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ABSTRACT

PHEBUS (Probing of Hermean Exosphere by Ultravidgiectroscopy) is a double spectrometer for the
Extreme Ultraviolet range (55-155 nm) and the Fdtraviolet range (145-315 nm) dedicated to the
characterization of Mercury’'s exosphere compositemmd dynamics, and surface-exosphere connections.
PHEBUS is part of the ESA BepiColombo cornerstonssion payload devoted to the study of Mercury. The
BepiColombo mission consists of two spacecraftg kercury Magnetospheric Orbiter (MMO) and the
Mercury Planetary Orbiter (MPO) on which PHEBUSIWié mounted. PHEBUS is a French-led instrument
implemented in a cooperative scheme involving Jafdetectors), Russia (scanner) and ltaly (ground
calibration). Before launch, PHEBUS team want tdgren a full absolute calibration on ground, in #bch to
calibrations which will be made in-flight, in ordey know the instrument’s response as preciselyogsible.
Instrument overview and calibration philosophy erteoduced along with the first lights results obvesl by a
first prototype.

I. INTRODUCTION
A. Instrument overview

The instrument is basically composed of two Ultrial®t spectrophotometers and one scanning mirrtr avi
single axis of rotation. This movable mirror wilblect the light coming from the exosphere abowe limb
onto the entrance slit of the spectrometer withimimmum number of reflections in order to maximibe tUV
count rate on the micro-channel plate detectorg. fiirror is protected from straylight by an entrarmaffle
characterized by a good rejection capability. Edetector has a specific range of wavelengths: tb¥ E
(Extreme UV) channel spreads from 55 to 155 nm, tlwedFUV (Far UV) channel from 145 to 315 nm. A
couple of photomultipliers receive two additionahwelengths in the Near UltraViolet range (NUV) 447
and 422.8 nm.

The main distinctiveness of PHEBUS will be to prdercury’s exosphere in the spectral band (55 —rirh
for the first time.

B. Measurement objectives

The atmosphere of Mercury is very tenuous, witlesgure of a fraction of picobar. It results fromoanplex
interplay of the solar wind, its planetary magndigdd and its rocky surface. It is nearly noncsithnal, and is
highly variable with time and space, characteribgca global asymmetry between dayside and nighisiuk
rapid temporal variations, possibly related to ragymagnetospheric activity.

The core scientific objectives of PHEBUS [1], anéented toward a better understanding of the caliple
surface-exosphere-magnetosphere system. The masunegnent objectives are the following:

- To detect new species, including metallic spe¢®, Mg, Fe, ...), atoms (C, N, S, ...), moleculed eadicals
(H,0, H,, OH, CO), noble gases (Ar, Ne), ions {HNa", Mg", ...), in addition to already detected species (Na,
K, Ca, O, H, He).

- To measure an average exosphere (densitiesnstiweents, vertical structure), with as much asspue
species monitored together, at different positioiiglercury around the Sun.

- To measure sharp local and temporal variatidnth® exosphere content, at specific times andeglaaf
interest.

- To search for albedo variations of Mercury’shigide surface, lighted by the interplanetary HoLglow, at
121.6 nm, in order to exhibit possible signaturesusface ice layers ({0, SQ, N,, CO,,) in high latitude polar
craters.
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II. INSTRUMENT DESIGN

A. Instrument concept

PHEBUS (Fig. 1) is a double spectrometer for the Extreme UltraViolet (EUV) range (55-155 nm) and
UltraViolet (FUV) range (145-315 nm) with an extension for some extra visible emission lines (Potass
Calcium at 404.7 nm and 422.8 nm respectively).
The optical configuration of PHEBUS can be divided into two independent parts. The collecting part co
a straylight rejection baffle, an off axis parabolic mirror and an entrance slit, allowing to scan Me
exosphere thanks to a rotating mechanism. This movable mirror collects the light from the exosphere
limb and focuses it to the entrance slit. The parameters of the mirror were calculated so as to have
effective focal length and a folding angle of 100°. This part determines the Field of View (FoV) and the
Sight (LoS). The spectrometer part determines the spectral resolution of the instrument and is compo:
entrance slit, two holographic gratings and the detectors.
The spectrum detection is based on the photon counting method and is done using Micro-Channel Pl:
detectors with Resistive Anode Encoder (RAE). Photocathodes are Csl for the EUV range, and Cs1
FUV range. The size of the detectors active areaX8%tnmz2 equivalent to a matrix of 10&2 virtual pixels
(spectralx spatial). Furthermore Calcium and Potassium lines are selected by the FUV grating. The
visible lines are monitored using photomultipliers (PM) with bialkali photocathode also used in photon ¢
mode.
The main advantage of the MCP+RAE detectors is their very high sensitivity mainly due to a very I
current. Thus photon counting is easily achievable on typical experiment temperature range (from
+40°C), avoiding mass and power expensive devices to cool the detectors. Five to six orders of mag
the detection are then a typical value and offer the monitoring of a wide range of emission.
Moreover PHEBUS is a very flexible instrument due to the rotating scan mirror at the entrance. The in
is then quite independent from the spacecraft on an observation point of view, avoiding spacecraft
specific pointing requests. This scanning mirror is also very helpful to maintain the LoS close to the lim
long integrations, to make the search and monitoring geometry less dependent on orbit and to extend t
range of scanning.

