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1 OBJECTIVE AND SCOPE OF THE STUDY

1. To investigate the scattering of representative dust particles and 
the ejecta generation upon HVI impacts on representative samples 
of the ATHENA mirror optics. 

2. Analyzing the results and to derive a respective scattering model.  

3. Derive a model for the scattering and the secondary particle 
generation for impacts of μm and sub-μm sized articles

5
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1 OBJECTIVE AND SCOPE OF THE STUDY - REQUIREMENTS FOR THE EXPERIMENTS 6

Experiment parameters, measured and derived  values

Model Input Model Output

Impact velocity Ejecta number

Impact angle Ejecta velocity vector

Particle mass Ejecta Mass

Particle density and material Crater size and shape 
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Table 3. ATHENA mission summary 

Advanced Telescope for High Energy Astrophysics -  Mission summary 
Orbit: Large amplitude libration orbit around Sun Earth L2 (halo orbit) 
Launcher: Ariane-5 (ECA) 
Total S/C mass / power 4500 kg  / ~5 kW 
Launch date: End 2022 (reference launch date for L1 – Cosmic Vision plan) 
LEOP / Transfer 3 days / ~ 3 month 
Operational Mission: 5 year (possible extension of another 5 year) 
Attitude control: 3-axis stabilised spacecraft (RW’s and thrusters) 
Payload: - 2-aperture X-ray telescope (total effective area > 1 m2 at 1.25 keV) 

- Wide Field Imager & Hard X-ray Imager 
- Micro-calorimeter Spectrometer (with cryogenic chain) 

On Board Science Data: ~ 90 Gbit/day (average, downloaded in 4 hr) 
Communications: X-Band: 1x steerable HGA and 2 Omni-directional LGA 
Ground Station: New Norcia (additional stations depend on international cooperation) 

 

6.2 The Mirror Assembly 

The two identical x-ray mirrors are accommodated in the mirror assembly, which is conceived as an independent unit, to 
be later integrated into the fixed metering structure of the spacecraft. The MA design is based on a hierarchical and 
modular approach, organized around the individual x-ray optical units (the so-called Mirror Module).  

In a first design iteration completed during the internal ESA study, the two mirrors are composed of approximately 250 
MMs each; the modules are fixed to a common support structure, with a reticular shape (indicated as mirror structure). 
The two mirrors would be fixed to the primary structure of the MA via kinematic mounts which allow minimising the 
impact of mechanical and thermo-elastic loads onto the optics alignment.  

Light weight, thermal baffles are located in front of the X-ray optics (sky side) reducing the view factor to cold space. 
Moreover the mirrors are heated via electrical heaters, thus allowing to keep the mirror elements at a temperature close to 
ambient with a total heater power of just below 1 kW. Dedicated covers are also baselined to protect the X-ray optics 
from contamination during AIV, launch and early phase operations (including the deployment of the observatory). A 
sun-shield is protecting the MA from stray-light. Figure 4 below illustrates the design of the Mirror Assembly, as from 
the ESA study performed in May 2011. 

  

 
Figure 4 – Overview of the proposed Mirror Assembly design, including the two x-ray mirrors (ESA study).  
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elements. Figure A 8 shows on the left a subset of the pores in one element (green, three rows only), with the vertical axis 
scaled in order to highlight the inclination of the holes. On the right, the 3 mirror elements are shown from the side, 
highlighting the varying length of the mirror elements with the radial distance from the central axis. 
 
 

 
 

Figure A 7: Model of a single pore, which consists of a two sections with offset angles. Į is the angle to the optical 
axis and L is the length of each section. These parameters vary across the mirror assembly 

    

Figure A 8: Details of the Geant4 implementation of the ATHENA mirror geometry model. (Left) Three rows of 
pores in one mirror element, vertically stretched view. (Right) Side view of the three mirror elements 

 
A global normalisation factor of 0.6 was applied to account for dead areas in the mirror structure, between blocks and 
between petals. As the source is already simulated for each of the 3 blocks studied as starting from an area of 10x10 pores, 
the loss in transport efficiency due to the surface covered by septa between pores is already implicitly included. 
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2.1) BACKGROUND & MOTIVATION: ATHENA MISSION AND INSTRUMENT
8

• ATHENA’s x-ray optics are comprised of a large number of stacked  individual Mirror 
Modules (MM). 

