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1 OBJECTIVE AND SCOPE OF THE STUDY ‘
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member of the ckc group Surface Degradation (Cratering)

Model Development

/ Ejecta Generation and Cascading
©,

\ Cascading the in mirror pores

Risk assessment for damage
in X-ray optics due to

. .y - Support Model development
micrometeoroid impacts

Validate Model results

Experimental Study of
micrometeroid impacts
on x-Ray optics

M Study the ejecta formation for the mirror material

Give input for Model enhancement

Study ejecta generation at very small impact angles
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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 um and sub-pm sized articles
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1 OBJECTIVE AND SCOPE OF THE STUDY - REQUIREMENTS FOR THE EXPERIMENTS  °

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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%% A mission addressing '
The Hot and Energetlc Uniygrse

. scnence theme

A
\ 0‘ 0.605mmm

N\

ATHENA is the next generation X-ray astronomy mission providing
advanced x-ray imaging and spectroscopy

Mirror
Structure

- 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-| 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
um-sized particles to reach and possibly damage the CCD.

. 1) BACKGROUND & MQTIVATION: ATHENA MISSION AND INSTRUMENT
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2.1) BACKGROUND & MOTIVATION: ATHENA MISSION AND INSTRUMENT °

Issues:

« Possible scattering of

Mirror Shell F micrometeoroids impacting under
l .d . —— . .
ParticleiXaray | T T ~de very narrow incident angles through
""j"i-‘,‘::::::,‘ ............... Scattered Particle ' '
i RN the mirror shells which then could
: Ry Xeray e = reach and damage the CCD.
Optical . .
Axis « 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.

CCD
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2.2) BACKGROUND & MOTIVATION:
MICROMETEOROID DAMAGE IN A PREDECESSOR MISSION (XMM-NEWTON)

Constituents of dust@ 1AU

Interstellar Dust Interplanetary
(ISD) dust (IDP)

Space debris

Asteroids, comets,

Outside the SS
moons and planets

Artificial

chondrites, silicates (i.e. pyroxene and

OelnalolekliilelalM o©livine), metals (e.g. Fe/Ni), salts, ices, Metals, alloys etc.
carbonates and phosphates

relvant @ .27 X X -
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2.3) BACKGROUND & MOTIVATION: DUST @ 1AU

Meteoroid Flux - Gruen Model

Particle flux:
* Flux is defined as number of intercepted objects per
unit time and area: £ N
AT

e The dust environment at 1 AU is best described by the
Grun model. It shows the significance to study
especially the p- and sub-p-sized particles with the

— most probable encounter speed.

Particle diameter [em]

Particle velocities:

Taylor HRMP velocity distributions

« 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 ' and 25 kms ' dominate. For L2
orbits, the "basic" distribution is applicable.

Normalised velocity distribution|[-]

« For the ATHENA trajectory the Earth shielding can be
o - - - ignored as well as the gravitational focusing.

Velocity [km/s]
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3.1) HVI IMPACTS OF pm-SIZED PARTICLES: .
WHAT HAPPENS UPON IMPACT?

HVI.

« Impacts at velocities exceeding the speed of sound within the materials in question.
o 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.

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™), 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
(0p) and target material (ot) densities:

—2
Ae%l/Q(w/pp/pt—i—l) L
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3.1) HVI IMPACTS OF pm-SIZED PARTICLES:
PARTITION OF ENERGY AND OBSERVABLE PHENOMENA

/ \
% N Iparticlel N

ejecta Icompressionl Ifragmentationl
generation

Icrateringl

Ihe;ﬁngl

Iionizationl
crater ejecta ion cloud impact glow

* intensity
* temporal evolution
* gspectral distribution
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3D laser microscope images of micron sized craters

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

« [he damage depends heavily
on the particle and target
material, the projectile shape,
the iImpact speed and the
impact angle and orientation.

o 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
MICrOSCOpPE.
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3.1) HVI IMPACTS OF pm-SIZED PARTICLES:
JON GENERATION AND IMPACT GLOW

_.
Oy
o

<O Olivine—Ag
1] <o Fe —»Age°

=
O

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

Q:k o P& e Vﬂ,

with a = 2/3 for vimp <I10kms-! and
a =~ 1 for vimp »10kms™" .

