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Abstract

This PhD thesis explores the role of low energy protons, the so-called

‘soft protons’, as a component of the background in view of the future

ESA’s X-ray missionAthena. As a matter of fact, a high level of

soft proton flux at the focal plane ofAthenacan adversely affect the

scientific goals of the mission. To prevent this, a correct estimate

of the soft proton flux expected at the focal plane of the satellite is

fundamental. Such an estimate can be achieved only if the reflectivity

of soft protons from the optics is well understood, with efforts on both

the experimental and the theoretical sides.

To this aim, I applied the model of reflectivity of particles at grazing

incidence proposed by Remizovich et al. (1980), under the non-elastic

approximation, to the experimental measurements of proton scattering

at low incident angles fromXMM-NewtonandeROSITAmirror samples.

The mismatch between the model and the experimental data led me to

create a new analytical semi-empirical model, where the parameters
enclosing the micro-physics of the interaction between the protons and

the mirror lattice is directly derived by fitting the data. This new model

gives a more accurate estimate of the scattering efficiency and energy

loss distributions, but depends on the specific materialseROSITAand
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XMM-Newtonare made of. For the model to be applied toAthena, new

experimental data onAthena’s optics, the Silicon Pore Optics (SPO),

are necessary.

These new data were acquired during dedicated experimental cam-

paigns carried out by the Institut für Astronomie und Astrophysik of

the University of Tübingen. The experiment consisted in measuring the

scattering of low energy protons at grazing incidence from anAthena

SPO sample, at two different incident energies,� 470 keV and� 170

keV, and at four different incident angles,0:6°, 0:8°, 1:0°, 1:2°. The

new data are consistent, within the error bars, with the data from the

eROSITAmirror sample, so that the same model can be used to estimate

the scattering efficiency of SPO. A more accurate model can be built

from a fit of the new data sets, provided that energy loss measurements

are retrieved from the raw data.

The new semi-empirical model can be implemented in a ray-tracing

code to build a specific response matrix for protons. The construction

of a proton response matrix is a 2-years project that falls within the

AHEAD2020 activities, in view of the launch ofAthena. The project

foresees the construction of a proton response matrix forXMM-Newton

as a reliable tool for the deconvolution of observed soft protons spectra.

If the validation of this response matrix is successful, then the same

procedure can be used to produce an analogous proton response matrix

for Athena. In this framework, I performed a Geant4 simulation of

the interaction of soft protons with the focal plane ofXMM-Newton,

consisting in a detailed representation of the 7 CCDs of the MOS

camera, the filters, and the proton shields surrounding the focal plane

assembly. The coupling of the Geant4 simulation with the output of
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the aforementioned ray-tracing will bring to the proton response matrix

for XMM-Newton.

To reach a round research profile, I also analysed observational

X-ray data from two binary X-ray sources, which represent ideal cases

to test to what extent soft protons can affect the quality of observational

data. The low level of background required forAthenawill improve

the knowledge we have of these systems and will enhance advanced

studies for a wider sample of X-ray binaries.

The first source is a very-faint millisecond pulsar in the globular

cluster M22, for which I conducted a multi-wavelength search for

counterparts. The lack of any optical counterpart returned an upper

limit on the mass of the companion, allowing for a classification of

the system as a so-called black widow binary, i.e., a low-mass X-ray

binary with a companion star of massM � 0:1M� . The analysis of the

X-ray spectra favoured an intra-binary shock scenario as mechanism

responsible for the X-ray emission.

The second source is the well-known high-mass X-ray binary Vela

X-1, for which I performed a high-resolution spectroscopy study of a

Chandra/HETGS archival data, taken when the line of sight is intersect-

ing the photoionisation wake. Standard plasma diagnostic techniques

and simulations with the photoionisation codes CLOUDY and PION

(in SPEX) suggested the presence of a multi-component plasma, which

is typical for high-mass X-ray binaries with clumpy winds.
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Introduction

The Advanced Telescope for High Energy Astrophysics (Athena, Nan-

dra et al., 2013) is the future X-ray mission of ESA, planned to �y in

the early 2030s.Athenawill address the scienti�c theme `The Hot and

Energetic Universe', looking for answers to two key topics of modern

X-ray astrophysics: how ordinary matter assembles into the large scale

structures that we see today (the `Hot' universe) and how black holes

grow and in�uence the Universe (the `Energetic' universe). To achieve

this goal,Athenawill observe, among others X-ray sources, clusters

of galaxies, high-z AGNs, and the Warm Hot Intergalactic Medium

(WHIM).

One of the biggest challenges of the mission is represented by

the particle background. Every X-ray satellite is subjected to back-

ground contamination from charged particles, such as galactic and

extra-galactic cosmic rays, solar particles, and secondaries generated

inside the satellite itself. High levels of background can compromise

the observational results and, in the very end, the goals of the mis-

sions. This is crucial especially forAthena, which will look at distant

and, consequently, very faint X-ray sources: to achieve meaningful
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observational data, the particle background level must be the lowest

possible.

Amongst the components of the particle background, a key role is

played by low energy protons, called `soft protons', present in the solar

wind and trapped in the Earth magnetosphere. When soft protons im-

pact on X-ray mirrors at low incidence angles, they are pseudo-re�ected

and funneled towards the focal plane, where they reach the detectors.

The signal produced by soft protons is similar to that of X-ray pho-

tons, so that the two cannot be disentangled. Hence, if the soft proton

�ux is high, no meaningful source spectrum can be extracted from the

observational data. Soft protons have been affecting the operability

of current X-ray missions, such as theChandra X-ray Observatory

andXMM-Newton, signi�cantly reducing their good time intervals and

their duty cycles – for instance, the observing time ofXMM-Newtonis

reduced by� 30–40%. In the interests ofAthena, it is necessary to keep

the level of soft protons as low as possible, to exploit the satellite at its

best and accomplish the scienti�c goals. The soft proton �ux can be

reduced on board by mechanical or magnetic shielding, i.e., blocking

�lters and/or magnetic diverters. However, to implement such solu-

tions, it is fundamental to have a correct estimate of the �ux expected

at the instrumental focal plane. And such an estimate necessarily re-

lies upon a good model of the re�ectivity of soft protons from the optics.

The work presented in this PhD thesis falls into the framework

of the background evaluation ofAthena, with a speci�c focus on the

transmission of soft protons from the Silicon Pore Optics (SPO) of

Athena. The thesis is structured as follows. After a brief introduction
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on theAthenamission concept and on the issue of soft protons in

Chapter 1, I illustrate in Chapter 2 the exploration of already available

experimental data of scattering ef�ciencies from X-ray mirror samples

of eROSITA(Diebold et al., 2017, 2015) andXMM-Newton(Rasmussen

et al., 1999). Starting from the re�ectively model of charged particle

at grazing incidence proposed by Remizovich et al. (1980) in non-

elastic approximation, I derived a new model, in which the parameter

s describing the micro-physics of the interaction of the protons with

the re�ecting surface is directly retrieved from a �t of the data (Amato

et al., 2020). This new semi-empirical analytical model allows for the

estimate of the scattering ef�ciency ofeROSITAmirrors. Moreover,

the model is valid for any X-ray satellite carrying on-board the same

golden-coated optics ofeROSITAandXMM-Newton. Of course, the

chemical composition and the physical properties ofAthena's SPO are

different. It is clear, then, that the model developed by far needs to be

improved with experimental data on SPO samples.

New data on SPO were collected within several experimental cam-

paigns, as a part of the EXACRAD (Experimental Evaluation of Athena

Charged Particle Background from Secondary Radiation and Scattering

in Optics) project, funded by ESA. The experiment was conduct at the

Van der Graaff accelerator of the Goethe University of Frankfurt and

the results are presented in Chapter 3. The data sets consist in scattering

ef�ciency measurements from a single wafer of a SPO sample hit by a

grazing incident proton beam at two different energies,172 keVand

471 keV, and at four different incident angles,0:6°, 0:8°, 1:0°, and

1:2°. The scattering ef�ciencies of SPO are consistent with those from

eROSITA, so that, in a �rst approximation, the same semi-empirical
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analytical model can be used also to estimate the proton �ux expected

at the focal plane ofAthena. A more complete model can be built,

provided that energy losses are retrieved from the experimental raw

data.

A useful tool to estimate the soft proton spectrum expected at the fo-

cal plane of an X-ray telescope is a response matrix speci�c for protons.

Response matrices are common tools of X-ray analysis, used to extract

scienti�c parameters from source spectra. They give the probability

that an incoming photon of energyE is detected in an output detector

channelPHA. A response matrix takes into account the effective area

of the satellite, as well as the energy redistribution of the detected

events. To build a proton response matrix, it is necessary to simulate

the interaction of the particles with all the elements encountered along

their path, i.e, the optics, the �lters, the focal plane assembly, and the

detectors. Moreover, a proton response matrix has to be validated with

real soft protons data. To this aim,XMM-Newtonrepresents the best

satellite. If the validation of a proton response matrix forXMM-Newton

is positive, than the same process can be used to produce a similar

response matrix forAthena.

In building theXMM-Newtonproton response matrix, the re�ec-

tion of grazing incidence protons from the optics can be simulated

by a ray-tracing code available at INAF/IASF of Palermo (Lotti et al.,

2018; Mineo et al., 2017), while the interaction of protons with all the

other elements can be simulated using the Monte Carlo-based toolkit

Geant4, developed by CERN. In Chapter 4, I illustrate the geometry

built within Geant4, which includes a simple mass model of the focal
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plane assembly ofXMM-Newtonand a detailed representation of the

�lters and of the EPIC MOS cameras. I show the preliminary results of

the simulation, which, coupled with the ray-tracing output, will lead in

the future to the production of the matrix.

The second part of this thesis presents two preparatory scienti�c

cases forAthena, belonging to two different categories of X-ray bi-

nary systems: high-mass and low-mass binaries. The geometrical and

physical properties of the two categories of X-ray binaries are brie�y

discussed in Chapter 5, where I also illustrate the limitation on the

scienti�c knowledge due to the instrumental properties of currently op-

erational X-ray satellites and the improvements of the next generation

of satellites, especially ofAthena.

The �rst source (Chapter 6) is the radio millisecond pulsar PSR

J1836-2354A in the Galactic globular cluster M22, for which we con-

ducted a multiwavelength search for counterparts in the gamma, optical,

and X-ray wavebands (Amato et al., 2019). The analysis of the X-ray

spectra led to discriminate between the physical mechanisms of X-ray

emission, favoring an intra-binary shock scenario rather than thermal

emission. Constrains on the mass of the companion determined the

nature of the system as a black widow (low-mass X-ray binaries with

a companion star of massM � 0:1M� ) rather than redback (where

companions have massesM � 0:1� 0:4M� ). The source being very

faint in X-rays, we show howAthenawill improve the spectral analysis

and how a high soft proton �ux can affect the quality of the data.

