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The dust ejected by cometary nuclei encodes valuable information on the formation and evolution of the
early Solar System. Multiple short-period comets have been studied in situ, but several perihelion passages
considerably modified their pristine condition. Comet Interceptor is the first space mission selected by the
European Space Agency to study a pristine dynamically new comet in situ. During a fast flyby through
the comet coma, hypervelocity impacts with dust particles will represent not only an important source of
information, but also a serious hazard to the spacecraft and its payload. Here we discuss the assessment tests
performed on the dust shield of the Dust Impact Sensor and Counter instrument (DISC), part of the Comet
Interceptor payload, which will be directly exposed to the cometary dust flux. Using a Light-Gas Gun, we shot
mm-sized particles at ~5 km/s, transferring momenta and kinetic energies representative of those foreseen for
the mission. The impact effects on the DISC breadboard were compared to theoretical predictions by a ballistic
limit equation for hypervelocity impacts. We find that, with a simple improvement in the dust shield design,
DISC is compatible with the expected cometary environment.

1. Introduction

In the last three centuries, many scientists from different disciplines
devoted great efforts to discover the origin of the Solar System [1,2].
As well preserved remnants of most ancient bodies, comets provide a
direct memory of how pebbles and planetesimals turned into planets
in the protoplanetary disk [3]. In particular, essential details on the
formation and evolution of the early Solar System are encoded in the
dust ejected by cometary nuclei.

Multiple short-period comets (SPCs) have already been studied in
situ [4] with great scientific return, e.g. from Giotto [5] and Rosetta
[6] space missions. The former, supported by the VEGA spacecrafts
(S/Cs) [71, captured high-resolution images of comet 1P/Halley and
studied its nucleus [8,9]. The latter monitored the activity of comet

* Corresponding author.
E-mail address: vincenzo.dellacorte@inaf.it (V. Della Corte).

https://doi.org/10.1016/j.ijimpeng.2024.105146

67P/Churyumov-Gerasimenko nucleus before and after perihelion, pro-
viding important insight into the comet composition [10], surface [11-
14], and inner coma dynamics [15-20]. Due to multiple passages at
the perihelion, SPCs are highly-evolved objects showing radical changes
from their formation in the outer layers. So, questions arose on which
properties are primordial and which come from evolutionary processes.
To solve this puzzle, further pristine comets need to be studied while
first inbound in the inner Solar System.

Comet Interceptor (CI), which includes three different S/Cs, is the
first F-class space mission selected by the European Space Agency
(ESA) to study in situ a dynamically new comet (DNC), e.g. a long-
period comet from the Oort cloud entering the inner Solar System
for the first time [21], or an interstellar object originating at another
star [22]. DNCs are usually discovered no more than a few years before
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perihelion, too late considering the lead-up time to plan and launch a
space mission. CI's innovative and flexible approach allows the mission
to be developed before target identification. The S/C will orbit the Sun-
Earth L2 Lagrange point for up to 3 years. After target identification,
CI will follow a detailed intercept trajectory to perform multi-point
measurements of the comet during a fast flyby (between 10 km/s and
70 km/s) through the coma. The mother S/C A, kept at a relatively high
distance from the nucleus (~ 1000 km), will deploy two smaller probes
(B1 and B2) that will flyby at closer distances to perform high-risk but
high-return measurements.

Our team, after the development of the GIADA Impact Sensor,
successfully flown onboard the Rosetta space probe [23,24], is now in
charge of developing the Dust Impact Sensor and Counter (DISC), one of
the instruments included in the Dust Field and Plasma (DFP) suite [25],
part of the CI payload. Provided in two units, mounted on S/Cs A and
B2, DISC will: study cometary dust particles with diameter of 1-400 pm;
determine the dust mass distribution in the range 10715 — 1078 kg; count
the number of particles with mass m > 10~!5 kg; retrieve information
on particle density/structure [26,27]. Given the S/C flyby speed as the
particle’s speed, these results can be obtained from the momentum of
particles impinging on the DISC sensing surface. DISC impact plate will
be directly exposed to the cometary dust environment, so hypervelocity
impacts (HVIs) will represent a major risk during the CI close flyby and
a proper dust shield to protect internal parts of DISC is necessary.

