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Abstract

Probing of Hermean Exosphere by Ultraviolet Spectroscopy (PHEBUS) is a two
channels spectrometer working in the Extreme Ultraviolet (EUV) and Far Ultravio-
let (FUV) range. It will be onboard of ESA Bepicolombo mission and it is devoted to
study the composition, the formation mechanisms and the dynamics of the Mercury
exosphere. The instrument has French leadership but Russian, Japanese and Italian
teams are involved in the project. In particular, the Italian team is responsible of
the radiometric ground calibrations of the instrument.
In this work an innovative approach to model the radiometric behavior of an optical
instrument is described and applied to PHEBUS. The model obtained takes into
account also the e�ects induced by the polarized light. We have found that, under
speci�c conditions, the radiometric response can be divided into two main compo-
nents: the e�ciency term which takes into account the e�ciency of each optical
element and the geometrical parameter which takes into account the geometry of
the instrument (�eld of view, entrance pupil diameter, etc...).
In additional to the theoretical model, the PHEBUS calibration activates carried
out at the CNR-IFN UOS Padova laboratory are also presented. All activities are
focused to determine and experimentally validate the PHEBUS radiometric model
by using both an optical sub-system level and an instrument level measurements. In
the sub-system level measurements, each optical component has been characterized
in order to retrieve the instrument e�ciency. Instead, with instrument level mea-
surements, the geometric parameters which a�ect the radiometric response as well
as the instrument linear range and its spectral behavior can be experimentally de-
termined: all these points will be fully described and the early experimental results
presented.

iii



Riassunto

Probing of Hermean Exosphere by Ultraviolet Spectroscopy (PHEBUS) è uno spet-
trometro a due canali che lavora nell'estremo ultravioletto (EUV) e nel lontano
ultravioletto (FUV). Questo spettrometro sarà a bordo della missione ESA BepiCo-
lombo e si dedicherà allo studio della composizione, dei meccanismi di formazione
e della dinamica dell'esosfera di Mercurio. Lo strumento è realizzato dalla Francia
ma ad esso collaborano Russia, Giappone e Italia. In particolare, il team italiano è
responsabile delle calibrazioni radiometriche a terra dello strumento.
In questo lavoro, è descritto un innovativo approccio per modellizzare il comporta-
mento radiometrico di uno strumento ed esso è applicato a PHEBUS. Questo nuovo
modello consente di considerare anche gli e�etti della luce polarizzata sulla risposta
radiometrica dello strumento. E' stato trovato che, sotto determinate condizioni, la
risposta radiometrica può essere divisa in due parti principali: il termine di e�cien-
za che tiene conto dell'e�cienza di ogni componente ottico e il parametro geometrico
che tiene conto della geometria �sica dello strumento (campo di vista, diametro della
pupilla d'ingresso, ecc...).
In aggiunta al modello teorico dello strumento, sono anche presentate le attività di
calibrazione di PHEBUS che sono state svolte presso il laboratorio del CNR-IFN
UOS Padova. Tutte le attività hanno lo scopo di determinare e validare sperimen-
talmente il modello radiometrico di PHEBUS utilizzando misure a livello dei sotto
componenti ottici e dell'intero strumento. Con le misure a livello di sotto componen-
ti, ogni componente ottico è stato caratterizzato allo scopo di determinare l'e�cienza
dello strumento. Invece, con le misure a livello di strumento, i parametri geome-
trici che condizionano la risposta radiometrica, il range di linearità dello strumento
e il suo comportamento spettrale possono essere caratterizzati sperimentalmente:
tutti questi aspetti verranno ampliamente descritti e i primi risultati sperimentali
presentati.
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Introduction

The messenger of the gods

The planet Mercury is the closest rocky planet to the Sun, situated at about one-
third of the Sun-Earth distance. This position makes Mercury a planet with extreme
environmental conditions in term of temperatures1 and solar irradiation2. Its orbit
is elliptical, with an aphelion of 70 ·106 km, a perihelion of 46 ·106 km and an average
eccentricity around 0.21. Despite its small Sun-distance, Mercury can be directly
observed from Earth when it is far enough from the Sun3 but with poor information:
the maximum apparent diameter reached is only 13” even if it is able to be a very
bright object in the sky, with a magnitude that can vary from −2.6 to about 5. In
fact, the most of our current knowledge of Mercury is due to the two spacecraft that
visited the planet in the past.

Mercury's sidereal period is 87.97 days with an orbital speed close to 50 km per
second, faster than any other planet. On the contrary, Mercury has a very slow
rotation period of ' 58.65 days. This con�guration between the orbit period and
spin period is said 3 : 2 spin-orbit resonance because the planet rotates three times
for every two revolutions around the Sun; the 3 : 2 spin-orbit resonance could be
explained by the chaotically variation of the eccentricity induced by the gravitational
in�uence of the Sun and other planets in the solar system [3]. The synodic period is
about 176 days obtaining that a mercurian day is twice longer than the mercurian

1The temperatures can span the range from about −180◦C in the night-side up to 180◦C in the
day-side of the planet.

2The solar �ux received by the planet can change by more than a factor of two throughout a
mercurian year.

3Mercury never reaches distances greater than 28◦ away from the Sun. Due to its small angular
distance, the planet is always close to the Sun and then it can be observed only in the morning,
before the sunrise, or in the evening, after the sunset. From Earth, Mercury exhibits phases like
the Moon and Venus.
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year. The axial tilt is almost zero (' 0.027◦) and it prevents the illumination of the
planet poles, leaving them always in relative shadow: craters in these shadow parts
could have water-ice or sulphurs.

Mercury has a diameter of about 40% longer and a mass about 4.5 times greater
than Moon. Mercury's density can be also used to infer details of its inner structure.
Currently, we think that Mercury has a large melted core (42% of the total volume)
composed by metallic (70%) and silicate (30%) materials, making the planet one of
the densest planets in the solar system after Earth. Mercury has also a stable weak
dipolar magnetic �eld [4]. Its source could be due to a dynamo e�ects produced by
the material circulation in the iron-rich melted core and maintained by the strong
tidal e�ects caused by the planet's high orbital eccentricity. The magnetic �eld
is strong enough to de�ect the solar wind around the planet, creating a small but
very dynamic magnetosphere. Recent spacecraft explorations have shown a complex
interaction of this magnetosphere with the particles and the �elds transported by
the solar wind. For example, solar wind ions and electrons can be trapped by this
magnetosphere and accelerated toward the surface. In contrast, when the magnetic
�elds carried by the solar wind connect to Mercury's magnetic �eld, we could have
the formation of twisted magnetic �ux tubes: some of these structures become open
windows on the planet's magnetic shield through which the solar wind particles may
enter and directly impact Mercury's surface.

The surface appears similar to the Moon, with the typical geological features such
as mare-like plains and cratering which suggest a geological inactivity for billions
of years. From the crater density analysis, were found that parts of crust could be
older than 3.8 billion years while, other parts with lower densities of craters, may be
younger than 1 billion years [5]. Recently, was also found the volcanic origin of the
plains [6] but most of the geological history of the planet has to be discovered yet.

One of the main problems in modern Mercury science concerns the formation,
sustaining and evolution of the tenuous atmosphere of the planet, called exosphere,
although the planet is not large enough to retain by gravity a permanent thick at-
mosphere. Usually, the exosphere is the uppermost layer of the atmosphere of a
planet, where the particle density is so low that the particles no longer collide with
each other and some are moving fast enough to reach the escape velocity and es-
cape to space. However, for Mercury the exosphere starts at the surface in which
occurs many particular processes that feed the exospheric species. In the last 30
years, from the spacecraft and ground bases observations we have observed di�er-
ent species in the planet exosphere, including Hydrogen, Helium, Oxygen, Sodium,
Calcium, Potassium and, recently, Magnesium. The relative abundances and dy-
namic of these species are still badly understood but, from the data collected, many
exospheric models devoted to justify the exosphere sustaining and dynamics were
proposed. Actually, the model conventionally accepted justi�es the exosphere ex-
istence and species abundance with the superposition of di�erent source and sink
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mechanisms [7]. In the source mechanisms are considered the processes which deliver
new exospheric material to the surface and the mechanisms which release material
directly from the surface4 or with processes such as solar wind particles capture or
radiogenic decay. For example, part of the observed abundances of H and He can be
explained by solar wind capture or radiogenic decay of heavy elements. On the other
hand, when the surface interacts with the solar wind, the solar radiation, other ex-
ospheric particles or micrometeoroids di�erent species can be released. The impact
of an energetic particles with the surface can release species by physical sputtering
(as occurs for a main part of Ca and Mg abundances) or after a chemical reaction
(as occurs for Na and OH species). The interaction of the surface with the solar ra-
diation can produce thermal desorption or UV photon stimulated desorption (PSD)
that could be e�cient release processes on the planet dayside for volatile species
such as Na and K. Vaporization for impact of micrometeoroids is also an energetic
process that can be an e�cient source for all species presented in the exosphere.

New exospheric material is delivered to the surface by di�usion, regolith turn-
over and ion-recycling. Di�usion processes bring new material (Na, K, Ca, ...) to
the surface through cracks, rock fragments, voids grains, crystalline lattices or the
surface grains. The regolith turnover bring exospheric material mainly by impacts
gardening. In the ion-recycling, the part of the exospheric materials is ionized by
UV solar photons, trapped and transported to the night-side by the magneto-tail.
The ions transported into the night-side surface can be neutralized and absorbed
into the surface and then released later during Mercury's day.

The possible sinks for depleting Mercury's exosphere include thermal escape,
photoionization and entrainment in the solar wind, surface implantation. Thermal
escape is an e�cient process for the lighter elements such as H and He. However,
thermal escape assisted by solar radiation pressure occurs for sodium and presum-
ably also for potassium: for example, up to 10% of the total sodium production rate
is lost by escape during periods of maximum solar radiation pressure. In additional,
the neutral atoms in the exosphere can be ionized by the solar photons and carried
away by the solar wind and magnetosphere. Removal of material from the exosphere
via surface implantation can occur either through adsorption onto surface grains or
through chemical interactions, such as those that produce space weathering e�ects
in the regolith. Adsorption is more productive on the night-side, where evapora-
tion is less e�ective at releasing the material. Adsorption also includes the process
of cold-trapping material, such as in shadowed areas at high latitudes, or under
outcroppings. In Figure 1 is summarized the life cycles of the exospheric species.

4In this class of source mechanisms we consider the release of exospheric material from the
surface after the interaction with solar wind particles, solar radiation or accelerated exospheric
particles.
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Figure 1. Sources and sinks processes in the Mercury exosphere.

Despite the vast amount of data collected by two space mission and the ground
telescopes, the Mercury system still remains a mystery: in fact, a lot of aspects
concerning its geology, its interior, its magnetosphere or its exosphere are not com-
pletely understood. For this reason, the new mission BepiColombo, which is in an
advanced state of development, will be launched toward Mercury and with a highly
comprehensive set of instrument and instrument suites it will improve our knowl-
edge of this planet. Among the instruments onboard BepiColombo, the Probing of
Hermean Exosphere by Ultraviolet Spectroscopy (PHEBUS) instrument is a double
spectrometer working in the Extreme Ultravioley (EUV) and in the Far Ultravio-
let (FUV); it will be developed to study the composition, dynamics and formation
mechanisms of the Hermean exosphere by using spectroscopy analysis. The data
collected by PHEBUS can be correctly interpreted if its radiometric and spectral
behaviour is well known.
In this thesis the radiometric aspects of PHEBUS are deeply discussed and an ac-
curate radiometric model of the instrument is developed. In additional to the theo-
retical model, the PHEBUS calibration activates carried out at the CNR-IFN UOS
Padova laboratory are also presented. All activities are focused to determine and
experimentally validate the PHEBUS radiometric model by using both an optical
sub-system level and an instrument level measurements. In the sub-system level
measurements each optical component has been characterized in order to retrieve
the instrument e�ciency. Instead, with instrument level measurements, the geo-
metric parameters which a�ect the radiometric response as well as the instrument
linear range and its spectral behavior can be experimentally determined. The thesis
is organized as follow:
Chapter 1 gives an overview of the BepiColombo mission, describing its payload,
its scienti�c objectives and the mission operations. In this chapter is also described
the spectrometer PHEBUS, presenting its scienti�c objectives and its optical layout.
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Chapter 2 is the core of this thesis and it presents the approach adopted for the ra-
diometric modelling of PHEBUS. This chapter presents the radiometric model with
a general discussion and shows hoe the results obtained can be applied to PHEBUS.
Chapter 3 are described the optical sub-systems characterizations performed at
the CNR-IFN UOS Padova laboratory. The results obtained from this activity are
presented and discussed.
Chapter 4 are described the preliminary calibration activities performed on the
quali�cation model of PHEBUS. The optical set-ups developed for these activities
are described together the early results obtained.
Chapter 5 are reported the conclusions of this work.
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Chapter 1

A new mission to Mercury

From the beginning of the space exploration, only two space missions have explored
the Mercury planet: the Mariner 10 [8] and the MESSENGER mission [9, 10].

The �rst mission, Mariner 10, encountered Mercury three times between the
1974 and 1975 and it carried onboard seven instruments devoted to investigate the
planet (see Figure 1.1(a)): an extreme ultraviolet spectrometer, a magnetometer,
two twin television telescopes with digital tape recorder, an infrared radiometer,
a solar plasma analyzer, a charged particles analyzer , and a radio wave propaga-
tion experiment. The primary scienti�c objectives of the mission were to observe
Mercury's (and also Venus) environment, atmosphere, surface, and body character-
istics. However, the heliocentric orbit adopted for the three �ybys had a period
almost exactly twice of Mercury and then the same side of Mercury was observed
at each �yby: at the end of the mission, only about 45% of the surface was ob-
served and mapped taking over 2.800 photos (Figure 1.1(b)). Despite this, the
mission contributed enormously to our understanding of the planet taking a lot of
data that would be impossible to retrieve through ground-based observations: for
example Mariner 10 discovered the Mercury tenuous atmosphere, consisting primar-
ily of hydrogen, helium and oxygen [11, 12] as well as a magnetic �eld [13] and a
large iron-rich core; its radiometer readings suggested that Mercury has a night-time
temperature of −183 ◦C and maximum daytime temperatures of 187 ◦ [14].

In 2004, about 30 years later the �rst Mercury �yby of the Mariner 10, a second
mission to Mercury was launched. The MESSENGER (MErcury Surface, Space EN-
vironment, GEochemistry and Ranging) mission main objectives are to complete and
complement the observations made by Mariner 10, explore the nature of Mercury
exosphere and magnetosphere, characterize the chemical composition of the surface,
study the geological history of the planet, determine the size and state of the planet
core. In order to address the goals expected, the MESSENGER mission is equipped
by eight instruments: the Mercury Dual Imaging System (MDIS), the Gamma-Ray
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1 � A new mission to Mercury

(a)

(b)

Figure 1.1. The scheme of the Mariner 10 spacecraft (a) and the �rst map of the
Mercury surface (b) obtained from the 2800 photos taken during the three �ybys.
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and Neutron Spectrometer (GRNS), the X-Ray Spectrometer (XRS), the Magne-
tometer (MAG), the Mercury Laser Altimeter (MLA), the Mercury Atmospheric
and Surface Composition Spectrometer (MASCS), and the Energetic Particle and
Plasma Spectrometer (EPPS). After three �ybys, the spacecraft was inserted in the
Mercury orbit on March 18, 2011 and, actually, the mission is still in operation. Up
to now, MESSENGER has successfully completed the global map of the planet with
a resolution up to 250m/pixel [15], it has performed more detailed studies about its
geology, evolution history and volcanism [16, 17, 18, 19], it has studied with more
detail the Mercury magnetic �eld components [4], it has made spectroscopic studies
of the multitude of species in the surface [20] and in its exosphere, including, for the
�rst time, Magnesium [21, 22].

Figure 1.2. The NASA MESSENGER spacecraft with its payload.

With this background, a new third mission, the ESA/JAXA BepiColombo mis-
sion [23, 24], is under development and it will be launched on July 2016. The mission
is composed by two dedicated spacecraft that will study the planet and its environ-
ment with a wide set of instruments. Its scienti�c objectives are similar to those of
MESSENGER mission but they will be achieved with an high synergy between the
two missions in order to maximize as much as possible the scienti�c returns: during
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1 � A new mission to Mercury

the mission, MESSENGER has provided a lot of valuable discoveries about Mercury
and its environment that will be used as background by the BepiColombo mission
in tuning its observations to the most important targets. In the �rst section of this
chapter the BepiColombo mission, its scienti�c objectives and its payload are syn-
thetically discussed; in the second section the PHEBUS instrument, the EUV/FUV
spectrometer that will be on board of Bepicolombo, is widely presented.

1.1 BepiColombo: mission overview and scienti�c

goals

BepiColombo is a dual spacecraft mission to Mercury carried out jointly between
ESA (European Space Agency) and JAXA (Japanese Aerospace Exploration Agency).
The mission will address a comprehensive set of scienti�c questions in order to gain
knowledge about Mercury planet, its evolution history and its surrounding environ-
ment. Both spacecraft will be launched together in July 2016 [24] and they will
carry a large number of "state of the art" scienti�c instruments. One spacecraft, the
Mercury Planetary Orbiter (MPO), is led by ESA and its payload comprises eleven
experiments and instrument suites. The MPO will focus on a global characterization
of Mercury through the investigation of its interior, surface, exosphere and magne-
tosphere. The second spacecraft, the Mercury Magnetosphere Orbiter (MMO), is
led by JAXA and will carry �ve experiments or instrument suites to study the en-
vironment around the planet including its exosphere, its magnetosphere, and the
interaction processes with the solar wind and the planet itself.
In additional to the two orbiters, the BepiColombo mission has two additional

segments that are very important during the interplanetary journey: the Mer-
cury Transfer Module (MTM) and the the MMO Sunshield and Interface Struc-
ture (MOSIF). During the interplanetary journey, the two orbiters, the MTM and
the MOSIF module are connected together, forming the Mercury Composite Space-
craft (MCS) shown in Figure 1.3. The MTM provides the thrust required to reach
Mercury and the large amount of power required by the solar electric propulsion
system. The MOSIF module provides the interface structure between the MPO and
the MMO and protects the MMO from the Sun radiation until it has reached its
operational orbit.
The mission has been named in honor of Giuseppe (Bepi) Colombo (1920-1984),
who was a brilliant Italian mathematician, who made many contributions to plan-
etary research, celestial mechanics, including the development of new space �ight
concepts. He is well-known for explaining that Mercury rotates three times about
its axis while it completes two orbits around the Sun. He also proposed to NASA
the interplanetary trajectory for Mariner 10 using gravity assist that allowed even
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1.1 � BepiColombo: mission overview and scienti�c goals

Figure 1.3. Exploded view of the BepiColombo cruise con�guration named Mer-
cury Composite Spacecraft (MCS).

three Mercury �ybys (1974-1975).

1.1.1 Scienti�c objectives

BepiColombo is a planetary Cornerstone mission of ESA's Cosmic Vision Program,
and is devoted to the thorough exploration of Mercury and its environment. The
scienti�c objectives that BepiColombo mission will try to address with its payload
can be summarized with the following points:

� Study and understand the Mercury formation and geological history, its inte-
rior structure and composition; these information are important because they
can help us to better understand the composition of the primitive solar nebula
and the formation of our planetary system.

� Study the actual Mercury surface: understand its composition, its geology and
if it is volcanically or tectonically active today.

� Study its intrinsic magnetic �eld and its magnetosphere; understand why a
small planet as Mercury has a magnetic �eld and other bigger planets like
Venus, Mars and the Moon don't have it. Understand how the magnetic
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1 � A new mission to Mercury

�eld interacts with the solar wind and if Mercury is characterized by features
reminiscent of the aurorae, radiation belts and magnetospheric sub-storms
observed at Earth.

� The exosphere composition and dynamics: what are the formation mechanisms
of the exosphere?

� Research of sulphur or water ice inside the permanently shadowed craters of
the polar regions.

� Since the advance of Mercury's perihelion was explained in terms of space-time
curvature, we can take advantage of the proximity of the Sun to test general
relativity with improved accuracy.

