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In this document, the physical models and technical background of the space debris and me-
teoroid 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 beenimplemented in the enhanced
version of the ESABASE2/Debris software tool are described.

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

e 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 particular the
existence of a large number of particles on eccentric orbits. Additional shortcomings: 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.

e The NASA 96 model (also known as ORDEM 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 It is outdated and thus no longer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.

e The MASTER 2001 model is based on numerical modelling of all known fragmentation
events, SRM firings, NaK droplet releases, the Westford needles experiments, the genera-
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 par-
ticle population (MASTER 2001 Standard application). The model considers the population
asymmetry induced by the asymmetric distribution of the particle orbits argument of peri-
gee.

e The ORDEM2000 model describes the orbital debris environment in the low Earth orbit
region between 200 and 2,000 km altitude. The model is appropriate for those engineering
solutions requiring knowledge and estimates of the orbital debris environment (debris spa-
tial density, flux, etc.). Incorporated in the modelis a large set of observational data (both
in-situ and ground-based), covering the object size range from 10 pm to 10 m and em-
ploying 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. ORDEM2000 uses a finite element model to process
the debris populations to form the debris environment.

e 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. Compared to MASTER2001
lots of features have been significantly updated or added.

e The MASTER 2009 modelis 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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e The MASTER 8 model is the successor of MASTER 2009. The model provides the same
features as MASTER 2009, but several features were significantly updated. With Condensed
population a possibility was introduced to consider all sources combined as one population,
speeding up the analyses.

e The ORDEM 3.0 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 spatial
density, flux, etc.). Incorporated in the modelis a large set of observational data (bothin-
situ and ground-based), covering the object size range from 10 um to 10 m and employing
the Bayesian statistical model for population derivation. OREDEM 3.0 uses a finite element
model to processthe debris populations to form the debris environment.

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

Additionally, seven further meteoroid models are implemented in ESABASE2/Debris, Divine-
Staubach, MEM, MEMr2, LunarMEM, MEM 3, IMEM and IMEM2.

e The Divine-Staubach meteoroid model is part of the MASTER 8 model. The modelis based
on the size and orbital element distributions of five meteoroid sub-populations, and thus
provides directional informationin the same way as the MASTER 8 debris model.

e The MEM meteoroid model, developed by The University of Western Ontario, is a paramet-
ric 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 contribution to the
sporadic meteor complex from long-period comets and includes the effects of the gravita-
tional shielding and focussing of the planets.

e 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.

e MEM Release 2.0 (MEMr2) is the successor of the MEM model(s). It comprises three indi-
vidual environment sub-models: for Earth Orbiting S/C; for Moon Orbiting S/C; and for
Interplanetary S/C, that describe the background meteoroid environment for spacecraftin
orbit around the Earth, Moon, and in interplanetary space.

e MEM 3 is the successor of the MEMr2 model. It drops the concept of individual environment
sub-models but considers internally for the effect of the S/C being in the vicinity of a ce-
lestial body. Thus, MEM 3 describes the background meteoroid environment for spacecraft
in the inner solar system considering the effects of the vicinity of the following celestial
bodies: Earth, Moon, Mercury, Venus and Mars.

e IMEM models the orbits of particles from Jupiter-family comets and asteroids and was fitted
largely to in situ data and infrared brightness measurements /51/, /52//51/.

e IMEM2is the follow-up approach of ESA’s IMEM to model meteoroids in the Solar system.
IMEM2 contains a dynamical engineering model of the dust component of the space envi-
ronment using state-of-the-art knowledge of dust cloud constituents and their development
under dynamical and physical effects /53/.
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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 modelincludes directional
information on the streams.

Further, in case of Griin, directional information is obtained by attempting to separate the -
meteoroids, which are driven away from the Sun into hyperbolic orbits by radiation pressure,
from the o - meteoroids. An apex enhancement of the o - meteoroids and interstellar streams
may introduce further directional information.

The meteoroid velocity distribution according to Taylor is available in ESABASE2/Debris for
Grin model. This 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 ballistic limit equations,
either as single wall or multiple wall, depending on the analysis objectives.

In the Chapter 4, the Ejecta modelis described. This feature of the ESABASE2/Debris software
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 technique
is lined out. The new tool relies entirely on ray tracing for the computation 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 ray tracing allowed a smooth implementation of
the enhanced directional effects of the environment models. Additionally, the FAME algorithm
used for the calculation of weak spots data in the simulation results is explained.

In Chapter 6 the extensions of the orbit generation techniques are described, which allow to
apply the SAPRE propagator to lunar orbits. Also, the generation techniques of the L1/L2 orbits
and interplanetary trajectories are described. For interplanetary trajectories, the technique
relies on data from SPICE kernels and optionally OEM files.

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

Finally, 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 particles).

