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The spatial density of debris in popular regions of low Earth orbit is sufficiently high that the impact
risk to unmanned spacecraft can no longer be ignored. To enhance protection, designers generally
consider increasing the shielding of existing materials and structures. This may be through the addition
of layers of high-strength materials such as Nextel and Kevlar to MLI-covered surfaces, or by
modifying the design of honeycomb panels. The benefit of this type of protection comes at the price of
increased mass and cost. Another approach is to consider the vulnerability and layout of equipment on
a spacecraft, and configure the spacecraft so that mission-critical items are protected from the most
vulnerable regions, possibly by less critical neighbouring items. This approach provides protection
enhancement without incurring significant mass penalty. However, up until now, it has generally been
poorly considered. Part of the reason for this has been the lack of a methodology for evaluating and
comparing the survivability of different spacecraft designs. The development of a solution to this
problem forms the core of this research.

The basis of the solution is the construction of a software tool called SHIELD. This has some
similarities to existing tools such as ESABASE / DEBRIS, in that it determines the impact and
penetration distributions on a representative 3-D model of a given spacecraft, and the probabilities of
penetration. However, in SHIELD, the computation goes a step further by calculating the probability
of failure of the satellite. SHIELD does this by determining the internal damage caused by each of the
penetrating particles distributed on the satellite. Any equipment that lies within the line of sight of a
given particle’s trajectory is considered vulnerable. Multi-wall ballistic limit equations are called up to
ascertain the extent of penetration inside the satellite, and therefore identify exactly which units are
damaged. Knowing the criticality of these units, the consequences for the mission are then easily
derived. When all penetrators are considered in this fashion, the result is the desired satellite failure
probability. To derive a true measure of a satellite’s survivability, SHIELD combines this failure
probability with information on the various costs associated with the mission, i.e. a life cycle cost
model. The result is a ‘survivability metric’ that enables the cost-effectiveness of radically different
protection strategies to be determined and compared in a completely objective manner. This metric is
also incorporated into a genetic algorithm, which is capable of searching many competing protection
solutions and converging on cost-effective options.

Preliminary simulations, by applying SHIELD to idealised spacecraft, have demonstrated its validity
in several respects. The model has also been used to investigate the relationship between satellite
failure probability and debris particle size. This is a crucial result for satellite constellation
replenishment strategies and predictions of debris environment evolution. Finally, to illustrate the
model’s potential for application to an actual spacecraft design, the survivability of the METOP
Service Module is evaluated. One of the general conclusions to emerge from these results is that due
consideration should be given to the vulnerability and layout of equipment on an unmanned spacecraft
if its survivability is to be enhanced cost-effectively. In summary, the implementation of cost effective
debris protection in unmanned spacecraft is a challenging problem that requires original thinking and
innovative modelling techniques. This research programme represents a first step towards that
objective.
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1 Introduction

1.1 Background

Since 1957, when the first satellite, Sputnik 1, was launched there have been nearly 4,000
launches into space. Typically, each of these launches has placed at least one satellite into
orbit. The result is a large population of satellites and related items orbiting the Earth.
Currently, a total of approximately 9,000 objects are being tracked by the US Space
Command’s network of ground-based detectors [Jenkin (1998)]. Only ~6% of these objects
are operational satellites, the remainder are uncontrolled and fall into a category known as
orbital debris. Limitations in detector capability prevent objects smaller than approximately 10
cm being tracked in low Earth orbit (LEO) and 1 m in geosynchronous Earth orbit (GEO)'.
The number of debris objects in the 1 to 10 cm range are estimated to exceed 100,000 [Office
of Science and Technology Policy (1995)]. It is generally accepted that a satellite probably
would not survive an impact with a piece of debris larger than ~1 cm in diameter. This means
there is a technology gap between debris that can be shielded against (< 1 cm) and debris that

can be tracked and avoided (> 10 cm).

The increasing likelihood of hazardous collisions occurring between orbital debris and

operational spacecraft is currently receiving much attention internationally. There are several

reasons for this:

a The first ever recorded collision between trackable objects occurred on 24™ July 1996
when the French satellite ‘Cerise’ was hit by a fragment from an Ariane launcher upper
stage that had exploded ten years earlier [Alby et al (1997)]. The collision severed a
gravity gradient stabilisation boom, causing the satellite to tumble rapidly. |

a The ongoing launch and construction of the International Space Station (ISS) represents a
very large, ’expensive, high profile, manned asset that is considered particularly susceptible
to impacts from debris up to ~1 cm in size. As a result, much effort is being expended to

shield the most vulnerable elements.

! Here low Earth orbit is defined as the region of space lying between 120 km and 2,000 km above the
Earth. Geosynchronous Earth orbit refers to the orbital region at approximately 36,000 km altitude.



Introduction

0 The imminent launch of constellation systems comprising large numbers of
communications satellites (over 1,000 planned to date [Jenkin (1998)]) could strongly
influence the growth of the LEO debris environment over the next fifty years. With
satellites repeatedly passing through a constellation, such as spacecraft from another
constellation that are orbiting/de-orbiting or background debris objects that are decaying,
the risk of a collision could be significant [Walker (2000)]. Should a collision occur then
the resulting cloud of fragments would spread around the orbit of the fragmented satellite,
thereby posing a collision risk to other members of the constellation. It is not difficult to
see that a run-away effect is possible here, known as a collisional cascade. The end result

is an orbital region so populated by debris that it would become unusable for centuries.

To help overcome such problems, and mitigate the growth of debris in general, international
co-operation, planning and regulation are required. For such measures to be effective they
must be realistic and achievable for all users of space. Therefore, a balance must be struck that
is reinforced by supporting analysis. The Office of Science and Technology Policy’s
‘Interagency Report on Orbital Debris’ recognises this and identifies important technical
issues which must be addressed, including continued development and refinement of debris
environment models, satellite protection models, and shielding technologies. To these ends,
various government organisations and agencies, such as the British National Space Centre
(BNSC), the European Space Agency (ESA), and the National Aeronautical and Space

Administration (NASA), have invested in debris research programmes.

The author’s employer, QinetiQ - formerly the Defence Evaluation and Research Agency
(DERA), set up a debris research group several years ago to support BNSC and other agencies
in the assessment of risks posed by the orbital debris environment, and identification of
measures to reduce those risks in a cost-effective manner. Initially, the research focused on the
development of a high-resolution debris environment model called the Integrated Debris
Evolution Suite (IDES). Once completed, preliminary predictions of future debris population
growth and the associated collision risk to space systems, particularly constellations, were
carried out and published. With an improved understanding of the extent of the problem, the
research programme then concentrated on the question of whether it was necessary to apply

debris protection to unmanned spacecraft, and if so how. This particular problem also forms

the basis of the author’s Ph.D.