All these scienti�c objectives will be addressed in synergy with the MESSENGER
mission which is still collecting important data: the "MESSENGER experience"
will help us to choose the most interesting targets on Mercury and will be a needful
source of information for the Bepicolombo's observations.

1.1.2 The BepiColombo payloads

The scienti�c goals expected from BepiColombbo mission will be addressed by a
highly comprehensive set of instruments and instrument suites. In the following only
a short summary of the MPO and MMO instruments are given: each instrument is
described in detail in many speci�c articles such as the references of [23].

The MPO payload:

� The BepiColombo Laser Altimeter (BELA) will measure and characterize the
topography and surface morphology of Mercury. BELA will provide absolute
topographic height and position with respect to the Mercury centered coor-
dinate system useful to create a digital terrain model that allows, together
the data collected by others instruments, a quantitatively exploration of the
geology, the tectonics and the age of the planet's surface. The returned laser
signal can be also used to measure the local surface roughness and albedo.

� The Italian Spring Accelerometer (ISA), is a three-axis high-sensitivity ac-
celerometer. It will be devoted to study the global gravity of Mercury �eld,
its time variations due to solar tides, the local gravity anomalies, the rotation
state of Mercury and the motion of Mercury's center of mass. Furthermore, the
instrument will also perform experiments devoted to testing Einstein's theory
of General Relativity reaching an unprecedented level of accuracy.
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� The MPO Magnetometer (MPO/MAG) is an experiment consisting of a dual
�uxgate magnetometer system that can measure 3D magnetic �elds from DC
up to 128Hz within ±2048 nT with a digital resolution better than 60 pT;
magnetic �eld contamination from the electronic systems of the spacecraft is
avoided performing di�erential measurements from two sensors, one inboard
and one outboard of the spacecraft. The MPO/MAG will measure the planet
magnetic �eld in order to understand it and its source in great detail. This will
help us to understand the origin, evolution and current state of the planetary
interior. Furthermore, the activity of MPO/MAG will be supported by similar
measurements made by the MMO Magnetometer, in order to distinguish the
e�ects of the magnetospheric currents on the MPO measurements. In addi-
tional, MPO/MAG will help us to study the interaction of the solar wind with
Mercury's magnetic �eld and the planet itself. This interaction will lead to
the formation of the global magnetospheric current systems that are highly
dynamic.

� The MErcury Radiometer and Thermal Infrared Spectrometer (MERTIS) is
an IR-imaging spectrometer which will provide detailed information about the
mineralogical composition of Mercury's surface by mapping the emittance with
a spatial resolution of 500m and a high-spectral resolution: MERTIS will cover
a wavelength range from 7 to 14µm with a spectral resolution up to 90 nm. In
addition MERTIS will be able to measure thermo-physical properties of the
surface like thermal inertia and surface texture.

� The Mercury Gamma-Ray and Neutron Spectrometer (MGNS) will measure
the elemental surface and subsurface composition by measuring the nuclear
lines of major soil-composing elements, the leakage �ux of neutrons and the
lines of natural radioactive elements. It will also determine the regional distri-
bution of volatile depositions on the polar areas of Mercury which are perma-
nently shadowed from the Sun, and provide a map of column density of these
depositions with the accuracy of 0.1 g cm−2 and with a surface resolution of
about 400 km.

� The Mercury Imaging X-ray Spectrometer (MIXS) is a dual channel spec-
trometer designed to analyze the surface atomic composition using the X-ray
�uorescence (XRF) analysis. The primary scienti�c goal of MIXS is to pro-
duce with a high spatial resolution the global elemental abundance maps of
key rock-forming elements with an accuracy of 10 − 20%. Furthermore, the
instrument can con�rm if the auroral zone, where energetic particles interact
with the surface, is an intense source of continuum and line X-rays. The in-
terpretation of the MIXS measurements requires the knowledge of the solar
X-ray �ux monitored by the SIXS experiment.
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1 � A new mission to Mercury

� The Mercury Orbiter Radio-science Experiment (MORE) will address scien-
ti�c goals in geodesy, geophysics and fundamental physics. It will help to
determine the gravity �eld of Mercury as well as the size and physical state of
its core. It will provide crucial experimental data to understand the planet's
internal structure and it will test theories of gravity with unprecedented accu-
racy. MORE will also measure the gravitational oblateness of the Sun. Finally,
MORE will also contribute to the determination of Mercury's obliquity (i.e.
the obliquity of the equator with respect to the orbital plane) and the am-
plitude of its 88-day physical librations in longitude: these two quantities,
together with the coe�cients of the second-degree harmonics of the gravity
�eld, will indicate if the Mercury has a molten core and, eventually, it will
help to determine the radius of this molten core.

� The Probing of Hermean Exosphere by Ultraviolet Spectroscopy (PHEBUS)
instrument is a dual-channel EUV/FUV spectrometer devoted to character-
ize the structure, composition and dynamics of Mercury's exosphere and to
understand the coupled surface-exosphere-magnetosphere system. It will be
described with more detail in Section 1.2.

� The Search for Exospheric Re�lling and Emitted Natural Abundances (SER-
ENA) experiment will provide information about the global surface - exosphere
- magnetosphere system and its interaction with the solar wind. The exper-
iment consists of four sensors that can be operated individually: the Emit-
ted Low-Energy Neutral Atoms (ELENA) measures energetic neutral particles
(above 50 eV) escaping from the surface of Mercury, the Start from a Rotating
Field Mass Spectrometer (STROFIO) that is a neutral particle spectrometer
monitoring the cold exospheric gas composition with a high mass resolution,
the Miniature Ion Precipitation Analyzer (MIPA) that is an ion spectrometer
for 10 eV-15 keV energies measuring ions that precipitate towards the surface,
and the Planetary Ion Camera (PICAM) that is an ion mass spectrometer
with 1 eV-3 keV energies range. SERENA and PHEBUS observations are both
complementary and highly supportive to each other: for example PHEBUS
will produce global mapping of the exosphere and SERENA will measure in
situ both neutrals and ions.

� The Spectrometer and Imagers for MPO BepiColombo Integrated Observatory
System (SIMBIO-SYS) instrument suite is an integrated package for the imag-
ing and spectroscopic investigations of the Mercury's surface. It consists of a
Stereo Channel (STC) which will provide the global color coverage of the sur-
face in full stereo at 50m/pixel resolution, an High spatial Resolution Imaging
Channel (HRIC) which it will characterize special surface targets with high-
resolution images up to about 5 m/pixel in four di�erent bands, and a Visible
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Infrared Hyperspectral Imager Channel (VIHI), which is a hyperspectral im-
ager in the visible and near-infrared range that will map the planet in order to
provide the global mineralogical composition of the surface. The science goals
of SIMBIO-SYS are to characterize the surface geology, volcanism, global tec-
tonics, surface age, surface composition and geophysics of Mercury. It incor-
porates capabilities to perform medium-spatial resolution global mapping in
stereo and color imaging using two pan-chromatic and three broad-band �l-
ters, respectively, as well as high-spatial resolution imaging with pan-chromatic
and three broad-band �lters and imaging spectroscopy in the spectral range
400− 2000 nm.

� The Solar Intensity X-ray and particle Spectrometer (SIXS) experiment will
monitor solar X-rays (SIXS-X) in the spectral range 1− 20 keV with 300 eV of
resolution and the energetic particles (SIXS-P). The X-ray data are mandatory
for a �uorescence analysis of MIXS spectra. Furthermore, due to the high
variability of the intensity and energy spectrum of both X-rays and energetic
particles, simultaneous operations of SIXS and MIXS is required. Moreover,
the observations of solar X-rays and energetic particles are important for a
large number of others investigations: they include exospheric studies with
SERENA and PHEBUS on MPO and most studies with the MMO payload.
In additional, it will give important information about the physics of the Sun
and, in particular, it will monitor the solar X-ray corona and solar �ares in
order to determine their temporal variability and spectral classi�cation.

The MMO payload:

� The main objective of the Mercury Dust Monitor (MDM) is to investigate the
dust environment in the region of the solar system between 0.31 to 0.47AU.
For example, the impact of micro-meteoroids may contribute signi�cantly as
one of the source processes of the planet's tenuous atmosphere and the dust
environment around the planet. This instrument is designed in order to detect
impact momentum, the characteristic and the density of the dust. The viewing
direction almost covers a half-sphere.

� The primary objective of the MMO Magnetometer (MMO/MAG) is to collect
magnetic �eld measurements in synergy with MPO/MAG. The instrument
is designed to measure magnetic �elds with an accuracy of about 10 pT, a
dynamic range of ±2048 nT and a time resolution up to 128Hz.

� TheMercury Plasma/Particle Experiment (MPPE) is a comprehensive instru-
ment package for plasma, high energy particle and energetic neutral atoms
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measurements. It consists of seven sensors: two Mercury Electron Analyz-
ers (MEA1 and MEA2), a Mercury Ion Analyzer (MIA), a Mercury mass
Spectrum Analyzer (MSA), an High Energy Particle instrument for electrons
(HEP-ele), an High Energy Particle instrument for ions (HEP-ion) and an
Energetic Neutrals Analyzer (ENA). The instruments will provide useful in-
formation about the plasma and particle environment around the planet.

� TheMercury Sodium Atmospheric Spectral Imager (MSASI) is a high-dispersion
visible spectrometer working in the spectral range around sodium D2 emission
(589 nm). A Fabry-Perot etalon is used to achieve a compact design. A one
degree-of-freedom scanning mirror is employed to obtain full-disk images of
the planet. This instrument will observe the Sodium in the planet exosphere
and it will collect precious information about its dynamic.

� The Plasma Wave Investigation (PWI) is designed and developed in collab-
oration between Japanese and European scientists. PWI onboard the MMO
spacecraft will provide the �rst electric �elds, plasma waves, and radio waves
measurements from the Mercury plasma environment. It will give important
information regarding energy exchange processes in the small magnetosphere
where the role of micro-physics is more visible than anywhere else. The PWI
will observe both waveforms and frequency spectra in the frequency range
from DC to 10MHz for the electric �eld and from 0.1Hz to 640 kHz for the
magnetic �eld.

1.1.3 Mission operations

According to the current program [24], the BepiColombo dual spacecraft will be
launched by an Ariane 5 from the Spaceport in French Guiana, on July 2016. During
the journey towards Mercury, BepiColombo will make a �rst gravity assist with the
Earth about one year after launch in order to de�ected its trajectory towards Venus.
Two consecutive Venus �ybys in a 1:1 resonance will reduce the BepiColombo orbit
perihelion to Mercury distance and a sequence of additional �ve Mercury �ybys will
lower the relative velocity of the spacecraft. Four �nal thrust arcs will further reduce
the relative velocity to the point where Mercury will weakly capture the spacecraft on
1 January 2024, after about 7.5 years of cruise, without an orbit insertion maneuver
being required. During this phase, the MTM will be separated from the spacecraft
stack. After the insertion in an initial orbit of approximately 490 × 178000 km, a
series of maneuvers will be performed in order to reach the MMO operation orbit
where the two modules will be separated. The MPO with the MOSIF still attached
performs another two maneuvers for pericentre raising and apocentre lowering, and
then it will separate the MOSIF in a safe direction while the MPO will descend to
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its own mission orbit. In the scienti�c operation phase, the MMO will travel around
Mercury in a polar orbit with a period of approximately 9.3 hours, a perihermion of
400 km and an apohermion of 11824 km. The orbit will be coplanar with that of the
MPO, which will have an orbital period of around 2.3 hours with a perihermion of
400 km and an apohermion of 1508 km. A sketch of the orbits foreseen during the
scienti�c phase is shown in Figure 1.4.

Figure 1.4. BepiColombo spacecraft in Mercury orbit: MMO will have a polar
orbit with a period of approximately 9.3 hours, a perihermion of 400 km and an
apohermion of 11824 km while the MPO will have an orbital period of about
2.3 hours with a perihermion of 400 km and an apohermion of 1508 km. The
two orbits will be coplanar.

1.2 The PHEBUS instrument

Probing of Hermean Exosphere By Ultraviolet Spectroscopy (PHEBUS) is a double
spectrometer that will be onboard of ESA BepiColombo mission (see Figure 1.5). It
is basically composed by two channels, one devoted to the EUV range from 55 nm
to 155 nm and the other devoted to the FUV range from 145 nm to 315 nm [1]. Two
additional lines at 404.4 nm (Calcium) and 422.8 nm (Potassium) are also monitored
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with a dedicated NUV path. This instrument is developed with an international
cooperation of four countries: French which has the leadership of the instrument,
Russia which has the responsibility of the scanning system, Japan which has the
responsibility of the EUV/FUV detectors and Italy which has the responsibility of
the ground calibrations.

Figure 1.5. The position of PHEBUS in the BepiColombo MPO. The instru-
ment is collocated in the backside of the orbiter, in the middle of the radiator.
This position allows to point the �eld of view of the instrument in any direction
along the orbital plane.

1.2.1 Instrument concept

The optical con�guration of PHEBUS has been designed with a minimum of re�ec-
tions in order to maximize the total instrument e�ciency. In Figure 1.6 is reported
a 2D-optical layout of PHEBUS whereas in Figure 1.7 is reported a 3D-illustration
of its optical and mechanical design.

The structure of the instrument can be divided into two independent parts. The
�rst part is the collecting part and it is composed by a stray-light rejection ba�e, an
o�-axis parabolic entrance mirror and the entrance slit: the light coming from the
exit diaphragm of the ba�e is collected by the entrance mirror and it is focused on
the entrance slit. An additional movable mechanism, named scanning system, allows
the rotation of the ba�e and the mirror around the optical axis of the instrument and
traversing the entrance slit: with this movable capability, the instrument can scan
the Mercury's exosphere during the observations and it can also move its gaze to the
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1 � A new mission to Mercury

Figure 1.7. 3D representation of the optical and mechanical layout of PHE-
BUS. The light coming from the ba�e is collected by the entrance mirror and
focused on the entrance slit which is the spectrometer input. The spectrometer
is composed by two gratings, one for the EUV range and the other for the FUV
range. The spectrum is collected by two Micro-Channels Plate (MCP) detectors
with a Resistive Anode Encoder (RAE).
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stars for periodic in-�ight calibrations. In fact, the instrument is independent to the
spacecraft from an observation point of view, avoiding spacecraft slew for speci�c
pointing request. The ba�e of the instrument has the important task to protect the
instrument entrance from dangerous direct light coming from bright sources, like the
Mercury surface on the day side, placed outside of the de�ned guard angle (' 8◦).
However, the sources place outside the guard angle illuminate the upper inner part
of the ba�e with a stray-light risk due to multiple re�ections and di�usion on the
internal surface. In order to perform exospheric observations as close as the guard
angle value from the Mercury illuminate surface, the inner part of the ba�e must to
have an attenuation as much as possible (at least 106) and a very good inner surfaces
quality; an additional improvement of the stray-light attenuation is achieved with a
system of four diaphragms as shown in Figure 1.8. The exit diaphragm of the ba�e
has a diameter of Φ = 25.4mm and it is the entrance pupil of the instrument.

Figure 1.8. 3D mechanical layout of the PHEBUS ba�e. Geometric characteristics
of the ba�e, such as the length, the number of diaphragms and their dimensions
are calculated according to the stray light rejection speci�cations. The inner part
of the ba�e is black coated to avoid light re�ection. The ba�e has a rejection angle
of 8.26◦ and an attenuation higher than 106.

The entrance mirror is an o�-axis paraboloid calculated in order to have an
e�ective focal length of 170mm and a folding angle φ of 100◦; the substrate is
obtained using sintered Silicon Carbide (SiC) on top of which an optical SiC re�ective
coating is deposited by chemical vapor deposition process. The optical surface of
the mirror is super-polished (the roughness is about 0.5 nm RMS) in order to avoid
as much as possible the stray-light inside the instrument. The �gure shape error
required is lower than 200 nm RMS at 633 nm in order to limit the stars images size
in the focal plane during the in-�ight calibrations.
The slit is accommodated at the focal plane of the entrance mirror, and it de�nes
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1 � A new mission to Mercury

the Field of View (FoV) of the instrument during exospheric observations and it
in�uences also the instrument spectral resolution. Considering the sketch of the

α

2β

a

b

ΩFoV

fin

Entrance
mirror

Entrance
slit

φ

Figure 1.9. Sketch of the collecting part geometry of PHEBUS useful for the Field
of View computation. The slit dimensions a × b are 5.667 × 0.283mm2 and the
entrance mirror focal length fin is 170mm. The folding angle φ is 100◦.

collecting part of PHEBUS reported in Figure 1.9, we can determine the FoV of the
instrument. Considering the focal length of the entrance mirror and the dimension
of the entrance slit (a = 5.667mm, b = 0.283mm), with the paraxial approximation
we have

α ' a

2fin
= 0.95◦

β ' b

2fin
= 0.048◦

and

ΩFoV = 2α 2β ' ab

f 2
in

= 0.18 deg2

obtaining a Field of View of about 2◦ × 0.1◦. Experimental measurements of the
Field of View were performed on the PHEBUS QM [25]. It was found that the FoV
computed with the paraxial approximation contains between 75% and 82% of the
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1.2 � The PHEBUS instrument

energy, continuously varying as a function of the scan angle. The total energy is
contained in a FoV of about 2.3◦× 0.4◦ [25]. This variation can be attributed to the
aberrations and stray light introduced by the entrance mirror.
In the star observations performed during periodic in-�ight calibrations the stars
images size are bigger than the slit size due to the entrance mirror aberrations.
However, in this phase the total �ux collected from a star is very important for the
success of the calibration. For this reason, the total �ux collected by the instrument
is maximized by removing the entrance slit. The dimension of the window when the
entrance slit is removed is 9×4.2mm2 [26]. With the paraxial approximation, when
the slit is removed we have

α′ ' a′

2fin
= 1.52◦

β′ ' b′

2fin
= 0.71◦

and

ΩFoV = 2α′ 2β′ ' a′b′

f 2
in

= 4.3 deg2

Finally, to protect the detectors from occasional excessive illumination, the optical
path can be blocked by a shutter located in the proximity of the slit. The shutter
is activated by an electromagnetic actuator either in automatic or manual mode.
In the automatic mode two photo-diodes are located before the shutter and they
monitor the intensity of the incoming light, closing the shutter when a pre-selected
threshold is achieved.

The second part of the instrument, simply called spectrometer part, starts from
the entrance slit and it is composed by two aberration corrected holographic grat-
ings, one for the FUV channel and the other for the EUV channel, and the detectors.
The FUV grating has a mean grooves density of ' 1600 grooves/mm while the EUV
grating has ' 2700 grooves/mm. They are composed by an aluminum substrate in
which the groove pro�le is obtained by laminar ion-etched optimized for the respec-
tive spectral range and coated by a platinum re�ective �lm; their radius of curvature
is 170mm and their active area size is 42 mm by 15 mm. The required spectral res-
olution is 1 nm for EUV and 1.5 nm for FUV. These values were compared with
the results of the optical design optimization: the Full Width at Half Maximum
(FWHM) band is about 0.5 nm for the EUV range, and 0.8 nm on FUV. Further-
more, the Full Width at 1% of maximum (FW1%) band is about 0.9 nm for the
EUV range, and 1.5 nm for the FUV range (these calculated values do not include
any spreading e�ects due to scattering by gratings).
The spectrum detection is based on the photon counting method and is done us-
ing a 5-stage Micro-Channel Plate (MCP) detectors with Resistive Anode Encoder
(RAE) [27, 28]. Photocathodes are CsI for the EUV range, and CsTe sealed with a
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MgF2 protective window for the FUV range. For the EUV detector, the CsI pho-
tocathode e�ciency is very sensitive to the moisture and air ambient and then also
it requires a protective window; however, the EUV radiation does not propagate
through windows below to 115 nm. The EUV detector is then sealed with a movable
MgF2 window, which allows to keep the required vacuum (lower than 10−2 mbar)
with a dedicated pumping system. This pumping system will be removed as late as
possible before the launch. When the instrument is in vacuum conditions (during
experimental calibrations activities or when the instrument is in the space) an ac-
tuator will open the movable window for collect the EUV radiation. The size of the
detectors active area is 40 × 25mm2 equivalent to a matrix of 1024 × 512 virtual
pixels (spectral × spatial). Thanks to the very high sensitivity of the MCP+RAE
detectors, the instrument is only devoted to the detection of very faint emissions.
Furthermore, Calcium and Potassium lines are selected by the FUV grating. These
extra visible lines are monitored using photomultipliers (PM) with bialkali pho-
tocathode used in photon counting mode. However, due to the size of the FUV
detector, the two PMs cannot be directly accommodated at the focal point of the
two wavelengths of interest: as solution, a double aperture deviation prism and
two spherical mirrors take the light at 404.4 nm and 422.8 nm in front of the FUV
detector and deviate it towards the PMs.