• The mirror modules are  composed by two connected stacks of silicon plates, consisting 
of a large number of individual pores. The two stacks approximate the parabola and 
hyperbola mirror segments as from the Wolter-I telescope design.  

•  A single pore consists of two sections with offset angles, allowing the light to be reflected 
at very small (grazing) angles. The path of light also defines a possible path for impacting 
μm-sized particles to reach and possibly damage the CCD.

ATHENA is the next generation X-ray astronomy mission providing 
advanced x-ray imaging and spectroscopy 
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2.1) BACKGROUND & MOTIVATION: ATHENA MISSION AND INSTRUMENT 9
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Figure B 6: From RD[65] Schematic of scattering of micrometeoroids from the mirror 

 
An analysis was performed by mapping the particle flux from the telescope to the focal plane. As an approximation, 
azimuthal velocity components (into the plane of the paper in Figure B 6) were ignored. From the previous studies with 
XMM it was observed that most particles left with angles between 0 and 0.5 degrees, hence this scattering range 
(Ǉmax=0.5) is taken as a reasonable estimate. The percentage of particles thus calculated as impacting a circular central 
detector is plotted against the detector radius in Figure B 7. 
 
It should be noted that the XMM study RD[61] looked only at impacting iron particles and the composition of the real 
particles is variable. Hence there is considerable uncertainty in Ǉmax remaining after the XMM investigation.  

 
 

Figure B 7: Percentage of particles impacting the focal plane as a function of radius of a circular detector centred 
on the optical axis. 

 

0

10

20

30

40

50

60

70

80

90

100

0 5 10 15 20 25 30 35 40 45 50

detector radius cm

%
 o

f f
oc

al
 p

la
ne

 fl
ux

 

Issues:  

• Possible scattering of 
micrometeoroids impacting under 
very narrow incident angles through 
the mirror shells which then could 
reach and damage the CCD.  

• Possible generation of secondary 
particles (ejecta) due to 
micrometeoroid impact in grazing 
angles onto the pore walls and even 
the formation of an exacta cascade. 
These ejecta could then again reach 
and damage the CCD.
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2.2) BACKGROUND & MOTIVATION:  
       MICROMETEOROID DAMAGE IN A PREDECESSOR MISSION (XMM-NEWTON)

10

Constituents of dust@ 1AU

Interstellar Dust 
(ISD)

Interplanetary 
dust (IDP) Space debris

Origin Outside the SS Asteroids, comets, 
moons and planets Artificial

Composition
chondrites, silicates (i.e. pyroxene and 
olivine), metals (e.g. Fe/Ni), salts, ices, 

carbonates and phosphates
Metals, alloys etc.

relvant @ L2? x x -



2.3) BACKGROUND & MOTIVATION: DUST @ 1AU

Particle flux:  
• Flux is defined as number of intercepted objects per 

unit time and area:  

• The dust environment at 1 AU is best described by the 
Grün model. It shows the significance to study 
especially the μ- and sub-μ-sized particles with the 
most probable encounter speed.  

 Particle velocities: 
• The Taylor HRMP velocity distribution of interplanetary 

dust particles at 1AU distance is obtained with radio 
measurements of meteors impacting Earth’s 
atmosphere.  

• The maximum speed centers at roughly 15.5 kms-1, 
The distribution is rather broad such that speeds 
between 6.5 kms-1 and 25 kms-1 dominate. For L2 
orbits, the "basic" distribution is applicable.  

• For the ATHENA trajectory the Earth shielding can be 
ignored as well as the gravitational focusing. 