Modern dust shields are usually derived from the Whipple shield
[28], a simple dual-sheet structure composed of a thin front bumper
and a rear wall with some space in between. The front sheet breaks
up on impact and divides the colliding particle in many fragments
that fan out, so that the energy at the rear wall is distributed over a
larger area. This design has been widely employed in last decades space
missions, with dedicated upgrades according to specific conditions. The
CONTOUR/NASA S/C, for instance, was planned to fly through the
coma of comets Encke and Schwassmann-Wachmann-67 at speeds of
28.2 km/s and 14 km/s, respectively [29], however the spacecraft was
lost when attempting to leave the earth orbit. It was protected by a
multishock dust shield made of four equally spaced Nextel bumpers
spaced 63.5 mm from the rear kevlar wall, for a total standoff dis-
tance of 254 mm. A similar solution was adopted for Stardust/NASA
space mission, which explored the coma of comet 81P/Wild 2 at 6.12
km/s [30]. In this case, the dust shield consisted in a front composite
panel bumper followed by three equally spaced layers of Nextel ceramic
cloth, and a composite panel as the catcher shield in the back which
also formed the structural end of the S/C bus. Closer conditions to
those foreseen for CI were faced by Giotto S/C, which flew 596 km
(at close approach) far from the Halley’s comet nucleus at 68 km/s
[31]. Its dust shield was made of a 1 mm-thick aluminum front sheet,
spaced 23 cm from the 7 cm-thick rear sheet composed of various
layers of epoxy kevlar, polyurethane foam, ML1 (Mylar), and aluminum
honeycomb. Due to mass and volume budgets, however, we developed
a lighter and more compact solution for DISC dust shield. In particular,
we integrated the basic Whipple shield with an aerogel layer between
the front bumper and the rear wall, in order to improve its mechanical
resistance.

In this paper we report on the test campaign carried out on the
DISC dust shield to verify its compatibility with the expected cometary
conditions. We submitted the unit to HVIs with mm-sized projectiles
releasing momenta of 10~2—10~! kg m/s and energies of the order of
102 J. Theoretical predictions by a ballistic limit equation for HVIs
allowed a proper analysis of the DISC dust shield response. A simple
improvement to the dust shield design lowers DISC risk of failure
below the threshold value of 10%. The upgraded design ensures high-
level mechanical protection and is then compatible with the expected
cometary environment.
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2. Materials and methods

DISC consists in a 121 x 115.5 x 68 mm? parallelepiped-shaped
aluminum box, which contains the acquisition system and the dust
shield against hazardous impacts. A detailed DISC design is reported in
Fig. 1, panel (a). DISC detection system consists of a 100 x 100 mm?
square aluminum plate (i.e. the sensing plate), 0.5 mm in thickness, and
three NCE51 NOLIAC(tm) ceramic equivalent piezoelectric transducers
(PZTs) glued at its corners. A further PZT, glued at the fourth corner of
the plate, acts as internal calibrator during in-orbit operations. When a
dust particle collides on the aluminum plate, acoustic Lamb waves [32]
form and propagate up to the PZTs that start to vibrate at their resonant
frequency (200 kHz) responding to mechanical solicitations with an
induced voltage, which encodes information on the impacting particle
momentum. The signal is collected and processed by the electronics
housed at the bottom of the aluminum box; the electronics are shielded
by four 12 mm-thick aerogel blocks embedded in a 1.5 mm-thick
aluminum frame (i.e. the dust shield frame). A baffle on the edges of the
aluminum plate defines the DISC sensing area (84 x 84 mm?) ensuring a
threshold minimum distance between any impact point and the closest
PZT. Indeed, as reported by Liu et al. [33], shock waves resulting from
HVIs evolve in mechanical waves at short distance (~8 mm) from the
impact.

During the CI scientific phase, DISC will be directly exposed to the
flux of dust particles ejected from the target comet nucleus to measure
their momenta and energies, respectively in the ranges 10~''-1073
kg m/s and 10~7-10% J [34]. While GIADA Impact Sensor onboard
Rosetta was designed for a low-speed (<100 m/s) dust particles en-
vironment, the fast CI flyby (10-70 km/s) will expose DISC to much
more challenging conditions in terms of dust hazards. In particular,
DISC onboard S/C B2 will face the most hazardous scenario since it
will fly closer to the comet nucleus (~ 300 km) than S/C A (~ 1000 km).
With a probability around 20%, S/C B2 will collide with mm-sized dust
particles at a speed possibly up to 70 km/s [35]. Such HVIs are likely
to damage the DISC sensing plate, but with very minor effects on its
measurement capability. Conversely, the electronics might be seriously
threatened and need to be properly protected from the dusty environ-
ment. To this aim we developed a dedicated and unconventional dust
shield, to be integrated under the DISC sensing plate and above the
electronics, and tested its performance by shooting mm-sized particles
with the Light-Gas Gun (LGG) operating at The Open University, in
Milton Keynes, UK [36,37].

