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V. List of Abbreviations

Abbreviation Description

AU Astronomical Unit (mean distance Suni Earth)

ESA European Space Agency

ESOC European Space Operations Centre

ESTEC European Space Research andrechnology Centre

GEO Geostationary Orbit

GTO Geostationary Transfer Orbit

GUI Graphical User Interface

ISS International Space Station

L1/L2 Sun-Earth libration points L1 or L2, respectively

LEO Low Earth Orbit

LDEF Long Duration Exposure Facility

MASTER Meteoroid and Space Debris Terrestrial Environment Reference (Model)

MEM Meteoroid Engineering Model

MLI Multi-layer Insulation

NASA National Astronautic and Space Administration

ORDEM Orbital Debris Engineering Model

RORSAT Radar OceanReconnaissance Satellite

SIMT Study Information Management Tool

SOl Sphere Of Influence

STENVI Standard Environment Interface

STS Space Transportation System

USSTRATCOM United States Strategic Command
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In this document, the physical models and technical background of the space debris and
meteoroid environment modelling and risk analysis on which the enhanced ESABASE2/Debris
software tool is built are described.

1 Introduction

The software architecture and design itself is described in the design definition file /33/, the
software handling in the software user manual /26/.

In Chapter 2 all debris and meteoroid models which have been implemented in the enhanced
version of the ESABASE?2/Debris software tool are described.

Six debris models are available within the ESABASE2/Debris simulation software:

1 The NASA 90 model, which provides a simple and very fast debris flux calculation, but
does not fully reflect the current knowledge of the Earth's debris environment, in partic u-
lar the existence of a large number of particles on eccentric orbits. Additional shortcom-
ings: the population is described by a small number of equations; the model is restricted
to orbital altitudes below 1000km, and finally the age of the model.

1 The NASA 96 model (also known asORDEM 96) is the successor of the NASA 90 model
and was implemented in former ESABASE/Debris versions It is outdated and thus no
longer included in ESABASE2/Debris.

1 The MASTER 2001 model is based on numerical modelling of all known fragmentation
events, SRM firings, NaK droplet releases, the Westford needles experiments, the genea-
tion of paint flakes by surface degradation effects, as well as the generation of ejecta
particles and subsequent propagation of the particle orbits. The model provides realistic
yearly population snapshots for the past and the future. The flux calculation is based on
the analytic evaluation of the distributions of the size and the orbital elements of the pa r-
ticle population (MASTER 2001 Standard application). The model considersthe popula-
tion asymmetry induced by the asymmetric distribution of the particle orbits argument of
perigee.

1 The ORDEMZ2000 model describes the orbital debris environment in the low Earth orbit
region between 200 and 2,000 km altitude. The model is appropri ate for those engineer-
ing solutions requiring knowledge and estimates of the orbital debris environment (debris
spatial density, flux, etc.). Incorporated in the model is a large set of observational data
(both in-situ and ground-based), covering the object size range from 10 um to 10 m and
employing a new analytical technique utilizing a maximum likelihood estimator to convert
observations into debris population probability distribution functions. These functions
then form the basis of debris populations. OREDEMZ2000 uses a finite element model to
process the debris populations to form the debris environment.

1 The MASTER 2005 model is the successor of MASTER 2001. The model provides realistic
four population snapshots per year for the past and the future. Com pared to
MASTER2001ots of features have been significantly updated or added.

1 The MASTER 2009 model is the successor of MASTER 2005. The model provides the
same features as MASTER 2005. For MASTER 2009 several features were significantly
updated, the Multi-Layer Insulation as a new source and the STENVI as a new possible
interface were introduced.
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1 The ORDEMS3.0 model describes the orbital debris environment in the Earth orbit region
between 100 and 40,000 km altitude. The model is appropriate for those engineering so-
lutions requiring knowledge and estimates of the orbital debris environment (debris sp a-
tial density, flux, etc.). Incorporated in the model is a large set of observational data
(both in-situ and ground-based), covering the object size range from 10 um to 10 m and
employing the Bayesian statistical model for population derivation. OREDEMS3.0 uses a
finite element model to process the debris populations to form the debris environment.

For meteoroids the omni-directional Griin model is maintained. It is described in this docu-
ment.

Additionally, three further meteoroid models are implemented in ESABASE2/Debris, Divine
Staubach, MEMand LunarMEM

9 The Divine-Staubach meteoroid model is part of the MASTER 20® model. The model is
based on the size and orbital element distributions of five meteoroid sub -populations, and
thus provides directional information in the same way as the MASTER 20® debris model.

1 The MEM meteoroid model, developed by The University of Western Ontario, is a para-
metric model of the spatial distribution of sporadic meteoroids by taking their primary
source to be short-period comets with aphelia less than 7 AU. It considers the contrib u-
tion to the sporadic meteor complex from long -period comets and includes the effects of
the gravitational shielding and focussing of the planets.

1 LunarMEM is a version of MEM which is tailored to the vicinity of the Moon and therefore
applicable only up to a radius of ca. 66000 km around the Moon.

An enhanced stream model by Jenniskens, which is based on observation data gathered over
a 10 year period, is available for the flux and damage analysis. This model includes direc-
tional information on the streams.

Further directional information is obtained by attempting to separate the b - meteoroids,
which are driven away from the Sun into hyperbolic orbits by radiation pressure, from the a -
meteoroids. An apex enhancement of the a - meteoroids and interstellar streams may intro-
duce further directional information.

The meteoroid velocity and flux distribution according to Taylor is available in
ESABASE2/DebrisThis distribution is altitude enhanced for gravitational effects.

In the Chapter 3 the damage equations used in the software are described. A parametric
approach has been chosen, allowing for flexibility in the usage of the damage equations. A
new hole equation has been introduced, based on the latest research performed in this field
at the University of Kent.

The behaviour of MLI as micro-particle debris shield was also investigated during the study.
It was found that MLI can be characterised by the available parametric ball istic limit equa-
tions, either as single wall or multiple wall, depending on the analysis objectives.
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In the Chapter 4, the Ejecta model is described. This feature of the ESABASE2/Debris sof
ware is based on a model developed by CERT/ONERA in Toulouse. The ejecta model has
been updated, allows simulating the debris particle ejected from a primary impact with ray
tracing.

