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Abstract The Mercury Imaging X-ray Spectrometer is a highly novel instrument that is de-
signed to map Mercury’s elemental composition from orbit at two angular resolutions. By
observing the fluorescence X-rays generated when solar-coronal X-rays and charged parti-
cles interact with the surface regolith, MIXS will be able to measure the atomic composition
of the upper ∼10-20 µm of Mercury’s surface on the day-side. Through precipitating par-
ticles on the night-side, MIXS will also determine the dynamic interaction of the planet’s
surface with the surrounding space environment.

MIXS is composed of two complementary elements: MIXS-C is a collimated instrument
which will achieve global coverage at a similar spatial resolution to that achieved (in the
northern hemisphere only – i.e. ∼ 50 – 100 km) by MESSENGER; MIXS-T is the first
ever X-ray telescope to be sent to another planet and will, during periods of high solar
activity (or intense precipitation of charged particles), reveal the X-ray flux from Mercury
at better than 10 km resolution. The design, performance, scientific goals and operations
plans of the instrument are discussed, including the initial results from commissioning in
space.

Keywords Mercury · BepiColombo · X-ray spectrometry · Surface composition · X-ray
emission · Elemental composition

1 Introduction

The Mercury Imaging X-ray Spectrometer (MIXS) is an instrument aboard the Bepi-
Colombo Mercury Planetary Orbiter (MPO; Benkhoff et al. 2010; Benkhoff et al. 2020,
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this issue) designed to map the elemental composition of the surface of Mercury from or-
bit. MIXS will provide elemental composition data for the regolith and, by inference, the
protoliths from which it was derived, together with providing key evidence for deep crustal
and mantle compositions via excavated materials around and within complex craters and
peak-ring basins, e.g. Frank et al. (2017), Hall et al. (2020). Although MIXS is only sen-
sitive to the first 10-20 µm of the Mercurian regolith, local mixing means that this infor-
mation still provides critical compositional information about the contribution of the un-
derlying sub-surface geology (plus a small added exogenous mineralogical/chemical com-
ponent). Indeed, using a lunar analogy, the regolith composition is expected to be a good
proxy for the average composition of underlying crust on the regional distance scales rel-
evant to MIXS-C (Warren 2005), with MIXS-T able to probe the more localised contribu-
tions from individual impact features associated with, for example, complex craters and
basins (Hall et al. 2020). This approach has been effectively used before for Mercury,
where MESSENGER’s XRS maps show clear compositional changes across geomorpho-
logic boundaries (such as the edges of the smooth plains units occupying the Caloris and
Rachmaninoff basins) supporting the assertion that the upper regolith surface reflects the
underlying bedrock (e.g. Nittler et al. 2018). Results from lunar and asteroidal X-ray flu-
orescence (XRF) mappers have also provided similar interpretations about planetary re-
gional geological variation and evolution (e.g. Crawford et al. 2009; Grande et al. 2003;
Narendranath et al. 2011; Okada et al. 1999; Alder et al. 1972; Nittler et al. 2001). Iden-
tifying the magmatic history of Mercury will inform about melt composition and the pro-
cesses in the planetary interior (e.g., differentiation, oxygen fugacity, partial melting, man-
tle heterogeneity). MIXS will build on results from the extremely successful MESSEN-
GER mission (Solomon et al. 2018) whose X-ray spectrometer (XRS; Schlemm et al. 2007;
Starr et al. 2016) has revolutionised our view of the surface of Mercury. MESSENGER’s
XRS consisted of a triplet of gas proportional counters, two of which were equipped with
elemental filters. Parallel data analysis was used to uniquely identify the concentration of
individual elements within the instrument footprint. This complex parallel data analysis was
needed as the intrinsic energy resolution of the detectors was otherwise insufficient to re-
solve the emission lines of the principal rock-forming elements (Al, Mg and Si).

Geochemical mapping by the MESSENGER program revealed pronounced variability in
the elemental composition across the surface within compositionally different provinces on
Mercury (e.g., Weider et al. 2015; Nittler et al. 2018). The variable surface compositions
have been ascribed largely to melting processes and mantle heterogeneity (e.g., Namur et al.
2016), but data on terrestrial magma systems (e.g., Heinonen et al. 2019; Yang Yang et al.
2019) suggest fractional crystallization and interaction between hot high-Mg magmas and
pre-existing crust may be important additional factors. Exosphere processes may be impor-
tant for the distribution of moderately volatile elements (e.g., Peplowski et al. 2012). XRS
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identified clear correlations between the surface geochemistry and major geological features
on the surface of the planet. However, of particular interest is a region of elevated Mg con-
centration (relative to Si) in the northern hemisphere that currently cannot be definitively
explained in terms of geological features on the surface (for more detail see e.g., Rothery
et al. 2020 and references therein).

BepiColombo’s surface compositional data from MIXS and the Mercury Gamma ray
and Neutron Spectrometer (MGNS; Mitrofanov et al. 2010, 2020) are expected to provide
a versatile geochemical database on major and minor elements that will constrain the sur-
face regolith, crustal, and mantle processes and reservoirs in new detail. Moreover, MIXS’s
imaging capability will enable correlation of elemental abundance variations (and their un-
certainties) with crustal mineralogy and geological structures detected by other payloads.
A key set of targets will be impact structures and associated plains, peak uplifts and ejecta
(e.g., Hall et al. 2020), where MIXS-T allows probing of composition changes within sub-
surface stratigraphy, by spatially resolving these features on the surface (as was proposed for
the Moon using the C1XS instrument - e.g., Crawford et al. 2009). Furthermore, examples
from terrestrial large igneous provinces suggest that high spatial resolution data, for a range
of major and minor elements that MIXS will provide, can define compositional trends that
enable distinction between variations related to partial melting, fractional crystallization,
mixing and degassing processes and mantle source heterogeneity (e.g., Cox et al. 1967;
Weider et al. 2015). Supportive petrological laboratory experiments on compositional ana-
logues of Mercurian rocks and regolith are pivotal for understanding Mercurian magma
systems – as are X-ray absorption and fluorescence experiments that will be used to validate
the data processing pipelines.

This paper is an update of an earlier report by Fraser et al. (2010), from an early stage
of the design process, describing the equipment in space after the launch of BepiColombo
in October 2018. It describes the unique design of MIXS, which uses a cutting-edge detec-
tor capable of directly resolving the emission lines of the major rock-forming elements. It
summarises the ground calibration of the instrument as well as post-launch operations and
plans for calibration after arrival at Mercury. It then goes on to identify major scientific ob-
jectives in the context of what is known about Mercury from the MESSENGER mission and
describes observations that will be possible using MIXS.

MIXS works in coordination with the Solar Intensity X-ray and particle Spectrometer
(SIXS; Huovelin et al. 2020, this issue) which measures the X-ray flux from the Sun as well
as charged particle populations in the vicinity of the spacecraft. SIXS data are needed to fully
calibrate data returned by MIXS. The flux of X-rays onto Mercury’s surface from the Sun
varies in intensity and spectral form depending on the solar state. Data from real-time mon-
itoring of the Sun by SIXS are therefore an essential part of the MIXS calibration pipeline.
MIXS and SIXS share a common data processing unit and onboard software, and their op-
erations plans are coordinated carefully to ensure the requirements of both instruments are
met.

2 Instrument Description

The MIXS instrument contains two parallel instrument channels that are mounted on a com-
mon optical bench (Fig. 1a) and designed to map X-ray emission from Mercury at two
angular resolutions. The narrow-field, high resolution, telescope (MIXS-T) uses a grazing
incidence optic with a 1.1° field-of-view (FoV) and approximately 10 arcminute angular
resolution, while the wide-field collimator (MIXS-C) uses a radially profiled collimator to
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Fig. 1 A: The MIXS flight model (FM) optical bench in the cleanroom at the University of Leicester prior
to delivery to the European Space Agency. MIXS-T measures ∼1050 mm from its optics (front left) to the
back of its focal plane assembly. B: The MIXS/SIXS FM Main Electronics Box (MEB) on a vibration table
at the Instituto Nacional de Técnica Aeroespacial (INTA) in Madrid during verification testing. The box is
∼250 mm along its longest edge

Table 1 Instrument summary

MIXS-T MIXS-C Comments

Instrument
configuration

Wolter I Radial collimator Optics use square pore
microchannel plates

Detector DEPFET DEPFET Identical for MIXS-T and -C

Energy
resolution

∼138 eV ∼138 eV At beginning of life

Angular
resolution

∼9 arcmin ∼10° MIXS-T resolution is
limited by flux (solar state)

Time resolution ∼3s ∼3s Typical value (adjustable by
command)

Primary data
product

Event list (time, amplitude,
pixel location)

Time tagged histogram
(256 energy channels)

An event list is also available
for MIXS-C by commanding
a configuration change

define a FoV of ∼10° full width. Both channels use an imaging solid state detector in the
form of a Depleted P-channel Field Effect Transistor (DEPFET) active pixel sensor, a tech-
nology which is applied for the first time in a space environment (Treis et al. 2008). Details
of the instruments are summarised in Table 1.

The MIXS/SIXS main electronics box (MEB, Fig. 1b) contains the power supply unit
(PSU) and data processing unit (DPU) which handle the packing of data into telemetry and
all of the command and telemetry interfaces to the spacecraft. A high-level block diagram of
the instrument is shown in Fig. 2, illustrating the architecture and the interactions between
these sub-systems and the various stages that signals from MIXS and SIXS go through in
order to arrive in the telemetry sent from MIXS to the spacecraft. This telemetry is carried on
a “SpaceWire” connection (see European Cooperation for Space Standardization standard:
ECSS-E50-12A).

The MIXS optical bench is located on the radiator panel of the MPO spacecraft such that
the optical axes of MIXS-T and MIXS-C are nominally co-aligned with the nadir-pointing
axis of the spacecraft. Co-alignment knowledge from satellite assembly and integration mea-
surements and in-orbit calibration allows X-ray signals to be localised on the planet’s surface
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Fig. 2 Block diagram of the MIXS instrument showing the major units internal to MIXS; solid black lines
indicate data and signal lines. Note that the bidirectional lines into the SpaceWire interface show the telecom-
mands from the spacecraft to the instrument and the telemetry stream back to the spacecraft

(or to sky coordinates when off-pointing). Calibration of the MIXS field of view relative to
the spacecraft attitude control system is achieved using observations of astrophysical sources
after arrival at Mercury. The primary mechanical structure consists of a sandwich baseplate
of high modulus, unidirectional carbon-fibre reinforced polymer (CFRP) laminates on an
aluminium honeycomb core. Both the MIXS-C and MIXS-T tubes are of monocoque con-
struction from CFRP laminates. The major mechanical design drivers were specific elastic
modulus and low thermal conductivity to ensure the equipment survived launch and main-
tained the large thermal gradient between the optics (∼ 100 - 150 ◦C) and the detector
assembly (∼ -40 ◦C). Notably, hybrid lay-ups were selected that include both high modulus
unidirectional plies and woven plies; these are tailored in different regions of the compo-
nents for minimum mass.

