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1.0 Introduction 

This document describes the micrometeoroid and orbital debris (MMOD) impact survey 
conducted upon the radiator panel of the Hubble Space Telescope’s (HST’s) Wide Field 
Planetary Camera 2 (WFPC2).  Sections 1.0 – 4.0 introduce the project, explain the methods 
used, and describe typical results.  Appendix A provides information about the WFPC2 radiator 
and describes the coordinate frame used.  Appendix B contains a table listing the measurement 
results.  Appendix C consists of reduced images of each recorded impact feature. 
 
The STS-125 Atlantis astronauts retrieved the HST WFPC2 during a very successful and final 
servicing mission to the HST in May 2009.  The radiator attached to WFPC2 (Figure 1) has 
dimensions of 2.2 by 0.8 meters.  Its outermost layer is a 4-mm-thick aluminum, curved plate 
coated with white thermal paint.  This radiator had been exposed to space since the deployment 
of WFPC2 in 1993.  Due to its large surface area and long exposure time, the radiator served as a 
unique witness plate for the MMOD environment between 560 and 620 km altitude for more 
than 15 years. 
 

 
Figure 1.  A view of the HST after it was captured and docked to the Atlantis cargo bay  

during the 2009 servicing mission.  (NASA Photo s125e007066) 
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2.0 Inspection Overview  

The NASA Orbital Debris Program Office (ODPO) led an effort, with full support from the 
NASA Hypervelocity Impact Technology (HVIT) group, the NASA Meteoroid Environment 
Office, and the NASA Astromaterials Acquisition and Curation Office, to conduct an MMOD 
impact survey of the WFPC2 radiator during the summer of 2009.  This effort also was 
supported by the HST Program Office located at the NASA Goddard Space Flight Center 
(GSFC).  The ultimate goal is to use the survey data to validate or improve the near-Earth 
MMOD environment definition.  During the initial inspection, completed in September 2009 at 
GSFC, the survey team found a total of 675 impact craters caused by MMOD particles in the size 
regime that is important to satellite impact risk assessments.  Figure 2 highlights 20 of the largest 
impact features. 
 
 

 
Figure 2.  Large, visible MMOD impacts on the WFPC2 radiator.  The largest damage area  

is about 1 cm across.  Red squares indicate features identified from the 2002 HST Servicing 
Mission 3B image survey.  Green circles indicate features identified from the 2009 HST  

Servicing Mission 4 image survey.  (From NASA Photo s125e006995) 
 
Two instruments were used during the 6-week inspection at GSFC:  a laser scanner for a quick 
map of the distribution of impact features on the surface, and a digital microscope for detailed 
two- and three-dimensional imagery of individual impacts.  In addition, a laser template 
projector was programmed and set up to establish the coordinates of individual impact features.  
The inspection was limited to features larger than about 300 µm across, because this is 
approximately the threshold for the smallest MMOD particles that are important for satellite 
impact risk assessments.  The outermost layer of the radiator is a 4-mm-thick aluminum plate 
coated with thermal control paint with a thickness of 100 to 300 µm.  See Appendix A for a 
description of the coordinate reference frame and a brief description of the radiator. 
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By the end of the inspection, a total of 675 MMOD impact features were identified and 
documented.  An additional 187 non-impact features, such as surface contamination and tool 
marks, were also observed and documented.  The largest impact feature has a crater diameter of 
1.5 mm with a surrounding spall zone about 1.5 cm across (on the painted radiator surface).  The 
majority of the documented impacts did not penetrate the paint layer.  The crater on the left in 
Figure 3 is a typical example of a particle not penetrating through the paint layer.  The crater on 
the right in Figure 3 shows a different type of impact where the projectile went through the paint 
and damaged the metal substrate of the radiator.  (See Appendix A for a description of the crater 
identification labels listed in the figure caption.) 
 

 
Figure 3.  On the left is a typical impact crater (H1-40-29) on the WFPC2, where the  

impacting particle did not penetrate the paint layer.  The crater on the right (C3-97-92)  
resulted when a particle passed through the paint and damaged the metal part of the radiator. 

