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The Long Duration Exposure Facility (LDEF) was recovered in January 1990, following 5.7 years of con-
tinuous exposure in low Earth orbit. The gravity-stabilized nature of LDEF permits the resolution of the flux
and trajectories of impacting meteoroids and space-debris particulates. We have completed the collection of
high-resolution stereoscopic video imaging of all large impact features on the entire LDEF, and present here the
preliminary results for the aluminum frame of the spacecraft. The raw data indicate possible extreme directional-
ities in impacting particulates for sizes greater than approximately 0.1 mm in diameter, which are not explained
by current modeling. Following a Gaussian curve fit to the data, the leading-edge/trailing-edge ratio of large im-
pact feature frequency observed for the LDEF is approximately 20:1, in good agreement with existing models
(Zook, H. A.,"Flux vs Direction of Impacts on LDEF by Meteoroids and Orbital Debris," Lunar and Planetary
Science XXI, Lunar and Planetary Inst., Houston, TX, 1990, pp. 1385-1386). Finally, we present a list of
recommendations for further LDEF analyses that will be necessary to ensure the safe design of spacecraft.

Introduction

THE Long Duration Exposure Facility (LDEF) was
recovered in January 1990, following 5.7 years of expo-

sure of 130 m2 of surface area in low Earth orbit (250-179
n.mi. altitude). The LDEF spacecraft is an open-grid cylin-
drical structure on which a series of rectangular trays used for
mounting experiment hardware were attached. These trays
faced in 14 directions, 12 along the sides (called "rows" in the
trade) and two on the ends. In addition, portions of the LDEF
frame, tray attachment clamps, and half of the tray lips
(flanges) faced in directions between each of the 12 side tray-
facing directions. An on-orbit photograph of the LDEF ap-
pears in Fig. 1. Since the LDEF was gravity-stabilized, ele-
ments of the LDEF faced in 26 different directions that were
fixed relative to the spacecraft's velocity vector. Thus, studies
of the impact record of the LDEF will permit the resolution of
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the flux and trajectories of meteoroid and space debris
particulates.

The LDEF was host to several individual experiments
designed to characterize aspects of the meteoroid and space-
debris environment in low Earth orbit. It was realized from
the beginning, however, that the most complete way to accom-

Fig. 1 Photograph of the LDEF taken by the crew of the Space
Shuttle that deployed it in April 1984.
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plish this goal was to exploit the impact record of the entire
LDEF. The Meteoroid and Debris Special Investigation Group
(hereafter Meteoroid and Debris SIG) was organized to achieve
this end.

One of our first activities was to assist in the initial docu-
mentation of the LDEF in the Spacecraft Assembly and En-
capsulation Facility II clean room at the Kennedy Space Cen-
ter (KSC). Meteoroid and Debris SIG members at KSC har-
vested a specific set of data for all large impacts, which in-
cluded 1) the size, type, location, and additional characteris-
tics of all impact features deserving of documentation (for our
purposes, impact craters and penetration holes measuring
>0.5 mm in diameter for thick surfaces, >0.3 mm in di-
ameter for thinner blanket-type materials; a total of approx-
imately 5000 features satisfied these criteria), 2) digitized,
stereo, color imaging of these same 5000 large impact features,
and 3) an accounting of all impact features large enough to be
observed visually, but too small to warrant detailed documen-
tation (approximately 30,000 impact features below the size
thresholds specified above). In addition, we collected any
other information on impact features that could be gathered
visually. The digitized images of impact features collected at
KSC are now in the process of being reduced to yield accurate
impact crater diameter and depth data (accurate to within
5%). A detailed preliminary description of the cratering rec-
ord of the entire LDEF has already been prepared,2 and is
beyond the scope of this short publication. Here, we present a
preliminary accounting of the impact record of the aluminum
frame of the LDEF, which has the benefit of being a single ho-
mogeneous material continuously exposed in all 26 facing
directions of the LDEF for its entire 5.7 year lifetime.

Finally, we present a series of recommendations that, if im-
plemented, would provide necessary data for the design and
safe operation of spacecraft in low Earth orbit, while simulta-
neously yielding an unparalleled view of the meteoroid and
debris complex.