2.1. DISC dust shield design

Developing an optimized DISC dust shield, within the resources
(mass and volume) available in the CI space mission frame, could
not follow the adoption of a standard solution such as the Whipple
shield [28], which is not expected to stop an impacting particle nor
to significantly dissipate its energy. It fragments the particle, whose
energy is dispersed among the many debris that fan out between
the bumper and the S/C wall. For the dust impacts foreseen in the
frame of CI, this solution, even a pile of several layers, would require
dimensions along the impact direction and masses that are prohibitive
for the resources assigned to DISC. We overcame these limitations by
developing a never-used-before customized configuration of the dust
shield to meet DISC needs coupled with CI requirements. As shown in
Fig. 2, panel (a), the DISC sensing plate, besides transmitting impact
waves to the DISC sensors (i.e. the PZTs), also acts as the first bumper of
the conventional Whipple shield, i.e. it breaks up the hyper speed dust
particles on impact. To slow down and finally stop the resulting cloud of
debris, we inserted a 12 mm-thick aerogel layer just below the sensing
plate (along the path of incoming particles). The structural element
housing the aerogel is a light aluminum frame of 1.5 mm thickness.
In the current design, the DISC dust shield is a very compact element
(Fig. 2, panel (b)) of a total mass of 58 g (53 g the mechanics, 5 g
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Fig. 1. (a) Exploded view showing the Dust Impact Sensor and Counter (DISC) instrument components. When a cometary dust particle impacts the upper 0.5 mm-thick aluminum
sensing plate, mechanical vibrations propagate up to its corners. Following such vibrations profile, three piezoelectric transducers (a fourth one acts as internal calibrator) generate
an electrical signal, which is then processed for data extraction. A dedicated 1.5 mm-thick aluminum frame, embedding four thick aerogel blocks, shields the electronics from

hazardous impacts. Panel (b) shows the assembled DISC breadboard.

m sensing plate (bumper) ——

bottom wall of aerogel holder (rear wall)

Fig. 2. (a) Scheme and (b) picture of our innovative light and compact dust shield for DISC breadboard inspired by the Whipple dust shielding principle: in the event of a
collision with a hyper speed projectile, a thin bumper (the DISC sensing plate) breaks up the impacting particle into a cloud of debris that fan out. In order to slow down and
stop hypervelocity particle fragments, we added a thick aerogel layer (10 mm in the configuration used for tests) between the DISC sensing plate and the bottom of the dust shield
(dust shield frame). When the fragments reach the dust shield frame, their energy has been properly dispersed, thus the impact hazard level for the electronics is significantly

reduced.

the aerogel). A potential increase in the aerogel block thickness would
result in a negligible impact on the instrument mass.

Successful application of aerogel in space, laboratory tests and
models inspired us to select this material as a suitable solution for
a compact and light design for DISC dust shield. In addition to its
exceptional ability to decelerate and capture fast moving dust parti-
cles, aerogel also has unusual properties, e.g. low values of thermal
conductivity, refractive index and sound speed propagation. Several
samples of aerogel blocks directly exposed to dust flux in space in
low Earth orbit were able to capture particles at speeds up to tens
of km/s. Aerogel was used on the space shuttle, e.g. STS flights 41-B,
41-D, 61-B [38] and on STS 42, 47, 57, 60, 61, 68, 69, 72, 101 [39]
and on the EuReCa satellite launched and retrieved in 1993 [40,41]. A
number of experiments have exposed aerogel outside the Mir Russian
space station, these include EuroMir 95 [42] and the NASA ODC exper-
iment [43-45]. More recently, Stardust/NASA space probe, launched
in 1999, captured cometary particles using aerogel during the flyby
at 6 km/s in the coma of comet Wild 2 and returned them to Earth
in 2006 [30]. All the above listed experiments, aimed at capturing
interplanetary, cometary, and interstellar dust at hyper speed (up to
tens of km/s), successfully demonstrated the aerogel capability to slow
down and stop hypervelocity dust particles. Rather than carving a
crater and vaporizing, a particle hitting an aerogel block tunnels in and
it is caught leaving a carrot-shaped track (compact impacting particles)
or a bulb track (porous impacting particles) [46-49].

