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The aim of this work is to improve current knowledge of micrometeoroids and orbital debris in low Earth orbit
using space detection experiments. In 1990 and 1993, a series of samples exposed to the space environment for
several years aboard the NASA Long Duration Exposure Facility and the Mir Orbital Station were retrieved.
The samples were scanned to examine crater/perforation morphologyand size distributions. The predicted � ux on
both experiments also was modeled using Kessler’s debris and Grün’s meteoroid distributions.To interpret the � ux
observed by the experiments, impact equations were needed to convert observed crater dimensions to impacting
particle dimensions. Simulation experiments carried out in the laboratory showed that the Cour-Palais empirical
equation was suitable. Further experiments demonstrated the in� uence of impact angle upon crater morphology.
The results of the simulations together with the � ux distribution on the Mir experiment indicated that secondary
impacting might have occurred. Even without secondary impacts, the � ux on Mir was signi� cantly higher than
model predictions.

Nomenclature
a = ellipse major axis length, cm
b = ellipse minor axis length, cm
Ci = ellipse circularity, b=a
ct = velocity of sound in target, km/s
D = crater diameter, cm
d = particle diameter, cm
f = foil/target thickness, cm
H = Brinell hardness
P = penetration depth, cm
V = velocity of impact, km/s
® = impact angle, deg from normal
" = foil ductility
½ p = density of projectile, g/cm3

½t = density of target or foil, g/cm3

¾Al = tensile strength of aluminum, 80 MPa for 6061-T6 Al
¾t = tensile strength of target, MPa

Introduction

B EFORE the spaceage, knowledgeof the spaceparticulateenvi-
ronment was based upon the Earth-boundstudy of the zodiacal

light, meteors, comets, asteroids, and meteorites. Since then, sev-
eral methodshavebeendevelopedto collectparticledata fromspace
itself.1 The simplest of these methods is to expose a surface to the
spaceenvironment,returnit to Earth, andexamineit for impacts.Mi-
crometeoroid impacts at very high velocities produce characteristic
craters in the samples.These craters can be analyzed to obtain infor-
mation about the particles that caused them. The � rst microcraters
found on experiments speci� cally designed for satellites were re-
covered from the Gemini2 and Skylab missions.3 Other recovered
surfaces with microcraterswere Apollo windows,4 the Surveyor III
camera,5 and lunar rocks.6 These samples helped to establish the
natural particle � ux, or number of particles impacting a certain area
over a given time.

Whipple � rst used meteor and Pegasus and Explorer data to de-
scribe the � ux of interplanetaryobjects.7 Cour-Palais produced the
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next meteoroid environment model, which was frequently used.8

Zook pointed out that satellite sensors could be mistaking arti� cial
debris impacts for meteoroids and that lunar data were dominated
by secondary ejecta craters for pit diameters below 7 ¹m (Ref. 9).
Then, taking these factors into account, Grün et al. developed a
meteoroid � ux model based on theoretical considerations,satellite-
obtained meteoroid data (HEOS 2 and Pioneer 8 and 9), and lunar
� ux measurements.10 The � rst experimentalproofof arti� cialdebris
impactingspacecraftcame from theS-149experimentsonSkylab.In
1976, analyses of Skylab craters showed evidence of aluminum im-
pact particles.11 After this, the main data used in developingmodels
of the debris environment came from the analysis of impacted sur-
faces recoveredfrom the Solar Maximum satellite in 1984 (Refs. 12
and 13). The model most often used is that developed by Kessler in
1985, which has been through several revisions.14;15 Empirical im-
pact equations are still needed to relate observed crater dimensions
to particle dimensions that are used by the � ux models.

