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Abstract

The miniRAD radiometer is one of the payloads of the Idefix rover on the MMX mission to Phobos. It is a multispectral
instrument which measures the infrared radiative flux in six wavelength channels between 4.7 and 100 um using
single-element thermopile detectors. MiniRAD is equipped with optical filters, one centered at 5.5 um, three narrow
bandpass filters at 8.3 um, 8.9 um, and 9.5 um and two longpass filters with cut-ons at 14-15 um. One of the longpass
filters made from boron nitride (BN) is especially optimized for very low flux, being sensitive in the very long wave-
length region even beyond 50 um. The main measurement objective of the miniRAD instrument is the determina-
tion of Phobos' surface brightness temperature during nighttime, from which the thermal inertia of the surface can
be derived. Secondary objectives are to provide constraints on the slope of the emissivity in the thermal infrared,

the location of the Christiansen feature, and the surface roughness of Phobos. MiniRAD has been calibrated radio-
metrically under relevant environmental conditions using a cavity blackbody over the full expected range of object
temperatures from 100 to 330 K. The predicted uncertainty of the brightness temperature is < 1 K at dayside tempera-
tures > 270 K for all channels, while the BN filter uncertainty is < 5 K at the lowest calibration temperature of 100 K.
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1 Introduction

The Martian moons exploration, MMX, is JAXA’s sample
return mission targeting the two Martian moons Pho-
bos and Deimos and is scheduled to launch in 2026 to
return samples to Earth in 2031 (Nakamura et al. 2021;
Kuramoto et al. 2022; Kawakatsu et al. 2023). The main
scientific goal of the mission is to determine the origin
of Phobos and Deimos and to investigate the evolution of
the Martian moons. MMX will study the Martian system
for 3 years and perform close-up observations of Phobos,
while carrying out multiple flyby’s of Deimos. Finally, the
mission will collect samples from Phobos before return-
ing to Earth.

The MMX Rover Idefix (Michel et al. 2022; Ulamec
et al. 2023) is one of the MMX payloads and will investi-
gate Phobos in-situ using a suite of scientific instruments
comprised of a pair of stereo navigation cameras, another
two cameras mounted underneath the rover to study the
wheel-regolith interaction, a Raman spectrometer to
study the mineralogical composition of Phobos’ surface
material, and the miniRAD radiometer to study the mate-
rial’s thermophysical and mineralogical properties. Idefix
will bridge the scale gap between remote observations
performed by the MMX spacecraft and the analysis of
samples returned to Earth by providing measurements at
the decimeter scale. Further, due to its locomotion capa-
bilities, Idefix will be able to investigate the heterogene-
ity of surface properties along its traverse. By performing
local measurements, the Idefix rover will in addition act
as a surface scout and assist in selecting an appropriate
and safe sampling site for the main spacecraft.

Current knowledge of the thermophysical and miner-
alogical properties of Phobos’ regolith is rather limited,
and spatially resolved measurements are particularly
sparse (Smith et al. 2018). Current best estimates of sur-
face thermal inertia are generally low and in the 20-85
] m™2 K™ s7Y2 range (Lunine et al. 1982; Ksanfomality
et al. 1989; Kuehrt et al. 1992; Smith et al. 2018; Bandfield
et al. 2018), thus being similar but slightly larger than
disk averaged estimates for the Moon (Hayne et al. 2017).
Regolith is assumed to be fine grained with average par-
ticle diameters in the few millimeter range (Gundlach
and Blum 2013) and there are some indications for lay-
ering (Bandfield et al. 2018). Spectroscopic investigations
indicate that the regolith may be basaltic in composition
(Glotch et al. 2018).

The miniRAD instrument is a small lightweight spot
radiometer on-board the Idefix rover dedicated to
measure the thermal infrared emission from Phobos’
surface in six wavelength channels between 5 and 100
pm. From these observations, miniRAD will determine
the surface brightness temperature within the instru-
ment’s field of view. The instrument has strong heritage
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from the Rosetta MUPUS thermal mapper (Spohn et al.
2007, 2015), the MASCOT radiometer (Grott et al. 2017,
2019a, b), and the InSight radiometer (Spohn et al. 2018;
Miiller et al. 2020) using thermopile sensors for meas-
uring the infrared flux (Kessler 2005). Each sensor has a
field of view of 45° and will observe a spot at a distance of
25-150 cm in front of the rover. In this paper, we will dis-
cuss the miniRAD scientific objectives and describe the
instrument design, calibration, and expected measure-
ment performance.

2 Science objectives

The miniRAD instrument will investigate the thermo-
physical properties of Phobos’ regolith and boulders
and determine the variability of these properties along
the rover’s traverse. Using thermophysical models (e.g.,
Hamm et al. 2018), the miniRAD measurements will ena-
ble the determination of surface thermal inertia (Hamm
et al. 2020), from which regolith porosity can be esti-
mated if supplemental information from, e.g., camera
images is available (Ogawa et al. 2019; Grott et al. 2020).
Further, boulder porosity can be estimated based on
thermal inertia measurements if heat capacity is assumed
to be known (Grott el al. 2019a; b; Biele et al. 2022).

Using the emissivity in selected passbands (Hamm
et al. 2022) derived from miniRAD data, the location of a
spectral feature known as the Christiansen feature can be
determined. The location of this emissivity maximum is
diagnostic for rock forming minerals (and rock type), and
the method of identifying mineralogy from emissivity
estimates in three spectral bands has been pioneered by
the Diviner team, who mapped the Moon on global scales
(Cooper et al. 2002; Greenhagen et al. 2010; Lucey et al.
2021). Thus, miniRAD will allow for a first-order charac-
terization of surface mineralogy on decimeter scales.

Measurements in the thermal infrared are sensitive
to the presence of surficial dust layers (Biele et al. 2019;
Hamm et al. 2023), and the shape of the diurnal tem-
perature curve can be significantly affected by dust layer
thicknesses of the order of 0.01 thermal skin depths (Biele
et al. 2019), shifting the phase lag between maximum illu-
mination and maximum temperature as well as strongly
affecting the amplitude of the diurnal temperature curve.
Skin depths on Phobos are expected to be close to 5 mm
for regolith and of the order of a few centimeters for typi-
cal boulders, and consequently dust layers of 50 pm and
500 um should be detectable, respectively.

Surface roughness strongly affects thermal emission on
airless bodies (Kuehrt et al. 1992; Davidsson et al. 2014)
and we will use a roughness model (Giese and Kuehrt
1990; Kuehrt et al. 1992; Lagerros 1996) to estimate sur-
face roughness parameters. Roughness can significantly
enhance the emitted flux at large solar zenith angles and
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this effect is most pronounced at shorter wavelength (see,
e.g., Michel et al. 2022). miniRAD employs a dedicated
short wavelength channel to improve the constraints on
the surface roughness model parameters and take the
modified emission into account when deriving thermo-
physical parameters.

Finally, surface temperature variations can contribute
to the disruption of surface rocks and thus contribute to
the formation of regolith. This process is known as ther-
mal fatigue (Molaro and Byrne 2012; Delbo et al. 2014;
Molaro et al. 2017; Ruesch et al. 2022) and its efficiency
is known to be insolation and latitude dependent (Hamm
et al. 2019). miniRAD will contribute to studying the
importance of thermal fatigue on Phobos by determining
surface temperatures for full diurnal cycles at the differ-
ent locations investigated.

