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ABSTRACT

Impacts on the thin foils of the Micro-Abrasion Pack-
age (MAP) on NASA’s LDEF satellite and the Time-
band Capture Cell Experiment (TiCCE) on ESA’s
Eureca satellite produce holes which are primarily
related to the profiles (“diameters”) of impacting
micro-meteoroids and space debris particles. Com-
bining these data with impact data from thick tar-
get impact craters, for which the damage more de-
pendent on additional factors, and where such tar-
gets have experienced a statistically identical flux,
leads to a measure of the impactor density which is
only weakly affected by the assumed impact veloc-
ity. The actual mean density of the particles may
then be found by using impact equations and statis-
tical techniques to determine the effect of a density
distribution.

This technique leads to a mean in the range 2.0-
2.4 g/cm™ in the ballistic limit range 5-1000 pm
which corresponds to a mass range of approximately
10~9-10~1 kg.

Comparison of the flux levels on the two spacecratt
shows that in this size range the particles are primar-
ily of interplanetary origin, although at the smaller
end of the range orbital particles dominate.

1. NOTATION AND MEASUREMENTS

d, particle diameter f foil thickness
Dy hole diameter T, crater depth
D. crater diameter F.... Dballistic limit
V'  velocity v impact Angle
p  density o yield strength

S  standard deviation

All measurements are relative to, or in, the original
surface plane, except for Dy which is measured at
the smallest diameter and @ which is relative to the
surface normal. The ballistic limit, Fi,qz, is defined
as the maximum thickness of foil that the particle
would perforate. Measurements are shown in Fig. 1.

2. INTRODUCTION

The determination of particle densities from hyper-
velocity impact craters has been performed for sev-
eral decades (Ref. 1, 2, 3, for example) however these
approaches have typically relied upon an assumed
impact velocity to determine the density. Using a

Figure 1: Measurements taken from a hypervelocity
impact.

combination of impacts from thin and thick targets,
however, combines a pair of impact relationships,
and thus we find that some of the parameters are
cancelled out to a large degree.

This approach has been taken previously by Pa-
ley (Ref. 4) and Deshpande (Ref. 5), unfortunately
these works made use of the equation of Carey et al.
(Ref. 6), which does not represent the marginal per-
foration regime well. They also failed to consider the
effects of a distribution of impactor densities and ve-
locities.

3. THE GMC EQUATION

The hole growth equation of Gardner, McDonnell
and Collier (Ref. 7) (or GMC equation) is unusual in
that rather than giving the hole diameter caused in
a given foil by a known particle, it gives the diameter
of the particle that caused a known hole. This ap-
proach better represents the situation with the anal-
ysis of space-flown foils and also greatly simplifies
the mathematics. In the context of this work it also
permits the determination of Fi,,; as a function of
Dy, for an impacting particle.

The equation takes the form:

dy (20 ) Dufy_ %
: (9+6%)+ ; (1-e7#) ()

where A and B are dependent on the projectile
and target materials and parameters. The values
of A and B (for an aluminium target) are given in
Eqgs. 2 & 3. Where f is in pm and all other units are
in SI.
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Figure 2: The modified GMC equation for a variety

-of impactor velocities and densities.
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4. APPLICATION TO IMPACT DATA

Since A represents the limiting case of zero diameter
hole, and is thus in fact d,/Fy,4z, we can divide by
this to get the relationship of Eq. 4, shown in Fig. 2.

Fmaz _ (10 \  Du( _ _m
; _(gﬂ% +fA(1 e ) (4)

Fig. 2 shows that whilst impact velocity has an ef-
fect on the relationship, it is not as significant as
density. Comparing these graphs with an “actual”
Dy, to Fpee relationship (Fig. 3) obtained from the
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Figure 3: Spacecraft Dy to Fi,.. relationships ob-
tained by Gardner et al. (Ref. 8).
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Figure 4: Comparison of spacecraft Dy to F,,,, Te-
lationships with curves from Eq. 4.

Space face MAP and TiCCE experiments (Ref. 8)

we find (Fig. 4) that the in-situ data corresponds to
impacts from particles of density 1.5 g/cm?.

The effect of a distribution of densities (and veloc-
ities), however, must not be ignored, as in general
f(z) # f(Z). A computational approach has there-
fore been used to simulate these effects. Distribu-
tions published by Babadzhanov (Ref. 9) for (spo-
radic and stream) photographic meteors and by Love
et al. (Ref. 10) and Flynn and Sutton (Ref. 11)! from
stratospheric particles were used with densities for a.
particular simulation run chosen randomly from the
selected distribution. Velocities were similarly se-
lected from the distribution of Taylor (Ref. 12), and
particle sizes were selected so as to generate a “real-
istic” flux distribution.

The results of a typical set of simulations is shown in
Fig. 5. The mean densities of the impactors in this

1Flynn and Sutton deliberately selected “fluffy agglomer-
ates” for their study.
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Figure 5: Simulation results using Taylor’s velocity distribution and Babadzhanov’s density distribution.
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Figure 6: Simulation results compared to the true
sample mean for a variety of distributions.

set of simulations were in the range 2.4 < p < 2.9,
whereas the density obtained from fitting equation 4
was found to be in the range 1.4 < p < 1.7. Similar
calculations were performed and the relationship be-
tween the sample mean and the fit is shown in Fig. 6

This marked divergence between the fit and the true
mean led to further studies, in which the mixing ra-
tio of a bimodal distribution, and the width of a

monomodal density spectrum were altered. Figure 7
shows that the method used is sensitive to low den-
sity particles, and that only a small fraction of low
density particles can have a significant effect on the
fitted density. Figure 8 shows that with increasing
standard deviation (S) of the input density distribu-
tion there is a marked decrease in the fitted density,
and also that this effect is not significantly affected
by the shape or the mean density (p) of the distribu-
tion. We thus find that the ratio (S/p) of the stan-
dard deviation to the mean of the impacting particle
densities gives a reasonable measure of the “de-rating
ratio” (R) i.e. the ratio of the fitted density to the
mean density. The fitted line is given in Eq. 5.

