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ABSTRACT

The STereoscopic imaging Channel (STC) is one efitistruments on-board the BepiColombo missionciviis an
ESA/JAXA Cornerstone mission dedicated to the itigason of the Mercury planet. STC is part of Beectrometers
and Imagers for MPO BepiColombo Integrated ObseryaSYStem (SIMBIO-SYS) suite. STC main scientific
objective is the 3D global mapping of the entireface of Mercury with a mean scale factor of 55 er pixel at
periherm.

To determine the design requirements and to mddelon-ground and in-flight performance of STC, diometric

model has been developed. In particular, STC dpticaracteristics have been used to define theuimsnt response
function. As input for the model, different sourcesn be taken into account depending on the apiolica i.e. to

simulate the in-flight or on-ground performanceserbury expected radiance, the measured Optical @r&upport
Equipment (OGSE) integrating sphere radiance, lioreded stellar fluxes can be considered.

Primary outputs of the model are the expected sigaa pixel expressed in function of the integratiime and its
signal-to-noise ratio (SNR). These outputs alloenthio calculate the most appropriate integratiomes to be used
during the different phases of the mission; inipatar for the images taken during the calibratt@mpaign on-ground
and for the in-flight ones, i.e. surface imagingreg the orbit around Mercury and stellar calibmna@quisitions.

This paper describes the radiometric model strecphilosophy, the input and output parameters aedents the
radiometric model derived for STC. The predicti@ighe model will be compared with some measuremehtained
during the Flight Model (FM) ground calibration cpaign. The results show that the model is validaut the foreseen
simulated values are in good agreement with thierneasured ones.

Keywords. space instrumentation, stereo camera, radiomawiel, simulations

1. INTRODUCTION

BepiColombo is the fifth cornerstone mission of theropean Space Agency (ESA) foreseen to be ladnch2018
with the aim of studying in great detail Mercuryetinnermost planet of the Solar System [1].

Mercury is very important from the point of view wfsting and constraining the dynamical and contiposil theories
of planetary system formation. In fact, being insd proximity to the Sun, during its evolutionasthiy it has been
subjected to the most extreme environmental camditi such as high temperatures and large diurngtioms,

rotational state changes due to Sun induced tigdbrohation, surface alteration during the coolingage, and
modification of chemical surface composition dudtmbardment in early history.
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The BepiColombo payload [2] consists of two moduls® Mercury Planet Orbiter (MPO) [3], realized Europe,
carrying remote sensing and radio science expetsnand the Mercury Magnetospheric Orbiter (MMOQ)), j#alized

by JAXA in Japan, carrying field and particle s@ennstrumentation. These two complementary packagéallow to

map the entire surface of the planet, to studygé@ogical evolution of the body and its inner stase, i.e. the main
MPO tasks, and to study the magnetosphere ancelasian with the surface, the exosphere and therpfanetary
medium, i.e. MMO tasks.

The MPO module carries instruments which are deltiighe close range study of the Mercury surfaoesstigation of
the planet gravity field and fundamental science amagnetometry. Imaging and spectral analysis arfopned in the
IR, visible and UV range. These optical observaiane complemented by those of gamma-ray, X-ray rendron
spectrometers, which yield additional data aboet élemental composition of the surface, and byehafsa laser
altimeter, BELA [5], which will provide high accurg measurements of the surface figure, morphologiytapography.

MPO will operate in a slightly elliptical polar atal around the Mercury planet. The orbital chagégstics are mainly
determined by the need for the remote sensinguim&nts to have a mostly constant high spatial uéisol all over the
surface during the one year nominal mission lifetiend are extremely challenging due to the thecmastraints on the
spacecraft (S/C). At the beginning of the missitie, periherm and apoherm altitudes will be of 480dnd 1500 km
respectively, with an orbital period of 2.3 houfkSonsidering Mercury’s gravity field and the Sunrdabody

perturbations, the eccentricity of the orbit and #ingument of periherm are going to change throuigtie@ mission [6].
For a continuous observation of the planet surfdeeng the mission, the S/C is 3-axis stabilizedhwthe Z-axis,

corresponding to payload boresight direction, ppgto nadir.