A summary of the miniRAD science and measure-
ment objectives is given in the science traceability matrix
shown in Table 1, where the mission science goals, mis-
sion science objectives, miniRAD measurement objec-
tives, and respective miniRAD measurements are given
for the subset of MMX objectives miniRAD will contrib-
ute to. The miniRAD investigation focusses on surface
composition, the characterization of physical properties,
and surface alteration processes, and the table speci-
fies which of the six miniRAD channels will be used to
address a particular objective. It should be noted that
measurements 1.1.1 and 1.1.2 (Table 1) in the spectral
band passes around 8.3, 8.9, and 9.5 um require only
a short-term measurement of surface emission, while
all other objectives associated with the determination
of surface roughness, dust covers, diurnal temperature
amplitudes, and surface thermophysical properties ide-
ally rely on measurements of full diurnal temperature
cycles.

3 Instrument design

3.1 Overview

miniRAD comprises three main parts, a sensor head
(SH), a calibration target (CT), and an electronics box.
The sensor head itself is made of three main parts, the SH
body housing the infrared sensors, the SH flexprint cable
making the electrical connection between the SH and the
E-Box, and the SH mounting bracket adapting the SH
body in the right orientation to the rover. The calibration
target is an aerial blackbody mounted to the front shut-
ter of the rover in such a way that it covers the miniRAD
FOV when the front shutter is in closed position. The
miniRAD electronics (EL) consists of a Rigid-flex assem-
bly of two PCB’s housed inside the electronics box which
is itself located in the thermally controlled structural and
electrical module (SEM) of the Idefix rover.
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The miniRAD SH is mounted on the side panel of the
rover outside the SEM such that it looks down to the
surface with an angle of 35° with respect to horizontal,
and slightly rotated around the vertical axis of the rover
by about 15° (Fig. 1) to observe an approximately ellipti-
cal measurement spot in front of the rover. Figure 2 illus-
trates the measurement geometry assuming a flat terrain.
The measurement spot of miniRAD lies nearly com-
pletely within the field-of-view of the rover’s stereo navi-
gation camera NAVCAM, except for a small part close to
the rover This will allow the use of digital terrain models
generated from NAVCAM images taken simultaneously
with miniRAD measurements in the analysis of miniRAD
data.

An overview of miniRAD engineering budget data and
the most important performance characteristics is sum-
marized in Table 2.

3.2 Mechanical design

The miniRAD sensor head consists of three parts, the
SH body with radiation shield, the SH flexprint, and the
mounting bracket. The SH body itself is composed of five
main parts, a cylindrical block made from aluminum with
the necessary cavities to accommodate six thermopile
IR sensors and five temperature sensors of type Pt-100,
an aluminum backplate with another integrated Pt-100
which closes the SH body to the rear side, a PCB to route
the electrical signals from the different sensors to a nano-
D connector, a reflective baffle for straylight suppression
fixed by five M1.6 screws to the front face, and a cylindri-
cal radiation shield (Fig. 3). All outer surfaces of the SH
body are gold-coated to minimize the radiation losses to
the environment. All aluminum parts of the SH body are
machined using the alloy EN AW-6082.

A custom Kapton foil heater is glued around the SH
cylindrical body with the thermally conductive and low
outgassing silicone glue SCV-2499 from NuSil. The same
glue is also used to fix the Pt-100 and IR sensors to the
structure of the SH body. To further reduce radiation
losses a low emissivity aluminum foil (outer layer of
MLI) is applied on the outside surface of the Kapton foil
heater. Four stainless steel standoffs are screwed into the
SH body and act as an internal mechanical interface to
the mounting bracket. Each stand-off is composed of two
shorter stainless steel standoffs with a PEEK sleeve in the
center for thermally isolating the radiation shield from
the SH body. This design is driven by the requirement
for thermal isolation of the SH while maintaining struc-
tural strength to withstand the mechanical loads during
launch.

The mounting bracket main objectives are to provide
the accommodation of the SH to the rover in such a way
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Table 1 miniRAD Science Traceability Matrix: Science traceability matrix showing the overarching MMX science goals as well as the
subset of those science objectives to which miniRAD directly or indirectly contributes by measuring net radiometric fluxes in the

different passbands. Adapted from Michel et al. (2022)

Science objective

Measurement objective

Measurement

Science Goal 1: Origin of Phobos

1.1 Determine the surface composition
and formation conditions

1.1.2 Constrain surface mineralogy

1.1.3 Determine surface roughness

1.1.4 Determine dust cover thickness/layering

1.1.5 Determine diurnal temperature amplitude/

thermal fatigue
Science Goal 2: Surface evolution and processes

2.1 Characterization of physical properties
and dynamics of regolith

2.1.2 Determine thermal conductivity

2.1.3 Determine porosity

2.2 Surface alteration
thermal fatigue

1.1.1 Constrain surface mineralogy

2.1.1 Determine surface thermal inertia

2.2.1 Determine diurnal temperature amplitude/

Determine the location of the Christiansen Fea-
ture by radiometric surface brightness measure-
ments at wavelengths of 8.2,8.9,and 9.5 um

Determine the spectral slope in the IR wave-
length range by radiometric surface brightness
measurements at wavelengths of 4.7, 8.2, 8.9,
and 9.5 um

Radiometric surface brightness determination
at4.7,8.2,8.9,and 9.5 um and the broadband
channels as a function of solar incidence

and phase angles

Radiometric surface brightness determination
in the broadband channels as a function of time

Radiometric surface brightness determination
in the broadband channels as a function of time

Measure surface brightness temperature
in the broadband channels

Measure surface brightness temperature
in the broadband channels

Measure surface brightness temperature
in the broadband channels

Radiometric surface brightness determination
in the broadband channels as a function of time

that the field-of-view (FOV) of the miniRAD sensors
overlaps with the FOV of the navigation camera on Pho-
bos’ surface, and to decouple the SH body thermally from
the rover chassis. To achieve these goals, the bracket is
manufactured from PEEK HP3 in 3D printing technol-
ogy and has a rather complex geometry composed of
different thin struts which interface on one side with
the four standoffs of the SH body, and on the other side
with the carbon composite rover side panel. The bracket
design is a compromise between the requirement of low
thermal conduction on one hand, and the requirements
on stiffness (SH eigenfrequency ~230 Hz) and sufficient
mechanical strength to withstand the mechanical launch
loads on the other hand.

A flexible printed wiring board is used to connect the
SH to the miniRAD E-Box Rigid-flex interface PCB. The
flexprint is equipped on both sides with 37-pin nano-D
flex connectors. Strain relief on the SH side is achieved
using a clamp which is integrated into the SH bracket,
while dedicated clamping parts attached to the nano-D
connector provide the strain relief on the I/F PCB side.

The electronics box is composed of two similar half-
shells made from Al-6082 which are connected together
by four M3 screws. The box houses the miniRAD elec-
tronics, a Rigid-flex PCB design composed of two PCB’s

for the equipment of electrical components and a long
Rigid-flex tail terminated by an I/F PCB. This terminal
PCB is equipped with a 37-pin nano-D receptacle provid-
ing the electrical connection of the electronics to the SH
flex cable. A single micro-D 21 Pin connector on the side
wall of the E-Box provides the electrical interface (both
power and data) to the rover power unit (PCDU) and on-
board computer (OBC).

The calibration target is an approximately elliptical Al-
MIC-6 plate with a pyramidal microstructure coated by
Acktar" fractal black. A Pt-100 temperature sensor and
a custom Kapton foil heater are glued to the backside of
the CT to enable temperature control. The CT plate is
mounted by five M2 screws to a thermally isolating sup-
port structure made from PEEK which is itself fixed to
the front shutter of the Idefix rover (Fig. 4).