To update and re� ne models and our description of the mi-
crometeoroid and debris environment in low Earth orbit (LEO),
experiments were mounted on the NASA satellite Long Duration
ExposureFacility(LDEF)andoutside theRussianspace stationMir.
The experiments were intended to monitor and collect particles in
LEO. Unfortunately, the high impact velocity during collection of-
ten results in vaporization of the impact particle. To combat this
phenomenon, the multilayer collection technique was proposed to
decelerate impactors. The aim is for the particle to break through
one or more foils and remain fragmented on the layer below.16

This work describes the scanning of LDEF and Mir samples for
impactor feature � ux, diameters,circularitiesand depths; some sim-
ulation experiments performed in the laboratory to quantify impact
behavior; modeling of the particle � ux on the surfaces; a discussion
of the results; and some conclusions.In achieving these goals it was
necessaryto establishtheeffectof angleof incidenceoncratershape,
to assess multilayerparticle detector design, and to select an empir-
ical equation for the comparison of calculated and observed � uxes.

Flight Experiments
The samples come from two sources: an experiment mounted

outside Mir and two experiments on LDEF. The Mir orbital station
has been in orbit at an altitude of 350–450 km with an inclination
of 51.6 deg since February 1986. The French module Echantillons
was placed outside the station during the Franco-Russian mission
Aragatz. It was deployedon Dec. 9, 1988, and recovered13 months
later.17 Its averagealtitudeduring this time was 387 km. The module
consisted of various experiments intended to investigate the space
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Fig. 13 ESABASE model of Mir meteoroid (Mir.met), debris
(Mir.deb), andtotal (Mir.tot) � ux compared with observed values (Expt).

Fig. 14 ESABASE model of LDEF leading-surface meteoroid
(ldef.09.met), debris (ldef.09.deb), and total (ldef.09.tot) � ux compared
with observed values (Expt.09).

Fig. 15 ESABASE model of LDEF trailing-edge meteoroid � ux
(ldef.03.met) compared with observed values (Expt.03).

of approximately6 for crater diameters between 1 and 50 ¹m. The
model does not show the same plateauas the observeddata for crater
diameters smaller than 1 ¹m. Similarly, for the leading surface or
row 09 of LDEF the model particle diameter and mass values were
converted to crater diameters using the Cour-Palais equation. The
results are shown in Fig. 14. The graph shows that the experimental
data lie between model predictions for meteoroids and debris for
crater diameters less than 10 ¹m. For crater diameters larger than
10 ¹m, the experimental data approximately follow the total � ux,
althoughthere is an increasingdivergencefor largercratersizes.Ap-
parently, the debrismodel is predictingtoo high a � ux for small par-
ticles. This is consistentwith � ndings by McDonnell26 and suggests
that the micron end of the Kessler debris model needs modi� cation.

Similarly, the crater size distributions found on FRECOPA sur-
faces can be compared with model data for the trailing edge of
LDEF. Figure 15 shows a similar gradient for both model and ob-
served values, but the model predictionsare a factor 2–3 lower than
the observed values. Even allowing for experimental error, this dif-
ference is too large to be ignored. Either the meteoroid model is
underestimating the meteoroid � ux, or there is a unexpected debris
componenton the trailingedge.The latter explanationhas also been
proposed by other investigators.27;28 These possibilitiesare debated
in the “Discussion.”

Discussion
In this section, particular aspects of the results are considered,

includingimpact featurecircularity,particlecollectionmethods,and
particle � uxes on the LDEF and Mir experiments.

Circularity
This circularity and angle of impact are useful in determining

the source of secondary impacts and could possibly be used for
determining particle orbits, although this is outside the range of
the work presented here. Hydrocode simulations using Autodyn-
3D have recentlybeen used to investigatevarious aspects of oblique
impact.29 Previous work has shown that particle shape in� uences
crater morphology but that it is possible to distinguish between
craters formed by oblique impacts and those formed by highly non-
spherical particles.23

A particularly large number of elliptical craters were found on
some Mir samples. Most of these noncircular craters were oriented
at approximately45 deg to the experiment frame with a mean circu-
larity of 0.8. Comparison of this circularitywith simulation experi-
ments showed that they came from impacts with an incidence of 40
deg to the target normal. It was found virtually impossible to distin-
guishwhether it was C40or¡40deg,partlybecausethecraterswere
so small and partlybecausethe crater lipsoftengavenoclue to direc-
tion. We suggest that thesewere secondaryimpacts due to a primary
impact on a Mir station surface, which sent debris � ying towards
the experimentmodule. The primary impact would have to be some
distance from the experiment surfaces to explain the uniformity of
direction and circularityof the craters. The geometricalmodel from
ESABASE showed that there was a direct line of sight between the
Mir experimentand the main body of the station or the middle solar
panel. Therefore the primary impact could have occurred on either
of these surfaces, both several meters from the experiment module.