Data-Acquisition Procedures
This section describes the various procedures and equip-

ment used by the Meteoroid and Debris SIG during deintegra-
tion operations of the LDEF at KSC, and provides the back-
ground necessary for understanding the data presented.

During a three-month period, from February through April
1990, members of the Meteoroid and Debris SIG were active
during all stages of the deintegration of the LDEF, and
documented the impact features present on its surface. At this
time, we photodocumented all impact features measuring
>0.5 mm in diameter present on structural surfaces, and all
impact features >0.3 mm in diameter in thin materials, such
as thermal-control blankets. The dual size threshold was
employed due to the differing processes involved in hypervelo-
city impact into foils vs materials with far greater thicknesses;
a 1 mm diam particulate might make a 1 mm diam penetration
hole through a sufficiently thin foil, but a 5 mm diam impact
crater into a section of aluminum frame. Thus, the dual size
threshold will be helpful when our impact results are later
recalculated in terms of impactors of constant mass. We made
a visual survey, only, of all smaller, but visible, impact
features. The photodocumentation was required due to the de-
structive nature of most of the analyses planned for the LDEF
surfaces; we anticipate that many subsequent analyses of
LDEF surfaces will destroy much of the impact record.

Our impact feature documentation was performed with
three dedicated stereomicroscopic imaging systems. Each
stereomicroscopic imaging system consisted, at its heart, of a
Wild Leitz M8 stereomicroscope body. Between the top of the
M8 body and the 45-deg-inclined binocular eyepiece tube was
a beam splitter directing 50% of the incoming light to the bin-
ocular eyepiece tube and 50% to camera systems. Attached to
both sides of the beam splitter were Cine/TV tubes, on each of
which was attached a custom camera adapter compatible with
either Nikon F3-HP 35-mm cameras or Sony XC-711 CCD

video cameras. The microscope/camera system was attached
to a microscope carrier on a fully articulated surgical floor
stand. This integrated system provided complete mobility of
the microscope/camera system, and permitted the microscope
to be moved into virtually any position. This system is shown
in use during the frame survey in Fig. 2.

Output from the Sony CCD video cameras was carried to a
computer system for digitization and storage. The computer
system consisted of an NEC Portable Powermate 386 SX port-
able computer, to which was added a Data Translations
DT2871 frame grabber/digitizing board, a Data Translations
DT2869 encoder/multiplexer board, two Javelin CVM-13A
video monitors, and two Storage Dimensions MAXTOR
LS800AT-E External Laser WORM disk drives.

To permit the measurement of impact feature locations on
each LDEF experiment and frame member, three identical
electronic Coordinate Registration Systems (CRS) were fabri-
cated from components by Prototype Machine Corporation,
St. Louis, Missouri. The systems consisted of electronic linear
spars (Mitutoyo AT UN) mated to drafting system sliding
tracks (Vemco V-track 630) and fitted with custom fabricated,
adjustable height 3x spotter scopes. The upper and lower
lenses of the spotter scopes were etched with a crosshair and
1.0 mm circle, respectively; the lenses were physically sepa-
rated by several centimeters. This lens arrangement prevented
positioning errors due to parallax by allowing the crosshairs to
be reliably positioned in the center of the circle. The signals
from the electronic spars were displayed on a digital readout
unit (DRO; Mitutoyo ALC-EC). Each CRS was paired to an
LDEF experiment tray stand (called a rotator) for use with the
stereomicroscopic imaging systems. In some cases, (e.g., on
most small subcomponents, such as clamps, bolts, shims, re-
flectors, and on the LDEF frame), a metric tape measure or
scale was used to determine the coordinates of impact
features.

All experiment trays and associated clamps, shims, reflec-
tors, and steel bolts were surveyed as they were removed from
the LDEF. The experiment tray location, impact feature num-
ber, experiment number, image file name, feature coordi-
nates, image magnification, comments, and other critical in-
formation were appended to the bottom of each collected
image. Any additional comments on the image(s) were separ-
ately recorded in logbooks. The only nondocumented surfaces
were the insides of several small active canisters that opened
and closed on orbit. The impact features from these experi-
ments will, however, be documented later.