_L
Oy,
S

Impact Charge (C)
3,

_.
OL
=

Impact Speed (km s1) 1o

* The relation between the light

if intensity | 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=c; * m* V! and

L v vl L1

1 ! i 1 !
2 3 4 6 810 20 30 40
Particte velocity, &km/sec

E=c> * m22 « P2
c2°*m | Zagal

FiG. 6(a). INTENSITY OF THE FIRST PEAK NORMALIZED TO

THE PARTICLE MASS AS A FUNCTION OF THE PARTICLE

VELOCITY.
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3.1) HVI IMPACTS OF pm-SIZED PARTICLES: Ejecta generation

Existing studies

LGG and

Accleration method

plasma drag
Particle material Glass

Impact speeds

Detection method

x00ms™ - 3kms™!

lces

thin foil for direction and
size distribution,
piezo for velocity

90°

Impact angle

1) Koschny and Grin, 2001.
2) Eichhorn, 1975
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XMM study 3

electrostatic Electrostatic
FeNi Fe
0.2um - 2um 0.2um - 1.2um
1-10 kms™’ 1-10 kms™!
AU Gold Coated x-Ray
mirror
SEM, EDX, impact
oM charge, live CCD
90° 1°,1.5°,2°,4°

3) Meidinger et. al, 2003
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this study
electrostatic

Fe + silicate
40nm - 3um
0.4 - 50 kms™!

Silicon pore mirror

DLD +
impact charge

1°-4°

Simultaneous
measurement of mass
and velocity
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3.1) TEST REQUIREMENTS - PARTICLE PROPERTIES

-3
4 hydro-codes
_ . Hornung&Drapatz (1979

-5 (Autodyn, iSale etc.) . 9&brapatz (1979)

-6k

-7k

-8F . Hornung (1982)

- 9 -

A0k

11 L
1oL namical simulations &
2 . ave ionization model
o [ 8 Drapatz (1974)
© _14 L ———— .
= Ringl et al. (2012) . Kestenboim et al. (2001)
D 1S je——s Electrostatic — " Hornung&Kissel (1994)
3 -16} Accelerator
o .
a -17F interstellar nano dust & ,
o> beta-meteoroids

18l dust
o)
—

19k

20 |

21k Urbassek et al. (2011)

Anders et al. (2012)
—22 —=CE ——————
: Zimmermann&Urbassek (2007)
23 | molecular-dynamical
_25 | 1 I|IIII| 1 1 L vl 11 1111
0.1 1 10 100 1000
Projectile Speed (km s7)
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3.1) TEST REQUIREMENTS - PARTICLE PROPERTIES 20

1. Definition of test requirements: Particle Properties

« Materials: Iron and othroPyroxene
e Impact angles: 1°, 2°, 3° and 4°
e Size and velocity ranges

3MV accelerator Small accelerator

Size @3MV Impact speed Impact speed

0.5 - 5um 1-3kms 0.2-0.5kms™

0.4 - 1.5um 5-6kms’ 0.5-1kms
0.3 -1.2um 7-9kms’ 1.5-2kms
0.2 - 0.75um 11 -15 km s 2.5-3kms

below 0.3um above 15 km s 3.5-45km s’

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

etapty4il

member of the kg up



3.1) TEST REQUIREMENTS - MEASURED AND DERIVED VALUES ‘!

Data source Raw data / measured values Derived values

Accelerator / Impacting dust particle: impact time @ mirror:
PSU Mass, size, charge and speed trigger for detector

: exact impact time due to the . . :
e O A TR e G e e =» Impact location, incident and exit angle

Impact times and locations =» Ejecta number, exit angle and speed

Detector

Impact ionization signal -> +calibration: Ejecta mass
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9) EXPERIMENTAL SET UP - ELECTROSTATIC DUST ACCELERATORS =

investigating
INstruments

TOF mass
spectrometer

target con

4

distance _
air loc

ion detecor
(MCP)
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9) EXPERIMENTAL SET UP - DUST ACCELERATORS