1.2.2 Scienti�c goals

PHEBUS is a spectrometer that will observe the Mercury exosphere in the EUV
and FUV range and it will be devoted to detect and analyze the faint emission
lines of this target. The dynamic range of the expected emissions is very height:
some species can be easily measured with short integration time less than 1min but
other species are very faint and they require an integration time even more than
1 h. Moreover, some species are mixed with other emission lines: for example, Xe
I with S I in the EUV range, and OH with Al I in the FUV range. They can be
estimated by subtraction if the other line is already known with others methods.
Considering the optical layout of the instrument, a mean detection limit can be
estimated: about 0.1R for the EUV channel, and about 0.2R for the FUV channel.
A list of the emissions detectable by PHEBUS is reported in Table 1.1.

From the species measurements, a lot of questions concerning to the composition
and vertical structure, the dynamics and the formation mechanisms of the Mercury
exosphere can be successfully addressed. The scan capabilities of PHEBUS allow a
vertical exploration of the exosphere, providing a map of the species variation with
the altitude and information about composition, temperature, release processes and
vertical dynamics (Objective 1); in addition, the variation of the species from the day
to night side can be followed and analyzed (Objective 2). During these observations,
new species never detected before are expected [29], including metallic species (Si,
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Detection Di�culty EUV channel FUV channel

Easy (≤ 1min)
He I, CO, O I, H I, Mg I, Si I, Na I, C I,

C I, N I Fe I, S I, Al I, CO,
H I, Ni I, Mg II, O I

Medium (≤ 10min) S I, S II, H2, C II Ca I ,H2 , Li I
Hard (≤ 1 h) Xe I, Ne I Fe II, OH

Very hard(several hours) Kr I, Ar I Al II, K I, Xe I, Ca I

Table 1.1. Classi�cation of the expected species and their detection di�-
culty as reported in [1]. For a more detailed list, with also the wavelengths
and the line intensities, see [2].

Fe, etc.), atoms (C, N, S, etc.), molecules and radicals (H2O, H2, OH, CO), noble
gases (Ar, Ne), ions (He+, Na+, Mg+, etc.), in addition to the already detected
species (Na, K, Mg, Ca, O, H, He) [11, 12, 21, 22, 30]. From the detection of species
produced by di�erent release mechanisms (e.g. Sodium by thermal desorption and
PSD, Calcium by sputtering), a map of the ratios between two speci�c species
used as a signature of a certain release mechanism can be obtained together the
characterization of systematic and/or local (in space and/or time) deviations signing
this release mechanism (Objective 3).
In EUV and FUV ranges the ions can be mapped as function of time and space
and compered with the neutral species obtaining a characterization of the dynamic
of the exosphere (Objective 4). Moreover, the ions and neutral species observed
in the magnetosphere, synergistically with MMO measurements, should allow to
follow planetary ions from their formation regions in the exosphere, through the
magnetosphere, until their escape or re-injection into the exospheric system through
the magneto-tail (Objective 5). From the measurements of the escape rates of the
species, together the data collected by other geochemical instruments (e.g. the X-
ray spectrometer), the regolith composition of the surface can be characterized. The
comparison between escape rates and exosphere density for the species detected gives
information about the residence time of this species in the regolith-exosphere system
and, more generally, on the geochemical cycles and source-sink balance (Objective
6).
Finally, as usually occur in an interplanetary mission, some observations on the dark
side of Mercury will be dedicated to the water-ice and sulfurs research which may be
present in some craters at high latitude (Objective 7). In fact, some craters close to
the poles never receive direct sunlight and water-ice coming from comets impacting
Mercury may have accumulated there. The principle of the detection is easy. On
the night side of the planet, the main source of Lyman-α radiation at 121.6 nm is
caused by the scattering of solar photons by hydrogen atoms in the interplanetary
medium. This scattering creates a glow at 121.6 nm which illuminates the night side
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of Mercury. At high ecliptic latitudes, the Lyman-α emission is about 500R and
varies by one or two hundred Rayleigh1 according to the solar cycle. If water-ice is
present on the surface of the planet, it will be detected by variations of the surface
albedo at 121.6 nm. Assuming that the mean EUV albedo of Mercury is close to
the value of the EUV albedo of the Moon, that is around 4%, we should get a signal
around 20R. For water-ice, the albedo at 121.6 nm is close to 2% with a decrease of
the signal by a factor two.
In addition to the main scienti�c objectives, PHEBUS will contribute to some other
studies concerning to the astrophysics, the solar physics and the solar system physics.
For example, the measurements at the H, He, He+ emission lines (121.6, 58.4 and
30.4 nm) can provide new information about the interstellar gas in the heliosphere
and its interaction with the solar wind. Furthermore, the emission lines of the
solar corona can be observed when the sun is occulted by the Hermean disk: in
this con�guration the coronal lines will be superimposed with Mercury exospheric
lines but many information about the corona composition and dynamics could be
obtained. Moreover, from the Mercury orbit, PHEBUS will be able to observe in the
EUV and FUV range the interaction between comets and asteroids with the inner
part of the heliosphere as well as the spectrum of hot UV stars useful to characterize
their composition and temperature.

In order to address the scienti�c objectives, di�erent modes of observation will
be used sequentially. These modes have been de�ned to optimize the science returns
avoiding instrument damages or degradation. For the exospheric science, four modes
of operation can be used. In theMode 1 the disk of Mercury is used as shield against
the solar light; the illuminated exosphere is observed above the dark part in the near-
terminator region, when the spacecraft is in the night-side. In this mode, which can
be used during ingress or egress, PHEBUS can probe the regions with altitude as low
as possible (reaching also the surface), where exospheric species density is highest.
In the Mode 2 is performed a sampled vertical scan of the atmosphere, between the
lowest admissible altitude(0 km if the spacecraft is in the shadow, or a speci�ed
guard altitude if it is on the dayside) to typically 1000 km of altitude. In Mode
3, the instrument �eld of view is aligned with the velocity vector of the spacecraft
and the exospheric emission over the illuminated part of the orbit are continuously

1The Rayleigh (R) is a unit of photon �ux, used to measure very weak emissions like the
Mercury exosphere lines. One Rayleigh (1R) is de�ned as a column emission rate of 1010 photons
per square meter per column per second. The relationship between photon radiance, L (ph m−2

sr−1), and R (in units of Rayleigh) is simply

R = L
1010

4π
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recorded. The data collected from this operation mode allow to reconstruct, through
di�erentiation, the local density of observed species along the orbit. The same can be
done if the �eld of view is oriented in the anti-velocity direction or at a de�ned angle
from it. With a similar concept, in Mode 4 the ba�e orientation is continuously
changed in order to observe the illuminated exosphere at a �xed altitude during the
orbit. The information collected in this operation mode allow to map the exospheric
characteristics as function of the altitude and orbital position.
For the water-ice and sulfur research the operational Mode 5 is used. In this mode,
the instrument �eld of view is pointed downward to the nadir on the night-side
of the planet. The albedo of the surface, illuminated by the interplanetary glow
at 121.6 nm, is mapped in selected regions of interest, in order to search surface ice
layers (H2O, SO2, N2, CO2, etc..). Finally, in the operationalMode 6, the instrument
�eld of view is pointed toward targets outside of the Mercury system. Typical targets
are stars (for calibration purposes or science purposes), eventual comets or asteroids
in the inner part of the heliosphere or part of the solar corona. In Figure 1.10 are
schematically reported the observation modes foreseen for PHEBUS.

Mode 1

Mode 6

Mode 5

Mode 2Mode 3

Mode 4

Terminator

Figure 1.10. Schematic view of the di�erent observation modes foreseen for PHEBUS.
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1.2.3 PHEBUS models

In the development of PHEBUS, di�erent kinds of instrument models have been
realized in order to test if the design requirements have been achieved.

� The Structural Thermal Model (STM): is a model representative from the
thermal and mechanical point of view. It is realized in order to test if the
thermo-mechanical design achieves the project requirements (thermal resis-
tance, vibration and shock test, etc.). This prototype has mounted inside only
dummy components with similar mass to the �nal optical components.

� The Optical prototype (OP): is a model useful to test the optical concept of
the instrument only from an optical point of view.

� The Electronic Model (EM): is used to test the electronic of the instrument
(functions, EM compatibility, ect.). No optical components are mounted in
the EM model.

� Quali�cation Model (QM): it is identical to the �nal instrument from all the
points of view (i.e. thermal, mechanical, optical and electronic). It will be
tested in the same way as the �nal instrument and it will be very useful
as a "spare" model if further investigations will be necessary once the �nal
instrument has been already launched. For these instrument, the calibration
is required.

� Flight Model (FM) : it is the �nal model that will be launched.

The calibration activities are foreseen for both the QM and FM. Obviously, the FM
calibration is needed in order to understand the data collected by the instrument
during the mission. On the other hand, the QM calibration is also important for
two reasons: the QM calibration activities can be used as training for the FM
calibration activities and the calibrations obtained will be used as cross-comparison
between the QM and FM. In the following chapters the radiometric characterization
problem will be addressed and the experimental activities performed and/or planned
will be applied to both models.
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Chapter 2

The radiometric model of PHEBUS

When an instrument observes a faint target, its objective is to know the radiance L
(photonsm−2 sr−1s−1) of an extended source (with respect to the source wavelength)
by measuring a count rate R (in general counts s−1). The model that links what we
measure (the count rate R) and what we want to know (the radiance L) is the main
purpose of the radiometric model. We can sum up the issue as follow:

R(tot) = Rextended(L)

where Rextended is the radiometric function of the instrument for extended sources
observations [31]. An instrument may also observe stars either because a star appears
in the �eld of view or for in-�ight calibrations purposes or because the star itself is
the scienti�c target. A star is not extended but a punctual object and it is more
convenient characterized the source with its irradiance S (photonsm−2s−1) at the
entrance pupil plane. The radiometric function becomes

R(tot) = Rpunctual(S)

The operating range of the instrument is usually designed in order to have a linear
behavior in term of radiance (or irradiance). With this assumption the function R
is also linear and the previous relations become

R(tot) = GeffL for extended sources

R(tot) = AeffS for punctual sources

where Geff is named e�ective Étendue (m2 sr) and Aeff is named e�ective collecting
area (m2).

In this chapter is discussed how to build a full radiometric model for a general
optical instrument taking into account also the polarization status of the source.
The method proposed is applied to the spectrometer PHEBUS [31]. The �rst sec-
tion gives some concepts about the polarization and the mathematical methods to
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analyze it. In the second section the analysis of the e�ects induced by PHEBUS
onto an incoming light is presented and in the third section the main geometrical
factors that can be a�ect the total count rate R(tot) of the instrument are discussed.
Finally, in the last section, the full radiometric model of PHEBUS is presented.

2.1 The polarized light e�ects

Christian Huygens was the �rst to suggest that light was not a scalar quantity
based on his work on the propagation of light through crystals; it appeared that
light had preferred directions. This vectorial nature of light is called polarization.
After about a century of investigations it was demonstrated by Maxwell that the
light is an electromagnetic wave. Form the Maxwell's equations solution, if we �x
a Cartesian system and we take as propagation direction the z-direction, the light
can be described with its electric �led vector E which lying in the xy plane [32].
Furthermore, the electric �eld may conveniently be considered as composed by two
components along the x and y directions

Ex(t, z) = E0x cos

(
ωt− 2π

λ
z + δx

)
Ey(t, z) = E0y cos

(
ωt− 2π

λ
z + δy

) (2.1)

where E0x and E0y are the amplitudes of the components, δx and δy are the phases of
the components, λ is the wave's wavelength and ω is the wave's angular frequency.
As the �eld propagates in the space, the resultant vector E describes a projected
locus of points in the plane xy which can be easily derived from a combination of
the equations 2.1; after algebraic manipulations we have [32]

E2
x

E2
x0

+
E2
y

E2
y0

− 2
Ex
Ex0

Ey
Ey0

cos δ = sin2 δ (2.2)

where δ = δy−δx and the time-dependence of Ex and Ey has been omitted. Equation
2.2 is recognized as the equation of an ellipse and shows that during the propagation
the locus of points projected on to the x-y plane in general is an ellipse. This behavior
is called optical polarization, and the equation 2.2 is called the polarization ellipse;
in �gure 2.1 some examples of di�erent kinds of locus that can be obtained from
equation 2.2 are shown.

The electric �eld components can be also written as

Ex(t, z) = Re
[(
E0xe

jδx
)
ej(ωt−

2π
λ
z)
]

= Re
[
Exe

j(ωt− 2π
λ
z)
]

Ey(t, z) = Re
[(
E0ye

jδy
)
ej(ωt−

2π
λ
z)
]

= Re
[
Eye

j(ωt− 2π
λ
z)
] (2.3)
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2.1 � The polarized light e�ects

Figure 2.1. Examples of polarization locus that can be obtained from equation 2.2
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where j is the imaginary unit. From equations 2.3 it seems clear that the electric
�eld components can be uniquely identi�ed by the complex numbers Ex and Ey,
named fasor, with modulus and phase equal to the amplitude and phase of the
component represented (e.g. E0x and δx for the x-component and E0y and δy for the
y-components) [33]. In fact, this operation is a fasorial transformation of the electric
�eld which suppresses the propagation information without loss of generality and
simpli�es the calculations in polarization problems; hereafter the electric �elds will
be only described with their fasor, always indicated without the over-line.

The formalism of the polarization ellipse is applicable only when the light beam
is full-polarized. When the light is unpolarized or partially polarized the electric
�led direction has a random variation during the propagation and the equations 2.1
are not useful for its mathematical description; in these cases, di�erent approaches
of analysis have to be considered.

2.1.1 The Stokes - Mueller formalism

A full polarized beam of light can be described with di�erent kinds of mathematical
models each of which is suitable to speci�c problems. For example the polarization
ellipse and the Jones's formalism [34, 35] are useful when the light is full-polarized
and the electric �elds can be described with mathematical expressions. On the
contrary, when light is unpolarized or partially polarized the electric �elds cannot
be described with a simple equation: typical examples are the polarization behavior
problems of imaging or non-imaging optical instruments observing natural sources.
In such cases, a good mathematical description of the polarization e�ects can be
obtained using the Stokes-Mueller's formalism [36, 37].

In 1852, Sir George Gabriel Stokes (1819-1903) observed that the polarization
state of polarized light could be completely described by four measurable quantities
now known as the Stokes polarization parameters. Let x-y-z be a reference system
in which the z-direction is the propagation direction of a light beam with a generic
polarization state. We de�ne the Stokes's parameters of a light beam as

S0 = |Ex|2 + |Ey|2

S1 = |Ex|2 − |Ey|2
S2 = 2 Re

(
ExE

∗
y

)
S3 = 2 Im

(
ExE

∗
y

) (2.4)

where Ex and Ey are respectively the x-direction and y-direction components of
the electric �eld of the light beam and E∗y is the complex conjugate of Ey. The
Stokes parameters just de�ned give a complete and unique description of any po-
larization state of light. The �rst parameter S0 is the total irradiance of the light
beam while the parameter S1 describes the amount of horizontal or vertical linear
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2.1 � The polarized light e�ects

polarization, the parameter S2 describes the amount of +45 or −45 linear polariza-
tion, and the parameter S3 describes the amount of right or left circular polarization
contained within the beam. The de�nition 2.4 shows also that the Stokes param-
eters are real quantities and are based on beam irradiances instead of the electric
�elds. This aspect is important because the amplitude of the optical �eld cannot
be observed directly while, with the detectors, the quantity that can be measured
is the irradiance: in fact, the Stokes parameters can be derived from four irradiance
measurements [38]. As consequence of the de�nition 2.4, the Stokes parameters
always satisfy the relation

S2
0 ≥ S2

1 + S2
2 + S2

3

where the equality sign is applied when we have completely polarized light and
the inequality when we have partially polarized light or unpolarized light. This
aspect suggests us that in a partially polarized beam with irradiance Stot = S0 the
parameters S1, S2 and S3 describe the polarized part of the beam with an irradiance
Spol computable with the relationship

Spol =
√
S2

1 + S2
2 + S2

3 .

Then, the Stokes parameters allow us to describe the degree of polarization P for
any state of polarization applying the de�nition

P =
Spol
Stot

=

√
S2

1 + S2
2 + S2

3

S0

where the value of P = 1 corresponds to completely polarized light, P = 0 cor-
responds to unpolarized light, and 0 < P < 1 corresponds to partially polarized
light.

The four Stokes parameters can be also arranged in a column vector and written
as

S =


S0

S1

S2

S3


which is called Stokes vector. Usually, in the polarization problems we are interested
to the polarization state of the light without considering the irradiance of the beam;
then, in these cases it is more convenient to use the normalized Stocks vector Ŝ
de�ned as

Ŝ =
1

S0

S.

In Table 2.1 the normalized Stokes vectors for some useful polarization states are
reported. The de�nition of the Stokes vector provides a formal method for treating
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2 � The radiometric model of PHEBUS

Polarization state Electric �eld conditions Stokes vector

Unpolarized The electric �eld direction changes randomly


1
0
0
0


Linear horizontal E0y = 0


1
1
0
0


Linear vertical E0x = 0


1
−1
0
0


Linear at 45◦ E0x = E0y, δ = 0◦


1
0
1
0


Linear at −45◦ E0x = E0y, δ = 180◦


1
0
−1
0


Circular right E0x = E0y, δ = 90◦


1
0
0
1


Circular left E0x = E0y, δ = −90◦


1
0
0
−1


Table 2.1. Examples of normalized Stokes vectors appearance for some
useful polarization states.

numerous complicated problems involving polarized light and allows us to de�ne the
space S which contains the Stokes vector of any polarization state.

The typical problem that can be addressed with the Stokes vectors formalism
is the interaction between an optical element (such as a lens, a mirror, a surface,
a polarizer, ...) and an incoming light beam described by a vector S. After the
interaction with the element, the incoming vector S is changed in a new vector S′

and this phenomena can be mathematically described by a transformation f de�ned
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2.1 � The polarized light e�ects

as
f : S→ S

where S is the Stokes space. Furthermore, if the optical component under inves-
tigation has a linear behavior in term of radiation irradiance, also f is a linear
transformation and the relation between the incoming and outcoming Stocks vec-
tors becomes

S′ =


m11 m12 m13 m14

m21 m22 m23 m24

m31 m32 m33 m34

m41 m42 m43 m44

S = MS

where M is the 4×4 matrix known as the Mueller matrix because it was introduced
by Hans Mueller during the early 1940s.
The concept of Mueller calculus can be extended to a more complex optical system,
composed by a set of linear optical elements, which change the polarization state of
the impinging light beam according to the Mueller matrices Mi of each subsystem.
The complex optical system can be still described with an equivalent matrix that
can be computed by an orderly left-production of the components Mueller matrices.
For example, the equivalent Mueller matrixMeq of a complex optical system realized
by N optical components is

Meq = MNMN−1 · · ·M2M1

where with M1 and MN are indicated respectively the Mueller matrices of the �rst
and last component encountered by the incoming light beam. In the following,
the Mueller matrices of the principal optical components useful in our analysis are
discussed.

2.1.2 Reference system in the Stokes-Mueller calculus

The Stokes vectors and the Mueller matrices are dependent to the reference system
adopted in the analysis. Conventionally, the Cartesian system is �xed in order to
have the z-direction as the propagation direction of the beam and then the electric
�eld of the radiation lying in the x-y plane. However, when the problem analyzes
the interaction between a beam and an optical component, also the directions x and
y have to be uniquely de�ned.
Let us consider a light beam incident on an optical element. The plane of incidence
is de�ned as the plane including the beam propagation direction (the z-direction)
and the normal to the optical element surface; hereafter we choose the y-direction in
order to place the y-z plane coincident with plane of incidence. With the convention
just �xed, the x-direction is perpendicular to the plane of incidence and is known as
s-polarization (from the German "senkrecht" for perpendicular) or σ - polarization
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2 � The radiometric model of PHEBUS

or transverse electric (TE) polarization; the y-direction is parallel to the plane of
incidence and is known as p-polarization (from the German "parallel" for parallel)
or π-polarization or transverse magnetic (TM) polarization.