Introduction

The threat of damage to a spacecraft from orbital debris is still not fully appreciated by some
satellite operators and designers. However, industry awareness is growing, and many
manufacturers now recognise that the risks posed by debris impacts can no longer be ignored
when designing expensive, long duration satellite missions. A single impact from a centimetre
size piece of debris travelling at 10 km/s may be enough to cause the catastrophic failure of a
$1 billion satellite. For example, during the Space Shuttle STS-61 mission - a Hubble Space
Telescope (HST) maintenance flight - observations were made of the impact damage to the
HST. Several large impact craters were identified [Christiansen & Hyde (1994)]. One of these
(measuring approximately 1 cm in diameter) occurred on the high gain antenna (HGA).
Calculations based on the current known debris environment predicted a 1 in 10 chance of
such an impact on the HGA during the first 3.5 years. Although this impact rate might seem
quite small, if the impactor had struck a critical component, it could have resulted in failure of

the whole mission.

An examination of any historical database of spacecraft failures should reveal that anomalies
generally are not attributed to debris impacts. For example, a simple query of the SpaceBase
database at QinetiQ shows that, with certain exceptions such as Cerise, spacecraft malfunction
as a result of random, wear-out or systematic failures [SpaceBase (2001)]. It is conceivable,
however, that a percentage of the random failures, which are often ascribed to a component or
subsystem suddenly malfunctioning, may in fact have their root cause in debris impacts.
Furthermore, databases such as SpaceBase show that 10 — 15 % of all spacecraft anomalies
and failures are of unknown cause. Within this residual, one might again conjecture that
impacts could have played a role. A study to investigate this possibility was conducted by
McKnight et al in 1997. They compared the spatial density of orbital debris with the number
of spacecraft anomalies of unknown cause, and found that there was some evidence for a
correlation. Their findings, although not conclusive, suggest that many of the anomalies are

impact-induced.

Indirect evidence such as this, combined with actual observations of spacecraft impact
damage, underlines how important it is to consider implementing appropriate protection
measures in spacecraft. Such measures may take the form of dedicated shielding, where mass

is added to enhance the survivability of existing structures and equipment. Shielding can
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utilise a variety of configurations, such as multi-layer bumpers, and novel materials, e.g.
Nextel or Kevlar. However, the benefits of adding shielding must be weighed against the
increased mass and cost to understand whether it is appropriate for the particular mission of

interest.

Another protection approach is to configure the layout of equipment in a spacecraft design so
critical units are less vulnerable to impacts. Essentially, this strategy maximises the latent
protection offered by less critical neighbouring items. The approach should not introduce any
significant costs provided it is considered early in a spacecraft design; therefore it has the

potential to be a very cost-effective way of improving survivability.

A cursory look at the literature shows that there has been very little research into spacecraft
architecture design as a protection method, either by itself or in conjunction with standard
shielding methods. The likelihood is that both strategies together will provide the most cost-
effective protection solution for a given spacecraft. Furthermore, at the outset of this Ph.D., no
technique had been devised to quantify and compare these contrasting strategies. Therefore,
one important aim of the research programme is to formulate a new method to solve this

problem.

Because of the potentially large number of permutations for arranging a satellite’s components
and shielding, the identification of a cost-effective design is likely to be a tedious, time-
consuming task involving much trial-and-error. To overcome this, it would seem
advantageous to utilise a technique that could search through the options in an automated and
efficient manner. The possible implementation of such a technique represents another

important goal of the research programme.

1.2 Objectives

The focus of this Ph.D. research programme is to propose and present a new approach for

implementing cost-effective debris protection in unmanned spacecraft.

The emphasis on unmanned spacecraft is deliberate, for two reasons. First, the methodology
for applying manned spacecraft protection is quite well understood and generally accepted -

essentially, the underlying principle is to reduce the probability of penetration to acceptable
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levels at reasonable cost. Second, a separate and unique methodology for unmanned
spacecraft is less clearly defined. Instead, there appears to be a tendency to adopt the ‘manned’
approach, if any at all. While this may not necessarily give a poor design solution, it is far
from certain that the implemented protection will be cost-effective. With the pressures of
budgetary constraints ever present in unmanned spacecraft design, the need to define a new

approach becomes more apparent.
The aims of the Ph.D. are summarised briefly as follows:

o Review state-of-the-art knowledge of the space debris environment and the impact risks
posed to unmanned spacecraft.

0 Review the current approaches for designing debris impact protection in spacecraft.

o Propose a new methodology for implementing cost-effective debris protection in
unmanned spacecraft.

a Investigate whether modern stochastic optimisation techniques can be utilised to assist in
the search for cost-effective protection.

o Develop a computer simulation model that can assess the impact and penetration risks to
unmanned spacecraft, evaluate competing protection solutions, and search for a cost-
effective design.

o Validate those elements of the model that are common to other existing models by
comparing results and, for those elements of the model that are unique, demonstrate that
the results are at the very least sensible and credible, while setting out the most likely route
to achieve full validation.

o Apply the model to a series of relatively simple spacecraft designs to illustrate the
diversity and complexity involved in implementing cost-effective protection in spacecraft,
and thus underline the inherent benefits within the model.

o Use the model to establish a preliminary relationship between the size of an impacting
debris particle and the probability that an unmanned spacecraft will fail.

a Conclude by applying the model to an actual spacecraft design, thus demonstrating its

potential for contributing to the normal space environment risk assessment process.
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1.3  Thesis Structure

An important element of a scientific or engineering research project is to perform a review of
the literature. This provides a sound basis for the project as it establishes the need and
potential benefit of the research, and mitigates the possibility of unnecessary repetition. The
first two chapters in the thesis (after this one) are therefore devoted primarily to reviewing the
literature and setting the scene for the programme of work undertaken in the subsequent

chapters.