As described more fully below, when an X-ray enters the optics at the front of the tele-
scope or collimator, it is either collimated (MIXS-C) or focused by grazing incidence re-
flection (MIXS-T) towards the detector, where it is absorbed and its energy converted into a
number of electron-hole pairs in the semiconducting Si layer of the detector. Electric poten-
tials set up in each pixel confine the electrons and drift them towards a readout node that is
present in every pixel, where the charge is stored until being read out. The number of elec-
trons stored in the pixel is directly proportional to the energy of the incident X-ray, so this
readout scheme preserves the location and time of the X-ray’s interaction as well as its en-
ergy. By collecting a statistical sample of X-rays from Mercury, it is possible to determine
the relative abundance of different elements in the surface materials (as described below)
and estimate the associated uncertainties in these measured abundances.

After the X-rays have been detected, the signals are amplified and digitised via an ana-
logue and digital electronics chain and through various stages of firmware and software that
run continuously in the front-end electronics and the MIXS/SIXS DPU. Finally, the DPU
packs the information into an efficient telemetry stream to return as much scientifically use-
ful information to ground as possible. The structure and contents of the telemetry products
that will be visible to end-users are described below.
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The major background contributions to MIXS’s signal come from particle interactions
in the sensor. These deposit charge that is indistinguishable from that which is created by
X-ray interactions (Fraser et al. 2010) or cause fluorescence of the materials of which the
instrument is made. These contributions come primarily from high energy solar particles,
cosmic rays and electrons trapped or quasi-trapped in Mercury’s environment (e.g., Ho et al.
2016). The cosmic ray background in the MIXS detectors is lower than that of the MES-
SENGER XRS due to the use of an imaging optic. As the MIXS optics direct X-rays onto a
smaller detector than those used in the XRS, and background particles are not concentrated
by the optic, MIXS collects less background flux. Assuming the particles enter through
the entrance window of either detector, the reduction in background scales with detector
area, and therefore MIXS will see less than 10% of the background of XRS without any
background rejection being applied. In practise, this comparison is extremely pessimistic
towards MIXS performance relative to XRS because very high energy particles will enter
the detectors through the instrument walls as well as the entrance window. The thickness
of the MIXS detector is only 0.45 mm compared to the XRS depth ∼ 50 mm, meaning
that this component of instrument background is far lower for MIXS under similar condi-
tions.

Charged particle rejection algorithms also operate in both devices to reduce the intrinsic
background. A high energy charged particle transiting the detector leads to energy deposi-
tion along the particle’s track as it interacts with the atoms in the detecting volume. In a gas
detector like those used in the MESSENGER XRS, the density of the gas is low and the
energy deposited lies within the range of the X-ray spectrum from the target, so successful
removal of the background signal requires rise time discrimination circuitry and an antico-
incidence system (which each reduce the background by ∼80% - Schlemm et al. 2007). For
MIXS, the detecting medium is silicon in solid state, within which the particles deposit more
energy per unit track length than in a gas detector. As the pixels in the MIXS detectors are
300 µm in width and 450 µm in thickness, the track lengths are long enough to ensure that the
energy deposited lies outside the energy range expected from Mercury’s surface (e.g. Fraser
et al. 2010). A simple event detection algorithm identifies X-ray interactions in which the
resulting charge deposited in the detector is shared between adjacent pixels and either rejects
the event or recombines the charge to determine the true energy of the X-ray depending on a
configuration parameter that can be commanded during operations. An energy discriminator
is then used to efficiently remove these background events on board.

During the near-Earth commissioning of the instrument, background signatures of the
remaining undiscriminated cosmic ray interactions were identified, and techniques de-
vised to further clean them from the finished data products. Currently, work is ongo-
ing to determine whether some of this cleaning can be done onboard via a software up-
date in order to minimise the telemetry taken up by background. MESSENGER iden-
tified electron-induced signals in the XRS and other instruments (e.g., Ho et al. 2016;
Dewey et al. 2017). Electron induced background signals of this type are mitigated some-
what by the design of MIXS. The optical and detector sub-systems are physically sepa-
rated from each other, causing a large reduction in the solid angle within which this kind
of background is collected compared to XRS. Each instrument channel also incorporates a
magnetic electron diverter as electrons which interact directly with the detector could not
be distinguished from X-rays. The electrons are either mirrored in the magnetic field or
deflected to hit the telescope structures. When they are absorbed there, they cause X-ray
emission of a Bremsstrahlung continuum and X-ray fluorescence lines. We have controlled
this mechanism as far as is practical by the choice of materials within direct view of the
detector.
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Fig. 3 A: Schematic diagram of the micropore optic approximation to the Wolter I geometry. θi is the grazing
angle of incidence onto the reflecting surface (the wall of the pore). Angles and relative sizes and positions
are exaggerated. B: micrograph and photograph of a MIXS-T outer ring sector; note the square pores visible
in the micrograph have a 26 µm pitch and 6 µm channel wall thickness (see text)

3 Key Components and Subsystem Design

3.1 MIXS-T Optic

The front element of the telescope is an X-ray mirror constructed from 72 square-pore mi-
crochannel plate (MCP) optics, arranged to form a conic approximation to the Wolter I
imaging geometry (Wolter 1952; Aschenbach 1985), which is used extensively in X-ray as-
tronomical telescopes (e.g., XMM-Newton, Chandra, Swift). These existing telescopes use
various technologies to generate the reflecting surfaces; for deployment on an interplanetary
spacecraft, all of these are too heavy and produce a focal length that is too long.

The conic approximation to the Wolter design (Willingale et al. 1998) requires two se-
quential optics to bring rays to a focus in the focal plane. Each optic is constructed from
an array of lead-glass microchannel plates, with 20 µm square pores etched out during
manufacture (Fig. 3 and e.g., Martindale 2008; Mutz et al. 2007). MIXS-T uses radially
packed square pores to approximate to the cylindrically symmetric mirror shells of tradi-
tional Wolter optics. For a 1000 mm focal length, the front optic requires a spherical radius
of curvature of 4000 mm. This geometry makes the reflective surfaces of the pores approxi-
mate to the hyperboloids of revolution called for in the true Wolter I design. The rear optic
requires a radius of curvature of 1333 mm in order to approximate the paraboloids of rev-
olution. In this configuration, the grazing angles of incidence of rays as they fall onto each
sequential reflecting surface are equal (Fig. 3).

It would be too complex and costly to manufacture these two optics as monolithic units,
so each optic is segmented into smaller “sectors” (Fig. 4). The active part of the optic has
an overall diameter of ∼210 mm, a focal length of 1000 mm and a FoV of ∼1.1°, creating
a telescope with apparent f-number of ∼4.7. Each pair of sectors is mechanically coupled
together in a unit termed a “tandem” assembly to set the correct orientation of the front
and rear sectors. The full optical assembly is constructed of three rings of tandems, with
each ring further subdivided into 6 radial “sextants” to minimise the cost and risk of damage
during assembly (Fig. 4). The inner ring consists of 6 tandem assemblies in which the sectors
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Fig. 4 Exploded diagram of the MIXS-T optic, showing the construction of sectors into tandems, sextants
into an optic and assembled into a half-populated optic

are 2.2 mm thick, the middle ring has 12 tandems consisting of 1.3 mm thick sectors and
the outer ring has 18 tandems of 0.9 mm thick sectors. This complex arrangement of sectors
with different geometries is used in order to maximise the collecting area of the optic. The
ideal length of each pore is inversely proportional to the radius of that pore from the axis of
symmetry of the optic (the optical axis). The discrete stepped thickness of the optics in each
ring approximates to this ideal profile.

In order to increase the reflection efficiency and thereby increase the collecting area of
the optic, the channel walls were coated with a thin (10-15 nm) layer of Ir by Beneq Oy
(Finland), deposited by atomic layer deposition (ALD). Initially, it was intended to coat
all of the pores of the microchannel plates, but due to processing issues the MCPs in the
inner (and therefore thickest) ring could not be reliably coated inside the long pores, and
therefore the reflecting surfaces of the inner ring are bare glass. This leads to a reduction in
the collecting area of the telescope that is most significant at high energies. It will not be
possible to detect Fe-K X-rays (∼6.4 and 7.1 keV) at high resolution with MIXS-T due to
this reduced area as the critical angle for X-ray reflection is too small for them to be reflected
in the middle and outer rings. However, this was an extremely challenging measurement to
make regardless of the processing issues described above. The loss of this measurement is,
however, mitigated somewhat by observations of the Fe-L line. In the most scientifically
important range of 0.7 – 2 keV, the majority of the collecting area relates to the middle and
outer rings of optics and the reduction effect is only ∼10-15% in this energy range.

Figure 5-A shows an experimental exposure of the fully assembled MIXS-T optic illumi-
nated by Al-Kα (1.49 keV) X-rays and a Bremsstrahlung continuum, generated in a custom-
built electron impact X-ray source in a 28 m long beamline at the University of Leicester.
The optic is mounted onto a 2-axis goniometric stage, with the angle of the optic relative to
the axis of the beamline optimised to find the on-axis point. The image was recorded using
a microchannel plate detector (Lees and Pearson 1997) providing a 93 × 93 mm sensitive
area, in order to recover the point spread function (PSF) of the optical assembly (Fig. 5–A).

The image shown in Fig. 5–B was taken under the same illumination conditions as panel
A but after integration of the optic with the telescope structures and detector. This exposure
was analysed by calculating the radial PSF, the intensity of the image as a function of radius
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Fig. 5 A: Experimentally measured point spread function from the MIXS-T flight model in response to
Al-Kα X-rays in a long beamline at the University of Leicester before integration with the telescope. B:
Image taken under the same illumination conditions after integration of the optic with the MIXS-T telescope
and its DEPFET detector. C: Analysis of the radial point spread function profile. See legend and text for
details of panels. D: Zoom to red box shown in panel A, such that the data are directly comparable to panel
B above

from the image centroid, and fitted by a pair of King functions to represent the optical
aberrations (following a method similar to Moretti et al. 2006). Figure 5-C shows the radial
PSF profile as maroon data points (with error bars representing the Poisson statistics of
the number of counts at each radius), the fit to the data (green dashed line), the individual
contribution of each of the two King functions in purple and pink. The blue curve diamonds
show the measured encircled energy function (the fraction of the energy in the PSF as a
function of radius) and the solid blue line shows the encircled energy function inferred from
the fit to the PSF. The encircled energy is normalised to 1 at a radius of 30 arcmin (the
width of the MIXS detector) and the fact that the curve is not flat at 30 arcmin indicates
that there is still significant intensity in the PSF wings at large angles, outside the field of
view of the MIXS detector. The angular resolution of the optic was measured to be ∼ 9.0
arcmin full-width at half maximum (FWHM) as indicated by the red lines on the figure.
This microchannel plate approximation to the Wolter I design offers the required optical
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Fig. 6 Exploded diagram of the MIXS-C collimator assembly including the configuration of the MIXS-C
electron diverter

performance for MIXS for less than 2 kg of allocated mass (Willingale et al. 1998; Fraser
et al. 2010; Martindale et al. 2018).