In Chapter 5 the techniques used for the damage and risk analysis using ray tracing tech-
nique is lined out. The new tool relies entirely on ray tracing for the com putation of impact
fluxes, failure fluxes and cratering fluxes. The ray tracing scheme which is implemented also
allows accounting for Earth shielding and flux enhancements due to spacecraft motion (also
known as the K factor). The full implementation of r ay tracing allowed a smooth implementa-
tion of the enhanced directional effects of the environment models.

In Chapter 6 the extensions of the orbit generation tech niques are described, which allow to
apply the SAPRE propagator to lunar orbits. Also the generation techniques of the L1/L2 or-
bits are described.

In Chapter 7 the modifications of the pointing facility are introduced that were performed for
the application to lunar orbits.

Finely, in Chapter 8 the trajectory file handling process is outlined.
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This chapter describes the environment models which are implemented in the
ESABASE2/Debris software. In this document,environment refers to the micro -particle envi-
ronment of micro-meteoroids (natural particles) and space debris (man-made patrticles).

2 Environment Models

Due to their different characteristics, the two environments are presented separately.
2.1 The Space Debris Environment Models

2.1.1 |ntroduction

ESABASE/Debris, release 2 contained three debris flux models. While theVASA 96 and the
MASTER 96 Hybrid mode/ provided flux results including directional information, the
NASA 90 model describes the debris environment by means of a set of analytical equations.

For release 3 of ESABASE/Debris the MASTER 96 model has been replaced by the
MASTER 2001 mode/ , which represents the state-of-the-art of debris modelling and offers
some new features, which are available within ESABASE/Debris for the fist time.

A major upgrade of the ESABASE softwarP€EVaras per |
sion of Debris I mpact Analysis Toold contract.
PC platform. The ESABASE data model has been completely revised, a geomeyr modeller

with basic CAD features was implemented and a state-of-the-art graphical user interface was

devel oped. Additionally, NASAd6s ORDEM2000 debri
major changes and to distinguish between the Unix and the PC version of ESABASE, the PC

version is called ESABASEZ.

The following debris models are available in the latest release of ESABASE2/Debris:
NASA 90 Model (section 2.1.2)

This model has been the first more or less detailed description of the Earth's debris environ-
ment. It provides very fast, but less detailed debris flux analysis capabilities and is restricted
to altitudes below 1000 km. The NASA 90 model has been maintained as an option and it is
therefore briefly described in this document.

MASTER 2001 Model (Section 2.1.3)

The MASTER 2001release (Ref. /23/) of the European MASTER model is based on a cons-
guent upgrade and extension of the MASTER concept (Ref./8/). The MASTER reference
population as of May 1., 2001 now includes the population sources listed in Table 1:

Name Origin Particle size range

launch and mission all trackable objects except those gener-| 0.5 mm ... 4 mm
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Name

Origin

Particle size range

related objects

ated by simulated fragmentation events
such as explosions or collisions (core-
sponds to the catalogued objects/TLE
background population of MASTER '99);
includes the Westford needles, which
were released during two American ex-
periments (MIDAS 4 & 6) in the early
sixties

(Westford Needles)
and
10cm ...10m

fragments

resulting from and collisions

0.1mm..10m

NaK droplets

coolant droplets released by Russian
RORSAT's

2mm...4cm

SRM slag particles

large particles released during the final
phase of solid rocket motor firings

0.1 mm...3cm

SRM Al ;03 dust small particles released during solid{ 1 pum...80 um
rocket motor firings

paint flakes resulting from surface degradation 2um ... 0.2 mm

ejecta resulting from meteoroid and debris im- lpm...5mm

pacts on exposed surfaces

Table 1 Population sources  considered in the MASTER model

One of the most demanding aspects of the recent upgrade of the MASTER model is its capa-
bility to allow for flux and spatial density analysis for the complete space age, which is based
on 3-monthly population snapshots. Moreover, three future debris population scenarios are
provided by means of the corresponding yearly population snapshots (Ref. /23/). These fu-
ture sub-populations include all particles larger than 1mm. Due to its large relevance for the
future debris population evolution, the fragments are sub -divided to explosion fragments and
collision fragments.

Two flux analysis applications are offered by MASTER, tke Analyst application and the Stan-
dard application. Since the database of the Analyst application is too big to be implemented
into ESABASE2/Debris, the MASTER 2001 Standard application has been selected for the
implementation.

ORDEMZ2000 Model (Section 2.1.4)

ORDEM2000 is NASA slebris engineering model and the successor of ORDEM96 (called
NASA96 in ESABASEZ2/Debris). It is mainly based on measuremdndata originating from in -
situ measurements, the examination of retrieved hardware and from ground based radar and
optical observations. Auxiliary modelling with respect to the future space debris population
was performed. The debris population data (spatial density, velocity distribution, inclination
distribution) is provided by means of a so called Finite Element Model of the LEO Environ-
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ment, and is provided by a set of pre -processed data files. For this purpose the region be-
tween 200- and 2000-km altitu des is divided into (5 deg x 5 deg x 50 km) cells in longitude,
latitude, and altitude, respectively.

To calculate the flux on an orbiting spacecraft, the orbit of the spacecraft has to be specified.
The model divides the orbit of the spacecraft into the s pecified number of segments in equal
mean longitude (i.e., equal time) and then calculates the flux, from particles of six different
sizes (10 um to 1 m), on the spacecraft at each segment. The output results are stored in a
flux table. It includes the alt itude and latitude of the spacecraft at each segment and the
fluxes from particles of six different sizes at that location. At the end of the table, fluxes a v-
eraged over the number of segments are given.

MASTER 2005 Model (Section 2.1.5)

The latest release (Ref. /34/) of the European MASTERmodel is the successor of
MASTER2001. Compared to the previous version, the following features have been signifi-
cantly updated or added in the MASTERZ2005 release:

A Upgrade of the debris source models.