 

3.0 Data Extraction 

The data that were collected by the inspection team included over 26,000 digital images of more 
than 800 features.  For each impact feature, and for some other interesting features, the 
inspectors used the digital microscope to semi-automatically capture a series of anywhere from 5 
to 50 images at precise “depth” intervals (yielding the large total number of images).  Given the 
lens and depth-interval settings, the microscope’s internal software constructs a three- 
dimensional (3-D) representation of the feature, and then allows the operator to measure the 
distance between points.  The microscope includes software tools for measuring depth, diameter, 
and many other quantities. 

3.1 Measurement 

Taking depth measurements after completion of the photographic survey involved loading each 
feature’s series of images, setting the microscope parameters to those used when capturing the 
original images, and commanding the software to create the 3-D representation.  The microscope 
operator then positioned a reference line across an image of the crater (as shown in the upper part 
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of Figure 4), sweeping the line back and forth to find the deepest part of the crater (as shown by 
the red profile line in the lower part of Figure 4).  The depth values then were determined by 
positioning two horizontal reference lines over the profile line; the software reported the distance 
between the reference lines.  When craters did not reach the underlying metal surface, the analyst 
measured the depth from the undisturbed paint surface to the lowest point in the crater.  When 
craters did reach the metal, the analyst recorded both the paint thickness (measured from the 
undisturbed paint surface to the uppermost level of radiator metal) and the deepest penetration 
into the metal.   
 
For the sample shown in Figure 4, the damage shown is ~1.4 mm across with a spall zone (the 
area between the vertical lines “C” and “D”) about twice as big.  The horizontal green line 
labeled “B” defines the top surface of the paint while the horizontal green line labeled “A” 
indicates the top of the aluminum surface (under the paint).  The distance from “A” to “B” is 
about 0.38 mm.  The thickness of the undisturbed paint at this particular location can also be 
estimated from the image to be about 0.28 mm. 
 

 
Figure 4.  Digital microscope depth profile measurement (crater B5-76-81). 
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After completing the depth measurements, the analyst would command the microscope soft- 
ware to flatten the image series into a composite, “all-in-focus” two-dimensional (2-D) image.  
Diameter measurements were taken from the 2-D images (Figure 5).  Depending on the crater 
morphology, up to four diameters were recorded:  the spall zone, the bare metal, the colored or 
“burned” metal, and the lips or center.  All the craters typically had a spall zone, regardless of 
whether the metal was exposed.  The boundary of this zone was formed of chipped and fractured 
paint (Figure 6).  The area of bare metal was usually obvious, though sometimes interrupted by 
paint residue.  The larger craters with a bare metal zone usually had a smaller “burned” area 
radiating from the central area (Figure 5).  Craters with bare metal but no clear central pit often 
had patchy or mottled areas of darker color (Figure 7).  The central diameter of craters with no 
exposed metal were formed by the shoulder of the crater, between the spall zone and the central 
pit.  The central diameter of craters with exposed metal was measured either across the uplifted 
ridge surrounding the central pit, where it existed,  or across the best-defined, lowest depression 
within the crater.  Defining the central diameter was most difficult on the smaller craters with 
exposed metal because of the irregularity of the floors of those craters. 
 

 
Figure 5.  Digital microscope diameter measurement function (crater E4-25-89).   

(NASA image JSC2010E054443) 
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Figure 6.  A typical crater (G2-50-26), which does not penetrate the paint layer. 

 
 

 
Figure 7.  This larger impact (V1-65-47) has no well-defined central pit, but rather an  

irregular darkened area that is somewhat deeper than the surrounding exposed surface. 
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The 3-D capabilities of the digital microscope were crucial to estimating the central diameters of 
the craters.  The combination of low contrast and ill-defined features often made it difficult to 
locate the “shoulder” in a small crater, or the central depression in a larger crater, by using the 
straight-down 2-D image.  The digital microscope allowed the analyst to rotate and translate the 
image of the surface in three dimensions, to exaggerate the vertical relief, and to add relief 
shading to the image.  These features allowed the analyst to select locations for the diameter 
measurements. 