3.2 MIXS-C Collimator Assembly

A microchannel plate collimator assembly, 80 mm square, is used to define a square FoV of
∼10° along a side. The collimator optic on MIXS-C is a two by two array of square pore,
square packed MCPs that have been slumped to a 550 mm spherical radius of curvature (see
Fig. 6). Each MCP is 1.2 mm thick, measures 40 × 40 mm and has 20 µm square cross
section channels, whose walls are coated with Ir as for MIXS-T.

The slumped collimator geometry (Fig. 7) arranges all pores to point to the centre of
the detector and the aspect ratio of the channels is chosen such that any ray passing di-
rectly through the channel without reflection lands within the active area of the detector.
This design, more complex than a traditional planar collimator, has the advantage of pro-
ducing a large grasp (the product of the field of view and the effective area) while using
a much smaller detector that can be physically separated from the optical structures. The
requirement to physically separate the optic and detector arises primarily from the need to
minimise the cooling power required for the detector focal plane. If the detector were in
close contact with optical structures that can reach over 100°C during operation, the power
needed to cool the detector to below -40°C for best scientific performance would be pro-
hibitive. A secondary benefit of this geometry is that it places the detector deep within the
spacecraft cavity, providing increased radiation shielding, minimising the collecting area for
high energy charged particles and minimising the solid angle for a background contamina-
tion coming from the fluorescence of the instrument aperture when it is bathed in low energy
electrons (Ho et al. 2016).
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Fig. 7 Schematic design of MIXS-C showing collimator and detector and the arrangement of the micropores
to fill the field of view (note electron diverter not shown). θcoll is the full cone angle defined by the pore
aspect ratio (length to diameter ratio), φslump is the change in angle of the pore axes caused by slumping to
a spherical figure

Fig. 8 A: Experimental exposure from testing of the MIXS-C flight model after its final assembly. Note that
top right and bottom left corners are covered by baffles that are used to restrict the X-rays from the calibration
sources (see text) B: Simulations by ray tracing of the intensity in the focal plane via different reflection modes
in the MIXS-C optic. “No reflections” indicates that the ray passed through the optic unreflected, “one” and
“two” reflections are self-explanatory, and “All rays” indicates all rays are accepted into the image

Figure 8-A shows the performance of the MIXS-C collimator, measured in the same long
beamline used for MIXS-T measurements above under illumination by Al-Kα X-rays. The
data were taken after final assembly of MIXS-C, using the flight detector. The behaviour
was compared to a Monte Carlo ray-tracing simulation (Fig. 8-B), showing the build-up
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Fig. 9 Exploded diagram of the MIXS-T electron diverter and its magnetic configuration

of the image from rays that are collimated (unreflected) or reflected once, twice, or any
number of times in the optic. The experimental exposure is explained well by considering
only the first 3 reflection modes (0, 1 or 2 reflections). Detailed structure in the higher order
reflection modes is not yet reproduced fully in the simulation, but has an insignificant effect
on the scientific goals of MIXS-C. This additional structure that has been observed in rays
that are reflected multiple times arises from aberrations in the optic pores and mounting
misalignments at the arcminute level. As MIXS-C has an angular resolution of ∼10° and
changes in reflectivity at the ∼ arcminute level are small, this does not materially affect the
collecting area or imaging performance of the instrument. This model was used to predict
the instrument performance during the design phase, and comparison of the performance of
the collimator with the model is sufficient to prove that it meets its science requirements.
Detailed refinement of the ray-tracing model in terms of higher order reflections will be
completed as part of the formal calibration of MIXS after observations of astrophysical
sources (described below) and will be reported elsewhere in due course.

3.3 Electron Diverters

The MIXS-T electron diverter consists of an array of SmCo dipole magnets that are located
along radial spokes (Fig. 9). The magnets combine to provide a toroidal field in close prox-
imity to the diverter which is very disruptive to any electrons with energy < 50 keV which are
focused or scattered through the optics. The design deliberately cancels the stray magnetic
field at large distances from the diverter assembly (within the manufacturing tolerance of the
strength of the individual magnets) to ensure it minimises the impact of the soft magnetic
materials used within MIXS on the MPO-MAG instrument (Heyner et al. 2020, this issue).

The MIXS-T electron diverter assemblies were characterised to measure their residual
magnetic moment at the Technical University of Braunschweig in order to confirm that
the residual magnetic moment was within the specification and hence did not pose a risk
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to MPO-MAG measurements. The results showed that the residual dipole moment was
<6 mAm2, compared to a requirement of no more than 100 mAm2.

The MIXS-C electron diverter creates a field that is more complex as it was not possible
to use a toroidal field without sacrificing sensitivity of the instrument to X-rays. Hence,
MIXS-C has a quadrupole field where magnets are arranged around the edge of the aperture,
pointing inwards in one plane and outwards in the other plane (see Fig. 6). Electrons that
enter the aperture are deflected away from the detector by the relatively strong magnetic
field near the optic. Similarly to MIXS-T, the field cancels at large distances.

In early testing, measurements of the magnetic field showed a very small dipole moment
(as seen for MIXS-T) but the residuals from the dipole fit at 1 m distance were large (∼400-
600 nT) and indicated there was a significantly stronger residual quadrupole. As quadrupolar
fields decay rapidly with distance, an extra test was performed to ensure that the impact
of this extra field component would not cause unacceptable signals for MPO-MAG. The
measurements were repeated with the magnetic sensors at a distance of 2 m from the diverter,
showing the residual field was <2 nT in all cases. This measurement confirmed that the signal
at the outboard magnetometer of MPO-MAG would be significantly less than the permitted
maximum.

3.4 Focal Plane Assemblies

MIXS-T and MIXS-C are equipped with identical focal plane assemblies (FPAs). Each FPA
is an L-shaped electronics box (Fig. 10), providing mechanical support for the detector,
front-end electronics, optical light filter and radioactive calibration sources. The structure
of the electronics box also acts as radiation shielding for the detector and electronics and
provides the cooling interfaces to the spacecraft. A thermal strap on the top of the horizontal
section of the assembly connects to the main radiator for cooling the electronics, and another
oval-shaped thermal strap provides the interface to dedicated heat pipes, used to cool the
detectors to their operating temperature by connection to a dedicated radiator for each focal
plane (Fig. 10-A). The structure holding the detector is thermally decoupled from the rest
of the FPA, allowing a detector operational temperature of below -40°C, within an ambient
temperature of up to around 40°C.

The horizontal section of the assembly contains the front-end electronics (FEE), on a
conventional printed circuit board. It is mounted close to the detector assembly and con-
nected to it through a Kapton/Cu flex-circuit and associated bond wires. The FEE provides
control signals to the detector, digitises the output from the front-end application specific in-
tegrated circuits (ASICs) and thresholds the signals, performing event detection to identify
photons from Mercury. The pixel positions and pulse height (a proxy for X-ray energy) of
the detected photons are sent to the DPU via a serial communications channel.

The vertical section of the assembly contains a detector plane assembly (Fig. 10-C) which
holds the detector and its associated ASICs (Majewski et al. 2012) which are located on a
ceramic circuit board (CCB) that is mounted co-planar with the detector.

The DEPFET active pixel sensor consists of a matrix of 64 × 64 pixels, each 300 ×
300 µm, creating a detector that is 19.2 mm square. When cooled to below -40°C it provides
approximately Fano-limited energy resolution at the beginning of the mission (see below),
degrading smoothly with the accumulation of radiation damage. The detector is sensitive
to X-rays from below 0.5 to greater than 7.5 keV and is controlled by four SWITCHER-
S ASICs and read out by two ASTEROID 1.5 readout ASICs (see Treis et al. 2010 and
references therein).

The detector is readout in a photon-counting and energy-resolving manner using a cor-
related double sampling technique. A measurement is taken with the charge deposited in
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Fig. 10 The MIXS focal plane assembly during assembly. A: the connection to the spacecraft heat pipe for
cooling the detector to its operational temperature. B: the optical blocking filter in front of the detector. C: the
detector plane assembly showing the detector (centre, silver), the ceramic circuit board (blue), the supporting
Ti frame and the Kapton-Cu flex circuits (right, brown). D: the rear of the detector plane assembly showing
the detector cooling block (centre) and associated electronics and bond wires (note that as the detector is
back-illuminated, this is the detector “front side”)

the pixel present. The pixel is then cleared and sampled again; the difference between mea-
surements reveals the amount of charge stored in the pixel before the clear. The dominant
source of (non-Fano) noise comes from the leakage current of the silicon substrate (Treis
et al. 2010). This current leads to a given charge per unit time in the pixel due to non-photon
effects and it is therefore necessary to read out the array at a high rate to minimise the
charge measured in a pixel due to the leakage current (the noise due to leakage current is
linearly proportional to the readout time). MIXS detectors are operated with a readout speed
of 170 µs per frame, giving an electrical signal proportional to the energy of any incident
photons acquired during the frame integration time plus charge due to background sources.
The readout rate for the MIXS detector is extremely fast, with event processing happening
in the ASICs and field programmable gate arrays (FPGAs) at the front end. The limiting
part of this electronics chain is the serial link between the front-end electronics (FEE) and
the data processing unit (DPU) which can cope with an event rate of 250 kHz. Above this
rate, data are discarded (overwritten in the serial output buffer); such a condition is reported
in the housekeeping as a “FIFO link overflow” to warn that data have been discarded. The
maximum event rate is equivalent to over 40 X-ray events (pixels above threshold) per read-
out frame, which is significantly higher than any predicted event rate for MIXS except when
the spacecraft is passing through dense particle populations in the solar wind or the magne-
tosphere of Mercury. During periods of such intense background it is unlikely the data could
be reliably calibrated in any case, meaning data loss of this type is unlikely to be a significant
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Fig. 11 Measurement of the voltage optimisation window in space and on ground for MIXS-C (A) and
MIXS-T (B). The differences between measurements on the ground and in space are due to the different
operating temperature in the two measurements. Note that the turning point of the curve near -2 V for MIXS-C
in space was not found due to safety limits being set too tightly to allow the scan to complete (this will be
re-measured at the next available opportunity)

science constraint. As the readout is so fast, the probability of more than one photon hitting
a given pixel per readout time (pulse pileup) is also typically very low. A number of algo-
rithms exist onboard to identify periods of intense background and prevent noisy data from
entering the telemetry queue for return to Earth. These work by identifying periods where
the highest energy channels have a grossly disproportionate number of events compared to
the main part of the spectrum. In such a case, the threshold is adjusted to prevent saturating
the telemetry queue with noisy data.

