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Abstract The MASCOT radiometer MARA is a multi-spectral instrument which
measures net radiative flux in six wavelength bands. MARA uses thermopile sensors as
sensing elements, and the net flux between the instrument and the surface in the 18°
field of view is determined by evaluating the thermoelectric potential between the sen-
sors’ absorbing surface and the thermopile’s cold-junction. MARA houses 4 bandpass
channels in the spectral range of 5.5-7, 8-9.5, 9.5-11.5, and 13.5-15.5 pm, as well as one
long-pass channel, which is sensitive in the > 3 pm range. In addition, one channel is
similar to that used by the Hayabusa 2 orbiter thermal mapper, which uses a wave-
length range of 8-12 pm. The primary science objective of the MARA instrument it
the determination of the target asteroid’s surface brightness temperature, from which
surface thermal inertia can be derived. In addition, the spectral bandpass channels will
be used to estimate the spectral slope of the surface in the thermal infrared wavelength
range. The instrument has been calibrated using a cavity blackbody, and the temper-
ature uncertainty is 1 K in the long pass channel for target temperatures of > 173 K.
Measurement uncertainty in the spectral bandpasses is 1 K for target temperatures
above 273 K.

Keywords Hayabusa 2 - MASCOT - Radiometer - Temperature Measurement -
Thermal Inertia

1 Introduction

Surface processes on airless solar system bodies are driven by their surface energy
balance, which itself is a function of insolation and the thermophysical properties
of the surface and shallow subsurface. In addition to being an important parame-
ter for engineering purposes and the thermal design of spacecraft and landers, a small
body’s surface temperature can influence its spin state as well as its orbit through the
Yarkovksy (Rubincam 1995; Chesley et al. 2003; Bottke et al. 2006) and YORB (Pad-
dack 1969; Bottke et al. 2006) effects. The received and emitted radiative fluxes are
thus fundamental quantities, which are intimately linked to the surface albedo, emis-
sivity, as well as the surface thermal inertia. While insolation is driven by the reception
of solar radiation in the visible wavelength band, re-radiation primarily occurs in the
thermal infrared, and knowledge of the relevant fluxes enables studies of the surface
thermophysical properties. On this account, radiometers to measure surface brightness
temperatures have been payloads on many landed missions including the Mars Science
Laboratory (MSL) (Gémez-Elvira et al. 2012) and the Rosetta Philae lander (Spohn
et al. 2007, 2015; Biele and Ulamec 2008).

The Mobile Asteroid Surface Scout (MASCOT) (Lange et al. 2012) is part of the
Hayabusa 2 mission which will investigate the C-type near earth asteroid (NEA) 1999
JU3 in 2018 and return samples to Earth in 2020. MASCOT will be deployed from
the main spacecraft following an initial phase of remote asteroid characterization in
2018, and will then operate for approximately 16 h on primary batteries, covering
two day-night cycles of asteroid observation. The lander is equipped with a hopping
mechanism, and will in-situ investigate 1999 JU3 at multiple surface sites using its
four science instruments, which comprise a near infrared spectrometer (Bibring et al.
2015), a camera (Jaumann et al. 2015), a magnetometer (Herzig et al. 2015), as well
as the MAscot RAdiometer (MARA). With resolutions of mm to cm, MASCOT mea-
surements will thereby bridge the gap in length scales between global characterization



from the Hayabusa home position in the sub-solar point, which will achieve a resolution
in the 10-100 m range, to the detailed analysis of returned samples on the pum scale.
Furthermore, data obtained by the MASCOT instruments will act as ground truth for
orbiter measurements and characterize the undisturbed surface before samples have
been collected.

In this paper, we will describe the science objectives, design, and calibration of
the MARA instrument. MARA design heavily relies on heritage from the Thermal
Mapper of the Multi Purpose Sensor (MUPUS-TM, Spohn et al. (2007)) on-board the
Rosetta Lander Philae, as well as heritage from the MErcury Radiometer and Thermal
Infrared Spectrometer (MERTIS, Arnold et al. (2008); Hiesinger et al. (2010)) for the
Bepi-Colombo orbiter. The MARA sensor design is similar to that of the MUPUS-
TM, and similar sensors have since been used on the Mars Science Laboratory Ground
Temperature Sensor as part of the Rover’s Environmental Monitoring Station (GTS-
REMS, Goémez-Elvira et al. (2012)). Furthermore, MARA’s low noise electronics is
direct heritage from MERTIS, thus enabling the development, testing, and successful
delivery of the instrument within just over two years.

2 Instrument Design
2.1 Science Objectives

The target asteroid 1999 JU3 is classified as a Cg - type (Bus and Binzel 2002) based
on its 0.36-0.92 pm spectrum acquired in 1999 at the Palomar Mountain Observatory
(Binzel et al. 2001). The Cg subclass is characterized by stronger UV absorption short
of 0.55 pm and a relatively flat spectrum between 0.55-0.85 pm (Bus and Binzel 2002).
Additional spectra of 1999 JU3 were acquired at the Multi Mirror Telescope (MMT)
in 2007 (Vilas 2008), and the median of these spectra is also flat between 0.55-0.85
pm. However one spectrum shows an absorption feature at 0.7 pm, which is typical
of the Ch and Cgh subclasses. This could indicate the presence of hydrous alteration
(thus the h in Ch) for C-type main belt asteroids (Bus and Binzel 2002). The 0.7 pm
absorption feature matches a feature of antigorite, an iron rich phyllosilicate that forms
by hydrous alteration of olivine, and it has been proposed that the apparent variation of
the spectrum in time indicates a versatile surface composition (Vilas 2008). However,
more recent observations have not confirmed the 0.7 pm absorption feature (Lazzaro
et al. 2013), and rather indicate that 1999 JU3 has featureless spectra with very little
variation, an observation supported by the results of Abe et al. (2008).