A Update of the reference population.

A Unified flux and spatial density computation concept.

A Implementation of damage laws.

A Flux and spatial density analysis for historic and future epochs.

In difference to MASTER2001 now only one unified analysis application is offered with
MASTER2005.

MASTER 200 9 Model (Section 2.1.6)

The latest release (Ref. /38/) of ES A6 s r arfodelrieMASEERT is the successor of
MASTER2005. Compared to the previous version, the following improvements were done in
the MASTER2009 release:

A Population files for the time range 1957 - 2060.
A Consideration of future population down to 1 micrometer.

A Improvement of the small size region of fragmentation modelling for payloads and
rocket bodies.

A Implementation of Multi -Layer Insulation as new debris source.

™

Introducing of a Standard Environment Interface (STENVI).

A Possibility to overlay flux contributions from downloadable population clouds over
background particulate environment.

A Introduction of a possibility to consider multiple target orbits.
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In difference to M ASTER2005 an additional multidimensional distribution output (STENVI),
which defines the cross-dependencies of the parameters in a better way, can be provided by
MASTER 2009

ORDEM 3.0 Model (Section2.1.7)

ORDEM3.0 is NASA ktest debris engineering model and the successor of ORDEM2000It is
mainly based on measurement data originating from in -situ measurements, the examination
of retrieved hardware and from remote sensors (ground based radar and optical observa-
tions). The ORDEM 3.0 input debris populdions are binned in quasi-orthogonal orbital ele-
ments. The bins vary with the parameter value and the bin sizes are chosen to complement
actual population distributions. The final files are from the direct yearly input database of
ORDEM 3.0

ORDEM 3.0 provdes a population brake down by type and material density in five popul a-
tions: Intacts, Low -density fragments, Medium-density fragments and microdebris, High-
density fragments and microdebris and RORSAT NaK coolant droplets. The populations are
available for the time range from 2010 to 2035 and cover the Earth orbits from 100 km up to
40,000 km altitude.

To calculate the flux on an orbiting spacecraft, the orbit of the spacecraft has to be specified.

The binned input populations are accessed via the spacecaft using the encounter igloo
method for the computation of the flux. The resulting igloo distribution is provided for parti-
cles of the five types and eleven different sizes (10 um to 1 m) for each type. The finest
resolution of the igloo results is 10° in azimuth, 10° in elevation and 1 km/s in velocity. The
output results are stored in a flux ta ble, e.g. particle size vs. flux distribution with 501 size
classes (10umto 1 m).

2.1.2 NASA 90 Model

2.1.2.1 NASA 90 Flux Model

The NASA 90 flux model| as published in Ref. /3/, was implemented in the original
ESABASE/Debris software (Ref./1/). Since this debris model is more efficient than the
MASTER 2001 model with respect to the execution time, it remains a useful option in the
enhanced ESABASE2/Debris software. For completeness the corrgmonding equations are
here recorded again, using the nomenclature of Ref. /1/.

The flux A which is the cumulative number of impacts on a spacecraft in a circular orbit per
m? and year on a randomly tumbling surface is defined as a function of the minimum debris

diameter d [cm] , the target orbit altitude h [km] (/ ¢ 1000 km) , the target orbit /nclination i
[deq] , the mission date t[year] , and of the solar radio flux S (measured in the year prior to

the mission).

Fdhitg = H(d) £(h,9 ¥ (i) [Fu(d) ga(t.a) + Fo(d) g2(t.p)/
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" - ?Eoexp%- logod - o.78)2/0.406§8
Fa(d) = 1.2210°d*°

F,(d) = 8.1- 10" (d+700)°
F(h.9 = Fih9 (1 +Fy(h,9)*
Fi(h, = lO(h /200- S/140- 1.5)

The functions gi(f,g) and g»(¢p) with the assumed annual growth rate of mass in orbit, p
(default p = 0.05) and with the assumed growth rate of fragments ¢ (default g =0.02 , and
0.04 after 2011) become

0u(t,0) = (1+q) 1%

9(t,p) = 1+p(t-1988) .

In ESABASE2/Debris the population growth is accounted for linearly over the mission dura-
tion.

Finally the inclination dependent function y(/) is tabulated as follows:

I [ | 285 30 40 50 60 70 80 90 100 120

y (i) 0.91 0.92 0.96 1.02 1.09 1.26 1.71 1.37 1.78 1.18

For intermediate values of / a linear interpolation in y (i) is performed.

For the application of the ray tracing method to a fixed oriented plate the flux must be
scaled by the cosine of the angle between the plate normal and the debris velocity arrival
direction.
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2.1.2.2 NASA 90 Velocity Distribution

The collision velocity distribution g() which represents the number of impacts with velocities
between vand v+ d v is expressed as a function of inclination 7in Ref. /3/. Taking into ac-
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count that the orbital circul ar velocity at altitude /4, w(/) is occurring in the expression, it
may be interpreted as a function of altitude. Thus, according to Ref. /1/ , we may write

9(v,i,h) =V (2ve-v) { g1 exH-((V - 2.5v5) / G2 Vo)] + Gz €XH-((V - G Vo)/Ts Vo))?]} + s V (4Vo - V)

where the functions gi(/) to gs(/) are defined as follows, and (/) is the velocity at target
orbit altitude A.

8 18.7 i < 60°
[G ] q) = i 18.7 + 0.0298i(- 60)° 60°¢ i < 80°
i 250 i280°
8 0.5 i < 60°
[B =] wl) = i 0.5-0.01 (i- 60) 60°¢ i < 80°
i 0.3 i280°
& 0.3 + 0.0008 (i 50)2 i <50°
[F < () = i 0.3-0.01 (i- 50) 50°¢ i < 80°
i 0 i2 80°
[D 4] o) = 1.3-0.01 { - 30)
[E 5 gs(i) = 0.55 + 0.005i(- 30)
& 0.0125 ( 1- 0.0000757 (i 60)2 ) i < 100°
[HCH Oe(i) = i
i [0.0125+0.00125(100) [1-0.0000757(60)4 2 100°
8 vo(h) . (7.25+0.015 ( 30) )/ 7.7 i < 60°
vo(i,h) = i
i vo(h) i2 60°

(The notations which are used in the original Ref. /3/ for the inclination dependent functions
are listed in square brackets for comparison purposes.)

