Mars
Pathfinder and the Zhurong rover (Seiff et al., 1997;
Liu et al., 2022). Of particular value are long series of
observations and, until recently, the pressure records
from VL-1, -2 (Hess et al., 1980) were main means of
calibrating the models of general circulation of Mar-
tian atmosphere. Richly equipped with a variety of
weather sensors, with a high degree of redundancy, the
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ExoMars LP would provide a worthy contribution to
the study of Martian meteorology.

Regular measurements of minor and abundant
constituents of the Martian atmosphere and their iso-
topologues provide insight into the details of the major
climate cycles of Mars: carbon dioxide, dust and
water. Up to 30% of the main component of the atmo-
sphere (CO,) condenses on the polar ice caps in win-
ter, causing corresponding variations in pressure and
changes in the mixing ratio of noncondensable com-
ponents (Ar, N,, CO). Water, present in trace amounts
in the Martian atmosphere, nevertheless, plays a key
role in chemical transformations preventing the pho-
tolytic break down of CO,, forms condensation clouds
that regulate atmospheric heating, and, over longer
timescales, supports the migration of glaciers across
the surface of Mars (Montmessin et al., 2017).
Adsorption and desorption of water in the top soil layer
is a poorly understood process, apparently playing the
role of friction in the water cycle (Jakosky et al., 1997,
Navarro et al., 2014). Orbiters around Mars— Mars
Express (MEX), Mars Reconnaissance Orbiter (MRO),
ExoMars Trace Gas Orbiter (TGO)—regularly monitor
the major and well-known minor components (CO,,
CO, H,0, O;) by remote methods (see, e.g., Smith
et al., 2017; 2021; Knutsen et al., 2022; Lefevre et al.,
2021). Measurements on the surface using the spec-
troscopic and gas analytical equipment (M-DLS,
MGAK, ozone sensors SIS, HABIT) would make it
possible to reliably tie the remote measurements to the
surface and estimate the time scales of daily and sea-
sonal atmosphere—surface interactions.

Measuring the isotopic ratios of hydrogen, oxygen
and carbon in water vapor and CO, during the atmo-
sphere—surface exchange would allow, in addition to
refining their values, known mainly from remote sens-
ing results (e.g., Alday et al., 2021a; 2021b) and from
single measurements at the surface (Webster et al.,
2013), to identify differences between atmospheric and
surface volatile reservoirs. Finally, measurements of
noble gases and their isotopes are very high priority:
they can be used to infer the distant history of the
atmosphere and volatiles on Mars, while their surface
measurements have only been carried out by the Curi-
osity rover or Mars Science Laboratory (MSL)
(Mahaffy et al., 2013; Wong et al., 2013; Atreya et al.,
2013; Conrad et al., 2016).

Studying the atmosphere during the descent of the
landing module is a necessary task of the project. It is
closely related to the technical problems of the descent
capsule entering the atmosphere and the descent of
the landing module. Density values for the upper
atmosphere can vary many-fold from models, and it is
not surprising that more than two-thirds of landings
on Mars have failed. We know 11 atmospheric profiles
measured during descent: Mars-6 (Avduevsky et al.,
1975); VL-1, -2 (Seiff and Kirk, 1977); Mars Path-
finder (Magalhaes et al., 1999); Mars Exploration
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Rovers (MER) Opportunity and Spirit (Withers and
Smith, 2006); Phoenix (Blanchard and Desai, 2011);
Mars Science Laboratory (MSL) (Holstein-Rathlou
etal., 2016); ExoMars-2016 Schiaparelli (Aboudan
et al., 2018); InSight (Karlgaard et al., 2021) and Per-
severance (Karlgaard et al., 2023). To reconstruct the
descent profile, the ExoMars-2022 project included
measurements of the deceleration of the descent cap-
sule using data from the spacecraft’s inertial unit, the
AMELIA experiment (Ferri et al., 2019), and with
MTK accelerometers. The atmospheric density is
measured, from which a pressure and temperature can
be obtained in a hydrostatic approximation. Horizon-
tal wind speed can also be obtained from accelerome-
ter data. After the parachute is deployed, temperature
and pressure measurements were planned using MTK
Sensors.

Monitoring and study of the planetary boundary
layer (PBL) is also one of the tasks of high importance
for the further Mars exploration and prospective
manned expeditions (Petrosyan et al., 2011; Read et
al., 2017). The atmosphere dynamics in the near-sur-
face layer is closely related to the following problem:
wind measurements and understanding of mecha-
nisms that determine near-surface winds underlie the
study of dust lifting and transport, and the initiation of
large-scale dust events. The state of the PBL in spe-
cific locations is already well described by mesoscale
dynamic models (see, e.g., (Toigo et al., 2002)). For
boundary layer studies, the MTK and PK data are of
crucial significance. These instruments, as well as a
system of cameras, will help to track another specific
element of the Martian climate—Ilocal vortices or dust
devils (see, e.g., (Kurgansky, 2022))—involved in the
dust lifting (Neakrase et al., 2016), and likely generat-
ing strong electric fields and discharges (Renno et al.,
2003). Dust storm on the Earth produces electric
fields of ~100 kV/m. Similar fields on Mars would
exceed the breakdown voltage (~20 kV/m), so one
should expect discharges likely having a strong influ-
ence on chemical transformations in the atmosphere
and even surface habitability (Atreya et al., 2006; Kok
and Renno, 2009). These discharges could be
recorded by MAIGRET and PK. During exploration
of Mars by landers and rovers, a detailed description of
the near-surface atmospheric profile has been
obtained only once using the Mini-TES/Mars Explo-
ration Rovers (MER) Fourier spectrometer (Smith
et al., 2006). The FAST experiment would allow these
data to be obtained regularly, complementing the
MTK and PK studies.

As already mentioned, the dust cycle belongs to the
main atmospheric cycles of Mars (Kahre et al., 2017).
Unlike Earth, where the heat balance of the atmo-
sphere and, eventually, the surface is determined pre-
dominantly by gas absorption (water vapor), dust plays
this role in the thin atmosphere of Mars. It absorbs the
incoming solar radiation in the visible range and traps
the thermal radiation leaving the planet (in the silicate
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9-um absorption band). A modern model of the opti-
cal properties of dust particles, based mainly on
remote observations, is given by (Wolff et al., 2009).
The hotter summer in the southern hemisphere, when
Mars is closer to the Sun, increases the circulation and
dust load in the atmosphere, warms it up, in turn
increasing the dust uplift (Daerden et al., 2015). This
positive feedback periodically, on average once every
three Martian years, leads to global dust storms
(GDSs) covering almost all tropical and midlatitudes
(see, e.g., (Guzewich et al., 2020)). Historically, gen-
eral circulation models describing the climate of Mars
have used available measurements of atmospheric dust
(Forget et al., 1999; Hartogh et al., 2005; Wilson and
Hamilton, 1996). Upon the availability of regular
observations from orbiters and landers, total dust opti-
cal depths, and vertical dust profiles (Montabone et al.
2015), the Martian Climate Database (MCD) fairly
well reproduces atmospheric conditions during a given
Martian year or for some typical scenarios. Another
class of models attempts to parameterize the processes
of dust lifting from the surface and describe its trans-
port by circulation flows (Kahre et al., 2023; Neary
and Daerden, 2018; Newman and Richardson, 2015).
Parameterizations are based mainly on theoretical
concepts and measurements in wind tunnels that sim-
ulate conditions on Mars (see, e¢.g., Martin and Kok,
2017; Sagan and Bagnold, 1975), including even the
gravity (Musiolik et al., 2018). Although this issue
receives much attention, direct data on saltation,
transport, electrification of dust and discharges under
real conditions on Mars are almost absent. The lack of
understanding of dust uplift and transfer near the sur-
face means that self-consistent models are not yet able
to reproduce the conditions for the occurrence of
GDS. The joint work of PK and MTK would for the
first time make it possible to study comprehensively
the processes of dust lifting from the surface of Mars.
Additional information on dust phenomena and dust
properties could be obtained from observations with
TSPP cameras, from MAIGRET electromagnetic
field monitoring, and by combining infrared FAST
data with orbital measurements (Wolff et al., 2006).

