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ABSTRACT

The ESA M-3 candidate LOFT (Large Observaory
For X-ray Timing) misson will be equipped with two
instrumerts basedon Silicon Drift Detectors (SDDs).
Both the Large Area Detector (LAD) and the Wide
Field Monitor (WFM) may suffer hyper-velocity
impads by orbital dust particleswhich might dter the
surface propetties of the SDDs. In order to assesshe
risk posed by these everts, we perform simulations
ard laboratary tess. ESABASE2 is a powerful tool
to model the dust ervironmert in spae ard its
interadion with the instrumentation, and we use it to
estmate the expeded fluence of micro-meteaoids
ard delxis in the LOFT LEO orbit ard simulate the
structural damage resulting from impads. In parallel,
we conduwct experimental tess on SDD prototypes at
the dust accéeratars at the MPIK in Heidelberg and
TUM in Munich, aimed at verifying to what extert
the impad structural damages affed the SDD
functionality.

1. INTRODUCTION

The space ervironmert contains dust. Dust refers to
both micro-meteaoids and debris. Micro-meteaoids
are natual intemplanetay fragments with mostly
cometary ard asteoidal origin, while dekris are
fragments originating from marmmade objeds placed
in orbit. Theseparticles, whaose size rarges from less
than 1 um to above 1 cm, are accéeratedto hyper-
velocities of the order of 10-20 km/sec by the Earth's
gravitational field. Therefore, the impads by orbital
dust grains are a potertial threa for space-born
instrumens due to the structural damages they can
produce which in turn may imply degadation of the
performance or even, in the worst case, the failure of
the instruments. As an example, the Charge Couped
Devices (CCDs) aboard XMM-Newbn [1] aswell as
the one aboard Swift were damagedby a number of
impads. The asgssnent of the impad risk is crucial
to estimate the probahlity of damages, quantify the
degadation of the instrument performance ard
possbly idertify and implement suitable shielding
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solutions. We are performing such invedigation in
the framework of the LOFT space misgon [2], which
is basedon the usage of innowative Silicon Drift
Detectors (SDD9 [3]. We use ESABASE2to model
the dust environment in the LOFT orbit and the
structural damage resuting from the impads between
hyper-velocity projediles amd the SDDs, ard
experimental tests at accderator fadliesto reproduce
the dust space environmert in laboratary, validatethe
predctions of the models and simulations, ard
quartify the degadation of the SDD performance
caused by impads. In this paper we provide an
overview of theseadivities, which are currertly in
progress

2. CRATERS

When a hyper-velocity projectile impads against a
targetthe resuting structural damege is the formation
of acrateronits surface (or of aclea hole in case the
projedile has enough erergy to fully penetrate
throughthe target).
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Figure 1. Craer morphology: in the caseof ductile targets
the crater is nealy spherical,while in the case of brittle
targets an inner snell er crater forms within the larger outer
crater. The characteristic constant K is different in the two
cases, K~1 for ductile materids, K~10 for brittle materials.



The morphdogy of the crater is somewhat differert
for ductile and brittle materials: in the first case the
crater is nealy spherical, while in the other case
typically an inner craterwith smaller diameterforms
within the larger outer crate. The crater equation
allows to predct the crater size and deph as a
function of a number of parametes. For single-wall
targets the gereral equation for the craterdepth (p) is:

p=c-d?-vi-pl-pl-c0s"® (1)

where dy, v, and p,, are diameter, velocity and dersity
of the impading patticle, @ is the argle of incidence,
py is the density of the target, and c is a charaderistic
constant. This empirical formula has a gereral
validity, however the valuesof the parametes a, B, v,
8, ¢ are somewhat different for ductile and brittle
mateiials ard also vary depernting on the range of the
variables. Equation (1) and commonly used values of
the parametess are reportedin ESABASE2[4].