The second source (Chapter 7) is the supergiant high-mass X-ray

binary Vela X-1, for which we analysed the high-resolution spectrum
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obtained withChandra/HETGS at a speci�c orbital phase (Amato et

al., accepted). After a blind search for spectroscopic features with a

Bayesian blocks-based algorithm, we characterised the plasma, dis-

tinguishing a collisional component within the photoionised medium.

Simulations with the photoionisation codes CLOUDY and PION (in

SPEX) led to the conclusion of a multi-component plasma, typical for

high-mass X-ray binaries with clumpy winds.

Finally, in the Conclusions section I summarise the main results

and the future implications forAthenaof all the different topics dealt

within this thesis.
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Chapter 1

Soft protons as a component

of the background of the

future X-ray mission Athena

The Advanced Telescope for High-Energy Astrophysics (Athena, Nan-

dra et al., 2013) is a future large-class X-ray mission of the European

Space Agency (ESA), with the primary goals of mapping hot gas

structures and searching for supermassive black holes at cosmological

distance.Athenawill push the sensitivity threshold to a �ux lower than

any current �ying X-ray missions, with very stringent requirements on

the level of particle background.

In this Chapter, I �rst brie�y illustrate theAthenamission concept

(Sect. 1.1) and its non-X-ray background (Sect. 1.2); then, I focus

on low-energy protons as a component of the particle background
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(Sect. 1.3), explaining what they are, how they were �rst discovered

and why they have a crucial role forAthena.

1.1 Athenamission concept

Athenais the next ESA's L-class (L2) X-ray mission, selected in the

frame of the scienti�c program Cosmic Vision 2015-2025. With the

scienti�c theme `The Hot and Energetic Universe',Athenawill address

two main astrophysical questions:

• How does ordinary matter assemble into the large scale structures

that we see today?

• How do black holes grow and in�uence the Universe?

The �rst question concerns the Hot Universe and aims to under-

stand the formation and evolution of groups and clusters of galaxies,

the chemical history of the hot baryons, cluster feedbacks, such as jets

from Active Galactic Nuclei, and the Warm-Hot Intergalactic Medium.

The second question refers to the Energetic Universe, with the goal of

understanding the formation and early growth of supermassive black

holes, the obscured accretion and galaxy formation, the Galaxy-scale

feedback of the interaction of supermassive black holes with the sur-

roundings, and the physics of accretion in general.

The launch is planned for the early 2030s. Operation will start

when the satellite will reach the Sun-Earth Lagrangian point L2
1, at a

1Currently, there are strong suggestions in favour of the Lagrangian point L1,
between the Earth and the Sun, whose particle environment is better known and
understood.
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distance of 1.5 million km from Earth.Athenawill host on board two

detectors: the X-ray Integral Field Unit (X-IFU) and the Wide Field

Imager (WFI). The X-IFU (Barret et al., 2013) is a cryogenic X-ray

spectrometer, based on a large array of Transition Edge Sensors (TES).

It will deliver spatially resolved spectra, with an energy resolution of

2:5 eV at 6 keV in the 0:2 keV–12 keV energy band, over a �eld of

view of 50 in equivalent diameter. The WFI (Rau et al., 2013) is a

silicon-based detector, which will provide imaging surveys over a �eld

of view of 400� 400, in the0:1 keV–15 keV energy band, as well as

time-resolved spectra.

Athenawill consist of a single-body telescope, with 12 m focal

length (Willingale et al., 2013), based on ESA's Silicon Pore Optics

(SPO) technology. SPO are made of rectangular blocks of silicon wafer,

stacked on top of each other and nested in order to �ll the pupil of

the telescope. The wafers are properly curved so that two consecutive

blocks reproduce a Wolter type-I geometry. Each single wafer is carved

on one side in order to have several parallel ribs (with a thickness of

� 0:15 mm). The other face of the Si wafer is coated with a re�ecting

material (iridium and silicon carbide forAthena, cfr. Sect. 3.1.1). When

the Si slices are pressed one upon the other, they cold-bond together,

without any gluing. The empty spaces between the ribs constitute the

`pores', through which X-ray photons impinging at grazing incidence

are re�ected towards the focal plane.

The advantage of using SPO re�ects both on the costs and on

the weight of the telescope. It will be possible, indeed, to reach the
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nominal effective area of1:25 m2 at 1 keV2, never had before on any

X-ray imaging telescope (see the �gure of merit of Fig. 1.1, left panel).

With a nominal angular resolution of500half energy width,Athenawill

reach a grasp3 greater than0:2 m2deg2 at 7 keV for the WFI, higher

than any operational or future X-ray observatory (Fig. 1.1, right panel).

Fig. 1.1Left panel: �gure-of-merit for selected operational and future
X-ray observatories, consisting of the square root of the ratio between
the effective area and the energy resolution (Guainazzi and Tashiro,
2018).Right panel: 7 keV Grasp versus High Energy Width (HEW)
for selected operational and future X-ray observatories (Guainazzi and
Tashiro, 2018; Predehl et al., 2020).

2https://www.cosmos.esa.int/documents/400752/400864/Athena_SciRd_v2.6_
noTracking.pdf/6e506240-c8a5-3956-e80e-cf787eb712b6?t=1585220920350.

3According to the Athena Science Requirements Document (cfr. note 2), the grasp
is de�ned as the effective area times the �eld of view.
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1.2 The background of imaging X-ray missions

X-ray imaging telescopes equipped with grazing incidence optics are

subjected to three main components of the total background (as in Lotti

et al., 2017):

• the Cosmic X-ray Background (CXB), made of all the X-ray

photons coming from diffuse or unresolved sources;

• the soft proton component, which includes protons of the Earth

magnetosphere with energy up to a few hundreds of keV, that are

pseudo-focused by the mirror on the focal plane detectors (see

below);

• the Non-X-ray Background (NXB), generated by all kind of

charged particles crossing the satellite and reaching the detectors

at the focal plane. NXB comprehends Cosmic Rays, Solar Ener-

getic Particles (SEPs), high- and low-energy protons, secondary

particles generated by the interaction of the previous particles

with the satellite itself, etc.

While the CXB cannot be reduced, except by improving the re-

solving power of future telescopes, the NXB can be limited inserting

magnetic or mechanical elements on board4.

High level of NXB, as well as of soft protons, can compromise

the scienti�c goals of the mission and, in the worst case scenario,

4For instance, a magnetic diverter can be used to deviate electrons away from the
focal trajectory, as well as anti-coincidence (e.g., for the X-IFU, Macculi et al., 2020)
or event selection techniques (WFI, Meidinger et al., 2017). Also thick optical �lters
can limit the amount of charged particles reaching the detectors, as for the `closed'
position of the �lter wheel ofXMM-Newton(cfr. Sect. 4.2.2 and 4.5).
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can also damage the detectors at the focal plane. Having a correct

estimate of the particle �ux expected at the focal plane is then essential

in planning any X-ray mission. Two main factors must be taken into

account to estimate the background level at the focal plane: the particle

environment surrounding the satellite and the physical interactions of

all the particles with the telescope itself (Lotti et al. (2018, 2017)).

Among all the components of the background, soft protons play a

fundamental role: they are pseudo-focused by X-ray optics towards the

detectors at the focal plane, where they produce a signal analogous to

those of X-ray photons, thus potentially altering the scienti�c results

(Tiengo, 2007, see below).

1.3 Soft protons as a component of the particle

background

Soft protons (SPs) are low-energy protons, with energies up to a few

hundreds of keV, present in the solar wind and Earth magnetosphere.

When impacting on the mirrors of grazing incidence X-ray telescopes

with low incident angles, they are scattered and funneled towards

the focal plane, where they reach the detectors, producing signals

indistinguishable from the ones generated by X-ray photons.

SPs were already experienced by the NASA'sChandra X-ray Ob-

servatory(Weisskopf et al., 2000), after its launch on 1999 July 23, in

a highly elliptical orbit. While crossing several regions of the Earth

magnetosphere, a sudden increase of the background level was regis-

tered in the front-illuminated CCDs (Prigozhin et al., 2000), but not

in the back-illuminated ones. However, the ultimate proof of the pres-
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ence of SPs was achieved when the ESA'sX-ray Multi-Mirror mission

(XMM-Newton, Jansen et al., 2001) was launched less than �ve months

later.

On 2000 May 5,XMM-Newtonobserved the Lockman Hole, a

sky region with minimal amount of neutral hydrogen gas, and hence,

due to the small absorption at low X-ray energies, particularly suited

to detect faint AGNs in a long observation. The detectors on board

registered a sudden and �aring increase of the count rates, with the

exposed �eld of view heavily illuminated (see Fig. 1.2). The satellite

was in low gain mode, with the gain lowered by a factor of ten, allowing

to reach energies up to� 300 keV. Moreover, two out of three on-board

detectors (MOS1 and MOS2) were shielded with different �lters5. The

two cameras experienced different count rates in the �aring part of

the observation (higher for the MOS1 shielded with the thin �lter and

lower for the MOS2 shielded with the thick one). From the chemical

composition of the �lters and the amount of energy loss, it was possible

to attribute the �ares to low energy protons, with energies in the range

1 keV–300 keV. The reconstructed SP spectrum (Fig. 1.3) had a power-

law shape up to energies of� 50 keV, with a photon index of 2.78� 0.04

(Tiengo, 2007).

A more thorough analysis on theXMM-Newtonparticle background

has been conducted by Marelli et al. (2017), Salvetti et al. (2017),

Ghizzardi et al. (2017), and Gastaldello et al. (2017). By analysing

� 100 Msof background events exclusively, from 2000 to 2012, inside

and outside the �eld of view of the EPIC MOS2, authors found that

the overallXMM-Newtonparticle background is made of two main

5Cfr. Sect. 4 for a more detailed description ofXMM-Newton's cameras and �lters.
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Fig. 1.2 Example of XMM-Newton observation partly affected by soft
protons from Tiengo (2007). The second part of the observation shows
SP �ares, clearly visible both in the �uctuating, high-count rate light
curve and in the illuminated image of the MOS2 �eld of view.
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Fig. 1.3 MOS1 (black) and MOS2 (red) background subtracted proton
spectra considering the proton energy corrected for the energy loss in
the �lter. Residuals are with respect to the cutoff power-law model
with photon index� 3, as described in the text (Tiengo, 2007).
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different components: a `quiescent' one, persistent, unfocused, and at

high energies (E� 100 MeV), and a `�aring' one, highly variable in time

and intensity (more the a factor of three), with count rates higher than 1

cts/s. From Geant4 simulations, the �rst component can be attributed to

Compton scattering of hard X-ray photons with the detector or knock-

on electrons ejected by the high-energy Galactic cosmic rays protons

(Gastaldello et al., 2017; Ghizzardi et al., 2017). On the other hand,

the second component is due, indeed, to SPs pseudo-focused from the

optics.