Atmosphere—Surface Interaction Studies

The study of interactions between the atmosphere
and the surface is closely related to the atmospheric
objectives and is adjacent to surface studies. Such
interactions include the already mentioned mecha-
nisms of dust lifting, its reverse impact on the surface
and the study of the atmospheric boundary layer. In
such studies, the main role would be played by the
experiments of MTK, PK, and TSPP.

Another line of research targeted monitoring the
exchange cycles of volatile components between the
atmosphere and the surface. In particular, by measur-
ing the H,O content and the isotope ratios D/H,

80/70/'°0, 3C/2C in H,0O and CO, near the surface

at different times of day during the seasonal cycle, it is
possible not only to clarify the physical and chemical
processes occurring between the surface and the
atmosphere, but also to draw conclusions about the
habitability of Mars in the past and present (see, e.g.,
Franz et al., 2020). The leading role in these studies
was given to the M-DLS laser spectrometer and the
MGAK analytical package. Atmospheric humidity
and topsoil hydration could be assessed by the MTK
humidity sensor and the ADRON-EM instrument,
respectively. Auxiliary information about physical
conditions in the atmosphere, on the surface and in
the upper layer of soil could be obtained by the MTK
and HABIT sensors, the FAST IR spectrometer and
the RAT-M microwave radiometer.

Study of the Abundance of Water in the Surface Layer

Water in the near-surface layer of Martian soil can
be in the form of ice, adsorbed by regolith granules, or
bounded within minerals. The presence of water near
the landing site may testify both to the prospects of the
location in terms of habitability and the further explo-
ration by space means, and to the geological past of the
planet: hydrated minerals could have formed in liquid
water reservoirs of early Mars. The information on
water distribution can be obtained from radar sound-
ing data, but outside the polar ice caps, in low and
middle latitudes, the neutron monitoring data serve as
amain source. Long-term orbital measurements of the
neutron flux induced by cosmic radiation showed the
presence of hydrogen nuclei in the upper (1—2 m) lay-
ers of regolith, corresponding to a mass fraction of
water from units of percent to 20—40% (see, e.g., Mal-
akhov et al., 2022). To detect ice at equatorial latitudes
is possible only in deep canyons (Mitrofanov et al.,
2022a). According to data of neutron logging activated
using a neutron pulse generator at MSL, the mass
fraction of water along the rover path was from <0.5 to
>6% (Mitrofanov et al., 2022b).

From the ExoMars LP, it was planned to measure
the hydration of the surface of Mars to a depth of 1 -2 m
using the ADRON-EM neutron detector. During the
first few days after landing, the instrument was sup-
posed to work together with ADRON-RM (Mitro-
fanov et al., 2017) and geophysical radar WISDOM
(Ciarletti et al., 2017) on the Rosalind Franklin rover.
As the rover moves away from the platform, these
measurements would provide the priority information
on the vertical distribution of water in all its forms. The
influence of temperature changes on the vertical dis-
tribution of water was supposed to be clarified using
estimates of the daily and seasonal temperature varia-
tions at three levels (up to ~1 m) below the surface
using the RAT-M radiometer.

The ADRON-EM device was also supposed to
provide the information on the elemental composition
of the main rock-forming and radiogenic elements in
the immediate vicinity of the landing site. At the same
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time, the density of the soil is measured. Thus, the
ADRON-EM experiment could fulfill the scientific
task formulated for the original configuration of the
SIC: studying the surface composition. Additional
data on the nature of rocks near the lander can be
obtained from estimates of soil electrical conductivity
using MAIGRET and AMR magnetometers.

Monitoring of Radiation Environment

The radiation environment on the surface of Mars,
both now and in the past, is critical for the habitability
and ability to sustain life on the planet. It affects any
potential life forms that could survive underground
(see, e.g., Pavlov et al., 2010). High-energy radiation
and the associated risks to human health largely deter-
mine planning for future manned missions to Mars.

Mars (its upper atmosphere) interacts with two
types of high-energy radiation: galactic cosmic rays
(GCRs) and energetic solar-wind particles. The mon-
itoring of these radiations in orbit around Mars is per-
formed by the Liulin-MO dosimeter within the
FREND/TGO instrument (Mitrofanov et al., 2018;
Semkova et al., 2021). Due to the thin atmosphere,
GCRs and solar wind particles reach the surface,
where they produce secondary particles, including
neutrons and gamma rays. Secondary particles are
also formed as a result of interaction with the atmo-
sphere. Thus, the surface radiation environment dif-
fers significantly from the situation in orbit. The first
and the only direct measurements of radiation on the
surface of Mars were made with the RAD instrument
on Curiosity (Hassler et al., 2012; 2014; Ehresmann et
al., 2023). On the ExoMars landing platform, moni-
toring of the radiation environment was planned using
the Lulin-ML dosimetric channel of the ADRON-
EM and the neutron and gamma-ray detectors of the
ADRON-EM instrument itself.

Studying the Internal Structure of Mars

The study of the internal structure of Mars is
directly related to the fundamental problem of the for-
mation and early evolution of the Solar System plan-
ets. Refinement of models of the internal structure
allows the estimation of a proportion of volatile com-
ponents collected by the planet during the early stages
of accretion and intense bombardment (Zharkov,
1996). From the viewpoint of analogies between Earth
and Mars, the processes of differentiation and further
evolution of the interior are no less important. Mars is the
only planet similar to Earth, which can be studied for a
long time by geophysical methods, and fixed stations on
its surface, preferably several, are the optimal platform
for these studies (see, e.g., Lognonné et al., 2000).

The main method for studying the internal struc-
ture is seismometry. Carrying out such measurements
on the surface of another planet is a complex technical
task. In addition to a high sensitivity and a wide fre-
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quency range, a seismometer on Mars must be pro-
tected from wind, fluctuations of temperature and
pressure, and isolated from the influence of the plat-
form itself. After the mixed results of the seismic
experiments of the Viking Landers (1976—1982)
(Anderson et al., 1976) and the Mars-96 attempt
(Linkin et al., 1998; Lognonné et al., 1998), it took
more than 20 years to implement the dedicated plat-
form InSight (2018—2022). The SEIS vacuum seis-
mometer, deployed on the surface separately from the
InSight lander and heavily shielded from atmospheric
influences (Lognonné et al., 2019), has recorded sev-
eral significant seismic events and many minor ones
(see, e.g., Giardini et al., 2020; Kawamura and al.,
2023). A rich material was obtained on the thickness
and properties (Knapmeyer-Endrun et al., 2021), the
mantle properties (Huang et al., 2022), and a response
from the core was gained (Stédhler et al., 2021).

Studies of the Mars could be expanded using an
additional geophysical station (see, e.g., Gudkova
et al., 2014). Recording of seismic events simultane-
ously from two points on the surface would allow one
to obtain the important information about the hetero-
geneity of the crust and mantle and to progress from
profiles to a 3D structure, which can be reconstructed
in an area comparable to a distance between stations.
In this case, it is permissible to use an instrument even
with more modest parameters than SEIS/InSight.
This was the task assigned to the SEM seismometer of
ExoMars LP, the launch of which was initially planned
in 2018, simultaneously with InSight.