3.3 Thermal design

The three miniRAD subunits, such as E-Box, sensor
head, and calibration target, employ different concepts
for their thermal control system (TCS) which shall guar-
antee that the subunits are working within their speci-
fied design temperature limits for all nonoperational or
operational use cases. While the E-Box is collectively
controlled together with other rover units inside the SEM
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Fig. 1 miniRAD Accommodation: CAD model showing the miniRAD subunits accommodated in the rover structure (wheels and left rover panel
removed for view inside). The miniRAD sensor head and mounting bracket are located in the top left corner of the image. The fields of view

of the individual sensors are indicated by yellow cones. The instrument is electrically connected to the electronics box via a flexprint cable (brown),
which mates with the rigid flex assembly (green) of the electronics subunit. The electronics box (light gray) itself is located inside the rovers's

SEM (dark blue). On top (lighter blue) are the solar panels in folded cruise configuration. The miniRAD calibration target (not shown) is mounted

on the front shutter (left hand side of the rover) inside the field of view of the sensors

380

- 1103 mm

Fig. 2 Sketch of the miniRAD mounting indicating the viewing angles and resulting projected field of view. Given a mounting height of 380 mm,
a viewing angle of 35°, and a FWHM field of view of 32°, the skewed elliptical surface footprint has a long axis of 785 mm. At the center, located

at a distance of 542 mm, the width of the ellipse is 311 mm. The navigation cameras image the surface from 350 mm to infinity, such that the larger
part of the miniRAD field of view is naturally covered by a single exposure of the NavCams without moving the rover (Michel et al. 2022)
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Table 2 Instrument Overview: Major engineering budgets as well as the key performance characteristics of the miniRAD instrument

Property Value Units
Mass Sensor head incl. mounting bracket and harness 96 g
Electronics incl. harness 209
Calibration target incl. harness 27
Size Sensor head incl. mounting bracket 63 X 78 x83 mm?
Electronics 59 X 94 x90 mm?
Calibration target 85 %95 %3 mm3
Ops. temperature range Sensor head —140to +50 °C
Electronics —45t0+60 °C
Calibration target — 15510 +60 °C
Power uptake® Standby mode 045 W
Diagnostic mode 0.55 W
Science mode 1.0-14W W
Calibration mode 4.0 W
Spectral range Short-wave channels 47-6.2 um
Narrow bandpass (0.5 pm width) 82,8995 pm
Long-wave channels 14-25,15-100 um
Cal. temperature range Target temperature 100 to 330 K
Temperature uncertaintyb Bandpasses at T> 270K 1 K
Long-wave channels at T= 100 K 5 K
NETD® Bandpasses at T=270 K 6 mK
Longpasses at T= 100 K 40 mK
Field of view Full-width half-maximum 32 °
Total width 45 °
Measurement frequency Science and calibration mode 0.06 Hz
Fast science mode 1 Hz
Data rate Science 72 bit/s
Housekeeping 45 bit/s

2 Average power incl. heaters, in sci-mode heater power varies according to the environmental conditions, values for predicted hot/cold environment on Phobos

b Temperature uncertainty is a function of the target temperature and spectral channel

€ NETD: Noise equivalent temperature difference

by the rover’s common TCS, the external subunits, such
as SH and CT, are individually controlled by miniRAD.
During operational phases, the SH and CT temperatures
are stabilized at their chosen setpoints using a built-in
heater and a Pt-100 thermal sensor controlled by the
miniRAD electronics, whereas during nonoperational
phases, SH and CT passively follow the temperature
of the rover environment. Because no active cooling is
possible, this approach only works with setpoints above
the temperature of the environment. Another objective
of the miniRAD TCS is to ensure the required perfor-
mance (see Table 2) during nominal operational condi-
tions on Phobos and in cruise. The thermal design of the
sensor head is driven by the requirement to achieve a
high degree of homogeneity and stability in the SH dur-
ing operational phases, because these parameters have a
direct influence on the quality of the elimination of the
instrumental background radiation, and, therefore, on

the performance of miniRAD. To achieve this goal, and
to minimize the heating power required for stabilization,
the SH body is thermally decoupled from the rover envi-
ronment as much as possible. The thermal control con-
cept of the SH employs the following measures:

+ Low emissivity coating (gold) of all outer surfaces of
the sensor head

« A solid radiation shield also equipped with a low
emissivity gold coating

+ A low thermal conductivity mounting bracket with
low emissivity coating (physical vapor deposited
gold)

+ Use of a flex harness with thin copper tracks to mini-
mize conductive heat leaks from the SH

+ Active heating using a Kapton foil heater glued to the
outside of the cylindrical sensor head body.



Knollenberg et al. Progress in Earth and Planetary Science (2025) 12:53 Page 7 of 21

Fig. 3 miniRAD Mounting and Sensor Head (SH): Left: The miniRAD sensor head assembly viewed from the rover front side consisting of sensor
head body and radiation cover (gold), a PEEK bracket (beige) mounting the SH to the vertical side panel of the rover (dark gray), and a flexprint
(brown) connecting the SH to the electronics unit’s rigid flex assembly (green). The white areas arecut-outs in the rover side panel. Right: Cut
through the miniRAD sensor head showing the baffle for straylight rejection (right), thermopile detector chips (yellow) mounted on the sockets
of TO transistor housings (center), and mounting bracket (left). The sensor head body housing the thermopile detectors is thermally decoupled
from its environment by the radiation shield and PEEK bushings, which minimize the conductive path between SH body and radiation shield

Fig. 4 miniRAD Calibration Target: Left: Backside view of the sensor head and mounting bracket assembly indicating the detector field of view
(yellow) and the calibration target (brown) as mounted onto the front shutter (gray). Middle: Calibration target (brown) and insulating PEEK
structure (white). Right: Closeup of the calibration target showing the pyramidal microstructures to increase emissivity. Note that the color

of the target in the image was chosen for maximum contrast. The flight unit of the target is coated with a high emissivity black coating (see text
for details)

+ Six thermal sensors of type Pt-100 integrated inside heating power to stabilize the SH at the chosen set-
the sensor head body to monitor the thermal state of point
the SH during operation. One of these sensors can be
selected by the miniRAD flight software to serve as The main design goal for the calibration target is
control sensor. to serve as a homogenous and high emissivity black-

+ A proportional—integral (PI) controller implemented  body covering the whole FOV of the miniRAD sensors.
in the miniRAD electronics controls the necessary  To achieve this goal, the CT is coated by Acktar fractal
black, a robust and space-proved high emissivity coating.
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The already high emissivity is increased further by the
pyramidal microstructure of the surface. The Kapton foil
heater glued to the backside of the CT provides a maxi-
mum power of 2.4 W which is large enough to heat the
CT by more than 100 K with respect to the predicted
cruise temperature of the rover environment. The tem-
perature of the CT can be controlled by a calibrated
Pt-100 glued to the CT backside in a central cut-out of
the heater foil. A layer of MLI attached to the backside
of the CT minimizes radiation losses to the front shutter.
A PEEK support plate provides the mechanical interface
to the front shutter while ensuring good thermal isolation
from the shutter structure.

3.4 Detectors

The thermopile detectors are modified standard sensors
of type TS-72 M from Leibniz-IPHT Jena. The sensor
has 72 thermoelement junctions made from the classi-
cal thermoelectric material combination Bi,g4,Sb,5/Sb
connected in series. The sensors use a central terminal,
i.e., these sensors are equipped with an additional third
electrical terminal for application of a bias voltage which
is chosen at the center of the input voltage range of the
ADC (Ug,s= 2.5 V). This design proved its usefulness in
sensors used in the MERTIS (Hiesinger et al. 2010) and
MARA (Grott et al. 2017) projects, and adapts the sensor
circuitry in an optimal way to the differential measure-
ment principle of the miniRAD readout electronics.