11
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systems; some moons have active volcanoes which eject
material as gas and dust. If the emission speed of these
grains is sufficient enough, the material is released into
interplanetary space, moving on orbits around the sun.
In the inner Solar System, at heliocentric distances less
then 2.5 AU, comets and asteroids are believed to be the
dominant sources of interplanetary dust.

Space debris
space debris comprises of man-made particles originat-
ing from collisions of larger artificial objects or even from
rocket exhaust. Space debris particles are mainly en-
countered in earth orbits below 2000 km altitudes and
near the geostationary ring.

The damage caused by collisions with meteoroids and space debris
will depend on the size, density, speed and direction of the impacting
particle and on the shielding of the spacecraft c1[43].c1MM: . Submillimeter sized

particles can cause pitting and
cratering of outer surfaces and
lead to degradation of optical,
electrical, thermal, sealing or
other properties. Larger
particles can puncture outer
surfaces and may cause damage
to structure or equipment by
penetration and spallation.

2.1.2 Particle Fluxes at 1AU

Flux models have been developed for both micrometeoroids and space
debris. But as the ATHENA spacecraft will spend only very limited
time near Earth impacts from space debris particles can be neglected.

Meteoroid impacts are specified by statistical flux models. Mete-
oroid fluxes are usually specified as a time-averaged flux, Fr, to one
side of a randomly tumbling surface. Flux is defined as number of
intercepted objects per unit time and area:

f = N

A · T
(2.1)

where N is the number of impacts, A is the total exposed area and
T is the exposure time. The relevant area for Fr is the actual outer
surface area of a spacecraft element. For spacecraft which fly with
a fixed orientation, the directionality of the meteoroid fluxes should
be taken into account. Most impacts from meteoroids will occur on
forward facing surfaces.

The current dust environment at 1 AU is best described by the Grün
model [21]. Figure 2.1 graphically shows the dependence of the flux
on the particle size according to this model.

Table 2.1 shows the flux of Interplanetary Dust Particle (IDP)s at
1 AU for various particle masses regarding the particle masses.

Cosmic Dust Group

University of



HVI IMPACTS 
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3.1) HVI IMPACTS OF  μm-SIZED PARTICLES:  
       WHAT HAPPENS UPON IMPACT?

1. A fast particle impacting a solid surface causes mechanical stress in the particle and 
the target body, generating compression and even shock waves depending on the 
impact velocity.  

2. Subsequently the particle and the affected target area are compressed to high 
pressures and temperatures.  

3. For strong shocks (vimp > 10 kms-1), the specific internal energy gained by the system 
due to the strong shock depends only on the impact speed v and the ratio of particle 
(ρp) and target material (ρt) densities: 

13

• Or if the impact speed is so high, that the strength of materials upon impact is very small compared to
inertial stresses, leading the material to behave like fluids under the impact.

What happens upon HVI? A fast particle impacting a solid surface causes mechanical stress in the par-
ticle and the target body, generating compression and even shock waves depending on the impact velocity.
Subsequently the particles and the a�ected target area are compressed to high pressures and temperatures
[16, 17, 41] .

The shock waves are reflected on the surfaces or target and impactor and run then back into the heated
material as rarefaction waves.

In the first phase, the impact particle is compressed by a strong shock. For impact velocities exceeding the
speed of sound of dust and target material, the specific internal energy gained by the system due to the strong
shock depends only on the impact speed v and the ratio of particle (flp) and target material (flt) densities
[17],

�‘ ¥ 1 / 2
3Ò

flp / flt + 1
4≠2

· v2. (1.1)

How is the energy partitioned? The increase in internal specific energy is then partitioned [30, 42] into a
variety of processes leading to a number of phenomena (Fig. 1.2):

• Depending on the impact velocity and its mass, the particle will be partially or even completely evaporated
by the following release of the high pressure state, called unloading. For su�ciently high temperatures
molecules are assumed to be dissociated and the atoms as strongly ionized.

• The superimposition of processing and reflected wave can lead to local stress levels that exceed the material
strength, thus causing cracks and the separation of spalls at significant velocities. This leads to the
fragmentation of the impacting particle and the generation of craters and ejecta particles.