The effectiveness of porous materials in slowing down and stopping
solid bodies impacting at speeds higher than 4 km/s was studied
by Trucano and Grady [50]. By combining numerical analyses and
laboratory tests, they concluded that in the collision of a solid projectile
on a porous target the penetration depth of the projectile decreases as
the impact speed increases. Aerogel is an extremely porous material,
characterized by nm-sized features linked in a highly porous dendritic-
like structure. In order to define the aerogel ability to stop dust particles
with speeds in the range expected during the CI close encounter, we

refer to the work performed by Burchell et al. [49], where aerogel
track lengths are analyzed as a function of the impacting speed. They
performed a test campaign firing glass spheres, at speeds ranging
from 1 km/s up to 7.5 km/s, in aerogel targets of different densities,
demonstrating that: (1) as the projectile speed increases the track
length increases reaching a maximum value after which it drops; (2)
the speed value corresponding to the maximum track length increases
as the aerogel density decreases. Similar tests with Al,0O; particles were
carried out by Kitazawa et al. [51], who obtained a model that predicts
the penetration track length and the diameter of impacting projectiles.
In the work performed by Dominguez et al. [52], a model of impact
cratering in aerogels was developed and tested. The correspondence
between experiment and theory is good and indicates that the physics
of impact crater formation in aerogel is well described by a model
in which an outgoing cylindrical shock wave attenuates and stops
when it is no longer able to overcome the mechanical strength of the
aerogel. A relation between aerogel properties (mainly density) and the
track length L, left by hypervelocity particles in this medium can be
expressed as:

L, =4-log (v;/v;)° m

where v; and v, are the initial and final velocities of the particle and
A is given by
2d [ pi

=5 (3) @
where d is the particle diameter and p; is its density, p, is the density of
uncompressed aerogel, and C is a parameter generally expected as ~1.
Using this equation and the parameters of the aerogel part of the DISC
dust shield (Table 1), we obtained the terminal speed of particles of
different diameters and density p; = 1 g/cm? crossing an aerogel layer
of two different thicknesses at the upper and lower limit speed foreseen
for the CI flyby. These values, reported in Fig. 3, show that a 1.5 cm-
thick aerogel layer can slow down also particle fragments of 200 pm

in diameter impacting at the maximum speed foreseen for CI flyby (70
km/s) to speeds lower than 300 m/s.
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Fig. 3. Speed values of particles with size in the range 1-200 pm (density p, = 570, kg/m? [53]) after aerogel layer (thickness of 1 cm and 2 cm) crossing and initial speeds of

10 km/s and 70 km/s, i.e. the speed limits of the Comet Interceptor flyby.

Table 1
Physical properties of the aerogel integrated into DISC dust shield (data obtained from
the manufacturer OcellusInc.).

Table 2
Material and density p, of LGG projectiles.
Source: https://www.matweb.com and https://www.webmineral.com/ .

Property Value Material p; (kg/m?)
Density 0.1 (0.05-0.3) g/cm’ Nylon 1110
Dielectric constant 1.02-1.48 (@20 GHz) Aluminum 2700
Surface area, BET 800 m?/g Borosilicate glass 3000
Percent solids 0.5%-14% Forsterite 3270

Mean pore diameter ~20 nm Stainless steel 7800
Primary particle diameter 2-5 nm

Refractive index 1.002-1.063

Thermal tolerance to 500 °C

Poisson’s ratio 0.24 particles impacting DISC with a probability of P ~ 0.1 (Fig. 4, right
Young’s modulus 0.01-10 MPa panel). In the most harmful situation of 70 km/s flyby speed, consid-
Tensile strength 16 kPa . . 3 . .
Fracture toughness ~0.8 kPa m!/? ering a cometary dust density of 570 kg/m- [53], a 1 mm impacting
Compressive modulus 0.3 MPa particle would transfer a momentum p ~0.02 kg m/s and a kinetic

2 ppm/°C @(20-80) °C
10 ohm-cm

0.016 W/m/° K

0.004 W/m/°K

<200 m/s

>90% (visible wavelengths)

Coefficient of Thermal Expansion
Electrical resistivity

Thermal conductivity in air
Thermal conductivity in vacuum
Sound velocity through the medium
Transparency

2.2. DISC dust shield assessment strategy

Space payload on-ground performance testing is fundamental for
mission preparation, even though reproducing in situ measurement
conditions is not always possible. DISC onboard Comet Interceptor/ESA
space mission will operate in a cometary dust environment undergoing
to hyper speed dust impacts (7 km/s-70 km/s), only marginally repro-
ducible with on-ground facilities, i.e. <10 km/s. In order to assess the
DISC dust shield performance in the CI target environment, by means
of the Engineering Dust Coma Model (EDCM) [35,53], we retrieved the
maximum diameter of dust particles foreseen to impact on the DISC
sensing plate (84 x 84 mm?) with a probability higher than ~10%
during the flyby, being 10% the threshold probability set for the S/Cs
safety.