The hot junction area of the thermopile sensors can be
equipped with different kinds of absorbers. Space flight
heritage exists for silver smoke absorbers from MUPUS-
TM (Spohn et al. 2007) and MERTIS-RAD (Hiesinger
et al. 2010), and also for two variants of interference
absorbers used in MARA (Grott et al. 2017) and HP3-
RAD (Mueller et al. 2020) which are optimized for one
of the two wavelength bands commonly used in thermal
imaging, e.g., the short-wave 3—5 um band, and the long-
wave 8-14 um band. The silver smoke absorbers have a
higher absorptance in the long wavelength region beyond
15 pm, but suffer from the drawback that they are rather
sensitive to humidity, and, therefore, require either a
hermetic package filled with an inert gas (e.g., nitrogen,
argon, or xenon) or constant purging during storage on
ground. Due to the gas heat conduction, the inert gas
filling reduces the sensitivity of the sensor compared to
operation in vacuum by a factor of 2-5, dependent on
the fill gas. In contrast, the existing interference absorb-
ers have a lower absorptance especially in the long-wave
region but are insensitive to atmospheric humidity, which
allows the usage in a non-hermetic housing, and the
associated sensitivity gain when operated in a vacuum
environment. To further increase the performance of
the interference absorbers for the measurement of very
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low target temperatures (Phobos nighttime tempera-
ture), a new absorber layer was developed by the detector
manufacturer Leibniz-IPHT Jena in close collaboration
with DLR for the MMX miniRAD project which extends
the high absorptance region to longer wavelengths.
The absorptance as a function of wavelength is plot-
ted in Fig. 5. The clear improvement in the wavelength
region >20 pum of the newly developed absorber layer
(W4) compared to the standard long-wave interference
absorber (LW) and also to the silver smoke absorber (Ag)
is evident. The new absorber was qualified for flight by
an extensive test program consisting of humidity expo-
sure, thermal cycling over the large temperature range
required for MMX (100-350 K), and long-term storage
in the normal laboratory environment. Repeated meas-
urements of the detector sensitivity during this program
did not show any significant changes.

The housing of the sensors is a classical TO-39 transis-
tor housing with a 2.5-mm-diameter aperture hole cut
into the top surface of the TO cap, and a 0.2-0.5-mm-
diameter venting hole is drilled into the side wall by laser
processing, to allow evacuation of the atmosphere when
operated under vacuum. The sensor chip is bonded to
the TO socket using the space qualified glue Masterbond
EP29. The same glue is also used to attach the infrared fil-
ters to the inside of the TO caps top surface. The internal
electrical connection is made by aluminum wire bond-
ing from bond pads on the chip substrate to the electrical
terminals of the TO socket.

3.5 Optical design

The infrared sensors work as a pinhole camera without a
dedicated optics, the field-of-view is determined by the
aperture holes in the frontplate of the sensor head. An
external reflective baffle coated with galvanic hard gold
is used to reduce straylight and the exchange of thermal
radiation with the environment. The TO-39 housing of
each infrared sensor is mounted inside a cylindrical cav-
ity where the walls are coated by a vacuum compatible
black paint with high infrared emissivity of 0.97 (Nextel
Black Velvet 811-21), another measure to reduce out-of-
field straylight.

Six infrared channels with different passbands are real-
ized by optical filters glued to the inside of the TO-39
detector housings. The IR channels of miniRAD are pro-
vided in Table 3 and the optical efficiency (the product of
blocking window transmittance, filter transmittance, and
detector absorptance) is shown in Fig. 6.

Channels TP-2 and TP-4 are dedicated to the measure-
ment of Phobos’ surface temperature. The very broad-
band channel TP-2 is realized with an unusual filter made
of pyrolytic boron nitride (BN) (a ceramics instead of the
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Fig. 5 miniRAD Absorber: Absorptance of different kinds
of absorbers as function of wavelength. The miniRAD instrument uses
SW, LW, and W4 absorber

100

usual interference filter) and is optimized for the very low
temperatures expected during Phobos’ night. It is shown
in Fig. 6 that this filter together with the new interfer-
ence absorbers extends the useful wavelength range of
miniRAD to about 100 pm. TP-4 is a Ge LWP filter with
a cut-on wavelength of 14 pm which gives larger signal
during daytime and less signal during night than the BN
filter, thereby mainly improving the miniRAD S/N dur-
ing daytime. It also adds redundancy for the temperature
measurement goal because this channel still gives good
signal except for the very low end (100 K) of the expected
surface temperature during night. The cut-on wavelength
of these filters is selected at a rather long wavelength to
minimize the influence of thermal straylight caused by
residual thermal gradients inside the detector cavities.
Since the SH is operated at temperatures of 273 K or
higher, these emissions occur mostly at wavelengths <14
um, and, thus, could not reach the detectors.

The three narrowband channels TP-1, TP-3, and TP-6
are standard interference filters on Ge substrate and
should be useful for extracting mineralogical informa-
tion. The wavelength bands around 9 um were selected
to estimate the position of the suspected Christiansen
feature using a similar approach as applied by Diviner on
NASA’s Moon mission LCROSS (Greenhagen et al 2010).
To reduce contamination by long-wave out-of-band
radiation, these channels are further equipped with addi-
tional blocking windows made from CaF, which are glued
in front of the bandpass filter on a metal ring welded to
the front of the TO-39 housings. TP-4 is a long-wave fil-
ter on a sapphire substrate where the transmission cutoff
of the substrate at about 6.5 um is effectively providing a
broader bandpass at shorter wavelengths which shall be
used for the retrieval of information on the small-scale
roughness of Phobos’ surface.
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Table 3 miniRAD Channels: Overview of miniRAD infrared
channels giving the channel designation, blocking window
material, thermopile absorber, and filter name

Designation Blocking Absorber Filter
window
TP-1 CaF2 LW BP 9480-613 nm
TP-2 - W4 Ge LWP 14 um cut-on
TP-3 - SW LWP on Sapphire 4.7 um cut-on
TP-4 CaF2 LW Ge BP 8248-452 nm
TP-5 CaF2 LW Ge BP 8900-500 nm
TP-6 - LW BN LWP 15 pm cut-on

3.6 Electrical design

The block diagram of the miniRAD electronics is shown
in Fig. 7. The digital control of the instrument, heater
control, and the analogue data acquisition chain are
implemented on a two-PCB Rigid-flex design, an assem-
bly of several PCBs interconnected by flexprint cables.
All parts needed for digital control and power condi-
tioning are placed on one PCB, whereas the second PCB
accommodates the analogue parts comprising of the ana-
logue signal chains and heater control.

Power supply The necessary power to operate miniRAD
is provided by the rover PCDU, two stabilized voltages of
3.3 Vand 5 V are used by miniRAD for the digital and
analogue parts, respectively. Furthermore, nonregulated
bus voltage specified to 11.0-16.8 V is used by miniRAD
as supply for the two heaters.

Digital PCB The miniRAD instrument is controlled by
a processor implemented in a rad-tolerant flash FPGA
of type ProAsic3 from Microsemi. The necessary 1.5 V
core voltage is derived from the 3.3 V using a line regu-
lator. The FPGA controls two miniRAD internal heat-
ers (sensor head heater and calibration target heater),
the acquisition of samples with three analogue—digital
converters (ADCs), and the communication with the
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Fig. 6 miniRAD optical efficiency: Optical efficiency as a function
of wavelength for the six infrared channels. Details of the employed
absorber, filter, and blocking window are summarized in Table 2. Note
the excellent rejection of out-of-band radiation for the bandpass
filters
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Rover on-board computer (OBC) via a RS422 serial link.
Default setpoints of both SH and CT are provided by a
configuration table, which can be changed by telecom-
mand. No internal mass memory is implemented in the
miniRAD design. Therefore, when miniRAD is operating,
it needs to be regularly polled by the OBC for the deliv-
ery and storage (in the mass memory of the rover) of the
acquired data vectors.

