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Summary

ExoMars is a space program of the European Space Agency (ESA). Its aim is to characterise
the biological environment on Mars in preparation for robotic missions and then human ex-
ploration. The mission will make use of a Mars orbiter, a descent module and a Mars rover.
An X-ray diffractometer is proposed as payload on the Mars-rover. The assignment of this
master thesis was to design an X-ray diffractometer that can meet the requirements dictated
by ESA for extraterrestrial missions and meet the X-ray diffraction requirements.

The design is based on two levers which rotate a radioactive source and a solid state detector
around a mutual axis. This axis coincides with the surface of the specimen to be analysed.
The two levers will rotate in a stacked, integrated, hybrid bearing set. To avoid play all mat-
ing surfaces have a tight fit. The angular contact ball bearings are preloaded by one spring
bush to save mass and volume. In order to realise this, the outer shaft has an axial degree of
freedom. The levers consist of a double leaf spring, constraining all degrees of freedom except
one. This degree of freedom and the rotation around the axis are constrained by a piezo
stepper which 'walks’ along a guide. The step resolution is 15urad but can be increased. Two
optical angle encoders provide the angle information of the levers. A launch-lock shall keep
the levers in place during launch and impact on Mars. The diffractometer components are
enclosed by two shells, providing stiffness, vacuum environment and protection. A beryllium
window provides passage for the X-rays.

The design almost completely meets its requirements. All components are vacuum compatible
and meet the requirements for space qualification. Tests should give more information about
the performance and the maximal resolution of the stepper.
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Samenvatting

ExoMars is een ruimtevaart-programma van de European Space Agency (ESA). Het doel van
het programma is het beschrijven van de biologische omgeving op Mars in voorbereiding op
robot- en uiteindelijk bemande missies. De Exomars-missie maakt gebruik van een Mars-
satelliet, een landingsmodule en een Mars-rover. Een rontgendiffractometer is voorgesteld als
onderdeel van de rover lading. De opdracht van dit afstudeerproject was het ontwerp van
een rontgendiffractometer dat voldoet aan ESA’s eisen voor buitenaardse missies en aan eisen
met betrekking tot rontgendiffractie.

Het ontwerp is gebaseerd op twee armen die een radioactieve bron en een rontgendetector
roteren om een gemeenschappelijke as. Deze as valt samen met het oppervlak van het te
analyseren preparaat. De twee armen roteren in een gestapelde, geintegreerde en hybride
lageropstelling. Om speling te vermijden zijn alleen vaste passingen toegepast. Om massa
en volume te beperken, worden twee sets hoekcontactlagers voorgespannen door middel van
één harmonicabus. Hiervoor is één as uitgevoerd met een axiale vrijheidsgraad. De armen
bestaan uit een dubbele bladveer. De hierdoor vrijgelaten vrijheidsgraad in axiale richting en
de positie van de as worden vastgelegd door een piézo-stepper. Deze piézo-stepper ”loopt”
langs een geleiding en bepaald de positie van de rontgenbron en detector. De stapresolutie is
15 prad maar kan nog verder verlaagd worden. Twee optische encoders geven de positie van
de armen weer. Een lanceeerbeveiliging moet de armen op de plaats houden tijdens lancering
en bij het neerkomen op Mars. De onderdelen van de diffractometer worden ingesloten door
twee schalen, welke voorzien in stijfheid, een vacuumomgeving en bescherming. Een beryllium
venster zorgt voor vrije doorgang van de rontgenstralen.