1999 JU3 has a low visual geometric albedo, compatible with a C-type taxonomic-
type classification. Values between py = 0.070+0.006 (Miiller et al. 2011) and 0.037 +
0.002 (Abe et al. 2008) have been reported, with most recent estimates being py =
0.047 £ 0.003 (Ishiguro et al. 2014). The bond albedo was reported to be Ap =
0.014 £ 0.002 (Ishiguro et al. 2014), commensurate with the values for common C-
type asteroids. The effective diameter of 1999 JU3 is 0.92 £+0.12 km (Miiller et al.
2011), and the minimum and maximum radii are reported to be 374 and 495 m, re-
spectively. This estimate is close to previously published values, which are diameters of
980 £ 29 m (Abe et al. 2008) and 900 + 140 m (Campins et al. 2009). The spin period
of the asteroid is 7.63+0.01 h (Miiller et al. 2011).

The surface thermal inertia I" of 1999 JU3 has been derived using a thermal model
and mid-infrared telescopic observations, and reported values range from 200 to 600 J



m~2 K1 s71/2 (Hasegawa et al. 2008; Miiller et al. 2011). However, values towards
the high end of this range are more likely, and a lower bound of 500 J m- 2Kl 1/?
has been reported (Hasegawa et al. 2008) with a rigorous lower limit of 150 J m ™2
K~ 1s1/2 (Campins et al. 2009). Thus, thermal inertia is about a factor of two lower
than that of 25143 Itokawa (Miiller et al. 2011), indicating that surface texture lies
somewhere between a thick-dust regolith and a gravel-dominated surface, where thick
means large with respect to the diurnal thermal skin depth of ~10 cm. This is in line
with the observation that thermal inertia of NEAs can be approximated empirically
by a fitting function of the form I' = dODC7 where D is the diameter of the object and
do as well as ¢ are fitting parameters. Using this formula, Delbo et al. (2007) derive
thermal inertias close to 300 J m~2 K~ s™'/2 for a km size NEA such as 1999 JU3.
As a comparison, a thermal inertia of 500 J m 2 K1 s1/2 s considerably larger than
that reported for dust (~30 J m~2 K~' s7/2 e.g., Putzig et al. (2005)) or the lunar
regolith (~50 J m 2K ! 571/2, e.g., Spencer et al. (1989)), but close to that reported
for coarse sand (~400 J m 2 K! 571/27 e.g., Mellon et al. (2000)). It is, however,
considerably smaller than that of bare rock (> 2500 J m 2 K} s_1/2, e.g., Jakosky
(1986)) and metal rich asteroidal fragments (~12000 J m~2 K1 s~1/2 e.g., Farinella
et al. (1998)).

Information on the surface texture of C type asteroids is sparse, and 253 Mathilde
is the only C-type that has been visited by spacecraft to date. Except for the lower
geometric albedo (0.047 £ 0.005), the photometric properties of Mathilde are closely
similar to those of the Martian moon Phobos, and the surface is extremely homogeneous
in terms of both color or albedo. In particular, no color or albedo variations associated
with craters have been identified (Veverka et al. 1999). However, due to the limited
image resolution even at closest approach of approximately 1200 km, little is known
about the detailed surface structure of C-type asteroids, and thermal inertia currently
is the only means to learn about rock distribution and estimated regolith thickness.

The present day estimates of the thermal inertia of 1999 JU3 are compatible with
a surface covered predominantly by boulders and bare rocks, while areas with dusty
regolith should be less common. Mid-infrared observations indicate that a thick regolith
layer can be excluded (Hasegawa et al. 2008), and a rather thin (mm scale) regolith layer
is predicted (Hasegawa et al. 2008). As compared to the Hayabusa 1 target asteroid
Itokawa, the surface of 1999 JU3 is expected to have fewer rocks and boulders, and
the surface likely includes millimeter sized particles, as opposed to the cm-sized gravel
on Itokawa, which has a regolith thickness of 42 + 1 ¢cm (Barnouin-Jha et al. 2008).
Thermal history calculations for likely orbits of 1999 JU3 indicate that the asteroid’s
surface has experienced only moderate temperatures of at most 500 K, and that pristine
material which has not been heated above 450 K should be present at depths of only
3 ¢cm (Michel and Delbo 2010). Thus, it is very likely that the samples to be collected
by Hayabusa 2 will have components that will be thermally unaltered as long as some
of it comes from depths of at least 3 to 5 cm (Michel and Delbo 2010).

The primary scientific goal of the MARA instrument is the determination of the
surface thermal inertia by means of determining the surface brightness temperature
at the landing sites for a full asteroid rotation. Measurements during night-time are
particularly suited to determine thermal inertia, as night-time temperature drift is
largely independent of surface emissivity and albedo, which dominate the daytime
surface energy balance. In addition, while thermal inertia determined over large spatial
scales gives a non-linear average of the surface thermo-physical properties, with hotter
surfaces being overrepresented, the small field of view of the MARA instrument will



enable a local estimate of the thermo-physical properties of the regolith. A secondary
goal of the MARA instrument is the characterization of the surface mineralogy using
its four bandpass channels, and the spectral slope in the wavelength range between 5.5
and 15.5 pm will be determined. This can help to identify some phyllosilicates (Grott
et al. 2013), and MARA will thus provide data that can help to refine the classification
of 1999 JU3 between the Cg and Ch/Cgh subtypes, complementing measurements in
the 0.95 to 3.65 um wavelength range performed by MicrOmega (Bibring et al. 2015).
Finally, one channel of the MARA instrument is identical to that used by the spacecraft
thermal mapper (Okada et al. 2012), and will serve as ground truth for measurements at
spacecraft altitude. A science traceability matrix putting the MARA science objectives
into the larger Hayabusa II context is given in Table 1, and in the following we will
present the detailed design of the instrument as well as the instrument calibration and
key performance characteristics.