Chapter 2 describes the meteoroid and orbital debris environments, both of which pose a
hazard to the safe operation of a spacecraft. Meteoroids, sometimes referred to as natural
debris, are characterised by two population types: sporadic and streams. Several models have
been developed by leading researchers such as Griin, Divine, Cour-Palais, and Jenniskens to
describe the flux of particles in these two populations. Chapter 2 summarises some of the flux
results from these models, thus providing an indication of the meteoroid impact risk to an
orbiting spacecraft. The remainder of the chapter focuses on understanding the orbital debris
environment, which is the dominant impact hazard to a spacecraft in low Earth orbit. All the
known sources and sinks of orbital debris are categorised before summarising the various
detection, tracking and measurement methods used to characterise the debris population. This
information is essential for the construction and validation of computer models of the debris
environment. A variety of models are described, including two models developed by
colleagues of the author, i.e. IDES and DELTA (the Debris Environment Long Term Analysis
model). The respective modelling approaches are discussed and differences highlighted.
Finally, a selection of results derived from IDES and DELTA is presented. Specifically,
projections of the long-term growth of the LLEO debris population are discussed, with
emphasis on the consequences of launching satellite constellations and the benefits of
introducing mitigation measures. An example analysis of the long-term collision risk to a
constellation is also performed, which predicts the number of satellites requiring replacement
because of collision-induced failures. To do the analysis, a simplifying assumption is made
regarding the probability of failure of a satellite when impacted by a debris particle of a given

size. This assumption forms the basis of an investigation in Chapter 6.
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Chapter 3 starts by reviewing some of the damage effects caused by debris impacting different
elements of an unmanned spacecraft, and the possible consequences for the mission as a
whole. Debris in the size range 0.1 mm to 10 mm is considered to be the most hazardous due
to a combination of its impact energy and population size. The desire to protect against these
particles has led to the emergence of a number of state-of-the-art shielcis, which are described.
For manned spacecraft, these include lightweight multiple wall shields such as the Whipple,
stuffed Whipple, multi-shock, and mesh double-bumper. Shielding options for unmanned
spacecraft are also discussed; in particular methods for enhancing typical structural elements
such as honeycomb panels. The performances of these shields are characterised by damage
equations that calculate crater size, hole size, and perhaps most importantly ballistic limit®. In
the chapter some of the most well known and commonly used examples are listed. These
equations are a central feature of methodologies and tools for assessing and reducing the
impact risk to spacecraft. The current widely accepted risk assessment methodology is
described, together with the two most popular damage assessment tools — ESA’s
ESABASE/DEBRIS and NASA’s BUMPER. Application of these to various spacecraft
design projects has contributed to the development of a set of general guidelines for
implementing protection, which are summarised. Finally, the chapter concludes with an
important section discussing whether the current approaches to implementing protection,
derived mainly from experience in the manned space programme, are entirely valid for
unmanned spacecraft. In particular, the assumption that penetration equals failure is
questioned. So too is the notion that the addition of dedicated shielding is the primary means
of achieving cost-effective protection. The logical extension of this argument is that a more

subtle protection optimisation approach should be possible.

In Chapter 4, a new approach is explored for the design and implementation of protection. The
basis of the approach is to find the most cost-effective protection solution for an unmanned
spacecraft by simultaneously considering the two main options, namely: adding shielding
mass and / or rearranging the location of critical equipment. To do this efficiently, the use of
an automated search technique would seem desirable. Simulated annealing, genetic
algorithms, and evolutionary programming are all discussed as plausible options. However, it

is revealed that some researchers view genetic algorithms as offering perhaps the greatest

* The ballistic limit is defined as the critical size of particle that can cause a certain type of penetration
damage, such as the onset of perforation, to a structure / shield.
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potential for optimisation problems. The incorporation of a genetic algorithm into a
comprehensive protection optimisation model would be an innovative and challenging
problem. To check the viability of such a proposition, the focus of the remainder of the
chapter is the development of a prototype demonstrator. First, the high-level architecture
design of the prototype is briefly described. Then, a relatively simple method for evaluating
the debris impact survivability of a satellite is derived. This is necessary to distinguish
between radically different protection solutions during the genetic algorithm optimisation
process. The method follows three basic steps, and results in a measure of effectiveness called
a survivability metric. Finally, the design and operation of the genetic algorithm is described.
In the last part of the chapter, results from three distinct prototype simulations are discussed.
The first result illustrates the efficiency of the genetic algorithm in finding a ‘good’ protection
solution for a simple example satellite exposed to an artificially generated isotropic debris
impact distribution. The second result shows how this solution is influenced when satellite
design constraints, such as the need to retain mass balance, are introduced into the protection
optimisation. The third result is essentially a repeat of the first result, except that the example
satellite is subjected to a non-isotropic impact distribution. As a consequence of these results,
the chapter concludes by discussing the merits of this optimisation methodology, and

recommending the development of a full version of the model.

Chapter 5 provides a description of the full model, called SHIELD. As with any complex
piece of computer code, the SHIELD model is designed in accordance with software
engineering standards. Thus, the chapter begins by specifying the model’s fundamental user
and software requirements, and outlining the high-level architecture design. Four main

functions are identified in the architecture design before each is described in detail. The

functions are;

1. To construct and view a 3-dimensional (3-D) representation of a satellite. The method for
constructing the various elements of a satellite, such as the main body, components,
shelves and internal walls, is defined and explained in terms of the underlying
mathematics of planes, vectors, and transformation matrices.

2. To simulate debris impacts on the satellite during its mission life. Using IDES, the
generation of target-centred debris collision fluxes is a necessary first step for this

simulation. The IDES approach is summarised before describing how the resulting fluxes
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are used in the SHIELD Poisson generator to produce directional particles. A ray-trace
approach is used to define possible intersections between these particles and the satellite
geometry. Again, the mathematics of vectors and planes is called upon.

3. To evaluate the survivability of a specific satellite design. This is one of the most
challenging functions in the model construction, and so a substantial portion of the chapter
is devoted to addressing this issue. It begins by describing the creation of a distribution of
penetrating particles on the satellite. Then, the possibilities for assessing any subsequent
internal damage are discussed. These include various models to characterise the evolution
of secondary debris clouds behind penetrated targets. The methodology chosen for
SHIELD enables the satellite probability of failure to be determined. This is a key element
of the cost-risk metric, which is derived in the chapter as the means of quantifying satellite
survivability.

4. To optimise the debris protection strategy of a satellite. This final section in the chapter
covers the implemented genetic algorithm search method. Essentially, the algorithm
follows a very similar operation to that used in the prototype model, although an important

difference does exist, which is highlighted. That is, there are more variables in the

SHIELD optimisation.

The results from various SHIELD simulations are reported in Chapter 6. These provide an
initial validation of the model, as well as illustrating its potential and diversity. The validation
computer runs focus on confirming the accuracy of impact and penetration flux distributions
on a cube-shaped test satellite. Results are compared with those already published from
similar models such as ESABASE/DEBRIS and BUMPER. Next, the survivability evaluation
aspects of the model are demonstrated by investigating two example satellites. In the first
example satellite, the survivability of three entirely different protection strategies are
quantified and compared. In the second example satellite, the potential benefit of achieving an
effective arrangement of internal spacecraft equipment is illustrated. Another important result
from SHIELD is its ability to run in an automated search mode for the purposes of optimising
a satellite’s protection. This is investigated with a satellite design that allows variability of
internal equipment positioning and external shielding. The efficiency of the genetic algorithm
search method is also illustrated. The chapter then moves on to discuss an important result
that has not been previously reported. That is, to identify the probability that a spacecraft will

fail due to an impact with a debris particle of a given size. This relationship between failure
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probability and impactor size is shown to be a crucial element in the determination of satellite
constellation replenishment strategies, as discussed in Chapter 3. Finally, the chapter
concludes by illustrating how SHIELD can be applied to assessing the debris risk to an actual
spacecraft design. The results identify the individual vulnerable spacecraft equipment items,

and highlight the contribution they make towards the overall debris-induced spacecraft failure

probability.

