SPADELAB - SPACE DEBRIS LABORATORY OF THE UNIVERSITY OF COIMBRA

N. Peixinho", R. Gafeira'", L. Vilhena®, A. P. Piedade®, and A. M. Amaro®

(DInstituto de Astrofisica e Ciéncias do Espaco, Observatério Geofisico e Astrondmico, Universidade de Coimbra,
3040-004 Coimbra, Portugal, Email: {peixinho, gafeira}Quc.pt
(2 CEMMPRE, ARISE, Department of Mechanical Engineering, University of Coimbra, 3030-788 Coimbra, Portugal,
Email: {luis.vilhena, ana.piedade, ana.amaro}Quc.pt

ABSTRACT

We present the SpaDeLab — Space Debris Laboratory of
the University of Coimbra, a laboratory for the study of
space debris analogs born out of an interdisciplinary team
combining astronomy, astronomical instrumentation, and
surface and mechanical engineering.

Detecting and cataloging space debris (SD) is vital in or-
der to ensure the safety of space assets. However, it is
equally vital to identify their composition and estimate
their sizes and shapes accurately. The impact energies of
SD depend on these parameters. To estimate the sizes of
SD, crude assumptions of their reflectivity as a function
of the Sun-debris-observer angle, known as the phase-
function ¢(«), are used potentially leading to large er-
rors.

Making use of the existing spectroheliograph at the Geo-
physical and Astronomical Observatory of the University
of Coimbra (OGA), with its moving system of mirrors
(coelostat), we have redirected the solar light into a sec-
ond room where an object can be suspended with con-
trolled rotation and axial orientation. Its reflected light is
analyzed along a moving arm holding a CCD camera and
a photometer equipped with astronomical standard broad-
band filters (Jonhson BVRI and Sloan g’r’1’) to fully mea-
sure its brightness (magnitude) phase-function.

With SpaDeLab we are now able to perform a system-
atic study of different shapes and different compositions
of space debris analogs, both from off-the-shelf and from
3D-build objects, with different coatings, different rugos-
ity, and different rotational properties, using the real solar
spectrum.
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1. INTRODUCTION

SpaDeLab — Space Debris Laboratory of the University
of Coimbra, is an interdisciplinary seed corn project that

combines the fields of solar physics, astronomy, surface
and mechanical engineering, and materials, addressing
both national and international interests in the New Space
Economy. With the exponential growth of space activi-
ties, the number of SDs is growing exponentially. Keep-
ing highly accurate catalogs is fundamental for all space
traffic management and avoiding catastrophic/damaging
events on space assets and is becoming increasingly criti-
cal. Estimates point to more than 1 million uncatalogued
SD in orbit, from 1 cm to 10 cm in size. While cataloging
them became a priority, recipes for identifying their com-
position and adequately estimating their sizes and shapes
are of utmost importance, given that their impact energies
strongly depend on those parameters. Currently, the sizes
of SDs are estimated by making very general and crude
assumptions of their reflectivity as a function of the Sun-
debris-observer angle, called phase-function ¢(«).

Profiting from the fully functioning Hale-Deslandres
spectroheliograph of the Geophysical and Astronomical
Observatory of the University of Coimbra [1], recently
upgraded, we are setting up a unique facility—the first
of its kind in Europe—, combining different disciplines
in order to perform a comprehensive study of the reflec-
tivity properties of centimeter-sized SD samples/analogs
with various shapes, compositions, coatings, and rugosity
using real solar light.

There have been more than 6800 rocket launches into or-
bit since the beginning of the space age. However, any
orbiting body that does not possess a useful purpose or
no longer possesses one is technically a piece of SD.
Presently, there are about 39230 objects in orbit being
regularly tracked and held in catalogs, of which only
around 11 100 are operational satellites. The vast ma-
jority is just SD [2, 3, 4]. The large number and concen-
tration of SD represents a serious risk for all space activ-
ities and the observation and tracking of SD are mainly
done by the Space Surveillance Network (SSN). It is es-
timated' that there are in orbit about 40 500 debris larger
than 10 cm, 1 100 000 between 10 cm and 1 ¢cm, and 130
million smaller than 1 cm.

Maintaining a highly accurate catalog is fundamental
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Figure 1. Evolution of the number of objects orbiting the Earth since the dawn of the space age according to ESA’s
Annual Space Environment Report of 2024 [4]. Objects are classified as being: payloads (PL), payload fragmentation
debris (PF), payload debris (PD), payload mission related objects (PM), rocket bodies (RB), rocket fragmentation debris
(RF), rocket debris(RD), rocket mission related objects (RM), and objects of unidentified origin (UI).

for space traffic management and avoiding catastrophic
events by performing avoidance maneuvers. With the ex-
ponential growth of space activities, the number of SD
increases drastically and the satellites/spacecrafts are in-
creasingly more vulnerable, as evident from Fig. 1, being
the reason why studying space debris plays a vital role in
securing future space activities [35, 6].

