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Abstract

Analysis of orbital debris data collected by the Haystack radar have shown an
anomalously high concentration of debris between the allitudes of 800 - 1000 km.
Indications from the Haystack data are that the debris range in size from 8 mm to 2 cm
and that they are spherical in shape. Previous work by NASA researchers has shown the
likely origin to be the leaking of liquid coolant from the nuclear power sources of a now
defunct Soviet space-based series of ocean surveillance satellites. We report on a project
at Massachusetts Institute of Technology’s Lincoln Laboratory to detect, track and
characterize a small sample of the anomalous debris using ground-based radars and
telescopes. Qur goal was to provide evidence supporting or refuting the NASA
conclusions. We have determined that the size, shape, density, and surface properties of
the debris are consistent with the hypothesis that it is liquid, eulectic Sodium-Potassium
coolant like that used in the Soviet satellites. The techniques used 1o detect and track the

*This work sponsored by NASA under Alr Force Contract No. F19628-95-C-0002.
Opinions, interpretations, conclusions, and recommendations are those of the
author and are not necessarily endorsed by the United States Air Force.



debris are discussed. The radar and oplical dala used to characierize the debris are also
presented.

Nomenclature

A = projected area of object (square meters)

a = radius of spherical radar targel (meters)

Cyq = ballistic coefficient,

£TS = Experimental electro-optical Test S ystem

Farag = almospheric drag force acting on an orbiting object.

4 (1) = mtensity of light polarized in the plane parallel (perpendicular) to the

plane of incidence.

k = complex index of refraction (attenuation coefficient).

M = mass of object subjected to atmospheric drag (grams).

Mi = astronomical V-band visual magnitude corrected 1o arange of [000 km,

MHR = Millstone hili radar in Westford, Massachusetts

n = real index of refraction.

OP, PP = orthogonal and principal polarization of received cnergy at a radar

r = reflectivity {albedo).

RCS = radar cross section

S = thermospheric density scale factor for radar calibration sphere.

S4 = thermospheric density scale faclor for debris object.

TRADEX = Target Resoiution and Discrimination Experiment radar on Kwajalein
Atoll



Vs = velocity of an object relative to the atmospheric velocity.

Viun = astronomical V-band visual magnitude of the Sun (-26.8).

P = phase function.

¢ = phase angle (sun-object-observer angle, in degrees or radians).
A = wavelength (meters)

P (Proaet) = true (modeled) thermospheric density.

(o] = radar cross section of spherical target (dBsm — dB relative to a square

meler).
Introduction

Over the past two decades, there has been increasing interest in the specification
and characterization of the orbital debris environment, driven by the potential of
significant damage to manned spacecraft due 1o collision with such debris. The typical
impact velocity in low-Earth orbit would be ~10 km/sec meaning that even very smal)
pieces of debnis could produce catastrophic damage. Therefore, the short and long-term
safety of manned space are dependent on obtaining an adequate understanding of the

current debris environment andits temporal evolution

Knowledge of the debris environment was previously split over two size regimes.
Objects larger than ~10 cm in diameter are catalogued by the United States Space
Command (USSPACECOM) Space Surveillance Network’s ground based radars.
Orbital elements, radar cross section, and information on the origin of each ebject is
maintained in the catalogue. The analysis of surfaces exposed to impacts, such as LDEF

or EURECA, and data retumed from active impact experiments, such as the



L.} the debris are primarily small (< 2 cm. diameter) and largely spherical in
shape,

2.) the debris are concentrated in circular orbits with inciination of ~65 deg. at
altitudes of 900 - 1000 km..

3.) the debris are likely 1o be leaked liquid sodium-potassium (NaK) coolant from
the “Bouk” class of nuclear power sources used on Soviet Radar Ccean
Reconnaissance Satellites (RORSATs)* which were placed into similar orbits
for long-term storage;

4.) there are 50,000-70,000 such debris > 8 mm. in size at these altitudes and that
these constitute approximately half the total debris population below 1500 km.

altitude.

This band of debris is termed “anomalous debris” in this paper because the debris
density exceeded theorstical models by a significant factor.