2.2 Design Overview

Development of the MASCOT radiometer MARA is driven by the need to find a com-
promise between the science requirements outlined in Sec. 2.1 and the limited resources
in terms of mass, volume, and power which are available on a small lander such as MAS-
COT. In addition, the short development timescale forces the design to heavily draw
on previous developments like MUPUS-TM and the MERTIS radiometer. Technically,
design drivers for MARA were found to be the physical separation of sensors and
readout electronics (MERTIS heritage, Hiesinger et al. (2010)), the need to stabilize
the sensor head operating temperature (MUPUS-TM heritage, Spohn et al. (2007)),
the sensor design (MUPUS-TM heritage), and the limitation of the instrument’s field
of view. Concerning temperature stabilization, limited engineering resources did not
allow for an active cooling of the sensor head to be implemented, and MARA relies
on heating the instrument above ambient temperatures, while cooling is achieved by
radiating heat to the environment. Therefore, a compromise between efficient cooling
and the need to conserve energy needed to be found.

The MARA sensor head (left panel in Fig. 1) houses 6 thermopile sensors, each
observing the surface in a dedicated wavelength band. The instrument’s field of view
is limited by the aperture cover to 18° (full width half maximum), and the interior
baffle is black coated with emissivity 0.95 to eliminate stray light. Sensor viewing
directions are collocated within the MASCOT camera field of view (Jaumann et al.
2015), such that the surface texture of the observed surface will be known during data
interpretation. This is important since non-resolved surface roughness in the field of
view can significantly influence the emitted flux, and care must be taken during data
analysis (Davidsson et al. 2015). For nominal landing conditions, the 18° field of view
translates to a MARA footprint size of 12 cm, while the mounting of MARA results
in average emission angles of 50°.

Surface coating of the sensor head was chosen for high reflectivity to keep the
instrument cool, as well as low emissivity to conserve heating power while keeping the
temperature stabilized at the instrument’s operation setpoint. The applied gold coating
has an emissivity of 0.05 at 3pm, which gradually increases to 0.12 at 10pm. In order
to further minimize heat losses from the sensor head, thermal insulation stand-offs and
a flex harness have been implemented, which drastically increases thermal resistance
when compared to traditional round wire cables. The sensor head heater is integrated



Table 1 Science traceability matrix showing the overarching Hayabusa II science goals as
well as those objectives to which MARA directly or indirectly contributes by measuring net
radiometric fluxes in the different passbands.

Goal 1: Understand how materials evolved in the early phases of the solar system and how
they have been altered at later times on the asteroid.

Hayabusa II Objective

MASCOT Objective

MARA Measurements

1.1) Describe how materi-
als of different characteris-
tics are distributed on the
asteroid.

1.2) Analyze returned sam-
ples from a microscopic
standpoint combined with a
macroscopic view given by
the remote sensing data.

1.3) Decipher the later ther-
mal evolution that must
have obscured some of the
early memories.

1.1a) Characterize the min-
eralogical composition of the
surface and near-surface ma-
terial.

1.1b) Characterize the lo-
cal morphology and in-situ
structure and texture of the
regolith.

1.2) Provide context of the
samples collected and re-
turned by the main space-
craft

1.3a) Characterize the sur-
face thermal environment

1.3b) Characterize the re-
golith thermo-physical prop-
erties.

1.1a) Constrain regolith
mineralogy by estimating
surface emissivity.

1.1b) Constrain surface tex-
ture by estimating surface
thermal inertia and surface
roughness.

1.2) Constrain surface tex-
ture by estimating surface
thermal inertia and surface
roughness. Constrain miner-
alogy by estimating emissiv-
ity.

1.3a) Determine the surface
brightness temperature.

1.3b) Estimate surface ther-
mal inertia, roughness, and
emissivity.

Goal 2: Understand the dynamical evolution and the resultant structure of the asteroid as
a possible analogue for construction of planetesimals.

Hayabusa II Objective

MASCOT Objective

MARA Measurements

2.1) Characterize the
collisional fragmentation-
accretion history of the
asteroid.

2.1) Characterize the body
constitution on local and/or
global scales and constrain
surface and possibly sub-
surface physical properties.

2.1) Constrain surface tex-
ture by estimating surface
thermal inertia and surface
roughness.

into the sensor head’s printed circuit board (PCB), which provides electrical connection
to the instrument’s backend electronics situated in the lander’s warm electronics box.
Heating coils in the PCB are routed in a bifilar manner to minimize the generation of
magnetic fields and thus disturbances to the magnetometer (Herzig et al. 2015). The
flex harness is part of the sensor head PCB, and it is fully shielded to reduce electronics
noise.