What are the resulting observable phenomena? The resulting observables of hypervelocity impacts (see
Fig. 1.3) are a function of projectile and target material, impact velocity, incident angle and the mass and
shape of the projectile. This allows on the other hand to use the quantitative investigation of these phenom-
ena to deduce information about the impacting particles and the impact parameters and to gain a deeper
understanding of the impact processes.

Cratering (see Sec. 1.3.2) The cratering process can be characterized by the depth and shape of the
craters in dependence on the impact paramters and the properties of impacting particle and target.

Ejecta generation (see Sec. 1.3.3) The ejecta generation can be characterized by the number of
generated particles, their mass and velocity distribution as well as their angular distribution.

Ion generation (see Sec. 1.3.4) Depending on the impact velocity the particle and parts of the target
are vaporized (Fig. 1.2), and the resulting gas is partially ionized [17]. The emerging ion cloud is initially very
dense and hot and subsequently cools down during the following expansion. Recombination and the formation
of neutral atoms and molecules occur as long as the cloud is dense enough for ions to collide with electrons
and each other. The measurable observables are:

• The resulting total charge and its temporal evolution.
• The ion composition of the spectra.
• The variability of the spectra.
• The thermodynamic properties of the ions which translate into the mass line shape [60].

11

HVI:  
• Impacts at velocities exceeding the speed of sound within the materials in question.  
• The impact speed is so high, that the strength of materials upon impact is very small 

compared to inertial stresses, leading the material to behave like fluids under the impact. 
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3.1) HVI IMPACTS OF  μm-SIZED PARTICLES:  
PARTITION OF ENERGY AND OBSERVABLE PHENOMENA 14

compression

heating

melting

vaporization

target particle

ionization

ejecta 
generationcratering fragmentation



3.1) HVI IMPACTS OF  μm-SIZED PARTICLES:  
Cratering and degradation of the surface  

• The damage depends heavily 
on the particle and target 
material, the projectile shape, 
the impact speed and the 
impact angle and orientation. 

• Cratering is characterized by 
the depth and shape of the 
craters in dependence on the 
impact parameters.    

• The properties of the craters 
can be evaluated with Electron 
Microscopy, EDX analyses, 
optical microscope or 3D laser 
microscope. 

15

Characterization of a crater created by the impact of 
an iron particle onto an aluminum target at 5 km s−1 

with a SEM image. 

3D laser microscope images of micron sized craters 



3.1) HVI IMPACTS OF  μm-SIZED PARTICLES:  
ION GENERATION AND IMPACT GLOW

• The charge generated during an 
impact is a function of both 
particle mass and speed, 
describable by a power law: 

Q=k・mα・vβ, 

with α ≈ 2/3 for vimp <10kms-1 and 
α ≈ 1 for vimp ≫10kms-1 . 

• The relation between the light 
intensity I and the energy E of the 
flash in visible light with the 
particle mass m, and the impact 
velocity v can be described as 

I=c1・mα1・vβ1 and  
E=c2・mα2・vβ2.

16
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3.1) HVI IMPACTS OF  μm-SIZED PARTICLES: Ejecta generation 17

Existing studies

D > 10μm1) D > 10μm2) XMM study 3) this study

Accleration method LGG and  
plasma drag electrostatic Electrostatic electrostatic

Particle material Glass FeNi Fe Fe + silicate

Particle sizes > 10μm 0.2μm - 2μm 0.2μm - 1.2μm 40nm - 3μm

Impact speeds x00ms-1 - 3kms-1 1-10 kms-1 1-10 kms-1 0.4 - 50 kms-1

Target Ices Au Gold coated x-Ray 
mirror Silicon pore mirror

Detection method
thin foil for direction and 

size distribution,  
piezo for velocity

PMT SEM, EDX, impact 
charge, live CCD

DLD +  
impact charge

Impact angle 90° 90° 1°,1.5°,2°,4° 1°-4°

Simultaneous 
measurement of mass 

and velocity  

1) Koschny and Grün, 2001.           3) Meidinger et. al, 2003 
2) Eichhorn, 1975
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3.1) TEST REQUIREMENTS  - PARTICLE PROPERTIES 19
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3.1) TEST REQUIREMENTS  - PARTICLE PROPERTIES 20