3. OUR CASE STUDY: LOFT

LOFT [2] is a medum-class spac projed propcsed
as part of the ESA Cosmic Vision program, and is
currertly one of the space missions candidate for a
M-3 launch in 20222024 1t will be placed in alow-
Earth nea-equatarial orbit (inclinaton < 5° at
~600 km altitude. The sciertific goal of LOFT is the
investigation of the strongfield gravity and the
equation of stateof the ultraderse matterthroughthe
observation at high count-rate of compad objeds in
the bard 2-30 keV, with an unprecedened effedive
areaof ~10 m?. The innovative adopted tecmology
relies on the usage of SDD tiles [3] derived from
those dewveloped by INFN for the ALICE experiment
at LHC/CERN. Each tile is a 450 pm thick fully
depeted Silicon wafer with a quite large size (about
15x7 cm) ard cgpade of adieving very good
performance in terms of time resdution (~7 psec
ard eremy resolution (~260 eV FWHM @ 6 keV).
A system of cahodes implanted at the surface, on
both sides, provides a strong eledric field variable
from the center of the surface towards the edges,
allowing for a fastdrift of the charges generated by
the absorbed phaons towards a set of miniaturized
cdlecting arodes(seeFig. 2).
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Figure 2. Schematic of the SDD used aboard LOFT
(courtesy of ISDC).
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Figure 3. LOFT geometry showing the LAD and WFM
instruments (courtesy of ISDC)

There are two instruments aboard LOFT (seeFig. 3):
the Lamge Area Detecta (LAD) [5] ard the Wide
Field Monitor (WFM) [6]. The LAD fedures
a geametric areaof ~18 m? achieved by asembling
2016SDD tiles in 126 modues (4x4 tiles eacl), ard
the modues in 6 parels (3x7 modues each. It is a
cdlimated experiment and the micro-pored glass
callimatar on top the SDD asembly has a Fov~1".
The WFM consists of 10 camerasdividedin 5 pairs,
each camerais a coded-mask instrument with 4 SDD
tiles in the detedor plane. The WFM fedures a very
large FOV~180'x90 useful to deted variable sources,
with atotal geametric areaof ~0.18 m*.

The expeded effeda of hyper-velocity impads on the
SDD tiles aboard LOFT is some permanent increase
of the anode leakage current, and a possble alteration
of the eledric field at the surface caused by cratess.
The SDD surface has ~1 pm Silicon Oxide
pass$vation on top, that works asa protection of the
uncerlying adive regon, ony hypervelocity
patticles with eremgy enough to peretrate through
ard reach the field oxide and the bulk below are
expeded to produwce red damages. Therebre, in
applying Eq. 1 for the crater depth estimate we refer
to a set of parametes suited to descibe brittle
mateials, such as Silicon Oxide. In patticular, the
Cour-Palais sebf parameters is commonly adopted

€c=0.53 0=1.06 B=0.667 y=0.5 6=0 £=0.667
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4. MODELING WITH ESABASE2

ESABASE2 [4] is a newly developed toolkit that
allows to model the dust space environment and
simulate the structural damage resulting by the
impacts of hyper-velocity particles onto target
materials. We use it to derive the expected fluence of
micro-meteoroids and debris in the LOFT orbit. The
differential curves based on the MASTER-2005
model are reported in Figure 4.
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Figure 4. Differential fluence of micro-meteoroids and
debris expected in the LOFT orbit from the MASTER-2005
model in ESABASE2.

In the 1-10 um diameter range, where ~80-90% of all
micro-meteoroids and debris in space are found,
the expected mass composition of micro-meteoroids
is ~46% Iron, ~17% Silicate and ~37% of some
lower density material [7], while orbital debris is
likely composed mostly by Alumina particles ejected
from solid motor boosters [8]. The average velocity
expected in orbit is ~20 km/sec for micro-meteoroids
(see Fig. 5) and ~10 km/sec for debris. The curves of
Fig. 1 are the input to estimate the impact probability
and evaluate the related structural damage.
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Figure 5. The expected velocity distribution for micro-
meteoroids.

5. ASSESSMENT FOR LAD

As it is shown in Fig. 3, the LAD design envisages
6 panels, each one composed of 21 modules arranged
in a 3x7 array (see Fig. 6). Each module consists of
16 SDD tiles. The total geometrical area is ~18 m’,
covered by a micro-pored glass collimator (open
fraction = 0.7) with FoV ~ 1°

Figure 6. LAD panel: array of 3x7 modules (courtesy of
ISDC)

From the curves of Figure 4 we calculate the average
number of impacts by micro-meteoroids and orbital
debris expected for the LAD in 5 years, which is the
nominal duration of the mission. They are listed in
Table 1.