During cruise, MARA views an on-board calibration target (top right panel in
Fig. 1), to check instrument calibration and correct for any potential longterm drift
of sensor sensitivity or electronics. The surface viewed by MARA is black coated and
micro-structured for maximum emissivity, and an emissivity of 0.99 is achieved in the
wavelength range of 5-10 pm, while emissivity is 0.95 in the range 10-40 pm. Major
engineering budgets and key performance characteristics of the instrument are summa-



Fig. 1 Left: Sensor head including the shielded flex harness mounted to a holding fixture. Top
right: On-board calibration target. The micro-structured region in the bottom left corner covers
the MARA field of view, the area to the upper right is in the field of view of the MASCOT
camera (Jaumann et al. 2015) and used for dark current measurements. Micro-structures are
shown in the inset. Bottom right: MARA backend electronics.

rized in Table 2. It is worth noting that minimum expected night-time temperatures
depend on season and landing site latitude, but are expected to be above 150 K (com-
pare, e.g., Takita et al. (2015)) even for low thermal inertia of 250 J m~2 K1 s—1/2,
Therefore, performance in the long-pass channels is fully sufficient to obtain surface
brightness temperatures for an entire day-night cycle.

2.3 Measurement Principle

MARA measures the net radiative flux exchanged between the sensing element and
the surface in the field of view by determining the temperature of an absorbing surface
with respect to a reference temperature. The temperature measurement is performed
by a stack of thermo-elements (so called thermopiles) which convert temperature dif-
ferences to electrical potential differences by means of the Seebeck effect. The amount
of radiation emitted by a surface of emissivity € at temperature 7' and received by the
instrument is given by
A2
Fy, = mv H(N)eB)(T)dA
A1

where v is solid angle covered by the target (the viewfactor), A is wavelength, and
H(X) = 7(N)eaps(A) is the instrument function (throughput) given by the product of



Table 2 Instrument overview giving the major engineering budgets as well as the key perfor-
mance characteristics. Power uptake of the instrument is driven by the heating power required
to maintain the instrument at the operating setpoint. ! Heating power varies according to the
environmental conditions. 2Temperature uncertainty is a function of the target temperature

and spectral channel. SNETD: Noise equivalent temperature difference.

Property Value  Units
Mass Sensor Head incl. Harness 83 g
Electronics 113 g
Calibration Target incl. Harness 117 g
Size Sensor Head 54 x 48 x 26  mm?
Electronics 152 x 152 x 5 mm?
Calibration Target 109 x 94 x 14  mm?
Operating Temperature Sensor Head 173 to 385 K
Range Electronics 233 to 343 K
Calibration Target 173 to 358 K
Power Uptake Standby Mode 022 W
Science Mode 031 W
Calibration Mode 031 W
Heating Consumption® Sensor Head Oto2 W
Calibration Target 0to2 W
Spectral Range Bandpasses 5.5-7,8-9.5 um
9.5-11.5, 13.5-15.5 pm
Broad Bandpass, Longpass 8-12, >3 pm
Calibration Temperature Range 123 to 373 K
Temperature Uncertainty?  Bandpasses at T > 273 K 1 K
> 3 pm channel at 7" > 173 K 1 K
8-12 pm channel at T' > 173 K 1.5 K
Noise Electronics 15 nV
Thermal 60 nV
NETD3 Bandpasses at T' > 273 K 0.1 K
> 3 pm channel at 7" > 123 K 0.1 K
8-12 pm channel at T' > 123 K 02 K
Field of View Full Width Half Maximum 18 °
Measurement Frequency Science and Calibration Mode 1/30 Hz
Data Volume Science 20  bit/s
Housekeeping 8  bit/s

the absorbing characteristics of the sensing element € 43¢ and the transmission 7(\) of
the applied filter. B is the Planck function. At the same time, the instrument re-radiates
flux at the instrument temperature 7., such that the net flux onto the absorber is
given by

A2
Frpet = v H(A) (6B)\ (T) - BA (Tref) dA

A1

It should be noted that strictly speaking the instrument will radiate at the (unknown)
absorber temperature T,ps, but given that the maximum expected temperature differ-
ence across the thermopile sensor is below 0.1 K, it can be assumed that Typs = Tre
to good approximation. Nevertheless, the most precise measurements will be obtained
when target and sensorhead are at the same temperature. In this case, Tj..y directly
measures the temperature of the surface in the field of view while the resulting signal
is zero.



Usually, the solid angle v filled by the target surface will be small when compared
to the viewfactor of the sensor housing vy, and an additional self-radiation term

oo
Fyg = EHWVH/ (BA(Tr) — BA(Trey) dA
0

needs to be taken into account, where ez is the housing emissivity and T the housing
temperature. Total flux onto the absorber is then given by Fiot = Fnet + Fy, and care
must be taken to properly account for Fy during instrument calibration. For MARA,
the sensor head temperature is stabilized such that Ty ~ T)..f, and the self radiation
term is thus minimized with respect to the desired signal. Residual fluxes associated
with thermal gradients across the instrument are accounted for during calibration by
considering a heating current dependent signal offset, which is linear to a very good
approximation (cp. Sec. 3.1).

Ignoring self radiation for further discussion, the thermal voltage Uy, generated
at each sensor is then a function of the sensor sensitivity S (in units of V/W), the
absorber size A4, the emissivity of the emitting surface €, the viewfactor of the surface
v, the instrument throughput H(\), as well as the temperature of the target surface T
and the reference junction temperature T;..r. Signal strength is then given by

A2
Uy, = SAgny H(N) (eBA(T) = Bx(Tyey)) dA
A1

and it needs to be kept in mind that MARA (like any bolometer) only measures net
fluxes exchanged between instrument and target surface. Therefore, care must be taken
when interpreting the target temperature 7" in terms of surface brightness temperature.