The Meteoroid and Debris SIG survey of the LDEF frame
was conducted following the removal of all of the experiment
trays and thermal panels from the LDEF. The purpose of this

Fig. 2 Photograph of the stereomicroscopic imaging system used to
document impact features at KSC (view of the frame survey; the imag-
ing system is on the stand at left).
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survey was to identify and photodocument features of interest
residing on the longerons and intercostals that composed the
skeletal framework of the LDEF spacecraft. This survey
became necessary because portions of all LDEF frame mem-
bers were exposed between tray flanges, i.e., the LDEF experi-
ment trays did not completely cover the underlying frame. All
LDEF frame members consisted of 6061-T6 chromic-anodized
aluminum.

All experiment trays were affixed to the LDEF frame by
means of 6061-T6 chromic-anodized aluminum clamps, mea-
suring 4.8 x 12.7 x 0.45 cm thick. These clamps also faced in
all LDEF directions, although the total surface area of the
clamps (3.5 m2) was considerably less than that presented by
the LDEF frame (15.4 m2). All clamps were surveyed for large
impact features at KSC. Approximately one-half of these
clamps have been retained by the Meteoroid and Debris SIG
for further analysis; the remaining clamps are in the posses-
sion of the LDEF Materials SIG.

All experiment trays were also constructed of chromic-
anodized 6061-T6 aluminum, and were either 1.6 or 3.2 mm
thick. The flanges of each experiment tray, thus, constitute a
third homogeneous material facing in all LDEF directions.
These flanges were surveyed for impact features, along with
the experimental surfaces of each tray. Again, the total sur-
face area of the tray flanges (6.6 m2) is significantly less than
that of the frame.

All of the digitized images of LDEF impact features will be
reduced to provide precise diameter and depth information.
However, we optically measured impact feature diameters at
KSC so that preliminary reports (such as this) would be possi-
ble/These diameter measurements should be accurate to
within 10%. The results of the more accurate (within 5%) re-
duction of the digitized imaging will not be available for some
months.

All crater measurements presented here are center-of-rim to
center-of-rim diameters. This concept is explained graphically
in Fig. 3. The majority of impact features examined at KSC
possessed raised rims, some of which were irregular in shape,
resembling a flower with folded back "petals." For more in-
formation regarding hypervelocity impacts and the morpholo-
gies presented by impact features, consult Anderson3 and
Kinslow.4 In practice, the microscope was focused on the top
of the feature's rim, and the center of the ridge in focus was
used to make the estimated diameter measurements. When
highly asymmetric rim shapes were present, the maximum and
minimum diameters were measured, and the minimum mea-
surement used to produce the results reported here. Penetra-
tion holes were not present on any of the LDEF frame
members.

To foster continued studies, we have carefully selected a
large variety of materials from LDEF displaying impact fea-
tures, and returned them to the Curatorial Facility at the
Johnson Space Center (JSC). It is our intention to resurvey
curated LDEF surfaces in order to document smaller features
than those documented at KSC during LDEF deintegration ac-
tivities, and also to verify the accuracy of the large impact
feature diameter measurements made at KSC. All of the
LDEF surfaces obtained by the Meteoroid and Debris SIG for
curation are also available for allocation to qualified in-
vestigators.

Results and Discussion
The Meteoroid and Debris SIG survey of the entire LDEF

spacecraft identified a total of approximately 34,000 features
on all space-exposed surfaces, including three features located
on interior portions of structural-frame members. The latter
three features were undoubtedly formed by projectiles passing
through spaces present between tray flanges and the LDEF
frame. Table 1 indicates the disposition of the documented im-
pact features among the 1) experiment tray surfaces (including
thermal panels), 2) tray flanges, 3) clamps, bolts, and shims,
and 4) frame. As explained earlier, a dual minimum size crite-

c) d)

Fig. 3 Cartoon illustrates the physical meaning of the center-of-rim
to center-of-rim diameter measurement employed for crater documen-
tation: a) cross-sectional view of a feature with a symmetrical rim and
overturned lips, b) top view of a, c) cross-sectional view of a penetra-
tion feature with symmetrical rim and overturned lips, d) cross-
sectional view of a penetration feature without a rim.

Table 1 Feature summary for all LDEF surfaces"_____

Clamps, bolts Tray Experimental
and shims flanges surfaces Frame Totals

>0.3 mmb
>0.5 mm
Totals

161
161

419
419

763
2106
2869

433
433

763
3119
3882

aDoes not describe the disposition of over 30,000 catalogued impact features
with diameters below threshold size.
bEntry pertains only to foil materials present on experimental surfaces, where
the size threshold was 0.3 mm; entries are not counted twice in the table.