NASA funded an effort at Lincoln Laboratory to detect, track and characterize a
sample set of the anomalous debris objects. While NASA's analysis used detection data
of large numbers of debris in this band, we attempted to characterize in detail a smail
number of representative sampies from this band using the radar and optical sensors
operated by M.I.T. Lincoln Laboratory. These sensors are located a1l Westford, MA,
Kwajalein Atoll, Marshail IsIands, and Socorro, New Mexico. The characteristics of each
sensor are presented in Tables 1 and 2. The purpose of the effort was to provide evidence

supporting or refuting the conclusions arrived at by NASA. This paper presents examples



of radar and optical observations of the anomalous debris and the characteristics derived
from the data. The derived characteristics include orbital parameters, shape and size of
the debris, surface characteristics at visible wavelengths, and the mass and density of the
debris. A companion paper investigates the thermal properties and orbital lifetime of the

debris based on the charactenistics derived in this paper.

Debris Detection Strategies

Before detailed characterization of the debris could begin, candidate objects had
to be acquired. Three different strategies were used for the detection and acquisition of
anomalous debris objects with the radars. These were: (1} search in the orbit of putative
parent satellites, (2) stare and chase using optical systems and radars, and (3) search of

the orbit planes of previously detected anomalous debris objects.

Search of Orbits of Putative Parent Objects.

The properties of the radars used in this effort are summarized in Table 1. The
suspected parent satellites for the anomalous debris are the ejected RORSAT nuclear
reactor cores mentioned above. MHR searched the orbits of ten putative parent objects
with each search being centered about the parent. In spite of the fact that this search
mode was capable of detecting a ~2 cm diameter object if coherently trackable, and a
~3.5 cm diameter object if tracked non-coherent| ¥y, no delections resulted. If there were
any recent slow leaks of coolant from these reactor cores the orbit planes of the droplets

and the parents would have been close together. Therefore, we believe that none of the



putative parent objccts whose orbits were searched had leaked debris of size 2 2 cm
diameter within ~30 days of the search.
Stare and Chase

The Experimental Test System (ETS) located in New Mexico is an optical system
that was a proof of concept for the Ground-Based Electro-Optical Deep Space
Surveillance System (GEODSS). The ETS has two telescopes, the properties of which
are summarized in Table 2. The system is capable of detecting a resident space object
(RSQ), correlating it against the catalog and, if uncorrelated, transitioning from stare to
tracking the object in near-real-time’. The ETS conducted several stare-and-chase
sessions for debris in 1994. One anomalous debris was found and has been characterized
extensively®,

The TRADEX radar also conducted several siare and chase sessions during 1995.
The properties of the radar are summanzed in Table 1. The operating principle for
TRADEX is the same as for ETS. The radar points at a specific azimuth and a specific
high elevation and examines a range between 500 and 1200 km. The radar’s sensitivity is
such that it should detect any object > 3.5 cm in diameter in this altitude range’. The

radar found four anomatous debris objecis.

Search of Debris Orbit Planes.

If the anomalous debris were a result of the leaking of a liquid, there would be
many “droplets” per orbit plane. Hence the orbit planes of the debris found by ETS and
TRADEX were searched with the Millstone hill radar. Millstone found 6 more

anomalous debris objects. Finally, the Haystack radar also searched some of the debris



orbits. Haystack found 8 mare debris objects though, unlike the eleven above, these were
not completely characterized.

A key finding of this study is that there are multiple debnis per orbit plane which
implies a common parentage and time of origin for the debris consistent with the

hypothesis of a leaking liguid.

Radar Data and Analysis

MHR and Haystack collected a significant amount of data on the eleven debris
objects found during the searches. These data include radar signatures (time history of
radar cross —sections) 1o estimate size and assess temporal variability and/or spin periods,
polanzation data 10 infer the shape of the debris, and metric data to support determination
of orbits, calculation of area-to-mass ratios, and mass and densities for the debris. Each
of these topics will be discussed below. The orbital parameters for the debris are

presented in Table 3.

Radar Signature and Polarization Data.

MHR transmits a right-circularly-polarized electromagnetic wave towards a
target. For the retumn signal. the principal polarization (PP) is consequently ieftcircularly
polarized and the orthogonal polarization (OP) is right circular. The radar’s tracking
program dynamically selects the number of pulses integrated per signal processing cycle
based on the SNR required for accurate metric tracking,