2.4 Sensor Design

MARA uses the IPHT TS-72M thermopile sensors as sensing elements (Kessler et al.
2005), which consist of 72 n-bismuth-antimony/p-antimony (Bi0.87Sb0.13/Sb) ther-
mocouples with a Seebeck coefficient of 135 nV/K each. The incoming radiation is
coupled into a circular absorber of 0.5 mm diameter, and the signal voltage is gener-
ated by the temperature difference between hot and cold junction of the thermopile
due to the Seebeck effect. PT100 platinum resistance thermometers measure the ther-
mopile cold junction temperature T;..y as a reference. Thermopiles and PT100 sensors
are mounted on standard TO-39 metal can sockets, and electrical connection to the
terminals is provided by bond wires, which are redundant where space permits. Ther-
mopiles are designed such that sensors have a center tap, which is used to bias the
thermopile voltage to the applied reference voltage of 2.5 V. Thermopiles have a nom-
inal resistance of 20 k2, giving 10 k€2 per thermopile leg. Aperture holes are laser-cut
into the TO-39 caps, and IR filters are glued to the housing, which is coated black on
the inside to reduce stray-light and limit the sensor’s field of view. Fig. 2 shows the
MARA sensors mounted inside the sensor head (left panel), where the aperture cover
has been removed to better view the sensors. The interior layout of the sensors is shown
in the right panel of the same figure, showing the thermopile absorber, the PT100 sen-
sor, as well as the bond wires including the mid-tapping on the top-left corner of the
chip.
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Fig. 2 Left: Sensorhead with aperture cover removed. Baflles of the six thermopile sensors are
coated black to eliminate stray light. Right: Thermopile sensor with the cap including the filter
window removed. The absorbing surface is coated black (middle of the image) and connected
by bond wires to the housing. A PT100 sensor (towards the lower left) measures the housing
(cold junction) temperature.

Sensors are encapsulated under Xenon fillgas, which has a boiling point of 165 K
and limits the non-operational storage temperature of the sensors (the employed ab-
sorbers have storage temperatures down to 143 K). Xenon has been chosen over the
standard Krypton fillgas, which boils at 121 K because of its larger molecular weight,
which results in a lower thermal conductivity, thus increasing sensor sensitivity by a
factor of 1.3 to 1.5 when compared to Krypton. Ideally, sensors would be encapsulated
under vacuum, thus further reducing thermal conductivity, but it is difficult to guaran-
tee sensor stability during assembly and launch operations. MUPUS-TM sensors were
encapsulated using venting holes, but this requires intricate purging by dry N2 during
handling under Earth ambient conditions.

Filters of the MARA instrument have been chosen in accordance with the science
goals outlined in Sec. 2.1 and a long-pass channel is dedicated to the determination
of the asteroid’s surface brightness temperature and optimized for maximum signal
to noise. Given that 99% of the signal will be from reflected sunlight for wavelengths
smaller than 3.5 pm, the filter was chosen to open up around this wavelength, while
collecting flux up to at least 100 pm. A second broad bandpass was chosen to be
similar to that employed by the Hayabusa 2 orbiter thermal imager (Okada et al. 2015),
collecting flux in the classical 8-12 pm band. Four band passes with transmission in the
5.5-7, 8-9.5, 9.5-11.5, and 13.5-15.5 pm wavelength range will be used for determining
spectral slope in the thermal infrared.

Usually, IR filters become transparent at around twice the wavelength of the optical
window, and, in addition, Germanium based filters generally become transparent at
A > 50 pm. As a significant part of the signal can originate at wavelength > 50 pm
for low night time temperatures, this signal needs to be blocked. MARA achieves this
by using the IPHT interference absorbers, and the absorptivity of the sensors is shown
in the top left panel of Fig. 3 as a function of wavelength. As an example for the
combined throughput of the filter-absorber combination, the transmission of the 5.5-7
pm filter is shown together with the short wavelength interference absorber absorptivity
as a function of wavelength. The absorber efficiently suppresses the transmission bands
around 10-20 pm as well as the Germanium transparency feature at A > 50 pm.
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Fig. 3 Top Left: Absorption as a function of wavelength for the different employed absorbers.
Results are shown for the short (IF SW) and long wavelength (IF LW) interference absorbers
as well as the black silver smoke absorber (BSS). Top Right: Example of the combination
of transmission for the 5.5-7 pm filter (BP5.5-7) and absorption for the short wavelength
interference absorber (IF SW). Bottom Left: Throughput of the porous silicon longpass filter
(SiLPi) as well as the 8-12 pm filter (LP8-12). Filters are combined with the black silver smoke
absorber (BSS). Bottom Right: Throughput of the 5.5-7 (BP5.5-7), 8-9.5 (BP8-9.5), 9.5-11.5
(BP9.5-11.5), and 13.5-15.5 pm filters (BP13.5-15.5). Absorber combinations are given in the
figure legend.

Filter transmission characteristics have been determined in DLR’s Planetary Emis-
sivity Laboratory (PEL) at the Institute for Planetary Research. Spectra were obtained
using an evacuated (1074 bar) Bruker Vertex 80V FTIR spectrometer coupled with an
external evacuated emissivity chamber. To cover the 1 to 16 pm spectral region spectra
were measured using a nitrogen cooled detector MCT and a KBr beamsplitter. The
combined filter transmission and thermopile absorption (the instrument throughput)
is shown in the lower panels of Fig. 3, where the temperature channels are given on
the left hand side, while the narrower bandpasses are given on the right.