2. THE PHASE-FUNCTION ISSUE

In astronomy, the apparent magnitude, usually simply
called magnitude, is a brightness scale for celestial bod-
ies as seen by an observer. Due to historical reasons,
the apparent magnitude, m, or visual magnitude, is mea-
sured on a reversed logarithmic scale of brightness (flux)
in which a difference of 1 in magnitude corresponds to a
brightness factor of 2.5 [7]:

m —mgy = —2.5log (FF) @))

0

where F is the flux in W/mZ2, and the calibration standard
being mo = 0 for a Fy = 3.63 x 10—23 W/m?2. There-
fore, the brighter the object, the lower its magnitude. For
example, the Sun has a visual magnitude mgs = —26.7,
the star Vega has +0.03, being +6.0 the naked eye’s lim-
iting magnitude.

A very crucial element for the magnitude of an object that
only reflects solar light is the Sun-target-observer angle,

called phase-angle « (see Fig. 2). The visual magnitude
of SD also relates to their ability to reflect the solar light,
which depends on many factors like size, distance to the
Sun, R, distance to the observer, A, phase angle, «, and
the albedo/reflectivity, p:

m = me + 5log (IEQA) —2.5log (pA (b(a)) )

a2

where m, is the visual magnitude of the Sun, p is the
albedo, A is the cross-section area of the debris, and a is
the distance between the Sun and the observer in km, i.e.,
one astronomical unit, being R and A also in km, and
¢(a) is the phase-function [8, 9].

Measuring the magnitude of an SD and knowing the dis-
tances to the observer and to the Sun is not hard. As to
the albedo, the average value of p = 0.175 has been used
since 2008 [10] but we need much more measurements
and better estimates. If we know also the phase-function
then we can estimate the cross-section (size) of the re-
flecting object (see Eq. 2). However, the phase-angle of
an Earth orbiting object varies considerably (see Fig. 2)
and while the albedo does not vary with the phase-angle,
knowing the brightness dependence with the phase-angle
of the orbiting body, the phase-function ¢(«), is crucial
to make good size estimates.

Considering ground-based observations when the Sun is
0 degrees below the horizon, an object on a circular or-
bit with altitude h, in the largest angle-variation scenario,
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Figure 2. Left: lllustration of the Sun-target-observer angle, called phase-angle ¢, being R the heliocentric distance, and
A the geocentric distance. Right: Illustration of the visibility phase-angle range of an orbiting object, at an altitude h
above the Earth radius R, reflecting the solar light at the end of the astronomical twilight, i.e., when the Sun is 18° below
the horizon. Roughly, the maximum phase-angle variation ranges from ~ 18° to 162°.

can be observed between a maximum and a minimum
phase-angle, «, given by:

Omax = 180° — 0
Qin = tan~! ( ) ) o
mn V2Rh+h2—R tan6 cos 6

being R the Earth radius (see Fig. 3). Considering that
at the end of the astronomical twilight § = 18°, assum-
ing a body orbiting Earth at an altitude ~ = 500 km,
we will have o, = 162° and oy, = 29.3°. Note
that only orbits higher than 80 km can be observed us-
ing ground-based telescopes after astronomical twilight,
although that is not a problem for the typical orbits of
concern.

The phase-function, however, condenses information
from the surface properties of the object together with
its illumination and shading conditions. That is, differ-
ent shapes and different surfaces will generate different
phase-functions. For instance, the brightness variation of
a light-reflecting object with increasing phase angles is
different if that object is a sphere, a cube, or a cylinder
and will even be different for different orientations of the
cube and the cylinder and for different rugosity of each
surface.

In practice, the sizes of SDs are inferred from their mag-
nitudes. However, even maintaining the same distances
to the Sun, R, and to the observer, A, the brightness
greatly depends on the observational phase-angle, . Be-
ing the phase-functions, ¢(«) for the specific materials
and shapes largely unknown, a combination of the the-
oretical phase-functions for the classical diffuse sphere,
¢1(«), and the specular sphere, ¢o(«), through a mixing
coefficient 3 in a diffuse-specular model has been used as
follows [11] (see Fig. 4):

¢(a) = Bor(a) + (1 = B) ¢2(a) )
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Figure 3. Diagram of oupar and ounin for an Earth or-
biting object as a function of Earth’s radius, R, orbiting
altitude, h, and solar angle (elevation) below the horizon,
0. The nautical twilight ends at 6 = 12° and the astro-
nomical twilight ends at 6 = 18°.

{qbl (a) = 3%[(% — a) cos(a) + sin(a)] )

$2(a) = 1=

Further studies have been conducted on the phase-
functions of a cylinder, a cube, a rectangular prism, an
icosahedron, and a two-sided flat surface [12].

Without proper phase-function correction, the size esti-
mation error can be very large. For example, for largely
studied asteroids, it is known that a +1 magnitude in-
crease (brightness drop) is easily reached with a ~ 30°
increase of « (see Fig. 4, and [13]). Such an error on
debris results in 1.6 times under/overestimation of the ra-
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Figure 4. Phase-functions of relative magnitude for a dif-
fuse sphere, a diffuse-specular model with 3 = 0.5, and
the typical main belt asteroids behavior. The differences
are extremely significant.

dius. An apparent 5.0 cm diameter object could have,
in fact, 3.2 cm having, therefore, about 4 times less im-
pact energy, and vice-versa. For an orbital height of 500
km, the phase angle ¢ of an SD being observed from the
ground varies from about 18° to 162° (see Fig. 2).