Particle Collection Methods
Experience from the LDEF and Mir particle collection methods

presented here show the potential of passive semi-in� nite and mul-
tilayer collection experiments. Passive semi-in� nite samples give
size and some directional and compositional details. They are ro-
bust and reliable and require no power. If materials of high purity
are used, material defects are less likely to prejudice crater counts
and chemicalanalysis.If high surfacequality (polished) samples are
used, smaller impacts can be examined and the size range of � ux
models might be extended. However, metal targets are not ideal for
chemical analysis, as a large proportion of particles vaporize upon
impact. For fewer particles to vaporize, a less dense, less resistant
medium should be employed. Several research groups are currently
developing ultra-low-densitymedia, such as silica aerogels and or-
ganic foams, for this purpose.

Passive multilayer detectors also give size and some directional
and compositional information.The layers of thin foils serve to de-
celerate the impactors and to capture the fragments. This method
gives superior data for chemical analysis than semi-in� nite detec-
tors. However, the interpretationof � ux from thin foils can be more
involved than that from thick foils, dependingon the size of the par-
ticle. Much thinner foils than those used on LDEF and Mir would
provide excellent particle detectors as they would have a D=d D 1
for all but the smallest particles. However, foils thinner than 2 ¹m
are fragile and vulnerable to accidentalmishandling.

Mir and LDEF Flux
The Aragatz experiment on Mir showed a much higher � ux for

some samples on side AV. This was observed only for impact di-
ameters below 10 ¹m. As previously described, these craters were
attributed to secondary impacting, but even when the secondary el-
ement had been removed, the average particle � ux for Mir was still
higher than the model predictions. Initially it was thought that this
was due to incorrectmodeling of the pointingof the station.But the
measured � ux was as high as a leading surface; i.e., the maximum
possible � ux. It is not possible that both faces of the module saw
maximum � ux. We deduce that the model calculationsare underes-
timating the actual Mir environment.Two possibleexplanationscan
be envisaged:either there are more particlesat orbitsof higher incli-
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nations (Divine’s interplanetary dust population breakdown shows
a distinct inclined component30) or the extra particles are due to the
dirty environment of a manned station. With the arrival, docking,
anddepartureof severalSoyuzand Progressvehiclesduring the time
of exposure, the continual generation of secondary particles would
produce more than the predicted amount of space debris impacts.

For LDEF, comparisons for the leading surface show that for
crater diameters below 8 ¹m the modeled � ux is higher than the ob-
served � ux. Above 8 ¹m, the model follows the observed � ux quite
closely. As the observed � ux is above that given by the meteoroid
model, it seems unlikely that this effect is due to a lower meteoroid
� ux than calculated. It seem more probable that the debris model is
overestimatingthe amount of debris particlesunder 8 ¹m. This was
already suspected by Kessler.31 For the trailing surface the model
predicts no debris at all. One could expect the observed distribu-
tion shape to follow Grün’s meteoroid model, but it clearly does
not. The observed data are a factor of 2–5 times higher than the
model-predictedmeteoroid � ux. It appears there is a debris compo-
nent striking the back of the satellite. Chemical analysis of crater
residues on the trailing edge showed evidence of debris particles.
This evidence lends weight to the second hypothesis. To strike the
trailing edge of LDEF, the debris particles must be in an elliptical
orbit around the Earth. One of the most obvious candidates already
suggested is particles in geostationary transfer orbit.28

Comparison Between LDEF and Mir Results
The two datasets with similar targetsinvitecomparison.The main

differences between the LDEF and Mir missions that might have
in� uenced the particle � ux were geometry, orientation,altitude, and
inclination.Similar targetswere used,and it couldbe argued that the
missions occurred almost simultaneously, but the Mir experiments
were collectingfor a shorter period and on average later than LDEF.