Het ontwerp voldoet bijna geheel aan de gestelde eisen. Alle onderdelen zijn geschikt voor

een vacuumomgeving en voldoen aan de eisen voor space qualification. Testen moeten meer
inzicht geven in de prestaties en de maximale resolutie van de piézostepper.
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Symbols and definitions

List of symbols

Rp0,2

acceleration

stiffness

static load rating
capacitance

interplanar spacing
Young’s modulus

effective modulus of elasticity
frequency

eigenfrequency

force

friction force

normal force

tangential force

maximal contact load
earthly acceleration (9.81)
Shear modulus of elasticity
Root mean square acceleration
stroke

transmission ratio

mass

critical mean pressure
power

bearing load

radius

distance specimen-source
distance specimen-detector/receiving slit
rotation around the #-axis
rotation around the r-axis
rotation around the z-axis
effective radius

race conformity

yield strength
circumference



xii

t time S

tq detection time S

tm moving time S

T temperature K
tand dielectric factor -

u movement m
U voltage \Y

v velocity m/s
X position m

z position m

z number of bearing balls -

a coefficient of thermal expansion 1/K
I} angle of divergence ©

1) indentation m

€ peak to peak distance m
%) angle rad
A wavelength m

1 friction coefficient -

v Poisson’s ratio -

04 angle incident beam-specimen rad
O angle diffracted beam-specimen rad
p density kg/m3
o stress N/m?
£ damping factor -

Coordinate system

The coordinate system used is a cylindrical coordinate system r-6-z with its origin on the
specimen surface. Rotations about the r, § and z-axis are respectively r;, ry and r,.

X-ray Detector

source

Receiving
slit

specimen

Figure 1: Axes definition



Chapter 1

Introduction

The Aurora programme is set up by the European Space Agency (ESA) with the primary
objective to create, and then implement, an European long-term plan for the robotic and
human exploration of the solar system, with Mars, the moon and the asteroids as the most
likely targets [12]. For the Aurora programme ESA adopts a step by step approach whereby
the complexity of the missions will increase in time. If all goes well the ultimate goal will be
a human expedition to Mars by the year 2030. One of the first missions to Mars will be the
ExoMars mission.

The aim of the ExoMars mission is to characterise the biological environment on Mars in
preparation for robotic missions and then human exploration. The mission will make use of a
Mars orbiter, a descent module and a Mars rover [12]. The rover will be equipped with a 40 kg
exobiology instrument payload (Pasteur package) which includes a lightweight drilling system,
a sampling and handling device and other instruments to search for signs of past or present
life. Using conventional solar arrays to generate electricity, the rover will be able to travel
autonomously a few kilometres on the Mars surface while gathering scientific information.
Figure gives an impression of the Mars rover.

Figure 1.1: Artist impression of a Mars rover [I1]



2 Introduction

In response to a ’call for ideas’ issued by ESA, an international team (Mars-XRD team)
proposed an X-ray diffractometer as part of the surface exploration payload of the Pasteur
package. This team consists of companies, universities and institutes from various European
countries, including the Netherlands Organisation for Applied Scientific Research TNO (TNO)
and Delft University of Technology.

X-ray diffraction (XRD) is the only analysis method to get detailed insight in the mineralogy
and chemical composition of the Mars soil and may solve questions about (i) the geology and
mineralogy of Mars, (ii) the whereabouts of large amounts of water and carbon dioxide that
are remnants of the much larger amounts of liquid water and carbon dioxide gas on Mars of
about three billion years ago,(iii) an indication for the presence of present or past life on Mars
[8].

Apart from an X-ray fluorescence (XRF) device on the Viking Lander no diffractometers have
been sent into space yet but currently also NASA is working on this topic [23].

TNO (see Appendix [I[) has a wide experience in designing space instruments, however the
design of an X-ray diffractometer is completely new. Therefore, parallel to the Mars-XRD
project this MSc-graduation project has been started by TNO and Delft University of Tech-
nology in order to provide a proof of concept which can serve as knowledge acquisition and as
possible reference and/or backup to the Mars-XRD team. Possibly a trade-off can be made
for terrestrial application in the form of a portable diffractometer. This report describes the
design of the XRD for the Pasteur package.

In the next chapter objectives and assignment are explained. Chapter 3 provides a concise
theoretical background on X-ray diffraction. In chapter 4 the requirements will be elaborated.
Chapter 5 and 6 explain the diffractometer design and the choices made for this design.
Chapter 7 gives an evaluation of the diffractometer design and finally in chapter 8 conclusions
and recommendations are given.



