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Shortly after the beginning of the 
space age, defined by the launch of 
the first artificial Earth-orbiting 
satellites, space f light pioneer Willy 
Ley predicted already in 1960 that 
“in time, a number of such acci-
dentally too-lucky shots will accu-
mulate in space and will have to be 
removed when the era of manned 
space f light arrives.” In 1978, 
NASA scientist Donald J. Kessler 
proposed a scenario in which the 
density of objects in low Earth or-
bit (LEO) due to space pollution is 
high enough that collisions be-
tween objects could cause a cascade 
in which each collision generates 
space debris that increases the like-
lihood of further collisions. This 
effect is called Kessler syndrome. 
Kessler wrote in his famous 1978 
paper: “Since the beginning of the 
space age, thousands of satellites 
have been placed in earth orbit by 
various nations. These satellites 
may be grouped into three catego-
ries: payloads, rocket motors, and 
debris associated with the launch 
or breakup of a particular payload 
or rocket; most satellites fall into 
the last category. Because many of 
these satellites are in orbits which 
cross one another, there is a finite 
probability of collisions between 
them. Satellite collisions will pro-
duce a number of fragments, some 
of which may be capable of frag-
menting another satellite upon col-
lision, creating even more frag-
ments. The result would be an 
exponential increase in the num-
ber of objects with time, creating 
a belt of debris around the earth.”

On 10 February 2009, two com-
munications satellites – the active 
commercial Iridium 33 and the 
derelict Russian military Kosmos 
2251 – accidentally collided at a 
speed of 11.7 km/s and an altitude 
of 789 km above the Taymyr Pen-
insula in Siberia. Whereas previ-
ous incidents had involved a satel-
lite and a piece of space debris, this 
was the first time a hypervelocity 
collision occurred between two 
satellites producing thousands of 
debris. It was a wake-up event, al-
though the problem was recog-
nized in the scientific community 
already in the 1980s, when the first 
observatories began to systemati-
cally search for and catalogue space 
debris using new detectors like 
Charge-Coupled Devices (CCD) 
and dedicated image-processing 
techniques. The Swiss Optical 
Ground Station and Geodynamics 
Observatory Zimmerwald took a 
pioneering role in observing space 
debris. Today, it is (with respect to 
the number of telescopes used only 
for space debris research) the larg-
est observatory worldwide. Its di-
rector and space debris pioneer, 
Prof. Dr. Thomas Schildknecht 
from the Astronomical Institute of 
the University of  Bern, presented 
a talk on Space Debris at Pro ISSI 
on 11 May 2022 providing the sci-
entific foundation for sustainable 
use of outer space. This issue of 
Spatium is based on that talk.

Andreas Verdun 
Zimmerwald, May 2023

Cover
Snapshot of the current population of 
about 1 000 000 space debris objects 
larger than 1 cm as modelled by the 
ESA statistical model MASTER. 
(Credit: ESA)
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Many of the latest discoveries and 
findings in astronomy, astrophys-
ics, cosmology, and Earth sciences 
in general, to name only a few, are 
based on observations from space. 
Our modern societies critically 
depend on services provided by 
artificial Earth satellites in areas 
like telecommunication, naviga-
tion, logistics, and many more. 
Space operations have inevitably 
produced some debris, also called 
“space debris” or “orbital debris”, 
by abandoning upper stage, space-
craft and mission-related objects in 
near-Earth space. The proliferation 
of space debris and the augmented 
probability of collisions and inter-
ference increasingly raise serious 
concerns about the long-term sus-
tainability of space activities. In or-
der to allow for safe operations in 
near-Earth space, and to ensure 
sustainable use of this unique re-
source, numerous measures are ur-
gently needed. These include inter 
alia the prevention of collision, the 
obligation to remove all objects 
after the end of their mission from 
the environment, active removal 
of existing debris, and international 
efforts to coordinate the traffic and 
manage the debris environment 
(cf. Bonnal/McKnight 2017).