24

impact ionization

detector N
control  position

detector detector

SMALL 20KV TEST ACCELERATOR @ IRS

deflection STOP CHARGE START

CSA CSA
Sig1 Sigb

Sigh

CSA| [CSA] [CSA
Siga| |Sig3| |Sig2

dust source

Sig7

et
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Location pulse —

PSU

as Trigger

+2MV

0.5G

extraction plate
and blind system tongue

controlling
tube

pulser

D

hight voltage
0 ... +20kV

]

dust reservoir

Dﬂwonm %

focusing cathode
with negative potential high voltage
0... -30kV

l +OMV reference potential +2MV 727;;;;;

Focussing of micrometeoroids in x-ray optics: Status Report
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Particle mass (kg)

5) EXPERIMENTAL SET UP - DUST ACCELERATORS

COMPARISON OF THE MASS-VELQCITY DISTRIBUTION

25

T T T T T T T T T T T 1T 40 T T T T T T T T T T T 650
] L |
iy n
u Field emission limit Field emission limit
10712 F=3x10°V m" . 32+ L F=3x10°V m" . 520
Particle Particle
diameter diameter
= _3.00um @ - _3.00um ~ @
_2.00um g 24 _2.00um g 390 &
10-14 ()] | ] ()
© ©
~1.00um g ~1.00um g
N E 16+ B 1 € 260
_0.50um § .FO.SOme 2
-16 | Q ol ]
10 ~0.30um m ®0.30um
_0.20um 8 0.20um 130
11130 particles ~0.10um 77738 particles 0.10um
-18| | |
10 Il 111 ‘ Il [ | ‘ Il [ | ‘ | L1 ‘ O Il [ | ‘ Il [ | ‘ | L1 ‘ 0
0.1 1.0 10.0 100.0 0.1 1.0 10.0 " %000

Particle speed (km s™)

Particle speed (km s
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9) EXPERIMENTAL SET UP - DELAY LINE DETECTOR %

N Y Y Ty
N

Ejecta —

MCP stagé  pejay line stage
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9) EXPERIMENTAL SET UP - MIRROR SET UP o

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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9) EXPERIMENTAL SET UP - ALTERNATIVE DETECTOR CONCEPTS

Detector Types

Test and design
plan

Status

Further

planning

MPPC
(impact flash)

UPMT
(impact flash)

MiniChanneltron
(impact ions)

et
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Functional test

mass / velocity
calibration

determination of
uncertainties and
difficulties

design of complete
detector

After some back and forth,
all detectors arrived

Functional tests for the
MPPC and the uPMT
at the small test
accelerator have shown
no signals so far

Test with
miniChanneltron(s) are in
preparation

Focussing of micrometeoroids in x-ray optics: Status Report

Functional tests with
a bns laser ablation
set up

Functional test at the
big accelerator

Comprehensive tests
at the 2MV acc
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6) TESTS AT THE SMALL ACCELERATOR - MASS - VELOCITY CALIBRATION 0

A
The DLD is a commercial device
that has to be adapted for our 200 mm
DUrPOSES.

1

Dust particle 350 mm
Cover
\ A/ i

—— 1.5 k ohm
[ ]
3.3 nF

GND Delay lin
Fast amplifier
16/05/2018
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6) TESTS AT THE SMALL ACCELERATOR - MASS - VELOCITY CALIBRATION

1020 -

et
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—_— —_— —_— —_— —_—
o o o o o
— s - - -
o (=3} =~ o w

MCP amplitude divided by partivie mass A/m , V/kg

—_—
O—L
=

1013

= 2783 x v>¥7?_ Goodness of fit: R-square = 0.9297

Q

1800V

Q1950V = 12540 x v>¥7?. Goodness of fit: R-square = 0.9258

103
Particle speed detected by tube detector, m/s
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6) TESTS AT THE SMALL ACCELERATOR - EJECTA MEASUREMENTS