Chapter 2

Objectives and Assignment

2.1 Objectives

The objective of this assignment follows from the desire to bring an X-ray diffractometer to
Mars in order to characterise its biological environment.

The main objective is to present a design of an X-ray diffractometer that can meet the
requirements dictated by ESA for extraterrestrial missions and meet the X-ray diffraction
requirements.

A second objective is knowledge acquisition. For TNO (even if the design will not be used as
payload) this assignment will provide knowledge and experience in the design of a small size
diffractometer and a possible trade off to a commercial portable diffractometer can be made.

2.2 Assignment

The assignment has been described as follows:

Design an X-ray diffractometer that can meet the requirements dictated by the
diffraction process, space- and planetary protection policy and by ESA.

The assignment comprises the following items:
e Review of requirements
e Conceptual design

e Detailed design of main components
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Chapter 3

X-ray powder diffraction

This chapter will give a basic understanding of X-ray diffraction and the diffractometer. It
addresses the interaction between radiation and matter, powder diffraction and the diffrac-
tometer. The chapter is only a short introduction to X-ray powder diffraction. Minor effects
originating from the X-ray—matter interaction are not taken into consideration. The process
will be treated as 2D process though actually it is a 3D process. More detailed information
can for instance be found in [20].

3.1 X-ray Diffraction

3.1.1 Atom-radiation interaction

X-rays are part of the electromagnetic spectrum and therefore have properties of both waves
and particles. The packets of energy (photons) can ’bounce’ and transfer momentum, which
is a property of a discrete particle. They can also be diffracted by a grating of appropriate
wavelength and have measurable wavelengths, which are properties of a wave. When X-rays
interact with matter there is a distinction between processes where the wavelength changes
(mainly the photoelectric effect) and a process where the wavelength remains the same.

With the photoelectric effect an incoming photon dislodges a K-shell electron in the target
atom, leaving a vacancy in that shell. An outer shell electron then ’jumps’ to fill the vacancy.
This results in the generation of a characteristic X-ray photon with an energy equivalent to
the energy of the jump. The process is called fluorescence.

The second process is the one important for X-ray diffraction. The wave properties of X-rays
involve a periodical change of electrical and magnetic field. With electrically loaded particles
an interaction is to be expected: electrons will oscillate in phase with an X-ray beam and
will become themselves X-ray point sources of the same wavelength. This effect is called
scattering. There is no interaction with the nucleus because of its high mass. The interaction
of an atom and an X-ray beam will result in scattering by the atom which is essentially the sum
of the scattering of the electron ’cloud’ around the nucleus. When the atoms are arranged
in a regular structure (i.e. crystalline) the X-rays scattered by the individual atoms will
interfere. Most rays will be out of phase and cancel out each other (destructive interference)
but in specific directions the rays will be in phase and will amplify each other (constructive
interference). This process of constructive interference is called diffraction.



6 X-ray powder diffraction

3.1.2 Diffraction

As mentioned in the previous section diffraction is based on the scattering of regular arranged
atoms. L. Bragg and his father W.H. Bragg discovered that diffraction could be treated
as a reflection from evenly spaced planes of atoms if monochromatic x-radiation was used.
"Reflection’ of X-rays differs from reflection of visible light in that visible light is reflected at
all angles, whereas X-rays only ‘reflect’ at specific angles.

“reflected”
X-Tays

O e

\A\ undeviated

X-rays

Figure 3.1: Condition for X-ray reflection

The condition for 'reflection’ is depicted in figure An incident beam with wavelength A,
penetrates a stack of planes of spacing d. The angle of incidence is called 8. Each plane will
'reflect’ a portion of the incident beam. Constructive interference will occur if the 'reflected’
beams are in phase, that is, if the path difference AB-AD=nA\, where n is an integer. This
condition is fulfilled when:

2dsin(0) = nA (3.1)

This equation is called Bragg’s law. Herein n is called the order of diffraction.

