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INTRODUCTION: The Long Duration Exposure Facility (LDEF) was a 12 sided, non-spinning cylinder that 
resided in low-Earth orbit for -5.7 years. Due to its non-spinning nature, each of the 12 sides will reflect the specific 
fluxes and velocity distributions -of both natural and man-made hypervelocity particles representing a specific 
viewing geometry relative to the spacecraft's velocity vector (1, 2). Prior to LDEF most small-scale (< 1 mm) man- 
made objects were believed to reside in essentially circular orbits such that few, if any, would catch up with the 
trailing-edge (i.e.,  anti-ram direction) surfaces of LDEF. However, compositional analysis, by a number of groups 
using SEM-EDS and SIMS methods, revealed the presence of man-made impactors on a variety of surfaces residing 
on LDEF's trailing edge (3, 4, 5, 6). Such residues consisted predominantly of aluminum-rich projectiles, yet other 
particles types, such as paint-flakes, electronic components, or stainless steel were also reported. These fmdings 
mandate particles in highly elliptical, low-inclinations orbits fiom sources such as vehicles used to transfer paylaods 
to geostationary orbits; such sources were not considered significant prior to LDEF's retrieval (7). 

Most evidence for man-made debris on LDEF's trailing-edge surfaces was obtained fiom the Chemistry of 
Micrometeoroid Experiment (CME), which employed gold surfaces enabling the recognition of Al-rich debris, 
unlike the majority of other surfaces that were largely composed of aluminum. A total of 199 craters > 30 pm in 
diameter was found and analyzed on these gold-surfaces; 60 craters (30%) were identified as resulting fiom cosmic- 
dust particles, 27 events (14%) were caused by man-made objects; the remaining 112 craters (57%) could not be 
classified, as they did not contain sufficient residue in the crater interior to be analyzed via SEM-EDS methods (3). 
Of the 27 man-made events, 24 contained only A1 in the X-Ray spectra. The objective of the present work was to re- 
analyze this Al-rich set of craters using windowless X-Ray detectors in our JOEL 35C SEM to evaluate the relative 
proportions of metallic versus oxidized A1 particles. The former is likely to originate as collisional detritus, while 
the latter would represent exhaust products fiom solid-fuel rocket motors that are employed by geostationary transfer 
vehicles (8). 

RESULTS: Figure 1 illustrates the absolute concentration of O2 in the 24 craters analyzed, organized by size. 
These O2 concentrations were obtained via the BSAM program, provided by Princeton Gamma Tech, employing 
sample BL8STD as an A1203 standard (53% Al; 47% 02). In addition, we analyzed "aluminum-spheres" that were 
recovered fiom solid-fuel rocket firings; their average was 56% A1 and 42% 02 ,  with a range in O2 content fiom 39 
to 44%. Returning to Figure 1, all residues contain oxygen, yet two distinct groupings result that are separated by a 
gap of 13 - 26% 02. The "low-oxygen" group averages -8% 02 ,  while the "high-oxygen" group -38% 02. While 
none of the analysis reveals perfectly stoechiometric Al2O3, six samples are within the range of measured solid-fuel 
exhaust products; values between 26 and 35% O2 seem consistent with solid-fuel exhaust products considering the 
somewhat semi-quantitative nature of the analyses. The low-oxygen group (n = 11) is not perfectly consistent with 
pure metallic aluminum. Possible sources of oxygen may be (1) atomic oxygen implanted in orbit, (2) electroplated 
parent surfaces for many small-scale crater ejecta, (3) outgassing and condensation of surface deposits on LDEF 
surfaces, and (4) oxidation on Earth. 

Note in Figure 1 that oxygen-rich residues are limited to relatively small craters, the largest -60 pm in diameter. 
In contrast, the metallic impactors populate the entire size range and all craters > 60 pm in diameter are exclusively 
associated with metallic residues. As a consequence, the bimodal distribution in 0' content seems to be associated 
with impactors of distinctly different size distributions. Converting these crater sizes to projectiles (3), one 
calculates projectiles -35 pm in diameter for a 60 pm crater, using a mean encounter velocity for man-made debris 
with the trailing edge surfaces of 2 M s  (2). It appears that oxidized particles outweigh metallic Al-debris by 
approximately a ratio of 2:1 at projectile sizes < 35 pm. Clearly, these dimensional observations are consistent with, 
if not supportive of, our general assignment of small A1203 particles to solid-fuel exhaust products (e.g., 8). 

DISCUSSION: We have attempted to determine the relative frequency of metallic versus oxidized aluminum 
particles that may collide with the rear surfaces of a non-spinning platform in low-Earth orbit. At particle diameters 
of < 35 pm, solid-fuel rocket exhaust dominates metallic species by approximately 2:l; particles > 35 pm seem 
exclusively to be metallic and most likely the result of collisional break-ups, including crater ejecta from impacts into 
aluminum targets. These findings are consistent with the suggestion that geostationary transfer vehicles are the most 
likely sources for such particles (7). 

Note that aluminum rich species make up > 85% of all man-made impactors (i.e., 24 of 27 recognized debris 
impacts) on CME. Additionally, orbital debris was responsible for 14% of the 199 craters observed, and -3 1% of 
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those craters that contained residues analyzable by EDS on the CME gold collectors. However, the frequencies from 
CME are not necessarily consistent with the observations of others, and the relative abundance of natural versus 
man-made impactors is still affected by substantial uncertainties at present, as well as the compositional make-up of 
the debris population. For example (4) employed sensitive SIMS analysis and report from their trailing-edge Ge 
collectors -12 (21%) of 56 events as "possible" man-made particles, yet only one of these residues consisted of 
essentially pure aluminum, a fmding that is substantially at odds with our observations. In addition, (5) suggest on 
the basis of 28 analyzed craters that the total population of man-made impactors is < 5%, although a maximum of 
18% seem possible, if all "indeterminate" (n = 3) craters on their aluminum surfaces were arbitrarily assigned to 
aluminum-rich impactors. Lastly, (6) report that > 50% (n = 5) of all analyzable events (n = 8; + 10 craters of 
indeterminate origin) on trailing-edge surfaces as resulting from debris particles other than pure aluminum (which 
could not be analyzed on the aluminum-containing substrate). 

CONCLUSIONS: While space does not permit more detailed discussion of the above fmdings, it seems 
abundantly clear that current observations by a variety of groups are discrepant. Considerably more work is needed 
to derive an internally consistent understanding of the compositional make-up and of the relative and absolute fluxes 
of man-made debris in highly elliptic orbits that may collide with the trailing edge surfaces of non-spinning 
platforms, such as LDEF or the future Space StationIMIR complex. 
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Figure 1. Oxygen content of 24 projectile residues, from the gold collectors of 
Chemistry of Micrometeroids experiment, plotted against crater size. 
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