Since only circular orbits are represented by the NASA 90 model all debris are assumed to
arrive in a plane tangent to the Earth. By vector addition one obtains for the direction d e-
pendence of the impact velocity Vg,
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where a is the angle between the satellite velocity vector and the debris arrival velocity ve c-
tor. For a low Earth orbit 2 v ¢ is typically on the order of 15.4 km/s .

Vimp = 2 Vs COSA

For the ray tracing method however, the debris velocity vector must be used and the impact
velocity vector follows from numerical vector subtraction (see chapter 5).

2.1.2.3 Particle Mass Density
For the NASA 90 model the particle mass density can ke either set to a constant with default
value of r = 2.8 g/cm * or the following dependency may be chosen:

rd = dzo—i [g/cnT] for d2 0.62cm

r (d) 4 g/cm for d < 0.62cm

with d as the particle diameter.

It is suggested to use the same values for the NASA 96 model and for the MASTER 2001
model.

The density option as implemented in the software tool is identical for all debris models.
2.1.3 MASTER 2001 Model

2.1.3.1 Overview

As mentioned in section 2.1.1, the MASTER 2001 model has been implemented into
ESABASE?2/Debris by means of the Standard application.

The MASTER 2001 Standard application is an upgrade and extension of the MASTER '99
Standard application, which is described in detail in Ref. /20/. The approach is based on the
mathematical theory used by N. Divine (Ref. /21/) to calculate meteoroid fluxes to detectors
onboard probes in interplanetary space. After a thorough review, the theory has been
adapted to spacecraft in Earth orbit.

The popul ation data describing the Earthos
reference population using comprehensive statistical analysis to "translate" the population
given by representative objects to a population description by means of probability density
distributions of the orbital elements and of the diameter and mass distributions (cf. Ref.
1231).

2.1.3.2 Flux Calculation

The basics of the Divine approach are described in Ref./21/, /19/, and /23/. Although these
descriptions of the model are well known and easily accessible, a short compilation of the
most important equations is given in this section.
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For the calculation of space debris flux to an Earth satellite, an Earth-centred equatorial co-
ordinate system has to be used instead of the sun-centred ecliptic system. Furthermore, all
focussing, shielding, and detector related factors (/5 hs Fs G can be setto 1.

After the introduction of these changes, the flux on a target at a specified position on its
orbit is derived from

- a [N Imp)d.r] (1)
dlr—l
where A, is the spatial density
p/2 p-|d .
.. . ini .
Ny :H—'V'Oﬁ\ll(sm c)dc qf]ideo (sini)p di (2)
P e €~ \/ cog d- cos i
The impact velocity v;,, is the velocity difference
C
‘Vpart Vtar , (3)

and the cumulative size distribution including the number of particles of the specified popul a-
tion is

= fHmdm. (4)
m

Ny, peand p; are the differential distributions of the orbital elements of the particles. Integr a-
tion over these distributions, using the auxiliary variable ¢ (s. /18/, equation (7)), gives the
spatial density for all particles whose size exceeds the lower size threshold m. If the integr a-
tion in equation ( 4 ) is carried out over a certain size range it gives the number of particles
in this size range and thus flux or spatial density for this size range is evaluated. The limits of
the integrals in equation ( 2 ) ensure, that only particle orbits are considered, which may
reach the target position:

i The particle orbit perigee altitude has to be below the altitude of the target at its current
position. This requirement is considered in the first integration (over the perigee radius
distribution).

0 The eccentricity of the parti clee(b. 418/ paguation
(7)) to be able to reach the target. This is consider ed in the second integration (over the
eccentricity distribution).

U The particle orbit inclination 7 has to be equal or larger than the declination | d| of the
target position, and less than or equal to |[180° - d|. This is considered in the third int e-
gration (over the inclination distribution).
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The summation in equation ( 1 ) takes into account, that due to the assumption of uniform
distributionsof t he particleds right ascension of ascenc
velocity directions are possible with the same probability.

I n order to obtain correct results it became nec
to describe the particles orbital elements (refer to /19/) . Those O6textbookd di:
probability density functions, which has to be transformed to the distri butions used by Divine

using the transformations given in Table 2:

o §ymbolof condition for .
distribution 6t ext b distribution transformation
distribution
. . ° _D
perigee radius R; D, ﬁ:)l(rl)drl =1 N; = —
0 f
1 3
eccentricity e De fP.(e)de=1 Pe = (1— e)i D,
0
o SR D,
inclination i D) ﬁ:)i (|)d| =1 P, =1
| 2 . .
0 2p° sini
Table 2 Transformation from 6textbookod distributions to

Some assumptions in the theory of the selected approach require a certain effort to make
this solution applicable to the needs of a debris model:

U Different distributions of the orbital elements of particles of different size within one
population (e.g. fragments) do not allow describing the population by only four distrib u-
tions (mass or diameter, perigee radius, eccentricity, inclination).

i Crosscoupling effects between the orbital elements of the particles are not considered in
the approach. This may lead to the calculation of flux contribution from objects, which
are not existing in reality (e.g. in the SRM slag population).

0 The assumption of symmetric particle distribution with respect to the equatorial plane
and with respect to the Earthds rotation axis
some source populations, namely those, which do not fulfil the symmetry assumption
(e.g. parts of the catalogued o bjects population, such as Molniya-type orbits).