Analysis of the Doppler shift during two-way radio
communication between a lander on Mars and ground
stations allows one to determine parameters of the ori-
entation and rotation of Mars, which makes it possible
to refine the information about the internal structure,
particularly the core. The target parameters are varia-
tions in rotation rate (or length of the day) and rotation
axis orientation (precession and nutation). Previously,
these experiments were carried out on the Viking
(Yoder and Standish, 1997) and Mars Pathfinder
(Folkner et al., 1997) landing modules. Attempts to
constrain orbital parameters have also been made
using Doppler tracking of orbiters and rovers
(Kuchynka et al., 2014; Konopliv et al., 2016; 2020).
The LaRa experiment, a coherent X-band transpon-
der, was designed to track the position of the lander
with high accuracy (Dehant et al., 2020; Le Maistre et
al., 2020; Péters et al., 2020).

The magnetic field is associated with the internal
structure of the planet, and with the evolution of its
atmosphere. The remnant magnetization of Martian
crust, an evidence of the ancient magnetic field, was
first mapped by Mars Global Surveyor (MGS) from a
400-km orbit (Acuiia et al., 1999) and complemented
by measurements from the elliptical MAVEN orbit
(Connerney et al., 2015). Models allow the magnitude
of magnetic field to be extrapolated to the surface (see,
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e.g., Langlais et al., 2019). To date, measurements of
the surface magnetic field have been carried out on the
InSight lander (Johnson et al., 2020) and the Zhurong
rover (Liu et al., 2022). The field measured at the
InSight landing site appeared to be an order of magni-
tude stronger than was predicted by the satellite model
(Johnson et al. 2020). Crustal magnetic fields interact
with the solar wind, to create transient fields and cur-
rents in the upper atmosphere of Mars. At the surface,
diurnal variations, a result of ionospheric currents,
and higher frequency changes, still remaining to be
explained, have been observed (Mittelholz et al.,
2020). More data on the surface magnetic field are
needed to explain the nature of these effects and the
ancient dynamo. In addition, alternating fields, in
combination with geomorphological and seismic data,
can be used to study the electrical conductivity of the
Martian interior. Measurements of the magnetic field
strength and direction at the ExoMars landing site
were planned using the MAIGRET and AMR magne-
tometers.

SCIENTIFIC EXPERIMENTS
OF THE LANDING PLATFORM

The list of scientific instruments of the ExoMars
LP is given in Table 2. Their order corresponds to
Table 1.

TSPP-EM Television System
of the ExoMars Landing Platform

The TSPP-EM system of cameras includes five
units, four KAM-O/EM cameras and an electronics
block for collecting, storing and processing informa-
tion BSD/EM (Abramov et al., 2023). The instrument
was manufactured at IKI RAS. The cameras are
installed at the corners of the landing platform at a
height of about 1 m. In the azimuthal plane, their opti-
cal axes are spaced 90° apart, and their fields of view
(115°%115°) overlap, which allows for a complete over-
view of the horizon line. Starting from a distance of
several meters, a full circular panorama of the landing
site around the LP is formed. It was planned to con-
struct a video series of images, in particular, filming
during the landing process, filming the rover’s egress
from the LP, or recording the fast-flowing phenomena
such as dust devils.

The maximum resolution of camera photodetec-
tors is 2048 % 2048 pixels with the possibility of fram-
ing (2048 % 512) and binning (2 X 2) to reduce the
amount of transmitted information. The bit depth of
the resulting images is 14 or 12 bits. Images can be
obtained in color at three wavelengths: 450, 550 and
650 nm (RGB) or in panchromatic mode. The depth
of field is from 1 m to infinity. The cameras are of
measurement quality in terms of both photometric
and angular characteristics.

The main scientific objectives to be adressed by
TSPP-EM can be formulated as follows: in relation to
the surface of Mars, it is the geomorphological analy-
sis of the terrain around the landing site using panora-
mas obtained on the surface and in the final sections of
the descent of the landing module. The mineralogical
analysis of surface areas is performed through mea-
surement of spectral brightness (chromaticity).
Regarding the atmosphere of Mars, it is the analysis of
the properties of atmospheric aerosol, based on obser-
vations of the angular distribution of sky brightness,
with the ability to separate the dust and condensation
components. Observations of dust transport over the
surface to understand the saltation processes. Filming
dust devils and the assessment of their characteristics,
sizes, and velocity. Atmospheric observations by
TSPP-EM would complement and expand the
research in the MTK and PK experiments.

The most important task of TSPP-EM is the infor-
mation and engineering support of the entire project.
It is hard to imagine landing on the surface of Mars
without the ability to obtain visual images.

Meteorological Packages MTK and HABIT

The main meteorological package of the landing
platform, MTK (or METEO), consists of two parts: a
set of sensors for measurements mainly during the
descent of the landing module (MTK-L) and the
meteorological package proper with temperature,
pressure, wind, humidity, dust, illumination sensors
for measurements on the surface, many of which are
placed on a meteorological boom (METEO Boom).
Each part has its own control and data acquisition sys-
tem. In addition, to optimize the control of small
units, elements not directly related to meteorology, a
microphone for recording the sounds of Mars, and an
AMR magnetic field sensor were included in the
MTK. As a result, the MTK is a complicated package
of many sensors and subsystems, for a total of 12 blocks,
with international participation. IKI RAS was responsi-
ble for the integration and testing of the package.

The HABIT (HabitAbility: Brine Irradiation and
Temperature) instrument was part of the European
payload of the LP. Consisting of three blocks, it was
developed and manufactured by the Swedish company
Omnisys and the Luled University of Technology.
Although the main goal of the experiment was formu-
lated as an assessment of the current habitability of the
landing site (Martin-Torres et al., 2020), the basis of
the instrument is sensors, partially overlapping with
the MTK. The sensor and unit composition of the
MTK and HABIT is detailed in Table 3.

During the descent of the lander, at first acceler-
ometers operate to measure the deceleration of the
descent capsule (Lipatov et al., 2023a). The decelera-
tion is directly related to the atmospheric density, from
which a pressure and temperature can then be calcu-
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Table 3. Sensors and subsystems of MTK and HABIT instruments

11

Subsystem Principle of operation Designation Manufacturer Reference
MTK-L Three blocks Measurements during the | IKI RAS
descent and on the surface
BD Triaxial accelerometer Measurement of decelera- | IKI RAS Lipatov et al. (2023a)
tion and angular velocity of
the descent module. Restor-
ing atmospheric density
before the aerodynamic
shield jettisoned
BD Membrane-type sensor of Pressure measurement IKI RAS Lipatov et al. (2023b)
pressure (10~%=12 mbar) during the
descent and on the surface
Sensor of temperature, Temperature measurement | IKI RAS Lipatov et al. (2023b)
thermal resistance (£0.1°C, rel. accuracy of
0.01°C) during the descent
and on the surface
BDA Lidar Surface aerosol profile mea-| IKI RAS Lipatov et al. (2023c¢)
surement (0—5 km)
BDVA Control and data acquisition | IKI RAS
unit of MTK-L
METEO Deployment of meteorolog- | IKI RAS —
Boom of MTK ical sensors at a height of up
to 1 m above the LP. Surface
measurements
Three tempera- | Thermal resistances and ther- | Monitoring of atmospheric | IKI RAS Lipatov et al. (2023b)
ture sensors mocouples at three levels temperature (£0.2 °C, rel.
(125, 150, 175 cm from the accuracy of 0.01°C)
surface)
Wind sensor Ionization anemometer on Measuring the wind speed | IKI RAS Evlanov et al. (2015)
the METEO Boom and direction
Solar irradiance | Measuring the intensity of Assessment of UV radiation, | INTA (Spain) |Jimenez-Martin et al.

sensor SIS°2022

solar radiation in the range of
0.2—1 um (on the METEO
Boom)

ozone content, optical den-
sity of the atmosphere

(2023)

Humidity sensor

Humicap® sensor (on the

Humidity measurement

FMI (Finland)