EDCM solutions predict that most of the impacts will involve ym-
sized particles, as the impact probability rapidly drops for mm-sized
particles (Fig. 4). We determined a diameter of 1 mm for the largest

energy K ~ 700 J. In order to test if DISC can survive these conditions,
we performed hypervelocity impacts by means of a two stage Light Gas
Gun (LGG) firing up to mm-sized projectiles (from 250 pm to 3 mm)
at speeds from 4.4 km/s to 6 km/s. Since the highest speed obtainable
with this facility is lower than the lowest speed limit foreseen for CI fly-
by, we used larger and denser projectiles with respect to cometary dust
to produce impacts with comparable kinetic energies: the assessment
of impact damages on different materials can be quantified by the
kinetic energy involved in the impact. When a projectile impacts an
aluminum surface, the kinetic energy, which is a function of projectile
mass and velocity, is transferred to the target, causing deformation and
potential failure. The damage on the dust shield is linked to the ratio
between the target thickness and the projectile size [54,55], i.e. the
higher is the projectile diameter the worst is the shield performance.
Thus, increasing the projectile size and mass to reach the expected
levels of kinetic energy would imply an under evaluation of the dust
shield performances

We shot particles made of the materials listed in Table 2 on the DISC
breadboard at speeds around 5 km/s, which transferred momenta in the
range 1072—10"! kg m/s and energies of the order of 107 J.

3. Results and discussion

We assembled four DISC breadboards for the tests, each one was
exploited for multiple shots in different areas of the sensing plate. To
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(vs. diameter d) hitting the DISC sensing surface during the entire flyby.

particles

] with a particle of a given diameter. For the Engineering Dust Coma Model we considered the average activity level, i.e. of a

typical target for Comet Interceptor, and at the two closest approach distances for S/C A (cyan) and S/C B2 (orange). The greyish area highlights the region where P < 0.1, being

0.1 the threshold probability set for the S/Cs safety.

classify the tests results we define a dust shield “failure” when the
impacting particle perforates the “dust shield frame” (see Fig. 1). In
fact, this implies that the electronics has not been protected by the dust
shield.

In Fig. 5 we report the effects of three shots performed on the
DISC breadboard #1 using the following projectiles: a first shot using
a 1 mm stainless steel sphere and two additional shots using a 3 mm
nylon sphere (further data in Table 3). The 1 mm stainless steel bead
passed through the aluminum sensing plate, then the aerogel slowed
down the particle and allowed the dust shield frame to definitely stop
it (Fig. 5, panels (a)-(c)). The DISC dust shield frame is only affected
by a small deformation and we found some metallic deposits on it,
with no signs of spallation nor perforation. The confined damaged
region in the aerogel suggests that the particle fragmentation was very
limited or even absent, which is not a typical behavior expected for
cometary dust impacts. On the contrary, the nylon beads showed a
response similar to what we expect for cometary dust, whose density
is comparable to nylon’s. During the first attempt with the nylon bead
projectile, it arrived on the DISC sensing plate completely fragmented:
the projectile unfortunately impacted on the final component of the
LGG and shattered. As shown in Fig. 5, panels (d)-(e), the cloud
of fragments perforated the sensing plate close to the hole procured
by the previous shot with the stainless steel bead and the already
cracked aerogel block stopped the projectile fragments with no evident
problems. Due to the projectile pre-fragmentation, however, the shot
precise parameters are undefined. The test with the second nylon bead
was successful (Fig. 5, panels (f)-(h)). The particle crossed the DISC
sensing plate in an undamaged region. The cloud of pits in the dust
shield frame (Fig. 5, panel (h)) proves that the bead fragmented on
impact and the fragments were slowed down by the aerogel (already
cracked because of previous shots and extremely damaged after this
third shot) and finally stopped. The dust shield correctly protected
DISC.

Fig. 6 shows the effects of three tests performed on the DISC
breadboard #2 using the following projectiles: a first shot using a
buckshot of forsterite particles with diameters ranging from 250 pm to
500 pm, and two additional shots using two aluminum beads of 2 mm
and 3 mm diameter, respectively (further details in Table 4). Among
the materials we used, forsterite more closely simulates the collision
dynamics of cometary dust particles. The damage caused by this shot
on the DISC sensing plate is very limited and the forsterite fragments
were easily stopped by the first millimeters of the aerogel (Fig. 6, panels
(a)-(c)). Conversely, the aluminum spheres caused heavy damage to the
dust shield and beyond. Fig. 6, panel (e) shows the aerogel status after
the 2 mm sphere impact at 5 km/s. The dark regions in the aerogel
are due to some metallic matter that melted on impact and then spread
throughout behind the sensing plate, as can be deduced from Fig. 6,
panel (f). After slowdown in the aerogel, the sphere was stopped by

Table 3
Shots on DISC breadboard #1: particles of different material, diameter ¢ and initial
speed v; transferred momentum p and kinetic energy K.