Analogue PCB The analogue PCB contains three identi-
cal signal processing chains, two for science and one for
housekeeping data. Each of these chains consist of eight
analogue voltage channels. For redundancy reasons,
each scientific ADC acquires signals from three ther-
mopiles and three SH Pt-100 temperature sensors, and
additionally from one simulated thermopile and simu-
lated Pt-channel, respectively. In this way, a loss of one
ADC would not lead to a total loss of the miniRAD sci-
ence. The simulator channels are made of precision resis-
tors of 2x 10 kOhms (for thermopile) and 100 Ohms and
are located on the analogue PCB. They provide informa-
tion on the functionality and stability of the electronics
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independently from the sensors. Furthermore, the ana-
logue heater control parts, e.g., power FETs, OPAMPs,
and passive parts, for control of the SH and CT heaters
are located on this PCB.

The small thermopile signal voltages are transferred dif-
ferentially to the electronics box using the SH flex cable
and the flex tail of the electronics and are then converted
by a sigma/delta ADC of type ADS1258 with a resolution
of 24 Bit. These ADC'’s incorporate an eight-channel dif-
ferential multiplexer and have the additional advantage
that optimal signal conditioning can be realized using an
external user defined circuit. Here, an external differen-
tial amplifier is used to provide the necessary high input
impedance for the thermopiles with their source resist-
ance of about 20 kOhms and a signal amplification with a
gain of G= 11. Due to the placement of the external sig-
nal conditioning circuit between MUX output and ADC
input, this amplifier can be incorporated into the internal
self-calibration feature of the ADS1258, where electrical
choppering of the signal is used to reduce offset voltage
drifts to a minimum, a feature which is very important

HOUSEKEEPING
+11..16.0V HEATER MEASUREMENT
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Fig. 7 miniRAD Electronics: Block diagram of miniRAD electronics showing three functional subunits. The main electronics consisting of the digital
control unit, temperature control units, housekeeping unit, and analogue chains; the sensor head consisting of thermopile and Pt-100 sensors;
and the calibration target consisting of heater and Pt-100 temperature sensor
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for the small signal voltages provided by thermopile
detectors.

3.7 Operations

During the cruise phase to Phobos, miniRAD will partici-
pate in regular Idefix checkouts that shall be performed
about every 6 months. In these checkouts, miniRAD
inflight calibration mode will be executed where the CT is
heated up from the cruise equilibrium temperature, pre-
dicted to be about 170 K, in six steps to a maximum tem-
perature of 273 K, thereby covering a large range of the
expected surface temperatures on Phobos. Since the CT
is mounted in the rover’s front shutter that will be opened
soon after landing, the last calibration will be performed in
orbit around Phobos shortly before rover deployment. The
repeated inflight calibrations will allow to detect any possi-
ble changes in miniRAD sensitivity or offsets, which might
have occurred after the ground calibration, and can be used
for corrections, if needed.

Because of thermal reasons Idefix shall land on Phobos’
far side. Therefore, no Mars shine needs to be taken into
account for the interpretation of miniRAD data. Before
a miniRAD operation sequence starts, the rover shall be
moved to the foreseen location and attitude. Then, a ste-
reo image shall be acquired by the NAVCAM to verify
that the planned target is within the miniRAD field-of-
view and to provide context for the measurement. There-
after, miniRAD science mode shall be executed for a full
Phobos rotation of 7:40 h (plus about 30 min in the begin-
ning for SH temperature stabilization at the setpoint)
observing the same measurement spot on the Phobos
surface while Idefix remains at rest. Operating miniRAD
in science mode means that the sensor head works tem-
perature stabilized at one of the calibrated temperature
setpoints (0, 25, or 50 °C), and that miniRAD acquires a
full science data record comprising six infrared sensor
and six sensor head temperature readings every 15 s.

4 Calibration

Calibration of miniRAD comprises three steps starting
with calibration of the electronics, followed by the geo-
metrical calibration, and the final radiometric calibration.
Each calibration step is described in detail below in the

1 1
Un =R -

exp (—ﬁ) -1 exp (_AT:C#) -1

+ Uy + cy Py
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corresponding chapter. Because the miniRAD PFM elec-
tronics was required to be delivered early in the project
to be compatible with the Idefix rover’s integration flow,
the PFM electronics was not available any more during
the geometric and radiometric calibration of the sensor
head. For this reason, the EM-2 (engineering model 2)
electronics was calibrated individually in the same way
as the PFM and then used for the calibration of the sen-
sor head. The EM-2 has the same design as the PFM, the
main differences are the usage of a commercial version
of the FPGA and commercial passive components. This
approach allows the simple exchange of the electron-
ics boxes by simply replacing the appropriate calibration
coeflicients in the data reduction.

4.1 Calibration model
The voltage signal U of a thermopile detector can be
expressed as (Grott et al. 2017):

Uy = S(Tae)Agmrv | HO)(e(DB(, T)
0

— B(4, Tget))d4 + Uorr el + UoFr th (1)

with S the sensitivity of the detector in [V/W], A, the
detector area, v the view factor of the target as seen from
the detector, T the target temperature, Ty, the tempera-
ture of the detector, 4 the wavelength, H the instrument
function (the product of detector absorptance and filter
transmittance). U g, is an offset voltage generated by the
electronics which usually is also dependent on the tem-
perature of the analogue electronics components. Uz,
is a thermal offset coming from residual spatial thermal
gradients inside the sensor head that are seen by the
detector. Several options exist to approximate Eq. 1 by a
function suitable to derive appropriate calibration coef-
ficients. Grott et al. (2017) used a second-order expan-
sion of the sensitivity to deal with the slightly nonlinear
behavior of the thermopile signal Uy, w.r.t net radiative
power. Using this method for miniRAD radiometric cali-
bration, data still showed a systematic deviation between
fit and data, and generally larger deviations compared to
a fit with a modified Sakuma—Hattori equation (Saunders
and White 2004), our finally chosen method. After sub-
traction of the electronics offset (which we remove in a
pre-processing step), the equation for the thermovoltage
Uy, = writes:

(2)
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where c, is the second radiation constant in Planck’s law,
T a blackbody temperature filling the FOV of the detec-
tor, and Py the sensor head heating power used to sta-
bilize the sensor head at the commanded temperature
setpoint. The Sakuma—Hattori fit parameters R, A, and B
can be interpreted as responsivity, effective central wave-
length, and shift of central wavelength with temperature,
respectively. The term cyPp is a reasonable first-order
approximation for thermally induced signal offsets gen-
erated by residual thermal gradients inside the instru-
ment (Grott et al. 2017). It is implicitly assumed that
these gradients get stronger when larger heating power is
required to stabilize the sensor head. Note that the modi-
fied Sakuma—-Hattori Eq. (2) representing the miniRAD
calibration model relates the measured thermovoltage
directly to the blackbody temperature by a Planck-like
function with the five fit parameters R, A, and B, U, and
¢;p thus making the exact knowledge of the instrument
function H (/) superfluous for the miniRAD radiometric
calibration.