Figure 2 is representative of the radar signature data on the anomalous debris

recorded at the MHR during a track. Tracks typically last 10 minutes and we have a



number of tracks on each object (cf. Table 4). For the sake of brevity, we do not present
all of our data, The figure presents a temporal histery of the PP and OP radar cross-
sections (RCS} in dBsm (cssentially the difference between the target and a ! m? target,
€. 8. a0.1 m target will have a RCS of —10 dBsm) for approximately 100 seconds. The
radar does not detect any temporal variation in the PP RCS at a period longer than the
ntegration interval (1-3 sec.) for either object. The OP RCS is typically below the PP
RCS by ~ 25 dB, as in Fig. 2. The structure in the OP RCS 1s actually dominated by noise
(the gaps in the OP return represent periods when the relum dropped below the lower
scale on the plot. i.e., the OP return was at the noise level). A number of tracks have
been taken at a variety of aspect angles and all show the same structure, This behavior is
quite unusual for debris. Over 300 tracks of other (non-anomalous) debris have been
accumulated by the MHR, and all show that the OP/PP ratio is commonly on the order of
a few dB and varies over the course of the track®. Figure 3 presents RCS measurements
as a function of time for four non-anomalous debris to illustrate this point.

In Fig. 4 we compare the PP and OP RCS for one of the anomalous debris objects
with the RCS of Lincoln Calibration Sphere #4 (LCS-4). LCS-4 is a polished rigid
aluminum sphere with radius 56.469 cm and projecied area of | m®, which was designed
for radar calibration. It is well known that the OPF return from a spherical object s
negligible compared to the PP return over al| aspect angles for a circularly polarized
electromagnetic transmission. The anomalous debris display the same properties as the
calibration sphere: invariant PP RCS over all aspect angles, and very low OP RCS. Thus,

we infer that the anomalous debris are spherical in shape. The mean PP RCS for the



debris, the polanzation ratio (defined as the mean OP RCS ~ PP RCS), the estimated
radin, and the uncertainties are presented in Table 4.

We can infer the size of the anomalous debris from the PP RCS, We note that the
PP RCS is consistently small enough so that the ratio of target size to radar wavelength is
well in the Rayleigh scattering region for the radar, and there is no ambiguity in
estimating the size from the RCS. The OP RCS is consistently down at the noise level.
We assume that the debris are perfectly conducting so that the relation between RCS and

radius may be written as”:

22

The uncertainties are based on the variability of the estimated mean radar cross-section in
the PP channel. The RCS estimate at the MHR is accurate to <1 dBsm based on frequent
tracks of LCS-4. The same calibration uncertainty should apply to the small spheres in
question because the radar attempts to track all abjects at approximately the same SNR
(30 - 36 dB). This high SNR is achievable in the case of the small spheres because of the

high sensitivity of and the low slant range from the radar.

Density Estimation

The Earth’s atmosphere extends beyond the 800-1000 km altitude at which the
anomalous debris reside. Therefore with accurate metric data over many orbits, it is
feasible 10 estimate an area-to-mass ratio for the objects using the effects of atmospheric

drag. Given that the debris are spherical, the area/mass ratio does not depend upon aspect
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angle. The area and volume of the debris can be computed using the parameters in Table
4, leading to estimates of the mass and density.

The force on the debris due to drag is expressed as:
- l A -
Fre =—=Co| = oV, ¥ 2)
drae 2 E(M ]p

The approach taken here is that Cy, the shape of the debris, p, and V, are assumed as
known, and A/M is to be determined using the tracking dala. The thermospheric density
is provided by the MSIS83 thermosphere model'®, and the Earth’s atmosphere is assumed
to be corotating to facilitate computation of V,.

The thermosphere models are known 1o have errors ranging from 15-30% for use

in drag analysis’' "

. We correct for this error by introducing a scale factor, S, for the
thermospheric density so thal P, = S.Pmur. To determine S,. we utilize
contemporaneous tracking data on LCS-4, which is at a similar altitude. LCS4 is a wel)-
characterized sphere, which facilitales accurate calculation of it’s ballistic coefficient
(~2.2 for a sphere) and the drag force. A value for S, is determined using the tracking
dara, and il is then used to cormect the thermospheric density.