Filter characteristics as well as the employed absorbers are summarized in Table
3, and chosen substrate as well as the employed fillgas are shown. Furthermore, the
main measurement objective for each channel is also given. Note that the choice of
the BSS absorber for the LP8-12 filter was motivated by the fact that throughput for
this channel should be spectrally similar to the filter employed for the Hayabusa II
orbiter TIR instrument. It is also worth pointing out that no degradation of filters is
expected as a result of their exposure to the space environment, and no degradation
has been observed for the MUPUS-TM filters during Rosetta’s 12 year cruise(Spohn et
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Table 3 Filter-absorber combinations used in the MARA instrument. Absorber designations
are IF LW, IF SW, and BSS for long wavelength and short wavelength interference absorbers as
well as black silver smoke absorbers, respectively. BP: Bandpass, LP: Longpass, SiLP: Silicon
longpass.

Name Range [nm]  Absorber Fillgas Substrate Main Objective

BP5.5-7 5.5-7 IF SW Xenon Ge Spectral emissivity
BP8-9.5 8-9.5 IF SW Xenon Ge Spectral emissivity
BP9.5-11.5 9.5-11.5 IF SW Xenon Ge Spectral emissivity
BP13.5-15.5 13.5-15.5 IF LW Xenon Ge Spectral emissivity

SiLP >3 BSS Xenon  Si Surface brightness temp.
LP8-12 8-12 BSS Xenon  Si Surface brightness temp. /

TIR ground truth

al. 2007, 2015). The same holds for the thermopile detectors, for which no degradation
was observed as a result of total ionizing dose or single events displacement damage.
Furthermore, even if degradation would occur, this could be recalibrated using the
on-board calibration target, and no further degradation would be expected during
MASCOT’s 16 h science mission.

2.5 Electronics Design

The MARA instrument consists of three functional subunits comprising the sensor
head, calibration target, and backend electronics (bottom right panel in Fig. 1), which
interface with the lander on-board computer (OBC). A schematic block diagram of the
MARA instrument is shown in Fig. 4 with the backend electronics on the left hand side,
the sensor head at the top right, and the calibration target at the lower right. All active
electronics parts are located on the MARA backend electronics board, and MARA
operation is controlled by the instrument’s FPGA. The FPGA operates the analogue to
digital converters (ADCs) as well as the proportional-integral-controller (PI-controller)
used to stabilize temperature of sensor head and calibration target. In order to minimize
disturbances to the magnetometer, the FPGA pulse-width modulated control signal
for the Pl-controller is low pass filtered to generate an analogue voltage, which is
then used to regulate the applied heating currents. Sensor head and calibration target
house thermopiles, PT100 temperature sensors, and heaters for temperature control,
but signals are converted in the backend electronics only.

The MARA signal processing chain is direct heritage from the MERTIS radiome-
ter (Hiesinger et al. 2010) and the science data acquisition unit is built around the
commercial LTC2449 24bit analogue to digital converter (ADC), which has been up-
screened for application on the Bepi Colombo mission. Being susceptible to single event
latchups, a latchup protection circuit has been implemented in hardware to switch of
the ADC in case an overcurrent is detected. The ADC houses a multiplexer for se-
quential reading of 8 differential input channels as well as external terminals for signal
conditioning. MARA uses the ISL70227 operational amplifier, which features very low
bias currents at low noise, and signals are amplified at a gain of 43.5, limited by the
PT100 signals. ADCs as well as the bias voltage for the thermopiles and PT100 sen-
sors are supplied by a common REF43S precision 2.5V voltage reference, such that
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Fig. 4 Functional block diagram of the MARA instrument showing the three functional units:
The MARA backend electronics (MARA board), the sensor head, as well as the on-board
calibration target. Pt100: Platinum temperature sensor, TC: Thermocouple.

temperature drift of the reference is largely eliminated. PT100 sensors are referenced
to low drift and high precision resistors to further eliminate electronics drift from the
measurements.

MARA uses two LTC2449 ADCs to convert signals from 6 thermopiles, 6 sensor
head PT100 sensors, as well as the two 100 €2 reference resistors. In addition, two PT100
sensors used for temperature control are also converted using the science ADCs. Other
housekeeping (HK) measurements are performed using dedicated HK converters. In
order to avoid cross-talk between the ADCs, two independent measurement systems
including individual reference voltages and reference resistors have been implemented.
Performance of the electronics design is shown in Fig. 5, where the noise on the ther-
mopiles (left panel) as well as noise on the PT100 sensors (right panel) is shown. Noise
of the electronics itself has been determined from the 100 € reference resistors, and was
found to be less than 15 nV using an integration time of 1 s per channel (not shown).
Sensor noise is dominated by thermal noise caused by the imperfect temperature reg-
ulation, and is close to 60 nV for all sensors. In the steady state, the implemented
PI-controller stabilizes the sensor head temperature to within 1 mK.

2.6 Instrument Operations

The MARA instrument can be operated in one of three operation modes: Standby,
calibration, and science mode. In standby mode, only the FPGA, the HK ADCs, and
the telemetry interfaces are powered on, while science ADCs and heaters are powered
off. This is the operation mode following switch-on, and direct commanding is required
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Fig. 5 Left: Thermopile signal as a function of time as measured during calibration. Sensor
head temperature is equilibrated at 298 K, and sensors are viewing a cavity blackbody at
Tpp = 208 K. Thermopile noise is close to 60 nV for all sensors, dominated by thermal
noise. Right: Thermal noise for the same data. Temperature is stable to within 1 mK in the
equilibrated state.

for the instrument to obtain science data and operate the PI-controller for temperature
equilibration of the sensor head and calibration target.

Calibration mode is used during cruise extended checkouts, and all functional sub-
units including the temperature controllers for sensor head and calibration target are
switched on. In this mode, science data vectors containing readings of the thermopiles,
PT100 sensors, and reference resistors are acquired sequentially at integration times
of 1 s per channel, such that a data vector is produced within 16 s. Acquisition of
all channels is repeated every 30 s. During calibration, the instrument sensor head
is equilibrated at the operation setpoint, while the calibration target temperature is
increased stepwise from its initial temperature. In this way, sensitivity and heating
induced offsets can be determined and compared to the ground calibration (cp. Sec.
3.1).