B. Optical specifications

The wavelength ranges are 55-155 nm for the EUV and 145-315 nm for the FUV. The spectral res:
defined in terms of Full Width at Half Maximum (FWHM) and Full Width at 1% of maximum (FW1%)
required spectral resolution is 1 nm for EUV and 1.5 nm for FUV. These values are to be compared
result of the optical design optimization: the FWHM is about 0.5 nm on EUV, and 0.8 nm on
Furthermore, the FW1% is about 0.9 nm on EUV, and 1.5 nm on FUV. These calculated values do nc
any spreading effects due to scattering by gratings.

ZeroOrder

Fig. 1. a: PHEBUS instrument): Optical configuration
1 — Entrance pupil; 2 — Entrance mirror; 3 — Slit;
4 — FUV grating; 5 — EUV grating; 6 — FUV detector; 7 — EUV detector
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The paraxial Field of View of the instrument is ab@° by 0.1°, and the straylight attenuation eafél designed

to protect from bright sources outside a guarden§I8.3°. High level of attenuation is obtaineddmynbining

a very dark black treatment inside the entranc@iebahd a superpolished entrance mirror (roughn@&snm
RMS) compatible with EUV range. The two gratingstbé PHEBUS instrument are aberration corrected
holographic gratings. The mean groove density 8081grooves/mm for the FUV and ~ 2700 grooves/mm fo
the EUV. Groove profile is laminar ion-etched optied for the respective spectral range. AFM measargs

on real prototypes show a micro-roughness of ahoot RMS. The absolute efficiency can be deducenh fro
AFM measurement of the groove profile via electrgn&tic theory software codes: about 6% for EUV and
13% for FUV. The gratings are made of aluminiumhvatreflective platinum coating. Their active aseze is

42 mm by 15 mm. A radiometric model of the PHEBWStiument has been implemented in order to simulate
recorded spectrum. The mean sensitivity of PHEB&& ithe order of 0.1 count per second per Rayleigh
emission, and thenean detection limit can be estimated to abouR&ylleigh for EUV, and about 0.2 Rayleigh
for FUV.

I1l. GROUND CALIBRATION PHILOSOPHY
A. Overview

We decided to perform an instrument’s absolute ggocalibration as complete as possible. The eraten
on the in-flight measurements will depend on thalityiof calibration made on ground: a precisehraliion is
essential to process relevant scientific data. Befenowing if ground calibrations are realistic am
experimental point of view, we put forward a themad calibration plan.

PHEBUS is a spectrophotometer, its objective isletermine the radiande (ph.s.m?sr') of an extended
source (with respect to the source’s wavelengthasueng a count ratR. The relationR = f(L) between
what we measureRj and what we want to knowL) is the main purpose of the calibration. In theecaf
punctual source like a star, the calibration retatbecomesR = f(E) whereE is the irradiance of the source

(ph.s™.m?). Ground calibration will be done at subsystem aystem levels and we will distinguish two kinds
of calibration, the radiometric calibration and spectral calibration.

B. Instrument radiometric calibration

The radiometric performance of the instrument igleated through the knowledge of the Efficiengy, the
Etendue G) and the Effective Etendu&{y). In a general way (1) defines the efficiencylod system:

Numberof counts
n = 1)

~ Numberof incoming photonsinside the EtendueG

The Etendue is the geometric set of beam elemehishventer inside the instrument and reach thectmte
without being subject to vignetting effect. In atilzhi to these diaphragm losses, the Effective Hierdkes
into account the efficiency of each optical elemamd thus the reflectivity losses. By definitiondaassuming
the approximation that the efficiency does not delpen the ray path we can write:

Geff = 11G )

This can also be seen as a averaging oVer all the ray paths. We can see that the B¥feé&itendue given by
(2) includes both Efficiency and Etendue. Thesedhparameters depend on several variables linkebeto
conditions of the measurement such as the wavdietigt polarization state, the scan angle, the tfs®urce,
the position of the slit. Wavelength will have tary from 55 nm until 315 nm with two extra lines4&4.7 nm
and 422.8 nm. It is worth pointing out that for 88V and FUV channels, measurements made in thetrape
range [55 — 315 nm] corresponds to the nominatatiffon order (k=1) of the spectrometer. The oymriag
diffraction order at k=2 must also be studied, soneed to use a spectral range two times smafér: [L58
nm]. Regarding the step, it will have to be suéfidi in order to be significant (at least ten valpes spectral
range without wide gap). It would be also relevanperform measurements out of the working sperarage
in order to estimate the level of stray light iresithe spectrometer.