3.2 Crater Characteristics 

All measurements of the impact features were both written onto worksheets and stored as images 
on the microscope’s hard drive.  The measurements were then transferred into a computer 
spreadsheet for cataloging and analysis.  Figures 8 to 10 show the locations of the recorded 
impacts, separated by crater size.  Figure 8 shows locations of the 45 largest features, which are 
visible in large-scale photographs of the radiator.  Figure 9 shows locations of smaller impacts 
that exposed the radiator metal.  Figure 10 shows locations of impacts that did not penetrate the 
paint.  The spatial distribution of large and paint-penetrating impacts appears asymmetrical.  The 
probability of this being a random distribution is calculated as only 0.98%.  This characteristic is 
being investigated and will be one subject of future work. 
 
 

 
Figure 8.  Locations of the 45 largest impact features.  These are typically visible to the  

naked eye from a distance of 2 meters.  (Axis units are cm.) 
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Figure 9.  Locations of the 129 impacts that penetrated the paint, not including the 45 largest.  

(Axis units are cm.) 
 
 

 
Figure 10.  Locations of the 503 impact features that did not penetrate the paint.   

(Axis units are cm.)  
  
Figure 11 shows the cumulative size distribution of the impact features, both in depth and in 
diameter.  As expected, all three curves follow a power-law distribution.  The dashed “spall” line 
in the figure flattens out between 200 and 300 µm as a result of the 300-µm inspection threshold.  
The largest impact has a central crater diameter of 1.5 mm and a surrounding paint spall zone 
about 1.5 cm across.  This same impact has the deepest crater, at 0.74 mm (0.59 mm in the 
radiator metal).  Measured where it is broken by impacts, the layer of white thermal paint does 
not have a uniform thickness.  Figure 12 shows a histogram (using 10-µm bins) of paint 
thicknesses measured in crater walls.  The paint thickness varies from 13 to 270 µm in the crater 
walls.  This variation may result from space weathering or from non-uniform application. 
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Figure 11.  Size (both diameter and depth) distributions of the WFPC-2 impact features. 

 
 

 
Figure 12.  Histogram of paint thicknesses, as measured in crater walls, binned in 10-µm intervals. 
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4.0 Summary 

 
The survey of the HST WFPC2 radiator using optical microscopy has yielded a wealth of information.  
These data will be compared with a similar analysis of ground-based hypervelocity impact (HVI) test 
results to validate or improve the MMOD environment in low Earth orbit.  The HVI test results will be 
used to relate the observed feature dimensions to the characteristics of the impacting particles and to 
estimate the impact condition.  This will also include classifying the impacts by common morphology.  
An effort to use the HST attitude-time history to model the observed impacts also has been initiated.  
Among other issues, this “pointing history” may help explain the asymmetry in the spatial distribution of 
larger impact features seen in Figures 8 and 9. 

This and other studies of the WFPC2 radiator continue to move forward.  The next phase is an attempt to 
identify the impacting particles.  Select craters were sampled using Kapton tape pulls, similar to the 
technique historically used to survey impacts on the Space Shuttle orbiter windows.  These results were 
ambiguous and motivated an effort to directly examine the crater residue – and thereby classify the 
residue as either micrometeoroid or orbital debris – by coring and subsequent laboratory inspection of the 
features.  The WFPC2 radiator continues to provide information about the orbital debris environment.
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Appendix A: 
The WFPC2 Radiator Survey Coordinate System 

 

1.0 Introduction 

A reference coordinate system must be defined for the microscopic survey of the Hubble Space 
Telescope (HST) Wide Field Planetary Camera 2 (WFPC2) radiator assembly.  Given the 
geometry of the surface, a Cartesian frame has been adopted. 