Table 1. Average number of impacts by micro-meteoroids
(MM) and orbital debris (OD) expected on the total
exposed surface of the LAD (~10 m® ) in 5 years.

particle size (um) | #impacts (MM) | #impacts (OD)
>1,<2 2.34 0.925
>2,<3 0.69 0.100
>3,<4 0.41 0.082
>4, <5 0.16 0.073
>5,<6 0.14 0.061
>6,<7 0.097 0.048
>7,<8 0.073 0.036
>8,<9 0.058 0.024
>9,<10 0.043 0.015
>1,<10 3.68 1.36

Therefore, considering both micro-meteoroids and
debris, we expect a total average rate of ~1 impact
per year, most probably from particles with size
between 1 um and 2 um, which according to Eq. 1
with the Cour-Palais parameters would produce
craters with depths ranging from ~3 um to ~15 pm.
Assuming a Poisson distribution, we have that with
an average rate of 1 impact per year the probability
that 1 tile per year is affected is ~37%, the probability
that 5 tiles per year are affected is ~0.3% (since the
number of expected impacts is low compared to the
number of tiles we do not take into account the
probability that a tile is hit more than once).



Considering that LAD is composed by 2016
electrically independent tiles and that the damage
produced from micron-sized particles would likely be
localized and would affect mainly the anodes closest
to the region of the tile where a crater is produced,
the risk of a significant degradation of the LAD
performance due to hyper-velocity impacts seems
low enough. In the worst case, i.e. assuming that each
impact implies a complete failure of the hit tile and
that 5 tiles per year are actually hit, the LAD would
suffer only ~0.25% loss of effective area per year.

Despite the low probability of having a significant
degradation of the LAD performance in orbit,
it is mandatory to perform a qualification of the
SDDs against hyper-velocity impacts. We tested a
prototype SDD (see Fig. 7) at the dust accelerator of
the Max Planck Institut fiir Kernphysik in Heidelberg
to verify its robustness and characterize the electronic
response to the structural damages produced on its
surface. We shot 23 grains made of Olivine onto the
SDD active area. Among the materials available at
MPIK Olivine has a density (~3.3 g/em’)
intermediate between Silicon and Alumina, so that it
can simulate reasonably well both the orbital debris
and light micro-meteoroids.

Figure 7. The SDD prototype tested at MPIK

The SDD was mounted in a vacuum chamber and
biased at -1300 V using the feed-throughs on the
interface flange of the chamber. We monitored in
real-time the leakage current of all anodes bonded
together during the bombardment. Even though it
was not possible to reproduce in laboratory the most
probable events expected in orbit due to the trade-off
size-speed of the particle distribution available at the
accelerator (see Fig. 8), from Eq. 1 we expect from
the shot particles crater depths in a range ~0.5 pm to
~3 um, so that at least a few particles should have
reached the bulk region below the passivation.
However, we could not appreciate any clear variation
of the leakage current level. We observed a jump only
when particles were shot onto the voltage divider
area, a particularly critical area which in the final
design of the instrument might not be directly
exposed to the space environment thanks to the

presence of the collimator. It is worth to be stressed
that besides Cour-Palais there are other empirical sets
of parameters to predict the characteristics of the
craters, which can differ at least within a factor of 2.
That means that we cannot exclude the possibility
that all the shots onto the active area have been
stopped within the passivation layer without reaching
the substrate. On the other hand, if the Cour-Palais
prediction for Silicon Oxide overestimates the crater
depth by a factor of 2 or more, we likely should
assume that the 1-2 um particles expected in orbit
will be fully stopped within the passivation, at least
in the case of low density particles. To obtain some
direct information on the actual depths of the formed
craters we use an Aromic Force Microscope (AFM)
[9]1, Fig. 9 shows a scanning of the profile of one of
the craters produced on the triangular region above
the voltage divider area (outside of the active region).
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Figure 8. Size-velocity distribution of the Olivine particles
available at MPIK

5 e s K
2 4 6 8 10 12 14 16

d (o]

Figure 9. Left: 3D view of a crater on the triangular region
above the voltage divider; Right: the crater profile along
the track from A to B obtained with an AFM microscope.
The max depth of the crater measures 3-3.5 um.

We have scheduled a new test at MPIK with Iron
particles which are expected to simulate more
realistically the actual population of micro-
meteoroids in orbit. To optimize the strategy and get
a clearer understanding of the impact process, we
will select preliminarly the parameters of the
particles capable to produce an electronic response of
the device by bombarding a number of small diodes
having a surface structure equal to that of the SDD
(see Figure 10). This will also allow to create a



dataset related to the crater characteristics useful for a
systematic comparison of the measured values with
the predictions by the empirical formulas.

Figure 10. A 3x3 cm PCB with 4 small diodes prepared at
INFN as a test structure for hyper-velocity particle
selection. The diodes have a surface structure equal to that
of the SDD. Particles that will produce electronic response
from the diodes will be shot onto the SDD as well.