2.1.3 The polarizer in the Mueller formalism

A polarizer element is an anisotropic attenuator of the orthogonal components of
the electric �eld for an incoming beam. With the convention assumed for the ref-
erence system, the incidence plane is parallel to the y-z plane and then the electric
�eld components of the incoming E and outcoming E′ beam are related by the
relationships

E ′x = axEx, 0 ≤ ax ≤ 1

E ′y = ayEy, 0 ≤ ay ≤ 1

where ax is the transverse electric (TE) attenuation coe�cient and ay is the trans-
verse magnetic (TM) attenuation coe�cient. The value zero and one are assumed
respectively when the component is totally eliminated or completely conserved.
Applying the results just discussed to the de�nition of the Stocks parameters 2.4,
after some algebraic manipulations we �nd the Mueller matrix of the polarizer as

Mpol =


|ax|2+|ay |2

2

|ax|2−|ay |2
2

0 0
|ax|2−|ay |2

2

|ax|2+|ay |2
2

0 0
0 0 2axay 0
0 0 0 2axay


2.1.4 The phase retarder in the Mueller formalism

Retarder elements introduce a phase shift φ = φx − φy between the orthogonal
components of the incident beam. Mathematically, we can also think about it as
a phase shift of φ/2 along the x-axis and of −φ/2 along the y-axis. With the
same reference system de�ned before, the components of the emerging beam can be
expressed by the relationships

E ′x = e
φ
2Ex

E ′y = e−
φ
2Ey

Substituting now the conditions just discussed into the Stokes parameters de�nition
2.4, after some algebraic manipulations we �nd the Mueller matrix of a retarder as

Mret =


1 0 0 0
0 1 0 0
0 0 cosφ sinφ
0 0 − sinφ cosφ


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2.1 � The polarized light e�ects

2.1.5 Mirrors and gratings in the Mueller formalism

A generic re�ective element is an interface between two di�erent mediums in which
part of an incoming light is re�ected back. Solving the Maxwell equations for the
re�ector, it can be shown that the polarization state of an incident beam changes
after re�ection. With the same convention for the reference system, the z-direction
is the beam propagation direction and the incidence plane of the re�ector is the y-z
plane; from the Maxwell equations solution we have

E ′x = rxEx, rx ∈ C (2.5a)

E ′y = ryEy, ry ∈ C (2.5b)

where Ex, Ey and E ′x, E
′
y are the incoming and outcoming electric �eld compo-

nents, rx is the transverse electric (TE) re�ection coe�cient and ry is the transverse
magnetic (TM) re�ection coe�cient. If the re�ector is non-absorbent the re�ection
coe�cients are real numbers always less than 1 and then it can changes only the
relative amplitude between the electric �eld components. On the contrary, if the
re�ector is absorbent, its re�ection coe�cients are complex and they introduce also
a phase shift between the electric �eld components: this is the general case of a
mirror in which is chosen a high absorbent material in order to improve the re�ec-
tion power at the interface [39]. Applying the de�nition of the Stokes parameters
2.4 with the conditions 2.5, after some algebraic manipulations we �nd the Mueller
matrix

Mref =


|rx|2+|ry |2

2

|rx|2−|ry |2
2

0 0
|rx|2−|ry |2

2

|rx|2+|ry |2
2

0 0
0 0 2 Re (rxr

∗
y) 2 Im (rxr

∗
y)

0 0 −2 Im (rxr
∗
y) 2 Re (rxr

∗
y)


It is interesting to note that the Mueller matrix of a generic re�ector can be also

derived describing its behavior as a polarizer with extinction coe�cients rx and ry
in series to a phase retarder with a delay φ [40]

Mref = MretMpol =


|rx|2+|ry |2

2

|rx|2−|ry |2
2

0 0
|rx|2−|ry |2

2

|rx|2+|ry |2
2

0 0
0 0 2|rx||ry| cosφ 2|rx||ry| sinφ
0 0 −2|rx||ry| sinφ 2|rx||ry| cosφ


where |rx||ry| cosφ = Re (rxr

∗
y) and |rx||ry| sinφ = Im (rxr

∗
y).

Finally, a grating and a re�ector can be handled in the same way from the
polarization point of view. In fact, a grating can be considered as a re�ective element
at its n-order in which it has its speci�c re�ection coe�cients.
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2 � The radiometric model of PHEBUS

2.1.6 The rotator in Mueller formalism

The geometry of an optical system can imply that the planes of incidence of the
optical elements are not parallel one to each other; from a mathematical point of
view, this situation can be modeled introducing a "dummy component", named
rotator, which rotates the orthogonal electric �eld components Ex and Ey of an
angle θ1.

x′

y′

x

y

θβ E ′x

Ex

E

Figure 2.2. A sketch of the classical rotation problem performed by a
rotator component.

As shown in Figure 2.2, if β is the angle between the vector E and axis x we
have

Ex = E cos β (2.6a)

Ey = E sin β (2.6b)

and, at the same time, we can write

E ′x = E cos (β − θ) (2.7a)

E ′y = E sin (β − θ) (2.7b)

From equations 2.6 and 2.7, after some manipulations we �nd

E ′x = E (cos β cos θ + sin β sin θ) = Ex cos θ + Ey sin θ (2.8a)

E ′y = E (sin β cos θ − cos β sin θ) = Ey cos θ − Ex sin θ (2.8b)

1With this dummy component we change the base for the incoming Stokes vector because the
new reference system is rotated by an angle θ with respect to the previous one.
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2.1 � The polarized light e�ects

Applying the results obtained in 2.8 into the de�nition of the Stocks parameters 2.4
after a lot of algebraic manipulations we �nd that a rotator element can be described
by the Mueller matrix

M(θ) =


1 0 0 0
0 cos 2θ sin 2θ 0
0 − sin 2θ cos 2θ 0
0 0 0 1


It worth to note that in the matrix M(θ) appears the angle 2θ and not the angle
θ. Intuitively this is a directly consequence of the "irradiance nature" of the Stokes
parameters de�nition.

2.1.7 Detector device in the Mueller calculus

A detector is a particular optical element because it gives a count rate R (photons
m−2 s−1) correlated to the total irradiance of an impinging light beam. In a general
case, the detectors can be described as a transformation g de�ned as

g : S→ R+

where the R+ is the set of the positive real numbers. In the applications, the
detectors is designed in order to have a linear behavior with the irradiance or,
alternatively, it is made to work in a linear part of its characteristic so that the
transformation g becomes linear and in general is described by the relationship

R =
(
η1 η2 η3 η2

)
S = DS (2.9)

The values ηi depend on the physics of the detector and usually they are experi-
mentally obtained2. When the detector is polarization independent, the count rate
R depends only on the total irradiance of the impinging light beam represented by
the Stokes parameter S0. In this case, the transformation 2.9 becomes

R =
(
ηd 0 0 0

)
S = ηdS0 (2.10)

where ηd is the total e�ciency of the detector.

2If in front of the detector is interposed a protective window, the system can be described with
the relationship

Deq = DMwindow

where Mwindow is the Mueller matrix of the window. The results Deq is still a vector of four
element. Hereafter, the eventual protective window will be considered part of the detector and
then in our discussion we will use also the equivalent transformation Deq.
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2 � The radiometric model of PHEBUS

2.2 PHEBUS and the polarized light

An exhaustive approach that takes into account the polarization state of the light en-
tering into PHEBUS spectrometer and the polarization dependence of its e�ciency3

can be mathematically formalized in term of the Mueller-Stokes calculus. The idea
proposed in this section has general validity and allows to improve the astronomi-
cal observations when applied to a �ight instrument. In the case of PHEBUS, the
Mercury's exosphere, that is still under investigation, could be slightly polarized
[41, 42] and then the residual dependence to polarization must be evaluated to fully
interpret the response of the instrument. The approach assumes that each opti-
cal instrument induces a polarization change on the input light, resulting in a very
complex instrument response strongly dependent on the polarization status of the
incoming light. In particular, it must be remembered that each optical component
not only a�ects the throughput, but introduces also a phase shift between the im-
pinging light components, whenever the incident angle is di�erent from 0. Usually,
these dependencies are not expressed in the calibration of optical instruments, being
neglected in name of the normal incidence con�guration usually adopted. The im-
portance of this approach is even more dramatic if the instrument, as in the case of
PHEBUS, is provided by a scanning system which changes dynamically the mutual
position of the incidence planes of the optical elements.

2.2.1 The application of Mueller calculus to PHEBUS

The Mueller calculus is applied to PHEBUS and it is performed separately for EUV,
FUV channel. The optical components involved in the path of light inside each
channel are: the parabolic entrance mirror, that is shared in both channels, the EUV
or FUV grating and the EUV or FUV detector. Furthermore, due to the rotation
capability of the mirror around the instrument optical axis, the incidence plane
of the entrance mirror rotates with respect to the incidence plane of the gratings
obtaining a rotator e�ect. The geometry of the EUV channel is shown in Figure
2.3(a). Taking in account the �gure, the PHEBUS equivalent matrix M

(EUV )
PHEBUS can

be computed by the left-multiplication of the optical components Mueller matrices:

M
(EUV )
PHEBUS = M

(EUV )
gratingMscan(θ)Mmirror (2.11)

The detectors used to collect the radiation in PHEBUS are MCPs. In general,
the detection e�ciency associated to them depends on the polarization state of the

3The e�ciency of the optical system doesn't take into account its geometric characteristic: the
basic idea is to study the instrument response with a very small incoming beam entering in the
center of the entrance pupil. Usually is said a model built for the chief ray.

40



2.2 � PHEBUS and the polarized light

Mscan(θ) M
(EUV )
grating
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Figure 2.3. The PHEBUS channels optical layout: in Figure 2.3(a) is shown the
EUV channel while in Figure 2.3(b) is shown the FUV channel. In the picture are
also shown the optical components reference systems useful in Mueller calculus: z
is the propagation direction, y is the transverse magnetic (TM) direction and x is
the transverse electric (TE) direction.
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2 � The radiometric model of PHEBUS

incoming light and on the bias angle in the �rst stack [43]; however, the character-
ization performed onto the PHEBUS detectors has shown a negligible dependence
on the polarization state of the impinging light beam [27, 28]. Then, taking into
account this aspect, the detected signal is

REUV = DEUVM
(EUV )
PHEBUSS = ηEUVS =

=
(
ηd 0 0 0

)
m11 m12 m13 m14

m21 m22 m23 m24

m31 m32 m33 m34

m41 m42 m43 m44

S =

= ηEUV (m11S0 +m12S1 +m13S2 +m14S3)

(2.12)

in which we can see that the relevant terms of the Mueller matrix M
(EUV )
PHEBUS are

the coe�cients of the �rst row. These coe�cients are

m11 =
|r(g)
x |2 + |r(g)

y |2

2

|r(m)
x |2 + |r(m)

y |2

2
+
|r(g)
x |2 − |r(g)

y |2

2

|r(m)
x |2 − |r(m)

y |2

2
cos 2θ

m12 =
|r(g)
x |2 + |r(g)

y |2

2

|r(m)
x |2 − |r(m)

y |2

2
+
|r(g)
x |2 − |r(g)

y |2

2

|r(m)
x |2 + |r(m)

y |2

2
cos 2θ

m13 = |r(m)
x |

2|r(m)
y |

2 |r
(g)
x |2 − |r(g)

y |2

2
cosφ(m) sin 2θ

m14 = −|r(m)
x |

2|r(m)
y |

2 |r
(g)
x |2 − |r(g)

y |2

2
sinφ(m) sin 2θ

(2.13)

where the su�x (m) indicates the entrance mirror, the su�x (g) indicates the grating
and θ is the angle of the scanning system. Finally, we remind that these four
parameters will depend on the wavelength λ of the incoming beam through the
re�ection coe�cients of the entrance mirror and the e�ciency of the grating.

With the same procedure followed for the EUV channel, the equivalent Mueller
matrix for the FUV channel shown in Figure 2.3(b) is

M
(FUV )
PHEBUS = M

(FUV )
gratingMscan(θ)Mmirror (2.14)

and the output signal of the FUV detector will be

RFUV = DFUVM
(FUV )
PHEBUSS = ηFUVS (2.15)

The expression for each parameter of the generic Mueller matrix MPHEBUS
4 has

been computed and reported in Appendix A for completeness reasons. Finally, we

4The equivalent Mueller matrix of PHEBUS has the same form for both channels. In fact, the
coe�cients expression changes numerically only for the e�ciency of the grating; for this reason,
hereafter the su�x will "(FUV )" and "(EUV )" will be omitted for convenience.
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2.2 � PHEBUS and the polarized light

point out a general result: when the polarization state of the incoming light is taken
into account, the e�ciency of the instrument under investigation is a vector of four
elements ηI obtained by the relationship

ηI = DMI

where MI is the Mueller matrix of the instrument and D is the transformation that
describes the instrument detector.

2.2.2 Numerical simulations of the polarization e�ects

In order to understand the e�ects of PHEBUS instrument onto the incoming beam
polarization state, numerical simulations of the system were performed.
Starting from the optical elements design, the input information like materials, thick-
ness of the coatings and the grooves/mm parameter for the gratings have been used
to simulate the optical performances of each element: from the simulation results
the Mueller matrix of each component has been derived. Finally, the equivalent
Mueller matrix MPHEBUS for each channel has been computed and discussed. The
simulations obtained will be also compered with experimental data observed and
any discrepancies will be evaluated. This is an important step because the simula-
tions can be a�ected by uncertainty: for example, in the simulations of the optical
coatings performances, the material optical constants used can be a�ected by un-
certainty, especially at the wavelengths greater than 120nm. In the case of gratings
re�ectance, the simulations may instead be less signi�cant because a grating re-
sponse is harder to properly modeled due to the big quantity of parameters that
a�ect the �nal result.

The entrance mirror simulations:

The entrance mirror of PHEBUS is an o�-axis parabola working at 50◦ of incidence
and it is realized by a super-polished Silicon Carbide substrate [1]. On top of the
substrate a thick coating of SiC is deposited. The coating simulations of the entrance
mirror have been performed by using the IMD software [44] and adopting for the
Silicon Carbide material the Pallik's optical constants [45] in the FUV range and
the Windt's optical constants in the EUV range [46]. The results are shown in
Figure 2.4.

The gratings simulations:

The two gratings of PHEBUS are aberration corrected holographic gratings. The
gratings are made on an aluminum substrate with a 40 nm thick re�ective platinum
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2 � The radiometric model of PHEBUS

Figure 2.4. Re�ectance simulations of the SiC entrance mirror performed by the
IMD code. In the image is reported the TE and TM re�ectance (RTE = |rmx |

2 and
RTM = |rmy |

2) together their arithmetic average RUN .

coating; the active area size foreseen is 42mm by 15mm. The mean grooves den-
sity designed is 1600 grooves/mm for the FUV and 2700 grooves/mm for the EUV.
Groove pro�le is laminar ion-etched optimized for the respective spectral range.
The simulations of the EUV and FUV gratings have been performed by using the
PC grate demo code [47]. The input parameters adopted for the simulation have
been provided by the producer company Jobin Yvon , which performed the surface
and groves shape characterization of the �rst prototype of PHEBUS gratings with
the Atomic Force Microscope(AFM). In Figure 2.5 are shown the e�ciency curves
computed for the grating order -1, the working order of the spectrometer. The EUV
grating has been evaluated only at its wavelength working range (55− 155nm) be-
cause the e�ciency at longer wavelengths is negligible; the FUV has been evaluated
also at lower wavelengths with respect to its working range (145− 315 nm) because
its e�ciency is still considerable (see Figure 2.5(b)).

The �rst row coe�cients of the PHEBUS matrix:

The �rst row coe�cients of the PHEBUS Mueller matrix have been computed for
each channel using the optical simulations obtained for each subsystem element.
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2.2 � PHEBUS and the polarized light

(a)

(b)

Figure 2.5. E�ciency simulations of the -1 order for the EUV grating (Fig-
ure 2.5(a)) and FUV grating (Figure 2.5(b)) performed by PC grate demo version.
In the images the TE and TM e�ciency (RTE = |rgx|2 and RTM = |rgy |2) together
their average RUN are reported.
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2 � The radiometric model of PHEBUS

From the equations 2.13, we can observe that m13 and m14 are zero when the scan-
ning angle θ is zero or 180◦; at the angles θ = 90◦ or θ = 270◦ the m11 and m12

coe�cients are at their minimum value. On the contrary, the modulus of the coe�-
cients m13 and m14 are maximized for the scanning angle θ = 45◦ or θ = 135◦. From
these observations and since all coe�cients vary with 2θ-sinusoidal trends, the angle
θ = 45◦ (or, equivalently, the angle θ = 135◦) becomes the "magic" working angle
useful to evaluate the real impact of the last two coe�cients m13 and m14 on the
instrument response. The �rst row coe�cients of the matrix computed for θ = 45◦

are shown in Figure 2.6 for both PHEBUS channels.
Figure 2.6 suggests that the values of m13 and m14 are still at least one order

lower than m12 at each wavelength in both channels; then, the instrument response
can be rewritten according to the following approximation:

R ' ηd (m11S0 +m12S1) (2.16)

Finally, in order to estimate the relative importance between the stokes parameters
S0 and S1 of the input light beam we have calculated the instrument output R for
a di�erent set of Stokes parameters described by the vector

S =


1
±P
0
0


where P is the degree of polarization; in fact this set of Stokes vectors describes
di�erent source status, ranging from a completely unpolarized one (P = 0) to a
completely linearly polarized one (P = 1). If the degree of polarization of the
source is less than 0.2, (i.e. S =

(
1 ±0.2 0 0

)T
), the calculated instrument

response R can be approximated as

R ' ηd (m11S0 + C)

where C is a correction factor lower than 10% [48]. In this case, the recovering of
the irradiance of the input source can be obtained by knowing only m11 with an
error lower than 10%. Instead, for higher polarization factors, the approximation
2.16 have to be adopted.

2.2.3 Instrument level evaluation of m11 and m12

The polarization behavior of the spectrometer PHEBUS can be described with a
well approximation when the �rst two coe�cients m11 and m12 of the instrument
Mueller matrix are known. Their values are usually indirectly determined by the
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2.2 � PHEBUS and the polarized light

(a)

(b)

Figure 2.6. The �rst row parameters of the Mueller matrix of PHEBUS with a
scanning angle θ = 45◦; in Figure 2.6(a) the coe�cients are computed for the EUV
channel while in Figure 2.6(b) are computed for the FUV channel.
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experimental characterization of each subsystem element5 but they can be also found
by instrument level measurements. The method is demonstrated by using Stokes-
Mueller formalism and without considering the form of the PHEBUS matrix terms.
Then, again, the results obtained can be applied not only to PHEBUS but onto a
generic optical instrument.

Let S be the Stokes vector of a light beam incoming into a optical instrument
described by the equivalent Mueller matrix MI . If the instrument is rotated around
the z-axis by an angle α, the equivalent Mueller matrix of the instrument changes
because the planes of incidence of each element rotate with respect to the reference
system adopted at the beginning. The new Mueller matrix of the rotated instrument
M

(α)
I can be derived from the previous one considering before the instrument a

rotator element described by the matrix M(α). We have

M
(α)
I = MIM(α) =


m11 m12 m13 m14

m21 m22 m23 m24

m31 m32 m33 m34

m41 m42 m43 m44




1 0 0 0
0 cos 2α sin 2α 0
0 − sin 2α cos 2α 0
0 0 0 1

 =

=


m11 m12 cos 2α−m13 sin 2α m12 sin 2α +m13 cos 2α m14

∗ ∗ ∗ ∗
∗ ∗ ∗ ∗
∗ ∗ ∗ ∗


(2.17)

where with the symbol ∗ are indicated the terms that are unnecessary for our anal-
ysis. After the assumption that the detector of the instrument is polarization insen-
sitive, the response of the rotated instrument can be write as

R(α) =
(
ηd 0 0 0

)
M

(α)
I S =

= ηd [S0m11 +m12 (S1 cos 2α + S2 sin 2α) +m13 (S2 cos 2α− S1 sin 2α) +m14S3]

in which we �nd that the contribution of the Stokes parameters S0 and S3 are
independent to the instrument rotation angle α. In general, knowing the polarization
state of the input light S, with three distinct measurements performed at di�erent
angles α not too closed to each other, we can �nd the terms S0m11 +m14S3, m12 and
m13 solving a system of three linear equations with three unknowns; unfortunately,
in a general case the terms m11 and m13 cannot be isolated.