4.2 Electronics calibration

The performance of miniRAD is affected by variations
in offset voltage of the different signal channels mainly
caused by temperature changes of the analogue chain
components. To measure the electronics offset drift as a
function of temperature, the integrated miniRAD E-Box
was attached via an aluminum adapter plate to a temper-
ature-controlled plate inside a vacuum chamber and con-
nected with flex cable to a sensor head simulator. On top
of the assembly, an MLI blanket was placed between the
E-Box and the vacuum chamber side walls and top cover.
In this way, the thermal environment of the miniRAD
E-Box and SH simulator was nearly isothermal during
the whole experiment. The SH simulator is made of a
PCB mounted on an SH baseplate where the Pt-100 sen-
sors are replaced by fixed 100 Ohms precision resistors
and each thermopile is simulated by 2 x 10 kOhms preci-
sion resistors connected in series and biased in the center
by 2.5 V (e.g., the same readout circuit as in the PFM is
used). In the ideal case, no current flows through the sim-
ulated thermopiles and no voltage is applied; therefore,
the voltage signal should be zero for all environmental
(and electronics) temperatures.

Seven different cold-plate temperatures between
—45 °C and +50 °C were used for the offset calibration, a
temperature range that covers all expected temperatures
of the E-Box during miniRAD operations. The resulting
offset voltages as function of temperature are plotted in
Fig. 8 for the thermopile and the thermopile-simulator
channels. In all cases, the offset voltage w.r.t temperature
can very well be described by a second-order polynomial
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with a standard deviation of the fitting residuals of 0.2—
0.3 uV.

The same calibration was also performed with the
miniRAD EM-2 electronics which was later used for cali-
bration of the sensor head. Qualitatively the results of the
EM-2 calibration were similar as for the PFM, although
the magnitude of the offset temperature drift was gener-
ally lower.

4.3 Geometric calibration

The geometric calibration of a non-imaging radiometer
is aimed at determining the total field-of-view (FOV) of
a detector and the relative angular sensitivity to incom-
ing radiation. To achieve this purpose, the radiometer
was mounted on a precision rotary stage inside a small
vacuum chamber such that the absorber of the central
miniRAD detector lies on the rotation axis. A sketch
of the setup is shown in Fig. 9. The sensor head looks
through a 3-12 pm broadband anti-reflection coated
ZnSe window which is transparent for infrared radiation
on a collimated source of infrared radiation. By rotating
the sensor head, the relative sensitivity as function of
off-axis angle can then be determined. The source used
was a microheater from Axetris of type EMIRS200 ATO01
T-BR08O, basically a small emitting surface of 2X 2 mm
mounted inside a parabolic focusing mirror with an
incorporated micro-machined resistive heating element.
This type of source has the advantage that it can be elec-
trically modulated by application of a control voltage and
has a small thermal time constant of about 15 ms. In our
case, the source was driven by a constant voltage which
was cycled (switched ON and OFF) N .= 10 times at
each angular position of the rotary stage. In this way, the
varying background contribution to the measured signal
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Fig. 8 Thermopile Offset Voltages: Thermopile offset voltages

as function of temperature for the individual channels. In the flight
unit, channels TP-1 to TP-6 are connected to the sensor head,
whereas in this test, they were connected to a sensor head simulator
(see Fig. 7). Channels TP-SIM-0 and TP-SIM-1 are reference resistors
mounted inside the miniRAD electronics box
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(with IR source OFF) could be subtracted from the IR
signal and S/N be improved by a factor of Ny, The
source is not an ideal collimator but the geometry of
the setup with a source aperture of 9 mm and a distance
between detector and source of 200 mm gives a maxi-
mum divergence of rays falling onto the detector of +1.3°,
which is deemed acceptable for the present purpose. This
assumption has been verified by pretests with the source
at larger distances, which showed no significant differ-
ence of the results, except for the expected lower S/N.

The results of the geometric calibration are summa-
rized in Fig. 10 which shows the measured relative signal
strength for all six infrared channels of miniRAD on the
left panel, and the resulting cumulative signal distribu-
tion as function of off-axis angle on the right. A closer
look at Fig. 10 reveals a somewhat broader angular sig-
nal distribution for the BN long-wave pass filters com-
pared to the others. This behavior is probably caused by
an increased amount of internal scattering in the ceram-
ics structure of the pyrolytic boron nitride filter, which is
absent in the other filters realized as classical interference
filters on a Ge substrate. The width of the angular sensi-
tivity distribution can be characterized by the full-width
half-maximum (FWHM) which lies between 30° and 34°
for the different filters and the contribution of the nomi-
nal FOV of 45° to the total signal is about 97-98%.

4.4 Radiometric calibration
Radiometric calibration of infrared radiometers based
on thermopile detectors can be performed in different

I
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ways. Sebastidn et al. (2020) used a combination of a
relative calibration of the detector sensitivity as func-
tion of sensor temperature and a single absolute calibra-
tion run performed at a sensor temperature of 313 K for
the MEDA-TIRS radiometer on the perseverance rover
of NASA. This method assumes that any nonlinearity of
the infrared sensor can be neglected. Note here that even
for the case of a perfectly linear thermopile detector, an
apparent nonlinearity could still result from uncertain-
ties in the measurements of the instrument function or
from non-negligible absorption and re-emission from
the infrared filters (Christensen et al. 2024). Because our
experience with previous projects showed that slight
nonlinearities of the sensors cannot be excluded, we
choose the approach already used by Grott et al. (2017)
for the calibration of MARA which also follows as closely
as possible the widely accepted general rule “calibrate as
you measure” (Wolfe 1998). The calibration was carried
out in high vacuum, with relevant thermal boundary con-
ditions based on predictions of the thermal environment
for miniRAD operations on Phobos, and blackbody tem-
peratures covering the full expected object temperature
range.

The radiometric calibration of miniRAD was per-
formed in the space simulation facility (a thermal vac-
uum chamber) at DLR, Berlin, using a low temperature
cavity blackbody of type BB-100 (Sapritsky et al 2003)
which can be attached to a flange in the front door of the
TV chamber. This blackbody can be cooled by LN, and
has an operational temperature range of 100-400 K, and
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Fig. 9 Geometrical Calibration Setup: Sketch of the experimental setup for geometrical calibration with the sensor head in the 0° position, directly
facing the source (viewed from top). In the figure, the rotation axis is out of plane and its location is indicated. While the rotary stage and sensor
head are mounted inside a thermal vacuum chamber, they view the infrared source located outside the chamber through an IR transparent ZnSe

window
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Fig. 10 Geometrical Calibration Results: Left: Normalized signal as a function of off-axis angle Theta for the individual miniRAD channels. Right:
Cumulative signal as a function of off-axis angle Theta for the individual miniRAD channels. The nominal field of view of 22.5°is indicated by dotted

lines. Overall, about 98% of the total signal is originating from within £22.5°

an emissivity of 0.999. The high emissivity is achieved by
a combination of the blackbody’s V-grooved backplate
(Prokhorov et al. 2003) and a specially designed reflective
baffle. An overview of the radiometric calibration setup
is given in Fig. 11. Because of the large FOV of miniRAD,
the sensor head had to be placed directly in front of the
blackbody aperture with a diameter of 100 mm. The sen-
sor head is mounted inside a thermally controlled alu-
minum enclosure aimed at simulating the real thermal
environment for the operational conditions of the sensor
head. To achieve the relevant environment temperatures
of the SH predicted for the mission in the range between
— 120 and 50 °C, the backplate of the enclosure is con-
nected by an aluminum strut to a cold-plate cooled by
LN,. Temperature sensors and Kapton foil heaters placed
on the support strut are then used to deliver the required
temperature to the SH enclosure. The enclosure itself is
further equipped with several temperature sensors and
smaller heaters which can be used additionally to mod-
ify the spatial temperature distribution of the enclosure,
thereby modifying the radiative environment of the
sensor head. The electronics is also mounted by a sup-
port structure to a position roughly in the center of the
strut. The E-Box support is also temperature-controlled
by an incorporated fluid reservoir which is connected
to a Huber bath thermostat. The electrical connection
between the SH and the E-Box is made by the flight-
model flexprint of the SH which is directly plugged into
the nano-D receptacle of the interface PCB of the elec-
tronics Rigid-flex tail. This interface PCB is fixed with
stainless steel standoffs to a small aluminum plate which
represents the front panel of the SEM. This interface
plate is also equipped with a temperature sensor and a
small heater in TO-220 case in order to provide a realistic

operational temperature on this thermal interface of the
sensor head.