The imaging and spectroscopic capability of the MiA@dule is exploited by the Spectrometers and Imsafpg MPO
BepiColombo Integrated Observatory SYStem (SIMBNBJ an integrated system for imaging and spectquisc
investigation of the Mercury surface [7]. A highhtegrated concept is adopted to maximize the sifieneturn while
minimizing resources requirements, primarily mass power.

SIMBIO-SYS incorporates capabilities to perform ZH m spatial resolution global mapping in steremenand color
imaging in selected areas, high spatial resolutimaging (4-6 m/px scale factor at periherm) in ganmatic and broad-
band filters, and imaging spectroscopy in the 4002nm spectral range. This global performanceegpectively

reached using three independent channels: the &Jtmeic imaging Channel, STC [8]; the High Resolitimaging

Channel, HRIC [9]; and the Visible and near-Infdakyperspectral Imager, VIHI [10].

The main scientific objective of STC is the glolnapping of the entire surface of Mercury in 3D dgrthe first six
months of the mission with a mean spatial resatutib55 m per pixel at periherm. It will allow tegerate the Digital
Terrain Model (DTM) of the entire surface in thenparomatic band improving the interpretation of pralogical
features at different scales and topographic weiahips.

In this paper, firstly the main characteristicstloé STC optical design will be briefly describelden the radiometric
model structure, the input parameters and the ougsults will be given.

2. THE STC INSTRUMENT

STC is a double wide angle camera designed to inesgdn portion of the Mercury surface from two didiet
perspectives, providing panchromatic stereo imaajes gequired for reconstructing the DTM of thengasurface. In
addition, it has the capability of imaging sometjms of the planet in four different spectral baufitil].

The selected stereo design is composed of two ¢halpnels” looking at the desired stereo angleschvishare the
majority of the optical elements and the detedidith respect to classical two- or single-cameragies this solution
allows to reach good stereo performance with gégerapactness, saving of mass, volume and powetress.

The STC optical solution (see Figure 1) choseritferBepiColombo mission is an original design, \héan be thought
to be composed by two independent elements: adigties, consisting of two folding mirrors per eadtannel, and a
common telescope unit, which is an off-axis portid@ modified Schmidt design.

The scientific requirements and characteristickefdesign are summarized respectively in TablanthTable 1b. The
main characteristics of the optical system candseidbed following the optical path shown in Figard-irst, the couple
of folding mirrors redirects the £20° (with respégtnadir) incoming beam chief rays to the muchleEma3.75° ones.
Then, a doublet, with an essentially null opticaiver, corrects the residual aberrations of the anynmirror. It has been

Proc. of SPIE Vol. 9911 99111T-2

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 13 Jul 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



positioned about half distance between the spHeniiaor M1 and its center of curvature, replacitige classical
Schmidt correcting plate (placed in the curvatweeter), and thus reducing the length by about rfawo with respect
to the classical solution. Given that the doublgtical power is near to zero, the residual chroonakierration in terms

of primary and secondary colors is negligible aerwhole 410-930 nm spectral range.

Folding mirrors

| APS

: \ Detector
Filters

Sub-ch2 1
z

vanes

@)

A Sub-chl =
/ Ml\ i =
{ =
Along \ - :T:croljs N
Track External baffles D1:ac ) M1
Direction vanes irection 3 \
\ Telescope . T _,_._,_‘l_. - \l
Folding mirrors / x
External baffles Telescope

(b)

Figure 1. Overall STC optical layout. In (a) the figaration is viewed in the plane defined by therg track and nadir directions; in
(b) the projection in the orthogonal plane, the mduding across track and nadir directions, ig&gi In the inset, an enlarged view
of the focal plane region helps to better follow thys which are focalized on the Si-PIN detector.

Table 1(a) STC scientific requirements; (BTCoptical characteristics.