During science operations, data acquisition is identical to that in the calibration
mode, but the calibration target control circuitry remains switched off, as the calibra-
tion target will remain on the Hayabusa 2 spacecraft after separation. The nominal
operation scenario foreseen for MARA consists of preheating the sensor head while
still powered via the Hayabusa 2 bus to conserve energy in the MASCOT primary
batteries. The instrument then remains switched on during separation, descent, and
landing, taking science data at 30 s intervals for a 16 h period until the end of the
mission.

3 Instrument Calibration
3.1 Radiometric Calibration

MARA has been calibrated in the space simulation chamber at DLR using a low tem-
perature (100-400 K) cavity blackbody (BB100, Sapritsky et al. (2003)) with emissivity
of 0.999 as calibration source, and the calibration setup is schematically shown in Fig.
6. The instrument was mounted in a thermal enclosure reproducing the thermal charac-
teristics of the lander interface as closely as possible. Calibration was carried out under
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Fig. 6 Schematic setup of the radiometric calibration. The instrument sensor head (orange)
is mounted in a thermal enclosure, which simulates temperatures in the MASCOT payload
compartment. Mounting of the sensor head uses thermal stand-offs to mimic the thermal
contact of the instrument to the MASCOT lander. Fields of view of the individual sensors
are indicated, and sensors view the baseplate of the cavity blackbody (yellow/black). The
temperature of the instrument’s electronics board is separately controlled (green).

vacuum conditions with typical pressures around 10~° bar, and the MARA sensors
were viewing the cavity blackbody as indicated in the figure. Spatial homogeneity of
the incident radiation was verified by moving the instrument with respect to its center
position without a change of signal.

The instrument has then been calibrated at 3 operation setpoints of 273, 298, and
323 K, and for each setpoint a two-step calibration procedure was carried out: First,
while keeping the instrument temperature stable using the instrument’s PI temperature
controller, the blackbody temperature was stepwise increased from 123 K to 373 K. The
resulting thermopile signal is shown in the left panel of Fig. 7, where Uy, is given as a
function of net radiative power P for the calibration run at a sensor head temperature
of 298 K. As a second step, sensor head and blackbody were equilibrated at the same
temperature while changing the temperature of the instrument’s thermal enclosure.
Keeping the sensor head temperature stable then requires different heating powers
Py, which result in small thermal gradients across the instrument and give rise to
offset voltages (cp. the discussion on Fy in Sec. 2.3). Results of this offset calibration
are shown in the right panel of Fig. 7, where AUy, is given as a function of applied
heating power Ppy.

The data gained during the calibration was then reduced to four calibration co-
efficients by first determining the slope of the AUy, vs. Py curve to determine Sp
by

0AUp,

S (Py) = oPr
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Fig. 7 Results of the radiometric calibration. Left: Thermopile voltage as a function of net
radiative power. Sensitivity of the individual sensors is given in the legend. Right: Offset
thermopile voltage as a function of instrument heating power. A linear fit to the data is also
shown.

The data obtained during the calibration of Uy vs. received net power P = FpetAg
was then corrected for this offset, and the residual signal was fitted to a second order
polynomial with free parameters S, S1, and S2, i.e.,

Ush, — S (P) Py = SP(TgB, Tyef) + S2P(TeB, Tyef)” + S1

Note that the net power incident on the absorber is a function of both Tpp and T;..y
as discussed in Sec. 2.3. In this way, fitting residuals below 1 nV have been obtained
across all sensors, with .S dominating the fit. This is also evident from the almost linear
relationship between U;j, and P expressed in the left panel of Fig. 7.

Calibration was repeated for all operation setpoints and similar results to those
shown in Fig. 7 have been obtained. Due to the temperature dependence of the fillgas
thermal conductivity sensor sensitivity is also a function of temperature. Lower sensor
temperatures result in lower conductivities and thus larger sensitivities, and a sensitiv-
ity temperature drift between 0.43 and 0.51% K~! has been observed for the different
Sensors.

3.2 Geometric Calibration

The field of view of the MARA sensors has been determined using a collimated black-
body source at Tgg = 1000 K in conjunction with a pan-tilt unit on which the in-
strument was mounted during testing. Starting from viewing angles of -20°, the sensor
head was tilted in increments of 0.5°, until the final position of +20° was reached.
At each stop, measurements with and without a shutter were made to eliminate the
non-constant background radiation, which was later subtracted during data analysis.
This procedure was carried out twice, once in the horizontal direction (azimuth deter-
mination) and once in the vertical direction (elevation determination).

Results of these measurements are shown in Fig. 8 for the SiLP filter, where the left
panel shows the thermopile voltage as a function of azimuth, whereas the right panel
shows Uy, as a function of elevation. Results are similar for the other filters, albeit at
a lower signal-to-noise. Sensors collect signal to angles of about 15° off-axis, and the
full-width half-maximum field of view is 18°.
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Fig. 8 Thermopile signal as a function of viewing angle for the SiLP filter. The standard devi-
ation at each measurement point is indicated by errorbars. Azimuth (left) as well as elevation
(right) have been varied. Results for the other filters are similar, but show larger noise due to
their decreased sensitivity in the relevant wavelength range.

