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Abstract. Our radar monitoring of small Earth-orbiting
debris at NASA's Goldstone Tracking Station has been
extended to an altitude of 3200 km. Many of the
observed particles lic in clusters: the largest of which
appears to be remnants of the West Ford Needles,
launched over 3 decades carlier, and originally designed
to have reentered the Earth's atmosphere long ago. <«
1998 Elscvier Science Ltd. All rights reserved

Introduction

Orbiting debris 1s recognized as a present and growing
hazard for both humans and machines in space. Space
collistons can have a closing velocity of 15 km's 'L and
cven small particles are a serious safety concern. Knowl-
cdge of the changing environment of debris is necessary

for both space mission design and for the assessment of

debris mitigation policies.
Currently, the United States Space Commuand (Johnson
1993) maintains a catalog of orbital elements of space

objects Lurger than about 10 ¢cm. Monitoring of the flux of

smaller objects has been accomplished by routine ground-
based opueal (Potter 1995) and radar observations
(Stansbery. ¢r «f 1993). Very small particles of orbiting
debris have also been detected in situ by spacecraft (Man-
deville and Berthaud 1995). which have subsequently
returned to Earth.

Occastonally, a 3.5 ¢cm radar at NASA's Goldstone
tracking station s available for orbital debris obser-
vations. This powerful radar. which can detect a con-
ducting sphere of 3 mm diameter orbiting at an altitude
of 1000 km. helps to fill an observational gap in the on-
going debris survey (Goldstein and Randolph 1992, and
Goldstein and Goldstein 1994 and 1995).

Correspondence to: R M. Goldstein

Observations

We report here the results of the Goldstone observations
for seven runs between October. 1994, and March. 1996.
The radar configuration was the same as reported
previously. except that the maximum range was extended
to 3200 km by increasing the listening period between
transmitted pulsces.

The transmitted pulses were increasing (or decreasing)
frequency ramps of 31 kHzo Up-chirps alternated with
down-chirps. Euch pulse lasted for 2.3 ms and was fol-
lowed by 0.2 ms ol dead time and 20 ms of receive time.
This arrangement permits the separate measurement of
range and range-rate. provided that only one object at a
time 1s in the beam. A typical particle of orbital debris at
1200 km altitude remains in the radar hali-power beam
for about 90 ms. thereby experiencing 4 pulses of illumi-
nation. No attempt wus made to track the particles: the
antennas were not moved.

Two antennas were used @ a 70 m dish for the transmitier
and a 35 m dish for the recetver. These antennas are
separated by 497 meters along a line bearing 134.6 degrees
from north. The larger. transmitting antenna was aimed
1.50 degrees from the zenith. towards the back of the
receiving antenna. The receiving antenna. which could
maintain pointing accuracy closer to the zenith. was aimed
1.44 degrees from the zenith, and along the same azimuth.
The geometry lor the pointing is given in Fig. 1. where
the tower beam half-power intersection is shown at 280
km altitude. and the upper intersection at about 3000 km.
The location of the upper intersection is a very sensitive
function of antenna pointing.

As can be scen. the capture cross-section of the radar is
a function of range and direction of the debris motion.
Additionally. larger particles that do not cross the beam
intersection can be detected through the antenna side-
lobes. Such particles can usually be identified because
they produce echoes over a longer time interval than the
nominal duration of a main-beam crossing.

The observations dates and times are summarized in
Table 1.
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Fig. 1. Location and beam intersection geometry of transmitting and receiving antennas
Table 1. The particles were assumed to pass through the center
] ] of the main antenna beam, and the measured power was
Date Hours. GMT Hits corrected for the pattern of the smaller antenna. Effective
Oct 17. 1994 07384 10.969 119 d'mmclcr 15 gompulgd from the mcusm*cd radar CTOSS see-
Oct 24. 1994 03.593 10.407 292 tion according to ecither the geometric cross section for
Nov 4. 1994 05.7%4 12978 194 larger particles or the Rayleigh approximation for small
Dec 5, 1994 03.002 08.583 135 particles.
Nov 13,1995 08.037 13.860 174
Nov 14, 1995 09.238-10.923 59 nd- . .
Mar 11, 1996 22349 06.105 151 6=, - forlarger particles (la)
don’ . _
a= for smaller particles. (1b)
/.

Data

There were 1124 detections over 38.4 h of observations.
A detection is defined as a threshold crossing on both the
up- and down-chirp responses. The threshold was chosen
such that noise alone could produce a false detection on
an average of once per 28 h.