These problems have been solved during the development of the MASTER 2001 Standard
application:

U A population pre-processing tool i called PCubei has been developed, which automati-
cally creates the Standard application population input files. The generation of the size
and orbital element distributions is based on a comprehensive statistical analysis of the
populations. So called crosscoupling effects between the size distribution and the orbital
element distributions on one hand, and between the orbital element distributions on the
other hand are identified using the statistical method of a cluster analysis.
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U The approach to consider asymmetries in the population is based on the fact, that each
of the four po ssible impact velocities (in case of population symmetry) can be related to
a well defined particle nodal line position and perigee position. Thus, each impact veloc-
ity T and consequently flux value i may be "weighted" with a factor related to the distr i-
bution values of the right ascension of ascending node distribution and the argument of
perigee distribution. Within ESABASE?2/Debris, the described asymmetries are considered
as follows:

i right ascension of ascending node: Off for all sub-populations,
i argument of perigee: On for all sub -populations except the SRM dust sub-population.

The results of the new Standard application have been verified against the reference results
of the MASTER Analyst application (Ref/23/).

2.1.3.3 Population Snapshots

The MASTER 2001 model provides realistic historic population snapshots from the beginning
of spaceflight in 1957 until the reference epoch May 1, 2001. Additionally, three different

future population snapshots for each year from 2002 until 2050 are provided under the a s-
sumption of three different debris environment evolution scenarios.

Within the ESABASE2/Debris implementation of MASTER 2001, the following sulsets of
these population snapshots are available:

Historic populations  from 1980 to 2001, one snapshot (May 1*) per year.

Future populations  from 2002 to 2020, one snapshot per year, reference scenario (no
future constellations, no mitigation, continuation of recent traffic).

I mportant note: Future popul atlimnmnvsiledistaip r i s e al
populations include all objects down to 1 um in diameter.

Due to the fact, that ESABASE?2/Debris does not contain a time loop, but considers popub-
tion evolution during the mission duration by applying a population growth rate which is
specified by the user, the debris analyser makes use of the population snapshot of the May
1% of the mission start year. The population growth factor is not considere d, if the debris flux
is calculated with the MASTER 2001 model.

If it is intended to analyse the debris risk as a function of time, subsequent ESABASE2/Debris
runs have to be performed with different analysis time start epochs.

2.1.3.4 Results

This section provides a brief description of the MASTER 2001 model results, which are used
for flux calculation and damage assessment within ESABASE2/Debris.

Four two-dimensional spectra, and one three-dimensional spectrum are generated by the
model. The spectra definitions are given in Table 3:

. number of
Spectrum min. value max. value
steps
flux vs. diameter as specified for the analysis 32
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aGmax 1

. number of
Spectrum min. value max. value
steps

flux vs. impact velocity 0 km/s 40 km/s 80

flux vs. impact azimuth angle -180° 180° 90

flux vs. impact elevation angle -90° 90° 90

flux vs. impact velocity and impact | as specified for the corresponding 2D spec-
azimuth angle tra

Table 3 MASTER 2001 flux spectra

Figure 2-3 to Figure 2-7 provide the results (cross-sectional flux on a sphere) of the MASTER
model for an 1SS-like orbit. The diameter spectrum ( Figure 2-3) is given for the complete
size range of the MASTER model, while the other spectra are given for a lower diameter

threshold of 0.1mm.

10000 T T

100

0.0001

1e-006

curnulative  flux [1/m*2/a]

1e-008

1e-010

1e-012 L L

1e-006 1e-005 0.0001

0.0 0.m

10 100

impactar diameter [m]

Figure 2-3 MASTER 2001 flux vs. particle diameter, 400 km / 51.6° orbit
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Figure 2-4 MASTER 2001 flux vs. impact veloc ity, 400 km / 51.6° orbit/ d > 0.1 mm
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Figure 2-5 MASTER 2001 flux vs. azimuth, 400 km / 51.6° orbit /d > 0.1
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Figure 2-6 MASTER 2001 flux vs. elevation, 400 km / 51.6° orbit/ d > 0.1 mm
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Figure 2-7 MASTER 2001 flux vs. velocity and azimuth,
400 km / 51.6° orbit / d > 0.1 mm
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Although the spectra are displayed as differential distributions 7 except the diameter spec-
trum, which is cumulative T for compatibility with the results of the other debris models (see
section 2.1.2.1 ), the distrib utions are provided and used in their cumulative form within the
ESABASE? analysis as described in chaptes.

In ESABASE2/Debris the MASTER 2001 flwanalysis is performed for single orbital points
specified by the user. This differs from the previous ESABASE version, where the flux anay-
sis was performed for orbital arcs centred around each orbital point so that the entire orbit is

covered. This change might result in partly considerable difference in the analysis results. It
became necessary to change the implementation to yield results comparable to those of
ORDEM2000, where flux is always related to single orbital points instead of orbital arcs.

2.1.4 ORDEMZ2000 Model

2.1.4.1 Overview

With the establishment of the ORDEM2000 engineering model NASA implemented a cmn-
pletely different approach compared to the NASA90 and ORDEM96 (NASA96) models. Here,
the debris population is described by the distributions of spatial de nsity and velocity in space.
Figure 2-8 outlines the different approaches of ORDEM2000 and ORDEM96.

LEO debris
populations

* 6 inc bands

¢ 2 ecc families ) . _

2 ecc families Model debris « Impact flux (s/c)
— 3y} «Random Q, » » environment >
« Size distribution (equations)

(derived from
observations

"1+ Observed flux

or in-situ * Alt dependence

|— ORDEMY6 —I

measurements)

Model debris
»| ecnvironment
(data files)

l— ORDEM2000 —I

Jd° Impact flux (s/c)
e Observed flux

Figure 2-8 Comparison of the approaches of ORDEM2000 and ORDEM96 1271

Once a debris population is derived from existing data, ORDEM96 simplifies the population
into 6 inclination bands and 2 eccentricity families /7/. Objects within each inclination band
are assumed to have the same inclination rather than a distribution of inclinations. The
ORDEM2000 debris environment model describes the spatial density, velocity distribution,
and inclination distribution of debris particles at different latitudes and altitudes. The debris
environment is represented by a set of pre-processed data files. No assumptions regarding

debris particlesd inclinatd.i

ons

, eccentridities
ing node and arguments of perigee) are required in this approach. H owever, ORDEM2000

uses a randomized distribution of the objectsé
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Table 4 represents a list of all observation data sources used in the establishment of the
ORDEM2000 model. A detailed description of the data sources, processing and analysis can
be found in /27/.