2 Environment Models

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

2.1.1 Introduction

ESABASE/Debris, release 2 contained three debris flux models. While the NASA 96 and the
MASTER 96 Hybrid model 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 model, which represents the state-of-the-art of debris modelling and offers
some new features, which are available within ESABASE/Debris for the first time.

A major upgrade of the ESABASE software was performed in the framework of the " PC Version
of Debris Impact Analysis Tool” contract. ESABASE/Debris was ported to the Windows PC
platform. The ESABASE data model has been completely revised, a geometry modeller with
basic CAD features was implemented and a state-of-the-art graphical user interface was de-
veloped. Additionally, NASA's ORDEM2000 debris model was implemented. Due to the maijor
changes and to distinguish between the Unix and the PC version of ESABASE, the PC version
is called ESABASE?2.

The following debris models are available in the latest release of ESABASE2/Debris:
NASA 90 Model (section2.1.2)

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 (Section2.1.3)

The MASTER 2001 release (Ref. /23/) of the European MASTER model is based on a conse-
quent upgrade and extension of the MASTER concept (Ref. /8/). The MASTER reference pop-
ulation 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-| 0.5mm...4 mm
related objects ated by simulated fragmentation events | (Westford Needles)
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Name Origin Particle size range

such as explosions or collisions (corre- and
sponds to the catalogued objects/TLE| 10em...10m
background population of MASTER '99);
includes the Westford needles, which were
released during two American experi-
ments (MIDAS 4 & 6) in the early sixties

fragments resulting from and collisions 0.1mm...10 m

NaK droplets coolantdroplets released by RussianROR-| 2 mm...4cm
SAT's

SRM slag particles large particles released during the final| 0.1 mm...3 cm
phase of solid rocket motor firings

SRM Al20s dust small particles released during solidrocket| 1 pm...80um
motor firings

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

ejecta resulting from meteoroid and debris im- 1pum...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 forthe complete spaceage, 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 future
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, the Analyst application and the Standard
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 imple-
mentation.

ORDEM2000 Model (Section2.1.4)

ORDEM2000 is NASA’s debris engineering model and the successor of ORDEM96 (called
NASA96 in ESABASE2/Debris). It is mainly based on measurement data 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 Environment,
and is provided by a set of pre-processed data files. For this purpose the region between 200-
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and 2000-km altitudes 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 spacecraftinto the specified number of segments in equal
mean longitude (i.e., equal time) and then calculates the flux, from particles of six different
sizes (10 yum to 1 m), on the spacecraft at each segment. The output results are stored in a
flux table. It includes the altitude 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 averaged
over the number of segments are given.

MASTER 2005 Model (Section2.1.5)

The latest release (Ref. /34/) of the European MASTER model is the successor of
MASTER 2001. Compared to the previous version, the following features have been signifi-
cantly updated or added in the MASTER 2005 release:

e Upgrade of the debris source models.

e Update of the reference population.

¢ Unified flux and spatial density computation concept.

¢ Implementation of damage laws.

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

In difference to MASTER 2001 now only one unified analysis application is offered with
MASTER 2005.

MASTER 2009 Model (Section2.1.6)

The latest release (Ref. /38/) of ESA's reference model — MASTER — is the successor of
MASTER 2005. Compared to the previous version, the following improvements were done in
the MASTER 2009 release:

e Population files for the time range 1957 - 2060.
e Consideration of future population downto 1 micrometer.

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

¢ Implementation of Multi-Layer Insulation as new debris source.
e Introducing of a Standard Environment Interface (STENVI).

¢ Possibility to overlay flux contributions from downloadable population clouds over back-
ground particulate environment.

¢ Introduction of a possibility to consider multiple target orbits.
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In difference to MASTER 2005 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)

ORDEM 3.0 is NASA's latest debris engineering model and the successor of ORDEM2000. Itis
mainly based on measurement data originating from in-situ measurements, the examination
of retrieved hardware and from remote sensors (ground based radar and optical observations).
The ORDEM 3.0 input debris populations are binned in quasi-orthogonal orbital elements. The
bins vary with the parameter value and the bin sizes are chosento complement actual popu-
lation distributions. The final files are from the direct yearly input database of ORDEM 3.0.

ORDEM 3.0 provides a population brake down by type and material density in five populations:
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 spacecraft using the encounter igloo method
for the computation of the flux. The resulting igloo distribution is provided for particles of the
five types and eleven different sizes (10 pm to 1 m) for each type. The finest resolution of the
igloo results is 10° in azimuth, 10° in elevationand 1 km/s in velocity. The output results are
stored in a flux table, e.g. particle size vs. flux distribution with 501 size classes (10 pm to
1m).

MASTER 8 Model (Section2.1.8)

The MASTER 8 release (Ref. /49/) of ESA’s reference model — MASTER — is the successor of
MASTER 2009. Compared to the previous version, the following improvements were done in
the MASTER 8 release:

¢ Implementation of uncertainty indicators in altitude and diameter spectra.
e Target orbit propagation.

e Model revisions and updates, e.g. MLI (including future projection), NaK, SRM firing
list, fragmentation event database up to 2016-11-01.

e Upgrade of NASA breakup modelimplementation.