1. Space Debris

In the afternoon of 10 February 
2009, the active telecommunica-
tions satellite Iridium 33 collided 
with Kosmos 2251, a disused com-
munications satellite, above Sibe-
ria at an altitude of nearly 800 km. 
The satellites collided at a speed of 
11.7 km/s, producing a cloud of 
more than 2000 pieces of debris 
with sizes of 10 cm and larger 
(Figure 1). Within a few months,  
the debris cloud had spread out 
over a large region in space, creat-
ing a risk of further collisions  
with active satellites. Even today 
fragments of this event continue  
to be a major risk for active space- 
craft.

The event was a wake-up call for 
all satellite operators and policy 
makers. It added a new dimension 
to an issue that has occupied ex-
perts and space agencies for nearly 
50 years: the problem of space de-
bris, defunct man-made objects  
in space. Space debris includes ob-
jects of very different types and 
sizes. The largest debris objects 
consist of spent rocket upper stages 
and abandoned satellites. In terms 
of numbers, however, by far most 
of the particles with diameters 
larger than a few centimetres are 
fragments generated by in-orbit 
break-ups and collisions. Up to 
now, more than 600 in-orbit frag-
mentation events have been re-
corded, involving spent rocket 
upper stages, auxiliary motors, and 
satellites. Apart from collisions, 

Space Debris
Providing the Scientific Foundation  
for Sustainable Use of Outer Space

Prof. Dr. Thomas Schildknecht, Astronomical Institute, University of Bern, Switzerland

Figure 1: On 10 February 2009, the active communications satellite Iridium 33 
accidentally collided with the decommissioned Kosmos 2251 spacecraft at a 
velocity of a 11.7 km/s. The event took place at about 800 km altitude over Sibe-
ria and created more than 2000 fragments, which spread in the course of the sub-
sequent months over a large region in space. (Credit: IRAS TU Braunschweig) 
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break-ups may be triggered by 
several mechanisms: the failure of 
an internal component containing 
stored energy (e.g. batteries), the 
ignition of residual propellant, the 
explosion of pressurized vessels, 
and so on.
 
Collisions between space debris and 
functional spacecraft as well as mu-
tual collisions among space debris 
produce additional collisional frag-
ments. This is particularly the case 
for catastrophic collisions, where the 
colliding objects are completely dis-
rupted. These new fragments may 
again collide with each other, and 
can eventually lead to the exponen-
tial growth of the entire population, 
the so-called Kessler syndrome, 
named after Donald J. Kessler, who 
predicted this scenario in 1978 
(cf. Kessler/Cour-Palais 1978). 

Figure 2: Results from a hypervelocity impact test. A 1 cm aluminium sphere 
was impacting a massive aluminium target with a velocity of 6.5 km/s (23 400 
km/h).  (Credit: AIUB)

Figure 3: Section of a retrieved Hubble Space Telescope solar array with impact features of several millimetres in diameter 
generated by millimetre-size particles. (Credit: AIUB) 
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Old or abandoned artificial objects 
in space may also produce small-size 
space debris through aging pro-
cesses. Outer surfaces of space ob-
jects, e.g., paint layers or Multi-layer 
thermal insulation blankets (MLI), 
gradually deteriorate due to hard 
UV radiation and oxidization by re-
sidual air molecules and atoms in low 
orbits. As a consequence of these 
aging processes, the paint layers  
may “peel off” and generate myriads 
of small paint f lakes with sizes in  
the millimetre and sub-millimetre 
range, or satellites may shed decime-
tre-size fragments of insulation foils.

Even small space debris objects pose 
a risk to active spacecraft due to 
their high relative velocity with re-
spect to other objects in orbit. In low 
Earth orbit (LEO), objects move 
with velocities of 7 to 8 km/s (about 
27 000 km/h) with respect to an 
Earth-fixed reference frame. Con-
sequently, the energy released due 
to an impact is enormous. For a 
small debris piece of 1 cm in diam-
eter, this energy is comparable to the 
energy of an exploding hand gre-
nade (Figure 2). As a consequence, a 
collision with even a tiny piece of 
debris of a few millimetres or smaller 
in size may be lethal for spacecraft. 
A so-called catastrophic collision 
with an object of 10 cm in LEO 
would even disrupt the target object 
completely producing a multitude 
of new debris objects. Impacts 
caused by tiny space debris can be 
directly found and analyzed on the 
surfaces of space objects which have 
been retrieved from space (Figure 3).