Values of A/M for the debris are calculated with the aid of a precision orbit
determination code called DYNAMO. DYNAMO uses an iterative weighted least-
squares method 1o fit the radar tracking data. The code consists of an atmospheric drag
model, a full geopotential model, models for lunar and solar perturbations, body and

ocean tides, solar radiation pressure, Earth-reflected albedo pressure, and general

relativity''. In calculating the drag force, DYNAMO introduces a multiplicative drag



scale factor S4 (not to be confused with S,) into equation (2). Sy 1s solved for during the
tracking data fit and is representative of the error in the thermosphere model. If S4 is
greater (less) than unity, the thermosphere model density is too small (large). For each of
the anomalous debris, an initial value is assumed for A/M: (A/M),ny = 0. | cm’/gm. Sgis
then calculated for intervals with sufficient tracking data. The scale factor derived from
contemporancous LCS-4 tracking data is introduced, and the drag force may be expressed

as:

o 1 -
F = —Es,(ﬁ] c, %vy, (3)
il o

The true value of A/M can then be ¢estimated from:

% |:En

A e . {4)
M Mulmm’ S

o

The mass and density of the debris then follow. Table 5 presents the results of this
calculation for 9 of the 11 anomalous debris (2 did not have sufficient tracking data).
The mean density of the debris is 1.03 £0.05 gm/cm’. The uncertainties are computed
from the variation in the individual calculations.

Reference 4 indicated that eutectic NaK was probably used as the coolant in the
nuclear power sources of the Soviet satellites that are the suspecied parents of these
debris. On the assumption that the anomalous debris are composed of NaK, we looked up

standard chemical tables for the density. Figure 5 gives the varation of density of
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eutectic NaK with temperature', It is clear that the expected density of eutectic NaK at
~300 °K is 0.9 gm/cm’ similar to the derived density of the anomalous debris.

Several caveats are warranted. In the 800 km altitude regime, the erors in the
determination of C; are on the order of +10%. In addition, the theory behind the
calculation of C; depends on the scattering mechanism, and there are no measurements of
the scattering of atmospheric constituents off liquids'®. For example, if the particles did
not scatter, but instead were absorbed, Cy = 1.0 which would increase A/M by 2.2 and
decrease the mass and density. Lastly, the uncertainty in the determination of radius from

RCS also affects this calculation.

Optical Data and Analysis

Optical telescopes with appropriate instrumentation can also be used to determine
some of the physical properties of orbital debris by examining the reflected sunlight. We
have utilized the 1elescopes at the ETS and those ai the Firepond facility co-located with
the Millstone and Haystack radars. These telescope systems are briefly described in
Tabie 2. Since the work a1 ETS involved only one of the anamalous debris (81215), and
has been documented elsewhere®, we concentrate on the measurements taken on seven of
the anomalous debris objects at Firepond.

The Firepond telescope has a small field of view, which usually makes acquiring,
and tracking the anomalous debris challenging. However. there exists a real-time link
between Firepond, Millsione, and Hayslack which allows the radars 10 guide the peinting

to the telescope thus permilting data collection over a wide range of phase angies.



The sensor employed at Firepond is a combination CCD photometer/polarimeter
mounted at the focal plane of the telescope. Three elements are in the optical path, the
first of which is a rotating filter wheel containing a set of standard UVBRI astronomical
filters'®. The V filter (~ 480-700 nm) was used in this study. The second element is a
half-wave plate. This is a birefringent material, which introduces a 90° phase difference
i the ordinary and extraordinary wave camponents of the light passed through it so that
they emerge orthogonally polarized'’. The third element is a Savar plate, which spatialiy
separates the two orthogonal polarizations, producing two imagss on the CCD. In
practice, sunlight reflected by orbiting objects will be partially linearly polarized in the
plane perpendicular 1o the plane of incidence containing the sun. observer, and object.
Proper rotation of the half-wave plate during an observation will cause the two images to
comrespond to the polarizations in the Plane of incidence and perpendicular to that plane.
This allows determination of the percentage polanization of the reflected sunlight from

the brightness of the two images:

%pOLzm(]-M (5}
({,+1,)

where Q_}/ and 'r(zjan: the mesured intensities in the two planes and the photometric
brightness of the image, I = ({; + 1,). The pholopolarimeter measurements are calibrated
by abserving photometric and polarimetric standard stars during cach observing session,
The obscrved coums are then transformed to V-band magnitudes, and the magnitude is

normalized to a constant range of 1000 km.

14

4.-—-'
S ,;\956-'



Photometry.

The pridicted|brightness of a solar illuminated object is given by?®:

Ml=V

o — 2.5102(rAD(9)) (6)
Fig. 6 displays photometric phase curves for two of the anomalous debnis. It can be
clearly seen thal the phase functions are fairly flat (with some noise due to low count
rates} over all| phase anglcsi\:ahich is typical for the seven anomalous debris pieces, and
very atypical pf other (non-anomalous) known debris obeserved by Firepond. A flat
photometric phase curve is characteristic of a specularly reflecting sphere; its phase
function is @ &= (4n)'. Fig. 7, presented for comparison, shows the photometric phase

curve for an apomalous debris and a known specular sphere - one of the Lincoln radar

calibration spheres. The phase curves are similar tn shape.