Nowadays, at each passage of the proton-rich outer radiation belts

of the Earth magnetosphere, the �lter wheel on boardXMM-Newton

is turned to the `closed' position: 1.05 mm of aluminium, suf�cient

to completely stop the protons funneled from the optics (Turner et al.,

2001). However, SP �ares can also happen in different region of the

highly eccentric orbit of the satellite. Since X-ray photons coming

from astrophysical sources cannot be disentangled from the �aring SP

background, the whole �aring part of any observation has to be entirely

discarded. Therefore, proton �ares can heavily affects the performance

and reliability of scienti�c observations and the overall duty cycle,

reducing, for instance, theXMM-Newtonobserving time by� 30-40%

(Ghizzardi et al., 2017).

1.3.1 Athena's requirement for the soft proton background

Athena's scienti�c goals address mainly faint and/or cosmological

sources, for which the level of background must be low enough to

achieve meaningful observational data. The current requirement for

the SP �ux at the focal plane ofAthenais that it should be less than
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5� 10� 4 ctscm� 2s� 1keV� 1 (corresponding to 10% of the total NXB),

in the2 keV–10 keVenergy band, for 90% of the observing time6. This

requirement is especially challenging, given the large collecting area

of the optics.

In general, NXB and SPs are crucial for some of the key topics

of Athena. A low NXB will ensure the determination of low surface

brightness spectral features at6 keV, as in faint clusters or outskirts, or

of the bremmstrahlung exponential cut-off, as reported in theAthena

Science Requirements Document6. Though SPs are not necessarily

included in this scienti�c motivation, it is clear that a high level of SP

�ux can play the same role of the NXB and compromise the scienti�c

results, especially if highly variable and not reproducible.

6https://www.cosmos.esa.int/documents/400752/507693/Athena_SciRd_iss1v5.
pdf.





Chapter 2

Scattering at grazing

incidence of low energy

protons from X-ray mirrors

2.1 Analytical model of Remizovich (1980) in non-

elastic approximation

A theory for the re�ection of particles at grazing incidence from the sur-

face of solid materials was formulated for the �rst time by Remizovich

et al. (1980). Authors analytically derived the energy and angular

distributions of a beam of ions re�ected at grazing incidence from a

mirroring surface.

Following that schematisation, let us suppose that a particle hits

a re�ecting surface with a grazing angleq0 and it is scattered with a

polar angleq and an azimuthal anglej (see the geometric scheme
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of the system in Fig. 2.1). For the sake of convenience, we adopt

the de�nition of Remizovich et al. (1980) of dimensionless polar and

azimuthal anglesy andc as:

y =
q
q0

and c =
j
q0

: (2.1)

and of the dimensionless energy of the scattered particle as:

u =
T
T0

; (2.2)

whereT0 andT are its initial and �nal kinetic energy.

Fig. 2.1 Geometric scheme of the system: the incident beam hits the
surface (in thexyplane) with an angleq0 and it is scattered with a polar
angleq and an azimuthal anglej .

The theory of the interaction is developed under the small-angle

approximation, that assumes that the product of the mean-squared value
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of the scattering angle per unit pathhq2
s (T)i that the particle covers

through consecutive collisions with the ions inside the medium and the

whole rangeR0, at the given incident energyT0, is much smaller than

one, i.e.

hq2
s (T)i R0 � 1: (2.3)

Under the condition of small incidence angles (q0 � 1 rad), the thick-

ness of the layer crossed by a single particle before emerging from

the target is proportional toq3
0=hq2

Si . If the energyT0 of the incident

particles is small enough (T0 � 1 GeV for protons), the process of de-

celeration of particles in the medium can be modelled as a continuous

energy loss (continuous slowing down approximation, CSDA). The

process is not conservative, i.e. the incident particle loses part of its

energy when interacting with the atomic lattice of the mirror. However,

if the spectrum of the re�ected particles has a sharp maximum close to

the input energyT0, it is possible to assume (Firsov, 1972):

hq2
s (T)i � h q2

s (T0)i = const. (2.4)

Under all the assumptions stated above, the scattering probability

is de�ned as the ratio of the number of re�ected particles in a given

direction from a unit surface area per unit time to the number of incident

particles on the same unit area per unit time. It can be expressed as

a function of the dimensionless variablesy , c andu as (Remizovich
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et al., 1980):

W(y ; c ;u) =
31=2

2p2

T0y
R0e(u)

expf� [4(y 2 � y + 1)+ c 2]=4s s(u)g
s 3=2[s(u)]5=2

� Erf

 �
3y

s s(u)

� 1=2
!

(2.5)

where:e(u) = �h du=dli is the average energy loss per unit path, i.e

the stopping power, which varies with the energy of the beam and with

the chemical composition of the re�ecting material;R(T) =
R

dT=e(T)

is the resulting average particle range, as a function of the energy;R0

is the range at the speci�c incident energy;s(u) is de�ned ass(u) =

L(T)=R0 = 1� R(T)=R0, beingL(T) = R0 � R(T) the path travelled

by a particle with energyT; s is a dimensionless parameter de�ned as:

s = hq2
s (T0)i R0=4q2

0 (2.6)

The integration of Eq. 2.5 over the energy and angle coordinates

gives the total scattering ef�ciency:

htot =
Z

E

Z

W
W(y ;c ;u)dy dcdu (2.7)

so that 1� htot is the probability that the particle is not re�ected1.

The main characteristics of the scattering distribution can be sum-

marised as follows:
1The scattering probability can be expressed also as a function of the energy alone

(see equation 41 of Remizovich et al., 1980), when integrating over the solid scattering
angle.
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• the maximum of the distribution in the planec = 0 peaks at

y � 0:85, while it peaks aty � 1 when integrated over the

azimuthal anglec and the energyu;

• the distribution is symmetric with respect to the scattering az-

imuthal anglec , with its maximum atc = 0;

• smaller values ofs produce lower and broader peaks of the

distribution;

• the value ofy relative to the maximum of the distribution

changes also withs ;

• the scattering distribution depends on the �nal energyu, but the

same scattering probability can be obtained with different values

of s at differentu;

Fig. 2.2 shows an example of contour plot of the scattering function

(Eq. 2.5) for a target of Au, withq0 = 0:36� , T0=250 keV ands =50,

at c=0, in the spaceu–y , normalised to its maximum, while Fig. 2.3

shows the 1-D distributions as a function ofy and ofu corresponding

to the values highlighted in the contour plot with black and red dashed

lines, respectively.

Eq. 2.5 includes several parameters (e.g.e(u), R(T), etc.) that can

be found in literature. In the present work,e(u) and ofR(T) were

computed interpolating the values retrieved from the NIST PSTAR

Database2. The Au density was set to 19.3 g/cm3.

2https://physics.nist.gov/PhysRefData/Star/Text/PSTAR.html.
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Fig. 2.2 Contour plot of the scattering probabilityW(y ; c ;u) as a
function of the polar scattering angley and of the energyu, for q0 =
0:36� , T0 = 250keV, c=0 ands = 50. The plot is normalised to the
maximum of the distribution. Dashed black and red lines corresponds
to the ef�ciencies used for Fig. 2.3.

Fig. 2.3 Scattering ef�ciencies along the red and black dashed lines
shown in Fig. 2.2, forq0 = 0:36� , T0 = 250keV, c=0 ands = 50. The
left panel shows the curve as a function ofy at u=0.992 (black line)
andu=0.984 (red line); the right panel is relative to the ef�ciency dis-
tribution vs.u at y =0.75 (black line) andy =1.5 (red line). Ef�ciency
values are not normalized.
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2.1.1 The parameters

The parameters in the Remizovich formula (Eq. 2.5) determines the

total number of particles re�ected from the surface: the larger this

value, the larger the number of re�ected particles, and the narrower the

peak of the distribution (Mashkova and Molchanov, 1985). According

to Eq. 2.6,s can be computed knowing the mean-square scattering

angle per unit path and the range, which depends on the scattering

properties of the medium. Different approximations have been adopted

to evaluatehq2
s (T)i , depending on the energy and on the angle of the

incident particle. In the energy range of the experimental data used in

this work, it can be obtained with the following formula (Firsov, 1958;

Remizovich et al., 1980):

hq2
s (T)i = 2pn0

Z2
1Z2

2r2
e

T2 Lk (2.8)

wheren0 is the density of the atoms in the target,Z1 andZ2 are the

nuclear charge of the incident particle and of the material of the target,

respectively,re is the classical electron radius,T the particle energy

in units ofmc2 andLk the Coulomb logarithm, which, in this speci�c

case, can be approximated as:

Lk = ln

0

@1+ 0:7
Tev

30:5eV
Z1Z2q

Z2=3
1 + Z2=3

2

1

A (2.9)

whereTev is the energy of the incident charge in unit of electronvolt.

Eq. 2.8 is a good approximation of values derived from a theoretical

computation based on the assumptions that the inelastic process occur-
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ring during the collision can be obtained using the potential for elastic

interactions and that the energy of the incident particle is signi�cantly

greater than the ionization potential of the atoms (Firsov, 1958).

2.2 Experimental measurements onXMM-Newton

and eROSITAmirror samples

Table 2.1 Incident angles for each incident energy for theXMM-Newton
andeROSITAmirror targets used in this work.

E (keV) q0 (deg) Reference

250 0.36, 0.51, 0.67, 0.89, 1.06, 1.23 Diebold et al. (2015)1

300 0.50, 0.75, 1.00, 1.25, 1.50, 1.75 Rasmussen et al. (1999)
0.50, 0.64, 0.81 Diebold et al. (2017)2

500 0.50, 1.00 Rasmussen et al. (1999)
0.33, 0.48, 0.64, 0.85, 1.02, 1.19 Diebold et al. (2015)1

1000 0.30, 0.46, 0.61, 0.83, 1.00, 1.17 Diebold et al. (2015)1

1300 0.25, 0.50, 0.75, 1.00, 1.25, 1.50,
1.75

Rasmussen et al. (1999)

1 Dataset with energy losses explicitly reported.
2 Dataset with off-axis measurements at azimuthal angles of about� 2� .

The only available experimental measurements of re�ection of low

energy protons from X-ray mirrors were performed onXMM-Newton

(Rasmussen et al., 1999) andeROSITA(Diebold et al., 2017, 2015)

samples. A complete list of all the incidence angles and energies is

given in Tab. 2.1. In both cases, samples were made of nickel and coated

with gold, with a coating thickness> 50 nm foreROSITA(Friedrich

et al., 2008) and 0.2mm for XMM-Newton(Stockman et al., 2001).
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The �rst measurements onXMM-Newtonoptics were carried out

at the Harvard University, Cambridge Accelerator for Materials Sci-

ence. The facility included a tandem Van de Graaff accelerator, which

produced a monoenergetic proton beam with energy tunable from 0.1

to 3 MeV. The beam divergence was reduced to 3 arcmin level, with

consecutive collimating apertures. The mirror sample was mounted

on a holder, so that the mirror sample exactly bisected the beam. The

position of the detector was �xed at three different scattering angles

(0.75� , 1.40� and 2.38� ), while the incidence angles varied between

0� and 1.75� in steps of 0.25� . The proton beam had the following

energies: 300 keV, 500 keV and 1.3 MeV (see Tab. 2.1). For each con-

�guration, the scattering ef�ciencies and the output spectra are reported.