METEO-H METEO Boom)
Pressure sensor Barocap® sensor (in the con- | Monitoring of pressure FMI (Finland) _
METEO-P trol block MTK BU)
Optical dust Light measurement during the | Measuring optical density of | IKI RAS Khorkin et al. (2023)
sensor ODS day at two wavelengths the atmosphere

(masked photodiodes)
Dust sensor IR nephelometer (2.3 um) Estimation of large dust par-| INTA (Spain) —
DS’20 ticles concentration near the

surface

Microphone* Recording sounds of Mars | IKI RAS —
Magnetometer Magnetoresistive sensor at a | Magnetic field measure- INTA (Spain) | Diaz Michelena et al.
AMR* distance of 2 m from the LP | ments, including during the (2023)

descent stage
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Table 3. (Contd.)
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Subsystem Principle of operation Designation Manufacturer Reference
BU MTK Control and data acquisition | IKI RAS
unit
HABIT EnvPack Environmental measure- Omnysys Martin-Torres et al.
ments (Sweden) (2020)
Atmospheric tem-| Pt 1000 sensors, 3 per boom | Measuring atmospheric Omnysys Goémez-Elvira et al.
perature sensors | (3.6 cm), 3 booms on each of | temperature (£0.2°C), esti- | (Sweden) (2012)
ATS 3 blocks mating the wind speed and
direction (£0.3 m/s)
Surface tempera- | Remote measurement. Measuring the brightness Omnysys Goémez-Elvira et al.
ture sensor Thermocouple (8—14 um) temperature of the surface | (Sweden) (2012)
GTS (£0.8 °C)
UV sensors Six photodiodes with filters | Estimation of UV radiation, | Omnysys
(250—350 nm) ozone content, atmospheric | (Sweden)
optical density in the UV
range
HABIT BOTTLE | Four containers with salts Registration of salts transi- | Omnysys Martin-Torres et al.
CaCl,, Fe,(S0y)3, tion into liquid state (Sweden) (2020)
Mg(Cl0Oy),, NaClO,4 and con-
trol—mineral dust

*Marks additional MTK blocks not related to meteorology.

lated in a hydrostatic approximation. In the lower
atmosphere, starting from an altitude of ~5 km and
below (after separation of the acrodynamic shield from
the lander), the temperature and pressure sensors
should operate.

The developments for small stations and penetra-
tors of the Mars-96 project (Harri et al., 1998) served
as the basis of MTK. The main sensors (of tempera-
ture, pressure, humidity) for the meteorological pack-
age were manufactured by the IKI RAS and the Finn-
ish Meteorological Institute (FMI). The paired tem-
perature sensors (one thermistor and a thermocouple)
are located on the METEO Boom at heights of 125,
150, and 175 cm from the surface of Mars. To reduce
the thermal signature of the boom, the sensors are
mounted on 5-cm brackets at different angles. The
sensor, measuring the temperature during the descent,
was located at a height of 85 cm from the surface after
landing (Lipatov et al., 2023b).

The most important pressure sensor is duplicated,
a membrane sensor made in-house by IKI RAS and a
Barocap® product from Vaisala are used. The Baro-
cap® sensor head is a micro-electromechanical sys-
tem (MEMS) device made of monocrystalline silicon
and is highly stable. Both types of sensors use a change
in capacitance between electrodes under the influence
of pressure. The sensors were placed in control units
(BD and BU of MTK) in different parts of LP. The
temperature effect is controlled by thermosensors;
corrections are introduced during the data processing.

An ionization anemometer developed and manu-
factured in IKI RAS was used as a wind speed and
direction sensor (Evlanov et al., 2001; Evlanov et al.,
2015 [in Russian]). In a rarefied atmosphere, this type
of anemometer should provide significantly greater
sensitivity compared to commonly used gauges based
on the principle of measuring the resistance of heated
foil or wire (see, e.g., Gémez-Elvira et al., 2012). An
optical dust sensor (ODS) was also developed for small
stations. As confirmed by numerous field observa-
tions, the course of illumination during the day, mea-
sured by photometers with a known field of view at two
wavelengths (red and blue channels), makes it possible
to accurately estimate the daily average optical depth
of the atmosphere and detect clouds (Toledo et al.,
2016). Initially developed and validated in France, this
sensor was manufactured for MTK by IKI RAS
(Khorkin et al., 2023).

Some of the Mars-96 small-station sensors were
also planned for installation on small MetNet landing
modules developed by Lavochkin Association and IKI
RAS, and commissioned by FMI (Harri et al., 2017).
Spanish colleagues (Univ. Complutense; INTA, Insti-
tuto Nacional de Técnica Aeroespacial) also took part
in this project with the SIS sensor, thus defining the
circle of main participants in the MTK experiment.
The SIS sensor was part of the DREAMS instrument
(Esposito et al., 2018) of the Schiaparelli ExoMars
2016 lander (Arruego et al., 2017; Toledo et al., 2017).
The MTK LP included two more Spanish modules,
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Fig. 3. Folded MTK boom as part of the platform. The base of boom and the deployment mechanism are on the right, the boom
top is on the left. Temperature sensors (two out of three are visible) and the wind sensor are shown. The photo also shows the
M-DLS air intake closed with a protective cover and the FAST scanner in the parking position (directed at the calibrated black-

body). Photo by IKI RAS.

an infrared nephelometer DS’20 (dust sensor) for
determining the local concentration of dust particles,
which was developed at Univ. Carlos I11 and manufac-
tured by INTA, and the AMR magnetometer (see
below).

A prototype of the lidar unit was a device developed
in the IKI RAS for the unsuccessful NASA Mars Polar
Lander project (Arumov et al., 1998). Pointed
upward, the lidar was supposed to reconstruct the
aerosol profile in the Martian atmosphere to an alti-
tude of ~5 km (Lipatov et al., 2023¢), complementing
aerosol measurements with passive optical sensors
ODS and SIS. Finally, the MTK included a micro-
phone for recording the sounds of Mars and the activ-
ity of the LP and rover, which was developed by
TsNIIMash and manufactured by IKI RAS.

The SIS block, the wind, temperature and humid-
ity sensors were placed on a meteorological boom—a
metal structure 1 m high, which is brought to a vertical
position after the rover egress (Fig. 3). SIS was located
at the top of the boom (at a height of ~2.2 m above the
surface); the wind and humidity sensors were placed
below the SIS. Temperature sensors were located at
three levels (27, 51 and 75 cm from the base of the
boom) on small brackets. The DS’20 block was placed
at the base of the METEO Boom. The ODS block was
installed on the opposite side of the LP deck.
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The main HABIT module, EnvPack, contains a set
of temperature sensors (three minibooms 3.6 cm long
on each of the three HABIT blocks; three sensors per
boom), a ground brightness temperature sensor, and
six photodiodes that measure UV radiation. The trans-
mission maxima of the UV filters corresponded to
265, 280, 295, 315 and 330 nm, covering the UV-A,
UV-B and UV-C ranges for which the sterilizing abil-
ity of UV radiation is standardized. The EnvPack’s
sensors are based on designs for the Curiosity and Per-
severance rovers (Gémez-Elvira et al., 2012) and its
environmental observations would be directly compa-
rable to their data. Thus, to estimate the wind speed
and direction, it was supposed to use the technique for
processing data from atmospheric temperature sen-
sors, which was developed by Soria-Salinas et al.
(2020) for Curiosity data.