@

Scale factor

Swath

Stereoscopic
properties

Vertical accuracy
EE
MTF

Wavelength
coverage

Filters

(b)

50 m/px (mean at periherm
from 400 km altitude)

40 km (at periherm from 400
km altitude)

+21.4° stereo angle with
respect to nadir;

both images on the same
detector

Optical concept

Stereo solution
(concept)

Focal length (on-

80 m (from 400 km altitude axis? _
> 70% inside 1 pixel Pupil size
> 60% at Nyquist frequency (diameter)
Focal ratio

410-930 nm (5 filters)

panchromatic (PAN)
(700+ 100 nm)
420+ 10 nm

550+ 10 nm

750+ 10 nm

920+ 10 nm

FoV (cross track)
FoV (along track)

Detector

Mean image scale

Catadrioptic: modified Schmidt
telescope plus folding mirrors
fore-optics

2 identical optical channels;
detector and most of the optic3
elements common to both
channels

95 mm
15 mm

/6.3
21.7 arcsec/px (105 prad/px
5.3°
2.4° panchromatic
0.4° color filters
Si-PIN (format: 204& 2048;
10 um squared pixel);

14 bits dynamic range

The aperture stop position, placed in the fronafqdane of the M1 mirror, just after the corregtidoublet, has been
chosen to allow a good balancing of the aberratoves all the FoV and to guarantee the telecengrimli the design for
preventing wavelength shift at the Filter Strip &sbly (FSA). To cope with the field dependent adons (i.e field
curvature, lateral color, ..), a two-lens field mtor has been placed in front of the detectanallyi, to reduce the
volume of the instrument, the beam exiting M1 hasrbfolded by a plane mirror (see the inset of feidib) and, for
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easiness of mounting, the FSA and the detectoasesfare lying in planes parallel to the one irolydhe along track
direction and nadir one.

The FSA is composed by 5 glass pieces with diffetrmsmission properties glued together, this ahaivoids the use
of mechanisms but it has the drawback that somgopsrof the FSA, those close to the glued regicasnot be used
and have to be masked [12]. Thus, since portionhefncoming beam are blocked and gaps are préséneen each
filtered useful images on the detector, the efo¥ is not actually recorded. For each sub-chamsnebssible to acquire
simultaneously three quasi-contiguous areas of Mgrsurface in different colors and without usinguable elements;
however, while the nominal FoV of each sub-chaimé&l.3°x 4.8°, including gaps, the scientific useful Fo\aigually
smaller, i.e. 5.3% 3.2°, and it is divided in three portions (5:82.4°, 5.3°« 0.4°, 5.3°¢ 0.4°). During the nominal 6
months global mapping phase, assuming the meaheperialtitude of 440 km, each panchromatic strigesponds to
an area of about 4422 knf on the Mercury surface and each colored striptaraa of about 48 3.5 knf.

The selected detector is a 2k x 2k hybrid CMOS ISi-Bevice [13]: this type of detector was prefertedthe more
classical CCD because of its radiation hardnesgrg critical point given the hostile Mercury erofiment. Moreover
its capability of snapshot image acquisition alldvesh to avoid the use of a mechanical shutter, tar@hsily obtain the
millisecond exposure times that are necessary ¢idgwssible image smearing due to the relativeianodf the S/C
with respect to the Mercury surface.

3. RADIOMETRIC MODEL

Building the radiometric model of an instrumentais essential step in the understanding of its cheniatics and
performance. Such a model must accurately represeft optical element of the instrument to assessignal detected
knowing the level of the incoming radiation [14p]]16].

The radiometric model has to be versatile. The obtae model is the response of the instrumenichvis derived from
the measured spectral response characteristicachf @ement. Then different sources, dependingherapplications,
can be used as input and the detected output sigitlalthe relative SNR, can be obtained.

In the following, the details of the instrument mbdf the STC channel, the effect of all its optieements, as well as
the different sources of noise, will be described.

3.1 Radiometric model philosophy

The goal of the radiometric model is to estimate #&xpect useful signal in DNKJ of a given source on an image
acquired with a given filter [17]. The signal depgsnon the source properties (spectral radiancdiamae), on the
instrument collecting aperture (entrance pupil ditar), on the transmission/reflection propertieghaf optical chain
including wavelength selection done by the filtens the detector properties (QE, gain) and onritegration time At).
For an extended source usually the count ratevisngas DN/px and the solid angle subtended by al jixused as
reference.

The spectral radiant fluxp (1) [%] collected at the entrance of the instrument eaaxpressed as:
Q) =1(1)-A @

2
where A is the area of the entrance pupil, ie= T[(%) where D is the entrance pupil diameter; in thisecd is

assumed that the entrance aperture is orthogorthkettine of sight, otherwise the projected area toabe taken into
account.I(A) is the spectral irradiance of the source, for @eraed source it can be derived from the soureetsqd
radiance,L(4), multiply by the solid angle) subtended by the considered image .atésually the solid angle
subtended by one pixel is considered as referemté & Q,, = px_scale?.