The example in Figure 4 shows that 
the collision risk with millimetre-
size debris is real: On 23 August 

2016, sudden small power reduction 
and a slight orientation change was 
observed for Sentinel-1A, orbiting 
at 700 km altitude. Preliminary in-
vestigations suspected a collision 
with a small debris object, which 
was confirmed later on by images 
taken with the onboard camera.

Statistical models based on obser-
vations predict a total population 
of about 1 000 000 space debris 
objects larger than 1 cm (Figure 5) 
within a sphere of about 10 Earth 
radii (so-called space debris envi-
ronment). Among them only about 
35 000 objects with sizes above 
10 cm are “known” and their or-
bits tracked on a regular basis. Dif-
ferent stakeholders have diverse 
reasons why they care about space 
debris. Spacecraft owners and op-
erators are mainly concerned about 
the safety of their assets and thus 
focus on preventing collisions by 
executing avoidance manoeuvres  

if required. Spacecraft and mission 
designers are interested in statis
tical risk analysis to increase space-
craft resilience through appro
priate design and to use optimal 
mission orbits to minimize po
tential impact events. Finally, gov-
ernments, space agencies, and sci-
entists care about critical 
infrastructure in space and the 
long-term sustainable use of near-
Earth space. Modern civil societies 
depend increasingly on “services 
from space”. We all take the space-
based navigation services we use in 
our smartphones and car navigation 
systems for granted. But there is 
more: our power grid and commu-
nication systems as well as weather 
forecasts would break down with-
out signals and observations from 
space (cf. Spatium 10, Spatium 31). 
More than half of the essential cli-
mate variables are measured from 
space, to provide another example 
(cf. Spatium 46, Spatium 49).

Figure 4: On 23 August 2016, Sentinel-1A was hit by a millimetre-size debris 
object. The picture from the on-board camera shows a damage area of 40 cm in 
diameter on the front side of the solar array. (Credit: ESA)
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2. Space Debris 
Research

In order to enable modelling of the 
evolution of the space debris pop-
ulation, and eventually to devise 
efficient measures to limit the 
growth of the number of debris ob-
jects, we need to better understand 
the current space debris environ-
ment. Space debris research aims at 
a comprehensive overview of the 
current state and nature of the pop-
ulation, as well as the physical 
mechanisms governing the evolu-
tion (cf. Schildknecht 2015). We 
pose a series of questions:

•	 Concerning the population:
	– how many space debris 
objects are there?
	– what is the size and density 
distribution of these objects?
	– in which regions (altitudes) 
do these objects orbit the 
Earth?
	– what is the nature of the 
objects (type of objects, 
material, etc.)?
	– what are the sources and 
sinks?

•	 Concerning the physical 
mechanisms:

	– how are space debris, in par-
ticular fragments, generated 
(break-up events, collisions, 
aging effects leading to 
disintegration of spacecraft 

surface materials such as 
solar cells and insulation 
blankets)?
	– what is the long-term evo
lution of the orbits of space 
debris?
	– what is the long-term evo
lution of the size and density 
distribution due to fragmen-
tation processes?

Scientists at the Astronomical In-
stitute of the University of Bern 
(AIUB) are addressing these ques-
tions by observing known (cata-
logued) space debris to improve 
their orbital elements, by search-
ing for unknown (uncatalogued) 
debris and eventually determining 
their orbits, and by characterizing 
the physical properties of (cata-

Figure 5: Snapshot of the current population of space debris larger than 1 cm. Statistical models based on observations 
predict a population of about 1 000 000 space debris objects larger than 1 cm. Among them only about 35 000 objects with 
sizes above 10 cm are “known” and their orbits tracked on a regular basis. (Credit: IRAS TU Braunschweig)
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Figure 6: Swiss Optical Ground Station and Geodynamics Observatory Zimmerwald (SwissOGS).  
(Credit: AIUB, Manu Friederich)

Figure 7: 0.8 m Zimmerwald Multiple Applications Instrument ZimMAIN. Main applications are surveys for faint debris, 
and photometric and spectroscopic characterization of debris. (Credit: AIUB, Manu Friederich)
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logued and uncatalogued) debris 
objects. Observations of space de-
bris objects are mostly performed 
at AIUB’s own observatory, the 
Swiss Optical Ground Station and 
Geodynamics Observatory Zim-
merwald (Figure 6). The observa-
tory consists of 6 optical telescopes 
hosted in 5 domes, with apertures 
ranging from 20 cm to 1 m. 