3.1.3 X-ray powder diffraction

The Bragg law makes X-ray powder diffraction analysis possible. X-ray powder diffraction is
used for both qualitative and quantitative analysis of a specimen. In X-ray powder diffraction,
a powder irradiated at a given angle of incidence 6 will produce a diffraction pattern. In this
case powder does not automatically means small loose particles. Important are the number
and size of the individual crystallites. In this way both a polycrystalline solid as well as
billions of tiny crystallites can be considered to be powder. For the X-rays to yield useful
information about the material structure, the wavelength of the incident X-rays should be of
that same order of magnitude as the interatomic spacing in the crystal structure.

A typical diffraction pattern consists of a plot of diffracted intensities versus the diffraction
angle, see figure By convention diffraction angles are recorded as 26 (the angle between
the directions of the incident and ’reflected’ rays, see fig .
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[CRO20628 MO Linde-C Corrundum side drifted on glass slide, 2 deqg min, 35ma 40KY

700

B00

Intensity(Counts)
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.

. L
50 &0 0 0 a0
2-Theta(®)

Figure 3.2: Typical diffraction pattern

The three parameters of special interest in a diffraction pattern are:

- The position of the diffraction lines

- The intensities of a diffraction line

- The intensity distribution within a diffraction line as a function of diffraction angle

The positions of the diffraction lines are used to determine the unit cell dimensions of the
target material. The intensities and the distribution of the diffracted X-rays can be used to
work out the kind and arrangement of atoms in a unit cell. Qualitative analysis, also called
phase analysis, usually involves the comparison of diffraction patterns with known measured
or calculated patterns. The International Center Diffraction Data (ICDD) provides a database
with these patterns.
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3.2 The X-ray powder diffractometer

Figure [3.3| shows the essential parts of an X-ray diffractometer. A powder specimen C is
irradiated by a divergent X-ray beam from the X-ray source S. Rays diffracted by the specimen
form a convergent beam which comes to focus at the receiving slit RS and then enters the
detector D. A and B are special slits which limit and collimate the incident and diffracted
beams. The main components are shortly discussed in the next paragraphs.

Diffractometer
circle

Figure 3.3: X-ray diffractometer components

X-ray source

Most diffractometers use an X-ray tube as source. When accelerated electrons in the tube
strike the target material, X-radiation is emitted. The tube source acts as a line source. The
emitted X-rays includes a continuous spectrum and the characteristic (Kq, ,,Kg ) radiations.
For X-ray diffraction only K, radiation is desired.

X-ray detector

Different types of X-ray detectors can be used. Currently three types are in use: proportional,
scintillation and semiconductor. All depend on the power of X-rays to ionise atoms, whether
they are atoms of a gas (gas filled detectors) or atoms of a solid (solid state detectors). In
general three aspects of the detector are of concern: losses, efficiency, and energy resolution.
A general treatment of these detectors is given by [21].

Specimen

The specimen is a flat specimen with a surface area depending on the length of the X-ray
source and the divergence of the emitted rays. Typically the surface area is 10x10 mm.
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Ideally the specimen consists of a statistically infinite amount of randomly oriented powder
with crystallite size less than 10 pm. It is important to avoid preferred orientation of the
crystallites when mounting the specimen in the specimen holder.

Slits and filters

To limit and direct the X-rays emitted by the tube, usually slits are used. A filter is applied
to monochromatise the beam, i.e. to eliminate most of the Kj radiation and to reduce the
continuous spectrum. This filter can be placed in the incident or diffracted beam. The
receiving slit defines the detection angle.

3.2.1 Diffractometer geometry
Focusing action

While diffractometers can differ in geometry, one returning aspect is the focusing action. The
focusing action confines the observable intensity of the diffracted beams to a point where they
can be accurately measured. The basis for the focusing condition is the geometrical theorem:
All angles inscribed in a circle and based on the same arc SR are equal to one another and
equal to half the angle subtended at the centre by the same arc AB (see figure )

focusing

circle Detector

X-ray

Receiving
slit

(a) (b)

Figure 3.4: Focusing geometry

In figure S can be seen as the X-ray source and R as the receiving slit of a diffractometer
(figure ) A and B are points on the specimen surface. The circle is called focusing circle.
X-rays proceeding in the direction SA and SB will be ’reflected’ in A and B. Since the angle of
incidence equals the reflected angle, 'reflected’ X-rays will come to a focus at the receiving slit
R. Perfect focusing requires the specimen to be curved to fit the focusing circle. In practice
most specimen are flat and the focusing is not perfect and denoted as 'parafocusing’.