Chapter 7 is the final chapter of the thesis. It provides a summary of the main elements of the
research undertaken, and the principle conclusions that have been reached. It also sets out a
series of recommendations for future research, including possible improvements to the

SHIELD model and further simulations.

10



2 The Space Debris Environment

2.1 Introduction

The near-Earth space environment contains populations of natural and artificial debris, which
can range in size from sub-micron to several metres. Since the earliest days of spaceflight,
designers have been aware of the impact risks posed by natural debris, i.e. meteoroids, and
taken measures to protect spacecraft, particularly manned vehicles. During the past forty
years, though, the rapid growth in man’s utilisation of space has resulted in a population of
artificial debris that now represents an additional hazard to spacecraft, particularly in LEO
[Kessler (1993)]. Furthermore, unless measures are taken to arrest the growth, this hazard may
eventually cause entire regions of near-Earth space to become unusable. Unfortunately, many
designers and operators of unmanned spacecraft may not be fully cogniscent of the current and
future risks, and therefore do not necessarily incorporate appropriate risk mitigation strategies.
This chapter sets out to quantify the space debris environment, and establish the basis for
implementing cost-effective protection in unmanned spacecraft. Particular emphasis is placed
on the population of artificial orbital debris, as opposed to meteoroids, since this is now

considered to be the dominant impact threat for a large number of Earth-orbiting satellites.

2.2  The Meteoroid Environment

In this section the description of the meteoroid environment is distilled from a review by
Sdunnus ez al (1999). Meteoroids are interplanetary dust particles that orbit the sun. They pass
through Earth orbital space rather than orbit the Earth as in the case of man-made space
debris. This influx of natural debris particles is referred to as the meteoroid environment. At

any instant, a total mass of ~200 kg of meteoroid particles is located in the low Earth orbit

region.

There are two populations of meteoroids: sporadic and streams. The sporadic population is
formed from meteoroid streams that have dispersed throughout the solar system over many
years as a result of gravitational perturbation effects. Therefore, the sporadic flux is
approximately constant throughout the year. The flux is omnidirectional with respect to the
Earth, except near the Earth where gravitational effects have to be considered. Meteoroid

streams are the remnants of decaying comets, and so closely follow the orbit of the parent
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object. This means that the Earth’s orbit will intersect with the stream’s orbit at a well-defined

time of the year. The effect of this is to enhance the meteoroid flux significantly.

2.2.1 Meteoroid Models

Since the early 1960’s meteoroid sensors have been placed on satellites to provide valuable
data for quantifying the distribution of meteoroids in the solar system. This data, coupled with
ground-based observations, has enabled researchers such as Griin and Divine to develop
mathematical models of the sporadic meteoroid environment. Similarly, Cour-Palais and

Jenniskens have been able to construct models of the meteoroid stream fluxes.

Griin Sporadic Meteoroid Model

The sporadic model developed by Griin et al (1985) expresses the average meteoroid flux in
terms of the number of particles (larger than a given mass) per m? per year impacting a
randomly oriented plate in the ecliptic plane at a distance of 1AU from the sun. The model
assumes that the flux is isotropic, and that the average absolute velocity of a meteoroid is ~20
km/s. Flux predictions from the model have been compared with meteoroid impact fluxes on
the surfaces of retrieved satellites, such as the Long Duration Exposure Facility (LDEF). A
significant discrepancy was reported, which was attributed to the use of a mean velocity in the
flux calculation. It was concluded that more detailed flux assessments require the entire
meteoroid velocity distribution. Such a distribution was derived in the early 1970’s from the
Harvard Radio Meteor Project (HRMP) and later refined by Taylor (1995), as shown in Figure
2-1.

Divine Sporadic Meteoroid Model

Divine et al (1993) developed a mathematical model using dust measurements from
interplanetary probes and observations from ground-based radars to determine the orbital
distributions of meteoroids at a certain epoch. The meteoroid environment was separated into
five ‘phases’ comprising asteroidal, core, inclined, eccentric, and halo populations. It was
assumed that the core population represents the major part of the total population, while the
others are subsets with common characteristics. The resulting flux equation derived by Divine
et al includes a weighting factor to account for detector characteristics, but does not consider

Earth shielding or gravitational focusing.
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Figure 2-1 Meteoroid velocity distribution [Taylor (1995)]

Cour-Palais Meteoroid Stream Model

The Cour-Palais (1969) model describes stream activity in terms of the ratio of cumulative
flux of each stream to the average cumulative sporadic flux. 18 streams are considered in
total. The cumulative flux-mass model applies to each individual stream for particles in the

mass range 10 grams to 100 grams. The model does not include gravitational focusing or

Earth shielding effects.

Jenniskens Meteoroid Stream Model

Jenniskens (1994) has proposed a stream model based on extensive naked eye and
photographic observations taken over the ten year period 1981 to 1991. 50 separate streams
were identified in this data set. The activity profile of single streams is described in terms of
the Zenith Hourly rate (ZHR), and it is shown that the profiles can be characterised by a set of

exponential curves. One shortcoming of the current model is the absence of a mass-flux

relationship.

2.2.2 Meteoroid Collision Fluxes

Flux predictions from the Jenniskens model have been compared with the Cour-Palais model,

as shown in Figure 2-2 [Sdunnus er al (1999)]. The figure emphasises the fact that many
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streams are missing from the Cour-Palais model, although good agreement is achieved
towards the end of the year. As a consequence, the annual mean flux predicted by the

Jenniskens model is approximately a factor of three higher than that from the Cour-Palais

model.
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Figure 2-2  Annual meteoroid stream flux for particles > 10* kg [Sdunnus et al (1999)]

Figure 2-3 [Sdunnus et al (1999)] compares these annual mean fluxes as a function of particle
size. The log-log plot shows a linear relationship for both models, however the Jenniskens

fluxes are higher over the whole size range.