Polarimetry.

The polurizalion measurements can be used to determine the reflectivity of the
anomalous debfis pieces. The reflected i ght is partially linearly polarized in the plane
perpendicular tp the sun-object-observer plane by an amount which depends upon the
optical indices &f the debris surface material. Therefore, a polarimetric phase curve can
be constructed gnd fit 1o the Fresne] equations'” for reflection to obtain 2 pair of optical
indices, (, k). Jt is assumed that the angles of incidence and reflection are equal (o half
the observed phise angle. Figures 6 and 7 also show examples of the polarimetric phase

curves for the anomalous debris (Fi £ 6) and the specular sphere (Fi 8- 7). The anomalous




debris typically show very low polarization at all phase angles (with some vanations due
to low count rates or variable airmass} which is characteristic of a metallic surface. The

normal reflectivity of the object may be computed from the following relation'”:

r=‘wf_l (1)
(n+1° +%°

The values of (n, k) derived from the fits to the phase curve are not necessarily unique,
but all values of {n, &) which do fit the measurements produce similar values of r (< | %
scalter). Comparison of polarimetric data taken on the anomalous debris pieces with
polanmetric phase curves for liquid metals known 1o be used as nuclear reacier coolants
in the Soviet Union {e.g., see Ref. 4) shows that sodium, potassium, and lithium are the
only metals whose polarization properties are similar to those of the anomalous debris.
We were unable 10 locale any measurements of the indices of refraction of solid or liquid
NaK in the literature which would have allowed a direct comparison.

Once the phase function and reflectivity of the anomalous debnis have been
estimated, Eq. 6 is inverted to obtain A, and the radius of the objects. Note that we
assume that the debris are spherical and use the phase function for a specular sphere. The
results of this analysis are presented in Table 6. The radii presented in Table 6 are

consistent with those calculated from the PP RCS (Table 4) for individual objects.

Summary and Conclusions

In this paper, we have described how 11 constituents of an anomalous orbital

debns population, believed to be Jeaked NaK reacior coolant from Soviet RORSATS,
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were located and characterized. The initial search for anomalous debris showed that no

recent leak from the putative parent satellites had been detected. This fact is consistent

with NASA's inference that the leaks cccurred soon after the nuclear power sources were

placed in their disposal orbits'®. We found that the debris tend to cluster in several orbit

planes with many pieces of varying sizes in each plane. This is a key point in the

analysis, and we believe these features are consistent with a leaking liquid. We have also

presented observations and analysis of radar and optical data taken on most of these

objects. Our analysis of the radar data has shown that:

1)
2)

3)

4)

5)

6)

The debris found and tracked are in very similar orbits to the putative parents.

The tracked debris exhibil, without exception, a radar polanization ratio at all
aspect angles indicative of a spherical shape.

The tracked debnis have radii varying between 1.6 — 2.8 cm as derived from the
radar cross sections. We note that this range in radius represents the detection
limit of the MHR at the lower end, and perhaps the largest size of the anomalous
debns at the upper end.

The tracked debris have a mean density of 1.03 gm/cm’, which is consistent with
eutectic NaK at typical orbital temperatures.

The optical data have shown that:

The photometric phase functions on 7 of the |1 objects are similar to that from a

specular sphere, which is unusual for typical (non-anomalous) orbital debns.

12



7) The optical polarization is consistently low for all of these objects; there is no
evidence of the high polarization, which is appropriate for dielectric surfaces.
Hence, these objects appear 10 have metallic surfaces.

8) The calculated surface refleciance is high (> 0.8) and is consistent with a
specularly reflecting metallic surface.

9) The debris appear t0 have radii between 1.8 — 3.0 cm as derived from the
pholometric and polarimetric observations. These sizes are consistent with the

radar data.