Two geometries can be distinguished: Bragg-Brentano and Seeman-Bohlin geometry. Both
geometries are explained by means of figure [3.5

In this figure rg is the distance between the X-ray source and the specimen, and rq the distance
between the specimen and receiving slit RS.
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/~—focusing /~—focusing
/ circle / circle
/‘ \‘ Detector /‘ . Detector

X-ray ‘ X-ray

- Diffractometer , Diffractometer
— circle m——— circle

Figure 3.5: Schematic diffractometer movements: (a) Bragg-Brentano geometry,
(b) Seeman-Bohlin geometry

Bragg-Brentano geometry

The Bragg-Brentano geometry is the most used among diffractometers. In the diffractometer
the relationship between 6 (the angle between the direction of the incident beam and the
specimen surface) and 26 (the angle between the directions of incident beam and the diffracted
beam) is maintained throughout the analysis. ry and rq are fixed and equal and define
the diffractometer- or measuring circle in which the specimen is always at the centre. The
geometry is called 8 — 20 geometry if the tube is fixed and the rotation of the specimen and
receiving slit are coupled in a ratio 6 : 26. It is called 8 — 6 geometry if the specimen is
fixed and both the tube and receiving slit rotate at an equal angle . During rotation of the
components the radius of the focusing circle changes.

Seeman-Bohlin geometry

The Seeman-Bohlin diffractometer can have a fixed tube and specimen. The radius rq varies
with 26 to maintain the focusing geometry. Alternatively the source and receiving slit rotate
at an equal angle # and both rg and rq vary to remain on the focusing circle. During rotation
of the components the radius of the focusing circle remains the same.

For accurate measurement the diffractometer components have to be aligned in such a fashion
that the following conditions are satisfied:

1. line source, specimen surface, and receiving slit are all parallel,

2. the specimen surface coincides with the diffractometer axis for the Bragg-Brentano
geometry or with the diffractometer circle for the Seeman-Bohlin geometry,

3. the line source and receiving slit lie on the diffractometer circle.



Chapter 4

Requirements

The requirements for the diffractometer can be divided in three sets:
e Requirements following from the diffraction process and instrument components
e Specifications given by ESA

e Requirements following from ESA’s space and planetary protection policy

4.1 Requirements following from the diffraction process and
instrument components

The diffraction requirements are related to the geometry chosen for the diffraction observa-
tions. The diffractometer geometry takes shape in the positions of the source, the specimen
and the detector. The quality of the diffractometer is directly related to the precision of the
position of these components. The position of the specimen is given. The requirements to
the source and detector position are summarised in table

Angle resolution Af prad <20
Angle range (20 = 65+ 604) 4 —160°
Tolerance Ar pm 20
Tolerance Az pm 500
Tolerance r, prad 75
Tolerance 79— source prad 200
Tolerance rg_getector prad 1000
Tolerance 7,_source prad 7.5
Tolerance 7._getector prad 100

Table 4.1: Geometric tolerances

The angular resolution Af of the source/detector position defines the ability to distinguish
peaks in the #-intensity plot. This resolution is determined in Appendix [B| In this appendix
also the tolerances and the minimal diffraction angle are defined.
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4.2 Specifications given by ESA

The diffractometer will be part of the Pasteur payload of the Mars-lander. The instruments
included will all be subsystems and have to fit in the main system. Table[4.2]lists specifications
that are taken from the Mars-XRD team proposal.