The miniRAD SH was calibrated at three operational
setpoints of 0 °C, 25 °C, and 50 °C which are compatible
with the thermal predictions for operations on Phobos
and during cruise. On each SH setpoint, at least one sen-
sitivity and an offset calibration run were performed. A
sensitivity calibration run is performed in the following
way. First, the blackbody is cooled down to a minimum
temperature below 100 K. In parallel, the temperature
of the thermal enclosure is selected and stabilized at
the chosen “environment” setpoint. Then, the selected
miniRAD SH setpoint is commanded and, depending on
the initial temperature, the sensor head is heated up and
then stabilizing at its operational temperature setpoint.
Once miniRAD and thermal enclosure are both in stabi-
lized conditions, a table of blackbody setpoints is loaded
by the blackbody control software, and the calibration
run starts. In total, 10 BB setpoints were used to cover
the range from 100 to 330 K.

Another type of calibration run is the offset calibration
which shall take into account the different environmen-
tal conditions the radiometer may encounter during the
operations on Phobos. Here, the blackbody is held stable
at a temperature as close as possible to the SH opera-
tional temperature (ideally resulting in a zero signal)
while the temperature of the environmental box is varied,
typically in five steps over the relevant temperature range
of about several 10 K. As a consequence of the chang-
ing thermal environment, the SH heater power required
to maintain the setpoint temperature varies accord-
ingly. The main purpose of the offset calibration runs is
to provide good constraints on the heater power coeffi-
cient ¢y in Eq. 2. Using all acquired calibration points, a
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Fig. 11 Radiometric Calibration Setup: Left: CAD model of the calibration setup inside the thermal vacuum chamber. The cavity blackbody

is located to the left and the miniRAD instrument is mounted close to the blackbody aperture. It is connected to a temperature-controlled plate
(black) via aluminum struts acting as cold finger (light blue). The miniRAD electronics box (gray box on dark blue mounting plate) is mounted
close to the sensor head on the struts. Right: Cut view of the assembly showing the cavity blackbody with its V-grooved backplate on the left,
the miniRAD sensor head (gold) and sensor field of view (yellow), the thermal enclosure (blue) as well as the cold finger (light blue)

least-squares fitting routine is applied to find the best fit-
ting five parameters in the governing Eq. (2).

An example of the acquired data during a blackbody
calibration run is provided in Fig. 12, where the right
panel shows the blackbody temperature varying from 85
to 330 K in 10 steps (85, 100, 120, 150, 180, 210, 240, 273,
300, 330 K) and the left panel shows the resulting ther-
mopile voltage of the six infrared miniRAD channels.
Each blackbody setpoint has a duration of 1 h, enough
time for blackbody and sensor head to reach a sufficient
thermal equilibrium. The data acquired during the last 10
min at each BB setpoint is then averaged and used as a
calibration point in the fitting model according to Eq. (2).

The result of the radiometric calibration at the SH tem-
perature setpoint of 0 °C is plotted in Fig. 13, showing the
thermopile voltage data points (symbols) and the cor-
responding fit results (solid lines) on the top panel, the
deviation of fit from data in [tV] in the central panel, and
the corresponding deviation of brightness temperature
from blackbody temperature on the bottom panel. At this
SH setpoint, two sensitivity calibration runs were per-
formed with different settings for the enclosure tempera-
ture of — 50 °C and — 100 °C, respectively. All calibration
points of two sensitivity and one offset calibration run
are plotted in Fig. 13.

As expected, the largest signals are generated by the
two broad LWP filters (light and dark blue curve in left
panel). The deviation of fit from data is of the order of 1-2
uV, with the exception of the short-wave LP-4700 which
shows somewhat larger fitting residuals. The resulting
deviations between inverted brightness and blackbody
temperatures are low (below 0.5 K) and nearly random

above a certain lower limit temperature which is different
for each infrared channel, as can be expected from the
different passband width and upper wavelength cutoff of
the different filter functions. This lower limit temperature
is about 85 K for the BN and LP-14 filters, 180-210 K for
the three bandpass filters and about 240 K for the short-
wave filter (LP-4700, 4.7-6.2 um). It is worth noting that
the calibration points from the two sensitivity runs plot
well on top of each other, so good that the subtle differ-
ences can only be seen in the residual plots in the center
and lower panel of Fig. 13. The result shown in Fig. 13 is
typical for the radiometric calibration, the fitting residu-
als for the other two sensor head setpoints at 25 °C and
50 °C are similar.

4.5 Verification of calibration

The fitting residuals of the radiometric calibration
discussed above suggest that the uncertainty of the
miniRAD brightness temperature measurements are
below 1 K even at the low end (< 100 K) of the target
temperature range, but this is probably over-optimistic.
There are several reasons why the situation could be
worse during real operations on Phobos’ surface. The first
point is that the calibration points were taken in a steady
state, while during real operations, the thermal environ-
ment is permanently changing giving rise to changing
heating power needed to maintain the setpoint, with
the consequence of residual thermal gradients develop-
ing in the sensor head. Furthermore, the enclosure was
quite homogeneous (within 15 K) in temperature during
calibration, whereas the real thermal environment might
have a considerably larger inhomogeneity, which also
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Fig. 12 Radiometric Calibration Data: Data obtained during radiometric calibration showing (left) recorded thermopile voltages as a function
as well as (right) the corresponding blackbody temperature as a function of time. The data shown was acquired during one blackbody calibration
run using a sensor head setpoint of 0 °C and an environmental temperature of T,,,= — 50 °C

might cause slightly different temperature gradients in
the sensor head during calibration and operation.

In order to get a better estimate of the real perfor-
mance, we conducted several verification runs with
different experimental setups. First, we checked the
repeatability of the radiometric calibration setup by
applying the calibration coefficients determined with
the final setup to a sensitivity calibration run performed
with a similar preliminary setup. During the preliminary
sensitivity run with this setup, we observed temporarily
increased noise on the thermopile signals (caused by a
small contact between SH flex and enclosure as inspec-
tion later showed) and we decided to completely rework
the setup. Although the sensor head temperature control
was not optimal in the first setup, the added noise was
low enough that the measurements are still useful. The
result of the brightness temperature inversion for the
preliminary setup is shown in Fig. 14. The very broad-
band LP-15000_BN filter gives very good agreement over
the whole temperature range, whereas the LP-14000_Ge
is not usable below 100 K, but performs well above 120
K. The three narrow bandpass filters with central wave-
lengths around 9 pm show good agreement for tempera-
tures above 200 K, whereas the short-wave LP-4700 filter
is good above 230 K.

Then, we simulated transient and nonhomogenous
thermal environmental conditions by varying the enclo-
sure temperature and homogeneity by using the auxil-
iary heaters on the thermal enclosure for that purpose.
The main result from this test was that the brightness
temperature inversion was robust against the environ-
ment changes, overall the deviations from the blackbody
temperature were even smaller than for the repeatabil-
ity test described before. In a further test, we varied the
temperature of the SH flexprint at the interface PCB of

the electronics between — 25 and 50 °C while keeping
the blackbody temperature constant at 273 K. Here, we
found only small changes of signal voltages less than +0.5
nV for all signal channels, again smaller than the repeat-
ability uncertainty.