Then the effects of the optics transmissi®}), and filter transmissiorf (1), have to be taken into account and the
spectral radiant fluxp .. (A) [%] reaching the detector is written as:

Paec(D) = (1) -T(A) - F(A) 2

At the detector, its property of detecting lighgisen trough the quantum efficiendE (1), that is usually expressed as
the ratio between the number of electrons collecad the number of incident photons of a given gngor
wavelength). So, firstly, the incoming flux haslie converted into the number of incident photores, it has to be
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divided by the photon energg), and then multiplied by the QE to obtain the flux number of electrons,
¢ [electrons]
e .

nms

Pe®) = Paec) - - QEQ) @3)
whereh is the Planck constant.the light speed in vacuurm,the wavelength expressed in m.
The signal expressed in number of electr@éddr an integration timdt is then:
S= At [ d.) - dA (4)

To convert to DN, the Inverse GaifG(, i.e. the number of electrons per DN, has to m@wn. Thus finally the useful
signal,K, expresses in DN (or DN/px) for an integrationdifnt is:
S A-At

K== - JIQ) - T@) - F(A) - QE(A) - A+ dA = [ L(A) - ITF(A) - d2 (5)

TG I1Ghe

where theTF (1) is the so-called Instrument Transfer Function.

3.2 Optical characteristics

As described in the previous paragraph the radiaesgonsivity includes all the attenuations du¢h® instrument in
particular those of the optical elements (mirronsl densesT(A), and of the filtersF(1)). In the following, we will
consider the different optical components of th&€Shannel that have an influence on the radiageellreaching the
detector. A number of factors introduce losses fthenfrontend of the telescope to the detectory®he listed hereafter
following the optical path (see Figure 1).

» Reflectivity of the entrance folding mirrors.

« Transmission of the lenses of the correcting dduble

« Reflectivity of the primary mirror M1 (off-axis sphical surface).
« Reflectivity of the internal flat folding mirror.

« Transmission of the lenses of the field corrector.

e Transmission of each filter strip.

The reflectivity of the mirrors and the transmigsif the lenses have been measured (see Figume ®jtrmess samples
by Leonardo S.p.a., the company in charge of th&igde realization and calibration of the whole SINMBSYS
instrument. The transmission of the filters (seguFé 3b) has been measured by JSDU, the produdtiee @ifter strips.

Ext Fold
100 - [——M1 & Int Fold 100-/\_/N’_/___r\
98 98 o
96 - 96 -
94 4 94 4
— X
S S g4
> 5
S 904 @ 904
k3] 2
2 g8 g 88+
& I
86 = 86
844 84
82 82
80 T T T T T T 1 80 T T T T T T 1
400 500 600 700 800 900 1000 1100 400 500 600 700 800 900 1000 1100
Wavelength (nm) Wavelength (nm)
CY (b)

Figure 2. In (a) measured mirrors reflectivityyéd there is the reflectivity of the entrance folglimirrors, in black the one of M1 and
of the internal flat folding. In (b) measured simgurface lens transmission.
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Starting from the measured data, firstly the glofvahsmission of the optical elements excluding fiters can be
determined (see Figure 3a). Then, including the@ries of the filters, the instrumental responkeaxh of the filter
strip can be calculated (see Figure 4a).

1.0+ 1.0 P - q
0.8 0.8 4
S 064 5 0.6
£ 5
(%] =
% 0.4 o 0.4 4
= =
0.2 0.2
0.0 T T T T T T 1 0.0 T T T T T T 1
400 500 600 700 800 900 1000 1100 400 500 600 700 800 900 1000 1100
Wavelength (nm) Wavelength (nm)
cy (b)
Figure 3.(a) Transmission properties of all the optical comgnts, except filters. (b) Transmission propertiesll the filter
stripes.
420 nm [—— 420 nm|
~ 550 nm| 550
o ——750 nm 60000007 — 7aonm
—— 920 nm f ——920 nm
0.8 ﬂ PAN 5000000 - m PAN
D
c E 4000000 -
g E 3000000
S ©
S 04 @
. E' 2000000 -
E
0.2 ﬂ
1000000 J
0.0 T T T T T T 1 o T T T { T T T 1
400 500 600 700 800 900 1000 1100 400 500 600 700 800 900 1000 1100
Wavelength (nm) Wavelength (nm)
(@ (b)
Figure 4. In (a) the STC global optical elementagraission and in (b) the Instrument Transfer Famctor each filter
strip.