2.1.4.2 Observation Data Sources and Modelling Approach

Size rande Altitude Range Inc. Range Time of
9 (km) (degree) Collection
SSN 10cmto10m 200 to 2000 All up to Dec. 99
0.3cmto 10 m 350t0 1100 40to 140 911099
0.5¢cmto10m 350to 650 2810 152 911099
Haystack 0.5cmto10m 350to 650 3210 148 911094
0.5cmto10m 700t0 1100 3210 148 94 to 98
1.0cmto10m 1200 to 2100 40 to 140 93,94,96,97
HAX 1.0cmto 10 m 450 to 1050 40 to 140 94 to 97
0.8cmto 10 m 450 to 1050 40 to 140 98 to 99
LDEFs 0.01t0 1 mm 330t0 480 Al Apr. 84
to Jan. 90
HST-SA 0.0110 1 mm 586 t0 614 Al Apr. 90
to Dec. 93
EuReCa 0.005 t0 0.5 mm 502 to 508 Al Aug. 92
to Jun. 93
95
Shuttle® 0.1 to1mm 300 to 400 All
to 98
Mar. 95
SFU 10 um to 1 mm 480 All 0 Jan. 96
. Mar. 96
Mir 10 to 100 um 170 to 300 All 0 Oct 97
Goldstone | 2mmto2cm 280 to 2000 3210 148 Oct. 94
to Oct. 98

2LDEF: Space Debris Impact Experiment (30/, /31/), Chemistry of Meteoroid Experiment (/28/, /29/), I n-
terplanetary Dust Experiment (F. Singer), LDEF frame (M/D Speciallnvestigation Group).

°Shuttle: STS-50, 56, 71, 72, 73, 75, 76, 77, 79, 80, 81, 84, 85, 86, 87, 88, 89, 91, 94, 95, 96.

Table 4 Data sources used in the establishment of ORDEM2000 127/

The ORDEM2000 model is based on five precalculated debris populations. They correspond
to objects of five different size thresholds: 10 um and greater, 100 pm and greater, 1 cm
and greater, 10 cm and greater, and 1 m and greater (hereafter referred to as 10 -pm, 100-
pm, 1-cm, 10-cm, and 1-m populations). The major sources
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1 LDEF measurements (buildthe 10-um and 100-pum populations),

1 SSN catalog (build the 1-m and 10-cm populations),
1 Haystack radar data (build the 1-cm population),

were used to build the debris populations, while the other sources were used to verify and
validate the model predictions.

Since no direct measurement at 1 mm is available, the 1-mm debris population in the model
is based on an interpolation between the 100 -um and 1-cm populations. Goldstone radar
data for the 3-mm objects are used to justify the interpolation.

The reference date for the debris populations was selected to be January 1, 1999. The SSN
catalogue from the same reference date was used, and the Haystack debris detection from
each year was projected to the reference date using the historical growth rate of the 1 -cm
population from the NASA orbital debris evolution model EVOLVE 4.0 (32/). Then, the com-
bined Haystack data was used to build the 1-cm population as of January 1, 1999. The LDEF
debris impact data are first processed with a simple model that calculates the historical 10-
pum and 100-pum debris populations, including the effects of atmospheric drag and solar r a-
diation pressure. Then, the number of debris impacts detected during the LDEF mission
(1984-1990) was scaled with the model prediction during the same period, and then pr o-
jected to January 1, 1999.

2.1.4.3 The LEO Debris Environment Model

Figure 2-9 shows the subdivision of the region between 200 km and 2000 km altitude into
5 deg x 5 deg x 50 km cells in longitude (q), latitude (90 deg-j ), and radius (/), respec-
tively. The resident time of each (observed) debris particle within each cell is calculated us-
ing the fractional time that it spends in that cell. For example, if a debris particle spends 3%
of its orbital period within a given ceeshnle,
procedure is completed for every debris particle in the population, the spatial density of this
debris population within each cell is simply the sum of objects within that cell divided by its
volume V., where

VceII = ﬁ fﬁ(Sﬁ/ )dl’ d/ dqa

and r, j , and g are defined in Figure 2-9.

The velocity of a debris particle within a given cell is calculated in two steps. The first step is
to convert its orbital elements to the velocity and position vectors in the geocentric equ ato-
rial system. The second step is to transfer the velocity components to a special local system
via two coordinate transformations. The local system is a right-handed geocentric system
where the x-axis points in the radial-outward direction, the y -axis points in the local east
direction, and the z-axis points in the local north direction. The plane defined by the y -axis
and z-axis is the local horizontal.
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Figure 2-9 Definition of the cells  /27/

Let (%, K, V) be the geocentric equatorial velocity components of a debris particle in a given
cell. The components (., K., V) in the local system are calculated with the following two
transformations:

Vi1 = Vx COSJ + Vy Sing

V1= WISing + vy cog)

Vz1=V;
and

Vie=VaaC 0sS (jOOVAS T n(jPOAT

Vy2 = Vy1

Vo= VS i n (j9OVvAG os (j9,0 AT
where g and j are defined in Figure 2-9.

The velocity distribution of debris particles within a given cell is calculated using all particles
in the cell, weighted by their individua | spatial densities. To reduce the size of the templates,
only the velocity components in the local horizontal plane are recorded. This is justified since
the radial velocity component is generally less than 0.1 km/s while the horizontal velocity
component is about 6 km/s to 11 km/s. The velocity distribution within each cell is stored in
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a magnitude-and-direction two-dimensional matrix, as shown in Figure 2-10. The magnitude
ranges from 6 km/s to 11 km/s with an increment of 1 km/s while the direction ranges from
0 deg to 360 deg with an increment of 10 deg. Each element in the matrix gives the fraction
of particles with a velocity within the magnitude and direction specified by the position of the
element. For example, the 2% element in Figure 2-10 indicates that 2% of all particles in
this three-dimensional cell have their orbital velocity (in the local horizontal plane) between
6 km/s and 7 km/s with a direction between the local east and 10 deg northward. The sum
of all elements in a matrix is always 100%.