The final check of radiometric calibration was per-
formed with a completely different setup in a cryostate
(a small vacuum chamber equipped with a two stage
Gifford—McMahon He cooler) of the thermal labora-
tory of DLR, Berlin. This setup is shown in Fig. 15. The
cold finger interface (red) of the second stage of the cry-
ocooler provides the temperature (down to 50 K possi-
ble) which is transferred to a custom blackbody (black)
via an aluminum adapter plate (blue). The first stage of
the cryocooler is thermally well coupled to the cham-
ber’s cylindrical cold shield (light brown), meaning that
very low temperatures can be reached inside the whole
chamber. The cryostate is also equipped with two inter-
nal cartridge heaters (one for each stage), but these are
not strong enough to provide the highest blackbody
temperatures required for calibration. Therefore, an
additional aerial Kapton foil heater is mounted between
adapter plate (blue) and the backside of the blackbody for
this purpose. To provide a high effective emissivity of the
blackbody, the radiation surface is coated with 3 M Nex-
tel black velvet 811-21 paint, a well-characterized coat-
ing for vacuum blackbodies with a normal emissivity of
about 0.97 (Lohrengel and Todtenhaupt 1996; Adibekyan
et al. 2017), and also structured with V-shaped grooves to
further increase the effective emissivity to values in the
range 0.99-0.995 (according to Prokhorov et al. 2003 for
the blackbodies groove vertex angle of 30°).

The miniRAD SH is mounted inside a temperature-
controlled aluminum box and observes the blackbody
from a short distance, such that the large FOV is fully
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Fig. 13 Radiometric Calibration Results: miniRAD calibration results
for a sensor head setpoint of 0 °C. Top: Thermopile voltages (solid
lines) recorded during the equilibrated blackbody temperature
plateaus as a function of blackbody temperature for the six miniRAD
infrared channels. The best fitting curves using the Sakuma-Hattori
equation (Eq. 2) are shown as symbols. The plot contains all points
from two sensitivity and one offset calibration runs. Middle: Fitting
residuals between recorded data and best fitting Sakuma-Hattori
model as a function of blackbody temperature. Bottom: The deviation
of inverted brightness temperature from blackbody temperature
corresponding to the misfit shown in the middle panel as a function
of blackbody temperature

covered by the blackbody. This box is aimed at represent-
ing the different operational thermal environments of the
SH on Phobos and during cruise. The box is at its rear
face thermally weakly coupled to the cold shroud by a flat
PEEK ring, and is equipped with heaters on several sides
of the box. This setup allows to reach all relevant envi-
ronmental temperatures from 170 to 300 K.
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Because of space constraints inside the chamber, the
miniRAD electronics was placed outside of the cham-
ber close to the feedthrough in the front flange. The
miniRAD flex cable needed an extension cable (shielded
round wire cable) inside the chamber to reach the cham-
ber feedthrough and another short cable of the same
type was also needed outside to feed the signals into the
E-Box.

Two sensitivity runs at the most relevant sensor head
temperatures of 0 °C and 25 °C were conducted to check
the radiometric calibration of miniRAD. The results are
plotted in Figs. 16 and 17 where a constant blackbody
emissivity of 0.99 was assumed. The thermal bound-
ary conditions (enclosure temperature, flex interface
temperature) for the Tgy= 0 °C run were bracketed by
the boundary conditions employed during radiometric
calibration, while for the Tgy= 25 °C run, the thermal
boundary conditions were intentionally chosen to be out-
side of the calibrated range to simulate a worst case. In
this case, both, the enclosure temperature (190 K vs. 240
K) and the flex interface temperature (210 K vs. 280 K)
were significantly lower than during the calibration run
which resulted in higher SH heating power required to
maintain the setpoint and the associated increase of ther-
mal gradients inside the sensor head.

The test at Tg;= 0 °C shows good agreement between
inverted brightness and blackbody temperature for the
two broadband channels over the full target temperature
range of 100-330 K. Even at the lowest temperature of
100 K, the deviations were less than 3 K. All channels give
good results within 1 K deviation from the blackbody for
temperatures >270 K, the expected dayside tempera-
tures on Phobos. For the 25 °C setpoint, the results are
less good, but still acceptable, especially if one takes into
account that this test could be considered as (a probably
unrealistic) worst case. The deviation at a blackbody tem-
perature of 100 K increases to 6 K for the boron nitride
longpass filter (LP-15000_BN) and is twice as large for
the Ge 14 pum cut-on filter (LP-14000_Ge), but this filter
also gives useful results with deviations <5 K for T > 120
K. Generally, all channels show a trend of negative devia-
tions increasing in magnitude with decreasing tempera-
ture. This behavior is qualitatively consistent with a shift
in offset voltage between the calibration check setup and
the radiometric calibration.

Such offset shifts may also occur under real opera-
tional conditions on a space vehicle for several reasons.
One reason could be that the thermal simulation of the
operational environment during calibration may not be
fully representative, despite our efforts to simulate them
as good as possible in the laboratory, or long-term drift of
the electronics may shift the offset voltages by some pV.
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Fig. 14 Verification Measurements: Left: Inverted brightness temperature as a function of time during the verification measurement using
the preliminary setup. Right: The deviation of inverted brightness temperature from blackbody temperature as a function of time during the same

test

Fig. 15 Radiometric Calibration Verification Setup: CAD model

of the radiometric calibration verification setup. The coldfinger (red)
controlling the blackbody (gray) temperature is located to the left,
the miniRAD sensor head (gold) is mounted inside the thermally
controlled enclosure viewing the blackbody. The entire setup

is housed in a vacuum chamber and radially decoupled

from the environment by the chamber’s cold shield (brown)

5 Summary and conclusion

The DLR/CNES rover Idefix, on-board JAXA's MMX
mission to Phobos, carries as payload the radiometer
miniRAD. MiniRAD was designed, built, and calibrated
at the DLR Institute for Planetary Research from 2019 to
2022 and delivered to the Idefix project in 2022, first the
electronics box in May 2022, and then the sensor head

in Dec 2022. The six-channel radiometer miniRAD is
equipped with two broadband filters for measurement of
the diurnal temperature curve, three narrow bandpass fil-
ters centered around 9 pm for mineralogical characteri-
zation based on the Christiansen feature detection, and a
short-wave bandpass for constraining the surface rough-
ness of Phobos.

The instrument was calibrated over the full relevant
target temperature range from 100 to 330 K at three
different sensor head temperature setpoints of 0, 25,
and 50 °C. Because of the early delivery of the E-box to
the project, the sensor head calibration had to be car-
ried out with a functionally equivalent E-box engineer-
ing model. Slightly different electrical properties of the
electronics models which may influence the miniRAD
performance, especially the offset voltage drift w.r.t.
temperature, were accounted for by individually cali-
brating both electronics over the full operational tem-
perature range in a vacuum chamber. Uncertainty
of this calibration, or thermal differences of the real
operational environment w.r.t calibration environment
may lead to shifts in offset voltages, but these will be
detected during the planned inflight calibration runs
in cruise, and could then be corrected. In addition to
the calibration, extensive verification of the radiomet-
ric calibration has been performed with good results.
Therefore, we predict a brightness temperature uncer-
tainty at the 2-sigma level of <1 K for all channels at
typical dayside temperatures >270 K, and an uncer-
tainty of <5 K at 100 K for the broadband LP-15000_BN
filter. This gives confidence that the miniRAD perfor-
mance is sufficient to reach all scientific goals detailed
in the science traceability matrix (Table 1).
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Fig. 17 Radiometric Calibration Verification Results at 25 °C: Same as in Fig. 16, but for a sensor head setpoint of T, = 25 °C
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