The precession of a satellite’s orbit and the tilt of the Earth’s equatorial plane relative to the
ecliptic plane results in a meteoroid environment that can be considered omnidirectional.
Meteoroid trajectories are therefore distributed isotropically in the geocentric reference frame.
However, the motion of a spacecraft causes a distortion to this isotropic probability density
function, which leads to a change of flux direction and magnitude. Consequently, average
impact velocities and fluxes on the leading surfaces of a spacecraft are higher than on trailing
surfaces. Another directionality is introduced by the presence of bodies such as the Earth or

the Moon, which can provide a degree of shielding.
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Figure 2-3 Mean annual meteoroid stream flux as a function of particle mass [Sdunnus et
al (1999)]

2.3 The Orbital Debris Environment

Since the start of the space age, mankind has launched almost 5,000 satellites into orbit
around the Earth [Johnson (1998)]. An unfortunate by-product associated with this activity
has been the creation of a population of orbital debris. This comprises a variety of man-made
objects, including fragments from on-orbit spacecraft break-ups, non-functional payloads,
spent rocket bodies, mission-related objects, sodium-potassium droplets, solid rocket motor
particles, and the products of surface deterioration of spacecraft [Johnson (1992)].
Approximately 70% of debris is estimated to be aluminium, with the remaining 30% being

plastic, steel, copper wire and other materials [Scott (1999)].

Of the ~2,500 satellites in Earth orbit at the moment, only approximately one-quarter are
operational. The remainder have reached the end of their operational life and most will
continue to orbit the Earth for many decades or centuries. To place these satellites into orbit
has required numerous launches, and consequently an associated orbital population of launch
vehicle upper stages has also been created. Both satellites and rocket bodies play a crucial role

in the development of the orbital debris population because of their size and potential for
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explosion. Since 1961, more than 160 of these large objects have broken up, mainly as a result
of accidental explosions, and added significant numbers of smaller objects to the debris
population. The large surface area of satellites and rocket bodies also means that they are

susceptible to the risk of a collisional break-up, with much the same consequences.

During the deployment of a satellite, a number of mission-related objects are sometimes
released, thereby adding to the debris population. These include nuts and bolts, lens covers,
and launcher shrouds. Throughout their orbital lives, spacecraft can generate debris due to the
gradual degradation of surface materials in the harsh space environment. For example, paint
can flake off and thermal blanketing can become detached as a result of small debris and
meteoroid impacts, thermal cycling, atomic oxygen erosion, and solar radiation embrittlement.
One particular system of satellites known as the RORSATs (Russian Radar Ocean
Reconnaissance Satellites) has also generated a large debris population of ~1 c¢cm size sodium-
potassium droplets. These leaked from the nuclear reactor coolant systems on board the

satellites.

2.3.1 Measuring the Orbital Debris Environment

The techniques used for quantifying the orbital debris population are (1) detection with optical
and radar systems, (2) measurements of spacecraft surfaces that have been retrieved from
space, and (3) in situ measurements from debris impact detectors on board spacecraft. Radar
measurements are typically used to observe debris in LEO, whereas optical observations are
used for high Earth orbit. Only a small percentage of the total debris population is tracked and
entered into a catalogue. This catalogue contains a record of an object’s origin and its orbital
parameters. The primary space object catalogue is maintained by the United States Space
Command’s (USSPACECOM) world-wide Space Surveillance Network (SSN), which
provides the capability to track objects = 10 cm in size in LEO and = 1 m in size at GEO
altitudes. Since 1957, more than 25,000 objects have been catalogued, and approximately
8,800 objects are currently being tracked by the SSN. Figure 2-4 shows the historical
evolution of the catalogue up to 1999, broken down by the different object types [Orbital
Debris Program Office (1999)]. The overall trend is one of linear growth. 94% of the
catalogued objects are debris. Fragmentation debris from the break-up of satellites and rocket

bodies accounts for nearly half of the tracked debris population.
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Figure 2-4 Historical evolution of the catalogued debris population [Orbital Debris
Program Office (1999)]
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The distribution of spatial density from the USSPACECOM -catalogue shows a strong
dependency on altitude and latitude, especially in LEO where several recently launched multi-
satellite constellations systems are operating in very narrow altitude bands. Figure 2-5
illustrates this dependency, and how it has changed during the last 10 years [Anz-Meador
(2000)]. There are two peak density regions, one between 800 km and 1000 km, and the other
between 1400 km and 1500 km.

The untracked space debris environment is characterised by sampling regions of near-Earth
space, and extrapolating these statistically small snapshots to determine the general
population. In LEQO, it is possible to detect objects down to a few millimetres in size. For
example, the US Haystack radar can detect 6 mm size debris at an altitude of 1000 km
[Settecerri et al (1999)], while the US Goldstone radar is sensitive to 2 mm size debris at an
altitude of 500 km [Matney ez al (1999)]. Data on the small-size population is also acquired
by examining the surfaces of spacecraft, and parts thereof, that have been returned to Earth.
LDEF, EURECA (EUropean REtrievable CArrier), and a solar array from the HST have all
been retrieved and analysed in this fashion [Drohlshagen et al (1995)]. The size, chemical
composition, and distributions of impact craters have been measured to infer the relative
fluxes of small debris and meteoroids in the orbital regions where these satellites operated.

Figure 2-6 summarises the results of these measurement campaigns [UNCOPUOS (1997)].

From this figure one can see that a spacecraft operating in LEO will experience approximately
equal meteoroid and debris fluxes in the 0.01 mm - 1 mm size range. However, outside this
range, the debris flux is dominant. These results also allow estimates to be made of the total
number of objects in the untracked orbital debris population, as shown in Table 2-1 [Office of

Science and Technology Policy (1995)].

Size Number of objects | % mass
>10cm ~ 8,800 99.93
1-10cm ~ 110,000* 0.03*
0.1-1cm ~ 35,000,000% 0.03*
<0.1 cm Trillions* <0.01%*
* Statistically estimated values (dependent upon model used)
Table 2-1 Number of objects in the orbital debris population [Office of Science and

Technology Policy (1995)]
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Figure 2-6 The size dependence of debris and meteoroid measurements [UNCOPUOS

(1997)]

The final technique for gaining insight into the small-size debris population, in situ detection,
typically uses the energy of an impacting particle to trigger a measurement. Since 1996, the
GORID sensor on board the Russian Express-2 communications spacecraft has been returning
data on the GEO debris and meteoroid populations in the sub-micron to millimetre size range
[UniSpace Kent (2000)]. The sensor, an impact ionisation detector, measures the plasma
generated by an impact to derive the mass and velocity of the particle. More recently, a
standard debris detector, called DEBIE, has been developed under ESA contract to perform
similar measurements. The first application of DEBIE is on board ESA’s PROBA satellite,

which has just been launched into a polar, low Earth orbit.