Shot # Material d (mm) v; (km/s) p (kg m/s) K )

1 Stainless steel 1 4.5 0.018 41.4

2 Nylon (fragments) 3 6.0

3 Nylon 3 5.5 0.086 237.3
Table 4

Shots on DISC breadboard #2: particles of different material, diameter 4 and initial
speed v; transferred momentum p and kinetic energy K.

Shot # Material d (mm) v; (km/s) p (kg m/s) K D

4 Forsterite (buckshot) 0.25-0.50 ~5.0

5 Aluminum 2 5.0 0.057 141.4

6 Aluminum 3 5.0 0.191 477.1
Table 5

Shots on DISC breadboards #3 and #4: particles of different material, diameter d and
initial speed v; transferred momentum p and kinetic energy K.

Shot # Material d (mm) v; (km/s) p (kg m/s) K ()
7 Aluminum 2 5.0 0.057 141.4
8 Aluminum 3 5.0 0.191 477.1
9 Borosilicate glass 3 4.4 0.184 404.6

the dust shield frame, where it made a bump with a small hole in the
center. The most destructive effects were induced by the impact of a
3 mm aluminum sphere at 5 km/s. Despite part of the energy was
absorbed by the aerogel, which completely fragmented (Fig. 6, panel
(h)), the bead made a holed crater on the dust shield frame (Fig. 6,
panel (i)). Part of the molten material and aerogel fragments passed
through the hole and spread beyond the electronic components down
to the bottom box structure of DISC (Fig. 6, panel (j)). The reason for
such a damage lies in the collision dynamics: on impact, the aluminum
bead probably broke up in big fragments that directly hit the dust shield
frame instead of the aerogel, which did not slow down the fragments;
destructive consequences resulted on the dust shield as well. The impact
conditions experienced in this specific test are actually quite unlikely:
they are mainly due to the dust shield frame design combined with
the DISC breadboard accommodation in the LGG chamber. Indeed,
the alignment of the LGG forces shooting the particles at the target
center; for DISC this corresponds to the center of the dust shield frame,
i.e. at the intersection of the aluminum bars dividing the four aerogel
blocks. To overcome this issue, we designed and manufactured a new
customized dust shield frame housing a single aerogel block (Fig. 7,
panel (c)). This new frame was integrated into DISC breadboards #3
and #4 for the successive tests.

The parameters used for the third test session are reported in
Table 5, the images of the tests results are displayed in Fig. 7. The
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Fig. 5. DISC breadboard #1 after the impact of (in order): a 1 mm stainless steel sphere at 4.5 km/s (sensing plate (a), aerogel blocks (b), dust shield frame (c)); fragments of a
3 mm nylon sphere at 6 km/s (sensing plate (d), aerogel (e)); a 3 mm nylon sphere at 5.5 km/s (sensing plate (f), aerogel (g), dust shield frame (h)).

tests with the aluminum spheres fired on breadboard #2 were repeated
on breadboard #3 using two aluminum projectiles identical to the
previous ones. The result of the successful shot with the 2 mm sphere
is shown in Fig. 7, panels (a)-(b): the particle hit the center of the
aerogel block, which correctly slowed down the fragments; the dust
shield frame presents only some deposits of molten material, but no
mechanical deformations nor holes. The 3 mm sphere shot was not
clean: along its path inside the LGG, the projectile gathered some debris
of comparable size, left-over of previous shots, and all such particles
hit the breadboard contemporary (Fig. 7, panel (d)). They produced
heavy damage both on the aerogel (Fig. 7, panel (e)) and on the dust
shield frame (Fig. 7, panel (f)). We cannot consider this test valid since
the combined effect of simultaneous collisions from multiple projectiles
is not informative. A further test was performed by firing a 3 mm
borosilicate glass sphere at 4.4 km/s on breadboard #4 (Fig. 7, panels
(g)-(i)). The shot was successful, the projectile hit the central region
of the DISC sensing plate and completely perforated the dust shield.
We consider the result of this test to fix the minimum energy impact
implying a dust shield failure.