After launch, and during the cruise to Mercury, the detector accumulates radiation dam-
age. Radiation damage is caused by two main factors; ionizing radiation (total ionizing dose,
TID) and non-ionizing radiation (total non-ionizing dose, TNID). The expected TID and
TNID levels for the MIXS detectors, front end electronics and the electronic components in
the MEB were calculated resulting in an equivalent shielding requirement of approximately
11 mm of aluminium over 90% of the solid angle. The model predicts TID < 7krad (70 Gy)
and TNID < 1.5 × 1010 10 MeV p+ cm−2 for all components and this forms the baseline of
the radiation shielding design.

For a DEPFET detector, the main damage mechanisms are the deterioration at the oxide-
silicon interfaces of the MOS gates of the individual DEPFET pixel and an increased num-
ber of crystal defects, leading to an increase in leakage current. After arrival at Mercury,
a number of mechanisms can be employed to mitigate the effect of this radiation damage.
First, operating at as low a temperature as possible will reduce the impact of radiation dam-
age. As the spacecraft provides cooling to MIXS detectors by a dedicated radiator, there
is no mechanism internal to MIXS that enables the reduction of the detector temperature
– the minimum achievable temperature will be assessed during the calibration phase after
Mercury orbit insertion. Secondly, annealing of the sensors (using dedicated heaters over a
period of a few hours) will reduce the leakage current if it is deemed necessary after assess-
ing the performance of the detectors following the completion of the interplanetary cruise.
Finally, because the optimum operating voltage of the sensor changes after exposure to radi-
ation, MIXS also has onboard algorithms that allow optimisation of the gate and clear gate
voltages to mitigate these effects. The correct operating point is identified by plotting the
offset of the sensor as a function of the “clear gate low” voltage before and after radia-
tion exposure. A window exists in this curve where the average offset varies approximately
linearly with the voltage setting (Fig. 11). Approaching the edge of the window leads to



The BepiColombo Mercury Imaging X-Ray Spectrometer Page 17 of 38   126 

a roll off in linearity and eventually the reversal in the gradient of the curve. To ensure
safe operation of the detector, the settings must remain within the linear region of the curve.
Before radiation exposure the linear region is approximately 1 V wide, but as radiation dam-
age accumulates, this window narrows. The onboard algorithm records the “average black
level” (a direct proxy for the offset of the sensor) as a function of the clear gate voltage
until it detects a reversal in the gradient of the curve at each edge of the operating window.
When the width of the operating window has been sufficiently well established, the “gate
on” voltage is changed to adjust the width of the window to its pre-radiation value of 1 V,
and the operating value of the clear gate low voltage selected to be at the centre of that
window.

The combined implementation of these measures will ensure that the detectors have a
resolution of <200 eV FWHM during the science mission. At the start of the mission the
energy resolution is significantly better than this value, as expected for operation prior to
radiation damage (about 140 eV; see BepiColombo commissioning phase below).

Each of the MIXS focal plane assemblies include two radioisotope calibration sources
(55Fe, each measured at 370 kBq, reference date: 26th August 2013). These sources illumi-
nate two corners of the detector (top right and bottom left when looking at the detector from
the side facing the optics) and allow the performance of the sensor to be measured relative to
its expected value during cruise to Mercury and during the science phase. This will enable
the radiation-induced degradation of the energy resolution to be tracked. The activities of
the sources at the point of procurement were chosen to provide the required count rate at
end of life (after the ground phases, cruise to Mercury and 2 years of operations), i.e. after
∼5 half-lives. Each source will provide ∼1-5 counts per second during operations, meaning
it is possible to get at least one reliable calibration measurement per orbit if needed.

Before delivery of the instrument to the spacecraft, a dedicated test facility was used
to uniformly illuminate the detectors with X-rays of different energies. Figure 12-A shows
the linearity of the MIXS detectors – the difference between the incident and measured
value of the X-ray energy (precisely, the residual between measured X-ray energy and a
linear fit to all measured X-ray energies). The linearity is better (i.e., less) than 2% over
the majority of the MIXS energy range. Figure 12-B shows the energy resolution of the
detector as a function of the energy of incident X-rays. The resulting data are compared to
the fundamental limiting performance of a Si detector (the Fano limit – see for example
Scholze and Procop 2009) shown in orange and fit with a curve including the total noise of
the electronics chain. The additional noise from the electronics is found to be ∼7.9 electrons
RMS.

Optical baffling and filtering are required as the detector is sensitive to optical photons as
well as X-rays. Because of the high optical brightness of Mercury due to its close proximity
to the Sun, a distributed method of filtering was chosen to minimise the consequence of
pinholes caused by e.g., micrometeoroid strikes on any one filter. An unsupported 60-80 nm
Al foil is deposited onto the front surface of the optics; an optical/thermal blocking filter
(produced by Luxel Corporation USA) is mounted in front of the detector including 150 nm
Al on 800 nm polyimide, and finally 50 nm of Al is deposited directly onto the detector
surface.

The optical blocking of the filters was checked by shining optical light onto all apertures
during dedicated testing at Leicester. No increase in noise could be seen on the detector. A
similar measurement was repeated during a solar simulation test at spacecraft level, where
the large space simulator at the European Space Agency was used to simulate conditions
that will be experienced by MIXS in space. Again, no optical leak was detected.
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Fig. 12 Characterisation of the
MIXS detectors in terms of the
linearity of their energy scale as a
function of energy (A) and
energy resolution as a function of
energy (B)

3.5 Electronics and Software

The MIXS electronics box (MEB) is shared with SIXS and contains the PSU, which pro-
vides power to all sub-systems, and the DPU which controls the telecommand interface to
the spacecraft. The DPU also receives and processes signals from internal housekeeping
sensors and the scientific instruments (Fig. 2). The DPU runs the onboard software which
is split into five major sub units; the core software (which runs the instruments and handles
the telemetry and telecommand interfaces), the MIXS-T and MIXS-C application software,
and the SIXS-X and SIXS-P application software. These last two units are described by
Huovelin et al. (2020, this issue).

MIXS-T and MIXS-C application software modes are identical but independent of one
another. Each instrument has only one science mode, and all science configuration changes
apply in this mode only. While the FPA can be switched on in other modes, science prod-
ucts are not generated unless in Science mode. The MIXS application software modes are
summarised in Table 2 and the allowed mode transitions are shown in Fig. 13. Note that any
MIXS mode other than Off requires that the MIXS/SIXS DPU be in Operational mode.

3.6 Resources

The measured mass of the assembled flight model (FM) instrument is 10.9 kg (excluding
SIXS). This mass includes 7.3 kg for the MIXS optical bench, 2.8 kg for the MEB (shared
with SIXS) and 0.8 kg for the inter-unit harness.
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Table 2 Description of the MIXS application software modes. Note that while certain mode transitions are
“allowed” by on board software rules, not all will be used in routine operations

Mode Description FPA power status Allowed transitions

Off All power is Off for that FPA, no
telemetry generated

Off Standby, Annealing

Safe All power is Off for that FPA, no
telemetry generated. End state of most
instrument autonomous recovery actions

Off Off

Standby FPA powered on. Required intermediate
mode if switching between Science and
any other mode except Safe

On Off, Safe, Science,
Annealing

Science Primary science mode. Nominal mode
for all science mission operations

On Safe, Standby

Annealing Used for detector annealing, but also
other instrument maintenance activities

Off or On Off, Safe, Standby

Fig. 13 Allowed mode transitions for the MIXS application software (A) and the MIXS/SIXS data process-
ing unit (B). “TC” indicates that the transition can be called by a dedicated telecommand, “FDIR” indicates
that the transition can be called by Failure Detection Isolation and Recovery – an autonomous response to
detection of a failure or contingency internal to the instrument

The primary power drawn by MIXS and SIXS was measured in various configurations on
ground and in space (Table 3). Ground values were measured during test campaigns, while
in space power values were measured during the Near-Earth Commissioning Phase (NECP)
in December 2018. Note that values recorded in space were taken when the spacecraft tem-
perature was somewhat lower than expected, and that the instruments were switched on in
a different order - so some values reported in the fourth column differ from ground mea-
surements. The recorded power values were as expected for the conditions encountered in
space.

4 Ground Calibration Summary

Subsystem testing on the ground was performed as described above as well as dedicated
calibrations that have been reported elsewhere (e.g., Majewski et al. 2014). After integration
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Table 3 Power consumed by the MIXS instrument as measured during FM AIV and in space. Columns
named “change” indicate the change in power from the previous configuration (i.e. the row above in the
table)

On ground In space

Power
(W)

Change
(W)

Power
(W)

Change
(W)

DPU on (stable) 7.7 7.0

DPU + MIXS-T 13.6 5.8 12.9 5.9

DPU + MIXS-T + MIXS-C 19.4 5.8 18.7 5.8

DPU + MIXS-T + MIXS-C + SIXS-P 21.4 2.0 − -

DPU + MIXS-T + MIXS-C + SIXS-P + SIXS-X 23.9 2.5 23.8 5.1*

*Note that this number should be compared to the sum of SIXS-X and SIXS-P from ground testing (2.0 +
2.5 W). The increased power consumption in orbit is caused by the increased duty cycle of the TEC when
SIXS is in view of the Sun.

Fig. 14 Ground reference facility chamber. The key parts of the experiment are identified (the MIXS focal
plane assembly, the X-ray source and the rotation stages used to setup the viewing geometry)

into the flight unit, MIXS ground calibration was achieved using a 28 m long X-ray beamline
at the University of Leicester to validate the data taken at subassembly level. Good correla-
tion was observed between subassembly calibration and data taken at instrument level; these
results will be reported elsewhere in due course.

In order to prepare for the scientific exploitation of MIXS data, a ground reference fa-
cility is being implemented at the time of writing (Fig. 14). This uses equipment left over
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from the development of MIXS along with new experimental facilities such as a vacuum
chamber, precision rotation stages, an electron impact X-ray source (Moxtek TUB00146-
RH3) and a customised electron gun (modified Henniker Scientific ES 40C1) to set up a
laboratory experiment to simulate the observations that MIXS will perform in space. The
purpose of this facility is to optimise the settings of the equipment in space and validate the
data-processing routines and modelling algorithms used to recover the elemental composi-
tion of the surface of Mercury. The facility will allow samples to be illuminated with both
electrons and X-rays (simultaneously and independently) with any observing geometry that
will be encountered by MIXS at Mercury. Samples will include pure elemental standards
and mixtures thereof, and real terrestrial rocks of known composition. These samples will
be in the form of polished specimens, pressed powder pellets and loose powdered material
to simulate Mercury’s regolith as closely as possible. Experimental results will be analysed
using two approaches: the fundamental parameters method employed by all space missions
to date (Van Grieken and Markowicz 1993), and a numerical approach that offers the possi-
bility of revealing more about the nature of the surface materials (e.g., Parviainen et al. 2011;
Näränen et al. 2009). We describe these models further below. The ground reference facility
will be used to help to ensure that a robust and reliable measurement of Mercury’s com-
position is derived from MIXS data by providing a “ground truth” verification of the data
analysis methods to be used later at Mercury. Through this program of experimental work
and related modelling on the properties of X-ray emission relevant to MIXS and Mercury,
we have as an aim to determine absolute abundances and associated analytical uncertain-
ties of some of the major elements during the science mapping phase of BepiColombo.
However, at the time of writing the extent to which elemental ratios, as successfully used
by MESSENGER XRS, or absolute abundances will be the main form of elemental data
interpretation has not been determined.