The 0.8 m Zimmerwald Multiple 
Applications Instrument Zim-
MAIN (Figure 7) is primarily used 
to search for small-size debris ob-
jects in high-altitude orbits, in par-
ticular in the geostationary ring 
(GEO). Surveys performed by 
AIUB with the ESA 1 m telescope 
in Tenerife complemented with 
observations from ZimMAIN 
have revealed a hitherto unknown 
population of small-size debris in 
GEO with objects as small as 15 cm 
in diameter (Figure 8). Blue bars in 
Figure 8 indicate objects which 
could be identified in public orbit 

catalogues (“correlated”) and red 
bars show objects which were not 
known before (“uncorrelated”). 
The blue line indicates the sensi-
tivity limit of the sensors. The cut-

off in the number of objects fainter 
than about magnitude 19 is entirely 
due to the sensitivity limit of the 
observation system. The real pop-
ulation is most likely even further 

Figure 8: Small-size debris objects discovered by AIUB in the geostationary 
orbit region (GEO). Blue bars indicate objects which could be identified in public 
orbit catalogues (“correlated”) and red bars show objects which were not known 
before (“uncorrelated”). The blue line indicates the sensitivity limit of the 
sensors. (Credit: AIUB)

Figure 9: 1 m Zimmerwald Laser Ranging and Astrometry Telescope ZIMLAT. (Credit: AIUB)
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increasing for smaller sizes. Some 
of these objects, presumably frag-
ments, were found in “unusual”, 
eccentric, high-altitude orbits. The 
orbits were unusual in the sense 
that no potential parent objects like 
spent upper stages or spacecraft 
were known in this orbital region. 
The investigation of the nature  
and origin of these objects became 
a central topic in international 
space debris research and turned 
out to be a real detective story. Fol-
low-up observations with the 1 m 
Zimmerwald Laser Ranging and 
Astrometry Telescope ZIMLAT 
(Figure 9) revealed that the evolu-
tion of the orbits was exceptional, 
and could only be explained if the 
objects were very lightweight with 
rather large surface areas or, in 
other words, had extremely high 
area-to-mass ratios (AMR) (cf. 
Schildknecht et al. 2008). For some 
of the objects with extremely high 
AMR values the only reasonable 
hypothesis was to assume they 
were pieces of multi-layer insula-
tion foils. In order to determine the 

material type, spectra of some high 
AMR objects were acquired and 
compared with spectra of space-
craft outer surface materials (solar 
cells, MLI, etc.) taken in the labo-
ratory. Figure 10 shows spectra from 
a high AMR object (left) and lab-
oratory spectra from MLI. The 
prominent “knee” at 500 nm is 
unique and has not been seen in 
any other material measured in the 
laboratory, hence a strong evidence 
supporting the MLI hypothesis (cf. 
Vananti et al. 2017).

Break-up events are still the major 
source of fragments. Characteriz-
ing such events is thus key in un-
derstanding this important source. 
Figure 11 shows an observation of a 
fragment cloud from the break-up 
of a rocket upper stage three days 
after the event (cf. Schildknecht et 
al. 2019). The AIUB was informed 
by Russian colleagues about this 
event and a joint observation cam-
paign was initiated to catalogue 
the fragments. More than 7 months 
later, there were no objects from 

Figure 10: Left: spectra from high AMR debris object. Right: spectra from multi-layer insulation foil taken in the laboratory. 
(Credit: AIUB)

Figure 11: Fragments from the break-up of a rocket upper stage (point-like ob-
jects) observed on 27 March 2019 with ZimTWIN. (Credit: AIUB)
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this and two additional break-up 
events in the public orbit catalogue 
while AIUB catalogued the three 
fragment clouds (Figure 12). 