2.0 Coordinate Frame 

The overall dimensions of the radiator (see Figure A-1) are a height of 79.4 cm and a length 
(measured along the curved surface) of 219.0 cm.  Hereafter, “length” shall be understood to 
indicate “length-over-surface.”  The size of the radiator’s surface indicates a “natural” coordinate 
space of size 80 cm high by 220 cm long.  The radiator is placed in the first quadrant of a 
Cartesian coordinate system so that all values for x (length) and y (height) will be positive.  The 
origin is slightly outside the lower-left physical boundary of the radiator surface. 
 

 
Figure A-1.  Radiator outline and 10-cm grid labels (along top and right edges) and  

distance marks (cm) from origin at lower left corner.  (Axis units are cm.)  The rectangle near  
the center of the figure shows the location of an electronics radiator.  The circles show  

locations of two other access ports through the radiator. 
 
The surface is divided into major divisions (or “grid squares”) of 10 by 10 cm.  Each grid square 
is subdivided into 1 by 1 cm grid elements.  The grid elements can be further subdivided into 1 
by 1 mm sub-elements by visual estimation. 
 
For ease of general location and mapping, the length dimension is broken by major division into 
22 “columns” A through X (here, the letters “I” and “O” are excluded for their similarity to the 
numerals “1” and “0”, respectively), and the height dimension into “rows” 1 through 8.  Grid 
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squares are referred to with the notation <alphabetic column><numeric row>.  The lower left 
grid square is therefore “A1” while the upper right grid square is “X8”.  A total of 176 10-cm 
grid squares completely cover the radiator surface.  The 1-cm grid elements and 1-mm sub-
elements (see Figure  A-2) are numbered 0 through 9 in both the horizontal and vertical 
directions.  The notation “<column><row>” is preferred, so that the lower left corner is “00” and 
the upper right corner is “99”.  Other notations (e.g., “0,0”, “(0,0)”) are possible, though not 
preferred. 
 

 
Figure A-2: The 10-cm grid (left) is divided into 1-cm elements and 1-mm sub-elements (right). 

 
Although the grid square and element coordinates will almost always be enough to uniquely 
locate a given impact feature on the radiator’s surface, the occasion of two or more features 
occupying the same element requires that the sub-element nomenclature also be utilized.  For 
feature sizes larger than a given 1 by 1 millimeter sub-element, the approximate center of the 
feature, usually a crater, should be indicated by the observer.  The complete location notation is 
“GG-EE-SS”, providing both X and Y coordinates at the grid (10 cm), element (1 cm), and sub-
element (1 mm) levels.  This nomenclature is used in file name definition for surface feature 
imagery. 

2.1 Positional Awareness Aids 

Aids are required to place the coordinate frame on the radiator’s curved surface in a manner 
meaningful to the observer.  Several non-contact methods were examined, and an opto-
mechanical laser system was selected for this project.  The system uses a LAP “CAD-Pro 3D” 
laser template projector to project the grid/element/sub-element template onto the surface with a 
635-nm (red) eye-safe (Class IIIa/2M) laser. 
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3.0  Technical Description 

3.1 General Structure 

The WFPC2 radiator consists of a rectangular section of the lateral surface of a right circular 
cylinder.  The long axis is considered the length or width, the perpendicular surface axis is 
considered the height, and the third axis/direction is considered the depth.  See Figure A-3. 
 

 

Figure A-3.  Radiator directional nomenclature and axis definitions. 
 
The original was fabricated from 4-mm-thick 6061-T651 Al alloy sheet.  The inner radius is 
218.8 cm, for an outer radius of 219.3 cm.  Length over this surface is 219.0 cm with an 
attendant, derived chord length of 210.0 cm.  Maximum derived depth (measured chord/flat to 
outer surface) is 26.8 cm.  The height of the rectangular surface is 79.4 cm.  The four corners are 
finished with a radius of 1.9 cm.  The surface of the radiator is finished to a surface finish 
standard of 63. 
 