As the irradiance of the entrance pupil project@mn the gratings is not homogeneous due to the xiéf-a
entrance parabola, the illumination pattern ongtatings and the signal distribution on the tworateds will
vary as a function of the scan angle. Thereforenust perform measurements for several angulariposibtf
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the scanner mechanism. At least two points areinedjin order to evaluate the extreme cases, bdétermine
the variation between these two points others &aduie necessary.

In addition and to be rigorous, we must use twasypf sources (uniform extended source and punstuste)
and we must perform measurements with the twoipasiof the slit (nominal position and star posijio

To describe the behavior of the instrument withpees to the incident polarization, we use the Sfoke
formalism and the Mueller matrix. GiveMppegysthe (44) PHEBUS Mueller matrix, since the information
provided by the instrument is a number of counts the total output intensity which is correspotwthe first
component of the output Stokes vect&), we can make some simplifications and we can lcolecthat we

only need the first four parametelé,,, M ;. M ,, M g3 0f Mpesus

Finally, these four parameters will completely defthe photometric response of the system. It mawighe
radiometric response of the instrument is no lorgesimple scalar valuGg; but becomes this set of four
scalars.

Given the Stokes vector of the sour(d.%, L. L, L3) in terms of radiance, the count rate is:
R=MgLy+Mg L+ Mg, Ly + M3 Lg (3)
If we normalize (3) we can bring out a correctigetbr to obtain:

R=Lo Mg, (L+m L +m, Ly +m,Ly) |, m=ae | /=1 “)
MOO LO
The instrument measurg, we must know a priori the polarization state bé tsource(Li,L’z,Lé), the

calibration give us the valuddy,, andm , thus we can deduce the value of intekgst

The termMgo can be assimilated to the Effective Eten@dgfor unpolarized light. The term inside the brasket
of (4) represents a correction factor Gfy taking into account the incident polarization stand the
polarimetric response of the instrument. It cam de seen as an error factor if the polarizatidacefis not
taken into account.

C. Instrument spectral calibration

In addition to the radiometric calibration we masgluate the Instrument Spectral Response Fun@&iF),
characterizing the line profile at a detector levat a given alignment of the whole system. Itdlwes to know
the position and orientation of each line with edpto the wavelength, but also to measure thdutso in
terms of FWHM and FW1%. Since we want to charaztetine spectral image, these tests must be dohetbn
detectors EUV and FUV. Regarding the two photorpliéirs, we must perform measurements of the sgectra
bandwidth imposed by the size of each deflectiomars which work as slits.

D. Subsystem radiometric calibration

A calibration at subsystem level is important imteof redundancy and also to be able to assessotiree of
any problem that may affect the overall operatibthe instrument. Regarding subsystems, only tHeretric
calibration are needed and we will proceed in tmesway as for the system calibration, by représgmrtach
subsystem by its Mueller matrix. Theoretically,wé know individually each subsystem Mueller matng
should be able to obtain the Mueller matrix of wigole instrumenMpyesus We introduce here the approach
only for the main subsystems.

Entrance mirror
The mirror is characterized by its Mueller matkior (5) Which contains sixteen elements of any value a
priori. But according to classical model of mirreflectance this matrix can be simplified as:

_‘r//‘z""l'g‘z ‘I’,,‘Z —‘rm‘z 0 o 7
2 T (5)
Mmirror = ‘r”‘ _‘rD‘ ‘r”‘ +‘rD‘ (0] 0
2 2 ) )
0 0 Refr, ;) —-Im(r, 7))
| 0 0 im(r, 7,) Rer, ) |
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r, and ryare respectively the reflection coefficients (pbscomplex) in terms of amplitude for the parallel

component of the electric field and for the perpemidr component of the electric field. Thus onkotcomplex
parameters have to be calibrated.

Measurements must be made at a fixed incidence avigth is the working incidence angle of the mir&0°.
Each measurement must be done by varying waveldrayth55 nm to 315 nm and at 404.7 nm and 422.8 nm.

Gratings
Gratings are also represented by their own Muellatrix My,.ing COMposed by sixteen elements.

Measurements must be perform in the spectral rahgach grating for the nominal working order k¥itialso
in the spectral range corresponding to the diffoscbrder k=2.