5 In-Space Commissioning and Calibration

In December 2018, MIXS was turned on for the first time in space during the mission’s
Near-Earth Commissioning Phase (NECP). During the tests, the thermal performance of
the instrument was verified, proving that all housekeeping channels were operational after
launch. Notably, throughout NECP the temperature of the instrument and of the spacecraft
as a whole was significantly lower than expected (though within operational limits), which
may have affected some of the measurements discussed herein in minor ways (e.g. the dif-
ferences between the voltage optimisation curves in Fig. 11 between space and ground and
the differences in reported power consumption in Table 3).

The annealing process was exercised to ensure that the algorithms could correctly control
the temperature of the detectors; this step would also outgas any condensed products that
collected on the detector during the initial spacecraft outgassing phase. During this annealing
test, control heaters and spacecraft heaters are used together; hence, the test has verified all
parts of the detector thermal control system. Various other algorithms were exercised to
ensure they were operating as expected after launch. A number of control parameters were
found to require optimisation, but all of the algorithms behaved as expected.

The first time the detectors were turned on, diagnostic measurements were made of
the detector offset maps and the spectrum of X-rays from the internal calibration sources
(Fig. 15-A and -B). Each of these panels maps the average per-pixel amplitude measured
when the instrument was set to record only the amplitudes of pixels that were found to be
below the X-ray event-detection threshold. This technique returns the average noise level
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Fig. 15 Offset maps for MIXS-T (A) and MIXS-C (B) – see text; These are as expected and closely match
measurements taken during ground calibration. The histograms show the uncalibrated (C) and calibrated (D)
spectra from the MIXS-T calibration sources

of each pixel and is a characteristic “fingerprint” of the detector chip (and its associated
electronics) that is an extremely sensitive measure of its performance. The results are in ex-
cellent agreement with the expectations from ground test campaigns. The four pixels with
greatly lower average amplitudes in the MIXS-C map (panel B) are the result of cosmic
ray detections in those pixels leading to greatly increased background in these pixels and a
reduced sampling of the detector offset in that pixel.

Figure 15 shows MIXS-T uncalibrated (C) and calibrated (D) spectra, binned together
from the full duration of NECP in which MIXS-T was in Science mode (approximately 24
hours, non-continuously). The only sources visible to the detectors were the respective 55Fe
calibration sources, which produce a Mn-Kα fluorescence peak through radioactive decay.
The measured Mn-Kα peak is centred at 5896 eV (5895 eV expected) with an energy resolu-
tion of 138.8 eV FWHM. As specified, this resolution is close to the Fano-limited resolution
of a Si detector at this energy (119 eV, Scholze and Procop 2009). The corresponding centre
and resolution for MIXS-C are 5897 eV and 142.3 eV respectively. The significant peak
spreading in uncalibrated data is due to the differences in gain between individual pixels;
this effect disappears in calibrated data when these gains are accounted for. Figure 16 shows
an overlay of the results from MIXS-T and MIXS-C. Note that MIXS-T and MIXS-C have
different low-energy thresholds to remove the O Kα line from the MIXS-T data as a means
to reduce telemetry volume.
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Fig. 16 Calibrated MIXS-T and MIXS-C spectra from NECP. The energy resolution of the four observed
spectral features (Mn-Kα and -Kβ fluorescence peaks, secondary fluorescence of Ti in the source structure,
and the Si escape peak from Mn-Kα) is well-matched between both detectors and is close to the Fano limit.
At low energy the MIXS-C spectrum shows significantly higher counts extending to a lower energy; this is
the result of a different threshold setting on the detector

Finally, the voltage optimisation procedure was tested, to verify its operation and to es-
tablish a baseline against which future measurements can be compared to assess radiation
damage. Figure 11 shows the result of the MIXS-C (panel A) and MIXS-T (panel B) opti-
misation scans in space and on the ground. The turning points representing the ends of the
safe voltage window, as discussed above, are visible on the MIXS-T scan plot; note that
conservative safety limits prevented the MIXS-C scan from reaching the turning point near
-2 V – this has been corrected and future scans are expected to establish the full operating
window.

6 Scientific Objectives

6.1 Surface and Composition

X-ray fluorescence (XRF) spectrometry is a well-established technique for in situ identi-
fication of the elemental composition of geological materials on Earth (Van Grieken and
Markowicz 1993) and has been used in space to measure the composition of the Moon,
asteroids and Mercury (e.g., Alder et al. 1972; Okada et al. 1999; Grande et al. 2003;
Narendranath et al. 2011; Nittler et al. 2001; Nittler et al. 2018), addressing many important
scientific questions (e.g., Crawford et al. 2009). On the dayside of Mercury solar coronal
X-rays strike atoms, exciting bound electrons into higher energy levels or out of the atom,
leaving it in an excited state with excess energy. As the atom reconfigures itself, it loses this
energy primarily by the emission of an Auger electron or by the emission of an X-ray pho-
ton (Fig. 17). MIXS will observe these fluorescent X-ray photons, while the Solar Intensity
X-ray Spectrometer (SIXS, Huovelin et al. 2020) simultaneously observes the spectrum of
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Fig. 17 Schematic diagram of the production of X-rays by fluorescence of atoms on the surface of Mercury
when they are illuminated by solar coronal X-rays

X-rays emitted by the Sun. The results from SIXS are necessary to calibrate the fluorescent
X-ray spectrum provided by MIXS because solar X-ray spectrum changes slope (hardens)
and increases in intensity by orders of magnitude as the flare-state increases. In addition,
the elemental composition of the solar corona varies during flares (e.g., Dennis et al. 2015).
The consequence of these factors is that MIXS and SIXS need to work together in order to
reveal the elemental composition of Mercury’s surface.

X-ray fluorescence emission from a planetary regolith can be modeled by using the fun-
damental parameters equation (FPE; Van Grieken and Markowicz 1993; Clark and Trombka
1997) and by numerically simulating the stochastic geometry of the regolith (e.g., Parviainen
et al. 2011). Verification for the modelling can be obtained from laboratory experiments
(e.g., Näränen et al. 2008, 2009; Weider et al. 2011). In general, FPE is based on solving the
radiative transfer equation for scattering, absorption, and emission of radiation in a plane
parallel medium of material with given elemental composition. A parallel beam approxima-
tion is also used, which is appropriate for most applications given the geometries involved.
However, given the proximity of Mercury to the Sun and the 10.4° FOV of MIXS-C, this
approximation needs to be revised as photon path-lengths in the regolith, and scattering ef-
fects, are phase-angle dependent. In the numerical modeling by Parviainen et al. (2011),
X-rays are traced within a regolith geometry composed of spherical particles with given
elemental composition. The numerical modeling accounts for regolith effects in X-ray fluo-
rescence emission, resulting in a more accurate inversion of the X-ray observations for the
regolith composition. We are developing an updated radiative transfer model, which com-
bines the FPE and regolith modelling with non-parallel beam geometries. This will allow
more accurate calculation of the expected photon flux on the MIXS FPAs. Combined with
state-of-the-art numerical light-scattering modeling in the visible and near-infrared spec-
tral range (e.g., Penttilä et al. 2020), the MIXS/SIXS and SIMBIO-SYS (Cremonese et al.
2020, this issue) instruments offer great promise for constraining the physical and chemical
properties of the Hermean regolith.
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Fig. 18 (A) Simulation of X-ray fluorescence emission from a planetary regolith composed of plagioclase
particles for excitation X-rays incident normal to the surface, from a line source at 4.5 keV. Each curve is
divided by the corresponding value at zero emergence angle. Clear differences are seen between the FPE and
numerical models. For more information, see text. (B) The Ca Kα/Al Kα line ratios for the model planetary
regolith (panel A and text) as a function of the emergence angle for the FPE and numerical models. The
exciting X-rays from a line source at 4.5 keV are normally incident as in panel A. Each curve is divided
by the corresponding value at zero emergence angle, illustrating the qualitative differences in the angular
dependences. Modeling the regolith geometry is a key to accurate retrieval of elemental abundances from line
ratios

In Fig. 18-A we show the normalized intensity for X-ray fluorescence emission by a sim-
ulated planetary regolith composed of plagioclase particles. The exciting X-rays are taken to
originate from an X-ray line source at 4.5 keV with normal incidence on the regolith surface.
The plagioclase particles are composed of a K-free, intermediate plagioclase with formula
Na0.5Ca0.5 Si3AlO8 and density ∼2700 kgm−3. The emergence angle is counted from the
outward normal vector of the surface. This figure presents the intensities for the Ca-Kα and
Al-Kα lines as computed with FPE and with numerical modeling of the planetary regolith.
In the latter case, three different models are assessed. First, the planetary regolith is assumed
to consist of equal-sized spherical particles with radii of r = 100 µm (Case 1) or r = 250 µm
(Case 2). Second, the regolith is assumed to be composed of power-law distributed spherical
particles within 60 µm < r < 300 µm and with index -3, resulting in average particle size of
<r> = 100 µm (Case 3). In all cases 1–3, the particle volume fraction in the regolith model
is assumed to be 35% (note that the FPE model does not depend on the volume fraction
– the value 35% assumed in the numerical simulations is a canonical figure assumed for
“dense” regolith packing and is reasonably close to typical values of the upper millimeters
of the lunar regolith). Clearly, two distinct groups of angular dependences can be recog-
nized: whereas the two FPE dependences are convex upward, the four numerical modeling
dependences are mostly convex downward. The different qualitative behavior derives from
mutual shadowing among the regolith particles (e.g., Parviainen et al. 2011) that is taken
into account in the numerical modeling but omitted in the FPE modeling: an X-ray emitted
within a particle can always escape from the regolith along the path of the incident, exciting
X-ray, whereas in other directions the emitted X-ray could be blocked by (other) particles.
The shadowing effect depends on particle size and composition, as well as the element and
its spectral line under consideration, as testified by the differing angular dependences for the
intensity.

Figures 18-B illustrates the regolith effect on the resulting Ca-Kα/Al-Kα line ratios, as a
function of the emergence angle, for the FPE case and the three numerical models. The FPE
result stands out as having the strongest dependence on the emergence angle, but the angular
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dependences for the three numerical cases also differ. It is clear that, in order to accurately
derive the elemental abundances in the regolith particles, the geometric regolith effects need
to be accounted for. This will be done by verification of the models in the MIXS ground
reference facility (above) and an empirical correction to the FPE technique will be sought
to enable reliable comparison between mathematically simple FPE models and the complex
numerical modelling. Note that while the incident angle of the illuminating solar photons
relative to the surface normal can be anywhere in the range -90° < i <90°, the emergence
angle is limited to generally < 20° due to nominal nadir-pointing geometry (and the limited
off-nadir angles possible) and the shallow slopes of Mercury surface features. The detailed
effect of these different viewing geometries and phase angles will be studied in the coming
years (e.g., Maruyama et al. 2008; Näränen et al. 2008, 2009; Weider et al. 2011).