Even when the secondary � ux was subtracted, the observed � ux
on Mir was higher than that on the leadingsurface of LDEF for D <
50 ¹m. Considering the orientation difference, it is surprising that
the � ux on Mir was higherthan that on LDEF 09. The � ux of smaller
particles in the Mir orbit seems to be signi� cantly higher than that in
LDEF orbit. Experiments such as the European Space Experiment
Facility (ESEF) to be � own on the Mir orbital station from October
1995as partof the EUROMIR-95 missioncouldverify these results.

Conclusions
Analysis of impacts on space-exposedsamples reveals useful in-

formation about the debris and micrometeoroids particle � ux in
the near-Earth environment. The multilayer detectors revealed that
many of the impacting particles were irregularly shaped. The de-
tectors were found to decelerate impacting particles suf� ciently for
more residues to be found than for normal impacts. High � ux values
on the trailing edge of LDEF suggest that debris are to be found in
ellipticaland not just circularorbits.We also learnedfrom the LDEF
samples that the Kessler debris model is overestimatingthe � ux for
particles smaller than 3 ¹m in diameter. Kessler based the micron
range of the debris model partly on measurements of � ux on Solar
Max surfaces. These measurements are now considered erroneous
because they were probably perturbed by secondary impacts, and
the misleadingPailer and Grün equation was used in the conversion
of data.

Secondary impacts can easily distort � ux measurements, partic-
ularly for surfaces near to complex geometries. We found clear ev-
idence of secondary impacting on one side of the Mir experimental
module. The orientation and angle of the impacts pointed to a pri-
mary impact on the central body of the Mir station or on the central
solar panel. Once identi� ed, this secondary � ux is easily subtracted
from the � ux measurements to determine the real � ux. Despite this
subtraction, the � ux observed on the Mir experiment surfaces is
higher than that predicted by the models. This difference could be
explainedeitherby a generalpollutionof the environmentsurround-
ing the Mir orbital station or by Mir’s higher orbital inclination.It is
possible that the models do not adequately describe the increase in
� ux with increasingorbital inclination.It is hoped that future exper-
iments such as ESEF will contribute to these data. We can see that
the resultsobtainedcon� rm the potentialof in situ particle detection

experiments and add to our knowledge of current and future risks
for space missions.

Appendix: Empirical Equations
Numerous empirical and semi-empirical relationshipshave been

developed to convert crater/perforation morphology to particle
mass/diameter, equivalent crater size in aluminum, or equivalent
penetration thickness. All of these methods depend on certain as-
sumptionsaboutprojectiledensities,velocities,and interactionwith
the target. The equations are developed using regression methods
to approximate results of laboratory impact experiments.All of the
equations given here are semi-in� nite equations and are applicable
to the semi-in� nite or thick target regime where only cratering and
no penetrationoccurs.The equationswere developedprincipallyfor
shielding considerations where the crater depth P was considered
the most important parameter. To determine D=d, the ratio P=D
must be assumed:

P=d D P=D ¢ D=d (A1)

Cour-Palais and Christiansen32 for aluminum targets, 50 ¹m <
d < 1:3 cm and V < 12 km/s:

P

d
D 5:24d0:056

H 0:25

½p

½t

0:5
V

ct

0:667

(A2)

Pailer and Grün33 for iron and polystyrenemicrometer-sizedpar-
ticles impacting various � lms and other collected data, 1 · V ·
20 km/s:

P

d
D

0:772

"0:06½0:5
t

d0:21½0:73
p .V cos µ/0:88 (A3)

NASA34 for metal targets,where K1 is a target material constant
(0.42 for aluminum and 0.25 for stainless steel):

P=d D K1d0:056½0:519
p V 0:667 (A4)
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