The BOTTLE unit was intended to track the tran-
sition of salts into a liquid state under natural condi-
tions on the surface of Mars (temperature, pressure,
humidity) and at elevated temperatures, to assess
whether liquid brines could exist on the surface of
Mars. Four salts (calcium chloride, ferrous sulfate,
magnesium perchlorate and sodium perchlorate)
known on Mars, mixed with an absorbent, and a con-
trol cell with an analog of Martian dust were used.
Dissolution was recorded by means of measuring con-
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Table 4. Sensors and subsystems of PK dust suit

Subsystem

Principle of operation

Designation

Main parameters

BUS (IS-1)

Block of impact sensors

Includes PS, QS, OS

Impact sensors (PS)

Piezoelectric sensors (15 pcs)

Measuring the momentum of
dust particles

Sensitivity 10 N s

Flyby sensors (QS)

Charge-sensitive flyby sensors
(five grids)

Charge and velocity measure-
ments (for charged particles)

Sensitivity 1000 C

Dustiness sensor (OS)

Optical sensor measuring the

Estimation of dustiness on the

Measurements at three wave-

dust accumulation LP surface lengths:
525, 670, 885 nm
ECS Measuring the leakage in an Electrical conductivity of 101=108 Q
open capacitor atmosphere
MicroMED Laser nephelometer with Concentration, particle size Particles of 0.4—20 um
pumping distribution
PK boom Extendible boom Placement of IS-2 closer to 1S-2 sensors at a height of 10
surface and ECS away from LP|cm from the surface; EF-1, -2
at a height of 35 and 70 cm
from the surface
IS-2 Eight piezo sensors behind a | Measurement of momenta of | The same as PS, QS
common flyby grid particles and charge and veloc-
ity of charged particles
EF-1, -2 Two electrodes spaced apart in | Electric field measurement +1 KV, sensitivity of 60 mV
height 0—370 Hz
EMA Antenna Measuring noise during colli- |0.12—1.5 MHz

sions of charged dust particles

ductivity. The heaters made it possible to use the cells
repeatedly. BOTTLE was also positioned as an exper-
iment in obtaining liquid water: testing the possibility
of using local resources by manned expeditions.

Dust Suit PK

The dust suit is intended for the contact study of
dust particles properties and atmospheric electrical
phenomena associated with the transfer of dust
(Zakharov et al., 2022). The PK was developed and
manufactured by IKI RAS with the participation of
the LATMOS laboratory, CNRS (France). The pro-
totype of the main sensors of the instrument was the
PmL unit for studying lunar dust (Zakharov et al.,
2021). Italian partners (INAF-Osservatorio Astro-
nomico di Capodimonte, Naples) supplied the
MicroMED nephelometric unit, a simplified version
of a previously developed MEDUSA instrument sub-
system (Esposito et al., 2011). The dust suit consisted
of the IS-1 main block, two sensors and the PK boom.
The PK sensors are located above and below the LP
deck, and on the PK boom, closer to the surface. The
list of PK sensors is given in Table 4.

The IS-1 block houses piezoelectric (PS) and
charge-sensitive (QS) sensors, as well as an optical

dustiness sensor (OS). Piezoelectric sensors of the IS-1
block are arranged on five planes of a truncated pyra-
mid. Each plane contains three sensors of different
diameters: 4, 15 and 30 mm. The momentum of dust
particle is converted into an electrical signal. The sen-
sitivity of the sensors is ~10 N s, which is equivalent,
e.g., to the momentum of a 4-um particle at a speed of
~2m s~!. The QS sensors are grids placed above each
of five piezo-plate planes of IS-1. A charged particle
flying by produces a mirror-induced charge, which
can be measured. In addition, the delay between the
QS signals and the IS-1 piezoelectric sensors deter-
mines the velocity and, with a known momentum, the
mass of the particle. The IS-2 unit is similarly
arranged with two 15- and 30-mm sensors directed in
four directions and placed near the surface. At the top
of the IS-1 block there is a transparent 20-mm glass,
under which there are three LEDs of different colors
and photodetectors of the OS sensor. The degree of
glass dustiness is determined by the decrease in the
intensity of reflected light. The air electric conductiv-
ity sensor ECS is a cylindrical capacitor located on the
underside of the LP deck near the IS-1 block. The
resistance is measured by discharge time.

The PK boom is located near the rover exit ramps
placing the IS-2 sensor closer to the surface and the
SOLAR SYSTEM RESEARCH  Vol. 58
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EF-1, -2 sensors farther away from the LP at a height
of 35 and 70 cm from the surface. The electromagnetic
activity analyzer (EMA) detects electromagnetic dis-
charges accompanying the motion and collisions of
charged dust particles. The 0.9 m long EMA antenna
is located within the PK boom. The sensor records an
amplitude of the noise signal in the frequency range
from 0.12 to 1.5 MHz.

The Italian MicroMED unit is a laser nephelome-
ter, a particle counter in a closed volume with pump-
ing. The volume under study (~0.3 mm?) is illumi-
nated by a collimated laser beam (0.8 um) and the
light scattered by the particles is recorded by a detector
located at an angle of 90°. The intensity and number of
signals during a measurement time of 520 s make it
possible to determine the number density (~1—
100 cm~%) and particle size distribution (0.4—20 um).

Fourier Spectrometer FAST

The Fourier spectrometer for atmosphere and sur-
face temperature—(FAST)—instrument is designed to
study the atmosphere and to monitor the climate of
Mars by spectral analysis of solar radiation passing
through the planet’s atmosphere and the radiation
from the atmosphere proper. Also, by observing the
thermal radiation of the surface, it is possible to mea-
sure its temperature and estimate the mineralogical
composition of rocks in the observable vicinity of the
LP. The instrument was developed and manufactured
at IKI RAS, partly based on technical solutions of the
TIRVIM Fourier spectrometer, one of the channels of
the ACS spectroscopic complex on the ExoMars-2016
orbiter (Korablev et al., 2018; Shakun et al., 2018).
Unfortunately, there is no generalizing publication on
the FAST instrument yet; some information can be
found in (Shakun et al., 2017, 2019a, 2019b).

FAST is a monoblock mounted on top on the edge
of the LP deck so that its optical input, equipped with
a two-axis scanner (Fig. 3), can be oriented to any
point in the sky or to the surface. The spectral range of
measurements, sensed by an uncooled pyroelectric
detector, is 1.7—17 um. The short-wavelength part of
the range (1.7—10 wm) was used in the mode of
observing the direct solar radiation, above all, to
detect small components of the atmosphere, e.g.,
methane. The interferometer was assembled according
to a scheme with a linear movement of one of the mir-
rors using a ball-and-screw pair. To detect small com-
ponents of the atmosphere, the maximum spectral
resolution of 0.05 cm™! (without apodization) was
chosen, which required an optical path difference of
the interferometer of 12.6 cm (when producing a sin-
gle-sided interferogram); the time of one measure-
ment was 20 min. To carry out these measurements, it
was necessary to ensure the simultaneous operation of
two optical-mechanical precision systems. One main-
tained tracking of the solar disk during a long-term
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observation (Shakun et al., 2019a), another supported
the smooth movement of the carriage with the inter-
ferometer mirror (Shakun et al., 2019b). In laboratory
observations of the Sun at maximum spectral resolu-
tion, a relatively low signal-to-noise ratio of ~30, was
obtained, however, sufficient for measuring the known
small components of the atmosphere (H,O, CO, O;)
or large methane emissions. Methane detection at a
content of 1 ppbv requires a signal-to-noise ratio of
>500. A cause for the increased noise was, apparently,
distortions of the interferogram associated with
mechanical disturbances in the operation of the solar
tracking system.

For observations of the noise radiation from atmo-
sphere, the spectral resolution was 2 cm™!, the obser-
vations were shorter, and no tracking system was used.
In this mode, the instrument noise was slightly higher
than that of the Mini-TES/Mars Exploration Rovers
at a spectral resolution of 10 cm~'. From atmospheric
spectra of FAST, it is possible to reconstruct the tem-
perature profile of the surface layers of the atmo-
sphere, by resolving heights from tens of meters to 0.5
km, as well as to measure the optical density of dusty
and ice aerosols.