Table 2 Areas and impact frequencies for the
LDEF frame

Row
1
l-2a

2
2-3
3
3-4
4
4-5
5
5-6
6
6-7
7
7-8
8
8-9
9
9-10
10
10-11
11
11-12
12
12-1
Space end
Earth end

Area, m2

0.613
0.535
0.610
0.535
0.613
0.535
0.610
0.535
0.613
0.535
0.610
0.535
0.613
0.535
0.610
0.535
0.613
0.535
0.610
0.535
0.613
0.535
0.610
0.535
0.787
0.787

Impacts/area
9.8

13.2
4.9
1.9
4.9
1.9
4.9
1.9

11.5
7.5 .

13.1
20.8
21.3
47.2
55.7
50.9
41.0
67.9
67.2
67.9
37.7
26.4 .
21.3
30.2
30.5
~0

aNotation for an LDEF side facing in a direction interme-
diate between two principal rows, in this case rows 1 and 2.

ria was employed for impact feature documentation, 0.5 mm
for thick materials, 0.3 mm for thin films. Table 2 presents the
impact frequencies observed for each row (side) of the LDEF
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frame, as well as for both its Earth- and space-facing ends. All
of these impacts were at least 0.5 mm in diameter.

The total surface area of the LDEF frame exposed to the
low Earth environment, and potential impacts, amounted to
15.4 m2, and varied from 0.53 to 0.79 m2 in the 26 different
LDEF-facing directions. The total number of large (>0.5 mm
in diameter) impacts present on the frame was 433, and the
areal density of impacts varied from essentially 0 to 78.5 im-
pacts/m2. It is, therefore, clear that the population of impact
features and space-exposed area of the LDEF frame are statis-
tically large enough to warrant serious consideration here.

Modeling of the meteoroid and debris environment in low
Earth orbit assumes and suggests (respectively) that partic-
ulate orbital trajectories are random relative to the LDEF
before orbital motion is taken into account. One would, there-
fore, expect a very definite result for the relative impact fre-
quency for a gravity stabilized object in Earth orbit. There
should be a forward-facing (in the direction of the velocity
vector, or apex direction) enhancement of the impact fre-
quency, relative to that of the rear-facing (trailing or antapex)
direction.1 Depending on the velocity distribution of
meteoroids, Zook predicted that the apex/antapex crater fre-
quency ratio could range between 12 and 30, for 0.5 mm diam
craters. On the LDEF, the nominal apex direction was row 9,
and row 3 was the nominal antapex direction. The ratio of im-
pact frequency for row 9:row 3, for large (> 0.5 mm diam) im-
pact features, is approximately 10.

12
11

NOMINAL
LEADING
DIRECTION

B
Fig. 4 Relative impact frequency (for large impactors) observed for
the 12 LDEF rows, and their intermediate facing directions. Row 9 is
the nominal leading direction, row 3 is the nominal trailing direction.
The length of the heavy lines indicate the magnitudes of the relative
impact frequency in each direction. The open squares along rows 12
and 6 indicate the magnitude of the relative impact frequency of the
space-facing end of the LDEF. Impacts on the space-facing end
should have resulted almost entirely from meteoroids.

LU

III

5eo-

|40:
{220
o< o- —————————— , — , —————— , ———— , —— _

I I I

, yr~\ •
I ')"•.,

i ''• ',••1" i ' r--....i-.-r"1 "-T-.J
••-|--i-"T"". , . . . , . -t--r..|

| 3 4 5 6 7 8 9 1 0 1 1 1 2 1 2 3

ROW
Fig. 5 Plot of impact frequency for each LDEF row, with the
measured frequencies indicated by vertical bars. Superimposed on
these data is a Gaussian curve (dotted).