Dimensions mm | 220x60x120
Mass (target) kg 0.8
Maximum power consumption \W% 2

Table 4.2: ESA requirements

4.3 Requirements following from ESA’s space- and planetary
protection policy

For use in space the diffractometer needs to be space qualified. For operation on an extrater-
restrial planet it has to comply with ESA’s planetary protection policy. Since the design is
intended as a proof of concept not all requirements have to be met yet but the diffractometer
design will be based on these requirements.

Space qualification

Space qualification involves many issues including issues on failure risks, vacuum operation
and materials used. The "European Cooperation for Space Standardization’(ECSS) provides
standards an instrument has to comply with. Appendix [A] gives a short overview of space
qualification issues and the ECSS standards involved.

The most important quantified requirements are listed in table

T-range °C | -150 to 450
Eigenfrequency Hz >200
RMS accelerations at launch/touchdown g 40
Vacuum condition in space Pa 1077

Table 4.3: Space qualification requirements

Planetary protection policy

Based on the Outer Space Treaty of 1967 the Committee On Space Research (COSPAR)
established some planetary protection guidelines. These guidelines impose, depending on the
type of mission, requirements on spaceflight missions. The ExoMars mission is classified as a
category IV mission [13].
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In short the requirements imposed include a detailed documentation and a large number of
implementation procedures. Important for the initial design of the diffractometer are the re-
stricted bioload and prevention of microbial contamination including the need for sterilisation
of the components. This implies:

- as low as possible use of organic materials

- as few as possible mating surfaces

4.4 Boundary conditions

The design of the diffractometer will be a conceptual mechanical design. Components such
as electronics, data processing and interfaces are not considered.

Other boundary conditions:

The XRD will make use of the mechanical structure, the power supply, the central control
unit and the thermal insulation of the Pasteur package.

The Pasteur package’s operation temperature will be held above 0 °C within a range of 1°C.
The operation temperature may be chosen at another value later, but this possibility is
not considered in this report.

The position of the sample will be given and fixed.

Sample surface dimension: 10x10 mm
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Requirements




Chapter 5

Diffractometer system layout

Several configurations are possible for the diffractometer layout. In this chapter the options
will be discussed and a system layout will be presented. The individual choices made in this
chapter and the next, are based only on a diffractometer for application on a Mars-rover. A
possible earthly trade-off is not considered in the design because requirements for space and
earth are not always corresponding.

5.1 Selection criteria for the diffractometer basics

Mechanical selection criteria for the various (sub)concepts are, in order of importance, the
(estimated):

mass and occupied volume,
complexity, in terms of the number of separate components, pivots and guides

accuracy
specimen accessibility

Criteria for the diffraction process are the:

- resolving power
- minimal measuring angle (26)
- maximal measuring angle (26)

The mechanical selection criteria rest on the requirements for space operation as described
in the requirements section and appendix [A] Starting point is to keep the design as simple as
possible (low complexity). This means as few moving parts as possible without restraining the
(diffraction) requirements. Pivots and guides will be kept to a minimum to avoid play, friction
and wear. Because the handling of the specimen in the Rover is still in its pre-design stage,
preferably the specimen can be accessed and handled from as many as possible directions.

5.2 Diffraction Geometry

Since the position of the specimen is given, only the detector and source move. This move-
ment is governed by the diffraction geometry. The Seeman-Bohlin and the Bragg-Brentano
geometry will be considered.
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With the Seeman-Bohlin geometry the source and detector trace a path on the circumference
of the focusing circle while the source stays directed at the specimen (also located on the
circumference). The mechanical axes of rotation of the source and the detector can coincide
with the axis of the focusing circle or with the specimen surface. In the first case an extra
rotation of the source is needed to keep it directed at the specimen. Advantageous is the
absence of an (virtual) axis on the specimen surface, leaving more accommodation for speci-
men placement. The drawback is a changing angle of the detector in respect to the diffracted
X-ray beam. At low angle this will result in line broadening in the diffraction plot. In the
second case the source- specimen and specimen-detector distance have to be varied.

With the Bragg-Brentano geometry the source and detector trace a path on the circumference
of a circle with its axis on the specimen sur