For a meaningful analysis of the DISC dust shield performance we
focused on the projectile kinetic energy, that is the dominant parameter
governing crater formation from HVIs [56,57]. For a preliminary qual-
itative rescaling of our results to the foreseen cometary environment,

we computed the “corresponding diameter” d} for which a (spherical)
cometary dust particle with a density of 570 kg/m? impacting at 70
km/s would have the kinetic energy released by the described LGG
tests. Table 6 and Fig. 8 report the corresponding diameters for the
experiments we performed, together with the EDCM estimated impact
probability (PE?) on DISC onboard S/C B2 (flyby closest approach: 200
km), which is the reference for our tests evaluation as it represents the
worst case. The table also reports the impact probability (PI/?) on DISC
onboard S/C A (flyby closest approach: 1000 km). According to this
computation, for DISC onboard S/C A the probability of an impacting
particle classified as a “failure projectile” (highlighted in gray in Fig. 8)
is below the threshold value of 10% (PI’? ~ 3%-4%), thus compliant
with the S/C safety requirements. Conversely, cometary dust particles
with kinetic energy comparable to the “failure projectiles” energy are
too likely to impact on DISC onboard S/C B2 (PF* ~ 30%) with respect
to the S/C safety requirements.

This strategy does not consider the different collision dynamics
among particles with different physical properties, which actually plays
a fundamental role. The proper functioning of a dust shield derived
from the Whipple shield, as for DISC, relies on particle fragmentation
at impact. However, not all the projectiles we used for the tests undergo
this physical process under the conditions of our experiments. In order
to compare our results to a more reliable reference, we used a more
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Fig. 6. DISC breadboard #2 after impact of (in order): a buckshot of (250-500) pm forsterite particles at ~5 km/s (sensing plate (a), aerogel: global view (b), detailed view (c));
a 2 mm aluminum sphere at 5 km/s (sensing plate (d), aerogel blocks (e), back side of sensing plate (f)); a 3 mm aluminum sphere at 5.00 km/s (sensing plate (g), aerogel blocks

(h), dust shield frame (i), bottom box structure of DISC envelope (j)).

Table 6

Equivalent diameter d} for which a spherical cometary dust particle of 570 kg/m?
density at 70 km/s would have the same kinetic energy of the reported LGG shots.
The probabilities of a collision on DISC units onboard S/Cs A (P2) and B2 (PE?) are
also reported. Shots #6, 8, 9 perforated DISC dust shield.

Shot # dj, (mm) @70 km/s P2 P2

1 0.38 0.236 0.923
5,7 0.58 0.089 0.590
3 0.69 0.058 0.436
9 0.82 0.037 0.304
6,8 0.87 0.032 0.270

general method that takes into account the physical and geometrical
features of both the projectile and the target. Ryan et al. (2010)
studied the performance of open cell metallic foam core sandwich
panel structures for micrometeoroid and orbital debris shielding [58].
They derived three ballistic limit equations (BLEs) for three different
regimes of the projectile speed. Since the open cell metallic foam core

structure is similar to the DISC dust shield, we considered the BLE for
hypervelocity projectiles (v; > 4km/s) fired along the symmetry axis of
the target. In [58], the particles turned into a finely dispersed predom-
inantly molten debris cloud on impact, similarly to some of our results
(see Fig. 5, panel (h), and Fig. 6, panel (f)). In order to verify whether
the physical processes described by Ryan et al. (2010) describes our
situation, we substituted the metallic foam features with the aerogel
ones and computed the critical diameter d, for the projectiles in the
frame of our tests with the LGG as

2/3 1/3
(1, +0.5 AD,o, /p,) " 1945 (5,/70)"
pil/3 plf/9 01_2/5

The critical diameter d, is the largest size for which a (spherical) pro-
jectile of density p; and impact speed v; does not perforate a structure
designed as DISC dust shield, where p is the density of the front sheet
(the DISC sensing plate), AD,,, and t,,. are the aerogel surface density
and thickness, p,, t,, and o, are the dust shield frame density, thickness
and yield strength. The results obtained with the BLE (3) were then

d,=1915 3
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Fig. 7. DISC breadboards #3 and #4 after the collision with (in order): a 2 mm aluminum sphere at 5 km/s (breadboard #3: sensing plate (a), aerogel (b)); a 3 mm aluminum
sphere at 5 km/s (breadboard #3: sensing plate (d), aerogel (e), dust shield frame (f)); a 3 mm borosilicate glass sphere at 4.4 km/s (breadboard #4: sensing plate (g), aerogel
(h), dust shield frame (i)). Panel (c) shows the new dust shield frame design integrated in these two breadboards.
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Fig. 8. Equivalent diameter d; for which a (spherical) cometary dust particle with
density of 570 kg/m? at 70 km/s would have the kinetic energy K of the corresponding
LGG test, reported on the horizontal axis. The color encodes the probability P2 that

a particle collides on the DISC unit onboard S/C B2. The greyish circles identify the
kinetic energy values resulted in a DISC failure.