One should also expect a regular increase in the impact fre-
quency from row 3 (a minimum) towards row 9 (the maxi-
mum). This result is clearly not observed from the preliminary
raw data for the LDEF frame presented in Fig. 4. Maxima in
the impact frequency are observed on either side of row 9, but
row 9 itself shows a dramatic impact frequency decrease.
Although a minor impact frequency decrease might be ex-
pected in the exact apex direction, this value is far exceeded by
the observed 50% decrease from either direction adjacent to
row9.5

In Fig. 5, we present the results of fitting of a Gaussian
curve, through the method of least squares, to the impact fre-
quency data for the LDEF frame. We note that there is no a
priori physical basis for the selection of a Gaussian distribu-
tion for this data; however, its fit was superior to other at-
tempted fits. It is clearly possible to better fit these data with a
more complex function, but the gain in understanding from
this exercise would not be clear. The Gaussian curve that best
fits LDEF frame impact frequency data has a maximum near
row 9, the nominal leading-edge direction. It is interesting that
the ratio of leading trailing edge impact frequency for the
Gaussian curve is approximately 20:1, which is in better agree-
ment with previous modeling of the particulate environment in
low Earth orbit1 than the raw data.

If the results for the impact frequency of the LDEF frame
are accurate, as further studies by both the Meteoroid and
Debris SIG and various LDEF Principal Investigators should
determine, then it suggests that some principal components of
the particulate complex in low Earth orbit have non-random
trajectories. These would be particles larger than approx-
imately 0.1 mm in diameter, judging by the crater diameters.
Modeling suggests that micrometeoroids predominate in this
size range.1 These results could, therefore, have important im-
plications for future modeling of the particulate population in
low Earth orbit.

On the other hand, these results are preliminary. The impact
feature diameters presented here have large associated mea-
surement errors (±10%). As shown in Fig. 4, some LDEF
directions show an apparent change in flux by nearly a factor
of two, with only a 15 deg change in direction (the angular
change from one LDEF facing direction to the next). Even a
single mono-directional flux of particulates on LDEF frame
surfaces should not show such rapid variations. Since the flux
should change with the cosine of the angular direction
change,1 and cos 15 deg is 0.966, one would not expect even a
10% change in the apparent crater frequency with such a
direction change.

There are various possible explanations for the apparent
disagreement between the existing model of particulates in low
Earth orbit and the observed LDEF frame impact record. It is
possible that some measurement or selection bias crept into
the frame surveying activities, although we consider this to be
highly unlikely. Another possible explanation for the observed
rapid crater frequency changes is a local source of parti-
culates, such as the Space Shuttle. We also consider this situa-
tion to be unlikely, as we have now resurveyed these same sur-
faces in the laboratory under more controlled conditions, as
mentioned above, in order to verify the accuracy of our KSC
measurements. It is possible that particulates in low Earth or-
bit should not be modeled as a single mono-directional
population. We also look forward with anticipation to hearing
the results of LDEF investigators with experiments facing in
the key directions. Until such time as these results are
available, the safest course would be to make use of extrapola-
tions from the Gaussian curve fit to the data.

Recommendations
Our experience with the documentation of LDEF places us

in an excellent position to make recommendations regarding
future meteoroid and space debris characterizations from the
analysis of surfaces exposed in space. Our examination of
LDEF has reinforced the view, largely based on our experience
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with the Solar Maximum Satellite,6 that most any surface ex-
posed in low Earth orbit may contain important information
related to the general collisional environment and certainly
related to its own dynamic response and behavior during
hypervelocity impacts. In as much as the entire dynamic range
of particulates in low Earth orbit may not be suitably
simulated in the laboratory, each surface returned from space
potentially represents a unique opportunity. We recommend
that impact feature documentation work be repeated, at rea-
sonable intervals, on future spacecraft exposed for long dura-
tions so that the changing debris environment in low Earth or-
bit can be monitored. We recommend that a period of five to
ten years between such efforts would be reasonable.

It is paramount to subject such surfaces to survey-type anal-
ysis, such as that conducted on LDEF. The potential variety of
impact features must be assessed, documented, and under-
stood. Such surveys will provide the context for detailed ex-
aminations by specialized interests, which are generally per-
formed on a limited number of carefully selected samples. The
surveys render the detailed analyses purposeful and efficient,
and also constitute the first step in the proper preservation and
curation of valuable specimens.