2.3.2 Modelling the Orbital Debris Environment

Based on the results from these measurement campaigns, it is generally accepted that the two

most heavily utilised regions of near-Earth space - LEO and GEO - contain the highest
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concentrations of man-made debris. The debris populations in these regions have grown to
such a level that the risk of an operational spacecraft experiencing a damaging collision can
no longer be ignored. Debris in LEO are perhaps the greatest cause for concern at present for
two reasons (1) they impact spacecraft with much higher velocities, and (2) the population in
LEO is much larger. Therefore, the focus of the remainder of this chapter will be the LEO

population.

In some regions of LEO the spatial density of the debris population may have already
exceeded a ‘critical density’, where the rate of fragments being produced by random collisions
exceeds the rate at which they are being removed by atmospheric drag [Kessler (1991)].
Consequently, the debris population may grow in an uncontrollable manner as collision
fragments cause more collisions, and so on [Eichler & Rex (1990)]. This self-sustaining chain
reaction, called ‘collision cascading’, once initiated, cannot be reversed even by reducing the
number of launches. Entire regions of orbital space could become ‘off limits’ to future space
operations, as the risk of collision would be too great. This prospect is of such concern that a
number of research groups have developed models to study the long-term evolution of the

orbital debris environment and the potential collision threat it poses to orbiting systems.

The evolution of the orbital debris environment depends upon many different factors as shown

in Figure 2-7 [Walker (2000)]. These include:

a The rate of future launch traffic

o The rate of explosions

a Fluctuating solar activity which modulates the decay lifetimes of debris objects
o New space activities

a New debris sources

a The rate of collisions

a The efforts made by mankind to mitigate the growth of the population

In order to predict the future population over the long term, researchers have constructed

complex computer models that simulate each of these debris sources and sinks in detail.
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Two common approaches to debris modelling are (1) the engineering method, and (2) the
semi-deterministic method. Engineering models utilise measurement data to construct
empirically a mathematical representation that describes the current debris population and the
associated collision risk. NASA’s ORDEM96 and ORDEM?2000 are the most widely used
examples of an engineering model. As one might expect, results from the models correspond

well with measurement data.
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Figure 2-7  Sources and sinks of orbital debris [Walker (2000)]

Semi-deterministic models employ debris generation algorithms, such as satellite break-up
models, to simulate the size and velocity distributions of each debris source as and when it
occurs. The orbits of these debris objects are then propagated in time using perturbation
models. Consequently, they are ideal for investigating long-term evolution trends. The most

noted semi-deterministic models are MASTER, EVOLVE, IDES, and DELTA.

ORDEM96 & ORDEM2000

ORDEM96 [Kessler et al (1996)] uses six source components to characterise the
environment. These are intact satellites, large and small fragments, paint flakes, solid rocket
motor particles, and sodium-potassium droplets. Particle diameters down to 1 micron are

modelled.

The model approximates the LEO debris environment by means of six inclination bands and

two eccentricity families, each with its own number distribution. The two eccentricity families
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are: circular orbits (eccentricity < 0.2) and elliptical orbits (eccentricity > 0.2). Each of the six
inclination bands has a unique altitude distribution of circular orbits, and a unique perigee
distribution of highly elliptical orbits. Based on the number distributions, the model can

calculate directional collision fluxes on a target satellite.

ORDEM2000 [Anz-Meador et al (2000)] is the successor to ORDEM96. The most recently
available measurement data is used to derive the LEO debris populations. Template files store
the spatial density, velocity distribution, and inclination distribution of debris particles of a
given size and larger at a given latitude and altitude. The debris flux on a spacecraft is
calculated from the spatial density, and the relative velocities between the spacecraft and the

debris particles.

An environment evolution function is also included in the model, for long-term projections up
to the year 2030. The function is based on the altitude dependent spatial density variations

calculated from NASA’s EVOLVE model.

MASTER

The ESA MASTER-99 model [Klinkrad et al (2000)] characterises both the debris and
meteoroid environments, using semi-deterministic analysis and prediction techniques. It
generates a high-resolution, 3-dimensional description of the debris distribution from LEO up
to GEO. All of the major debris sources are modelled, including tracked objects,
fragmentation debris, solid rocket motor particles, sodium-potassium droplets, paint flakes,
ejecta, and aluminium oxide dust. The model is also able to trace back the characteristics of
all contributing objects, e.g. in terms of source, orbit, mass, and size. However, the model is
not suitable for examining the environment more than 10 years either side of the MASTER

reference epoch, which is currently set at 1999, because of inherent limitations in the

extrapolation algorithms.

EVOLVE

EVOLVE [Krisko er al (2000)] is NASA’s primary model for long-term environment
projections. It simulates the environment by placing each of the debris sources in their specific
orbits, and calculating how these orbits change with time. From these orbits, the model is then

able to calculate the orbital debris flux as a function of time, altitude, and debris size.
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Past objects are launched into orbit in accordance with historical data, whereas future objects
arec launched based on mission models. EVOLVE places break-up fragments into the
environment using the mass and velocity distributions in NASA’s break-up models. Similarly,

for non-fragmentation debris, other deposition models are used.

An important feature of EVOLVE is its ability to model debris mitigation measures. Scenarios
have been run where future launch rates, explosion rates, and post-mission orbit lifetimes have

been controlled to investigate the long-term environmental benefits.

IDES

IDES is another well-known model, which was developed by DERA (now QinetiQ) to:

1. Model the historical, current and possible future orbital debris environments in LEO.
2. Provide directional collision risk assessments for individual orbiting satellites or multi-

satellite constellation systems.

IDES characterises the current debris environment by simulating the debris source and sink
processes occurring within fixed time intervals from the beginning of the space age to the
present day. This simulation of historical population evolution includes debris larger than 10
microns in size. The debris sources modelled by IDES are: low intensity explosions, high
intensity explosions, catastrophic collisions, payloads, rocket upper stages, operational debris,
liquid metal coolant droplets, secondary ejecta and paint flaking from meteoroid/debris
impacts. IDES is capable of modelling all of the major orbit perturbations for debris larger
than 10 microns, which include geopotential, atmospheric drag, luni-solar, and solar radiation

pressure effects.

Once the current debris population is defined, IDES can use this as the initial condition for
simulations of the future environment. The simulations also utilise detailed models of future
launch traffic projections and explosion rates. A constellation mission model allows the
introduction of one or more satellite constellation designs into the population at any time in
the future. Finally, to predict catastrophic impacts for large target objects in the evolving

population, IDES uses a target-centred approach for collision event prediction.
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Specific information on the IDES modelling techniques, and their validation, can be found in
Walker et al (1996 & 1999). Most recently, development activities have focused on extending
IDES to model the GEO debris environment.