The original blueprint PDFs supplied by NASA Jet Propulsion Laboratory (JPL) express all 
lengths as measured along the chord, i.e., “along the flat.”  In order to relate these drafting 
lengths with lengths measured along the surface, we may use: 

 , 

where x is a distance measured on the flat/blueprint, xs is the corresponding distance measured 
along the surface, and ro is the outer radius of the surface (219.3 cm).  Required units of the 
arcsine function are radians. 
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3.2 Surface Details 

The primary surface feature is the central access panel, which also serves as a radiator for the 
electronics package behind this panel.  Using the same length/height/width nomenclature as 
before, the access panel is 37.8  cm wide and 48.9 cm high.  Though centered on the radiator’s 
long axis centerline, the bottom (toward HST “aft”) side of the panel is 10.5 cm from the bottom 
of the radiator panel. 
 
There are two secondary surface features, both access ports.  The PURGE/VENT TUBE port 
center is located 140.1 cm from the left edge of the radiator (looking at the outer surface) and 
52.2 cm from the bottom.  The port is 3.5 cm in diameter and oriented perpendicularly to the 
surface.  Two flat-head screws are located 2.5 cm above/below the port centerline.  The second 
port is the blind CONNECTOR JACKING ROD ASSY port.  This port is located 67.8 cm to the 
left of the center (looking at the outer surface) and 31.7 cm from the radiator bottom edge.  The 
port diameter is 3.6 cm and is oriented perpendicularly to the chord/flat.  Three flat-head screws 
are equally spaced along a 7.6 cm radius circle centered on this port.  All screws are flush with 
the surface and unpainted. 

3.3 Paint 

The radiator is painted with YB-71 white thermal control paint.  This paint is composed of a Zinc 
Orthotitanate (ZOT, Zn2TiO4) pigment in a Potassium Silicate (PS-7) binder.  The specified paint 
thickness is 4 to 8 mil (about 102 to 203 µm).  The post-flight paint thickness, as measured in 
crater walls, is 100 to 300 µm. 

4.0 Resources 

Three JPL blueprint PDFs are the primary sources for this technical memo.  These are JPL 
drawings 10085122, 10085120 (p. 2 of 4), and 10085120 (p. 3 of 4).  
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Appendix B: 
Impact Measurements 

 
The table below lists all measured impact features, their depths and diameters.  Figures B-1 and 
B-2 show how the measured dimensions correspond to typical large and small impact features, 
respectively.  Note that two duplicate entries exist within the data; the erroneous entries will be 
removed upon reexamination of the WFPC2 radiator. 
 

 
Figure B-1.  Crater dimensions and corresponding characteristics of a large impact feature. 

 

 
Figure B-2.  Crater dimensions and corresponding characteristics of a small impact feature. 
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 C-1

Appendix C: 
Impact Depth Profile Images 

 

The following pages contain reduced-size images of all impact features recorded in the WFPC-2 
MMOD survey.  The image labels are based on the original image file names, which contain a 
grid code for the first position coordinate.  (See Appendix A for a description of the crater 
identification labels.)  The suffix “-PRO” indicates that the image is a depth profile.  Table C-1 
lists the 10-cm grid codes and corresponding grid locations.  To calculate the location (as listed 
in Appendix B), sum the coordinates encoded in the impact feature name.  For example, using 
the impact shown in image “B5-58-39-PRO”, 
      Add 9 mm to Y 
     Add 3 mm to X 
    Add 8 cm to Y 
   Add 5 cm to X 
  Fifth Y grid, add 40 cm to Y 
 Second X grid, add 10 cm to X 
Thus the location of the impact is X = 10 + 5 + 0.3 =1 5.3 cm and Y = 40 + 8 + 0.9 = 48.9 cm. 
 

Table C-1.  10-cm grid labels and the corresponding distance from the origin to the left (for X)  
or bottom (for Y) edge of the 10-cm grid. 

X Grid 
Label 

X Grid 
Location (cm) 

Y Grid 
Label 

Y Grid 
Location (cm) 

A 0 1 0 
B 10 2 10 
C 20 3 20 
D 30 4 30 
E 40 5 40 
F 50 6 50 
G 60 7 60 
H 70 8 70 
J 80   
K 90   
L 100   
M 110   
N 120   
P 130   
Q 140   
R 150   
S 160   
T 170   
U 180   
V 190   
W 200   
X 210   
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