compared to the real diameter of the projectiles shot with the LGG.
Fig. 9 shows the real diameter d of the LGG projectiles normalized

to the corresponding critical diameter value d, obtained with the BLE
(3). By comparing the results of the LGG tests performed with the
current dust shield design (full dots) and the theoretical predictions of
the instrument upper resistance limit by the BLE (red dashed line), we
deduce that Eq. (3) underestimates DISC dust shield real performance.
Successful shots #3,5,7 stand above the BLE reference (i.e. d > d.),
meaning that the DISC dust shield protects the instrument from projec-
tiles that were theoretically expected to procure a failure in the unit.
In particular, shot #3 defines the empirical new upper resistance limit
of the instrument, highlighted with the green dashed line.

We tentatively extrapolate the BLE (3) to obtain the critical di-
ameter df of a cometary dust particle with a density of 570 kg/m3
impacting at 70 km/s, retrieving, for the dust shield used for the lab-
oratory tests d* = 0.98 mm, which corresponds to a dust particle with
20% probability to collide on S/C B2, too high with respect to the S/C
safety requirements. Under the assumption that equal impact energies
at low and high impact velocities produce comparable damages, we
extrapolated the BLE considering a thicker aerogel layer (7,,, = 20 mm),
resulting in a critical diameter d} = 1.34 mm, i.e. a cometary particle
with an impact probability on S/C B2 of 9.6%, compliant with the
safety requirements (<10%).
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Fig. 9. Diameter d of the particles shot for our tests with the LGG, normalized to the
corresponding critical diameter d, obtained with Eq. (3). Full circles show the results
obtained with the current dust shield design; empty circles represent the values scaled
to an upgraded design with an aerogel thickness of 7,, = 20 mm. The dust shield
failures are highlighted in gray; the two dashed lines show the upper resistance limit
according to the ballistic limit equation (red) and to our tests with the LGG (green).

4. Conclusion

We designed and manufactured an innovative light and compact
dust shield that will mitigate the dust hazard for DISC, an instrument
that will characterize pm-to-mm sized dust particles in the coma of a
dynamically new comet, onboard Comet Interceptor/ESA S/C A and
S/C B2. In this work we assessed the DISC dust shield response to
hypervelocity impacts with the aim of defining its performance during
the flyby, focusing on the most critical conditions (closest approach
distance of ~200 km and maximum flyby speed of ~70 km/s). We
performed hypervelocity impact tests, compensating the high speed
values not reachable in the laboratory with projectiles having masses
higher than those expected along the flyby, resulting in impacts with
equivalent kinetic energies. Using a Light-Gas Gun, we shot mm-sized
particles of various materials at speeds up to 6 km/s, i.e. impacts
with kinetic energies from 41 J to 477 J. The results we obtained
assure the DISC dust shield reliability for impacts with kinetic energy
up to about 240 J. The next step test was performed at an energy
of ~400 J for which the dust shield failed. A preliminary conclusion
for the dust shield design that implies a 12 mm-thick aerogel tile is
that the maximum kinetic energy for which it is reliable is within the
range 240-400 J. As a first tentative step to define more accurately
the kinetic energy upper limit for the dust shield failure we combined
these laboratory results with theoretical predictions by a ballistic limit
equation for hypervelocity impacts on a similar dust shield configura-
tion. This equation allowed us to determine the size (critical diameter
d* = 0.98 mm) of a cometary dust particle (density of 570 kg/m?)
impacting the DISC dust shield at 70 km/s and causing its failure while
assuming that equal impact energies at low and high impact velocities
produce comparable damages. Combined with the Engineering Dust
Coma Model simulations, we concluded that the dust shield design with
a 12 mm-thick aerogel block would have a not acceptable probability
of failure in protecting DISC onboard S/C B2, flying at 70 km/s with
a flyby closest approach distance from the nucleus of 200 km. To
overcome this risk of failure, we performed new calculation for an
upgraded design of the DISC dust shield, implying an increased aerogel
layer thickness of 20 mm (without any modifications to the mechanics).
We determine the updated maximum dust particle size inducing the
dust shield failure (i.e. the critical diameter) as d; =134 mm, having
an impact probability on the S/C B2 flying at 70 km/s of 9.6%, which
is compatible with the threshold value for the S/C safety (10%). We
conclude that the DISC dust shield upgraded design (20 mm-thick
aerogel) guarantees DISC safety and measurement compatibility within
the expected cometary dust environment that Comet Interceptor will
encounter.
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