We were very satisfied with the specific procedures we de-
veloped to permit documentation of the impact record of
LDEF; we suggest that these procedures be reviewed by
workers proposing to survey space hardware in the future. We
note that, despite our best efforts at scheduling this work, the
time available for the completion of the LDEF surveying was
only barely adequate for the purpose, and we recommend that
this factor be taken into careful account in any future survey
operations.

We here make specific suggestions to permit the full realiza-
tion of the opportunities offered by LDEF.

We have now produced a preliminary report on our investi-
gations performed at KSC. We are proceeding with the reduc-
tion of the stereo images collected of each documented fea-
ture, so that impact crater depths and more accurate feature
diameters may be obtained. These data are critical to a
satisfactory understanding of the meteoroid and debris en-
vironment and the survivability of space hardware. However,
the meteoroid and debris environment may only be under-
stood in detail if compositional (including isotopic) analysis of
a statistically representative population of LDEF impacts is
performed. Our experience with hardware returned from the
Solar Maximum Satellite points out the critical requirement
for such analyses in the discrimination of natural meteoroids
from space debris. In particular, LDEF surfaces that exposed
identical materials in most or all LDEF-facing directions
should be utilized for these compositional analyses. These
materials include the experiment tray clamps, Teflon thermal
blankets, and the frame of the LDEF itself. A comprehensive
sampling of these critical materials has been obtained by the
Meteoroid and Debris SIG, and is now available for analysis
by qualified workers.

To increase the survivability of space hardware to impact-
related degradation and damage, the understanding of the
morphology of impact features must be improved. The Teflon
thermal blankets must be analyzed to determine the causes of
ring formation and excessive delamination of layers, which
degrade the thermal control capabilities of the blankets. Their
performance as meteorite bumper shields should also be evalu-
ated. In assessing impact-caused degradation of thermal sur-
faces, the delamination of thermal-control paints must be ex-
amined also. Finally, the fracture, delamination, and optical
degradation of solar cell cover glasses and sensor mirrors must
be understood. This includes the effects caused by impacts
into the interior walls and baffles of sensor telescopes, with
resulting ejecta onto the sensor optics. This work would best
be performed in conjunction with the LDEF Materials Princi-
pal Investigators and the Materials SIG.

Near-term design decisions for large-scale space structures,
such as Space Station Freedom and the Strategic Defense Sys-

tem, will benefit from LDEF results only if the latter appear in
a timely fashion. We recommend and encourage all meteoroid
and debris Principal Investigators and SIG participants to re-
spond and to assist by providing preliminary data and results
for incorporation into an up-to-date database, largely format-
ted along engineering needs. Specifically, even preliminary
data on the directionality of natural and man-made impactors,
and of the damage caused to a wide variety of spacecraft
materials, are needed.

We also recommend that the population of small impactors
be characterized through surveying of the smallest size frac-
tion of impact features on LDEF surfaces. Some of this work
is already being performed by various LDEF Principal Investi-
gators. However, the Meteoroid and Debris SIG possesses
identical suitable surfaces that faced in more LDEF pointing
directions than any one individual investigator. Our surveying
operations could, thus, augment the data to be provided by
the LDEF Principal Investigators.

To permit analytical results to be available for consideration
by designers of Space Station Freedom and the Strategic De-
fense System, we recommend that this described work be given
immediate support.

As advertised, LDEF should provide meteoroid workers
with a unique view of the meteoroid complex. We recommend
that compositional, isotopic, and mineralogic analyses be per-
formed upon impactor residues contained within the LDEF
impact features, particularly those that faced in directions not
frequented by space debris particulates.

We recommend that the preliminary publication here de-
scribed2 be superseded, in approximately two years, by a doc-
ument containing the collected results of continued Meteoroid
and Debris SIG supported analyses of LDEF impact features,
together with a summary of parallel investigations by LDEF
Principal Investigators. The Curatorial Facility at JSC has de-
veloped an LDEF impact feature database that should be used
by all meteoroid and debris workers. This database should
provide a unifying framework for all LDEF meteoroid and
debris data, and serve as the foundation for the subsequent
Meteoroid and Debris SIG publication.

In conclusion, we emphasize once again: the opportunities
afforded by LDEF are unique. The characterization and docu-
mentation of impact features described in our publication is
but a first step in realizing this potential, and in providing
guidelines for promising, detailed investigations. Without
timely and adequate support of the latter studies, improved
understanding of interplanetary dust, the nature of orbital
debris, and of their combined collisional threat to spacecraft
will not be possible.