3.3 Detector characteristics

The detector used is a hybrid array using Silictd Si-PIN) diodes. It is back illuminated with 190fill factor and
very high quantum efficiency over the visible rangke detector quantum efficiency has been thexaletietermined by
the producer Raytheon Vision Systems (RVS) (searEi§a). Each pixel is composed of a Si-PIN detemanected to
a snap-shot source follower unit cell in the reddadactronics. The detector features very low readmise less than
100 electrons RMS [13].

The full well is of the order of fOelectrons. The average IG has been estimated &bdet 7 electrons/DN and it is
slightly dependent on the pixel considered. Thenmzak current measured in laboratory during thg@mund STC FM
calibration campaign is depicted in Figure 5b. Tean dark values have been calculated over aroa@80x2048 p%
which includes all the useful filter strip images.
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Detector QE Detector dark current
1.0 10000
0.8 8000 - /
0.6 6000 /

0.4 4000 - /

0.2 2000 -

Quantum Efficiency
DN

0
0.0 T T T T T T T 1 T T T T T i T T T
400 500 600 700 800 900 1000 1100 1E-4 1E-3 0.01 0.1 1 10 100 1000 10000

Wavelength (nm) Integration time (ms)

(@) (b)

Figure 5. (a) Typical 293 Ketector spectral response characteristics (QE fonned Si-PIN detector [13]. (b) STC
typical lab mean measured dark current per pixebatinal detector operative temperature (268 K).

Taking into account the whole properties of therimsent, i.e. including optical elements and detecthe complete

electrons sr m?

expected ITF of STC can be calculated. The ITF esged inli is depicted in Figure 4b.

3.4 Noise sourcesand SNR calculation

Different noise sources can be considered, fos#ke of simplicity here we are going to examine tahk@ into account
only the most important and intense ones. Keepingind that the detector is a CMOS one, i.e. eadl pas its own
circuitry for reading, some sources of noise arpixl| level others at detector level (i.e. DCNUWRNU,..) [18]. There
are also noises coming from instrumental effecthsas straylight. At this stage, only the noispigél level has been
calculated , the other noise sources will be inetlish the future developments of the model.

The read-out noisesf,) at the nominal operative temperature (268 K) gilig the producer, and verified during the on-
ground calibration campaign, is about 60 electiRNES, which corresponds to about 10 DN [19].

The dark current (DC), which is dependent on thteater temperature, has been measured during thgrommd
calibration in laboratory. It will be measured agduring the Near Earth Commissioning Phase ara ratsnitored in
flight. In fact, for this last purpose, images loé tdark side of the Mercury planet can be usedeb\ar the masked part
of the detector will be used to further monitor as$es the variation of dark level. So the imagdyais method will

rely on an as accurate as possible removal ofahealirrent [20]. The dark current noigg ) is assumed to béDC.

The intrinsic noise of the signal, which is thetshoise ¢5), is evaluated as the square root of the si§r{a = VS).

The total noise at a given pixeélis expressed as the quadratic sum of all the ne@sgces assuming random and
independent the noise contributions. Being thedigstimated from the images through a subtraatiotwo images:
one with the signal plus the dark and one of ohé/dark, the total noise per pixel has been asstionee:

pr(i) = JGSZ +2 (O'DC2 + O-roz) (6)
The signal-to-noise ratiGlR,,) at a pixeli is computed using the following relation:
. Spx (1)
NR =P 7
SNRy (1) = 2 W)

4. RESULTS: USEFUL SIGNAL AND SNR EVALUATION

4.1 Scientificinputs

If the input source radiancel/irradiance is definexisignal can be injected in the instrument made then the useful
signal and the related SNR can be determined. ddrisbe done for a series of scenarios in whichStne-Mercury
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distance, the surface albedo of Mercury, the stdaith angle are changed. The scenarios consideecsthought to be
representative of the conditions that will be oledrduring the course of the mission.

Here on the scientific inputs and the related etgzbsignal will be analyzed.