A Vz (km/s)

local horizontal
in a 3-D cell

20°

10°

> Vy (km/s)

ah

Figure 2-10 Velocity distribution matrix 1271

The inclination distribution of debris particles within each cell is also calculated and saved as
part of the template files. The range is between 0 deg and 180 deg with an increment of
2 deg.

2.1.4.4 Results

Some exemplary results of ORDEM2000 are displayed inFigure 2-11 to Figure 2-13. Since
the three-dimensional velocity vs. impact angle distribution of ORDEM2000 provides the pea-
centage of debris objects coming from a particular direction with a particular velocity, and
ESABASE?2 requires theflux vs. impact velocity and impact azimuth angle distribution, the
latter distributions have to be derived from the ORDEM2000 results. ORDEMZ2000 generates
the 3D output for each analysed orbital point. Due to the fact that the flux vs. diameter di s-
tributions are also given for each orbital point, these can be considered in the generation of
the 3D flux vs. velocity and azimuth distribution used by ESABASE2.

Figure 2-11 gives the average flux vs. diameter. While ORDEMZ2000 performs a cubic spline
interpolation, ESABASE? interpolates linearly. This leads to differences in the 100um to
1 mm and in the 1 cm to 10 cm diameter ranges. However, these differences will become
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visible in the ESABASE2 output only, if the user selects a lower diameter threshold within the
named diameter ranges, e.g. 300 um or 2 cm.

1000

—— ESABASE2
100 —— ORDEM2000 -

10 1
1Lk

0.1 -
0.01 -
0.001 |
0.0001 |-
1e-005
1e-006 |-

1e-007
0.001 0.01 0.1 1 10 100

impactor diameter [cm]

Figure 2-11 ORDEM2000 flux vs. diameter, ISS -like orbit

Figure 2-12a s hows the relative flux vs. i mpact
is not related to the spacecraft orbit or orientation, but to the horizontal plane of the cell
corresponding to the spacecraft position (cp. Figure 2-10). 0 deg is the East direction,
90 deg North and so on.

40 300
357
250
30+
200
25+
20+ 150
15+
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10+
50
0 " " " " 0 L L AJ\
0 50 100 150 200 250 300 350 -150 -100 -50 0 50 100 150
a) ORDEM2000 impact angle [deg] b) ESABASE?2 impact azimuth angle [deg]

Figure 2-12 a) ORDEM2000 flux vs. impact angle,
b) corresponding ESABASE? flux vs. impact azimuth angle,
ISS -like orbit at the ascending node, d > 10 um
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Consequently, the distribution given in Figure 2-12a has to be translated to an impact azi-

muth angle distribution which is used by ESABASE2 to derive the random ray directions. Fig-

ure 2-12b shows the impact azimuth angle distribution calculated from the ORDEM2000 im-

pact angle distribution for a given size class (particle diameter: 10 Om) . The #Atransl at
to be performed under consideration of the particle velocity distribution. The azimuth angle

is the angle between the projection of the impact velocity vector to the local horizontal plane

and the space craft velocity vector. It is positive if the particle arrives form the left side.

One can see that the peaks of the almost symmetric ORDEM2000 distribution are reflected in
the azimuth distribution. This is underlined by Figure 2-13a and b: The peaks can be found
in both distributions.

relative differential flux [%]

25
20
15

10

debris particle velocity [km/s] impact angle [deg]
a)
differential flux [1/m”2/yr]
250
200 +
150
sf :“:‘3 RS
100 1 =
SHIEEETE S
50 - SEEEE S
ST REESSESSSSSSE=S8
SRS
= | === RS
° e s
3 SR IS
5 = A 100
= 50
<> ~
T~ =
= S
H R ] S . .
impact velocity [km/s] 15 @z‘g}?&g& 100 impact azimuth angle [deg]
b) -150
Figure 2-13 a) ORDEM2000 flux vs. debris particle velocity and impact angle,
b) corresponding ESABASE?2 flux vs. impact velocity and impact azimuth angle,
ISS -like orbit at the ascending node, d > 10 ym
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However, the almost symmetric distribution shown in Figure 2-13a becomes asymmetric
when transferred to Figure 2-13b. This asymmetry is a consequence of the consideration of
the particle and the spacecraft velocity vectors.

2.1.4.5 Limitations

The applicability of ORDEM2000 within the ESABASE2/Debris application is limited by the
following facts:

1 The altitude range of ORDEMZ2000 is 200km to 2000 km. Consequently, all orbits with
higher orbital altitude (also in parts of the orbit, e.g. GTO) cannot be analysed with
ORDEM2000. The MASTER 2001 model is currently the only debris model which allows
the analysis of orbits up to 1000 km above GEO.

1 ORDEMZ2000 includes debris particles in the sie range from 10 umto 1 m.

Eccentric debris particle orbits are not considered in the determination of the impact dire c-
tion (velocity component in the local horizontal plane only), i.e. ORDEM2000 does not pro-
vide an impact elevation angle distribution. Consequently, similar to NASA90, no flux will be
calculated on surfaces which are parallel to the local horizontal plane.

2.1.5 MASTER 2005 Model

2.1.5.1 Overview
Upgrade of the Debris Source Models

The following debris source models have been upgraded in MASTER2005:

i The NASA breakup model has been revised for object sizes smaller 1 mm with a re-
definition of the area-to-mass distribution and an increase of the delta velocity distrib u-
tion.

i The size distribution parameter settings for SRM slag and dust, paint flakes, and ejecta
have been revised based on newly available impact measurement data.

i~ The NaK droplet model is based on a physical description of the release mechanism. This
includes new size, velocity, and directional distributions.

i The ejecta model has been thoroughly reviewed which results in major changes to the
orbital distribution compared to the former MASTER release.

i The release model for surface degradation products (paint flakes) now depends on the
changing atomic oxygen density environment near Earth due to the solar activity.