However, the authors published only uncalibrated spectra from which

no useful information on the energy loss could be extracted. In our

analysis, we excluded those data points showing a drop in the scattering

ef�ciency, due to the occlusion of the re�ecting surface by the bulk of

the mirror itself. Errors on the scattering ef�ciency are derived from

the uncertainties on the beam �ux and correspond approximately to

40% of the values.

More recent data were obtained by Diebold et al. (2017, 2015),

using a piece of a spare mirror shell of theeROSITAtelescopes, at

the ion accelerator facility at the University of Tübingen, a 3 MV

single-ended Van de Graaff accelerator, working in the energy range

400 keV–2:5 MeV. The beam line consisted of a pair of entrance slits,

a pinhole aperture of 0.1–1 mm diameter, a� 80 cm-long collimator,

with apertures of 1.0 mm at the entrance and of 0.3 mm at the exit,

which limited the maximum opening angle to 0.1� . To achieve low
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proton energies, a metal degrader foil was put after the pinhole aperture.

It widened the beam and reduced the energy down to 250 keV, 500

keV and 1 MeV in the �rst campaign (Diebold et al., 2015) and to

300 keV in the second one (Diebold et al., 2017). The mirror target

was located on a shiftable plane. The detector, a silicon surface bar-

rier with a low energy threshold of 100 keV and an energy resolution

of 10–20 keV, was mounted at a distance of� 1 m along the beam

line, shiftable to a maximum distance of 75 mm, corresponding to

a maximum angleq of about 4.5� . The beam reached the detector

through a 1.2 mm aperture, corresponding to a solid angle of� 1.3

msr. Furthermore, only the data from Diebold et al. (2015) reported ex-

plicitly both the scattering ef�ciency and the energy loss measurements.

The experimental data can be directly compared if they are ex-

pressed in the normalised coordinate space of Eq. 2.1-2.2 (i.e.,y =

q=q0, c = f =q0, u = T=T0) and if the experimental scattering ef�-

ciency are normalised coherently as:

h (y ;x ) = hexp(q; f ) q2
0 (2.10)

wherehexp is the measured ef�ciency (in units of sr� 1). Fig. 2.4 shows

two representative examples, for the incident energies of 250–300 keV

and 500 keV.

All data points fromeROSITAoptics are well in agreement at large

scattering angles (y > 1.5), while a modest spread in the data relative

to the �rst campaign (Diebold et al., 2015) is observed at angles close



2.3 A semi-empirical approach to the experimental data 29

to the incident one (y ' 1). This spread is not present in Diebold et al.

(2017) measurements.

XMM-Newtonmeasurements seem not to follow the same trend of

eROSITAdata (Fig.2.4, lower panel): the peaks appear to be shifted

towards higher scattering angles and the ef�ciencies are slightly higher

and more spread-out. Moreover, the low number of available data

points (e.g., only two data points are available for the incident energy

of 500 keV) prevents us to state more on the comparison.

2.3 Analysis of the experimental data with the

Remizovich model: a semi-empirical approach

The analytic expression of Eq. 2.5 depends on the parameters (Eq. 2.6,

with hq2
s (T0)i given by Eq. 2.8 and 2.9). However, after calculating

the value of this parameter with Eq. 2.8, the theoretical curves never

led to consistent results with the experimental data, as the theoretical

scattering functions were higher and the energy losses lower than the

experimental points, as showed in Fig. 2.4 (grey dashed curves), for

two representative incident angles of0:5° 1:0° (cfr. also Fig. 2.5). In

general, high values ofs are indicative of a quasi-elastic scattering.

It is not surprising, thus, that these values ofs return ef�ciencies

higher than the data, closer to an elastic scattering. Assuming the target

surface made of nickel instead of gold (nickel being the material of the

substrate of the optics of bothXMM-NewtonandeROSITA) also did

not signi�cantly change the mismatch. Hence, we decided to adopt
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Fig. 2.4 Scattering ef�ciencies as a function of the scattering angle
y = q=q0, for two representative energies of the incident proton beam:
250-300 keV (upper panel) and 500 keV (lower panel). The blue and
green dots stands for measurements oneROSITAoptics (Diebold et al.,
2017, 2015), the red ones forXMM-Newtonoptics (Rasmussen et al.,
1999). The grey dashed lines represents the Remizovich scattering
ef�ciencies computed with theoretical values ofs (Eqs. 2.6, 2.8, 2.9),
for the incident angles of0:5° (higher curves) and1:0° (lower curves).
Incidence angles are shown in the legends; errors onXMM-Newton
scattering angles are at the nominal value of 21 arcmin.
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a semi-empirical approach and to determine the parameters directly

from the data.

We �t the data with the Remizovich formula given in Eq. 2.7, with

the integral numerically evaluated, and withs as a free parameter of

the �t. Since the total scattering ef�ciency is a function of the scattering

angle and of the energy at the same time, we could use only the data

sets that included both these variables, i.e., data from Diebold et al.

(2015). It must be stressed that the model we propose is an empirical

best-�t model based on the Remizovich solution and, hence, it depends

on the accuracy of the experimental data.

The �t model was computed taking into account the experimental

set-up. More in detail, the scattering ef�ciencies were obtained by the

integration of the scattering function (Eq. 2.5) over the solid angle sub-

tended by the detector (� 1.3msr) and over the energy interval between

the energy of the incoming proton beam and the nominal low energy

threshold of the detector of 100 keV. Because the energy of the protons

from the laboratory beam is not perfectly monochromatic, but has a

Gaussian pro�le around a nominal value, we considered several input

energies within a Gaussian distribution whose center and width are

given in Diebold et al. (2015). For each input energy of the Gaussian

we produced one output spectrum. The sum of the output spectra gives

the overall scattering spectrum per each incident energy. Concern-

ing the energy losses, they were obtained as in Diebold et al. (2015):

we �t Gaussians to each incident spectrum and to the corresponding

scattering one and computed the difference between their centers.

The goodness of the �t was established using a least-squares mini-

mization without taking into account uncertainties, because points at
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large scattering angles, which have smaller errors, would have strongly

biased the �t, while we are mainly interested in modelling the data

around the peak, where the scattering ef�ciency is at its maximum.

For this purpose, we de�ne a total RMS as the sum of the RMS of the

scattering ef�ciencies (RMSS) and of the energy losses (RMSE), nor-

malised to the total ef�ciency and to the incident energy, respectively:

RMS2 =
RMSS

2

h 2
tot

+
RMSE

2

T2
0

=
å n

i= 1(Si � hi)2

h 2
tot

+
å n

i= 1(Ei � ei)2

T2
0

(2.11)

whereSi is the measured scattering ef�ciency for eachi-th scattering

angle,hi is the corresponding ef�ciency given by the model,htot is

the total scattering ef�ciency (Eq. 2.7),Ei is the experimental energy

loss,ei is the energy loss given by the model, andT0 is the energy

of the incident beam. To compute the errors on the parameters , we

produced 1000 Monte Carlo simulations of the scattering and energy

loss distributions per each data set, sorting the values from Gaussian

distributions whose means and widths were equal to the data and their

relative errors, respectively. We �t every simulated data set with Eq. 2.7,

assuming errors ons at the 95% con�dence interval.

The best-�t values ofs as a function of input angle and energy are

reported in Tab. 2.2, together with the RMSs, and shown in Fig. 2.5.

2.3.1 Results of the �t and discussion

The model is always in good agreement with the experimental scattering

ef�ciencies, but it is not with the energy losses, which exhibit a small

consistency only for the lowest incident energy (250 keV). Fig. 2.6
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Fig. 2.5 Values ofs derived from the �t as a function of the incidence
angleq0, for 250 keV (red), 500 keV (blue) and 1 MeV (green), error
bars on the values ofs at 95%. The dashed thick lines represent the
best-�t curve for each energy, while the solidblackline stands for the
best-�t curve of all the values ofs . For comparison, also the theoretical
values ofs (Eq. 2.6) for the three energies are reported (dotted thin
lines).

shows one representative example, at 250 keV, for an incidence angle

of 0.36� . The whole sample can be viewed in Appendix A.

Overall, the �t is mainly driven by the scattering ef�ciencies, while

the energy loss distributions seem to contribute very weakly. The

angular scattering distributions appear always well modelled by the

Remizovich function and have lower RMS values in most of the cases.

We note that the �atness of the energy loss distributions might be also

due to systematics affecting all the experimental data, especially those

at lower incident angles. A quanti�cation of these systematic effects,
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Fig. 2.6 Scattering ef�ciency (left panel) and energy loss (right panel)
distributions as a function of the scattering angle, for the incidence an-
gle of 0.36� and the incident energy at 250 keV, �t with the Remizovich
model in non-elastic approximation.Bottom panels: residuals of the
�t.

however, is not easy. Besides, the higher is the energy of the impacting

beam, the higher is its penetration power inside the material, so that

an interaction with the substrate, that would need a more complex

treatment, cannot be entirely excluded (see below).

The values ofs show a clear trend with respect to the incidence

angleq0 (Fig. 2.5), that we tried to describe analytically using a power

law s µ Aq � a
0 . Results of the �ts are reported in Tab. 2.3. We also

note that, even if a systematic trend with the energy is visible, thes

relative to the same incidence angle are generally consistent with each

other (apart from a few points), as well as the best-�t parameters shown

in Tab. 2.3. We then �t thes all together with the same power law,

obtaining an index value ofa = � (0:9� 0:3). This is different from

what is stated by Remizovich et al. (1980), for whichs µ q � 2
0 (see

Eq. 2.6). Also the trend of the parameters with energy is different from

Remizovich et al. (1980), where an inverse and stronger dependence
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on the energy of the incoming beam is expected: at lower energies

correspond highest values of sigma (cfr. Fig. 2.5). We argue that some

of the initial assumptions in treating this problem analytically might

not fully hold, though we cannot still claim a complete rule-out of

the model as more data are necessary to signi�cantly diminish the

uncertainty on this parameter.

The gold coating of theeROSITAmirrors is tens of nm thick (Mer-

loni et al., 2012). For the energies under consideration, the mean pene-

tration length of protons is of the order of� 101–10� 2 nm, depending

on the energy of the incident beam. It is possible, then, that some of

the incident protons pass through the gold layer and are scattered by

the underlying nickel lattice. This led us to repeat the calculations

by substituting density, range, stopping power and atomic number of

gold with the ones of nickel. Nevertheless, the values ofs found for

the nickel ranged from 500 to 40, perfectly consistent with the ones

found using gold, so that no signi�cant improvement was obtained.