Gas Analysis Package MGAK

The Martian gas analytical package MGAK is
designed to study the composition of atmospheric
samples using the method of gas chromatography and
the following mass spectrometry. The instrument was
developed and manufactured at the IKI RAS based on
elements of the package (for soil analysis of the pyrol-
ysis method) of the Scientific Equipment Complex for
the Phobos-Grunt spacecraft. In parallel with
ExoMars, the development of a similar package for the
Luna-27 project was underway. Unfortunately, there
are practically no publications describing any version
of the instrument. A conference abstract (Gerasimov
et al., 2014) presents the MGAK concept at the pro-
posal stage, when the analysis of both soil and atmo-
spheric samples was planned. The units intended for
soil sample preparation and pyrolysis were excluded.
Also, the Swiss partners were unable to deliver the
time-of-flight mass spectrometer originally planned
for Luna 27 (Hofer et al., 2015). The MGAK of ver-
sion 2022 consists of two units: a gas chromatograph
(GKhM) with two chromatographic columns and a
mass spectrometer based on the ion trap principle.
The M-DLS laser spectrometer (see below) was sepa-
rated into an independent instrument, but M-DLS
and MGAK have a common system for preparing an
atmospheric sample.

Air enters the MGAK through the M-DLS sample
preparation system, which includes coarse and fine
filters and a number of valves. The suction pump is
located in the MGAK package, to which M-DLS is
connected by a capillary, i.e., MGAK takes an atmo-
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spheric sample through M-DLS. GKhM separates the
gas mixture into molecular components, the yield of
which is recorded by thermal conductivity detectors.
MGAK is a complex system that includes, in addition
to the main measuring systems, many auxiliary sys-
tems: pumps, a reservoir for gas-carrier (He,), heated
capillaries, microvalve blocks, etc. Two capillary col-
umns with molecular sieves 5SA and PoraPlot Q, sepa-
rating the permanent and noble gases, were used.
Before the analysis, gases can pass through enrich-
ment traps, which increase the concentration of trace
gas components due to their accumulation on adsor-
bents and the subsequent extraction for analysis. Each
column had its own injection trap. After each mea-
surement, the entire system was heated up. The dura-
tion of a typical MGAK measurement cycle was about
1 h.

The mass spectrometer for neutral gases was man-
ufactured at IKI RAS based on a similar device as part
of the Ptolemy/Rosetta instrument (Todd et al.,
2007). This type of mass spectrometer is compact and
allows operation in a low vacuum. It operates in the
mass/charge range of 12—50 (from water to xenon)
and measures isotope ratios. The mass spectrometer
was evacuated with a dedicated pump to <10~ Torr.

Laser Spectrometer M-DLS

The M-DLS multichannel diode laser spectrome-
ter is designed to study the composition of atmo-
spheric samples using the spectroscopy of ultrahigh
resolution. The instrument was developed and manu-
factured at IKI RAS in close collaboration with MIPT
(Rodin et al., 2020). The prototype of the instrument
is a similar device that was part of the gas analytical
unit of the Scientific Equipment Complex on the Pho-
bos-Grunt spacecraft (Durry et al., 2010).

M-DLS is a monoblock with a head for taking
atmospheric samples (Fig. 3), which is connected by a
capillary to the gas chromatograph GKhM unit of
MGAK package. The device analyzes an atmospheric
sample in a multipass optical cell, recording the
absorption in individual spectral lines of atmospheric
gases in the near-IR range. The lines are detected by
tuning the wavelength of a semiconductor laser diode.
The range of this tuning (by modulating the laser
pump current) is usually no more than 1 cm™!, and, as
arule, each gas requires its own laser. The spectral res-
olution is ~0.002 cm™!. The instrument implements
the principle of integrated resonator spectroscopy.
The main element—the integrated cavity optical spec-
troscopy (ICOS) cell—is a pair of spherical mirrors
separated by a distance (22 cm), slightly less than their
focus. Off-axis beam injection into the cell produces
many transverse modes, filling densely the resonator,
and provides (depending on the reflection coefficients
of the mirrors) the effective optical path from the laser
to the detector up to 110 m. Two lasers (2.656 and

2.808 wm) were used to record the absorption lines of
CO,, H,0 and their isotopologues. The range includes
seven lines of the main isotopologue of CO, and one of
each of '°Q2C"0, 1°02C"70, BC'°Q,, as well as three
lines of the main isotopologue of H,O and a single line
of each of HD'®O, H,"0.

Before measurement, the cell was evacuated; to
increase sensitivity the pressure can be increased from
an atmospheric value (5—10 mbar) to ~30 mbar. One
measurement took 6 min; with accumulation, the
measurement duration reached 90 min. In laboratory
tests, the accuracy of measuring the isotope ratios was
demonstrated to be close to the accuracy of spectro-
scopic line parameters in the HITRAN database.

Radiometer RAT-M

The microwave radiometer RAT-M (RAdioTher-
mometer for Mars or PIAnk Thermometer for Mars) is
designed to measure surface brightness temperature in
three ranges (6, 8 and 15 GHz). The device was devel-
oped and manufactured at IKI RAS under the direc-
tion of D.P. Skulachev; there are no publications on
the device.

RAT-M is a monoblock with two horn antennas,
one of which is aimed at the surface, and the other at
the zenith. The antenna radiation pattern is wide:
~45°. The emission from the surface in the ~1 GHz
band is compared with the signal from the atmo-
sphere, which is almost transparent in the microwave
range with a low dust content. The expected thickness
of the skin layer of the Martian regolith for wave-
lengths from 1.7 to 3 cm will be from 5 to 50 cm, mak-
ing it possible to estimate the ground temperature pro-
file down to a depth of I m and record its daily and sea-
sonal changes. The sensitivity of the device is ~0.25 K.

RAT-M also provides an opportunity to estimate
an optical depth of the atmosphere under conditions
of global or regional dust storms. The reference signal
in this case becomes the main one. The attenuation of
microwave radiation by dust particles in the atmo-
sphere is determined by Rayleigh scattering, and the
brightness temperature of the sky during a dust storm
(5—50 K) is a measurable quantity, even accounting
for ground temperature uncertainties. Thus, RAT-M
could estimate the dust content in the atmosphere
when the optical depth becomes too large to be mea-
sured in the visible (MTK sensors) or IR (FAST)
ranges.

Active Neutron and Gamma Spectrometer
with Dosimetry Unit ADRON-EM

ADRON-EM combines five functional units: a
pulse neutron generator (PNG), detectors of neutrons
(DN), a gamma-radiation detector (GD), a dosimeter
module (DM) and a module of electronics (ME). The
DN, GD and ME modules are combined into a com-
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mon block of detectors and electronics; the PNG and
dosimeter are separate blocks. ADRON-EM was
developed and manufactured at IKI RAS based on
previously developed DAN/Curiosity (Mitrofanov
et al., 2012) and MGNS/Bepi Colombo (Mitrofanov
et al., 2021), and in parallel with the development of
ADRON-RM for the Rosalind Franklin rover (Mitro-
fanov et al., 2017) and ADRON-LR (Golovin et al.,
2021) instruments. The PNG unit, a generator of neu-
tron pulses for irradiating surface matter, was devel-
oped and manufactured at the N.L. Dukhov VNIIA.
Such a device was first used in space within the
DAN/Curiosity instrument.

The surface hydration was assessed by measuring a
flux of neutrons produced at a depth of -2 m as a
result of interaction of the high-energy charged parti-
cles from galactic cosmic rays (GCRs) or the neutrons
activated by a neutron-pulse generator PNG. The
nuclei of light elements, especially hydrogen, effec-
tively slow down the fast neutrons due to their similar
masses.