We conclude that the properties of this sample of the anomalous orbital debris population
are consistent with the hypothesis that they result from the leak of NaK coolant from
Soviet RORSATS, although the assertion is not unambiguously proven. This paper has
also demonstrated a powerful capability for remete sensing and characterization of orbital

debris using the M.LT. Lincoln Laboratory ground-based radar and optical systems.
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Table 1: Characteristics of Radars used In this Study

Radar Band v IFOV (mrad) SNR on | m’ target
at 1600 km.
Haystack X 10 GHz 1 58dB

(Westford, MA)

Millstone L 1.3 GHz 8 30dB

(Westford, MA)

TRADEX L 1.3 GHz 8 48 dB

{Kwajalein A1cll)

21



Table 2: Characteristics of Optical Sensors used in this Study

Telescope Apeture Sensor IFOV Sensitivity
{magnitude)
Firepond I.2m CCD 0.06° ~13 m,
{Westford, MA) photopolarimeter
ETS 0.75m Vidicen Camera 1-2° 15-17 m,

(Soccoro, NM)




Table 3: Orbital Parameters for Anomalous Debris

Object Inclination Eccentricity Right Semi-Major
Number Ascension Axis (Rg)
81215 64.96° 0.004 304.38° 1.146
33562 65.04° 0.004 717.291° 1.146
33609 64.96° 0.005 203.35° 1.146
33612 64.97° 0.005 187.93° 146 |
33616 64.69° 0.006 207.65° 1.147
39969 64.69° 0.006 292 31= 1.147
39970 64.65° 0.006 207.86° 1.147
39971 64.96° 0.004 300.13° 1.146
39972 64.97° 0.005 202.81° 1.146
39973 65.05° 0.004 86.32° 1.146

Table 4;: Millstone Radar Results
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Object Number of <PP RCS> Polarization Radius({cm) Sigma (cm)

Number Tracks dBsm Ratio (dB)

81215 51 -20.8 -24.2 2.84 0.09
33562 45 -236 -21.6 235 0.06
33609 30 -224 -23.3 2.68 0.08
33612 23 -22.1 -25.3 2 0.05
33616 25 -30.7 -25.1 1.94 0.09
39969 12 -343 -21.2 1.70 0.08
39970 10 -32.3 -25.2 1.83 6.02
39971 4 -21.9 -24.5 273 6.03
39972 § -22.1 -24.0 2.70 0.02
39973 3 -254 -21.2 2.38 bind

Table 5: Anomalous Debris Mass and Density Estimates from MHR Data
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Object AM (em’/gm) N Mass (gm) Density (gm/cm”)

Number

81215 0.25310.007 31 100.29.1 1.04410.06
33562 0.273+0.066 6 74.849.6 1.07710.11
33609 0.225+0.011 7 100.2+10.8 1.244+0.10
33612 0.256+0.006 5 90.115.4 1.03110.04
33616 0.34940.009 6 33.8+4.0 1.108+0.08
39969 0.464+0.22 3 19.643.0 0.95310.09
39970 0.54510.043 2 19.3£2.1 0.752+0.07
39971 0.247 1 948 1112
39972 0.307 1 74.6 0.905

Table 6: Sumnmary of Size Estimates from Optical Measurements
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Object Number M1 r Radius (cm)
81215 12.610.4 0.89 2.940.5
33562 12.8+0.3 0.89 26104
33609 12.510.2 0.84 3.040.3
39969 13.610.08 0.89 1.840.1
39970 13.5+0.2 0.89 1.840.5
39971 12.610.4 0.89 2.940.5
39972 12.740.3 0.84 29104
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Figure 1: Comparison of observed (boxes) and cataloged (diamonds) debris detection

rates.

Figure 2: Millstone L-band PP and OP radar cross-section data for two anomalous

debris pieces: (a) Object 81215, (b) Object 33562.

Figure 3: Millstone L-band PP (solid line) and OP (dashed line) radar signatures for four
non-anomalous debris pieces. The x-axis displays UT in seconds, and the y-axis shows
RCS in dBsm. These data are representative of the variations observed in the radar

signatures of most orbital debris.

Figure 4: Comparison of Millstone L-band radar signatures for (a) a radar calibration

sphere, LCS-4, and (b) one of the anmalous debris pieces, object 39971.

Figure 5: Density of eutectic NaK alloy (77.8% K, 22.2% Na by weight'*) as a function

of iemperature. The equation represents a linear fit to the data points.

Figure 6: Photometric {visual band magnitude at 1000 km range vs. phase angle) and
polanimetric (% polarizalion vs. phase angle) phase curves for two of the anomalous
debris (a) Object 81215, (b} Object 33562. The y-axis scale for the photometric

(polarimetric) phase curve is on the ieft (right).
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Figure 7: Photometric and polarimetric phase curves for (a) amonalous debris object

39971, (b) specular sphere LCS-4. The format is the same as Figure 6.
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