3.3 Verification Measurements

Verification of the radiometric calibration was carried out using three different ap-
proaches: First, the reproducibility of the calibration measurements (cp. Sec. 3.1) was
tested by re-running part of the calibration sequence, and reproducibility was found
to be better than 1 K over the entire calibration range (123 to 373 K) for the SiLP
and 8-12 pm Filters. Due to the lower signal to noise, reproducibility in the bandpass
filters was only 2-3 K for the 9.5-11.5 and 13.5-15.5 npm bandpasses, while it is 5-6 K
for the short wavelength 5.5-7 and 8-9.5 pm bandpasses, which receive even less signal
at low temperatures. However, even in the bandpasses, reproducibility was found to be
better than 1 K for target temperatures above 273 K.

As a second step, the calibration was verified by choosing blackbody target temper-
atures in-between the original calibration points, thus testing the capability of the in-
strument calibration model (Sec. 3.1) to interpolate results to unknown fluxes. Results
were essentially found to be identical to the reproducibility measurements discussed
above, indicating that signal-to-noise as well as heater induced offsets are the main
source of uncertainty in the measurements.

Finally, in order to estimate the performance of the instrument under non-constant
ambient conditions, a verification measurement simulating on-asteroid operations has
been performed. During the measurement, ambient temperatures have been varied
between228 and 293 K, which is the temperature range for the MARA sensor head as
predicted by the MASCOT engineering thermal model for on-asteroid operations. The
MARA sensor head was temperature stabilized at 298 K, thus imposing varying residual
thermal gradients across the instrument during the test. Target blackbody temperature
was varied between 173 K and 373 K, and the ambient temperature T4/, blackbody
temperature Tgp, as well as the heating power Py required to stabilize the sensor
head at its operation setpoint are shown in the left panel of Figure 9.

Measured thermopile voltages were corrected for heating induced offsets as de-
scribed in Sec. 3.1, and the inverted temperatures were compared to the known black-
body temperatures. The temperature difference AT between the two is shown in the
right panel of Fig. 9 as a function of target temperature Tpp. Temperature residuals
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Fig. 9 Left: Blackbody temperature (black), instrument ambient temperature (red), as well
as the heating power (blue) needed to stabilize the instrument temperature as a function
of time. Temperatures are given on the left ordinate, while power is shown on the right.
During the verification run, the sensor head temperature was kept stable at 298 K. Right:
Temperature difference AT between the target temperatures as determined by MARA and
the actual temperatures of the blackbody source Tpp. Measurements have been taken at the
temperature plateaus to guarantee thermal equilibration of the blackbody source during the
heating as well as during the cooling parts of the curve.

for the SiLP longpass filter are below 1 K, indicating that temperatures down to 173 K
can be measured with this uncertainty. Furthermore, uncertainty in the 8-12 pm and
13-15 pm bandpass filters is better than 2 K, while the narrow bandpasses only give
good signal to noise at target temperatures above 273 K.

These results demonstrate that the offset correction applied during calibration can
account for residual thermal gradients across the instrument, thus effectively eliminat-
ing self radiation from the obtained signal (cp. Sec. 2.3). Taken together, the MASCOT
radiometer MARA has been shown to be capable of measuring surface brightness tem-
peratures with an uncertainty of better than 1 K using its most sensitive SiLP channel,
whereas the bandpass channels will allow for a determination of surface brightness tem-
peratures in the 5.5-15.5 pm range if measurements are taken above 273 K.

4 Summary and Conclusions

The Hayabusa 2 spacecraft has been launched on the 3rd of December 2014 and is
currently on its way to rendezvous with the C-type asteroid 1999 JU3 in spring 2018.
Hayabusa 2 carries the MASCOT lander, which will be deployed in late 2018 to inves-
tigate the target asteroid in-situ (Lange et al. 2012). One of the MASCOT payloads is
the MARA instrument, which will measure the asteroid’s surface brightness tempera-
ture, from which the asteroid’s thermal inertia will be derived. In addition, MARA will
characterize the spectral slope of the surface in the 5.5 to 15.5 pm wavelength range,
thus supporting the spectral characterization obtained by the orbiter near infrared
spectrometer (Kitazato et al. 2015).

MARA has been developed starting from heritage design of the MUPUS-TM (Spohn
et al. 2007) and MERTIS radiometers (Hiesinger et al. 2010), and has been build, qual-
ified, and calibrated at the Institute of Planetary Research of the German Aerospace
Center (DLR). The instrument consists of three functional subunits, comprising the
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sensor head, backend electronics, as well as an on-board calibration target. Together,
these element weight 313 g, and the instrument’s power uptake is 0.31 W. In addition,
heating power between 0 and 2 W is required to equilibrate the instruments sensor
head to one of its three operating setpoints.

The instrument has been radiometrically calibrated between 123 and 373 K, and
the resulting temperature uncertainty is 1 K in the most sensitive channel. Noise is
dominated by thermal noise, and the Noise Equivalent Temperature Difference (NETD)
is 0.1 K at 123 K target temperature. Measurements are repeatable to within 1 K,
and this uncertainty includes contributions from unknown thermal gradients across
the instrument itself. A second channel dedicated to surface brightness temperature
determination uses the same wavelength range as the orbiter thermal mapper (Okada et
al. 2015) and has similar performance characteristics (1.5 K temperature uncertainty,
0.1 K NETD). Bandpass channels dedicated to the spectral characterization of the
asteroid’s surface have lower signal to noise, but yield similar performance as long as
the target temperature is above 273 K. The error budget is dominated by contributions
from the non-perfect homogenization of temperature across the sensor head, which is
largely but not perfectly accounted for during calibration. Thermal and electronics
noise are minor contributors to the total temperature uncertainty.
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