The Zimmerwald Twin Widefield 
Instrument (ZimTWIN) counsists 
of two identical telescopes mounted 
together and pointing always in the 
same direction, thus allowing si-
multaneous observations with dif-
ferent filters (Figure 13). ZimTWIN 
is also used to characterize the 
tumbling motion of large debris 
objects which are potential targets 
for future removal missions (see 
next section). Figure 14 shows the 
temporal variation of the magni-
tude (so-called light curve) of a 
rocket upper stage in two colours 
(top) and the difference of the two 
colours, the so-called colour index 
(bottom). Such observations allow 
determining the rotation rate and, 
with the help of the colours, dis-
entangling ambiguities which are 
due to geometrical symmetries.

Global cooperation among scien-
tific organizations, but also collab-
oration with space agencies and 
international organizations is key  
in addressing the challenges posed 
by the proliferation of space debris. 
Figure 15 shows some of the organ-
izations AIUB is collaborating with. 
Observatories distributed all over 
the world and joined together to 

form a network are mandatory, e.g. 
for following-up observations or 
continuous time series. AIUB, in 
close collaboration with the Ger-
man Aerospace Centre (DLR), 
builds up and operates a worldwide 
network of fully robotic telescopes, 
also known as SMARTnet. Tele-
scopes of this network are located 
in Australia, South Africa, South 
America, and Europe. All of them 
were assembled, equipped with 
software, and tested at the Zimmer-
wald Observatory as “Zimmerwald 
Network Telescopes” (ZimNET).

With the Zimmerwald Small Aper
ture Robotic Telescope (Zim
SMART), a fully automatic small 
telescope with an aperture of  0.2 m, 
the sky is systematically searched 
for artificial objects every night. 
The aim is to set up and maintain 
an orbital catalogue of active satel-
lites and space debris objects at an 
altitude of 36 000 km, the so-called 
geostationary ring. 

Orbits of objects in low Earth or-
bits are mostly determined using ra-

Figure 13: Double 0.4 m Zimmerwald Twin Widefield Instrument ZimTWIN. 
(Credit: AIUB, Manu Friederich)

Figure 12: Break-up fragments, 3 December 2019. Left: Public catalogue  
(credit: Space-track.org). Right: Fragment catalogue (green) superimposed on 
public catalogue (credit: AIUB).
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dar measurements. Laser ranging is 
a promising technique to improve 
the accuracy of orbits of space de-
bris objects in these orbits by about 
one order of magnitude compared 
to traditional radar techniques. On 
24 June 2020, AIUB acquired the 
first ever daylight observations of a 
space debris object using the geo-
detic Satellite Laser Ranging (SLR) 
system of ZIMLAT (cf. Rodriguez 
et al. 2022). Space debris objects are 
not carrying retroref lectors, which 
prevents the use of conventional 
SLR systems for tracking of debris 
objects with cross-sections smaller 
than a few 10 square metres. A new 
high-power laser system was thus 
procured and the installation started 
in 2022. The system will allow 
tracking of debris objects with 
diameters as small as 1 m.

Figure 14: Temporal variation of the magnitude (light curve) of a rocket upper 
stage in two colours (top). Difference of the two colours (colour index) (bottom). 
The light curves were take simultaneously with the two telescopes of 
ZimTWIN. (Credit: AIUB)

Figure 15: Global cooperation with space agencies, research institutions, international organizations, and even the UN  
is key in addressing the challenges posed by the proliferation of space debris. (Credit: AIUB)
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3. Future Evolu­
tion and Counter- 
measures

The proliferation of space debris 
and the increased probability of 
collisions and interference raise 
concerns about the long-term sus-
tainability of space activities, par-
ticularly in the low Earth orbit  
and in the geostationary orbit en-
vironments. During recent years, 
the number of satellites launched 
to space increased by orders of 
magnitude in particular due to  
cost reductions enabled by minia
turization and rideshare launch 
opportunities, as well as due to  
the deployment of so-called mega
constellations by private actors. 
Figure 16 shows the exponential 
increase of the number of cata-
logued objects over the past dec-
ade. The reason for this increase  
is partially due to individual frag-
mentation events, but in particular 
also due to the increased launch 
traffic (Figure 17). Note the substan-
tial increase of commercial objects 
launched over the past decade.