R=1+ 5.33 x 1072 (1 — exp (3.153)) (5)

Table 1 shows the normalised standard deviation
(S/p) for the published distributions considered
here, and the de-rating ratio expected (from Eq. 5)
for these distributions. For an apparent mean of
1.5 g/cm?®, and assuming that Eq. 5 holds and the
published density distributions considered are of rep-
resentative width, the true mean density is in the
range 2.0-2.4 g/cm?>.
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Distribution \

‘Babadzhanov (sporadics)
Babadzhanov (stream)
Love et al.

Flynn & Sutton

p S De-rating |
(g cm™3) | (g cm™3) ratio (R)

2.7 1.8 0.66 0.63

3.3 1.8 0.96 0.74

2.4 1.1 0.56 0.74

1.1 0.63 0.97 0.73

Table 1: De-rating factor expected from published density distributions.
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Figure 7: Fitted density obtained from a bimodal
distribution, as a function of the mixing ratio.

5. SOURCES OF IMPACTORS

It is normal to divide the possible impacts on a satel-
lite in LEO into two main sources: natural and de-
bris. Analyses of LDEF’s impact flux record have
concentrated on discriminating between this pair of
sources, initially based upon the assumption that
natural sources are either isotropic or are “smeared
out” over the orbital lifetime of the satellite (Ref. 13),
to become effectivly isotropic as far as the impact
record is concerned. More recent work (Ref. 14) has
shown that this assumption is not fully justified, at
least as far as the North and South pointing faces
are concerned.

The pointing attitude of EuReCa (stabilised with re-
spect to the sun as opposed to spacecraft ram direc-
tion for LDEF) produces a random exposure to de-
bris, however any enhancement of the natural parti-
cle influx from the Earth-ram direction will be visible
as an enhancement over the LDEF average. Thus in
comparing LDEF’s impact record with that of the
EuReCa TiCCE experiment (Ref. 8) an alternative
division is suggested: isotropic and anisotropic rel-
ative to the Earth-ram direction. Into the isotropic
category will fall orbital particles (debris and aero-
captured natural particles) and any isotropic compo-
nent of the natural population.

The impact flux on the TiCCE experiment compared
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Figure 8: Effect of normalised standard deviation
(5/p) on the de-rating ratio (fitted density / true
density). Four idealised distributions are shown, as
are those from (Ref. 9, 10, 11)

to the LDEF average (Fig. 9) clearly shows that such
a bias is indeed found. Analysis of these flux differ-
ences (Ref. 15, 16) shows the Earth-ram flux to dom-
inate above Fi,,; = 30 mum (up to the largest im-
pact data available, about 1000 um). Below this size
there is a transition region, until at 10 ym the flux
is dominated by anisotropic sources (with respect to
the Earth’s apex of motion).

Comparing the flux observed on TiCCE with that on
the LDEF East face, shows that while at small sizes
LDEF East has a higher impact flux, for large scale
impacts an approximately equal flux is suggested.
The influx from the Earth-ram direction at these
penetration scales thus presents a danger to space-
craft operations of similar magnitude to that of the
spacecraft-ram direction.

6. LDEF’S EAST FACE

LDEF East face (pointing in the spacecraft ram di-
rection) must have, by dynamical considerations, re-
ceived an impact flux from debris particles. Com-
parisons of impact data from this face with modelled
meteoroid fluxes reliably show an excess of particles
which can be best attributed to debris. Recent mod-
elling work (Ref. 15, 16) has shown a good agreement,
with a natural particle dominated flux distribution
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Figure 9: Impact flux on the EuReCa TiCCE experiment compared to that on LDEF.

at large sizes (Fnae > 90 um), with an excess of par-
ticles at smaller sizes. This data shows agreement
with the TiCCE data, and strongly suggests that
below some 30-50 um F,,,r most particles that im-
pact on a satellite are orbital, and thus either debris
or aerocaptured meteoroids (Ref. 17).

The result of treating data from the East face in a
similar manner as that in Fig. 3 is shown in Fig. 10
for a variety of foil thicknesses. Fig. 11 compares
these foil data to the curves and TiCCE data from
Fig. 4. It is notable that, at small sizes, the data
from both satellites drop below the curves (a feature
not found in the Space face data considered earlier).
The exact reason for this reduction is as yet unclear,
but it has been found that similar effects may be
obtained in the simulations by changing the velocity
and density populations as a function of size, a situa-
tion we would expect for a change from a population
dominated by natural particles to one dominated by
orbital debris particles.

7. CONCLUSIONS

Meteoroid particles from the Earth’s apex of motion
are found to dominate the spacecraft flux for impacts
capable of penetrating a foil of ~50 um and above.

East 4.81um
East 12um
East 14um
East 251m

Figure 10: Dy to Fi,.. relationships obtained from
LDEF East face.

These particles are found to have a mean density in
the range 2.0-2.4 g/cm?.

The Earth-ram direction flux enhancement has been
shown to give a flux of similar magnitude to that
found for the spacecraft ram direction in these size
ranges. It is thus appropriate, when spacecraft de-
sign is considered, to treat this flux source as seri-
ously as that on the leading face.
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Figure 11: Dj to Fi,,; relationships obtained from
LDEF East face compared to the curves of Fig.4.

Analysis of surfaces exposed on spacecraft faces ex-
pected to receive a flux of debris particles, shows a
feature consistent with a change in population den-
sity and/or velocity. Further analysis of this feature
is the subject of an on-going study.
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