1. Definition of test requirements: Particle Properties 
• Materials: Iron and othroPyroxene 
• Impact angles: 1°, 2°, 3° and  4°   
• Size and velocity ranges

3MV accelerator Small accelerator
Size @3MV Impact speed Impact speed

0.5 - 5μm 1 - 3 km s-1 0.2 - 0.5 km s-1

0.4 - 1.5μm 5 - 6 km s-1 0.5 - 1 km s-1

0.3 - 1.2μm 7 - 9 km s-1 1.5 - 2 km s-1

0.2 - 0.75μm 11 -15 km s-1 2.5 - 3 km s-1

below 0.3μm above 15 km s-1 3.5 - 4.5 km s-1
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3.1) TEST REQUIREMENTS  - MEASURED AND DERIVED VALUES 21

Data source Raw data / measured values Derived  values

Accelerator / 
PSU

Impacting dust particle:  
Mass, size, charge and speed ➜

impact time @ mirror:  
trigger for detector

Mirror set up exact impact time due to the 
emerging of the impact charge ➜ Impact location, incident and exit angle

Detector
Impact times and locations ➜ Ejecta number, exit angle and speed

Impact ionization signal ➜  +calibration: Ejecta mass



EXPERIMENTAL 
SETUP

22
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5) EXPERIMENTAL SET UP - ELECTROSTATIC DUST ACCELERATORS 23

control detector

position sensitive

 detector
detectors for

PSU

stop startcharge

deflection plates

particle selection unit 

(PSU)

drift

distance

ion detecor

(MCP)

target

investigating
instruments

air lock

dust beam control dust beam + high voltage generation

steering

plates

equipotential rings

HV terminal

charge transporting belt

dust source

high pressure tank
FPGA

ADC

user interface

CSAs

FilterFilter

TOF mass 
spectrometer

q・Uacc = 1/2・m・v2 

Uacc = 2MV



Focussing of micrometeoroids in x-ray optics: Status Report 16/05/2018

5) EXPERIMENTAL SET UP - DUST ACCELERATORS 24

SMALL 20KV TEST ACCELERATOR @ IRS

STOP CHARGE START

dust source

deflection 
position
detector

control
detector

impact ionization
detector

CSA

PSU

CSA
Sig2

CSA CSA
Sig3

CSA
Sig4

Sig5CSA
Sig6

Sig7

Location pulse
as Trigger

Sig1

50MOhm50MOhm

1.2G 1.2G 0.5G...

dust reservoir

tip

tongue
extraction plate
and blind system

to ground

hight voltage
0 ... +20kV

1MOhm

high voltage
0 ... -30kV

+2MV

+2MV

pulser

focusing cathode
with negative potential reference potential +2MV

controlling
tube
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5) EXPERIMENTAL SET UP - DUST ACCELERATORS 25

COMPARISON OF THE MASS-VELOCITY DISTRIBUTION
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5) EXPERIMENTAL SET UP - DELAY LINE DETECTOR 26

Ejecta

MCP stage Delay line stage
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5) EXPERIMENTAL SET UP - MIRROR SET UP 27

Single mirror plate with grid electrode

Single mirror

Sensitive Detector for Ejecta 

(MCP with Delay Line Detector 
with time and position 
information for each fragment)

Dust particle 
from accelerator
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5) EXPERIMENTAL SET UP - ALTERNATIVE DETECTOR CONCEPTS 28

Detector Types

MPPC  
(impact flash)

μPMT 
(impact flash)

MiniChanneltron 
(impact ions)