Our conclusion is that either the model is weakly dependent on the

choice between the two metals or there is a more complex cumulative

effect due to the presence of the double layer.

We also considered a potential deposit of water on the re�ecting

surface. Indeed, water molecules can be trapped within the super�cial

layers of the lattice, altering the scattering properties of the medium.

A computation of the expecteds for water resulted in smaller values

than the best-�t ones, assuring that, if present, the contribute of water

deposits may be consider negligible. A more detailed analysis, com-

prehensive of all the layers or materials of the mirroring surface, is far

beyond the goals of this work.
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We also attempted to �t separately the scattering ef�ciencies and

the energy loss distributions, but the two sets of �ts returned different

values ofs , not always consistent with each other. Moreover, thes

obtained from the scattering ef�ciency were systematically lower and

�atter than those in Tab. 2.2, when plotted as a function of the inci-

dence angle, while those from the energy were systematically higher

and steeper. This con�rms that the two distribution must be �t simulta-

neously to have consistent values ofs .

2.3.2 Comprehensive analysis of all the data sets

To fully test the validity of the model, we applied it to the other data

sets (Diebold et al., 2017; Rasmussen et al., 1999) that could not be �t

due to their lack of any energy loss information. We proceeded in two

different ways:

i) We computed the expected scattering probability distributions for

the experimental measurements of Diebold et al. (2017) and Ras-

mussen et al. (1999), using the results of Table 2.2, and compared

it to the data. Fig. 2.7 shows the over plot of the experimental

measurements oneROSITAsample (Diebold et al., 2017) with the

model computed with the best-�t power law value ofs . In the case

of scattering along the incident direction (on-axis con�guration),

the scattering ef�ciency curve for the smallest incidence angle of

0.5� is noticeably underestimated in the peak, while the curves

for the other two incidence angles of 0.64� and 0.81� are closer to

the data, though they do not perfectly reproduce the experimental

trend. However, if we consider the maximum and the minimum
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of the expected scattering ef�ciency distributions (coloured area

in Fig. 2.7), resulting by the maximum and minimum error on

the parameters , then the data can be considered acceptably well

modelled, especially at the peaks, even though the spread in ef�-

ciency is so high that it prevents any more precise evaluation. For

the lateral scattering (off-axis con�guration, with an azimuthal

angle of� 2°), instead, the expected scattering ef�ciencies are

slightly overestimated in the peak, while the tails are underesti-

mated (Fig. 2.7, bottom right panel). A correct modelling of the

peak, rather than of the tail of the distribution, is essential to pre-

dict the expected �ux of proton funnelled through the X-ray optics.

For the �rst time, this semi-empirical approach is the closest to

the experimental data in giving a correct modelling of the peak.

We remark here that having a larger extent of experimental data,

i.e. more data points per set, covering wider angular and energetic

ranges, remains necessary for better assessing the experimental

value ofs .

For completeness, we took into account also the measurements

on XMM-Newtonmirrors (Fig. 2.8), though the paucity of data

does not really allow us to put tighter constraints. In this case,

the model is not consistent with the data, since the peaks of the

distributions are always shifted towards lower scattering angles, as

we already noticed when comparing these data with theeROSITA

sets (cfr. Fig. 2.4).

ii) Since the �t is weakly dependent on the energy losses, we directly

�t the data of Diebold et al. (2017), without accounting for them.
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Fig. 2.7 Data and model for the scattering ef�ciencies at 300 keV
(Diebold et al., 2017). The solid line corresponds to the model obtained
from the best-�t value of the parameters , the coloured area to the
maximum and minimum of the distribution, according to the error on
s (errors at 2.7s ). The bottom right panel shows the same comparison
for the off-axis data.

However, the on-axis measurements resulted on the whole in

smaller values than the previous ones and the values ofs for the

on-axis and off-axis con�gurations are not consistent with each

other (Fig. 2.9). This stresses once again that the energy losses are

necessary to constrain the �t.

Overall, the consistency of almost all thes of Tab. 2.2, regardless

of the initial energy, leads to the hypothesis that the scattering ef�ciency

is not dependent upon the energy of the impinging proton beam. To

verify this assumption, we sort all the data simply by the incidence

angle, irrespective of the energies. As a matter of fact, all the scattering
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Fig. 2.8 Data and scattering ef�ciency distributions predicted by the
model with the best-�t value ofs for theXMM-Newtonmirror sample
(Rasmussen et al., 1999).

ef�ciencies appear consistent with each other, as shown in Fig. 2.10,

where we also display the ef�ciency curves for the best-�t values of

s for the two lowest incident energies of250 keV(red) and500 keV

(blue), those energies being more relevant for our work. The coloured

areas correspond to the maximum and minimum scattering ef�ciencies

computed from the errors on the best-�ts .

Finally, one minor concern regards the microroughness of mirroring

surfaces, which is already known to be responsible of reducing the

re�ection ef�ciency of X-ray photons, by causing scattering in other

directions than the incident one (Spiga et al., 2007). The same effect

might apply to protons as well, although the higher mass of protons

suggests that almost all the impinging particles penetrate the surface,

instead of being scattered in the surrounding directions. The lack of
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Fig. 2.9 Best-�t values ofs of the 2017 data sets, compared with the
previous values for the incident energy of 250 keV (see Fig. 2.5). Error
bars on the values ofs at 95%.

any experimental estimates on the angular distribution of sided or back

scattered protons does not allow us to investigate this issue any further.

2.4 Summary

In this work we tested all the available experimental measurements of

proton scattering ef�ciency at grazing incidence from X-ray mirrors

with the analytic model developed by Remizovich et al. (1980) under

the non-elastic approximation. We came up with a semi-empirical

model based on the Remizovich formula, where the parameters is

directly determined by �tting the only experimental data set with energy

loss measurements. The main results can be summarized as follows:

• all theeROSITAdata sets can be modelled with the same value of

the parameters , which can be considered independent from the
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energy of the incident protons, even if a systematic trend with

energy is observed;

• there is a clear dependence of the parameters over the incidence

angleq0, well reproduce by a power law withs µ q � 1
0 . This is

in contrast to what is stated by Remizovich et al. (1980);

• the peaks and the tails of the scattering ef�ciency are acceptably

well modelled. We remind here that a correct evaluation of the

scattering ef�ciency at its peak is crucial to estimate the SP �ux

expected at the focal plane of every X-ray mission with grazing

incidence optics;

• although the energy loss distributions drive marginally the �t,

they are necessary in modelling the data and in returning consis-

tent values of the parameters .

The semi-empirical model we propose is strictly limited to the

actual experimental data sets. For instance, we cannot verify the in-

dependence of the angular scattering ef�ciency distribution from the

incident energy also at energies below 250 keV, which are especially

relevant for the future X-ray missionAthena. Simulations by Lotti et al.

(2018) show, indeed, that SPs with energies between 1 and 150 keV

produce signi�cant background signals in the working range of the

instruments at the focal plane. To overcome this weakness of the model

and to better estimate the parameters , further laboratory activities are

necessary, as the one presented in Chapter 3, performed on a Silicon

Pore Optics sample.
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Table 2.2 Best-�t values of the parameters and corresponding values
of RMS of the scattering ef�ciency (RMSS) and energy loss (RMSE)
distributions, with the number of data points (n).

q0 (� ) s RMSS(n) RMSE(n)

250 keV 0.36 167+ 63
� 43 23(5) 14(5)

0.51 127+ 59
� 42 11(4) 14(4)

0.67 118+ 49
� 34 7(4) 17(4)

0.89 69+ 36
� 31 16(4) 24(4)

1.06 77+ 53
� 57 10(3) 26(3)

1.23 60+ 36
� 58 12(3) 28(3)

500 keV 0.33 254+ 89
� 58 52(5) 18(5)

0.48 179+ 110
� 65 10(4) 17(4)

0.64 182+ 66
� 48 12(4) 21(4)

0.85 108+ 57
� 45 15(4) 19(4)

1.02 123+ 87
� 71 10(3) 22(3)

1.19 99+ 59
� 50 13(3) 23(3)

1 MeV 0.30 499+ 182
� 101 71(4) 19(4)

0.46 281+ 151
� 103 18(4) 20(4)

0.61 289+ 105
� 69 14(4) 25(4)

0.83 158+ 71
� 49 7(3) 25(3)
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Table 2.3 Best-�t values of thes parameters, �t with a power law of
the typef (x) = Ax� a , andc 2 values at 2.7s level.

T0 (keV) A a c 2(d.o.f.)

250 keV 73� 34 0.8� 0.4 0.3(5)
500 keV 113� 55 0.7� 0.4 0.4(5)
1 MeV 143� 60 1.0� 0.5 0.4(3)

All 88� 28 0.9� 0.3 9(15)



44
Scattering at grazing incidence of low energy protons from X-ray

mirrors

Fig. 2.10 Scattering ef�ciencies of all the available data sets as a func-
tion of the scattering anglesY for different incidence angles. Dashed
curve represents the Remizovich functions computed with the best-
�t value of s for 250 keV(red) and500 keV(blue), with coloured
area corresponding the maximum and minimum scattering ef�ciencies
as from the 2.7s con�dence errors ons . Errors onXMM-Newton
ef�ciencies are at� 40%.



Chapter 3

Experimental Activity

The semi-empirical model presented in Chapter 2 was speci�cally

derived by experimental measurements of scattering of low energy

protons at grazing incidence from aneROSITAmirror sample. Hence,

the best-�t value of the parameters is supposed to be valid only for

golden re�ecting surfaces with a thickness of several tens of nm.

To correctly estimate the soft proton �ux expected at the focal

plane ofAthena, specif experimental measurements on Silicon Pore

Optics (SPO) are required. Such measurements were performed within

the EXACRAD (Experimental Evaluation ofAthenaCharged Parti-

cle Background from Secondary Radiation and Scattering in Optics)

project, funded by ESA and carried out by the High-Energy Astro-

physics group of the University of Tübingen.
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3.1 Experimental set-up

The experimental campaigns were conducted at the 2.5 MV Van de

Graaff accelerator at the Goethe University (Riedberg Campus) in

Frankfurt am Main. The setup of the beamline, similar to that of

Diebold et al. (2017, 2015), is given in Figs. 3.1 and 3.2.

Fig. 3.1 Schematic drawing (not in scale) of the beamline set-up. The
proton beam enters the set-up from the left-hand side. It encounters
the pinhole aperture (1 mm in diameter), the Al degrader foil (0.002
mm thick) and the collimator. Inside the target chamber, the normal-
isation detector can be lowered down to intercept the beam for the
normalisation measurements. If the normalisation detector is not in the
line of the beam, then protons are re�ected from the SPO sample (in
yellow) towards the detector chamber, where they hit the central and
lateral detectors. The incident angleq0 between the line of the beam
and the mirror varies with the inclination of the target plate, while the
scattering angleq between the mirror and the detectors in the detector
chamber varies with the their heighth. The distanced between the
target plate and the vertical ax of the detectors is �xed to 942 mm.
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Fig. 3.2 A CAD model of the beamline (same as Diebold et al., 2015).
The proton beam enters the set-up from the right and moves towards
the left. The SPO sample is allocated in the target chamber, while the
detector is placed in the chamber at the end of the beamline (detector
chamber). A second detector (not shown in the picture) was placed
next to the central one, at an angular distance of� 2°.