6.2 Electron-Induced XRF in the Hermean Environment

X-ray fluorescence can also occur if the initial electron vacancy in the surface atom is gener-
ated by electron impact rather than excitation from an X-ray. Electron precipitation in “au-
roral” zones was predicted by Baker et al. (1987) based on Mariner 10 data, and electron-
induced X-ray fluorescence resulting from this by Grande (1997). After MESSENGER’s
arrival at Mercury, X-ray fluorescence from the unlit surface of the planet, and therefore
presumably originating from particle precipitation, was observed by Starr et al. (2012) and
mapped by Lindsay et al. (2016). This mapping showed that particle precipitation is strongly
ordered by the intersection of the planetary magnetic field with the surface, with the most
intense particle precipitation occurring just within the open-closed field line boundary in
both the north and the south of the planet. Precipitation is symmetric north-south about the
magnetic equator, and strongly asymmetric dawn-dusk about midnight. Particles appear to
be energised in the magnetotail by reconnection and/or dipolarisation.

Characterisation of this phenomenon is of great interest for investigation of magneto-
spheric dynamics, as it allows direct remote sensing of particle interactions with the surface,
which is otherwise not possible from orbit. MIXS will be able to observe X-ray fluores-
cence originating from particle events while its footprints are unlit. By careful comparison
of MIXS and SIXS data (identifying the residual contribution of particles when the surface
response to the observed SIXS spectrum is modelled), it may be possible to deconvolve
solar- and particle-induced X-ray fluorescence events from the dayside of the planet, allow-
ing global mapping and characterisation of precipitating particles. If surface composition
in the zones of precipitation is well constrained, the illuminating particle spectrum can be
modelled. In data observed by MESSENGER XRS, fluorescence from surface precipitation
is generally weaker than that induced by X-ray illumination. Some bursts of electron pre-
cipitation produce spectra comparable to those obtained during relatively bright (M-class)
solar flares, but such events are rare.

MIXS observations of magnetospheric processes will benefit greatly from joint observa-
tion with other instruments on the two BepiColombo spacecraft MPO and Mio (for details
see Benkhoff et al. 2020, this issue; Murakami et al. 2020, this issue), allowing multi-point
observations of particle processes in the magnetosphere, exosphere and surface. These pos-
sibilities are further discussed by Milillo et al. (2020).

6.3 Updated Science Goals Post-MESSENGER

Since the publication of Fraser et al. (2010), our understanding of Mercury, its surface and
its environment has improved dramatically. The real power of the BepiColombo mission
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derives from its dual point observations of the environment (Millilo et al., 2020) and the
comprehensive payload for surface science objectives (Rothery et al. 2020). Coordinated
observations using complementary instruments and techniques will provide detailed infor-
mation regarding the surface and its composition. In particular, combining information from
MIXS with the infrared imaging spectrometer MERTIS (Heisinger et al. 2020, this issue),
the gamma ray and neutron spectrometer (Mitrofanov et al. 2010, 2020) and the visible-
infrared hyperspectral imager (Cremonese et al. 2020, this issue), as well as contextual in-
formation from visible cameras and the laser altimeter (Thomas et al. 2020, this issue) will
yield a far more comprehensive understanding of surface landforms and their history than
would be possible from any instrument operating in isolation. Similarly, the MIXS goals
relating to precipitation of charged particles to the surface require coordinated observations
from multiple instruments to provide a complete picture of the driving processes (the mag-
netometer – Heyner et al. 2020, this issue, SERENA – Orsini et al. 2020, this issue, MPPE
– Saito et al. 2020, this issue). Coordinated observations will be facilitated by the ESA sci-
ence ground segment with detailed planning taking place in the coming years. Updated as
a result of findings from the MESSENGER mission, MIXS has three primary instrument
objectives; to produce global elemental abundance maps, to perform spatially resolved mea-
surements (imaging) of elemental abundances, and to investigate X-ray fluorescence driven
by particle precipitation. These are summarised below and supplemented with more specific
science questions that the MIXS instrument aims to address. Each objective is linked to the
instrument performance metrics (see Table 4) required to enable the investigation. In the
following objectives, the term “volatile” relates to those volatile species to which MIXS is
sensitive (see Table 4), in each case the species involved may be different.

O1. Produce global elemental abundance maps and determine key elements (Table 5) to
an accuracy of 5-50% depending on concentration and the element under examination
(M1, M2, M3, M4, M7, M8) associated with the following features:
a. The elemental composition of Mercury’s crustal terranes, notably the broadly

basaltic (but high Mg and Si, low Fe) lava regoliths comprising the various smooth
plains, intermediate plains and intercrater plains.

b. Exposed material excavated from depth in and around complex and peak ring
craters, notably the ‘low reflectance material’ that may include carbon-rich primary
crust.

c. Crater floor material (for example, smooth crater floor material could be either im-
pact melt or later lava flows)

d. Volcanic landforms including faculae (most of which are interpreted as deposits
from explosive eruptions)

e. Fields of hollows, which are believed to be sites of non-violent present-day volatile
loss.

f. The high Mg/Si terranes identified by MESSENGER XRS.
g. Determine the spatial distribution of volatile elements (e.g. Na, K, S) across the

Mercury surface and in particular volatile enrichment in the polar regions
O2. Perform spatially resolved measurements of these elemental abundances (Table 5),

achieving high spatial resolution where solar conditions permit (M1, M2, M3, M5,
M6, M7, M8)
a. Crater uplift and impact ejecta to identify deep crustal and mantle compositional

signatures
b. Impact melt composition and production
c. Measure the composition of relict volcanic landforms, lavas, and associated regolith,

including where infilling impact craters
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Table 4 MIXS requirements (Rn) and metrics (Mn) associated with instrument science objectives

Requirement Metric

R1 Cover the energy range of the key
elemental lines (Na, Mg, Al, Si, P, S, K,
Ca, Ti, Cr, Mn, Fe, Ni)

M1 Detector must be efficient at end of life
(EOL) in the energy range 0.5 keV < E <
7.5 keV

R2 Resolve the fluorescence lines of the key
elements

M2 EOL energy resolution must be <200 eV at
1 keV

R3 Allow resolution of low-energy
fluorescence lines

M3* Detect fluorescence at the Fe-L line
(705 eV) and below. Ideally all lines down
to C-K to test the theory that graphite is
present in low-reflectance material (LRM;
Vander Kaaden and McCubbin 2015) and
the oxidation state of metallic species

R4 Achieve near-global coverage of the
surface (i.e. overlapping swath widths at
all latitudes)

M4 Field of view > 1°

R5 Measure X-ray events with sufficient
time resolution to allow measurements
at a spatial resolution of 1 km when
solar state allows, and to resolve
magnetospheric effects

M5 Time resolution <1 s (MIXS-T) and <10 s
(MIXS-C)

R6 Achieve comparable spatial resolution
to imaging instruments on the mission,
when solar state allows

M6 Angular resolution <9 arcmin for MIXS-T

R7 Monitor solar flux in order to calculate
absolute elemental abundances

M7 Monitor solar activity using SIXS-X
(Huovelin et al. 2020, this issue)

R8 Separate the contributions from different
X-ray producing mechanisms

M8 Monitor particle flux with SIXS-P and other
particle instruments where possible

*Metric M3 is not achieved under default instrument configuration due to the high data rate associated with
telemetering the O-K line. The quantitative calibration of low energy lines is difficult due to the complexity
of the solar spectrum in this soft X-ray band. Further work with the MIXS ground reference facility during
BepiColombo’s cruise is needed to assess MIXS’s sensitivity to these species – particularly the C-K line
highlighted in metric M3 and measurements of the three anions; oxygen, sulfur and chlorine, which would
inform the oxidation state of metals in Mercury’s surface.

d. Determine whether the volatiles Na, K, S or Cl are involved in the hollow-forming
process

e. Investigate volatiles in the permanently shadowed regions
f. Investigate space weathering of ejected material

O3. Investigate particle-induced X-ray fluorescence associated with energetic particles in-
teracting with the surface (M1, M2, M3, M4, M5, M7, M8)
a. Characterise the intensity and spectrum of the precipitating electron flux
b. Characterise the intensity and spatial and temporal variation of precipitation in the

cusps
c. Investigate the general dayside particle precipitation signal
d. Observe substorm signatures in particle precipitation events
e. Characterise the open-closed field line boundaries in both north and south
f. Measure the footprint of the field-aligned current system(s)
g. Measure the local structure of field-aligned current system(s)
h. Determine whether the solar wind directly impacts the surface under extreme solar

wind driving conditions
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i. Characterise dawn and dusk particle precipitation phenomena and the asymmetries
between them

j. Determine whether particle sputtering is a source of the exosphere

The associated performance requirements and metrics are summarised in Table 4.
In order to optimise the data returned by MIXS, work is under way to model the be-

haviour of the instrument and chose the correct operating settings to maximise the scientific
value in the telemetry. For instance, the default configuration of MIXS-T does not telemeter
the lower part of the energy spectrum in order to avoid the large data rate increase associ-
ated with telemetering the intense O-Kα peak at 525 eV. Nevertheless, these settings can be
changed in order to investigate lower energy peaks such as Fe-L, O, and ideally C in order
to observe these species in low solar states. Modification of these settings is simple opera-
tionally, with a small number of configuration commands and an FPA power cycle required
to achieve the new configuration, although this will take ∼20-30 minutes (i.e. a significant
proportion of an orbit) and is therefore unlikely to be a frequently used procedure.

One high priority scientific target raised by MESSENGER relates to investigations of
the low reflectance material (LRM) on Mercury’s surface. These are an extreme challenge
for MIXS as they call for the detection of C-Kα at 277 eV. This line is theoretically within
MIXS’s energy window at launch (and was calibrated at detector unit level – see Majewski
et al. 2014), but the optical blocking filters absorb a large fraction of the flux at such a low
energy - leading to low sensitivity. Also, the emission line is close to the minimum low
energy threshold of the front-end electronics and hence, should radiation damage require an
increase in the threshold due to additional noise, the measurement may become impossible.
Another technique that will be studied to assess this conjecture relates to modelling of the
different scattering backgrounds that will be observed. This may help demonstrate whether
there is a large proportion of low-Z materials in the regolith.

The feasibility of such measurements is therefore uncertain at this stage of the mission,
but due to the high scientific value of the measurements, all efforts will be made to assess
their feasibility in the coming years. For instance, six-monthly voltage optimisation scans
are foreseen during the cruise in order to establish the rate at which the detector has been
damaged by radiation. Detector annealing will be conducted as part of the near-Mercury
commissioning, and may be repeated during the science mission if necessary. Laboratory
studies (described above) will help to determine the feasibility of measuring C and, if nec-
essary, optimise the instrument configuration and observing conditions needed for such a
measurement campaign.