The dynamics of high- and hyper-velocity impacts have
been abundantly studied [see 14, for a review]. For the
particular case of a metallic SD hitting a metallic satellite,
a simple analysis of the penetration of hyper-velocity pro-
jectiles [15], considering a spherical impactor, i.e. with
a length/diameter ratio L/D = 1, the total penetration
depth, Py, is approximately given by:

1/3 1/3
F,
Py —0.13 <”P> (") (©)
pt Bmaw

being, p,, the mass density of the projectile, p; mass den-
sity of the target, F), the kinetic energy of the projec-
tile, and B4, the maximum target hardness, in kg/mm2.

Since Py E,i/ 3, the penetration depth ratio of a spher-
ical metallic object with a given kinetic energy and an-
other with 4 times less kinetic energy (assuming the same
mass density for both) is 0.63. This difference shows how
important detailed knowledge of the sizes, shapes, and
materials of SD is to make a careful assessment of the
impact risk on space assets and of their post-impact sur-
vival probability.

3. THE LABORATORY’S DESIGN

Knowing the size and shape of an SD does not necessar-
ily tell us much about its composition, mass, and density.
Being the full reflectivity spectrum mostly impossible
to observe, due to the low brightness of SD, measuring
the magnitude differences of an SD observed with differ-
ent astronomical standard broadband Jonhson BVRI and
Sloan g’r’i’ filters [see 16, and references therein], called
color photometry, is the most promising technique for in-
ferring something about the composition of a detected SD
of unknown origin, as has been shown in 2019 [17]. Since
virtually all ground-based telescopes are equipped with
some astronomical standard broadband filters, we should
used them in our laboratory studies.

With SpaDeLab, we will study the phase-curves of a sys-
tematic set of simple shapes, with different sizes, colors,
compositions, and rugosity, using a varied set of astro-
nomical filters, creating a catalog. Such a catalog will
allow for a more precise size estimation of SD, poten-
tially identifying the type of SD, like: metal, polymer,
ceramic, etc., allowing therefore a better risk assessment
for all space activities.

SpaDeLab will make use of the existing spectrohelio-
graph at the Geophysical and Astronomical Observatory
(OGA) of the University of Coimbra. With a moving sys-
tem of mirrors (coelostat), this facility redirects the solar
light into the interior of a building where its spectrum is
taken. With a second set of fixed high-quality mirrors we
will, when needed, redirect the solar light into another
room in the building that will be made dark.

In that room, the beam of solar light will hit a suspended
sample of SD, or SD analog, and a moving arm equipped
with a CCD camera with standard broadband filters and
a photometer will measure the brightness (magnitude)
phase-function of the object (see schematics on Fig. 5).
By using real solar light instead of artificial light, we
will ensure that we are studying the reflectivity proper-
ties with the same light spectrum as the one hitting SD
in orbit. The only difference being that the light reflected
by an SD in orbit will be affected by the atmosphere af-
ter the reflection, whereas in the laboratory the solar light
will be affected by the atmosphere before being reflected
by the SD analog, outcome being identical.

4. FUTURE WORK

Once the laboratory room is up and running, we will care-
fully measure the phase-angle brightness drop in our dark
room. The target, the SD analog, is fixed and illuminated
by a collimated beam of solar light, redirected from the
coelostat. The reflected light is measured in increasing
phase-angles, from ~ 5° to ~ 175°, both by a photome-
ter and a CCD imager, measuring the reflectivity for each
angle in different filters.
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Figure 5. Schematics of SpaDeLab’s laboratory in the
spectroheliograph building of the Geophysical and As-
tronomical Observatory of the University of Coimbra.

Spectroheliograph

A second photometer will measure the direct solar light
for calibration from any solar brightness alteration. The
background noise of the dark room, where some dis-
persed light may exist, will be measured for every an-
gle and subtracted. Standard CCD photometric measure-
ments will be performed and the results compared with
those of the photometer. The phase-curves derived from
the CCD imaging and from the photometer must be equal.

The first set of samples to be analyzed will be spheres,
cubes, and cylinders, of 3 cm, 2 cm, and 1 cm, pol-
ished and with increasing rugosity, copper coated, alu-
minum coated and titanium coated. Other SD analogs,
with different degrees of weathering obtained from the
“ESA Space Debris Office” will be studied. Upon the
analysis of this first set, we will move on to the more com-
plex substances of 3D-printed ceramics and polymers, as
well as L-shapes, T-shapes, and other expected shapes
of SD according to hyper-velocity breakup experiments
[18]. From the phase-curves obtained for each target,
with its different properties, we expect to quantify and
catalog the effects of different sizes, shapes, substances,
coatings, and rugosity, on each standard filter, together
with the corresponding photometric colors.
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