3.1.1 Beamline setup

Protons enter the beamline through a copper pinhole aperture of the

diameter of 1 mm, which reduces the size of the incoming beam to

prevent pile-up and to maintain reasonable rates on the detectors. Suc-

cessively, the beam goes through a 0.002 mm-thick aluminium foil,

which degrades the incoming beam energy below the lower limit of

the accelerator. The degraded beam enters, at this point, a 78 cm-long

collimator, which directs part of the widened beam directly to the target.

Two further apertures are positioned at the entrance and at the exit of

the collimator, respectively, the former of 1 mm in diameter and the

latter of 0.7 mm. This combination limits the maximum opening angle

to 0:36°. The apertures are supported in their position by 2 mm-thick
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aluminum plates, which absorb any proton of the degraded beam not

entering the apertures and being scattered by the inner walls of the

collimator and of the beamline itself.

The target – a 110 mm-long single silicon wafer, 0.775 mm thick,

grooved in the bottom, and coated on top with a10 nmof iridium

and7 nm of silicon carbide – is located inside an apposite chamber

(hereafter called target chamber) and mounted on a tiltable plate. The

height of the target can be adjusted by a set of screws underneath the

plate. A linear manipulator is used to change the inclination of the plate,

i.e., the incident angle (q0). The pivoting point is several centimeters

below the line of the beam, so that the target can be completely removed

from the course of beam, allowing for a determination of the primary

beam position on the detector plane. The manipulator is set below the

target chamber and, hence, can be easily accessed from the outside

when the system is on vacuum.

Between the exit of the collimator and the target plate, a Passivated

Implanted Planar Silicon (PIPS) detector1 is mounted on a push-pull

manipulator, at the same height of the beamline. This detector is used to

register the amount of �ux of the beam impinging on the target, useful

to have normalisation measurements. This detector will be called

hereafter `normalisation detector'. The push-pull manipulator permits

a fast removal of the detector, guaranteeing a measure of the impinging

proton �ux (F inc, Eq. 3.2) for each measure of the scattered beam (see

Sect. 3.2 on the need of having frequent normalisation measurements).

An aluminium blind with an aperture of 3 mm is set on top of the

1The PIPS detectors used in this experiment have a nominal depletion region of 0.1
mm and a lower energy threshold of a few tens of keV.
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normalisation detector to avoid saturation. Lastly, downstream of the

target chamber, a thick aluminum sheet, with a slit of 3 cm height and

1 cm width, is installed a few centimeters after the target plate. This

window let pass only the protons on the line of the beam, while the

sheet absorbs all the ones that have been scattered by the inner walls or

by other elements in the target chamber.

At the end of the beamline, a second chamber (hereafter detector

chamber) hosts two more PIPS detectors, called `central detector' and

`lateral detector', respectively, used to register the on-axis e off-axis

�uxes (F scat(q0;q; f ), Eq. 3.2) of the beam scattered by the target.

They are mounted on a second linear manipulator, which allows for

a vertical sampling of the scattered beam. The distance between the

center of the target plate and the detection plane is942 mm. The central

detector is aligned with the beam direction, while the lateral detector is

set on the left, at an azimuthal angle of1:97°� 0:13°. On top of each

detector there is a blind with an aperture of a diameter of 1 mm for the

central detectors and of 3 mm for the lateral detector. They reduce the

solid angle of the detectors with respect to the mirror center to about

8� 10� 7 sr and 2� 10� 5 sr, respectively (Eq. 3.6, Sect. 3.2).

3.1.2 Data acquisition chain

The pulse signal produced by the PIPS is ampli�ed and digitalised

trough several analogical/digital electronic components. A �ow chart

is given in Fig. 3.3.

The PIPS detectors produce a pulse with an amplitude proportional

to the energy of the incident particle. The pulse signal from each PIPS

goes through its own pre-ampli�er and ampli�er and then it is digi-
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talised by the Analog to Digital Converter (ADC). The ADC receive

the continuous signals (from 0 to� 10 V) from the three channels – one

for each detector – and convert them into discrete signals, distributing

them into 8192 bins, with a resolution of 1.22 mV. The digitised sig-

nals are then passed to the histogramming memory, which produces

an histogram for each channel. Once the measurement is done, the

histograms are read out by the CAMAC module and are transferred to

a computer, which acquires and stores them to raw-data �les.

The process of digitalisation of the data within the ADC takes a

certain time (fractions of second), so that if a new signal comes within

that time, it is not registered. To account for this dead-time, a pulse

generator, which generates pulses at a �xed frequency, is connected to

the ADC and to a scaler, which counts the number of pulses produced

by the pulse generator during the acquisition time. The scaler is also fed

to the CAMAC control module. The difference between the readings of

the counts from the ADC and those from the scaler gives the dead-time

correction factor (see Eq. 3.4, Sect. 3.2.1). The pulse generator fed to

the ADC constitutes another channel, so that the whole acquisition

system consists of four channels, all working simultaneously, plus the

scaler.

3.1.3 Alignment and angular calibration

The alignment of the pinhole aperture and of the slits was done by

using a telescope previously aligned with the exit of the accelerator.

A 520 nm laser, which can be operated using pulse-width-modulation

(PWM), was employed to align the detectors and to perform the angular

calibration. The laser was set right after the pinhole aperture and went
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Fig. 3.3 Data �ow of the electronic chain for the acquisition of the
experimental data. The analogical signal from the PIPS detectors �rst
goes trough a pre-ampli�er and an ampli�er, then it is converted into a
digital signal by the ADC, and �nally it is stored in the histogramming
memory. Contemporary, a pulse generator sends signals at a �xed
frequency to the ADC and to a scaler. The digitised signals are read
out by a CAMAC controller unit, which transmits them to a computer
once the measure is �nished.
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through all the slits. When the target plate was down, the laser reached

the central detector in the detector chamber. In this way, we were able

to establish the zero of the beamline, corresponding toq = 0� . This

measurement gave also the vertical offset on the linear manipulator of

the central/lateral detectors.

To calibrate the incident and scattering angles, we used the property

of the mirror target to re�ect optical light. Hence, we rose the target

plate, using its own manipulator, until the light was blocked. Then,

we rose the central detector till the laser beam was detected again.

Assuming a specular re�ection, the incident angle is given by:

q0 =
q
2

(3.1)

This operation was repeated several time, so that we ended up with

different angles corresponding to different readings on the linear ma-

nipulator of the target plate. The incident angle can then be determined

with a simple linear interpolation.

3.2 Ef�ciency de�nition and normalisation mea-

surement

In the laboratory system of reference, the scattering ef�ciency per unit

solid angle can be de�ned as:

h (q0;q; f ) =
1

W(q)
F scat(q0;q; f )

F inc
(3.2)
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whereq0 is the incident angle,q andf are the polar and azimuthal

scattering angles,F scat andF inc are the scattered and incident proton

count rates, andW(q) is the solid angle seen by the detector. The

geometric scheme of the system is given in Figs. 3.1, 3.4.

The count rate of the scattered particles is given by the number of

protonsNscatscattered by the SPO sample reaching the detectors in the

detector chamber divided by the integration timeDtscat. In a similar

way, the count rate of the incident particles is given by the number of

protonsNinc intercepted by the normalisation detector in the mirror

chamber divided by the integration timeDtinc. The number of counts of

incident and scattered protons,Ninc andNscat, is obtained by integrating

the ADC histograms. This number must be corrected for the dead-time

of the ADC, as mentioned in Sect. 3.1.2, so that the effective count

rates can be expressed as:

F scat(q0;q; f ) = a
Nscat(q0;q; f )

Dtscat
; F inc = a

Ninc

Dtinc
(3.3)

with the correction factora given by:

a =
Nscaler

(Npulser)ADC
(3.4)

whereNscaler is the number of counts from the pulse generator as

read out from the scaler fed to the CAMAC controller module and

(Npulser)ADC is the number of pulses from the pulse generator as read

out from the ADC (see Fig. 3.3).

For an ideal incoming proton beam, the number of incident particles

Ninc is constant in time. However, the beam exiting the Van de Graaff
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accelerator was not stable, with �uctuations in the direction of the

beamline varying in a time range from a few to several tens of minutes.

This made necessary to take normalisation measurements before and

after each scattering measurement and average them for each scattering

data point, so that:

Ninc

Dtinc
=

1
2

�
Ninc;1

Dtinc;1
+

Ninc;2

Dtinc;2

�
(3.5)

whereNinc;1 andNinc;2 are the counts in two consecutive normalisation

measurements with integration timesDtinc;1 andDtinc;2, respectively.

The solid angleW(q) (see Fig. 3.4) seen by the detector can be

computed as:

W(q) = 2p
�

1� cos
�

qmax� qmin

2

��
(3.6)

with:

qmin = tan� 1
�

h� r
d

�
� q0 qmax = tan� 1

�
h+ r

d

�
� q0 (3.7)

whered is the distance between the center of the target and the detection

plane (942 mm),h is the height of the detector with respect to the zero

of the beamline, andr is the radius of the aperture in front of the

detector (0.5 mm for the central detector and 2.5 mm for the lateral

one).
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Fig. 3.4 Geometric scheme of the system, useful to compute the solid
angle seen by the detector.d is the distance between the center of
the target and the position of the detector projected on the beamline,
h is the height of the detector with respect to the beamline, andr is
the radius of the aperture in front of the detector.qmax andqmin are
the angles subtended by the upper and lower edges of the aperture,
respectively.

3.2.1 Uncertainty calculation

The uncertainty on the scattering angle is given by three main contri-

butions: the error on the calculation of the scattering angle itself (dq),

the error of the detector aperture (dr), and the error due to indetermi-

nate position of the impact point of the beam on the mirror surface

(dx). Since these contributes are independent from each other, the total

uncertainty is:

sq =
q

(dq)2 + ( dr)2 + ( dx)2 (3.8)
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Let's examine these terms one by one. According to the geometry

of the system (Fig. 3.1, 3.4), the scattering angle is given by:

q = tan� 1
�

h
d

�
� q0 (3.9)

Hence, the corresponding error is simply:

dq =
¶q
¶h

dh =
dh
d

1

1+ ( h
d )2

(3.10)

where dh is the error on the reading of the detector manipulator

(0:5 mm).

The error due to the detector aperture is simply given by:

dr =
qmax� qmin

2
(3.11)

with qmax andqmin as in Eq. 3.7.