Status

After some back and forth, 
all detectors arrived

Functional tests for the 
MPPC and the  μPMT 

 at the small test 
accelerator have shown 

no signals so far

Test with 
miniChanneltron(s) are in 

preparation

Test and design 
plan

Functional test

mass / velocity 
calibration

determination of 
uncertainties and 

difficulties

design of complete 
detector

Further 
planning

Functional tests with 
a 5ns laser ablation 

set up

Functional test at the 
big accelerator 

Comprehensive tests  
at the 2MV acc



TESTS AT THE 
SMALL 

ACCELERATOR
29
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6) TESTS AT THE SMALL ACCELERATOR  - MASS - VELOCITY CALIBRATION 30

MCP_F GND

MCP_B +1600 V

U_DLD +1700V

GND Delay line anode

MCP

Cover

MCP_B

Fast amplifier

1.5 k ohm

3.3 nF

Dust particle

200 mm

350 mm

The DLD is a commercial device 
that has to be adapted for our 
purposes.
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6) TESTS AT THE SMALL ACCELERATOR  - MASS - VELOCITY CALIBRATION 31
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Typical ejecta signals 

Only for pluses with amplitude above  0.8 mV, 
the position information can be calculated.

MCP

Tube detector

Shielding detector

Deflection grid
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Particle Speed in m/s

Signal Threshold for Position Determination

Signals with

time, amplitude and

position information

Smaller fragments/radiation/plasma ions

6) TESTS AT THE SMALL ACCELERATOR  - EJECTA MEASUREMENTS
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COMPARISON OF DIRECT IMPACT AND EJECTA IMPACT

34

Direct impact Ejecta impact

6) TESTS AT THE SMALL ACCELERATOR  - EJECTA MEASUREMENTS
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Determination of the impact time with impact charge: For the low impact velocities at 
the small acc, the impact charge is to small to be measured at the deflection grid.

Mirror 
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6) TESTS AT THE SMALL ACCELERATOR  - EJECTA MEASUREMENTS 36

1. The mirror is mounted on a rotation work platform, the incident angle (1o, 2o ,3o, 4o) is 
adjusted with a angular resolution of 0.02 degrees.  

2. The position of mirror is adjusted by a laser beamline.
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INCIDENT ANGLE =2 DEGREES
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INCIDENT ANGLE = 4 DEGREES
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7) OPEN QUESTIONS AND CHALLENGES

1.The peaks with low amplitude (<0.8V) provide no position information, the 
threshold is set by the manufacturer, for high impact charges the amplifier is 
saturated. A detailed analysis of the sensitivity boundaries will be performed. 

2.The nature  first peak of the ejecta is not yet understood:  

• The position recorded by DLD detector is in the „Shadow“ of the 
mirror sample. 

• The mass of such ‘fragment’ is about 5-10 times larger than the 
projectile 

3.The amplitude - mass calibration can only be obtained for quite low impact 
velocities. 

4.The rates at the test accelerator provides are to small for comprehensive 
test series.

42
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7) ACCESSIBILITY OF A 2 MV DUST ACCELERATOR 43

• IRS 2MV accelerator: currently in storage awaiting 
its new ‚home‘ 

• Necessity of a  test campaign at the dust 
accelerator facility at CU @ Boulder, Co - USA 

➤ costly  

➤ bares risks due to transport of the set up and 
short campaign duration. 
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7)) TESTS AT THE SMALL ACCELERATOR  - CHALLENGES AND PROBLEMS 44

DUST SAMPLE AT THE 20KV ACCELERATOR
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SUMMARY

• Proof of concept: The DLD set up is capable of 
measuring simultaneously the mass, velocity and direction 
of individual ejecta. The data set not big enough to draw 
valid conclusions from it. 

• The accuracy of the angular measurement is about 1° 
with the current set up. It can be improved for faster 
primary impacts by measuring the impact time due to the 
impact charge 

• We were able to obtain a first, rough mass - amplitude 
calibration for impacts with iron particles.  

• This calibration will now be complemented by a 
calibration with pyroxene particles and enhanced for 
faster impacts and larger particles at the 2MV dust 
accelerator 
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