5This is the method adopted also for PHEBUS spectrometer and it will be discussed in Chapter
3.
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2.3 � Geometrical response

Consider now the special case of incoming light described by the Stokes vector

S =


S0

S1

0
0

 = S0


1
±P
0
0

 .

where, in this particular case, the degree of polarization P takes the name polariza-
tion factor ; in fact, this is a partially polarized light with a horizontal or vertical
polarized component6. The instrument response becomes

R(α) = ηdS0 [m11 +m12(±P ) cos 2α−m13(±P ) sin 2α]

and evaluating it at α = 0◦ and α = 90◦, we obtain the system of two equation and
two unknowns: {

R(0◦) = ηdS0 [m11 +m12(±P )]

R(90◦) = ηdS0 [m11 −m12(±P )]
(2.18)

The solutions of the system 2.18 are

m11 =
R(0◦) +R(90◦)

2ηdS0

m12 =
R(0◦) −R(90◦)

2ηdS0(±P )

Furthermore, if we write an additional equation obtained by evaluating the instru-
ment response at α = 45◦, also the coe�cient m13 can be retrieved:

m13 =
R(0◦) +R(90◦)

2ηdS0(±P )
− R(45◦)

ηdS0(±P )
.

2.3 Geometrical response

The polarization e�ects analyzed in the previous paragraph has been performed
considering a very small size beam entering in the center of the of the entrance
pupil. In others words, the model has been built for the chief ray. However, in a
complete radiometric model, the geometry of the instrument and its capability to
collect optical energy from a source have to be considered.
As example, let us consider a Newtonian telescope; when the size of the primary

6As will be discussed in Chapter 3, this polarization state describe also the test beam obtainable
in a normal incident re�ectometer facility.
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2 � The radiometric model of PHEBUS

mirror increases also the light-gathering capability of the instrument increases and
at the focus we have much more optical energy. In contrast, if a diaphragm is
placed before the primary mirror (vignetting in the system) or the secondary mirror
is misaligned (the image plane position change with respect to the detector) the
optical energy available at the focus decreases. In this paragraph we investigate
the geometry e�ects onto the output response and we de�ne the main parameters
useful to model the geometrical behavior of an optical instrument. The results will
be applied to PHEBUS.

2.3.1 De�nition of radiance

As it is shown in Figure 2.7, let us consider an in�nitesimal source element with
area dAS which emits a radiant power d2Φ in the direction of viewing at an angle ξS
from the surface normal. The radiance L is de�ned as the quantity of radiant �ux

dΩS

dA
(proj)
S

dAS
ξS

Figure 2.7. Radiant �ux collecting per unit of solid angle along the direction mak-
ing an angle ξS with the normal of the radiating area. The projected area of the
surface is indicated with dA

(proj)
S

emitted by the projected area perpendicular to the direction of viewing per unit of
solid angle:

L =
d2Φ

dAS cos ξSdΩS

(2.19)

The radiance has the same value at any point along a ray propagating in a uni-
form, non-absorbing medium. Figure 2.8 pictures a beam of light that pass from
the in�nitesimal source area dAS to the receiver in�nitesimal area dAR situated at
distance r from each other. The central ray of the light beam makes angles of ξS
and ξR, respectively, relative to the areas normal.

At the source side, the solid angle dΩS is

dΩS =
dAR cos ξR

r2
, where dAR cos ξR = dA

(proj)
R
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dΩS

ξR

dA
(proj)
S

dAS
ξS

dAR

r
dA

(proj)
R

Figure 2.8. Geometry used to show the invariance of the radiance in a
uniform lossless medium.

and, according to the de�nition 2.19, the radiance LS at dAS is given by

LS =
d2Φ

dΩSdAS cos ξS
=

d2Φ
dAR cos ξR

r2
dAS cos ξS

.

By similar argument, in which we reverse the role of the source and the receiver in
Figure 2.8, we have

LR =
d2Φ

dΩRdAR cos ξR
=

d2Φ
dAS cos ξS

r2
dAR cos ξR

from which we conclude that LS = LR. This important propriety, named as radiance
invariant, shows that when the medium is uniform and lossless a radiometric calculus
can be performed indi�erently from the point of view of either the source or receiver.

Let us suppose that an optical instrument is illuminated by a source characterized
by the radiance L. The instrument can collect only the optical energy coming from
points inside its �eld of view solid angle ΩFoV . The quantity of radiant power
arriving per a unit area at the entrance pupil is the irradiance S and it can be
obtained by

S =

∫
ΩFoV

L dΩ.

In de�nition 2.4 the Stokes parameters and the Stokes vector S were de�ned in term
of light beam irradiance; however, sometime it could be convenient to rede�ne them
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2 � The radiometric model of PHEBUS

in term of light beam radiance: in these cases we indicate as L the Stokes vector
de�ned in term of radiance7.

2.3.2 Extended source: the Étendue, real Étendue and e�ec-
tive Étendue

Suppose now, referring to the Figure 2.9, that we wish to know the quantity of radi-
ant power reaching an entrance pupil in�nitesimal element of area dAR considering
an ideal instrument. If L is the radiance of the source, from the instrument point of
view we have

d2Φ = L dAR cos ξdΩR

and the total radiant power at the entire instrument entrance pupil due to the entire
�eld of view is, by integration,

Φ =

∫
AR

∫
ΩFoV

L(x, y, ϕ, ψ) cos ξ dΩRdAR with dΩR = dϕdψ, dAR = dxdy

where, by adding powers rather than amplitudes in this integration, we have tacitly
assumed that the radiation source emits incoherent radiation; as shown, L is function
of the source element position in the instrument �eld of view (ϕ,ψ) and entrance
pupil element position (x and y). If the source L is independent to the in�nitesimal

dΩR

AR

dAS

Source

Entrance
pupil

ξ
ΩFoV

Figure 2.9. Geometry used to de�ne the geometrical Étendue of an instrument.

source element position and to the in�nitesimal entrance pupil element position8,
we can write L(x, y, ϕ, ψ) = L0 and the total radiant power becomes

Φ = L0

∫
AR

∫
ΩFoV

cos ξdΩRdAR = L0G (2.20)

7In this case the Stokes space is indicated as L instead of S.
8This source is also said Lambertian source.
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where the parameter G is named Étendue9. From 2.20 the Étendue parameters
can be assimilated as a purely geometric quantity that measures the �ux gathering
capability of an ideal optical system.

In a real system, the instrument has losses due to the e�ciency of each optical
element. In additional, the system could be a�ected by vignetting or misalignment
which decrease the total amount of energy transferred from the entrance pupil onto
the detector. With a similar argument, for a general optical instrument we can
de�ne the e�ective Étendue as

Geff =

∫
AR

∫
ΩFoV

V (x, y, ϕ, ψ)η(x, y, ϕ, ψ) cos ξdΩRdAR (2.21)

where the function V (x, y, ϕ, ψ), named vignetting function, takes into account the
losses due to vignetting and misalignment and η(x, y, ϕ, ψ) takes into account the
losses due to the optical elements e�ciency. We wish to point out that if the vi-
gnetting in the system is negligible, the function V (x, y, ϕ, ψ) = 1 ∀x, y, ϕ, ψ; with
the additional hypothesis η(x, y, ϕ, ψ) = ηI we �nd an intuitive relationship between
the Étendue and e�ective Étendue:

Geff =

∫
AR

∫
ΩFoV

η(x, y, ϕ, ψ) cos ξdΩRdAR =

= ηI

∫
AR

∫
ΩFoV

cos ξdΩRdAR = ηIG

(2.22)

Usually, the e�ciency of each optics at the �rst order can be well approximated
with the e�ciency for the chief-ray and then the assumption η(x, y, ϕ, ψ) = ηI
seems reasonable10. However, for a real optical system, in general the vignetting
e�ects cannot be neglected. In order to maintain the validity of the relationship
2.22, in a real case it seems appropriate to rede�ne the geometric Étendue as real
geometric Étendue Gr,

Gr =

∫
AR

∫
ΩFoV

V (x, y, ϕ, ψ) cos ξdΩRdAR (2.23)

9The term Étendue comes from the French étendue géométrique, meaning "geometrical extent".
Other names for this property are acceptance, throughput, light-grasp, collecting power, optical
extent, and AΩ product.

10Also for PHEBUS, the e�ciency of each element has been computed also taking into account
the di�erent incidence angles due to the curvature of the optics but the di�erences obtained were
negligible with respect to the e�ciency of the chief-ray.
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2 � The radiometric model of PHEBUS

and then, we can write11

Geff = ηIGr .

As was described in section 2.2, if the incoming light is partially or full polarized,
the e�ciency ηI changes with the polarization state. The instrument behavior can
be described with the Stokes-Mueller formalism from which the simple e�ciency ηI
and then the e�ective Étendue Geff become a vector of four coe�cients de�ned as

ηI = DMI

Geff = GrDMI

(2.24)

where the D is detector transformation and MI is the Mueller matrix of the optical
instrument.
We are now ready to de�ne the instrument full radiometric model in case of extended
source observations. Let L be the radiance Stokes vector describing the polarization
state of an extended source observed by our optical instrument which works in its
linear range. The instrument is characterized by its real Étendue Gr, its Mueller
matrix MI and its detector transformation D. The total output signal viewed by
the instrument R(tot) (photons s−1) can be estimated as

R(tot) = GrDMIL = Geff L (2.25)

2.3.3 Instrument level measurement of the real Étendue

In the calibration of an optical instrument it could be interesting to measure the
real Étendue: the original and innovative method proposed here is the Field of
View mapping methods [31]. In order to understand this experimental procedure, we
start with the investigation of a radiometric properties that any optical instrument
possesses.
Let L(x, y, ϕ, ψ) be the radiance Stokes vector of an arbitrary extended source that
illuminate our instrument. If the source angular direction is changed by the o�set
angles (α, β), the new radiance vector becomes L(x, y, ϕ−α, ψ− β). In general, we
can write

R(tot)(α, β) =

∫
AR

∫
ΩFoV

V (x, y, ϕ, ψ)ηI(x, y, ϕ, ψ)L(x, y, ϕ− α, ψ − β) cos ξdΩRdAR

=

∫
AR

∫
ΩFoV

VI(x, y, ϕ, ψ)L(x, y, ϕ− α, ψ − β) cos ξdΩRdAR

11From the de�nitions 2.20, 2.21 and 2.23 we have

Geff ≤ Gr ≤ G

where the equality occurs in an ideal lossless instrument.
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where ηI(x, y, ϕ, ψ) is the instrument e�ciency and V (x, y, ϕ, ψ) is the vignetting
function of the instrument.
We image now to change the angular position of the source and sum the instrument
counts obtained for each position. From a mathematical point of view, we are
integrating the counts over the direction (α, β):∫∫

(α,β)

R(tot)(α, β)dαdβ =

=

∫∫
(α,β)

(∫
AR

∫
ΩFoV

VI(x, y, ϕ, ψ)L(x, y, ϕ− α, ψ − β) cos ξdΩRdAR

)
dαdβ =

=

∫
AR

∫
ΩFoV

VI(x, y, ϕ, ψ)

(∫∫
(α,β)

L(x, y, ϕ− α, ψ − β)dαdβ

)
cos ξdΩRdAR

where the integral∫∫
(α,β)

L(x, y, ϕ− α, ψ − β)dαdβ = S(x, y, ϕ, ψ)

is the irradiance of the source per unit area at the entrance pupil as function of the
source angular position expressed with the reference system angles (ϕ, ψ). In fact,
we have found that∫∫

(α,β)

R(tot)(α, β)dαdβ =

∫
AR

∫
ΩFoV

VI(x, y, ϕ, ψ)S(x, y, ϕ, ψ) cos ξdΩRdAR.

If the instrument is illuminated by a collimated test beam with uniform irradiance
and a diameter big enough to �ll the entrance pupil, S(x, y, ϕ, ψ) becomes inde-
pendent on (x, y). Moreover, if the instrument Field of view is small enough, the
irradiance of the collimated beam can be also considered independent12 on the angle
(ϕ, ψ) and then S(x, y, ϕ, ψ) = S0. With these hypotheses we have∫∫

(α,β)

R(tot)(α, β)dαdβ =

∫
AR

∫
ΩFoV

VI(x, y, ϕ, ψ) cos ξdΩRdAR S0 = Geff S0.

If the instrument e�ciency can be considered independent on the instrument �eld
of view position and the instrument entrance pupil position then,∫∫

(α,β)

R(tot)(α, β)dαdβ = GrηI S0. (2.26)

12If the �eld of view is big, the irradiance is dependent on the projected entrance pupil area as
discussed in the subsection 2.3.4. For the PHEBUS case the �eld of view is about 0.1◦ × 2◦ which
is small enough to consider cos 2◦ ' 1.
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2 � The radiometric model of PHEBUS

The source irradiance S0 can be measured with a calibrated detector in front
of which a well-known mask is used to de�ne precisely the detector collecting area.
In additional, also the polarization state of the collimated test beam can be easily
characterized. The continuous integral∫∫

(α,β)

R(tot)(α, β)dαdβ

can be evaluated as a discrete sum by mapping the �eld of view with the de�ned steps
∆α and ∆β. For each position (αi, βj) mapped, the instrument counts R(tot)(αi, βj)
are measured and the integral can be approximated by the relationship∫∫

(α,β)

R(tot)(α, β)dαdβ ' ∆α∆β
∑
i,j

R(tot)(αi, βj).

Finally, from the relation 2.26 we have

Gr =

∫∫
(α,β)

R(tot)(α, β)dαdβ

ηI S0

'
∆α∆β

∑
i,j R

(tot)(αi, βj)

ηI S0

(2.27)

2.3.4 Punctual source: the real collecting area and e�ective
area

If the optical instrument has been conceived for observing objects far away, like
stars, the radiation light arrives to the instruments as a plane wave. This circum-
stance can occur also for a space instrument designed to observe extended sources:
e.g. in common practice, the stars are usually used as source during the in-�ight
calibrations.
A source far away can be assimilated, from an optical point of view, as a punctual
source at the in�nity and it is characterizes in term of its irradiance S which usu-
ally can be considered constant. With a similar procedure followed in the previous
section, we can de�ne three geometrical factors that determine the instrument re-
sponse during punctual source observations. Referring to Figure 2.10, let us consider
an ideal lossless instrument. The total radiant power collected by an in�nitesimal
element area of the entrance pupil is

dΦ = dAR cos ξ S where dAR cos ξ = dA
(proj)
R

and the total power �ux collected by the entire entrance pupil AR is13

Φ =

∫
AR

S cos ξ dAR = S cos ξ

∫
AR

dAR = S A
(proj)
R

13We wish to point out that for a punctual source also the angle ξ is independent to the in�nites-
imal element position and then cos ξ is a constant.
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ξ
dAR

dA
(proj)
R

Figure 2.10. Radiant �ux coming from a punctual source collected by an
in�nitesimal element of the instrument entrance window. The projected
area is indicated with dA

(proj)
R .

where AR is the entrance pupil area. For a real instrument, the e�ciency of the
optical element, the vignetting and the misalignment can be considered in the total
power �ux computation adopting the instrument e�ciency η(x, y) and the vignetting
function V (x, y):

Φ = S cos ξ

∫
AR

η(x, y)V (x, y) dAR.

As discussed previously, the instrument e�ciency can be still considered as a con-
stant with respect to the pupil position and we obtain

Φ = Sη0 cos ξ

∫
AR

V (x, y) dAR = Sη0A
(ξ)
r = SA

(ξ)
eff

where we have de�ned, respectively, the real collecting area and the e�ective collect-
ing area of the instrument as

A(ξ)
r = cos ξ

∫
AR

V (x, y) dAR

A
(ξ)
eff = η0A

(ξ)
r

(2.28)

Finally, if the source is polarized or partially polarized, the instrument behavior
is described by the Stokes-Mueller formalism as discussed in section 2.2 and both
the simple e�ciency ηI and e�ective collecting area A(ξ)

eff become a vector of four
coe�cients de�ned as

ηI = DMI

A
(ξ)
eff = A(ξ)

r DMI

where D is detector transformation and MI is the Mueller matrix of the optical
instrument.
If S is the Stokes vector which described the polarization state of the punctual
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source observed by our optical instrument, the total output signal viewed by the
instrument can be estimated as

R(tot) = A(ξ)
r DMIS = A

(ξ)
effS (2.29)

The last relationship suggests us also an operative procedure to measure the real
collecting area: if the instrument is illuminated with a uniform collimated beam
described by the Stokes vector S and well alligned with the entrance pupil (with
ξ = 0◦), from the 2.29 we have

A(ξ=0◦)
r =

R(tot)

ηIS
=

R(tot)

DMIS
.

2.3.5 Numerical simulations of PHEBUS geometric factors

With the paraxial approximation, we can compute the geometrical factors of PHE-
BUS. From the optical design we have an entrance pupil diameter Φ = 25.4mm and
a �eld of view of about 0.18 deg2, as computed in Chapter 1. From the mechanical
design of the instrument, we also know that between the two grating is foreseen a
gap of 1mm and a consequent dead area of Ad = 1 × 42 = 42mm2 (42mm is the
height of the gratings). Then, for each channel we have

A(ξ=0◦)
r =

g

2

πΦ2

4
= 232.3mm2

where the parameter g takes into account the dead area between the two gratings14

and it is de�ned as

g =
πΦ2

4
− Ad
πΦ2

4

= 0.917

Finally, considering the �led of view computed in Chapter 1, we have

Gr = A(ξ=0◦)
r ΩFoV = 12737 · 10−6 mm2sr

However, the calculation of this factors with the paraxial approximation doesn't
take into account the aberration e�ects and eventual vignetting e�ects presented
in the spectrometer. A more detailed computation of the geometric factors A(ξ)

r

and Gr has been performed by using the ray-trace software ZEMAX as described
in the calibration document [49]. For the A(ξ)

r computation the entrance pupil of
the instrument has been �lled by uniformly distributed rays chosen parallel to the

14 The term g
2 in the relationship accounts that the initial beam is separated into two parts

between the EUV and FUV channels.
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optical axis (angle ξ = 0); the number of rays impacting the detector without being
vignetted, divided by the number of incoming rays, and multiplied by the area of
the entrance pupil, gives the real collecting area A(ξ=0◦)

r of the channel under inves-
tigation15 . Similarly, for the extended sources case, the incoming rays are chosen
uniformly distributed inside a solid angle of the Field of View of the system, and
uniformly distributed inside the entrance pupil. The ratio between the unvignetted
rays and the total rays multiplied by the solid angle of the incoming rays and by
the entrance pupil area is a good estimation of the Gr for the channel under inves-
tigation.
From the data analysis, it appeared that the geometric factors A(ξ=0◦)

r and Gr are
dependent to the position of the scanning angle θ and the dependence can be well
described in every con�guration by the simple sine law

Z = X + Y sin θ (2.30)

where X and Y are two parameters de�ned by the con�guration; in table 2.2 are
reported the factors required for the estimation of A(ξ=0◦)

r and Gr.

Z X Y

A
(ξ=0◦)
r

EUV channel 231.79mm2 4.69mm2

FUV channel 231.79mm2 −4.69mm2

Gr
EUV channel 12846 · 10−6 mm2sr −796 · 10−6 mm2sr
FUV channel 12844 · 10−6 mm2sr −794 · 10−6 mm2sr

Table 2.2. The parameters X and Y required for estimating the the geometric
factors of PHEBUS using the sine law 2.30.