Detectors of neutrons (DN module of two propor-
tional *He counters) record neutrons with energies
from 0.05 eV to 1 keV. One of the counters is sur-
rounded by a cadmium shield which is opaque to ther-
mal neutrons (0.4 eV). Thus, the difference in the
detector count rate corresponds to the contribution of
thermal neutrons.

The PNG unit generates neutron pulses with an
energy of 14.4 MeV when accelerated deuterium ions
collide with a tritium target. The pulse duration is
~2 us, the repetition rate is up to 10 Hz. Pulses with a
duration of ~2 ps penetrate into the soil of Mars to a
depth of about 1 m. Inelastic scattering reactions occur
within tens of microseconds after the neutron pulse,
and the recording of the delay of secondary neutron
emission makes it possible to reconstruct the soil
hydration profile to a depth of ~0.5 m in 0.1 m incre-
ments.

The gamma spectrometer (GD unit) registers
gamma rays in the range from 200 keV to 7 MeV. A
scintillation detector based on CeBr; with a spectral
resolution better than 4.5% at 662 keV was used. Neu-
trons interact with the nuclei of matter in reactions of
inelastic scattering and capture, which are accompa-
nied by the emission of gamma rays. In addition, irra-
diation produces short-lived isotopes, whose decay is
also accompanied by gamma radiation. Measuring the
gamma spectrum provides information about the con-
tent of the main rock-forming elements (O, Si, Al, Fe,
Mg, Na, Ca) and radiogenic elements (K, U, Th) in
minerals in the immediate (<3 m) vicinity of the land-
ing site. In parallel, the density of the soil is measured.

The ADRON-DM (Lulin-ML) module is
designed for monitoring the radiation situation (deter-
mination of the radiation dose from charged particles).
The module was developed and built at the Institute of
Space Research and Technology of the Bulgarian
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Academy of Sciences, Sofia, based on the Lulin line of
instruments (see, e.g., Semkova et al., 1994; Mitro-
fanov et al., 2018). The device contains two perpendic-
ular dosimetric telescopes, each of which consists of
two silicon PIN photodiodes with a thickness of
0.3 mm and an area of 2 cm?, spaced at a distance of
21 mm. The device measured the absorbed dose rate in
the range of 107°—1 Gy/h and the energy transfer
spectrum from 60 keV to 180 MeV. The spectra accu-
mulation time was 1 h.

MAIGRET and AMR Magnetometers

The MAIGRET equipment (Martian ground elec-
tromagnetic tool) consists of three blocks, the LEMI
SEM boom and the UF-M sensor and an electronics
unit. Functionally, it includes the search-coil and
fluxgate magnetometers, an electric field antenna and
a spectrum analyzer. The device was developed in IKI
RAS under the leadership of A.V. Skalsky with a key
contribution from the Institute of Atmospheric Phys-
ics (Czech Republic), which supplied a search-coil
magnetometer and a wave analyzer module (WAM)
that is part of the MAIGRET electronics unit (Kol-
masova et al., 2017). Unfortunately, there are no other
publications on the device. The predecessor of MAI-
GRET was a complex for plasma-wave measurements
(FPMS) on the Phobos-Grunt spacecraft. Figure 4
shows the LEMI SEM block at the LP.

MAIGRET measures quasi-constant (30 000 nT,
frequencies up to 32 Hz) magnetic and alternating
(0.1—40 kHz) electromagnetic fields. It is designed to
record crustal magnetization and its variations, elec-
tromagnetic radiation coming from space, and atmo-
spheric electrical discharges occurring during dust
events.

The anisotropic magnetoresistance (AMR) mag-
netometer (Diaz Michelena et al., 2023) is a two-vec-
tor magnetoresistive sensor with a deployment device
that ejects it 2 m from the LP. The device was devel-
oped and built at INTA (Instituto Nacional de Técnica
Aeroespacial) in Spain. The measurement range is
1150 uT with a resolution of 1 nT and noise of ~0.5 nT
Hz*. The device was part of the MTK package and
was controlled by the MTK-L unit, which supported
the AMR operation both during a descent (from an
altitude of ~125 km) and on the surface. This would
test the accuracy of models that extrapolate measure-
ments of the magnetic field of Mars from the orbit to
the surface. Also, due to deployment away from the
non-magnetically pure platform, AMR would make it
possible to refine MAIGRET’s quasi-permanent
magnetic field measurements.

Seismometer SEM

The seismometer for ExoMars (SEM) is designed
to measure microvibrations of the Martian surface, its
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Fig. 4. LEMI SEM block. Photo by IKI RAS.

quasi-static motions and variations in the gravitational
field (Manukin et al., 2021). This is a new develop-
ment of IKI RAS with the participation of the
Schmidt Institute of the Physics of the Earth of Rus-
sian Academy of Sciences. The GRAS-F microgravi-
meter of the Phobos-Grunt project can be considered
a distant prototype of the device (Manukin et al.,
2010). The instrument is a monoblock, the main vol-
ume of which is determined by the deployment sys-
tem. It should ensure a contact of the sensors with the
surface and their isolation from vibrations of the LP
and wind.

The sensor part consists of three identical uniaxial
accelerometers installed at an angle of 90° symmetri-
cally relative to the gravitational vertical. In each chan-
nel, a cylindrical test mass (50 g) was suspended on six
elastic beryllium-bronze elements, so that it could
move only along one coordinate. The linear movement
was recorded from changes in capacitance. The SEM
measures slow slopes over a range of =3 % 103 deg with
a sensitivity of 3 x 10~ for periods from 100 s to
months and gravitational acceleration variations up to
1.7 x 1072 m s—2 with a sensitivity of ~10~° m s~ 2. Sur-
face vibrations along three axes are measured in the
frequency range 0.1—10 Hz with an amplitude sensi-
tivity of ~4 x 10~ m per 1 Hz.

The deployment system was to install the SEM
under the LP body. The protective casing with the
device was lowered to the surface using a pantograph

(Fig. 5), and then the device freely fell from a height of
5—10 mm. To verticalize, an orientation system sus-
pended the sensor unit on a gimbal along the local
gravitational vertical using an electromagnet; then,
after removing the voltage from the electromagnet, the
system lowered it onto the support. If necessary, this
operation could be repeated many times. To ensure the
device operation in continuous monitoring mode, the
device was qualified in the temperature range from —
130°C to +60°C.

Coherent LaRa Transponder

The Lander Radioscience (LaRa) device is
designed for high-precision determination of parame-
ters of the proper motion and rotation of Mars. The
Doppler shift of the radio signal between the LP on the
surface of Mars and the ground stations is used
(Dehant et al., 2020). The device was developed in
Belgium under the direction of the Royal Observatory
of Belgium and manufactured by the Belgian company
OHB Antwerp Space. The device consists of a tran-
sponder and three disk antennas: two transmitting and
one receiving. The experiment to measure the relative
position of Mars and Earth includes a ground seg-
ment, for which the NASA DSN and ESA ESTRACK
antennas were planned to be used. The use of the Rus-
sian station in Kalyazin was also considered.
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Fig. 5. Lower part of LP. The pantograph of the SEM deployment system can be seen. Photo by IKI RAS.

LaRa is an X-band transceiver that preserves the
phase of the received signal. A highly stable signal with
a frequency of 7.2 GHz was sent from Earth, and a fre-
quency of 8.4 GHz was transmitted back. Transmitter
output power is 5 W with a consumption of 42 W.