The elements potentially detectable (and in most cases mappable) by MIXS and an indi-
cation of information imparted by them are shown in Table 5.

7 Operation Plans

On arrival at Mercury, after separation of the spacecraft stack and before the beginning of the
primary science mission, the instrument response of both MIXS-T and MIXS-C will be cali-
brated against an astronomical source of known spectral form. The telescope will be pointed
to the source in an array of positions relative to the expected boresight in order to charac-
terise the point spread function of the optic and the effective area of the instrument in each
viewing geometry. The primary such calibration source is the Crab Nebula, which contains
a strong astronomical X-ray source with a well-known spectrum (Toor and Seward 1974).
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Table 5 Elements detectable by MIXS and their significance. Of these only Si, Al, Fe, Mg, Ca, S, Ti, and
Cr were spatially resolvable (across parts of the globe only) by MESSENGER’s X-Ray Spectrometer (XRS),
which also placed an upper limit on Mn (Nittler et al. 2018). Currently available XRS data from MESSEN-
GER have data gaps for some elements (Ca, S, Fe) in the northern hemisphere and the resolution in the
southern hemisphere is poor for all elements

Element Principal
fluorescence
energies (eV)

Significance

Si* Kα 1740 Common to all silicate minerals, SiO2 abundances are a key measure of igneous
differentiation; may also be present on Mercury in metallic (or alloy) form as a
result of smelting reactions (McCubbin et al. 2017)

Al Kα 1487 A possible clue to degree of mantle partial melting. In all feldspars and some
other major rock forming minerals (e.g. some clinopyroxenes, impact/volcanic
glasses)

Fe Kα 6404 Low abundance at Mercury’s surface. Only weakly fractionated by partial
melting, so a useful tracer of bulk mantle composition. In pyroxene, olivine,
possibly sulfides

Kβ 7058

Lα 705

Mg* Kα 1254 High but variable abundance expected, and a possible clue to depth and/or degree
of partial melting. In pyroxene and olivine, and possibly sulfides or in metallic
form

Ca* Kα 3692 In feldspar and clinopyroxene, glasses and possibly sulfides

Kβ 4013

Ti* Kα 4511 Becomes chalcophile at oxygen fugacities below iron-wüstite -4 and can be used
as a tracer for the likelihood and thickness of an iron sulfide layer at Mercury’s
core-mantle boundary (e.g., Cartier et al. 2020; Rothery et al. 2020)

Kβ 4932

Lα 452

P Kα 2014 Similar partitioning behaviour to Ti during partial melting, but likely to have
been preferentially scavenged into core. Ti/P ratio will inform on relative timing
of terrain origin and growth of core and internal redox conditions

Cr* Kα 5415 Chalcophile under likely Mercury conditions, but more siderophile than Ti, so a
potentially useful oxybarometer (Boujibar et al. 2018;
Nittler et al. 2018; Rothery et al. 2020)

Kβ 5947

Lα 573

Ni Kα 7478 Cr/Ni ratio is relevant to models of core formation

Kβ 8265

Lα 852

Na* Kα 1041 Abundance known to be enhanced in northern smooth plains (Peplowski et al.
2014). Possible indicator of mobility of moderately-volatile elements. Alkali
abundances are a key index of igneous fractionation

K* Kα 3314 Abundance known to be enhanced in northern smooth plains (Peplowski et al.
2012). Possible indicator of mobility of moderately-volatile elements. Alkali
abundances are a key index of igneous fractionation

Kβ 3590

Mn* Kα 5899 A minor element in silicates. Not yet mapped (upper limit only)

Kβ 6490

Lα 637

O* Kα 525 The anion in silicates, but the high abundance of S makes coincident
measurement of O and S important in calculating modal mineralogy from
elemental abundances

S Kα 2308 Shown to occur globally at about 4% by MESSENGER. Spatially resolving S,
notably examples where S has been lost or enriched, will be an important tracer
of processes involving crustal volatiles (such as explosive volcanism and hollow
formation). May be present as sulfides or sulfates
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Table 5 (Continued)

Element Principal
fluorescence
energies (eV)

Significance

Cl* Kα 2622 A volatile element and an anion. Abundance known to be enhanced in northern
smooth plains (Evans et al. 2015). Possible indicator of mobility of
moderately-volatile elements

Kβ 2815

C Kα 277 Would be concentrated in hypothetical graphite primary crust (Vander Kaaden
and McCubbin 2015; Denevi et al. 2018) and thought to be present in Mercury’s
‘low reflectance material’ (Peplowksi et al. 2016). Might also have a role in
crustal volatiles

*Indicates elements also detectable (at lower spatial resolution) by BepiColombo MGNS (Mitrofanov et al.
2010, 2020).

The X-ray source is a neutron star, located at 5h 35m 31.94s right ascension and +22° 00’
52.2” declination. In the range 0.1-100 keV its spectral form is modelled by

dN

dE
= 10E−2.05e−σNH photons.cm−2s−1keV−1 (Seward 1978)

where E is energy in keV, σ is the absorption and scattering cross section and NH = 3 ×
1021 cm−2 is the hydrogen column density between us and the Crab Nebula.

If the Crab is unavailable or impractical as a calibration source due to orbital considera-
tions, the secondary and tertiary targets for calibration are Scorpius X-1, an extremely bright
but variable neutron star binary (e.g., Bradshaw et al. 2003), and Cassiopeia A, a supernova
remnant approximately 0.1 times as bright as the Crab (e.g., Becker et al. 1979). Simulated
observations have been used to calculate the time required to reach a signal to noise ratio
(due to Poisson statistics) of 20 up to 7 keV in the calibration exposures. The required time
varies significantly from less than 1 minute for Scorpius X-1, to several days for Cassiopeia-
A. The variability of Scorpius X-1 and the relative dimness of Cassiopeia A make these less
ideal calibration targets. However, due to stringent observing constraints due to the instru-
ment and the platform, the visibility of the Crab Nebula is poor after BepiColombo’s arrival
at Mercury; planning and modelling is underway for optimisation of calibrations using these
sources. For instance, it may be possible to use the brightness of Scorpius X-1 to determine
the boresight of the telescope and collimator relative to the spacecraft attitude control sys-
tem, while using the stability of the Crab Nebula to calibrate the effective area as a function
of energy at a smaller number of off-axis positions. An ideal scenario would be to perform
the MIXS calibration using the Crab Nebula before orbit insertion to avoid numerous off-
pointings. The practicality of doing this after separation of the spacecraft but before entry
into Mercury orbit is under consideration.

Operations planning for the MIXS science mission is already underway. During the pri-
mary mission (the first Earth year of operations 2025-26), MIXS science objectives (above)
are addressed by nadir-pointing observations with MIXS-T and MIXS-C operating in par-
allel and in Science mode whenever possible. Deviations from this configuration should be
minimised and we expect little or no use of alternate instrument configurations (see above).
Global coverage with MIXS-C will be achieved during this mission phase. Assuming MIXS
is switched on continually, complete coverage is achieved in one Mercury year because the
MIXS-C swath always overlaps from one orbit to the next.
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The 64 × 64 detector array, projected onto the Mercury surface at periapsis, theoretically
provides a spatial resolution of < 1 km. However, in order to provide sufficient sensitivity
to resolve the target elements above the noise floor, adjacent pixels will be binned together.
The number of pixels that must be binned to achieve the required sensitivity, and thus the
effective spatial resolution, is dependent on the number of counts per pixel. This is in turn a
function of the incident X-ray flux on the surface and ultimately of solar X-ray state. The X-
ray state varies rapidly and unpredictably on short timescales, but on long timescales varies
along with several other indicators of solar activity on a cycle of approximately 11 years.
BepiColombo’s arrival at Mercury in late 2025 occurs shortly after the predicted maximum
of solar cycle 25 (e.g., Labonville et al. 2019).

Successive repeat observations of the same surface location under the same illumination
conditions can be binned together, allowing for improved statistics and thus resolution of
additional elemental abundances. Repeats of the same location under different illumination
conditions can also be binned together when the solar state, viewing geometry and surface
roughness are taken into account. MIXS-T will not achieve full global coverage during this
phase as its swath does not fully overlap between ∼60°N and ∼60°S. It will continuously
observe but its best data return will correlate with periods of high solar X-ray activity (and/or
intense particle precipitation). As this is unpredictable, planning reactive observations is
probably unrealistic as the minimum response time due to the operations planning cycle is
∼1 weeks (Montagnon et al. 2020). Instead, post hoc analyses will be prioritised, based
on SIXS solar spectra, down-sampled data returned via BepiColombo’s “flexible downlink”
facility (Montagnon et al. 2020), and the MIXS target list.

During the extended mission (the second Earth year of operations 2026-27), anticipating
that off-nadir observations will be available, MIXS may plan to request off-pointings under
a number of circumstances. Along-track off-pointing “stares” at targets of interest identified
in the target set or as the result of earlier observations may be conducted, where the space-
craft rotates to keep the instrumental footprint on the same location on the surface for an
extended period of a particular orbit. This would allow for measurement of the target from
multiple phase angles as well as improving overall statistics for the target by increasing
the total dwell time. Across-track off-pointing may also be used for gap-filling, addressing
gaps resulting from earlier contingencies or power management operations, or in order to
achieve global coverage with MIXS-T which otherwise will be incomplete away from the
poles. MIXS will remain switched on whenever possible during any off-pointing requested
by other instruments (as well as those required operationally) for carry-along observations.
Any surface, exospheric or indeed astronomical target is of interest for MIXS observations.

Data analysis and potential off-pointing observations will be prioritised using the MIXS
target list. This list is currently under definition, and will contain a prioritised list of sur-
face targets of interest, with surface coordinates and shapefiles defining their extent. Useful
global catalogues already exist for some target classes. For example a global catalogue of
fields of hollows was published by Thomas et al. (2014a), and ‘red spots’ (now known as
faculae) were similarly catalogued by Thomas et al. (2014b). Most of the latter are accepted
to be deposits from explosive volcanic eruptions but some are ‘pitted ground’ of less certain
origin, and we hope to characterise both types of facula. We anticipate that the target list
will be a living document, updated as the BepiColombo mission develops with new MIXS
observations, as well as observations from other instruments.

Prime targets of interest include complex craters such as Rachmaninoff, Raditladi and
Mozart, the Caloris basin, the high magnesium region (HMR), hollows, faculae, volcanic
vents and the low-reflectance material (LRM).
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Fig. 19 Cumulative data requirements for MIXS modelled based on solar activity in 2003-04 and 2014-15

8 MIXS Data Archive

The MIXS data rate is highly variable due to the use of event lists for MIXS-T science data –
in order to retain spatial and spectral information. The event lists contain timing information,
pixel position and amplitude packed into telemetry packets; the length and rate of these
packets is strongly dependent on the surface X-ray flux and thus solar X-ray irradiance of
the surface materials. These lists are used to create spatially (and/or temporally) resolved
spectra from the surface of Mercury via ground data processing pipelines.