As we can see, the terms X are very close to those calculated with the paraxial
approximation. However, we have found an additional dependence on the scanning
angle θ through the term Y : in fact, the optical geometry of the instrument changes
when the ba�e rotates and then also the aberrations introduced by the entrance
mirror rotate with respect to the entrance slit. With a similar procedure, also the
real Étendue with the entrance slit removed has been computed. We have found
the same law of 2.30 with X = 298.33 · 10−3 mm2sr and Y = −14.9 · 10−3 mm2sr for
both channels. With the paraxial approximation, the �eld of view of the instrument
becomes about 3◦ × 1.4◦ ' 4.3 deg2 and we obtain Gr ' 304.3 · 10−3 mm2sr.

15The general real collecting area can be computed with the relationship

A(ξ)
r = A(ξ=0◦)

r cos ξ.
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Finally, we point out that the geometrical parameters computed with the paraxial
approximation or with the ray-trace procedure don't take into account the stray-
light or optical-components misalignment e�ects which can signi�cantly change these
quantities [25]. For these reasons, a well modelling of the instrument geometry can
be achieved by an experimental characterization.

2.4 The full radiometric model for PHEBUS

Given the Stokes vector of an extended source L =
(
L0 L1 L2 L3

)T
in terms of

radiance and considering the approximations discussed in section 2.2, the count rate
of PHEBUS for a generic channel is:

R(tot) = GeffL = GrηIL = GrDMPHEBUSL =

= Grηd (m11L0 +m12L1 +m13L2 +m14L3) '
' ηd (X + Y sin θ) (m11L0 +m12L1)

(2.31)

where the values of X and Y are reported in Table 2.2 and the values ofm11 andm12

can be computed using the relations 2.13; for example, in Figure 2.11 are reported
the m11 and m12 parameters for the scanning angle θ = 45◦. The equation 2.31 can
be re-arranged as

R(tot) ' Grηdm11L0

(
1 +M12

L1

L0

)
, M12 =

m12

m11

and we can deduce that the degree of polarization of the source must be known a
priori. The calibration give us the values Grηdm11 and M12, thus we can deduce the
value of L0 starting from R(tot) and the ratio L1/L0. Furthermore, the term Grηdm11

can be assimilated to the E�ective Étendue Geff for unpolarized light. The term
inside brackets represents a correction factor of Geff taking into account the incident
polarization state and the polarization response of the instrument. It can be also
seen as an error factor if the polarization e�ects are not taken into account.

Similarly, given the Stokes vector of an punctual source S =
(
S0 S1 S2 S3

)T
in terms of irradiance, the count rate of PHEBUS is:

R(tot) = A
(ξ)
effS = A(ξ)

r ηIS = A(ξ)
r DMPHEBUSS =

= A(ξ)
r ηd (m11S0 +m12S1 +m13S2 +m14S3) '

' ηd cos ξ (X + Y sin θ) (m11S0 +m12S1)
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(a)

(b)

Figure 2.11. The parameters m11 and m12 of the Mueller matrix of PHEBUS with
a scanning angle θ = 45◦; in Figure 2.11(a) the coe�cients are computed for the
EUV channel while in Figure 2.11(b) are computed for the FUV channel.
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Chapter 3

The optical sub-systems calibrations

In Chapter 2 the radiometric model of an optical instrument was discussed in term
of radiometric function and the results were applied onto the spectrometer PHE-
BUS. After the assumption of the polarization independence of the detector, the
radiometric function of PHEBUS for an extended source becomes

R(tot) = GrDMPHEBUSL =

= ηdGr (m11L0 +m12L1 +m13L2 +m14L3) .
(3.1)

From equation 3.1 we can note that if we want to determine the radiometric function
with experimental measurements, we need to measure the six parameters

ηd, Gr, m11, m12, m13 and m14.

Furthermore, the e�ciency of the detector ηd is always determined when the �ight
model of the detector is built and characterized; thus, it remains to measure �ve
parameters: the �rst row of the instrument Mueller matrix and the geometrical co-
e�cient of the instrument Gr

1. As it can be observed from the equations 2.13, the
�rst row of the PHEBUS Mueller matrix depends on the pure re�ectance or e�-
ciency of the optical components2. In fact, these parameters can be experimentally
retrieved also only with the subsystems-level characterization which is easier and
more convenient than an instrument-level characterization.

The subsystem characterizations have been performed for the Quali�cation Model
(QM) and Flight Model (FM) optical subsystems and the measurements have been
performed in vacuum because the Extreme Ultra Violet (EUV) range doesn't prop-
agate in air. In the �rst section of this Chapter the experimental facility used in the

1If the punctual source case is discussed, the geometrical parameter is Aξ=0◦

r .
2This is also valid for a generic optical instrument.
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subsystems characterization is rather described from a theoretical point of view and
experimentally characterized. In the second section, the results obtained from the
subsystems characterization are discussed, compared with the theoretical previsions
expected and used to compute the �rst row of the PHEBUS Mueller matrix. Fi-
nally, in the last section are reported also the characterization of the backup entrance
mirror samples obtained using synchrotron radiation.

3.1 The FUV/EUV re�ectometer facility

The PHEBUS optical sub-systems were tested in the normal-incidence re�ectometer
at the CNR-IFN UOS Padova laboratory. The facility is composed by four parts:
the source, the monochromator, the focusing section and the experimental chamber;
An image and an opto-mechanical sketch of the re�ectometer facility are shown in
Figure 3.1. The lamp used as source is connected to the input of the monochromator
by the entrance slit. The monochromator is composed by a toroidal grating f/10
with 600 grooves/mm and coated by Platinum. The spectral resolution improvement
is obtained with an additional output slit placed in order to �x the subtended angle
α between entrance and exit slit at about 25◦. The height of both slits is 3mm and
the width is adjustable from zero to 650µm by a micrometer. A step by step motor
rotates the grating following a Johnson-Onaka con�guration [50] in order to select
at the output slit the desired wavelength. With this arrangement, the re�ectometer
can work from about 30 nm up to the visible range.
After the output slit, a gate valve can isolate the monochromator chamber from
the following hexagonal chamber in which is placed a toroidal mirror coated by
platinum. This mirror focuses the light coming from the output slit to the center of
the experimental chamber. The sample under characterization is placed in a support
which runs along a sled �xed to the bottom of chamber by a rotating micrometer
mechanism. An additional rotating micrometer mechanism is used to place the
detector in order to perform re�ectance measurements in θ-2θ con�guration, with
varied incidence angles. The re�ectometer is served by a vacuum system composed
by two primary pumps (scroll pumps) and two secondary pumps (turbo-molecular
pumps) which reach an high vacuum up to 10−7 mbar of pressure, avoiding the
absorption of the EUV radiation by the air.

3.1.1 The sources

The choice of the radiation sources to be used for the calibration activities is an
important aspect because the PHEBUS working range is large and we need to test
di�erent wavelengths as much as possible; in Table 3.1 are shown the sources and
the wavelengths used for the subsystems calibration activities. In the following the
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(a)

Source lamp

Entrance

Output

Toroidal
mirror

Grating

Sample
Detector

slit

α

slit

(b)

Figure 3.1. The FUV-EUV normal incidence re�ectometer used in the subsystem
calibration. In Figure 3.1(a) is shown a picture of this facility while in Figure 3.1(b)
is shown an opto-mechanical sketch.
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main sources are brie�y discussed referring to speci�c literature for a more detailed
description.

Wavelength Source Element Detector

30.4 nm Hollow Cathode He CEM
46.1 nm Hollow Cathode Ne CEM
58.4 nm Hollow Cathode He CEM
73.6 nm Hollow Cathode Ne CEM
74.4 nm Hollow Cathode Ne CEM
91.9 nm Hollow Cathode Ar CEM
102.5 nm Hollow Cathode He CEM
106.6 nm Hollow Cathode Ar CEM
121.6 nm Deuterium lamp D CEM
123.3 nm Deuterium lamp D CEM
140.0 nm Deuterium lamp D CEM
160.0 nm Deuterium lamp D CEM
253.1 nm Mercury vapor lamp Hg PMT
264.8 nm Mercury vapor lamp Hg PMT
279.9 nm Mercury vapor lamp Hg PMT
296.3 nm Mercury vapor lamp Hg PMT
302.2 nm Mercury vapor lamp Hg PMT
312.7 nm Mercury vapor lamp Hg PMT

Table 3.1. A list of the wavelengths used during the subsystem calibration
activities with the sources and detectors used; the acronym CEM is Channel
Electron Multiplier while PMT is Photo-Multiplier Tube. See the subsection
3.1.2 for more details.

Hollow-cathode lamp:

For the EUV range we adopted an Hollow-Cathode lamp [51, 52] �lled by the classical
noble gases like Argon (Ar), Neon (Ne) or Helium (He). An HCL usually consists of
a glass tube in which two terminals act as cathode (with a shape of hollow cylinder)
and anode. The tube is �lled by the desired gas and a large voltage (of about
1000 − 2000V, depending on the geometry and the gas pressure) across the anode
and cathode causes a ionization and a plasma channel formation. The gas ions are
accelerated into the cathode and sputter o� atoms from it. Both the gas ions and
the sputtered cathode atoms are excited by collisions with other atoms/particles in
the plasma and during the decay process photons are emitted with a lines structure
according to the gas used.
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3.1 � The FUV/EUV re�ectometer facility

Deuterium lamp:

In order to cover the range above 115 nm, a Deuterium lamp has been also used [52].
A deuterium lamp uses a tungsten �lament and an anode placed on the opposite
sides of a nickel box structure with a restrictive aperture. An arc of several hundred
milliampere is created from the �lament to the anode through the box structure
restrictive aperture: the discharge is similar that occurs in an arc lamps. The arc
excites the molecular deuterium contained within the bulb to a higher energy state
and then light is emitted when the excited deuterium transitions back to its initial
state. The �lament requires high temperature to operate and for this reason is
heated for approximately twenty seconds before the lamp usage; once the arc is
created the discharge process heats itself the lamp �lament. The lamp casing is
usually realized with fused quartz, UV glass, or magnesium �uoride depending on
the speci�c usage and the working temperatures foreseen.

The mercury-vapor lamp:

A mercury-vapor lamp is a gas discharge lamp that uses an electric arc through
vaporized mercury to produce light [53]. The arc discharge is generally con�ned to
a small fused quartz arc tube with two primary electrodes. This arc tube is also
mounted within a larger isolation tube made with di�erent materials depending on
the lamp usage.
At the normal temperature, the mercury in the arc tube is liquid and no discharges
between the two main electrodes can occur. The mercury is vaporized with a starter
mechanism consisting of a third additional electrode, named "starting electrode",
mounted near one of the main electrodes and connected through a resistor to the
other main electrode. The tube with mercury is also �lled by argon gas at low
pressure in order to create a small arc between the starting electrode and the adjacent
main electrode when a proper voltage is applied. This starting discharge heats the
mercury and eventually provides enough ionized mercury to strike an arc between
the two main electrodes; this process takes from about 5 minutes. Some bulbs
include a thermal switch which shorts the starting electrode to the adjacent main
electrode, extinguishing the starting arc, once the main arc strikes.

3.1.2 The detectors

In the re�ectometer facility two di�erent detectors were adopted: the photo-multiplier
tube working in the wavelength range above the 200 nm, where the radiation can
propagate also in air, and the channel electron multiplier (CEM) working in the
range below to 200 nm, where the radiation can propagate only in vacuum. In
the following, a brief description of the two detectors is given, referring to speci�c
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literature for more detailed information.

The photo-multiplier tube:

Photo-multiplier tubes (or PMTs), is an extremely sensitive detector of light in the
ultraviolet, visible, and near-infrared ranges [54]. These detectors can multiply the
photo-emitted electrons produced by incident light up to about 100 million times
(i.e., 160 dB) and then also the radiation with very low �ux can be detected.
A photo-multiplier has a glass envelope with high vacuum inside, which houses a
photo-cathode, the electron multiplier stage and an anode. Incident photons strike
the photo-cathode material, which is present as a thin layer on the entrance window
of the device, and electrons are produced for photoelectric e�ect. These electrons
are directed by a focusing electrode toward the electron multiplier stage, where elec-
trons are multiplied by a secondary emission process. This electron multiplier stage
consists of a number of electrodes called dynodes; each dynode is held at a more
positive voltage, of about 100V, than the previous one. When the primary electrons
leave the photo-cathode, they have the energy of the incoming photon minus the
work function of the photo-cathode and they are accelerated by the electric �eld
applied toward the �rst dynode. Upon striking the �rst dynode, more low energy
electrons are emitted, and these electrons in turn are accelerated toward the second
dynode. The geometry of the dynode chain is such that a cascade occurs with an
ever-increasing number of electrons being produced at each stage. For example, if
at each stage an average of 4 new electrons are produced for each incoming electron,
and if there are 12 dynode stages, then at the last stage one expects for each pri-
mary electron about 512 ' 108 electrons. This large number of electrons reaching
the last stage, called the anode, results in a current that is easily detectable. In
Figure 3.2(a) is reported a sketch which summarized the working principle of the
photon-multiplier tube.
During the calibration activities was used the HAMAMATSU R6352 photo-multiplier
tube [55] directly connected to the Keithley 617 femto-amperometer.

The channel electron multiplier (CEM):

A channel electron multiplier is a compact continuous dynode electron multiplier
system that can detect Electrons, Ions, EUV radiation, Soft X-rays, and other Nu-
clear Particles at rates greater than one million events per second [56, 57]. The
primary incoming radiation passes through the inlet funnel-shaped aperture and
strikes the surface of the channel electron multiplier. This surface is coated by and
high secondary emissive semi-conductive material and if the radiation energy or the
ion collision energy is su�cient, at least one electron is ejected from the CEM wall.
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The ejected electrons are accelerated into the interior of the CEM by the local elec-
tric �eld obtained by a bias voltage. If the magnitude of the bias voltage is su�cient,
the accelerated electrons acquire enough energy to trigger more secondaries when
they strike the CEM surface again. This process continues down the length of the
CEM, striking the CEM surface many times, each time generating more and more
secondaries. At the end of the CEM channel, a charge collector collects the elec-
trons obtaining a detectable current. In Figure 3.2(b) is reported a sketch which
summarized the working principle of the CEM. A single photon or particle input
event can trigger an output electron avalanche of more than 107 electrons.
During the calibration activities was used the AMPEKTRON MD-501 CEM [57].

(a) (b)

Figure 3.2. The working principle of the detectors used in subsystem calibra-
tion activities: in Figure 3.2(a) the photo-multiplier tube and in Figure 3.2(b)
the channel electron multiplier.

3.1.3 Polarization state of the re�ectometer test beam

Adopting the Stokes-Mueller formalism, the polarization state of the test beam
obtained with the normal incident re�ectometer facility can be analyzed. With the
reference of Figure 3.1(b), the light emitted from the source encounters the toroidal
grating and the focusing toroidal mirror. The equivalent Mueller matrix of the
re�ectometer facility is

MR = MmirrorMgrating =

=


AgAm +BgBm AgBm +BgAm 0 0
AgBm +BgAm AgAm +BgBm 0 0

0 0 CmCg −DmDg CmDg +DmCg
0 0 −CmDg −DmCg CmCg −DmDg


(3.2)
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in which the subscript g refers to the monochromator grating,m refers to the toroidal
focusing mirror3 and

Ag =
|r(g)
x |2 + |r(g)

y |2

2
Am =

|r(m)
x |2 + |r(m)

y |2

2

Bg =
|r(g)
x |2 − |r(g)

y |2

2
Bm =

|r(m)
x |2 − |r(m)

y |2

2
Cg = 2 Re

(
r(g)
x r(g)∗

y

)
Cm = 2 Re

(
r(m)
x r(m)∗

y

)
Dg = 2 Im

(
r(g)
x r(g)∗

y

)
Dm = 2 Im

(
r(m)
x r(m)∗

y

)
where |r(m,g)

x |2 is the TE re�ectance and |r(m,g)
y |2 is the TM re�ectance.

The hollow-cathode lamp as well as the deuterium lamp or the mercury lamp emits
unpolarized light and then the Stokes vector expressed in term of radiance is

Llamp =


L0

0
0
0


and, considering the relation 3.2, we have

Ltest = MreflectLlamp = L0


AgAm +BgBm

AgBm +BgAm
0
0

 = L0 (AgAm +BgBm)


1
P
0
0

 (3.3)

where P is the polarization factor of the re�ectometer facility4. Considering a uni-
form radiance along the entrance slit of the monochromator and using the de�nition
of the polarization factor and the Stokes parameters, we �nd

P =
L1

L0

=
|Ex|2 − |Ey|2

|Ex|2 + |Ey|2
(3.4)

3In the scheme shown in Figure 3.1(b), the planes of incidence of the grating and the mirror
coincide. The misalignment between the two planes of incidence can be taken into account with
the relationship

MR = MmirrorM(ξ)Mgrating

where M(ξ) is the matrix of a rotator element with the rotation angle ξ; if ξ is small the M(ξ) ' I.
4From equation 3.3 could seem that the polarization factor is de�ned as a ratio between positive

terms because usually we have |rx|2 ≥ |ry|2. However, this last condition is not valid for a grating
because it always presents, starting from a speci�c wavelength, an inversion point from which we
have |rx|2 ≤ |ry|2.
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3.1 � The FUV/EUV re�ectometer facility

where Ex is the TE component and Ey is the TM component of the electric �eld.
The characterization of the polarization factor of the re�ectometer facility is a

pivotal step before starting the subsystem calibration measurements. In fact, if only
the unpolarized re�ectance of an optical component is required, the polarization
factor of the facility doesn't a�ect the characterization because the unpolarized
re�ectance can be simply retrieved with the arithmetic average between the values
measured at two experimental chamber con�gurations, placed at 90◦ one to each
other (see Figure 3.3). However, if the re�ectance for the TE and TM con�gurations
are required, the polarization factor P has to be known in order to extrapolate the
information starting from the two measurements performed with our facility.
In order to �x this concept, let us imagine to measure the re�ectance of an optical

(a) (b)

Figure 3.3. The two con�guration of the re�ectometer experimental cham-
ber. In Figure 3.3(a) is shown the up-con�guration while in Figure 3.3(b) is
shown the down-con�guration obtained by a rotation of 90◦ with respect to
the up-con�guration.

subsystem using the re�ectometer facility described before. In the �rst con�guration
(see Figure 3.3(a)), which is called up-con�guration, we measure with the detector
the direct beam and the re�ected beam and we compute the re�ectance in up-
con�guration as

R(up) =
Ireflected
Idirect

where Ireflected is the detector signal when the re�ected beam is measured and Idirect
is the detector signal when the direct beam is measured. With the same procedure,
the experimental chamber is rotated of 90◦ reaching the down-con�guration and the
re�ectance R(down) is measured (see Figure 3.3(b)). From the polarization factor of
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the re�ectometer test beam de�ned by the relationship 3.4, we can write
R(up) = |rx|2P + (1− P )

|rx|2 + |ry|2

2

R(down) = |ry|2P + (1− P )
|rx|2 + |ry|2

2

for P > 0

and 
R(up) = |ry|2|P |+ (1− |P |) |rx|

2 + |ry|2

2

R(down) = |rx|2|P |+ (1− |P |) |rx|
2 + |ry|2

2

for P < 0

where |rx|2 and |ry|2 are the TE and TM re�ectances of the sample under test,
respectively5. In fact, with the �rst equation we say that the part P of the test
beam energy is linearly polarized and re�ected by the sample in a TE con�guration
(or TM if P < 0) while the remaining part 1 − P of the energy is unpolarized.
Similarly, with the second equation we say that when the chamber is rotated of 90◦,
the linearly polarized part of the test beam is now re�ected by the sample in a TM
con�guration (or TE if P < 0).
Solving the systems for |rx|2 and |ry|2, after some algebraic manipulations we �nd
the general relationships

|rx|2 =
R(up) +R(down)

2
+
R(up) −R(down)

2P

|ry|2 =
R(up) +R(down)

2
− R(up) −R(down)

2P

(3.5)

which allow us to compute the TE and TM re�ectances of the sample starting
from the two measurements performed in our re�ectometer facility and knowing the
polarization factor P of the test beam.