Update of the Reference Population

The processing of debris generation mechanisms (SRM firings, fragmentations, NaK release
events, etc.) were considered and the resulting population propagated to the new reference
epoch of May 1, 2005. The updated list of events now comprises 203 fragmentations, 1076
SRM firings, 16 NaK droplet releases, and 2West Ford needle deployments. The update also
includes processing of the ongoing generation of surface degradation products and ejecta.

Unified Flux and Spatial Density Computation Concept
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The MASTER2001 high precision flux prediction tool ANALYST was upgraded to provide the
user with spatial density computations. This new MASTER application is the only flux browser
on the user side of MASTER2005. It combines a quick assessment of spatial density charac-
teristics with high resolution flux results. The statistical flux determination approach based
on probability tables for the object characteristics is now used for all debris sources.

Flux and Spat ial Density Analysis for Historic and Future Epochs

The storage needs for the probability tables enables the generation of population snapshots
for the complete space age on a single DVD, ranging from 1957 to the future (2055). For
future epochs the user may select between three different population evolution scenarios.
The stand-alone version of MASTER2005 allows a flux and spatial density analysis for any
epoch within the mentioned time span. However, the user should be aware of the comput a-
tion time, which may drastically increase subject to the analysis parameter settings (time
interval, target orbit, number of populations to be considered, number of spectra to be ge n-
erated, etc.).

2.1.5.2 Observation Data Sources

The debris environment of the Earth provided with MASTER 2005 contains different sources
down to a particle diameter of 1 um. Figure 2-14 shows the different debris sources and its
corresponding size range.

1 pm 10 pm 100 pm 1 mm 1cm 10 cm 1m 10 m
C?usters TLE Bac[kground
Explosion/Collision F|ragments
| NaK Dropl|ets
SRM Slag

SRM Dust
|

Paint Flakes

| |
Ejecta

Meteoroid Background + Streams

| | |

Figure 2-14: Debris and meteoroid sources considered in MASTER 2005 mode |

The MASTER 2005 model provides realistic historic population snapshots(3-monthly) from
the beginning of spaceflight in 1957 until the reference epoch May 1, 2005. Additionally,
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tails can be found in /34/.

Within the ESABASEZ2/Debris implementation of MASTER 2005, the following sulsets of
these population snapshots are available:

Historic populations

Future populations

Jemax 1

three different future population snapshots for each year from 2006 until 2055 are provided
under the assumption of three different debris environment evolution scenarios. Further de-

future constellations, no mitigation, continuation of recent traffic).

I mportant
populations include all objects down to 1

As for MASTER 2001 the debrisanalyser makes use of the population snapshot of the May
1" of the mission start year. The user specified population growth factor is not considered, if
the debris flux is calculated with the MASTER 2005 model.

If it is intended to analyse the debris risk as a function of time, subsequent ESABASE2/Debris

not e:

Futur e

um in diameter.

runs have to be performed with different analysis time start epochs.

2.1.5.3 Results

This section provides a brief description of the MASTER 2005 modelresults, which are used

for flux calculation and damage assessment within ESABASE2/Debris.

Four two-dimensional spectra, and one three-dimensional spectrum are generated by the

model. The spectra definitions are given in Table 5:

from 1980 to 2005, one snapshot (May 1*) per year.

from 2006 to 2020, one snapshot per year, reference scenario (no

popul atlimmnpvsile bistarip r i s e

. number of
Spectrum min. value max. value

steps
flux vs. diameter as specified for the analysis 032
flux vs. impact velocity 0 km/s 40 km/s 80
flux vs. impact azimuth angle -180° 180° 90
flux vs. impact elevation angle -90° 90° 90
fl .im locity and im- o .

uX Vs .I pact velocity and | as specified for the corresponding 2D spectra

pact azimuth angle

Figure 2-15 to Figure 2-19 provide the results (cross-sectional flux on a sphere) of the
MASTER madel for an I1SS-like orbit. All spectra are given for the complete size range of the

MASTER model.

Table 5

MASTER 2005 flux spectra

Project: ESABASE?2/Debris Release 7.0

Technical Description

Reference: RO77-231rep_01_05_Debris_Technical Description.@cx

etamax space GmbH

Date:
Revision:

Status:

2015-09-15
1.5

Final
Page40/ 140

al



10000
100
1

= 0.01

6

£

= 0.0001

° 1e-006

1e-008

1e-010

16012 i i i i i i i

1e-008 1e-005 0.0001 0.001 0.01 0.1 1 10 100
diameter [m]

Figure 2-15 MASTER 2005 flux vs. particle diameter, 400 km / 51.6° orbit
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Figure 2-16 MASTER 2005 flux vs. impact velocity, 400 km / 51.6° orbit/d > 1 pm
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Figure 2-19 MASTER 200 5 flux vs. velocity and azimuth,
400 km /51.6° orbit/d > 1 pm

Although the spectra are displayed as differential distributions 7 except the diameter spec-
trum, which is cumulative i for compatibility with the results of the other debris models (see
section 2.1.2.1 ), the distributions are provided and used in their cumulative form within the
ESABASE? analysis as described in chaptes.

In ESABASE2/Debris the MASTER 2@flux analysis is always performed for one complete
orbit due to corresponding limitations of the MASTER 2005 flux analysis output This results
in identical analysis results for each orbital point in case of MASTER2005, while in case of
MASTER 2001 and ORDEM 200€he flux analysis is performed for each orbital point.

2.1.6 MASTER 2009 Model

2.1.6.1 Overview
Upgrade of the Source Models
The following source models have been upgraded in MASTER2009:

i The NASA breakup model has been revised for object sizes smaller 1 mm. Due to new
data and findings, the area-to-mass distribution, in this size segment, is divided to con-
sider for different materials of the fragments.

i A model for the new (historical, up to reference date) multi-layer insulation (MLI) popula-
tion is introduced.

i The sodium-potassium (NaK) droplet model is revised and mathematical improvements
are applied. Also observational data are considered. This leads to a lower released mass.
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