The data volumes that will be generated by MIXS during science operations cannot be
accurately predicted as the data rate depends on the X-ray state of the Sun, which is stochas-
tic on short timescales. While broadly predictable on long timescales (the ∼11 year solar
cycle), the X-ray state is overlaid with short timescale features such as solar flares, which
contribute a large fraction of the modelled data volume. Rather than trying to construct a
predictive model, we model the historical data volume that MIXS would have produced had
it operated during previous solar cycles, selecting periods within these cycles when the solar
X-ray activity is similar to that expected in 2026-28.

This data rate model was constructed based on historical solar X-ray irradiance data
from the SEM instrument on board the GOES series of satellites (Grubb 1974). The data
rate generated by MIXS-T was related to solar X-ray flux in the 0.1-0.8 nm wavelength
range measured by SEM based on instrument and surface response modelling (Carpenter
2006). The MIXS-C data rate was also modelled, but contributed a much smaller volume
in extreme solar situations as the event rate reported by MIXS-C is limited to a relatively
low value (100 s−1 in the default configuration). Histogram data rates are slightly affected
by increased solar activity as the software dynamically increases bin depths during bright
flares, but this effect is very small.

Historical data can be used to estimate the annual cumulative data volumes that will be
generated by MIXS. The periods between 2003-04 and 2014-15 are two, and one, full solar
cycles before MIXS science operations will take place. Figure 19 shows the predicted data
volumes if solar activity levels during those periods is representative of what will occur
during MIXS operations.



  126 Page 34 of 38 E.J. Bunce et al.

Table 6 Processing levels of MIXS data

Abbreviation Name Description

RAW Raw data Unprocessed data. Aside from formatting changes and repackaging,
identical to telemetry returned from spacecraft

PAR Partially
processed data

Formatted and packaged as RAW, but raw event amplitudes and
histogram bins are converted to real energies in eV

CAL Calibrated data Formatted and packaged as PAR, but event locations for photons
imaged in the detector are converted to surface locations on Mercury
from which they were emitted

DER Derived data Elemental abundance maps and other data no longer directly associated
with the time at which they were measured. A single DER product (e.g.,
a global map) can be updated as additional data are received

Due to the unpredictable nature of solar flares, along with the tendency of bright flares to
cluster in time, this modelling shows that there will almost certainly be times when MIXS
will overflow its packet stores due to high flare state. For an extreme example, note the steep
increase in data volume around DOY300 of 2003 in Fig. 19, where approximately 100 Gb
of data volume is generated within a period of around 20 days. Agreements need to be made
on how to handle such periods.

MIXS data will be processed through several stages on its return to Earth and archived on
ESA’s Planetary Science Archive (PSA). Table 6 summarises the processing levels of MIXS
data. All science data up to the CAL step are made publicly available after a six month
embargo. Derived products (DER) may take longer to reach the archive due to the complex
calibration needed to create them.

At RAW, PAR and CAL levels, MIXS science products will include pixel lists from both
MIXS-T and MIXS-C, and MIXS-C histograms (described below). Pixel lists are times-
tamped event lists of individual photon detections within the respective detectors; at RAW
level these are lists of X- and Y- detector locations and amplitudes; at PAR level these are
lists of X- and Y- detector locations and energies (eV); and at CAL level these are lists of
surface latitudes (degrees), surface longitudes (degrees), and energies (eV). The MIXS-C
pixel list is rate limited on board to 100 s−1, and any events exceeding this limit are not
telemetered. The time resolution of pixel lists is configurable but typically set at 100 ms for
MIXS-T and 10 s for MIXS-C. Pixel lists can autonomously be further divided in time if a
maximum event rate is reached before the preset time resolution has elapsed.

MIXS-C histograms are time-binned data generated on-board from MIXS-C pixel events.
At RAW level the histogram science products are as returned from the spacecraft, containing
256 bin amplitudes. At PAR level the bin amplitudes are unchanged from RAW but are
additionally labelled with the matching 256 bin centres in eV. At CAL level the product is
associated with geometry data specifying the footprint of the instrument during the relevant
integration time. MIXS-C histogram integration time is configurable but typically set at
10 s.

MIXS science data will be published along with auxiliary geometry files specifying
the instrument field of view in surface coordinates and the BepiColombo state vector in
Mercury-centred coordinates at time resolutions equal to the resolutions of the relevant data.

SIXS data products (Huovelin et al. 2020, this issue) will be archived alongside MIXS
products in the PSA. Links will be provided in the PDS4 labels to identify which lower level
products were used to generate the MIXS archive in order to assist the scientific end user of
the data.
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9 Conclusions

The Mercury Imaging X-ray spectrometer is a novel instrument with diverse scientific goals,
from measuring the elemental composition of Mercury’s surface to characterising the pre-
cipitating particle fluxes and identifying a possible source for the exosphere.

Experiments will be undertaken on the ground in the coming years to help validate the
data analysis methods used to determine the composition of Mercury. Detailed modelling
of the instrument and the scientific data it will produce will be used to inform the optimum
operating conditions for the instrument.

Scientific data will be publicly available in the Planetary Science Archive.
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Solomon, P.M. Trávníček, J. Geophys. Res., Planets 117, E00L02 (2012)
R.D. Starr, C.E. Schlemm II, G.C. Ho, L.R. Nittler, R.E. Gold, S.C. Solomon, Planet. Space Sci. 122, 13–25

(2016). https://doi.org/10.1016/j.pss.2016.01.003
R.J. Thomas, D.A. Rothery, S.J. Conway, M. Anand, Icarus 229, 221 (2014a)

https://doi.org/10.1007/s10686-014-9374-5
https://doi.org/10.1117/12.2314842
https://doi.org/10.1007/s11214-020-00733-3
https://doi.org/10.1016/j.epsl.2016.01.030
https://doi.org/10.1016/j.icarus.2011.04.010
http://www.cambridge.org/9781107154452
http://www.cambridge.org/9781107154452
https://doi.org/10.1016/j.icarus.2020.113727
https://doi.org/10.1007/s11214-020-00694-7
https://doi.org/10.1017/9781316650684
https://doi.org/10.1016/j.pss.2016.01.003


  126 Page 38 of 38 E.J. Bunce et al.

R.J. Thomas, D.A. Rothery, S.J. Conway, M. Anand, J. Geophys. Res., Planets 119, 2239 (2014b)
N. Thomas, H. Hussmann, T. Spohn, L.M. Lara, U. Christensen, M. Affolter, T. Bandy, T. Beck, S.

Chakraborty, U. Geissbuehler, M. Gerber, K. Ghose, J. Gouman, A. HosseiniArani, K. Kuske, A. Pe-
teut, D. Piazza, M. Rieder, A. Servonet, C. Althaus, T. Behnke, K. Gwinner, C.H. ttig, R. Kallenbach, A.
Lichopoj, K. Lingenauber, H.-G.L. tzke, F.L. dicke, H. Michaelis, J. Oberst, R. Schr dter, A. Stark, G.
Steinbruegge, S. del Togno, K. Wickhusen, J.M. Castro, M. Herranz, J. Rodrigo, H. Perplies, T. Weigel,
S. Schulze- Walewski, S. Blum, A. Casciello, E. Rugi- Grond, W. Coppoolse, M. Rech, K. Weidlich, T.
Leikert, R. Henkelmann, B. Trefzger, B. Metz, Space Sci. Rev. (2020, this issue)

J. Toor, F.D. Seward, Astron. J. 79, 995 (1974)
J. Treis, O. Hälker, L. Andricek, S. Herrmann, K. Heinzinger, T. Lauf, P. Lechner, G. Lutz, M. Mas-Hesse, M.

Porro, R. Richter, J. San Juan Manrique, G. Schaller, M. Schnecke, F. Schopper, G. Segneri, H. Soltau,
T. Stevenson, L. Strüder, C. Whitford, in Proc. SPIE (2008), pp. 0Z1–0Z12

J. Treis, L. Andricek, F. Aschauer, K. Heinzinger, S. Herrmann, M. Hilchenbach, T. Lauf, P. Lech-
ner, G. Lutz, P. Majewski, M. Porro, R.H. Richter, G. Schaller, M. Schnecke, F. Schopper, H.
Soltau, A. Stefanescu, L. Strüder, G. de Vita, Nucl. Instrum. Methods Sect. A 624, 540–547 (2010).
https://doi.org/10.1016/j.nima.2010.03.173

R. Van Grieken, A. Markowicz, Handbook of X-Ray Spectrometry: Methods and Techniques (Dekker, New
York, 1993)

K.E. Vander Kaaden, F.M. McCubbin, J. Geophys. Res., Planets 120, 195–209 (2015)
P.H. Warren, Meteorit. Planet. Sci. 40(3), 477–506 (2005)
S.Z. Weider, B.M. Swinyard, B.J. Kellett, C.J. Howe, K.H. Joy, I.A. Crawford, J. Gow, D.R. Smith, Planet.

Space Sci. 59, 1393–1407 (2011)
S.Z. Weider, L.R. Nittler, R.D. Starr, T.J. McCoy, S.C. Solomon, Icarus 235, 170–186 (2014)
S.Z. Weider, L.R. Nittler, R.D. Starr, E.J. Crapster-Pregont, P.N. Peplowski, B.W. Denevi, J.W. Head,

P.K. Byrne, S.A. Hauck II, D.S. Ebel, S.C. Solomon, Earth Planet. Sci. Lett. 416, 109–120 (2015).
https://doi.org/10.1016/j.epsl.2015.01.023

R. Willingale, G.W. Fraser, A.N. Brunton et al., Exp. Astron. 8, 281–296 (1998)
H. Wolter, Ann. Phys. 10, 94 (1952)
A. Yang Yang, C. Wang, Y. Liang, C. Johan Lissenberg, Geochem. Geophys. Geosyst. 20, 4390–4407 (2019).

https://doi.org/10.1029/2019GC008368

https://doi.org/10.1016/j.nima.2010.03.173
https://doi.org/10.1016/j.epsl.2015.01.023
https://doi.org/10.1029/2019GC008368

	The BepiColombo Mercury Imaging X-Ray Spectrometer: Science Goals, Instrument Performance and Operations
	Introduction
	Instrument Description
	Key Components and Subsystem Design
	MIXS-T Optic
	MIXS-C Collimator Assembly
	Electron Diverters
	Focal Plane Assemblies
	Electronics and Software
	Resources

	Ground Calibration Summary
	In-Space Commissioning and Calibration
	Scientiﬁc Objectives
	Surface and Composition
	Electron-Induced XRF in the Hermean Environment
	Updated Science Goals Post-MESSENGER

	Operation Plans
	MIXS Data Archive
	Conclusions
	Acknowledgements
	References