6. ASSESSMENT FOR WFM

The WFM design envisages 10 coded-mask cameras
containing each 4 SDD tiles in one detector plane
(see Fig. 11)

Figure 11. The 10 WFM cameras (courtesy of ISDC)

In the case of the WFM the approach to the
question of the risk posed by hyper-velocity impacts
is different with respect to the LAD. Being the FoV
of the WFM much larger, the average number of
impacts is expected a factor of ~50 higher than for
the LAD, so that even bigger particles (with diameter
between 2 um and 20 pwm) are an issue. Even tough
the SDDs have never been tested up to now with such
energetic particles, it is reasonable to expect that the

impacts may compromise their functionality, which
for WFM would be critical as the number of tiles
here is much less. For this reason, the baseline design
of the WFM foresees the usage of a Whipple shield
(see Fig. 12) in front of the SDDs to stop hyper-
velocity particles up to about 100 um in size.
The Whipple shield for the WFM consists of a layer
of Kapton (acting as a bumper), which is already
envisaged in the WFM configuration as an optical
filter, coupled to an additional layer (acting as a rear-
wall) made of a material having a good strength yield
against hyper-velocity grains. The distance between
the two layers is approximately 20 cm, corresponding
to the distance between the coded-mask and the
detector plane. The bumper layer is expected to
convert part of the kinetic energy of the impacting
particles into heat, producing some fragmentation
into smaller grains. The cloud of secondary less
energetic fragments and ejecta from the bumper is
then stopped in the rear-wall layer.

impacting particle
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Figure 12. A Whipple shield is composed by an outer
bumper layer placed at a certain distance off a rear-wall.
The bumper produces some fragmentation of the primary
impacting particle, the cloud of less energetic secondary
ejected fragments should be stopped by the rear-wall layer.
Arrows indicate where the bumper and rear-wall layers
would be placed in the WEM.

The investigation of the properties of such a shield
is currently in progress. ESABASE2 permits to
simulate the shielding performance and the
penetration limit (dphm) as a function of the variables
of the configuration, i.e. materials, thicknesses and
geometry, and of the parameters of the impacting
particles. For a double-wall Whipple shield the

general formula for d,"™ is:

b 174
t,tcl-t) - p,
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where t,,pp, and t.,p,, are thickness and density of
the bumper and rear-wall respectively, s is the
spacing between bumper and rear-wall, v, , p, and @
are diameter, velocity and angle of incidence of the
impacting particle, and c1 and c2 are characteristic



constants. This analysis is useful to optimize the
trade-off between the stopping power of the shield
ard the quartum efficiency of the instrument. In fad,
any layer interposed between the WFM ard the sky
implies to some extent a degradation of the quantum
efficiency at lower eremgies. Therefore, idedly the
shield shoud be capahe to stop all the potertially
risky patticles with the lowest degadation of the
quartum efficiency. Beryllium is considered as a
baselire mateial for the rea-wall, thanks to its high
trarsparercy in the soft X-ray range, but we are
investigating other solutions as well. One of this
consider the usage of 10-15 um Polypropylene,
which, according to our preliminary simulations
shows promising shielding properties The aralysis
with ESABASEZ2is preparatay to laboratary tess on
shielding prototypes that we are planning to perform
at the plasma accderator of the Tecnische
Universitét in Munich, where it is possble to shoa
slicate patticles up to 80-100 um in size at
5-10 km/sec The experimental validation of the
shield strength and effedivenessis important as the
set of parametess ab,c,d,ef,g,A in Eg. (2) has been
derived for some common mateials, such as
Aluminum, but the applicability and validity in other
cases is not obvious and has to be confirmed by
laboratary tess.

7. CONCLUSIONS

We preserted the current status of our adivities to
as®ess the impad risk for the LOFT misgon. Through
simulations in ESABASE2 we model the space
ervironment and cdculate from the expeded
popuations of micro-metegoids and dekris the
impad probahlity for the LAD and WFM
instruments. We also model the structural damage
that impads might prodwce on the surface of the
SDDs ard investgate dfferernt possble shielding
configurations for the WFM instrumert, in order to
optimize the trade-off between the peretration li mit
of the shield and the quantum efficiency of the
detedor. In parallel, we conduwct experimertal tess
on both SDD prototypes ard shielding materials at
the accderata fadlities aa MPIK ard TUM,
to detemine to what extent the expeded structural
damages may affed the SDD functionality
ard validate in laboratay the predctions of
simulations on the shield effediveness
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