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INTRODUCTION: A number of investigations [ l ,  2 & 31 have addressed the depth (P) and diameter (D) 
relationship of craters retrieved from aluminum surfaces that were exposed to the low-Earth orbit (LEO) particulate 
environment by the Long Duration Exposure Facility (LDEF). Interest in relative crater depth primarily relates to 
the bulk density of the impactors, as most cratering equations entail that projectiles of high density will produce a 
deeper crater structure (at constant diameter) than low-density projectiles [4]. In addition, the shape of the projectile 
can affect a crater's aspect ratio [5 & 61, as does impact angle [7]. Experimental observations [8 & 91 suggest that 
PID is invariant in aluminum alloys at >5 lads, and these observations were extended to 20 lads  by LDEF 
observations [3]. Typically, a broad distribution of PID values is reported from LDEF, suggesting that projectiles of 
widely variable densities and/or shapes contribute [2 & 31. 

Previously [lo], we analyzed the projectile residues in aluminum 1100 craters from a forward-facing LDEF 
location (A1 1; -52" off the velocity vector). Approximately 50% of all craters contain no detectable residue at the 
sensitivity of S E W D S  methods. However, those projectile remnants that can be analyzed may be subdivided, with 
considerable confidence in the majority of cases, into natural and man-made particles. We have now measured the 
aspect ratios of these craters of known impactor composition in an effort to explore whether natural micrometeoroids 
and man-made orbital debris particles produce systematically different crater geometries that may imply different 
projectile densities andlor shapes. Our sample set consisted of 328 craters, 262 of which were categorized as 
resulting from natural micrometeoroids, and 66 resulting from man-made debris; this debris population excluded 
pure aluminum impactors (either metallic or oxidized), because these projectiles could not be identified on the 
aluminum host surface [lo]. 

MEASUREMENTS: Crater diameter (D) was measured at the intercept of the original target surface with the 
crater walls; crater depth (P) was measured from the original target surface to the crater bottom. Measurements were 
made with an optical microscope utilizing an EPILAN lens 
system, which had a very narrow depth-of-field (-4 pm at the 
typical 40X power used). Accuracy of our depth measurements 
is estimated to be <5%. Realizing that this accuracy depends on 
absolute depth, we subdivided our crater population by size into 
(I) small ( 4 0 0  pm diameter), (2) medium (100-250 pm) and 
(3) large (>250 pm) craters. Furthermore, crater depth is 
affected by the impactor's trajectory and highly oblique impacts 
result in shallow, generally elliptical craters [7]. Therefore, we 
measured the long (L) and short ( S )  axes of our craters and 
categorized craters of LIS < 1.05 as "round". Following [7], this 
round crater class is characterized by relatively steep 
trajectories, >30° off the horizontal. Of the total set of craters 
(328) measured for this report, -64% (209) were categorized as 
being round. 

RESULTS: The basic PID measurements are illustrated in 
Figures l a  & l b  for all craters produced by micrometeoroids and 
debris, respectively, regardless of crater shape (i.e., potentially 
including very oblique impacts). Figure lc  portrays the 
measurements of all round craters, regardless of origin. Most 
craters of PID < 0.5 display either bilateral symmetry due to 
oblique impact, or highly irregular outlines; the latter are most 
likely the result of irregular plates or flake-like objects [5]. 
Conversely, very deep craters (PID > 0.8) occur in both data 
sets. The deepest craters approach, but do not exceed PID = 

1.0. Such deep craters could result from round or equant 
impactors at low velocity (<3 lads  [7, 8 & 91). Such low 
encounter velocities are principally difficult to accomplish on a 
forward-facing LDEF surface, because particles of effectively 
low-velocities would preferably approach from the rear and 
result in highly oblique, if not grazing impacts, tending to 
produce shallow, rather than deep structures. Therefore, it is not 
likely that low velocities are responsible for the deep structures; 
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rod-like, highly 2-dimensional objects of good penetration capability [6] are most likely the reason. The spread in 
PID values illustrated in Figure 1 may also be interpreted in terms of projectile density. Assuming that the average 
impactor has a density of -2.5 g/cm3 [3] and an average PID of 0.6, one obtains impactor densities using [4; eq. 281 
of -0.5 gIcm3 for PID = 0.3, and of -9 g/cm3 for the deepest (PID = 1) structures at a model velocity of 10 kmls. 
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Figure 2. Average PID ratios for the various categories of craters included in this study, sorted by projectile 
origin as determined from residues found within the craters. 

Finally, Figure 2 presents geometric averages of PID values for our crater population, sorted by projectile 
origin, crater size and roundness. Note that the all category is modestly shallower than all round structures, 
reflecting the exclusion of highly oblique impacts in the latter. Crater depth seems to be systematically related to 
crater size, with small structures being substantially deeper than large craters as already reported by [I]. As a group, 
the round, small craters are deepest, averaging at PID - 0.65. Importantly, as previously suggested 12, 3 & 91, the 
average shape of all craters, including any specific subset, is noticeably deeper than PID = 0.5, a commonly 
suggested value for impacts in aluminum targets [e.g., 81. While this value is not questioned for much larger (>> 
mm) laboratory craters employing aluminum projectiles and targets, it is not typical for space-produced craters. 
Empirical findings are that space-produced craters (< mm) are somewhat deeper. This has implications when 
extracting projectile dimensions fiom measured crater diameters using 181, because the postulated relationship of P 
= 0.5D does not hold. 

CONCLUSIONS: Obviously, no unique information on projectile shape and density can be extracted fiom 
these measurements, but it seems self evident that natural and man-made impactors produce stunningly similar 
distribution patterns of PID for the entire crater population and specific subclasses thereof. This leads to the 
important conclusion that natural and man-made impactors in LEO do not seem to systematically differ sufficiently 
in density andlor shape to reveal differences in their PID ratio. 
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