DELTA

The DELTA model was developed by DERA to provide ESA with a new, sophisticated
simulation and analysis tool for performing long-term prediction of the LEO debris
environment and its associated mission collision risks. The model allows users to investigate
the long-term environmental effects of a wide variation of satellite constellation deployment
scenarios and debris mitigation strategies, such as explosion prevention and post-mission
disposal. This latter option includes atmospheric drag de-orbiting within a given period of

time, and re-orbiting to a given storage orbit altitude band.

In many respects the structure and functionality of DELTA is very similar to IDES. However,
there are notable differences. For example, DELTA uses the ESA MASTER-99 model
reference population as the input for all major sources of debris larger than 1 mm in size. The
evolving population within DELTA is defined by individual representative objects. A fast,
analytical orbit propagator was developed to propagate the orbits of these objects, taking into
account all relevant perturbations during a simulation. The objects also have full classification
and origin information associated with them to enable the identification of population
histories for any simulated constellation system, fragmentation cloud or debris source. This is
particularly valuable in collision event prediction, as it identifies the types of impactor causing
collisions, and ultimately leads to a better understanding of the collision cascading process. A

more detailed description of the DELTA model can be found in Walker ez al (2000b).

2.3.3 Predictions of the Orbital Debris Environment

An important application of debris environment models is to determine the impact that new
space activities will have on the stability of the debris environment. A good example of this is
the introduction of several large multi-satellite constellation systems into LEO during the next
decade. These are being launched to provide various global communications services, such as
mobile telephony. Two such constellations, Orbcomm and Iridium, are already operational

and have added over 100 satellites and a number of associated rocket bodies to the space
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environment. The majority of constellations are being deployed in the regions of peak debris
density where the debris collision risk is the greatest. These systems could be utilised for
many years in a growing debris environment that presents a significant long-term collision
hazard. It is important therefore to understand the effect the systems will have on the
environment, and vice versa, particularly when one bears in mind the possible onset of the

collision cascade process.

Concern over the addition of so many new objects in LEO, with their potential to exacerbate
the debris problem, has prompted the proposal of a variety of debris mitigation measures.
These are the steps taken during launch and mission operations in order to limit the

production of different types of debris in the future. The measures include:

o Tethering launch and operations-related objects to the vehicle.

0 Prevention of on orbit explosions by venting residual fuel and discharging batteries.

o Performance of end-of-life manoeuvres to de-orbit a spacecraft immediately, or reduce its
post-mission orbital life.

o Performance of end-of-life manoeuvres to re-orbit a spacecraft, i.e. to raise it into a higher

storage orbit.

Because of the costs associated with these types of mitigation measures, it is essential to
quantify their effectiveness before they are implemented. Long-term debris evolution models
offer the facility to examine different mitigation options for a variety of possible future

scenarios.

Typical Study Definition

The stochastic nature of modelling future debris sources such as collisions, explosions, and
launches requires models to be used in a Monte Carlo mode to represent different statistical
permutations of long-term evolution. Typically, 10 Monte Carlo simulations are required for a
particular scenario to obtain a reasonable statistical average of the long-term evolution results.
It is useful to consider four distinct scenarios when performing predictions of the future

environment. They are:
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1. Business as usual (BAU), where future space activity, e.g. launch rates and explosion rates,

mirrors the activity of the recent past.

2. Business as usual with constellations (BAUCONST). This is the BAU scenario, but with

satellite constellations launched into LEQ at various times in the future.

3. Business as usual with mitigation measures (BAUMIT). This is the BAU scenario, but with

one or more mitigation measures applied at given times in the future.

4. Business as usual with constellations and mitigation measures (BAUCONMIT). Finally,

constellations and mitigation measures are added to the BAU scenario.

Example Study Definition

Several researchers have used such scenarios to conduct long-term environment evolution
projections, including Bendisch & Rex (1995), Reynolds ef al (1997), Rossi et al (1997), and
Walker et al (1997a&b). These studies concluded that the large increase in mass and area at
critical altitudes, due to the presence of constellations, may accelerate long-term debris growth
in LEO and trigger the collision cascading process much sooner than previously estimated. In
particular, Walker et al (1997a&b) showed that the LEO space environment could not sustain
the long-term operation of a 924-satellite constellation in a region of high spatial density. The
greatly enhanced, localised collision risks associated with the constellation could not be

entirely counteracted by the introduction of mitigation measures.

Since these studies were performed there have been some significant changes to the designs of
planned constellations. In particular, the proposed 924-satellite system has been reduced to
324 satellites. Not surprisingly a change of this magnitude is likely to make a dramatic
difference to long-term projections. With this issue in mind, Walker et al (2000a) have
recently used IDES to re-examine the four above-mentioned future evolution scenarios using a

current and credible set of initial assumptions, as follows:

o ‘Business as usual’ is defined by a future launch rate of 89 per year, and an explosion rate

of 5.5 per year. These rates were derived from the average of the 8 years of activity

between 1990 and 1998.

o Five constellations are launched into LEO between 1998 and 2002. The parameters of
each constellation are defined in Table 2-2, and were chosen on the basis of current

projections of constellation launch traffic.
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System Year of | Altitude | Inclination | Total No. Satellite Satellite
Name Launch (km) (degrees) satellites Area (m’) | Mass (kg)
CONST1 2002 1375 85 324 12 1400
CONST2 1998 780 86 72 9 700
CONST3 1999 1414 52 56 10 450
CONST4 1998 775 45 28 9.6 42
CONSTS 2002 1457 55 80 12 800

Table 2-2 Typical design parameters of each constellation in an IDES study [Walker et
al (2000a)]

o Launch vehicle upper stages associated with the deployment of the five constellations are
assumed to be safely de-orbited immediately after delivering their payloads into an initial
parking orbit. All the constellations are assumed to operate until 2050, with expended
satellites being de-orbited and replaced by spare satellites on demand. Any constellation
satellites experiencing a catastrophic debris collision are also assumed to be replaced.
Constellation satellites are assumed not to explode, and to be de-orbited if they fail during
operation.

o The chosen parameters for the mitigation measures are: limitation of mission-related
objects from 2005; prevention of explosions from 2010; immediate de-orbiting of upper

stages from 2005; and end-of-life de-orbiting of satellites from 2015.