The inputs for the radiometric model are differemthe different phases of the mission. In flighéy can be Mercury
radiance, or calibrated stars fluxes, while on-gbthey are the radiance/irradiance of the varsmugces used during
the calibration activities (i.e. integrating spher®nochromator, halogen lamp, ...) [21].

Only the most important ones will be described distussed, they can be considered as an exampédl fibve other
cases. As an on-ground example the OGSE calibraidiometric set-up radiance is presented, in-flighminal
Mercury surface acquisition or stellar calibratisii be taken into account.

For the Hermean surface observations once in tidilncoming radiation consists of several terms:

» the radiation emitted by the planet itself (blacttpcorresponding to the planet surface temperature)
« the contribution of the Sun radiation reflectedthy planet’s surface,
» the emission from the exosphere itself and thetexdagy within the exosphere.

The STC channel is not sensitive to the radiatimitted by the exosphere and by the planet (theumsnt wavelength
range is up to 930 nm). Only VIHI in the SIMBIO-S¥8ite covers the wavelength range where the ptzowtibution

starts to be non-negligible with respect to the.Sthus the sole contribution of the reflected rédiais taken into
account.

The surface of the planet is considered to be Latiaipe and no phase angle function has been aceddat. A more
reliable, though more complex, description needsube of a BRDF of the Mercury surface, for inséattrough the
adoption of the Hapke model [22][23]. This parametdl be implemented in the future developmentshef model.

4.2 Expected signal for the on-ground radiometric calibration

In order to verify the optical performance of thEGSFM, and also to carry out the full calibratioctieities, anad hoc

Optical Ground Support Equipment (OGSE) has bearcaiged. A schematic of the OGSE optical benchupets

shown in Figure 6. The OGSE is composed by a cattmunit that can be used with different targgtimtoles,
diffuser, etc.) illuminated by different sourcesT{) monochromator, integrating sphere). The coltonas a custom
made dioptric element chromatically corrected dkierSTC working wavelength range.

This collimator assembly is rigidly mounted on giical bench, which is fixed. In order to span e&dtC sub-channel
FoV, the beam exiting the collimator is folded w@glane mirror, which is able to rotate in two difens. The STC
camera is placed in a thermal-vacuum chamber (TW@ich is mounted on a rotation stage in orderlé@g one or the
other of the STC sub-channels in front of the OGEE.

Zor STC
© SubCH1

Plane folding
mirror

STC
SubCH2

Collimator

= Pin-hole STC is mounted inside

Autocollimator aTve The TVC is mounted
sensor N
on a rotation stage

device OGSE

Figure 6. Schematic representation of the OGSE [24]
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To calculate the expected signal, the OGSE tramssomsl, sz (1), has to be considered to account for the losapmfti
flux reaching the instrument entrance aperture filoencalibrated source placed in the collimatoafgdane. The OGSE
transmission includes the collimator transmissitement, the plane folding mirror and the windowtted TVC chamber
and it has been accurately measured with a spécitometer.

For the radiometric measurement an integrating reptoescribed in detail in ref. [25], has been ugdw integrating
sphere radiance, including OGSE transmission, atdhtrance aperture of STC and the expected spdicixain
electrons per ms per pixel at the detector fothalfilters are reported in Figure 7.
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Figure 7. (a) Measured input radiance including @&&nsmittance. (b) Expected flux for the radiameneasurements.

The SNR per pixel has been calculated accordinghyhat has been discussed in par.3.4, thus thewfily equation
has been applied:

N

(8)
Jos?+2 (UDCZ‘HTroZ)

A comparison between the expected signal expressedectrons/px and the one measured during theomatric
calibration campaign in lab is reported in Figure 8

SNR =

2o 420_RM
250 - 100000 = 420_Meas
—— 750 nm|
550_RM
—— 920 nm| -
PAN 550_Meas
200 80000 750_RM
= 750_Meas
920_RM
= 920 _Meas "
150 ﬁ_ 60000 PAN_RM -
o g PAN_Meas| " _.i
5 5 ;
(5]
100 % 40000 | =
.
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Figure 8. (a) Calculated SNR per pixel for all tHeefs for integration times up to 10 ms. (b) Comgeami between the
expected calculated signal with the radiometric ed¢BM) and the measured signal in lab (Meas).
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The foreseen data are in good agreement with tlesuned one, validating the use of the built radimimenodel as a
tool for the definition of the expected integratitime to be used in flight. The discrepancies are tb the not correct
knowledge of the QE of the detector, since therétizal one has been used, and also to the sligkther transmission
performance of the FM in the blue part of the spewnt(towards the 420 nm) with respect to the adbptanservative
values on the optics transmission and reflectidre fiatios between the measured and the foreseeesvate within the
range 0.75-1.30, which can be considered a goodhingt for the purpose the radiometric model has tiegit for.