Most of the detections are likely to have been from
particles crossing the main beam. as they persisted over
the nominal beam time. However, 65 of the observed
events lasted over a longer interval of time. These have
been deemed side-lobe crossings. and have been removed
from the data sct.

Figure 2 presents the main-beam cumulative results,
where particle effective diameter is plotted as a function
of range. Effective diameter is defined as the diameter of
a conducting sphere which would return the same power,
at the same distance. as was actually measured.

where ¢ 1s the radar cross scction. 4 1s the wavelength and
d 1s the effective diameter.

The lower limit scen in Fig. 2 is the result of the echo
power being below the detection threshold : there appears
to be a genuine lack of larger particles at the lower alti-
tudes.

Figure 3 presents the line-of-sight velocity. as a function
of range, for the main-beam detections. Positive velocities
are for approaching particles. The system bandwidth per-
mitted detection of particles with line-of-sight velocitics
between+810 m s '. Any particles with greater velocity
have been filtered out by the detection system. A velocity
of half of that limit would cause half of the received encrgy
to be lost. A correction has been made to the radar cross
section for this effect.

The Goldstone radar normally transmits right-hand cir-
cular polarization and receives the opposite sense. During
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Fig. 2. Results of 38.4 h of observations. effective diameter vs range. Because the beams no longer
intersect, the radar loses sensitivity rapidly below 300 km

1.0 ———— : e

00 %

oo
oo o
o 4

Radial Velocity, km/s

-1.0

0 1000

1
2000
Range, km

Fig. 3. Results, line-of-sight velocity vs range

FUSE U N -
3000



1010

R. M. Goldstein ¢7 «l.: Radar observations of space debris

2.0

-1

Hits km* day

—
o

0.0i ‘ ’ g R U A
0 1000

T —_——

I S PN B B : |

2000 3000

Altitude, km

Fig. 4. Mecasured flux of small particle space debris

one hour. when the detection rate was high, the receiver
polarization was reversed. The effecets of this change will
be noted subsequently.

Flux

All of the data were sorted into 100 km altitude bins and
normalized by the main-beam geometric cross section (i.c.,

the arca shown in Fig. T, and by the number of days of

observation. The resulting flux measurements are given in
Fig. 4. Most. but not all. of the flux of Fig. 4 represents
objects in the millimetric range.

There 1s a peak in the flux histogram near 900 km. It
has been previously observed by the Haystack (Stansbery
et al 1995) and Goldstone (Goldsteimn and Goldstein 1995)
radars. There 1s @ second peak near 2900 km. not pre-
viously reported in radar measurements from the ground.

Iigures 2.3 and 4 show that much of the space debris
populdation exists i range and radial-velocity clusters,
which suggests common origins for them. We will discuss
possible origins for both clusters in the following sections,

Near cluster

The two clusters of points at ranges between 740 and 1020
km. shown in Fig. 3. appear to be observations of the
same family of objects. seen once on the ascending portion
of their orbits. and seen again on the descending portion.

Under the one-family. circular orbit assumptions, we
can caleulate the inclination of the orbits from the velocity
ratio of the clusters. The velocities are projections, as
follows:

ry s cos{fi—x)y: ascending (2a)
Uy A cos(fi+x)r descending (2b)

where o 1s the azimuth of the ascending pass. and f# is the
pointing azimuth of the antennas.

The orbital inclination 1s then determined by the solu-
tion for z and the known station latitude. with a small
correction o 7 occasioned by the rotation of the Earth.
The resulting inclination 1s 70 4 5 degrees. The uncertainty
is estimated from the spread within the clusters. For a
polar orbit. the two velocity clusters would coalesce. For
an inchination greater than 90 degrees. the magnitude of
the receding cluster velocity would be less than that of the
approaching one.

During our hour-long experiment on polarization
reversal, the detection rate for particles in the 740 1020
km altitude range dropped to 4 events per hour from an
average of 10.8 events per hour.

Stansbery. ¢7 al (1995). and Kessler. ¢r af (1993). have
discussed radar observations at 3 cm for altitudes between
850 and 1000 km. They calculated an average orbital
inclination of 65 . and referred to observations at Hav-
stack that show that the particles do not reflect the orthog-
onal circular polarization. They concluded that the par-
ticles are spheres with diameters between 0.6 and 2 em und
that 70,000 are in orbit. These data led them to identify the
source of the near cluster particles as the RORSAT sat-
cllite family. These satellites use a mixture of sodium and
potassium in liquid form to cool their nuclear power
supplies. Stansbery. ¢z a/ (1995). adopt the hypothesis that
the coolant leaks to form the spherical particles.