To compute the error due to the elongation of the beam spot over the

target surface, we estimated the semi-major ax of the projected ellipse,

which resulted134 mmlong, for the lowest incident angle (0:6°), and

comparable, or even smaller than the mirror lengthml of 110 mmfor

the higher incident angles. We decide to adopt the whole mirror length,

though we are aware that this uncertainty might be responsible for

systematics in the data, especially at the lowest incident angle. With

respect to the geometry scheme of Fig. 3.5, we can de�ne:

dx = x2 � x1 (3.12)
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where:

x1 = tan� 1
�

h� r
d

�
(3.13)

and

x2 = tan� 1
�

h+ r � ml sinq0

Dd

�
(3.14)

with Dd = d � ml cosq0.

Fig. 3.5 Geometric sketch of the system, useful to compute the uncer-
tainty due the elongation of the beam spot on the target.x1 andx2 are
the angles subtended by the heights of the detector with respect to the
upper and lower edges of the aperture in front of the detector itself.

Also the uncertainty on the incident angleq0 (Eq. 3.1) is mainly

dominated by the dimension of the aperture on the central detector

and by the length of the target. It resulted in0:1° for all the chosen

scattering angles.

Concerning the uncertainty on the scattering ef�ciency, it is mainly

given by the intrinsic �uctuation of the proton beam (see also Sec. 3.2).

Minor contributions are due to the count statistics and to the error on

the solid angleW(q). The sum of this contributions results in statistical
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�uctuations of � 20% on the scattering ef�ciency:

sh = 20%h(q0;q; f ) (3.15)

3.3 Results on the scattering ef�ciency

We measured the scattering ef�ciency at two different energies (here-

after referred to as high- and low-energy data sets, respectively) and

at four different incident angles:0:6°, 0:8°, 1:0°, and1:2°. Each data

set consists of scattering ef�ciencies acquired both with the central

(on-axis con�guration) and lateral (off-axis con�guration) detectors.

Results are shown in Figs. 3.7 and 3.6, where the scattering ef�ciencies

are normalised to the square of the incident angle (cfr. Eq. 2.10 in

Sect. 2.2) and are displayed as a function of the scattering angle divided

by the incident one (y = q=q0, cfr. Eq. 2.1 in Sect. 2.1).

For the high-energy data set (Fig. 3.7), we used a beam at� 590 keV

from the accelerator, which was degraded by the Al foil down to

471� 25keV. For the low-energy data set (Fig. 3.6), the beam exited the

accelerator with an energy of� 340keV, which reduced to 172� 30keV

after the Al foil. The value of the incident energy was determined by

simulations with the software TRIM2 (TRansport of Ions in Matter,

Ziegler et al., 2010), already validated in Diebold et al. (2015).

The general trend is in agreement with the previous experimental

results on theeROSITAmirror sample (see below) and with the semi-

empirical model based on Remizovich et al. (1980) that we developed

2The TRIM code is one of the SRIM (Stopping and Range of Ions in Solids) group
of programs, available at http://www.srim.org/index.htm#HOMETOP.
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Fig. 3.6 Scattering ef�ciencies of the low-energy data set as a function
of the scattering angle, for incident angels of0:6°, 0:8°, 1:0° and1:2°,
for the on-axis (top panel) and off-axis (bottom panel) con�gurations.
Energy of the beam of 172� 30 keV.
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Fig. 3.7 Scattering ef�ciencies of the high-energy data set as a function
of the scattering angle, for incident angels of0:6°, 0:8°, 1:0° and1:2°,
for the on-axis (top panel) and off-axis (bottom panel) con�gurations.
Energy of the beam of 471� 25 keV.
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and discussed in Chapter 2. As expected, the on-axis scattering ef�cien-

cies peak at the specular angle (y ' 1) and are consistent with each

other within the uncertainties. However, a higher spread is observed for

the high-energy on-axis data set (Fig. 3.7, top panel), with ef�ciencies

ranging from 0.03 to 0.07 at the peak of the distribution. Also the

off-axis data show a signi�cant spread, which is expected in this case.

Overall, the maximum scattering ef�ciency values (normalised to

the square of the incident angles) are� 0.07 and� 0.02 for the on-axis

and off-axis con�gurations, respectively, with the low-energy data set

showing slightly smaller ef�ciencies than the high-energy one.

3.3.1 Comparison with theeRositameasurements

Fig. 3.8 shows theeROSITAmeasurements (Diebold et al., 2017, 2015,

cfr. Sect. 2.2) overlapped to the SPO data, for both the energies and

the ox-axis and off-axis con�gurations. Though the SPO ef�ciencies

are systematically higher than theeROSITAdata, they are consistent

within the error bars.

Due to this consistency, it seemed natural to apply the semi-empirical

model developed in Sect. 2.3, with the best-�t value ofs as in Sect. 2.3.1,

to reproduce the scattering ef�ciencies of SPO. Fig. 3.9 compares the

semi-empirical model with the scattering ef�ciency of SPO, for all

the data sets. A more accurate representation is given in Appendix B,

where each curve is plotted with the upper and lower errors at 2.7s

con�dence level.

Overall, the model well reproduces the scattering ef�ciency of

the low-energy data set, but overestimates the ef�ciency of the high-

energy data set of� 1.5 times. From a closer look at the low-energy
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Fig. 3.8 Comparison of theeROSITAscattering ef�ciencies (blue dots)
with the SPO ones (green dots for the low-energy set and red dots for
the high-energy set), for the on-axis (top panels) and off-axis (bottom
panels) data.
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data set, the on-axis experimental data are perfectly reproduced by

the semi-empirical model for the lower incident angles (0:6°, 0:8°),

while the ef�ciency curve results slightly wider at the peak than the

experimental data points for the higher scattering angles (1:0°, 1:2°,

see also Fig. B.1). Nevertheless, the value of the ef�ciency at the peak

of the model is always consistent with the experimental one. The

trend is inverted for the low-energy off-axis data (cfr. Fig. B.2). The

ef�ciency curves for lowest incident angles (0:6°, 0:8°) are lower and

only marginally consistent with the experimental data, the peaks are

slightly shifted to lowerY and the drops of the curves do not match

the experimental points. On the other hand, the ef�ciency curves for

the highest scattering angles (1:0°, 1:2°) match the experimental data

points.

Nonetheless, it has to be borne in mind that at this stage we simply

overlapped the semi-empirical model to the new SPO experimental

data. It is clear that a �t of the SPO data is necessary to determine

the appropriate value ofs . We remark, however, that the �t can be

performed only if the energy loss data are available.

Lastly, as in Sect. 2.3.2, we grouped the ef�ciencies of the two data

sets by the incident angle, irrespective of the energy of the incident

beam. Fig. 3.10 shows that the data are perfectly consistent with each

other and with the oldeROSITAmeasurements when grouped by the

incident angle, without accounting for the energy.
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Fig. 3.9 Comparison between the experimental scattering ef�ciency of
SPO (points) and the semi-empirical model developed fromeROSITA
data (solid line), for the low-energy (green) and high-energy (red)
data sets and for the on-axis (top panels) and off-axis (bottom panels)
measurements.

3.4 Remarks and future perspectives

Within the EXACRAD project, we measured for the �rst time the

scattering ef�ciency of a single wafer of SPO hit by low energy protons

at grazing incidence. Measurements were performed at two different

energies,471 keVand172 keV, and at four different incident angles,

0:6°, 0:8°, 1:0°, and 1:2°.

Hereafter some major remarks:

• the scattering ef�ciencies show the trend expected from Remi-

zovich et al. (1980) and from the experimental data oneROSITA



3.4 Remarks and future perspectives 65

Fig. 3.10 Comparison of theeROSITAscattering ef�ciencies (blue dots)
with the SPO ones (red dots for the high-energy set and green dots for
the low-energy set) grouped by different incidence angles, irrespective
of the energy of the beam. The solid lines stand for the semi-empirical
scattering model, with the error on the ef�ciency given by the coloured
area.

(Diebold et al., 2017, 2015). The on-axis data peak close to the

specular re�ection, while the off-axis data show a peak shifted

to higherY ; the off-axis data reach lower ef�ciencies than the

on-axis ones; higher incident angles and higher energies resulted

in higher scattering ef�ciencies;

• the SPO data are generally consisted with theeROSITAdata,

though the high-energy data set show a higher spread in ef�-

ciency;
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• as for theeROSITAdata, the scattering ef�ciency very weakly

depends on the energy of the incident beam;

• the semi-empirical model developed fromeROSITAexperimental

data is able to acceptably reproduce the low-energy data set,

while it results in higher ef�ciencies for the high-energy data set;

• it is necessary to develop a model speci�c for the SPO, with the

s derived from a direct �t of the data.

Concerning the last point, the �t can be well constrained only if

energy losses measurements are available. Those data can be derived

from the raw data, after a proper calibration of the histograms acquired

by the computer. Hence, this work could be improved by retrieving

the energy loss for each experimental data point and performing the

aforementioned �t, following the same approach of Chapter 2.



Chapter 4

Geant4 simulations of

XMM-Newton/EPIC MOS

After being pseudo-focused by the optics of X-ray telescopes, soft

protons (SPs) are funnelled towards the focal plane, where they reach

the detectors and produce a signal indistinguishable from the one gen-

erated by the X-ray photons (cfr. Chapter 1). Along their path, they

interact with all the mechanical components on their trajectory, such

as optical �lters, shields, etc., so that the �nal spectrum is altered. The

link between SPs entering the optics and the spectrum as read-out from

the detectors is given by a speci�c response matrix for protons.

Response matrices are common tools for X-ray data analysis. A

photon response matrix gives the probability that an incoming photon

of energyE is detected in the output detector channelPHA. According

to the Of�ce of Guest Investigators Program (OGIP) for high-energy

astrophysics projects, the format of the matrix must be the Flexible
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Image Transport System (FITS), conform to the OGIP Calibration

Memo CAL/GEN/92-00211. As for a photon response matrix, a proton

response matrix must be made of two different �les: the ancillary re-

sponse �le (arf ), containing information on the effective area computed

as the product of the telescope grasp, the �lter transmission and the

probability that an absorbed proton is detected in the detector working

energy range; the detector redistribution matrix �le (rmf) that stores in

a 2-d array (energy vs.PHA channel) the probability that a proton with

energyEi is detected in the channelPHAcorrespondent to the energy

E0 (Lotti et al., 2018; Mineo et al., 2017). The matrix must be written

in units ofcm2 in order to be used within the X-ray analysis software

XSPEC (Arnaud, 1996).

In building a proton response matrix, two major steps have to be

taken into account:

• the interaction of SPs with the optics, described by the semi-

empirical analytical model of Chapter 2, which can be imple-

mented in any ray-tracing code;

• the interaction of SPs with the elements at the focal plane as-

sembly of the telescope, which can be investigated with any

platform, software, or tool simulating the passage of particles

through matter.