The experimental characterization of the polarization factor P has been per-
formed following the these three steps:

1. The re�ectance of a well-known sample (an reference Au mirror for the EUV
range and a Silicon wafer for the FUV range) is measured for di�erent incidence
angles in two experimental chamber con�gurations, one at 90◦ to each other;

5We point out that the polarization factor P of the facility is de�ned considering the planes
of incidence of the toroidal grating and the focusing toroidal mirror and it is independent on the
chamber rotation.
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2. The arithmetical average between the re�ectances obtained from measure-
ments are �tted optimizing the optical constants and the surface roughness
(also checked with AFM measurements on the reference samples);

3. The re�ectances measured at each chamber con�guration are �tted optimizing
the polarization factor of the incident beam and adopting the roughness and
optical constants values retrieved in the previous step.

In Figure 3.4 are reported as example two �ts of the reference samples re�ectance
used to retrieve the polarization factor of the facility: the �rst one is at 70.4 nm
with gold reference mirror and the second one is at 302.2 nm with Silicon substrate
reference. In Table 3.2 the experimental polarization factors of the facility retrieved
for the wavelengths in Table 3.1 are reported with the error associated to the deter-
mination procedure.

Wavelength Polarization factor P Error ∆P

30.4 nm 0.40 0.02
46.1 nm 0.48 0.02
58.4 nm 0.53 0.03
73.6 nm 0.59 0.03
74.4 nm 0.59 0.03
91.9 nm 0.73 0.04
102.5 nm 0.85 0.06
106.6 nm 0.82 0.04
121.6 nm 0.90 0.05
123.3 nm 0.90 0.05
140.0 nm 0.91 0.05
160.0 nm 0.92 0.05
253.1 nm −0.38 0.02
264.8 nm −0.68 0.03
279.9 nm −0.82 0.04
296.3 nm −0.70 0.04
302.2 nm −0.75 0.04
312.7 nm −0.63 0.03

Table 3.2. The experimental polarization factors of the EUV-FUV re�ectometer
facility obtained for the wavelengths reported in Table 3.1.

The uncertainty associated to the polarization factor measurements is given by
the contribution of systematic errors, the non-perfectly uniformity of the detector
sensitive area, the small �uctuations of the source radiance and possible small set-up
misalignments. In order to take into account all these contributions, the uncertainty
has been estimated evaluating the polarization factor measurement repeatability.
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(a)

(b)

Figure 3.4. Re�ectance of the reference samples versus incidence angle measured
during the re�ectometer polarization factor characterization. In the graph the curves
obtained from the �tting process are also reported: in Figure 3.4(a) for the 70.4 nm
line in the EUV range and in Figure 3.4(b) for the 302.2 nm line in the FUV range.
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3.2 Subsystem calibration results

The optical subsystems (entrance SiC mirror, EUV grating and FUV grating) of both
Quali�cation Model (QM) and Flight Model (FM) of PHEBUS were characterized
with our normal incidence re�ectometer facility. The experimental data retrieved
from this activities where used to compute the e�ciency of the instrument which
depends on the �rst row of the equivalent Mueller matrix of PHEBUS.

Using the relationships 3.5, the TE and TM re�ectances can be well-determined
from the experimental measurements performed in the re�ectometer facility and then
also the coe�cients m11 and m12 of the equivalent Mueller matrix are obtained; in
fact, if we adopt the simplify model discussed in Section 2.4, the parametersm11 and
m12 are enough to describe the total e�ciency of the instrument. However, if also
the parameters m13 and m14 have to be determined we need to know also the phase
shift φ(m) of the entrance mirror. The methods useful to the phase determination
are very hard to apply in the entire working range of PHEBUS because no phase
shift elements with well e�ciency or good polarizers are available: the problem was
overcame recovering the phase shift φ(m) by using a �tting process of the re�ectances
measured on the sample with the Fresnel's law and obtaining an hybrid model. The
activities carried out for each optical element can be summarized in these �ve steps:

1. Experimental measurements of the R(up) and R(down) of the components;

2. Determination of the re�ectance for unpolarized light Run averaging the two
measurements of R(up) and R(down);

3. Fitting of R(un) with a simulation software (optimization of optical constants
and roughness via IMD software [44] in case of SiC mirror and optimization
of grooves parameters via PC Grate Software demo version [47] in case of the
gratings);

4. Determination of |rx|2 and |ry|2 using the measurements of R(up) and R(down)

and the polarization factor P experimentally determined during the facility
characterization activities; for the entrance mirror, the |rx|2 and |ry|2 curves
are simulated and compared with experimental results: eventually, some small
adjustments of the simulation parameters determined in the previous step can
be performed. Finally, the phase shift φ(m) of the entrance mirror can be
determined from the simulations;

5. From the values retrieved in the previous steps, the �rst row of the equivalent
Mueller matrix of PHEBUS is computed.

The experimental uncertainty was estimated evaluating again the measurements
repeatability and we found an experimental uncertainty bar of 5% for R(up) and
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R(down). Finally, the uncertainties associated to |rx|2 and |ry|2 were calculated
through the quadratic propagation of the R(up), R(down) and P uncertainties.

3.2.1 The entrance mirrors characterization and results

Both SiC entrance mirrors were characterized using our re�ectometer facility as
shown in Figure 3.5 using the sources and detectors reported in Table 3.1. For the
EUV part of the working range the measurements were performed with a vacuum
lower the 10−5 mbar.

(a) (b)

Figure 3.5. The SiC entrance mirror during the characterization activities using
our re�ectometer facility. In Figure 3.5(a) is shown the QM mirror and in Figure
3.5(b) is shown the FM mirror �xed inside the re�ectometer experimental chamber.

Figure 3.7 shows the results obtained for the QM and FM entrance mirror character-
izations together the best �t achieved with the theoretical model. The characteriza-
tion have been performed over the whole PHEBUS working range, since the mirror
is shared by both channels. In the range from 30.4 nm to 121.6 nm the �tting have
been computed by using the experimental optical constants provided by D. Windt
[46] and �nely adjusting the roughness surface (σ = 2.1 nm) and the roughness of the
substrate (σ = 1 nm). As it can be seen, in both cases a very good match has been
obtained by simulations. In the range from 123.3 to 160 nm, experimental optical
constants are available in literature only for two wavelengths (132 and 149 nm) and
beyond 200 nm (Fernandez-Perea [58], Larruquert [59]), and only in case of a SiC
layers deposited by sputtering or Pulsed Laser Deposition (PLD) (Monaco [60, 61]).
In the FUV range, therefore, the �tting has involved also the optical constants
starting from Fernandez-Perea [58], Larruquert [59] below 200 nm, and Palik [45]
for longer wavelengths. The unavailability of well-known optical constants beyond
121.6 nm can justify the mismatch that still persists between simulations and value
derived by experimental measurements. In particular, the discrepancy between the
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FM and QMmirror in the FUV range can be attributed to the di�erent history of the
two components (di�erent deposition conditions, di�erent contamination conditions,
di�erent surface oxidation conditions).

3.2.2 The EUV gratings characterization and results

Both QM and FM gratings for the EUV channel were characterized using our re-
�ectometer facility as shown in Figure 3.6. The EUV gratings were characterized
only in their nominal working range, for the wavelengths shorter than 160 nm, using
the sources and detectors reported in Table 3.1. The measurements were performed
with a vacuum condition lower than 10−5 mbar.

(a) (b)

Figure 3.6. The EUV gratings during the characterization activities using our re-
�ectometer facility. In Figure 3.6(a) is shown the QM grating for the EUV and in
Figure 3.5(b) is shown the FM gratings for both PHEBUS channels �xed inside the
re�ectometer experimental chamber.

In the case of the EUV gratings, the �tting and then the simulations have been com-
puted with PC Grate Software demo version; the input parameters (20 nm depth,
2726 grooves/mm, land to period ratio c/d = 0.45) are taken from the grating's
speci�cations provided by the manufacturing company Jobin Yvon. The substrate
is Aluminum, the coating is Platinum with a Chromium interlayer interposed; the
optical constants used are those provided with the software and are very well known
in the EUV spectral range. It is worth to be noticed that the theoretical curve
is perfectly compatible with the experimental data for the FM gratings. On the
other hand, for the QM gratings bigger discrepancies between the theoretical curves
and the experimental data are present; again, this behavior can be attributed to
the di�erent history of the two gratings (especially the history concerning to the
production conditions and contamination).
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(a)

(b)

Figure 3.7. The experimental re�ectances of the QM and FM SiC entrance mirror
compared with the theoretical curves. In Figure 3.7(a) are shown the QM results
while in Figure 3.7(b) are shown the FM results.
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(a)

(b)

Figure 3.8. The experimental e�ciency of the −1-order of the QM and FM gratings
for the EUV channel compared with the theoretical curves obtained with PC Grate
demo version. In Figure 3.8(a) are shown the results for the QM component while
in Figure 3.8(b) are shown the results for the FM component.
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3.2.3 The FUV gratings characterization and results

Analogous procedure has been followed for the FUV gratings which were charac-
terized using the EUV/FUV re�ectometer facility. These components were charac-
terized in the FUV range (between about 250 nm up to about 315 nm) using the
mercury vapor lamp as source. The results are shown in Figure 3.9. The data
collected during experimental activities were compared with the e�ciency simula-
tions computed by the PC Grate Software: the input parameters adopted (51.7 nm
depth, 1603 grooves/mm and c/d = 0.56) were again provided by the manufacturing
company Jobin Yvon. However, in this case the experimental e�ciencies are slightly
higher than the those simulated, especially for the wavelengths longer than about
290 nm. This discrepancy was expected because it is very hard to predict the grat-
ing behavior at these wavelengths: the discrepancy can be attributed to di�erences
between the optical constants used in the calculus, which they are very dependent
on the deposition process at these wavelengths, and actual ones and mostly in the
modeling of the groove pro�le.

3.2.4 The experimental Mueller matrix parameters

The experimental characterizations of the optical subsystems, performed both for
the FM exemplar and QM exemplar, have been used to estimate the experimental
�rst row of the equivalent instrument Mueller matrix. For the parameters m13 and
m14 were adopted an hybrid solution in which the entrance mirror phase shift was
theoretically estimated starting from the �tting of the re�ectance measurements.
However, as were already discussed in the Chapter 2, the values assumed by these
two parameters are much lower than the values assumed by the coe�cients m11 and
m12 and the instrument e�ciency of a generic channel can be approximated as

η0 = DMPHEBUS ' ηd
(
m11 m12 0 0

)
where, again, we have assumed a polarization insensitive detector with well-known
e�ciency ηd.
The experimental coe�cientsm11 andm12 were computed for both instrument mod-
els starting from the subsystems characterization; the uncertainties associated to the
m11 and m12 values were obtained with the quadratic propagation of the measure-
ment errors.
In Figure 3.10 are shown the results for the QM6 and computed for a scanning angle

6Furthermore, also the parameters m13 and m14 were evaluated and the values found were
compatible or lower than the theoretical previsions. These data are not reported here for shortness
reasons and also because no additional information are given.
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3.2 � Subsystem calibration results

(a)

(b)

Figure 3.9. The experimental e�ciency of the −1-order of the QM and FM gratings
for the FUV channel compared with the theoretical curves obtained with PC Grate
demo version. In Figure 3.9(a) are shown the results for the QM component while
in Figure 3.9(b) are shown the results for the FM component.
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θ = 45◦; in the �gure the data are also compared with the theoretical curves already
presented in Figure 2.11. Similarly, in Figure 3.11 are shown the results for the FM
and computed for a scanning angle θ = 45◦.
From the Figures, it can be noted that the values obtained for the EUV channel
(QM and also FM) are compatible with the theoretical curves and then, the theo-
retical model well described the polarization behavior of the EUV channel. On the
other hand, for the FUV channel the accordance between the experimental values
and the theoretical model for wavelengths longer than 290 nm is not as good as the
accordance for the EUV channel. As discussed before, the main reasons are the di�-
culties to know the materials optical constants at these wavelengths together to the
di�culties to model the FUV grating, especially for wavelengths longer than 290 nm.
Nevertheless, the results obtained are important because suggest us a way to read
the information collected by the PHEBUS FUV channel: for the wavelengths shorter
than 290 nm the theoretical model describes quite well the real behavior while, for
wavelengths longer, the model describes with an higher error the real behavior. As
alternative to the theoretical model, a polynomial �t of the experimental data can
be also used.

3.3 The backup solutions for the entrance mirror

The entrance mirror is constituted by a super-polished SiC substrate on top of which
a SiC coating is deposited. The substrate material was selected for mass constraints
in the ba�e mechanism while the SiC coating was selected because this material has
a good �atness of the re�ectance curve in the whole PHEBUS working range. How-
ever, the realization of this mirror is a technological challenge due to the fragility of
the Silicon carbide and this component has a potential high failure probability. For
this reason, in parallel to the subsystems calibration activities, a backup solution
for this mirror was studied. The back-up solution selected for the PHEBUS primary
parabolic mirror was an Aluminum substrate mirror in which the shape error and
roughness were improved using a polished Nickel coating on the top. In order to
improve the e�ciency in the working range of PHEBUS (from about 50 nm up to
420 nm), an additional coating was deposited above the Nickel layer. Two samples
of this substrate solution, one with Platinum and one with Silicon carbide, were
realized and characterized in term of re�ectance at the BEAR beam line7 (Elettra
Synchrotron, Trieste-Italy)[62] see Figure 3.12.
The procedure followed for re�ectance measurements is entirely similar to that
adopted in the subsystems characterization. The re�ectance was measured in two

7For the characterization of the backup samples was chosen the synchrotron radiation because
we can measure the re�ectance with small steps in wavelength in the whole working range foreseen.
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3.3 � The backup solutions for the entrance mirror

(a)

(b)

Figure 3.10. The experimental parameters m11 and m12 computed for the PHE-
BUS quali�cation model with and scanning angle θ = 45◦: the Figure 3.10(a) refers
to the EUV channel while the 3.10(b) refers to the FUV channel.
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(a)

(b)

Figure 3.11. The experimental parameters m11 and m12 computed for the PHE-
BUS �ight model with and scanning angle θ = 45◦: the Figure 3.11(a) refers to the
EUV channel while the 3.11(b) refers to the FUV channel.
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3.3 � The backup solutions for the entrance mirror

(a) (b)

Figure 3.12. The samples of the backup solution for the SiC entrance mirror:
in Figure 3.12(a) the two samples coated by Platinum and Silicon carbide are
shown while the Figure 3.12(b) shows the sample with Platinum inside the BEAR
beam-line experimental chamber.

di�erent con�gurations of the experimental chamber, one rotated of 90◦ to each
other, and the TE and TM re�ectances where recovered from 2.7 eV to 42 eV (from
' 30 nm up to ' 450 nm) using the polarization factor of the beamline8. In order
to avoid higher orders of the monochromator a set of �lters were also interposed
before the experimental chamber: the experimental condition are reported in Table
3.3. The results obtained are shown in Figure 3.13; the error associated at these
measurements is lower than 2%.

From the results, both samples have good re�ectance but with some small di�er-
ences. The Platinum has very high e�ciency at longer wavelengths, achieving even
60% in the FUV range, but its e�ciency is low in the EUV range. On the contrary,
the SiC sample has a quite �at characteristic with higher e�ciency in the EUV
range and lower e�ciency in the FUV if it is compared with the Platinum sample.
Considering the fact that the EUV gratings has in general lower e�ciency than the
FUV gratings, the sample with the SiC optical coating seems a reasonable choice
for the back-up solution which increases the EUV e�ciency without sacri�cing too
much the FUV channel.

8In the synchrotron facility the radiation is expressed as photon energy instead wavelength. A
quick conversion between wavelength and photon energy can be obtained with the relationship

λ ' 1239

Eph

where λ is expressed in nm and the energy Eph in eV.
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3 � The optical sub-systems calibrations

(a)

(b)

Figure 3.13. The experimental re�ectance of the backup samples obtained using
the synchrotron radiation. In Figure 3.13(a) the results for the Pt coated sample are
reported while in Figure 3.13(b) the results for the SiC coated sample are reported.
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Photon Energy Filter Energy step

2.7 eV−4.0 eV Full beam 0.01 eV
3.9 eV−7.0 eV SiO2 �lter 0.01 eV
6.0 eV−12 eV LiF window 0.02 eV
11.5 eV−17 eV In �lter 0.05 eV
15 eV−24 eV Sn �lter 0.1 eV
20 eV−42 eV Full beam 0.1 eV

Table 3.3. The experimental conditions adopted during the synchrotron measurements.

3.4 Additional notes to the chapter

The measurements presented in this chapter were published in the following paper
and conference proceedings:

1. A.J. Corso, V. Polito, P. Zuppella, S. Zuccon, M. Nardello, P. Nicolosi, J.
L. Maria, J. F. Mariscal, E. Quémerais, M. G. Pelizzo, Extreme and near
ultraviolet experimental facility for calibration of space instrumentation, Pro-
ceeding Paper of SPIE, Vol. 8861, Optics for EUV, X-Ray, and Gamma-Ray
Astronomy VI, San Diego (USA), (2013).

2. P. Zuppella, A.J. Corso, V. Polito, J.F. Mariscal, N. Rouanet, J.L. Maria,P.
Nicolosi, E. Quémerais and M.G. Pelizzo, Optical subsystems calibration and
derived radiometric instrument response of the PHEBUS spectrometer on board
of the BepiColombo Mission, Journal of Instrumentation 7, P10023 (2012).

3. P. Zuppella, A.J. Corso, P.Nicolosi, M.G. Pelizzo, V. Polito, J.F. Mariscal,
N. Rouanet, E. Quémerais, J.L. Maria, Radiometric calibration of PHEBUS:
model and results, Proceeding Paper of SPIE, Vol. 8443, Space Telescopes and
Instrumentation Conference Ultraviolet to Gamma Ray, Amsterdam (Nether-
land), 84434S (2012).

4. P. Nicolosi, P. Zuppella, A.J. Corso, V. Polito; M.G. Pelizzo, J. F. Mariscal,
N. Rouanet, P.O. Mine, E. Quémerais, J.L. Maria, Optical subsystem charac-
terization in laboratory, Proceeding Paper of SPIE, Vol.8076, EUV and X-Ray
Optics: Synergy between Laboratory and Space II, Prague (Czech Republic),
80760B (2011).
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Chapter 4

Instrument level activities: setups

and early results on the QM

With the subsystem level calibrations, the �rst row of the instrument Mueller matrix
has been experimentally determined allowing the computation of the pure e�ciency
of the instrument. More complicated and critical is the experimental measurement
of the geometrical factors (e.g. Gr and A

(ξ=0◦)
r ), the detector linearity range or the

spectral behavior because we have to work at instrument level.
In the �rst section of this chapter, the optical set-up and the vacuum facility designed
and developed for the instrument level calibrations are discussed: the main set-up
are the FUV collimator system required for the geometrical factor measurement and
the vacuum facility for EUV characterizations. Finally, in the second section, the
early results obtained on the QM of PHEBUS are presented and discussed. The
optical benches, the vacuum facility and the �rst QM activities described here have
been performed in the CNR-IFN UOS Padova cleanroom. In particular, the space
hardware has been always handled in the area at ISO 6.

4.1 Optical benches for the instrument level char-

acterizations

The experimental procedure proposed for the experimental measurement of the real
Étendue as well as for the e�ective collecting area requires a FUV (or a EUV)
monochromatic and collimated beam. Furthermore, such collimated beam can be
useful in many other instrument level characterizations such as the evaluation of the
experimental spectral resolution or the detector linearity range. The main require-
ments for the collimated beam are its uniformity and its diameter which has to be
large enough to �ll the entrance pupil of the instrument (Φ = 25.4mm). In the FUV
range, the requirements can be quite simply achieved while in the EUV range the
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4 � Instrument level activities: setups and early results on the QM

design becomes complicated, especially because no transmissive components can be
used1 and the re�ective components have low e�ciency: for these reasons, in the
PHEBUS ground calibration plan is foreseen the geometric factors measurement
only in the FUV range. On the other hand, in the EUV range is possible to realize a
quite uniform and nearly collimated source with a small diameter (about 5−15mm)
that can be useful in pure e�ciency measurements at instrument level, in spectral
resolution measurements or in experimental determination of the detector linearity
range.
In this section the optical benches developed for activities in the FUV (geometric
factors, spectral resolution and detector linearity) and EUV (pure e�ciency, spectral
resolution and detector linearity) range are presented and discussed.