Our measurements show that the clustering in altitude
near 900 km extends to particles at least as small as 0.25
cm diameter. The calculation of orbital inclination above
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is in agreement with that of Stansbery. ¢r a/ (1995). Our

data leads to the inference of an additional population of

300.000 particles with diameters between .25 and 0.6 cm.

Distant cluster

These particles. seen in Figs 2 and 3. have radar cross
seetions from 27 mm~ at detection threshold, to a
maximum observed of 466 mm-. They cluster in the alti-
tude range between 2300 and 3100 km. They also show a
marked clustering in time. which we show as histograms
in Fig. 5. We estimate that there are 40.000 of these par-
tictes in orbit.

Average orbital constants

Previoushy (Goldstein and Goldstein 1994, 1995). we have
found average semi-major axes and cceentricitics for
groups of space-debris particles from least-square analysis
ol observed ranges and Doppler shifts at the zenith, The
present observations. however. were made 1.5 away rom
the zenith. The measured range no longer adds directly o
the geocentrie radius to give the orbital radius, and the
Doppler shift is not just the time dervative of the orbital
radius for 1t now contains a small component ol the orbital
velocity,

However, we have found two long runs of observations
where the Doppler shifts were nearly all of the same sense.
One group with inward motion 1s listed i Table 2a the
other. with outward motion. is listed in Table 2b.

We assume thata constant velocity correction will elim-
inate the orbital moton in cach group. leaving range-rate

Table 2a. October 17 1994 observations

GMT (hours) Runge (km) Velocity (kms ')

080956 28739 0.1830
08 : 1044 26743 0.0341
081394 28440 0.0466
O8N I825 30223 0.2835
082022 2N8E8T 0.1146
082181 2961.0 0.1469
08 : 2378 2933.2 0.2075
082467 29147 0.2057
083019 28224 0.0723
08 3181 27900 0.0283
0813475 27940 0.0580
081 35K] 2868.3 0.1413
083819 28499 0.1126
08:4222 2848.0 0.1987
084364 29024 0.1478
08:4706 20164 0.1231
08 : 4839 2760.7 —0.1323
085181 28091 0.0227
08:353%89 29522 0.2360
0813383 28457 0.0955
0815608 27946 0.0031
08:6133 3040.1 0.2817
08: 6189 2760.5 0.0041
08 : 06472 27781 —0.0048
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Table 2b. November 4. 1994 observations

GMT (hours) Range (km) Veloaity (kms )

07 : 8386 289201 —0.1639
07:8781 2927.0 -(.2523
07:8822 20051 - 00813
07:9136 00319 00100
07:9467 2923 4 —0.1824
07:9586 29420 L1008
07 :9900 2917.3 -{.2093
08 :0647 29227 0.0439
08: 1208 28R9.6 0.0629
08 : 1450 2816.1 =~ 0.0840
08 : 1506 2926.7 —(.045]
08 : 1800 29935 0.0777
08 : 5983 28641 -~ (.3488
08: 6381 20440 0.0123
08 : 8894 RADRIN —(.0394
09: 30064 2946.1 (FOY13
09:5842 2919.6 o014
09: 6286 2990.2 0.0051

as 1t would be seen from the Earth's center. We use the
method of least-squares to find the constants that min-
imize the squared residuals of the solutions for ¢ and ¢.
For the first group. the constant is - 0.08 kms ' for the
sccond, +0.15kms ' Both constants reduce the absolute
value of the veloctties. a result that is consistent with the
above assumption.

The corresponding semi-major axes and ceeentricitics
are, for the observations in Table 2a. ¢ = 9285 + 148 km
and ¢ = 0.0204+0.0097, where the errors represent one
standard deviation. For Table 2b. ¢ = 9405 km+ 116 km
and ¢ = 0.022040.0070. There is good  agreement
between these values and we adopt the mean values
a =9345 km and ¢ = 0.0212.

I'rom the average semi-mejor axis and the assumption
of zero cccentricity. we can find from the data in Fig. 3
an estimate of the precession ol the orbital node for a
stngle orbiting cluster. A straight line fitted to the four
peaks gives a precession of +6.04 0.5 h per vear. a value
which corresponds (Danby 1962) (o an inclination of
955+ 1 for the cluster. We estimate that the error in
cluster arrival time to be about 1 2 of the observation
window.