Typical ejecta signals

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

+  Tube detector
| shﬁding detector
Deflection grid

g

Amplitude, V

Tube detector

e
5 2 4 o . 'I[II[I[{K[[I[I‘

MCP

4
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6) TESTS AT THE SMALL ACCELERATOR - EJECTA MEASUREMENTS ¥

DLD-MCP amplitude
0.5 | T T I T T | T T |
TE0 T Y 111 |
0
Smaller fr ents/radiation/plasma ions
> 05 _
()
©
=
r R B R e e TG N -
E Signal Threshold for Position Determination
-1+ .
-1.5 Tube detector u
shielding
* * m deflection grid
MCP
| | | | | | | T T |
1.35 1.4 1.45 1.5 1.55 1.6 1.65 1.7 1.75 1.8
Signals with t s 107
time, amplitude and
position information -
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6) TESTS AT THE SMALL ACCELERATOR - EJECTA MEASUREMENTS y

COMPARISON OF DIRECT IMPACT AND EJECTA IMPACT

DLD-MCP amplitude DLD-MCP amplitude

T T T oo T T T T
N M : Bomen midiassccrminmn, oo T
0 ade . - 05F
1 5
ol w
> > -1.57
o -1 [0}
2 S 2t
3 =
£ -157T g
< < 25
-2t 3
25¢ . 35 Tube detector X 10
shielding X 10
Tube detector X 10 4t -deflection grid
-3 MCP l MCP
-3 25 2 15 - 0.5 0 0.5 1 1. 4.5 ' ' ' ' : ' :
4 -1.5 -1 0.5 0 0.5 1 15 2
t,s %10
t,s %1074
Darect impact Ejecta impact
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6) TESTS AT THE SMALL ACCELERATOR - EJECTA MEASUREMENTS:

DLD-MCP amplitude

0.3 Tube detector
shielding
0.2 deflection grid | -

Amplitude, V

incidence angle «

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.

4
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6) TESTS AT THE SMALL ACCELERATOR - EJECTA MEASUREMENTS %

1. The mirror is mounted on a rotation work platform, the incident angle (1°, 2°,3°, 49) is
adjusted with a angular resolution of 0.02 degrees.

2. The position of mirror is adjusted by a laser beamline.

Etam Focussing of micrometeoroids in x-ray optics: Status Report 16/05/2018 fm
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6) TESTS AT THE SMALL ACCELERATOR - EJECTA MEASUREMENTS -

INCIDENT ANGLE = 1 DEGREE

Fe particle 1 degrees impact
<1017 v=1.879km/s,m=2.924e-17kg

5 T T T T T 4 T T T T T
T
1
45 - 7 3r n
> o
=
> 40 _ o | -
c T
A 1
<C
® 351 7 1r .
©
e
()
'..—% 3r 7 o Or a
3 | | D
Q * (@)]
> 25 \ \ - O -1r .
2 | | T
3 i - -
o | | aSY 1
> 2r s 2 |
P |
35 | ¥ |
2151 i | 31 -
o
€
©
o 1 . 4r i
O
=
0.5 ] -5 n i
T4 1
O 1 1 1 1 1 1 1 1 1 —6 ! ! ! ! I
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 20( 1i 1.5 2 2.5 3 35 4

Particle speed detected by tube detector, m/s

6, degree
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6) TESTS AT THE SMALL ACCELERATOR - EJECTA MEASUREMENTS .

INCIDENT ANGLE =2 DEGREES

Fe particle 2 degrees impact
%1016 v=1.316km/s,m=4.0029e-16kg

25 l —_1

1

o
|
|
¢, degree
<

T
X%
%
I
(6]
T
1

MCP amplitude divided by partivle mass A/m , V/kg

o
(&)}
T
X
1

== 6, degree
O | | | | | | |
700 800 900 1000 1100 1200 1300 1400 1500

Particle speed detected by tube detector, m/s

4
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6) TESTS AT THE SMALL ACCELERATOR - EJECTA MEASUREMENTS .