4.1.1 The FUV optical bench

The optical bench for the FUV range has been realized in air because, at these
wavelengths, the radiation is able to propagate. As source is adopted a mercury-
vapor lamp with an appropriate inferential �lters for the lines selection. The source
is spatially �ltered with a pinhole placed at the focus of an o�-axis parabola which
is the collimating component of the system: in fact, in this system, the pin-hole
approximates a punctual source placed in the focal point of the o�-axis parabola.
A sketch of the system is shown in Figure 4.1.

Actually, the pin-hole has �nite size and then the beam after the parabola has
a small residual divergence. This residual divergence can be considered negligible if
the pin-hole size is much smaller than the size dlim required to full �ll the smaller
direction of the PHEBUS �eld of view. In order to compute the limit size dlim we
consider the optical sketch in Figure 4.1. The total magni�cation of the system
(o�-axis parabola and PHEBUS entrance mirror) can be computed as

M =
fin
fA
' 0.54.

Let d be the diameter of the pin-hole, if we want the residual divergence smaller
than the small side of the �eld of view the following condition should be veri�ed

M · d� b

where b is the smaller side length of the PHEBUS entrance slit. We �nd the ideal
condition

dlim �
b

M
=

283 · 10−6

0.54
' 524µm.

1Below to about 115 nm there are not materials that transmit with a reasonable e�ciency the
radiation. The 115 nm wavelength is the absorption edge of the Magnesium Fluoride MgF2.
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PHEBUS
entrance
mirror

fin

entrance slit
plane

φ

Φ

mask

pin-hole

fA

o�-axis
parabola

ba�e

�lter

Figure 4.1. Optical sketch of the system adopted as collimator in the FUV:
fA = 316.5mm, fin = 170mm, φ = 100◦ and Φ = 25.4mm. In the sketch is
also shown the collecting part of PHEBUS (ba�e, entrance mirror and slit plane).

At the same time, the pin-hole has to be large enough to have signal on the detector:
in fact, PHEBUS is very sensible to the faint source �uxes but in the �eld of view
mapping method we have also to measure the irradiance of the collimated beam
before the instrument ba�e. The measurement will be performed collecting the
light with a well-known fused silica lens and focusing it on a calibrated Silicon
photo diode detector. In order to achieve a reasonable signal to noise ratio in this
measurement, the beam should be not too faint. With an experimental approach,
measurements with di�erent pin-hole sizes were performed and a compromise was
achieved: with a pin-hole of 100 − 200µm we have a good irradiance of the beam
with a reasonable residual divergence for the �eld of view mapping.

A crucial point of the collimation quality is the alignment of the pin-hole with
the focal point of the o�-axis parabola: the alignment precision was achieved using
the Zygo interferometer. A �at reference mirror were pre-aligned with the o�-axis
parabola and arranged in the same support (see Figure 4.2(a)). The light outcom-
ing from the interferometer illuminates the parabola and the reference �at mirror;
referring to the interferogram produced by the reference �at mirror, the support is
adjusted acting on the tip-tilt micrometers until the fringes disappear. In a sec-
ond moment, a Zygo reference sphere (focal of 37mm, f/0.68) is placed behind the
parabola focus. Referring to the interferogram produced by the system parabola

91



4 � Instrument level activities: setups and early results on the QM

and reference sphere, the distance and the tip-tilt of the reference sphere is varied
until a well spherical pattern is achieved. At this point, the pin-hole is placed at
the focal point of the parabola: when the pin-hole is well-aligned with the parabola,
no variation of the interferogram is observed with respect to the case without pin-
hole. When a well-alignment of the pin-hole is achieved, the lamp source can be
placed behind the pin-hole. The optimization of the lamp position can be performed
collecting the light after the parabola with a fused silica lens and focusing it on a
photo-diode: the lamp is moved in the x-y-z direction until the signal of the detector
is maximized (see Figure 4.2(a) and Figure 4.2(b)). In front of the photo diode an
interferential �lter is placed in contact with the case in order to shield the detector
from the visible light: we have worked with a �lter tuned at 253.1 nm with a band-
width of 10 nm. After alignment procedures, a containment box coupled with an
ozone-eater was used for the lamp in order to avoid straight-light and ozone in the
room.

The uniformity of the output beam was investigated with a Silicon photo-diode
by sampling the output collimated beam in a transverse section of about 36.5 ×
39mm. From the sampling results, the more uniform region of the beam was selected
by a calibrated mask with a diameter of 25.4mm and mounted in a micro-metric
support. The collimated beam obtained after the alignment procedure and the
position of the calibrated mask are shown in Figure 4.3. Finally, the desired mercury-
vapor lamp emission line was selected with and interferential �lter. The �lters were
placed very close to the ba�e entrance in order to shield as much as possible the
ambit visible light (computer monitor, indicator lights, etc...) because the PHEBUS
FUV detector is slightly sensitive to visible photons. The FUV lines selected by the
�lters were 253.1 nm, 279.9 nm, 296.3 nm, 302.2 nm and 312.7 nm.
The Field of View mapping method requires to change the source angle with respect
to the instrument entrance pupil. However, the collimating system alignment is
sensitive to the movements. As alternative, a precision stage for the instrument has
been designed and developed: this stage is named Taga-dá and it can move the
instrument with a step resolution of 0.01◦ allowing the alignment of the instrument
with the collimating system and a �ne scanning of its �eld of view.

4.1.2 The EUV optical bench

The pure e�ciency of PHEBUS will be tested at instrument level also for the EUV
channel in order to validate the results obtained by the optical subsystems calibra-
tion. Furthermore, also the spectral behavior should be tested. For these purposes,
a small monochromatic collimated beam is introduced at the center of the �eld of
view and the entrance pupil of the instrument for a de�ned position of the ba�e: in
fact, the instrument is illuminated in the chief-ray condition. Due to the small beam
dimensions required a monochromator system has been developed in order to achieve
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(a)

(b)

Figure 4.2. Images of the FUV collimator system used during QM calibra-
tion. In Figure 4.2(a) is shown the o�-axis parabola with above its reference
�at mirror while in Figure 4.2(b) is shown the source lamp (turned on) and
the pinhole after alignment.
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Figure 4.3. The uniformity of the collimated beam obtained by the transverse
sampling with a Silicon photo-diode. The red circle indicates the more uniform
area selected by the mask with a diameter of 25.4mm.

high spectra purity useful for the calibration activities foreseen. The measurements
need an high vacuum level (lower than 10−5 mbar) and then also PHEBUS is put
in vacuum inserting it in a big vacuum chamber. This chamber, named also tank,
has a dimension of about 3m3 and it can reach up to about 10−7 mbar pressure (see
Figure 4.4(a)). It is equipped with electrical and mechanical feed through for �ight
models testing. The door is interfaced with the Area at IOS 6 of the cleanroom
(for example, PHEBUS will enter inside this front door), but it is fully operate from
Area at ISO 7, where vacuum systems and controllers are placed. In the case of
an electrical blackout or any malfunctioning safety interlocks shut down the tank
vacuum system by closing the gate valves between the vacuum chamber and the
pumping system (two big turbo pumps). A two axis rotation stage can be placed
inside the tank or removed out by a rail; the stage is remotely controlled. The in-
strument under test can be placed on top of this stage and aligned with respect to
the entering beam by a �ne rotation with 0.01◦ of resolution.
The vacuum chamber is coupled with a McPherson monochromator, Model 234/302,
which is based on a Seya - Namioka con�guration [63]. The spectrometer is com-
posed by three di�erent parts: the source section, the monochromator section and
the collimating section. The source section of the spectrometer is composed by the
lamp and the re�ective condenser (McPherson Model 615 Condenser) which collects
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(a)

Grating

Source

Entrance
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Condensator

Output
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(b)

Figure 4.4. EUV optical bench developed for the PHEBUS instrument level activi-
ties. In Figure 4.4(a) is shown an image of the system placed in the CNR-IFN U.O.S.
Padova cleanroom: the big chamber, named tank, is coupled with the monochroma-
tor system and it will host PHEBUS during the measurements in vacuum. In Figure
4.4(b) is reported an optical-mechanical sketch of the monochromator system.
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the light coming from the source and focused it onto the entrance slit. The spec-
trometer is composed by a 2400 grooves/mm (for shorter wavelengths up to 100 nm)
and a 1200 grooves/mm (for longer wavelengths) IV type aberration corrected con-
cave gratings. The gratings can be selected by a rotating turret mechanism. The
selected grating collects the radiation coming from the entrance slit and focuses it
onto the exit slit. Finally, an o� axis parabolic mirror with a grazing incidence an-
gle of about 20◦ collimates the beam. An optical layout of the full monochromator
system is reported in Figure 4.4(b). The optical system was optimized in order to
obtain a beam divergence of about 0.8◦ (both spectral and spatial direction) and a
spot size of about 16mm × 16mm (spectral) × (spatial) at 2m of distance from
the exit slit when this last one is settled at 0.25mm × 2mm. The 0.25mm width
setting corresponds to about 1 nm of bandpass.

4.2 The early activities on the PHEBUS QM

At this moment (end of 2013), only the QM model of PHEBUS has been integrated
but without the EUV detector. This model has been used also as training for the
calibration activities that will be performed on the FM. A lot of technical unex-
pected problems were solved during the QM activities collecting a good background
experience. The FM model will be integrated in 2014 and all channels will be cal-
ibrated performing the geometrical factors measurement as well as the detectors
range of linearity.
This section shows the early results obtained with the QM during the calibration
campaign performed at the CNR - IFN UOS Padova laboratory. The channel was
calibrated in air using the FUV collimating system described before. In partic-
ular the spectral assignment and the detector linearity range determination were
performed.

4.2.1 Operations start-up

PHEBUS were accommodated on the taga-dá stage and aligned with the collimation
system (as shown in Figure 4.5(a)). The system and the cleanroom ambient were
arranged in order to reduce as much as possible the background visible light: in fact,
we found a slight sensitivity of the FUV detector of visible photons. The background
images were taken for each measurement condition performed during the activities
but with the source stopped by a shutter; then, the images obtained were removed
from the data during the analysis (see Figure 4.5(b) as example). The level of dark
counts is quite low with less than 100 counts per second for 512 × 256 pixels, less
than 10−3 counts per pixel per second.
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(a)

(b)

Figure 4.5. (a) PHEBUS accommodated on the taga-dá stage in our clean-
room. (b) shows an example of dark images obtained by a cumulation of images
when the source was not active. This constitutes a background image that is
removed from the measurements.
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4.2.2 FUV detector range of linearity

For the measurements of the detector range of linearity, a line of the Hg Lamp source
has been selected with 3 spectral �lters: we isolated the 279.9 nm line (see Figure
4.6(a)). The source beam has been kept the same during the whole observation
session and the total intensity has been regularly monitored in order to evaluate
variations: the source lamp was found very stable during the session. The use of 3
spectral �lters on the optical path eliminates all spectral contributions except a nar-
row band around 279.9 nm (the FWHM band bass of the �lters was about 10 nm). In
addition various neutral optical densities with well calibrated transmission functions
have been placed and removed on the light path in order to change the illuminating
�ux at will. The spectral shape has been monitored and it was not changed by
the neutral densities. During measurements the total counts on the MCP array has
been also monitored.
Ten images with an integration time of 8 seconds and the MCP nominal high voltage
(4500 V) have been taken and then average spectrums with an equivalent cumula-
tive time of 80 seconds have been computed. Each image has been taken in binning
mode, with a resolution of 512 pixels and not 1024 pixels. An image of the average
spectrum obtained at 279.9 nm2 is shown in Figure 4.6(b). The image shows the
main line (at 279.9 nm) with a width of about 8 pixels (about 3.4 nm) and a smaller
line at shorter wavelength (at about 275 nm) on the right side in the plot. The
wavelength interval between the two lines is 4 nm and the second line is 3% of the
peak value of the �rst line. Both lines are well de�ned in each measurement even if
the faintest line is hidden in the noise background when the source intensity is very
attenuated.
From the measurements collected it is possible to plot the count rate of the detector
as a function of the relative �ux intensity. The highest source �ux SMAX is de�ned
as 1. Figure 4.7(a) shows the total count rate per second as a function of the relative
beam �ux. A perfectly linear detector should give a straight line instead the plot
shows that the detector is not linear after approximately 2000 − 3000 counts per
second on the total array.
A second important parameter is the line width evaluated as function of the total
count rate reported in Figure 4.7(b). The width should be independent on the count
rate but we see that the width increases for count rates (total counts on array per
second) when the detector works in its non-linear characteristic (above 2000 counts
per second). In the �gure is also shown the average line width (dashed grey line)
computed with the data collected when the detector works in linearity.

From the measurements it appears that the detector is not linear for total count

2As we will see in the following, this spectrum has been collected with the conditions required
by linearity of the detector.
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(a)

(b)

Figure 4.6. Figure 4.6(a) the optical set-up adopted for the detector linearity range
measurements. In Figure 4.6(b) the appearance of the average spectrum taken by
PHEBUS at 279.9 nm after �ltration. The total cumulative time is 80 seconds.
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(a)

(b)

Figure 4.7. In Figure 4.7(a) is shown the total count rate versus the relative source
�ux: the highest source �ux SMAX is de�ned as 1. In Figure 4.7(b) is shown the
width of the line (FWHM) as a function of total counts on the array.
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rates on the array higher than 2000 counts per second. In fact, this behavior is
caused by the response of the MCP to an irradiance value that is too high. When
beams are too intense, the intensi�er loses linearity creating a local saturation on
the number of counts per pixel. This creates a loss of linearity between the count
rate and the intensity of the beam and also creates a deformation of the line shape
because the center of the line is saturated but not the wings.

4.2.3 Experimental spectral assignment

Wavelength assignment (relation between pixel number and wavelength of the line)
on the detector has been obtained by observing a well-known source with multiple
lines. In-�ight this is done by observing a well-calibrated star even if this method is
less precise because stellar lines tend to be much larger than calibration lamp lines.
On the other hand, exospheric lines are very narrow and it will be easy to track
changes of the wavelength assignment during �ybys and in orbit around Mercury.
The source adopted in these measurements is still a vapor mercury lamp placed
in the collimating system already described but without �ltering. The total �ux
of the beam has been attenuated with a set of neutral optical densities in order
to achieve a liner working point of the detector (see Figure 4.8(a)). At the same
time, the spectrum of the collimating beam has been also observed with a well
calibrated reference spectrometer: in our measurements we have used the Ocean
optics USB4000 spectrometer [64]. Wavelengths assignment has been performed by
determining the characteristics of each line in both measurements and comparing the
wavelength value given by the reference spectrometer with the pixel number given by
the PHEBUS detector. The couples (pixel-wavelength) where analyzed. As expected
the relationship is not strictly linear but it can be �t by a third-order polynomial
law even if the non-linearity is not very large, with a small stretch of about 1 nm
onto 100 nm. In Figure 4.8(b) is shown the mercury-vapor lamp spectrum taken by
PHEBUS after the conversion pixel-wavelength.
The spectral resolution measurements require narrow lines in order to precisely
determine their width at half of the maximum value. However, in this range the
lines of the calibration lamp are not thin enough to make such measurement. On
the other hand, with a cross-comparison of measurements performed with the two
spectrometers (PHEBUS and the reference spectrometer) we can conclude that the
spectral resolution of the two spectrometers are comparable and in the 1 − 2 nm
range.
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(a)

(b)

Figure 4.8. In Figure 4.8(a) is shown a picture of the optical setup used for the
wavelengths assignment with the collimating system and the neutral optical den-
sities for the beam attenuation. In Figure 4.8(b) is shown the spectrum of the
mercury-vapor lamp taken by PHEBUS after the wavelengths assignment.
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Chapter 5

Conclusions

Probing of Hermean Exosphere By UV Spectroscopy (PHEBUS) is a dual channel
spectroscope working in the EUV (from 55 nm to 155 nm) and FUV (from 145 nm
to 315 nm) that will be launched on July 2016 on board of ESA BepiColombo mis-
sion. This instrument is developed by an international cooperation of four countries:
France that has the leadership of the instrument and the responsibility of its integra-
tion, Russia that has the responsibility of the movement mechanisms, Japan that has
the responsibility of the detectors and Italy that has the responsibility of the instru-
ment calibration. PHEBUS will be devoted to study the composition, dynamic and
formation mechanisms of the Mercury exosphere by using a spectroscopic approach.
A more detailed description of the optical con�guration of PHEBUS together its
scienti�c objectives is given in Chapter 1.
The data collected during the mission will be interpreted by using a model which
well-describes the instrument spectral and radiometric behaviour. Furthermore, this
model has also to be validated and, eventually, adjusted by experimental charac-
terization activities1 in order to match as much as possible the real instrument
behavior. In this work, the radiometric characteristics of an optical instrument have
been widely studied. In Chapter 2 an original and innovative approach for the ra-
diometric modelling of a generic instrument has been proposed, considering also the
e�ects introduced by the polarized light. In particular, we have found that the ra-
diometric response of an instrument working in its linear range can be divided into
two main components: the e�ciency term which takes into account the e�ciency
of each optical element also considering the polarization state of the light (by using
the Stokes-Mueller formalism) and the geometrical part which takes into account
the geometry of the instrument (�eld of view, entrance pupil, etc...). The formal-
ization of this radiometric model has also suggested us an operative procedure to

1Sometimes said also ground calibration activities.
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its experimental determination and validation: the e�ciency term can be retrieved
by subsystem level characterizations while the geometrical part can be measured by
an instrument level approach. Moreover, at the instrument level, other functional
characteristics can be tested: typical measurements are the point spread function for
an imaging instrument or the spectral assignment and resolution for a spectroscopic
instrument.
The radiometric approach proposed has been also applied to PHEBUS. An experi-
mental calibration plan devoted to model validation has been de�ned. The subsys-
tems characterizations have been performed both for the QM and FM optics and
the e�ciency term has been retrieved: the results obtained have been presented and
discussed in Chapter 3. In addition, the optical benches and vacuum facilities re-
quired for the instrument level calibrations of PHEBUS, both in the EUV and FUV
range, have been designed and developed: a collimator optical system have been re-
alized for the Étendue and spectral measurements in the FUV range while a vacuum
facility have developed for e�ciency and spectral measurements in the EUV range.
Together the optical benches, in Chapter 4 are also reported the early instrument
level characterizations concerning to the detector linearity range determination and
the spectral assignment performed on the QM. The same optical benches and the
vacuum facility will be used for the detailed calibration at instrument level of the
FM (Field of View mapping, spectral behaviour, detector linearity range etc...). The
experimental activities carried out on the QM have taught us much concerning to
PHEBUS and its operation and the vested background obtained will be crucial to
successfully complete the radiometric characterization of the FM. The model that
will be built for the PHEBUS FM will be pivotal in the data processing during the
scienti�c observations.
Finally, it is important to highlight that the radiometric modelling followed in this
work have been obtained with a general treatment and then it can be applied at any
instrument, especially when the polarized light e�ects have to be considered.
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Appendix A

The Mueller matrix of PHEBUS

The Mueller matrix of a PHEBUS channel is derived by the left-multiplication of
each optical element Mueller matrix encountered in the light path. For both chan-
nels, optical components involved in the light path are: the entrance mirror, the
EUV or FUV grating and the EUV or FUV detector. Due to the rotation ability
of the mirror against the rest of the instrument, we have to take into account the
rotation angle θ. We have

MPHEBUS = MgratingMscan(θ)Mmirror (A.1)

By replacing the matrices for each optical elements in A.1 and after some long
algebraic manipulations the equivalent PHEBUS Mueller matrix is described by the
relationship A.2 in which the mark "m" refers to the mirror, the mark "g" refers to
the gratings and for reading reasons we have made the the following substitutions

Ai =
|rix|

2 + |riy|
2

2
, Bi =

|rix|
2 − |riy|

2

2
, i = m, g

Ci = Re
[
rix
(
riy
)∗]
, Di = Im

[
rix
(
riy
)∗]
, i = m, g
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A � The Mueller matrix of PHEBUS
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Appendix B

Results of the subsystems

characterizations

In this appendix, the experimental results obtained from the subsystems character-
ization activities are reported. For each kind of optical element, both the QM and
FM results are reported.
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