Detectors (EUV & FUV)

In terms of radiometry, we must measure the datntoate with respect to the temperature (-20°Q°€}
and also regarding the high voltage (HV) of the M@ goal is to increase the HV during flight irder to
compensate the ageing of the detectors. Solarrggslof EUV detector will also be verified, by @smvisible
calibrated source of variable intensity. The spatiaformity of the detectors response will be ¢estvith flat
field illumination. Detector Efficiency will be meared at low signal level for photocathode char&zgon,
by using a few UV lamps covering the spectral raofi¢he two UV detectors. Non-linearity mainly dte
limited electronic sampling frequency will be esdited. Finally, along the whole life of the detestaall the
illuminations undergone by the detectors will bpaited into a single document, in order to deteentime
ageing of the response.

In terms of geometry, an evaluation of the usefelaaof the detector (i.e. the area where the respimn
nominal) will be done. The spatial resolution deggenn HV and it has to be evaluated by PSF (Pgnt&i
Function) or MTF (Modulation Transfer Function). & kvaluation of the distortion of the detector ézded.

The distortion may depend on HV and is evaluateddjgulating:A:((x', y')— (x, y)) where(x, y) is the real

impact point of the photon on the photocathode (amdy')is the position of the photon as read by the detect

IV. FIRST LIGHTS FROM PHEBUS

An optical prototype of PHEBUS is currently usecctdibrate detectors down to the extreme UV, asd &
enable the adjustment of the gratings and theTdii. optical breadboard is representative fromtical point
of view but operated with a fixed baffle orientatioln order to have a first approach of the insgaoi
behaviour, first measurements were performed widn EUV detector and using a facility under vacuum
composed by a EUV radiofrequency flow lamp as ssuecgrazing incidence monochromator to select the
wavelength and a test chamber. We fill the lamgh wlifferent gases such as Ne, He, Ar, N and O deioto
emit quasi-monochromatic sharp lines typical of fas used. The EUV detector is provided with itsnow
software allowing to control detector parametershsas the high voltage but also to acquire datargput of
the detector. We introduce here results obtainetth virgon gas and using the zero order positionhef t
monochromator in order to record the full spectrioetween 55-155 nm. Data were processed by numerical
computing software in order to display the real gmaeen by the detector (Fig.2) and to plot a sp@cas
shown in Fig.3.
Knowledge of the Argon theoretical emission linlsves us to calibrate the x-axis by replacing pixalues by
wavelength values (calibration only valid for aeivalignment of the components). The wavelengtlitsenrin
Fig. 3 correspond to peak values of the detecttar @ad not the wavelengths of emission lines).cafeclearly
identify the two Argon doublets 104.8 & 106.6 nnr (A and 92.0 & 93.2 nm (Ar II). Others Argon em@s
lines may be identified such as: 87.6 nm (Ar 1),37@m (Ar II), 67.1 nm (Ar 1), 57.7 nm, 54.3 nm1.B nm
(Ar II). We can also observe other lines maybe thueontamination such as H | at 121.6 nm, the |see=n at
113.6 nm seems to be N | triplet around 113.4 nd, the one read at 130.8 nm seems to be O | tidpteind
130.4 nm.
The spectral resolution in terms of FWHM was calted at the doublet 104.8 nm — 106.6 nm levelsthed
value is 0.72 nm instead of 0.48 nm expected. Hewsv is a first calibration which allowed us tbtain the
first lights from the instrument and to suggest iaygments to optimize the measurements and aligtemen
Among others, a toroidal mirror will be put betwadie monochromator and the test chamber in ordehape
the incident beam (either by collimating or by feirig according to the need). Alignments must berawed
also and by the time this paper is written, catibraof the facility (EUV lamp, monochromator) is progress.
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Fig. 1. EUV detector Image for Argon gas: HV = -3436 Mstimage corresponds to a cumulated integration
time of 10 min. The count rate is about 1500 copetssecond. (Levels are in lggcale)
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Fig. 2. EUV spectrum from the image Fig.2 (Levels arbm-scale)
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V. CONCLUSION

The PHEBUS instrument, due to its wide spectragearhigh sensitivity and high straylight rejectiate is
well suited for the study of Mercury exosphere.uld §round calibration will be made in order to knin the
best possible way the response of the instrumerg. sfarting point of the calibration was to evaguall the
parameters which are feature of the instrumenttaridt all the variables that can vary these patans. Some
calibrations on optical subsystems prototype mesmsants were already performed [2] in collaboratidth the
University of Padova (LUXOR laboratory) and an ogli breadboard allows us to perform preliminaries
calibrations and alignments. The next steps willdoknow if all the calibration requirements aradible or not.
On an experimental point of view, we can alreadytbat the measurement of the elements of Muelkgrioes
will be performed mainly by judicious rotations Wween the source and the instrument while knowirgy th
Stokes vector of the source.
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