INCIDENT ANGLE =3 DEGREES

Fe particle 3 degrees impact v | | | | | | |
8 <1017 v=1.623km/s,m=1.2874e-16kg {
- 6 - —
7 F ]
(®)]
=<
>
Eof - d :
: { —+-
n
% -
E 5l - o4l _
: § | 1
240 |l e | - Sl ]
D |H | |
9 X
z .0 | |
© | X oL ]
S |
= | ok |
a | |
52 |
: | - -
S
1L ]
e ey O 1 1 ] ] ] ] |
0 | | | . . . . . 0.5 1 1.5 2 2.5 3 3.5 4 4.5
900 1000 1100 1200 1300 1400 1500 1600 1700 1800 0, degree

Particle speed detected by tube detector, m/s
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6) TESTS AT THE SMALL ACCELERATOR - EJECTA MEASUREMENTS 0

INCIDENT ANGLE = 4 DEGREES

Fe particle 4 degrees impact

. <1017 v=2.186km/s,m=1.1921e-17kg 8.5
2 8
S
- 2 -
£
< L
% -
o 7.5+
=
(]
= 15¢F
= (]
g o
(@)]
2 | L | g 7
3 | | <
©
= 10| %
T | ¥ |
o | 6.5 F
2
o
g
n 09 —
O 61
S
0 : I : I I 5 5 | | | | | | | |
1200 1400 1600 1800 2000 2200 240 0 0.5 ] 15 5 o5 3 35 4 45

Particle speed detected by tube detector, m/s
6, degree
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7) OPEN QUESTIONS AND CHALLENGES 2

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:

e The position recorded by DLD detector is in the ,Shadow® of the
mirror sample.
« [he 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.
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member of the ckc group



7) ACCESSIBILITY OF A 2 MV DUST ACCELERATOR -

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

7465

4700

4600

« |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 adue to transport of the set up and
short campaign duration.
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7)) TESTS AT THE SMALL ACCELERATOR - CHALLENGES AND PROBLEMS .

DUST SAMPLE AT THE 20KV ACCELERATOR 2MV ACCELERATOR

T T T LI LI 40 T T T T T T T T 650
- ...I n i i i
Fli:eld emigs\s/ionwlimit . Fli:eld emigs\s/ior]‘limit
1072 =ax10Tvim Particle 82/ 107 =310 vim Paticle | 20|
5 diameter diameter
5 _300um | g 5 L _3.00um | 4
= __2.00um o 24 = _ 200um | & 390F
) 2 || ) 2> ||
) -14 | o 7 4] | @
2 10 2 2 10 o
€ _1.00um N € _1.00um | o
[0 [V [0} [0
° x| o) 9
g 1 E 16 £ I 1 E 260] -
5 _0.50um E 5 . .Fo.5oum E
107 . 0.30um 1018 N o g 030um -
n
|
_0.20um 8 g 0.20um 130
11130 particles _0.10um 77738 particles 0.10um
-18 | ] -18 | |
10 I \‘ Lol \\\‘ L L1l \‘ I ) \‘ O 10 L L \\\‘ L L L1l \‘ Lol \\\‘ 0
0.1 1.0 10.0 100.0 0.1 1.0 10.0 " ®oo0.0
Particle speed (kms™) Particle speed (km s”)
10000.00 o o T3 40 10000.00 £ — T 9 600
1000.00 - ] - ]
g E ] 1000.00 & =
: E 32 : ] 480
O 100 007 ] Q : :
S i R S : " & 360 -
S 40.00. | s S I NG
R I o 1000 Elp
o) g 12 9] B 18
o - 1 E 16} s - 1 E 240) -
£ qo00L 4 = - 2
o C 7 £ 3
- - 8 - ]
0.10 ¢ E 0.10: L ;] 10
4 const. particle charge Q = 1fC 1 g const. particle charge Q = 1fC E
- 11130 particles : i 77738 particles ]
0-01 L L L L1l ‘ L Lo ‘ L L1 O 0-01 . L ‘ . L ‘ . L 0
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: The DLD set up is capable of
lItaneously the mass, velocity and direction

ta. The data set not big enough to draw

ns from it.
.
'f the angular measurement is about 1°

rent set up. It can be improved for faster
ts by measuring the impact time due to the
ge

)ere able to obtain a first, rough mass - amplitude
pration 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
45
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