Acknowledgments
This publication was made possible by the tireless efforts of

many contributors. We gratefully acknowledge the support
provided by NASA and the LDEF Project Office, and the
Strategic Defense Initiative Organization. Although the
authors were responsible for much of the planning and execu-
tion of data collection activities during the deintegration of the
LDEF, numerous other individuals contributed their time to
this effort. Some of the surveying work was performed by Eric
Christiansen, Frank Cardenas, Samantha Lapin, Mike Black,
Joe Secary, Reggie West, and Tim Stephenson. We thank the
other members of the Meteoroid and Debris SIG for their help
in the planning of these operations; in particular, we thank
Fred Horz and Don Hurnes for continued advice and support.
The outstanding support of the LDEF Ground Operations
Team and LDEF Project Office personnel greatly facilitated
our ability to complete this effort. Equipment fabrication and
development required the efforts of Frank Cardenas, Gerald
Haynes, Bill Davidsori, Herman Lyle, Richard Ybanez, Ron
Bernhard, Anthony Biondo, and Bebe Serrato. Curatorial and
computer algorithm support were supplied by Claire Dardano,
Eric Nielsen, Clyde Sapp, Bill Brown, Jimmy Holder, Rita
Sosa, Anita Dodson, and Ron Bastien. We appreciate



MARCH-APRIL 1991 METEOROID AND ORBITAL DEBRIS RECORD 209

thoughtful reviews of this paper by Herb Zook, Don Kessler,
and anonymous reviewers. This report, and the LDEF itself,
would not have been possible without the career-long support
by Project Scientist William Kinard.

References
H. A., "Flux vs Direction of Impacts on LDEF by

Meteoroids and Orbital Debris," Lunar and Planetary Science XXI,
Lunar and Planetary Irist., Houston, TX, 1990, pp. 1385-1386.

2See, T., Allbrooks, M., Atkinson, D., Simon, C., and Zolensky,
M., Meteoroid and Debris Impact Features Documented on the Long
Duration Exposure Facility, Planetary Science Branch Pub. 84, NASA
Johnson Space Center, Houston, TX, 1990.

3Anderson, C. E. (ed.), Hypervelocity Impact, Proceedings of the
1986 Symposium, International Journal of Impact Engineering^ Per-
gamon Press, 1987.

4Kinslow, R. (ed.), High-Velocity Impact Phenomena, Academic,
New York, 1970.

5Zook, H., and Kessler, D., personal communications, SM3,
NASA Johnson Space Center, Houston, TX, 1990.

6Warren, J. L., et al., "The Detection and Observation of
Meteoroid and Space Debris Impact Features on the Solar Max Satel-
lite," Proceedings of the 19th Lunar and Planetary Science Confer-
ence, edited by G. Ryder and V. Sharpton, Lunar and Planetary Inst.,
Houston, TX, 1989, pp. 641-657.

Antoni K. Jakubowski
Associate Editor

Aircraft Design:
A Conceptual Approach
by Daniel P. Raymer

The first design textbook written to fully expose the advanced student and
young engineer to all aspects of aircraft conceptual design as it is actually
performed in industry. This book is aimed at those who will design new aircraft
concepts and analyze them for performance and sizing.

The reader is exposed to design tasks in the order in which they normally occur
during a design project. Equal treatment is given to design layout and design analysis concepts. Two
complete examples are included to illustrate design methods: a homebuilt aerobatic design and an
advanced single-engine fighter.

To Order, Write, Phone, or FAX: AIAA Education Series
1989 729pp. Hardback
ISBN 0-930403-51 -7

AIAA Members $47.95
Nonmembers $61.95

Order Number: 51-7

American Institute of Aeronautics and Astronautics
c/oTASCO
9 Jay Could Ct., P.O. Box 753, Waldorf, MD 20604
Phone (301) 645-5643 Dept. 415 FAX (301) 843-0159

Postage and handling $4.75 for I-4 books (call for rates for higher
quantities). Sales tax: CA residents add 7%, DC residents add 6%.
Orders under $50 must be prepaid. Foreign orders must be prepaid.
Please allow 4 weeks for delivery. Prices are subject to change
without notice.

945