In order to allow for safe operations 
in near-Earth space, and to ensure 
sustainable use of this unique re-
source, numerous measures are ur-
gently needed. These include inter 
alia the prevention of collision, the 
obligation to remove all objects af-
ter the end of their mission from 
the environment, also called post-
mission disposal (PMD), active re-
moval of existing debris, and in-
ternational efforts to coordinate 

the traffic and manage the debris 
environment. Results from an evo-
lution model predicting the num-
ber of catastrophic collisions over 
the next 200 years for different 
post-mission disposal  scenarios are 
shown in Figure 18. Further techni-
cal measures include the preven-
tion of fragmentations by passivat-

ing objects at the end of life (venting 
of fuel, shortening of batteries, 
etc.), the active removal of massive 
debris objects from space (so-called 
active debris removal, ADR), and 
the prevention of collision between 
non-manoeuvrable debris with 
“just in time collision avoidance” 
( JCA) techniques like nudging 

Figure 17: Evolution of launch traffic. Note the increase of commercial objects 
launched over the past decade. (Credit: ESA)

Figure 16: Evolution of catalogued objects. (Credit: ESA)
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with ground-based lasers. The 
Swiss company Clearspace is lead-
ing an industry consortium which 
will conduct Clearspace-1, an 
ADR mission planned for 2026 as 
a service for the European Space 
Agency (ESA). It will be the first 
mission to remove a piece of space 
debris from orbit (Figure 19).

Figure 18: Result from an evolution model predicting the number of cata-
strophic collisions over the next 200 years for different post-mission disposal 
(PMD) scenarios. (Credit: ESA) 

Figure 19: Clearspace-1 active debris removal mission. (Credit: Clearspace)
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4. Space Traffic 
Coordination 
and Space 
Environment 
Management

Ensuring safe and sustainable use 
of near-Earth space requires 
international efforts in three 
domains (Figure 20):

a) �A deep understanding and con-
tinuous monitoring of the cur-
rent population of artificial ob-
jects in space (active and debris 
objects) through measurements, 
also called Space Surveillance 
and Tracking (SST).

b) �Management of the space envi-
ronment through rules and reg-
ulations, based on SST and sta-
tistical observation data and 
evolution models.

c) �Coordination of the traffic of ac-
tive satellites based on SST data, 
through rules and regulations, 
with the primary aim of pre-
venting collisions.

The challenges posed by orbital 
debris and the increased traffic are 
inherently challenges concerning 
the entire international commu-
nity of states. As a consequence, 
major spacefaring nations started 
discussion on the technical aspects 
of space debris in the Inter-Agency 
Space Debris Coordination Com-
mittee (IADC), which was estab-
lished in 1993. One result of this 

work was the release of the IADC 
Space Debris Mitigation Guide-
lines in 2005, which formed the 
basis for the 2007 UN Space De-
bris Mitigation Guidelines. From 
2010 to 2018 a working group of 
the UN Committee for Peaceful 
Use of Outer Space (COPUOS) 
elaborated 21 Guidelines for the 
Long-Term Sustainability of Outer 
Space Activities, which were fi-
nally endorsed in 2018 by the UN 
General Assembly (Figure 21). Al-
though not legally binding, over 
the years these international guide-
lines have clearly had an impact on 
the behaviour of space actors with 
respect to space debris.

Figure 20: Space Traffic Coordination (STC), Space Situational Awareness (SSA), Space Environment Management (SEM). 
(Credit: AIUB)
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5. Summary  
and Outlook

Space debris research at the 
Astronomical Institute of 
the University of Bern 
(AIUB) based on observa-
tions from the Swiss Optical 
Ground Station and Geody-
namics Observatory Zim-
merwald and the ESA tele-
scope in Tenerife provided 
substantial contributions to a 
better understanding of the 
current space debris popula-
tion including its sources and 
long-term evolution. Scientific 
highlights include the detection 
of decimetre-size debris in geosta-
tionary orbits and the discovery of 

an unexpected population 
of debris objects with ex-
tremely high area-to-mass 
ratios. Most of these results 
required international co-
operation among scientific 
institutions, collaboration 
with space agencies and in-
ternational institutions. It is 
evident that we need a col-
laborative, international and 
holistic approach to address 
the challenges posed by space 
debris. Space debris research 
provides the scientific and 
empirical bases for creating 
environment and evolution 
models and for devising effi-
cient debris mitigation and re-
mediation measures – it pro-
vides the scientific foundation 

for sustainable use of near-Earth 
space.
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