Future Population Trends

The IDES predictions in Figure 2-8 represent the projected evolution of the average LEO
population (> 1 cm in size) for the four scenarios defined above. In order to put these
projections into perspective, a prediction of the historical evolution of the population is
included. Historically, the > 1 cm population has been dominated by fragments generated
from high intensity explosions, and the liquid sodium-potassium coolant droplets leaking from
the Russian RORSAT spacecraft. The ‘historical’ curve shows a fairly rapid increase in the
number of objects from 1965 to 1988, where it reaches a peak of ~150,000. After 1988, a
combination of factors rapidly reduce the population to its current predicted level of ~120,000
objects. These include the cessation of RORSAT coolant leaks, a reduction in the rate of high
intensity explosions, and a greater removal rate brought about by increased atmospheric

density at the time of the 1990 solar maximum.
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After 1998, if no mitigation measures are introduced, then the population growth takes on
what appears to be an exponential growth trend. This is the case whether constellations are
present or not. The > 1 cm population is projected to increase from 120,000 objects in 1998 to
nearly 200,000 objects by 2050. Interestingly, the presence of the constellation traffic has a
relatively minor effect on the population growth. This is because the average number of
collision-induced break-ups is predicted to be relatively low during the 52-year period. When
constellations are not present, 11 catastrophic collisions are predicted to occur; when they are

included, this number increases to only 13.

200,000

150,000

100,000 +

~-~-BAUCONMIT
—— Historical

50,000

Average # of Objects in LEO >1 cm

. F

0
1960 1970 1980 1990 2000 2010 2020 2030 2040 2050

Year

Figure 2-8  Predictions for the evolution of the > 1 cm population [Walker et al (2000a)]

The introduction of mitigation measures produces a dramatic difference in the population
growth curves. Indeed, the long-term trend from 1998 to 2050 is for a reduction in the

population to ~100,000 objects, i.e. half what it would be without the measures present.

Future Spatial Density Trends

An important means of understanding long-term debris environment projections is to plot the
growth of spatial density versus altitude. This is usually done for a given particle size
threshold and future traffic scenario. Figure 2-9 is an example of such a plot. It shows the
evolution in spatial density of objects > 10 cm for a ‘business as usual’ scenario with
constellations present, but excluding mitigation measures. Initially, in the year 2000, the main

peaks in spatial density are located at 775 km, 825 km, and 1000 km altitude, with two

28



The Space Debris Environment

smaller peaks located at 1400 km and 1475 km. The 775 km peak is largely due to the two
constellations, CONST2 and CONST4, launched in 1998. In 2002, the addition of the CONST
5 constellation causes a slight increase in the 1475 km peak. A completely new peak emerges
at 1375 km as a result of the 324-satellite constellation, CONST1. This new peak in 2002 is

actually higher than all of the others.

The growth in spatial density over the 50-year period follows a linear trend at all altitudes.
However, the growth rates are altitude-dependent. The highest growth rates are observed in
the 800 km to 1000 km altitude band, with a four-fold increase in spatial density occurring
between 2000 and 2050. This compares to only a two-fold increase at the 1400 km to 1500
km altitude band. The cause of these different growth rates is due to the significant differences

in future launch traffic and explosion rates for the different altitude regions.

Figure 2-10 repeats the simulation in Figure 2-9, but this time the effects of introducing
mitigation measures are shown. The spatial density versus altitude profile, and its evolution up
to 2010, is identical to the previous plot. However, after 2010, there is no significant growth
in spatial density at any altitude. This is due entirely to the introduction of the explosion-

prevention mitigation measure in 2010.

Figure 2-11 shows the projected spatial density evolution of objects > 1 cm for the ‘business
as usual’ plus constellations scenario. Initially, in the year 2000, the profile is dominated by
the sodium-potassium droplet population between 800 km and 1000 km. This produces a
spatial density peak at ~900 km, which is a factor of four greater than the underlying spatial
density caused by high intensity explosions. The long-term trend for this peak at 900 km
shows a net decrease over the next 25 years, due largely to the atmospheric drag effect
removing the droplets. However, despite the droplet removal process continuing beyond 2025,
the peak starts to rise again. This is due to another debris source dominating the region, caused
by the growth in fragments from high intensity explosions and catastrophic collisions. By

2050, the spatial density at 900 km is comparable to the predicted present-day spatial density.
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Figure 2-9 Predicted spatial density evolution of objects > 10 cm for a ‘business as usual’
scenario with constellations included [Walker et al (2000a)]
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Figure 2-10  Predicted spatial density evolution of objects > 10 cm for a ‘business as usual’
scenario with constellations and mitigation measures included [Walker et al (2000a)]
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Finally, a repeat of the simulation in Figure 2-11, but with the mitigation measures added,
gives the plot shown in Figure 2-12. From 2000 to 2025 the spatial density versus altitude
profile is very similar to before. Beyond 2025, though, there is a dramatic difference in the
evolution of the peak density region between 750 km and 1000 km. Now, the spatial density
continues to decrease through to the year 2050. This is because the mitigation measures have

the desired effect of inhibiting the generation of fragmentation debris > 1 cm in size.

Studies of Mitigation Measures Effectiveness

The preceding results give a good indication of the potential for mitigation measures to
stabilise and possibly control the long-term growth of the debris population. Studies are now
ongoing to try to identify a package of measures that is not only beneficial to the long-term
environment, but also does not impose an unnecessary or unreasonable cost burden on
spacecraft operators in the future. For example, the end-of-life de-orbiting option is
recognised as being the most effective mitigation measure because it mininises the growth rate
of large objects, which are the most susceptible to collision due to their large masses and
surface areas. However, this environmental benefit comes at a price to the operator, through

increased costs to the spacecraft propulsion system.

As a compromise, it has been suggested that instead of performing immediate post-mission
de-orbit manoeuvres, spacecraft could be de-orbited into a decay orbit with a lifetime lasting
several years. Walker et al (2000c) have used DELTA to study this option for 10, 25, 50, 75,
and 100-year post-mission lifetime decay orbits. It was concluded that the 75 and 100-year
options may not be sufficiently effective in stabilising the environment, whereas the 10, 25,
and 50-year options would be, provided they are performed by lowering only the perigee
altitude to create an eccentric disposal orbit. On the face of it then, a decay lifetime of 50 years
or less would seem to be a satisfactory solution. However, because the perigee altitudes of the
eccentric decay orbits intersect altitudes where manned vehicles operate, large transient
increases in collision risk may be experienced by these vehicles. Whether the risks are

tolerable is a matter that is currently under investigation.
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Figure 2-11  Predicted spatial density evolution of objects > 1 cm for a ‘business as usual’
scenario with constellations included [Walker et al (2000a)]
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Figure 2-12  Predicted spatial density evolution of objects > 1 cm for a ‘business as usual’
scenario with constellations and mitigation measures included [Walker et al (2000a)]
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