Interface and Memory Block, BIP

BIP is designed to control the SIC instruments, as
well as to receive, store and transmit scientific infor-
mation from the instruments. On the one side, the
instruments are connected to BIP; on the other side,
an onboard computer (OBC) of the LP is connected.
BIP is connected to the OBC via the MIL 1553 inter-
face. BIP is responsible for issuing digital commands
to devices in accordance with the cyclogram, for
acquiring data of all devices, handling emergency sit-
uations during the SIC operation, storing data in non-
volatile memory and transmitting data to the LP radio
channel (via OBC). Power supply to the devices was
supplied directly from the LP. BIP was created at the
IKI RAS on the basis of numerous developments for
other projects. A brief description and diagram of a
similar electronics unit of the ACS/ExoMars-2016
instrument can be found in (Korablev et al., 2018).

SCIENCE OPERATIONS PLAN

The main factor limiting the SIC operation on the
surface was the amount of data available for transmis-
SOLAR SYSTEM RESEARCH  Vol. 58
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sion to Earth. It should be implemented through
orbiters around Mars (nominally, through the TGO
spacecraft). The same communication channel is used
by the rover. For the LP, an average available volume
of 150 Mbit per sol (Martian day) was agreed under
condition of equal channel sharing between the LP
and the rover. In reality, some flexibility was allowed
for dividing this volume to maximize the scientific
return on the project. In addition, BIP could store a
significant amount of information allowing data accu-
mulation and their transmission to Earth when the
opportunity arises.

The power consumption of all SIC devices at the
entry descent and landing (EDL) stage should not
exceed 30 W. During the work on the surface, power
consumption should not exceed 120 W during the day
and 25 W at night. The length of the day is assumed to
be 10 local hours.

The main stages of the project are divided into the
phase of flight to Mars (Cruise), descent into the
atmosphere and landing (EDL phase), the phase after
landing and before the rover’s departure, and the
phase of routine operations on the surface.

At the Cruise stage, it was planned to carry out the test
switching-on of instruments, with the exception of the
antennas of the LaRa device, and the operation of the
ADRON-EM device in passive mode, including the
dosimetric module for the maximum possible time.
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EDL Phase (Entry, Descent and Landing)

The landing module enters the atmosphere at a
velocity of ~5.5 km/s. From an altitude of ~120 km, it
starts decelerating due to the atmospheric drag for
~3 min. At an altitude of 8—10 km, the first (super-
sonic) parachute with a diameter of 16 m (velocity of
2 M, 470 m/s) opens. After 20 s, at an altitude of 4—
6 km, the second (subsonic) parachute with a diame-
ter of 35 m opens (velocity of 0.6 M, ~150 m/s). After
10 s, at an altitude of 3—5 km (velocity of 64 m/s), the
aerodynamic shield is jettisoned, the legs of the LP are
extended, and the spin is compensated for. From an
altitude of 2 km, the radio altimeter begins to track the
altitude and velocity vector. According to these data,
at an altitude of ~1 km above the surface (velocity of
36 m/s), the rear shroud and parachute separate and
the LP goes into a free fall for about 1 s. This is done
to increase vertical separation from the rear shroud
and parachute. The lander then performs a lateral col-
lision avoidance maneuver (10 s) and proceeds to
intensive braking for 7 s—the last 500 m—until touch-
down at a speed of <2 m/s.

KORABLEYV et al.

During the EDL, a part of the meteorological
package (MTK-L, including the AMR magnetome-
ter) and the TSPP-EM cameras were supposed to
operate. Both instruments had their own control elec-
tronics with nonvolatile memory, which ensured their
autonomous operation without the BIP involvement.
The switching of the BIP was not provided in order to
completely eliminate its influence on the OBC during
the critical descent phase.

MTK-L is turned on within 3 min after the separa-
tion of the lander from the cruise module and operates
autonomously until landing. Power consumption is
~2 W. Before the aerodynamic shield separates, the
accelerometer and AMR (until landing) are interro-
gated, then the pressure and temperature sensors are
queried (until landing). After the parachute system
separates, the lidar is turned on (until landing).

TSPP-EM is activated 200 s before landing, and
since that moment with all four cameras it shoots
video in 512x%512 format, 10 frames per second. The
11-Gbit video can be reduced by selecting the frame
rate and transmitted to Earth when it is possible to
transmit a significant amount of data without affecting
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Fig. 6. Examples of SIC operation scenarios on the surface. (a) Monitoring sol 1: at night, MTK, HABIT, PK, and SEM work,
BIP is turned off; in the daytime, all monitoring devices operate, data volume is ~6.3 MB, maximum power consumption is 25
W (night), 49 W (day). (b) Operating scenario for MGAK and M-DLS devices: any monitoring sol and daytime operation of
MGAK and M-DLS devices. Monitoring sol 3 is given as an example: data volume ~13.0 MB, maximum power consumption is

21 W (night), 84 W (day).
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other scientific instruments. After landing, BIP is
turned on and, at its command, a panorama of maxi-
mum definition is shot. A full panorama takes
90 Mbit.

After landing and before the rover moves away, also
with the help of TSPP-EM cameras and by commands
from BIP, the rover’s egress and moving is supported.
A priority during this time was given to operations
related to the rover. To extend the range of weather
observations, provision was made for switching on
MTK-L (pressure and temperature sensors) in the
offline mode.

Phase of Surface Operations

After the rover leaves, the landing platform begins
its nominal scientific activities. The necessary prepa-
ratory procedures are carried out: unfolding the MTK
and PK booms, installing the SEM sensor on the sur-
face, deploying the M-DLS sampling system, the
AMR magnetometer, calibrating the SIC instruments.

The SIC devices can be divided into two groups:
the devices requiring a permanent operation in the
monitoring mode (MTK, MAIGRET, RAT-M,
HABIT, PK, SEM, ADRON-EM in the passive mode
with a dosimeter), and those not requiring permanent
operation (FAST, MGAK, M-DLS, TSPP-EM,
LaRa, ADRON-EM in the active mode). At night,
the operation of monitoring devices is limited to a total
power consumption of <25 W. The priority was given to
devices that can operate without BIP, accumulating data
for transmission to BIP during the day. All monitoring
devices except ADRON-EM had this capability.

For planning purposes, a number of standard
sequences per sol were developed. They can be divided
into three main categories: monitoring sols (the main
difference is the night operation); monitoring sols and
daytime operation of other devices, and energy-saving
scenarios, e.g., in case of emergency situations or
when the LP batteries need to be recharged. To obtain
the desired cyclogram, various scenarios could be
combined. In addition, it was planned to develop sce-
narios on requests that would be executed once during
the entire period of work on the surface. Examples of
scenarios are shown in Fig. 6.

CONCLUSIONS

In the ExoMars project, remote sensing of Mars
from an orbiter around Mars—the Trace Gas Orbiter
(ExoMars-2016)—was supposed to be complemented
by the complex of scientific instrumentation of the
landing platform and the ExoMars-2022 rover on the
surface. A wide range of studies was planned, includ-
ing the monitoring of climate, exploration of atmo-
spheric composition, mechanisms of dust lifting,
interactions between the atmosphere and the surface,
subsurface water abundance, monitoring of radiation
and the studies of internal structure.
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Many objectives were of a high priority, relevant
experiments were planned for the first time or would
compete with single analogs. These include studies of
the mechanisms of dust lifting and the occurrence of
dust storms, two-point seismometry with [nSight,
measurements of the magnetic field profile during a
descent, comprehensive studies of atmosphere—sur-
face interaction, etc. Simultaneous measurements
with InSight could not take place: the project was post-
poned twice for objective reasons (development delay
in 2018 and pandemic in 2020). Also, two instruments,
initially aiming at top-priority measurements of bio-
genic gases (methane) from the surface, lost their cor-
responding functionality during the development pro-
cess for various reasons. The capabilities of the
remaining experiments were fully confirmed during
the testing and calibration of flight units of SIC instru-
ments.

After the termination of work on the project, a fully
completed and tested space complex remained. We
hope to continue research and pursue some of the
planned experiments, probably in cooperation with
new partners.
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