4.3 Expected signal for in-flight sources

43.1 Mercury surface observations

To calculate the input radiance from Mercury, tvatadsets for the solar spectrum irradiance have bessidered: the
solar spectrum measured data from outside the Bartosphere (AMO [26]) and the one calculated cmrgig the Sun
as a Black Body (BB) (Planck distribution) at a perature of 5800 K [27].

The spectral radiand®(1) [mzz Sr] of a black body at a temperature T is describethéyollowing equation:
2hc? 1
B = <5 ()
elkBT_l

where h is the Planck constant, the light speed in vacuun, the wavelength expressed in ky the Boltzmann
constant.

The solar irradiancés,,, (1) [%] at a given distance) from the Sun can be expressed as:

lun() = 7 B (@) (2222)° (10)

r

whereRg,,,, is the Sun radius.
The Sun Mercury distance)(as a function of anomaly is given by:

r(v) = ali=e?) (11)

1+ecosv

wheree is the eccentricity of the Mercury orbitthe true anomaly and the semi-major axis.

The MPO will be on an elliptical polar orbit stagi at the beginning of the mission, with 480 kmilggrm and 1500 km
apoherm altitudes and slowing moving to 330 km &880 km respectively during the 1-year nominal roissifetime.
The orbit is inertial with respect to the Sun ard fits periherm towards the Sun, on the Sun-Merdirgction, when
Mercury is at aphelion.

The expected input flux from the Mercury surfaceeteds not only on the spectral irradiance of the [t also on the
spectral reflective properties (albedpof the Mercury surface [28].

Considering the Sun as a point source, thus nindgakto account its divergence, the back reflectpdctral radiance,
L(A,v,§&) [ v ] by the Mercury surface assumed as a Lambertféusdr is:

m2msr

LA, ) = Isun(,v) 22 c05(§) cos(v — )| (12)

whereé is the latitude on the Mercury surface of the ad@r®d area when the planet is at true anomaly

As a consequence of the planet high eccentricityt §0.206), the distance of Mercury from the Swamies from 0.31
AU at perihelion (true anomaly 0°) to 0.47 AU ahalion (true anomaly 180°), thus the expected ramiaof the light
reflected by the Mercury surface varies from apheto perihelion by a factor of 2.3. In additionsitevident that during
the day side arc of the S/C orbit the radiancarying with latitude.

As an example, the back reflected spectral radifmore the Mercury surface has been calculated mgpecific points
along the orbit of Mercury around the Sun and io specific positions of the S/C on the orbit arobtercury. The
Mercury surface albedo has been considered constiimtwavelength and equal to 0.12. The radianaege hbeen
calculated considering the solar spectral irraddaatcaphelium and = 120° (0.41 AU).
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The expected radiance calculated assuming the SanBB at 5800 K and for the four different cases,Mercury at
aphelion and S/C at periherm or 30° latitude andcMiy atv = 120° and S/C at periherm or 30° latitude, are reported
in Figure 9. In the same figure, there is a conguaribetween the expected values calculated focabe Mercury at
aphelium and S/C at periherm using the measured sd/r data; this shows that the expected radiealoailated with
the BB assumption fits quite well the one deriveithvthe measured solar values for the wavelengtigeaf interest
(410-930 nm).
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120°_PeriM_BB
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Figure 9. Mercury expected radiance for two difféngositions on the Mercury orbit around the Sur{80° aphelion (AphS) and
v=120°) and two different positions of the S/C in thbit around Mercury (lat=0°-PeriM and lat=30°)sé a comparison between
the values calculated from the Sun assumed as a B8atK and from the measured solar irradianclasvae for Mercury at
aphelium and S/C at periherm.
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Figure 10. (a) Expected spectral flux in electrorsghm and (b) calculated SNR versus integration foneach filter for the case
Mercury at aphelium S/C at periherm.