Properties of known debris in the altitude range 2500 to
5000 km

In order to find a source for this debris. we have searched
Molczan™s (1997) very extensive catalogue of orbital
clements of (almost) all satellites still in Earth orbit. The
results are given i Fig. 6. where altitude is plotted against
inclination. The dotted line represents the =1 degree
uncertainty. and accounts for the fact that the inclination
calculation depends upon the altitude. Only one spa-
cecraft is a reasonable source of the debris Midas 4.

On October 21, 1961. the West Ford Project. using
Midas 4. attempted to place 350 million copper dipoles
mto a 3500 by 3800 km. 96 degree inclination orbit. as a
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Fig. 6. Plot of Altitude vs Inclination of satellites now in Earth orbit. Only Midas 4 is close 1o the observations. indicating it is the

source of the debris

communication experiment. Each dipole was 1.77 cm long
and 0.00286 ¢m thick with an area to mass ratio of 39.1
cm”gm

The orbit was carefully chosen so that an object of this
area to mass ratio would reenter the Earth’s atmosphere
within 5 years due to perturbations caused by solar radi-

ation pressure. However, rather than orbit as individual
needles. they stuck together. splitting into smaller lumps
from time to time (Martin. 1967, page 86). Because of
their much smaller area to mass ratio. the lumps did not
reenter as planned.

The West Ford Project attempted the experiment again
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in May, 1963, This time 400 million needles were laun-
ched. cach 1.78 ¢cm long and 0.00178 ¢m thick. leading to
an arca o mass ratio of 62.7 cm~ gm ', For this ratio. an
orbit 3600 by 3700 km and 87 inclination satisfies the
requiremient that the needles reenter within 5 years. This
time. all but 1 3 of them stuck together. and the experi-
ment was declared o success. Even though some authors
have mamtained that all of the needles have reentered.
new lumps of needles have been catalogued years after
the West Ford Project (Shapiro 1966, Martin 1967 and
Gabbard 1970).

The putative dipoles were manufactured to be resonant
at the same wavelength as the Goldstone transmitter 3.5
cm. This is not such a coincidence as may scem: the
Goldstone and West Ford transmitters have @ common
heritage. We caleulate that the radar cross section of a
West FFord dipole is 265 mm” when its axis is perpendicular
to the line of sight. Such an orientation is unstable,
however, as the gravity gradient effect favors a vertical
alignment. which is along the line of sight. Thus most
measurements would vield radar cross sections well below
the maximum.

Only 0.1% of the objects in the first West Ford launch
are required to obtain the 400.000 objects inferred from
these observations. The fact that these objects are 650 km
lower than the suggested launch vehicle. Midas 4. can be
accounted for by the small amount of drag which cxists,
even at that altitude. For the Tast 5 vears the semi-major
axis of Midas 4 has been decreasing by 25 m per year
(Molczan). It can be shown that the rate of decrease. for
a fixed altitude, 1s proporuonal to the arca to mass ratio.
This ratio 1s 4 orders of magnitude greater for the dipoles.
so the imferred altitude change could casily occur in several
vears.

Barsukov and Nazarova (1988) have reported that the
flux of micrometeorites observed from the Elektron 1 and
3 spaceeralft was maximum in the altitude range 3000
to 3500 km. These spaceeraft. Taunched in 1964, were
cquipped with piezoclectric impact sensors, sensitive (o
impacts larger than 10 gm. The observations lasted 30
days. ST mmpacts were detected. mostly between 3000 and

3500 km. This flux was attributed to a natural band of

meteoric material. It seems unlikely. but not impossible,
that these much smaller particles are associated with the
ones we have observed near 2900 km.

Summary and conclusions

We have obtained additional measurements of the alti-
tudes and cross sections of the material in the near cluster.
We have also made a statistical test of the polarization
measurement at Havstack that confirms that there is much
less power reflected when the recetved sense of circular
polarization is the same as the transmitted sense. Conse-
quently. we help confirm the previous interpretation that
spherical droplets from the RORSAT vehicles are the
particles of the near cluster.

The distant cluster of particles have radar cross sections
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close to those expected for the West Ford dipoles. The
inclination we found tor the particle orbits agrees with
only one spacecraft. that which launched the first set of
West Ford dipoles. Although the altitude of the distant
cluster 1s smaller than thut of the spaceeraft. the smuall
drag forces which exist there are sufficient to account for
the difference. We conclude that they are remnants of the
1961 West Ford launch.

We believe that most. if not all. ol our observations
arc of human origin. It would be especiatly unusual for
meteoritic or cometary particles to have such a well-
defined, Tow eccentricity orbit and an mchnation of 96 as
does the distant cluster.
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