The construction of a speci�c proton response matrix is one of

the activity of the AHEAD2020 (Integrated Activities for the High-

Energy Astrophysics Domain)2 programme, funded by the Horizon
1https://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/docs/memos/cal_gen_92_002/

cal_gen_92_002.html.
2https://ahead.iaps.inaf.it/.
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2020 Framework Programme of the European Union. The speci�c

activity consists in a 2-year project to update the proton response

matrix of XMM-Newtonand produce new proton response matrices for

Athena.

A proton response matrix forXMM-Newtonwas already built by

Mineo et al. (2017). Authors implemented a ray-tracing code for the

optics, consisting in a Monte Carlo stand-alone code that can simulate

the re�ection of either photons or protons interacting with the mirror

shells. The code was derived from an existing version used for the

calibration of the X-ray telescopesBeppoSAX(Conti et al., 1994) and

Swift (Cusumano et al., 2006). It takes into account the geometry of

the optics and the baf�e, and excludes the re�ection from the uncoated

back side of the shells. Mineo et al. (2017) used the re�ectivity model

for protons at grazing incidence proposed by Remizovich et al. (1980)

in elastic approximation (see also Firsov, 1958). Recently, the semi-

empirical model of Chapter 2 has been implemented, so that the ray-

tracing can now be used to simulate the interaction of protons with

XMM-Newtonoptics in non-elastic approximation.

The second step needs a more realistic rendering of the focal plane.

To this aim, I set-up and performed a simulation of SPs impacting

on the focal plane assembly ofXMM-Newton, using the Monte Carlo-

based toolkit Geant4 (GEometry ANd Tracking; Agostinelli et al.,

2003; Allison et al., 2006, 2016), as one of the steps for the production

of the matrix foreseen in the AHEAD2020 project. In the following

sections, I illustrate the geometry and the physics of the simulation, and

some preliminary results. It must be kept in mind that this is just a �rst

stage for the production of a proton response matrix. A complete work
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will put together the results from the ray-tracing code with a wider sets

of Geant4 simulations, comprehensive of different energies and grazing

incidence angles.

4.1 XMM-Newton in a nutshell

The X-ray Multi-Mirror Mission (XMM-Newton, Jansen et al., 2001) is

the largest X-ray observatory of the European Space Agency (ESA). It

was launched on 1999 December 10, inside the Horizon 2000 Science

Program. It consists of three single telescopes, with 58 Wolter type-

I mirror shells nested in a coaxial and cofocal con�guration each,

and an optical/UV monitor, mounted on the mirror support platform

for multiwavelength observations of target sources. The three X-ray

telescopes allow for a nominal effective area of4650 cm2 at1:5 keV—

the biggest ever reached by far.

The satellite hosts on board two different types of CCD detectors,

called European Photon Imaging Camera (EPIC), so that one telescope

has at its focal plane a pn-CCD camera and the other two have MOS-

CCDs cameras, named MOS1 and MOS2. The EPIC cameras perform

imaging observations in the energy range0:15 keV–15 keV, with mod-

erate energy and angular resolution (E=DE � 20–50, PSF� 600FWHM,

� 1500HEW)3. A comparison of the focal planes of the EPIC MOS and

pn is given in Fig. 4.1.

The EPIC pn (Strüder et al., 2001) consists of a single silicon wafer,

divided into four quadrants, with three 200� 64 pixels CCD subunits,

for a total of twelve individual CCDs (Fig. 4.1). Each pixel has a size of

3XMM-Newton Users Handbook, Issue 2.18, 2020 (ESA: XMM-Newton SOC).
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150� 150µm, with an angular resolving capability for a single photon

of 3.3 arcsec.

The EPIC MOS (Metal Oxide Semi-conductor, Turner et al., 2001)

is made up of seven CCDs (Figs. 4.1 and 4.3), one allocated at the focal

point of the respective telescope, and the other six disposed around

it, at different heights. The MOS1 and MOS2 cameras are arranged

orthogonally to each other, so that the gaps between the CCDs are

covered by one another. A more detailed description of the MOS

camera, for the purpose of the Geant4 simulation, is given below

(Sect. 4.2.1).

Each telescope hosting an EPIC MOS is also equipped with the

gratings of the Re�ection Grating Spectrometers (RGS), which deviate

about half of the incoming light to the RGS detectors, so that each

MOS receives 44% of the total �ux. The RGS produces high-resolution

spectra, with a resolving powerE=DE in the range 200–800.

Finally, on board there is also the EPIC Radiation Monitor (ERM),

which supplies particle environment information while the satellite is

crossing the radiation belts or solar �ares, for the correct operation of

the EPIC cameras.

4.2 Geometry ofXMM-Newtonfocal plane for the

Geant4 simulation

For the Geant4 simulation we limited the elements of the focal plane

assembly ofXMM-Newtonto the essential ones, while we tried to re-

produce the EPIC MOS as much faithfully as possible (see Sect. 4.2.1).

Fig. 4.2 illustrates the main components adopted to build the geometry
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Fig. 4.1 Sketch of the �eld of view of the MOS (left) and pn (right) types
of EPIC camera; the shaded circle represents a 30 arcmin diameter
area (Credits:XMM-Newton Users Handbook, Issue 2.18, 2020, ESA:
XMM-Newton SOC).

inside Geant4. The MOS-CCD detector at the focal plane is surrounded

by a truncated cone in titanium,100 mmheight, which acts as a proton

shield (hereafter called forward proton shield), absorbing all the pro-

tons with high-angles trajectories. Right above it, the �lter wheel (see

Sect. 4.2.2) and the entrance door to the focal plane instrumentation

are placed. A further aluminium proton shield extends from the door

towards the optics for a total length of 594 mm.

To simplify the simulation, we did not insert the �lter wheel and the

door, which do not play any signi�cant role. Instead, we simply added

a further10 mm-thick Al truncated cone connecting the two proton

shields. It absorbs all the protons scattered out of the direction towards

the focal plane and guarantees a closed environment for the simulation.
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Fig. 4.2 Sketch of the elements of the focal plane assembly simulated
with Geant4. Protons enter the set-up from above and encounter the
Al proton shield (in grey), then the �lter, the Ti forward proton shield
(in yellow), and �nally reach the EPIC MOS at the focal plane. The
�gure also shows the entrance to the focal plane instruments (the door,
in light green) and the �lter wheel (in orange), that we did not simulate.
We simply added a further Al truncated cone connecting the two proton
shields, to simulate a closed environment and to avoid the dispersion
of protons. The box surrounding the focal plane assembly is indicative
to the reader and was not simulated.
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4.2.1 The EPIC MOS cameras

The EPIC MOS is composed of 7 front illuminated CCDs, numbered

as in Fig. 4.3 for both MOS1 and MOS2, working in the energy range

0:2 keV–10 keV. The central CCD is at the focal point on the optical

axis of the telescope, while the other six are at a distance of4:5 mmto-

wards the mirror, to approximately reproduce the focal plane curvature.

Adjacent CCDs overlaps by about1 mmto cover the300 µm-wide dead

region they have on three sides.

Each CCD has 600 x 600,40 µm2 pixels; one pixel covers 1.1� 1.1

arcsec on the FOV, so that 15 pixels cover the mirror PSF half energy

width of 15 arcsec. With an imaging area of� 2:5� 2:5 cmeach, the

mosaic of the seven CCDs covers the entire focal plane (62 mmin

diameter, equivalent to 28.4 arcmin).

Each pixel has a depletion region of approximately37 µm, while

the electrodes are made of a double layer of silicon and silicon dioxide

(SiO2). To increase the ef�ciency, the pixels have been etched in the

central part to gate oxide, so that 40% of the total pixel area is thinner

than the surroundings (Hiraga et al., 2001), allowing for a higher

transmission for very soft X-rays that would otherwise be absorbed in

the electrodes. The etched area (`open' electrode, hereafter) consists of

a 0:1 µm-thick layer of Si and0:15 µm-thick layer of SiO2, while the

remaining 60% (`closed' electrode, hereafter) is made up of a0:3 µm-

thick layer of Si and0:75 µm-thick layer of SiO2 (Fraser et al., 2014,

Appendix A2) .

In our simulations, we simply divided the electrode covering the

depletion region into two parts for the `open' (40% of the total area)
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and `closed' electrode (60% of the total area), respectively, as sketched

in Fig. 4.4.

4.2.2 The Filters

The �lter wheel (Fig. 4.5), allocated at a distance of10 cmfrom the

focal plane of the EPIC cameras, is equipped with four different �lters:

• 2 thin �lters, with 0:16 µmof poly-imide and0:04 µmof alu-

minium

• 1 medium �lter, with 0:16 µm of poly-imide and0:08 µm of

aluminium

• 1 thick �lter, with 0:33 µmof polypropylene,0:11 µmof alu-

minium, and 0:045 µm of tin

Additionally, the �lter wheel also has an open and a closed position,

the latter with1:05 mmaluminium �lter. Each �lter, including the two

closed/open positions, is circular shaped, with a diameter of 76 mm.

For purpose of comparison with Mineo et al. (2017), we imple-

mented in our Geant4 simulation the medium �lter, constructed as a

thin disc, with the layers and the dimensions stated above.

4.3 Simulation set-up and preliminary results

We used Geant4 v. 10.02, with the Space Physics List developed for

Athena/X-IFU and endorsed by ESA. We activated the Single Scattering

process, which simulates and stores at each step of the interaction the

information concerning the particle, such as energy, momentum, and
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Fig. 4.3Left panel: The layout of the MOS1 camera, in detector coor-
dinates [DETX,DETY]. The image is extracted from an exposure taken
during calibration with the closed �lter on (Credits:XMM-Newton
Users Handbook, Issue 2.18, 2020, ESA: XMM-Newton SOC).Right
panel: the CCDs of the MOS cameras as mounted inside the cryostat
(Turner et al., 2001).
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Fig. 4.4 Geometric scheme of the simulated MOS: on top of the deple-
tion region (37 µmthick), the `closed' and `open' electrodes occupy
respectively the 60% and 40% of the total area. Picture not in scale.

impact point. Due to the nanometer scale of the dimensions of the

medium �lters, we had to reduce the length between two consecutive

interactions (called `step' in Geant4 jargon) in the �lter to the 20%

of the thickness of each layer, to assure the correct execution of the

simulation.

We used an initial distribution of107 protons, with a circular beam

pro�le of the same diameter of the �lter (76 mm), centered at the focal

ax, 1 m far from the central MOS-CCD. The energies of the protons

were randomly selected between8 keVand200 keV, with a �at energy

distribution.

As a �rst, simple approach, we simulated a proton beam perpendic-

ular to the �lter. It is clear that a �nal and more complete simulation

must take into account all the angles and directions of the protons

exiting the optics. Protons lose� 25 keVwhile crossing the medium

�lter. Clearly, protons with less than25 keVare completely blocked
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Fig. 4.5 The �lter wheel for the MOS cameras in its bulk structure.
The six apertures host the four �lters and the closed on open positions.
Picture from Turner et al. (2001).
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