Considering the ITF, the expected spectral fluxdatector level in terms of number of electrons per can be
calculated. The results for Mercury at aphelium &hd at periherm are reported in Figure 10. Theeetqa signal and
count rate are also given in Table 2 together with expected optimal integration time calculatedider to avoid
saturation and remaining in the linearity rang¢hefdetector response.
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The SNR has been calculated as described in par. 4.2dingty to the formula (8).

Table 2 Expected signal per pixel, integration time and §N& all the filters for the case Mercury at aphgliS/C at periherm.

. Signal Signal Int_time
Filter €/ms) (ON/ms)  (mg) VR
420nm 7434 1062 772 162
550nm 24461 3494 2.35 162
750nm 25904 3701 2.22 162
920nm 17331 2476 3.31 162
PAN 266826 38118  0.23 171

4.3.2 In-flight stellar calibration

The performance of the instrument in terms of @btguality, radiometric calibration, geometric tadition, etc can be
checked in flight using the stars as sources [28f Point Spread Function (PSF) is the optical orsp of an
instrument to a point source (like a star). To glate the PSF two main contributions have to benahkto account: the
optical PSF, determined by the optical design, dnhe pixel response/sampling, determined by the ctimte
characteristics. The instrument PSF response i€dhgolution of these two contributions. For ST@ ihstrumental
PSF has been derived to be of about 1.5 pixel at#MB0].

Assuming the PSF as a Gaussian function, halfefdtal flux of the star will be spread on an avéa.5 px in diameter,
while the total flux is completely included in 22xpx. For the sake of simplicity the flux has bessumed to be spread
homogenously all over the 2 x 2 px area.

The irradiance of a star of 0 magnitude in theblésrange is assumed to be the calibration fakgtoequal to 1.08.0°

mz’;}:ns. The irradiance of a star with magnitueleis calculated multiplying the calibration factgrby 107%4™,

Thus the total signal per pix8l;,, of a star with magnitude: integrated for\t seconds can be written as:
Sstar(m) = Ip - 107°4™ 2. [T(2) - F(2) - QE(A) dA (13)
The signal to noise ratio is then evaluated folloyvihe equation (8) in par. 4.2.

If the signal coming from the star is too low wittspect to the detector dark current, multiple expe can be foreseen
to increase the SNR. The signal to noise rati@afpixel in an image obtained as the surk afultiple exposures is:

_ VESstar _
SNRk - V052+2 (G'DC2+0'r02) N \/E SNR (14)

Solar-type stars with magnitudes between 6 andl®e&considered for the in-flight calibration. &estimated radiance
at 600 nm for an = 6 and an = 8 star will be respectively of the order of 36% and 3 10 —% [19] for

m2 nm sr
STC. Assuming a maximum integration time of 20 d taking into account the dark current at the nainoperative

temperature of 268 K, the expected signal to nasies in the PAN filter band are respectively @0land 20. If the
SNR needs to be improved a series of multiple exgsscan be foreseen.

5. CONCLUSIONS

In this paper we have described the radiometricehbdilt for the STereo Imaging Channel (STC) e 8IMBIO-SYS
instrument onboard the BepiColombo ESA mission terddry. STC main aim is the 3D global mapping & wWhole
surface of Mercury in the first six months of treminal 1-year mission lifetime.

After a short description of the instrument, thdioanetric model has been deeply described andhhespphy adopted
in the definition of the model has been given. Thamsmission and reflection properties of the @htedements and the
peculiar features of the detector have also bestudsed. The main noise sources and the calculattidte SNR have
been presented.

The inputs and outputs of the model have been slamdrsome examples of input sources have been btbnfor the
on-ground and in-flight simulations. Expected sigfa the in-flight case and their SNR have bedustrated. The
foreseen signal for the on-ground radiometric c¢atibn campaign has been compared with the reasuned data and

Proc. of SPIE Vol. 9911 99111T-12

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 13 Jul 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



they are in optimal agreement. This guaranteestiigatnodel can be used to predict the integraiioed to be used at
Mercury.

The calibration results, together with the calilmmatdata that will be acquired in flight using stanr the night side of
Mercury, will be used to further implement the mioddne true performances will however not be regdalntil the first
Hermean measurements are performed.
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