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

e Implementation of the Griin model.
e Meteoroid flux evaluation in Lagrange points.

¢ Flexible reference epoch based on available reference population data files.
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e Introduction of a condensed population, including the space debris distribution of all
man-made objects combined.

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 corresponding equations are here recorded
again, using the nomenclature of Ref. /1/.

The flux F, 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 aftitude h [km] (A< 1000 km), the target orbit inclination i
[deg] , the mission date t[year] , and of the solar radio flux S (measured in the year prior to
the mission).

Fdhits) = H(d) &(h,S) w(i) [Fi(d) ga(t,a) + F2(d) ga(t,p)/
o) - 0 exp{—(log 10d —0.78)2/0.406} 12

F.(d) = 12210%d%

Fo(d) = 8.1-101(d+700)*

@(h,S) = @y(h,S) (1 + @y(h,S)*

o,(h.5)= 1o(h/200-5/140-15)

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

0:(t,9) = (1 +q) 1088

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

In ESABASE2/Debris the population growth is accounted for linearly over the mission duration.
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Finally the inclination dependent function (/) is tabulated as follows:

i [°]| 28.5 30 40 50 60 70 80 90 100 120

w(@ | 091 | 092 | 09 | 1.02 | 1.09 | 1.26 | 1.71 | 1.37 | 1.78 | 1.18

For intermediate values of j a linear interpolationin w(7)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.

Flux vs. Diameter
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Figure 2-1 NASA 90 flux vs. diameter, 400 km / 51.6° orbit
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Flux vs Azimuth

0.8

/™ £

. T 1N
AR R
) / \/ |

g L O O

Flux [lyr/im~2]

-90 -70 -50 -30 -10 10 30 50 70 90
Azimuth Angle [deg]

Figure 2-2 NASA 90 flux vs. azimuth, 400 km / 51.6° orbit

2.1.2.2 NASA 90 Velocity Distribution

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

g(v,i,h) =V (2vo-v) {91 exp[-((v - 2.5Ve) / 92 V)] + 93 €XP[-((V - 94 V0)/0s V0))?1} + s V (4Vo - V)

where the functions ¢i(/) to g(/) are defined as follows, and w(/4) is the velocity at target orbit
altitude A.

( 18.7 i <60°
[G= g:(i) = ] 18.7 +0.0298 (i - 60)° 60°< i <80°
L 250 i >80°
( 0.5 i <60°
[B =] o) = ] 0.5-0.01 (i - 60) 60°< i <80°
L 0.3 i >80°
( 0.3 +0.0008 (i - 50)2 i <50°
[F =] g() = ] 0.3-0.01 (i-50) 50°< i <80°
L 0 i >80°
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D= 9.6) = 1.3-0.01 (i - 30)
[E =] gs(i) = 0.55 +0.005 (i - 30)
[ 0.0125(1-0.0000757 (i - 60)2 ) i <100°
HC=] @ = 1
| [0.0125+0.00125(i-100)] [1-0.0000757(i-60)2] i >100°
[ Vo(h). (7.25+0.015(i-30))/7.7 i <60°
Vo(ih) =
| Vo(h) i >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 depend-
ence of the impact velocity Vimp

Vimp =2 Vs COS QL ,

where o is the angle between the satellite velocity vector and the debris arrival velocity vector.
Fora low Earth orbit 2 vs is typically on the order of 15.4 km/s..

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 modelthe particle mass density can be either set to a constant with default
value of p = 2.8 g/cm?or the following dependency may be chosen:

p(d) = dzo—i [g/cm?] for d > 0.62cm
p(d) = 4glcm® 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 toolis identical for all debris models.
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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
ESABASE2/Debris by means of the Standard application.

The MASTER 2001 Standard application is an upgrade and extension of the MASTER '99 Stand-
ard application, which is described in detail in Ref. /20/. The approachis based on the math-
ematical theory used by N. Divine (Ref. /21/) to calculate meteoroid fluxes to detectors
onboard probesininterplanetary space. After a thorough review, the theory has been adapted
to spacecraftin Earth orbit.

The population data describing the Earth’s debris environment is derived from the MASTER
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 distrib utions (cf. Ref. /23/).

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.

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 (7, 775, Fs, I') can be set to 1.

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

1 4
:ZZ[ (Imp)dir] (1)
dir=1
where My is the spatial density

/2 \5\

H, (sin i)p, i

Ny, =—— sm d
" 4 ! o j\/ \5\ \/cos S —cos?i . (2

The impact velocity vinyis the velocity difference

Vimp = ‘Vpart -V

' (3)

tar

and the cumulative size distribution including the number of particles of the specified popula-
tion is
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N;, peand p;are the differential distributions of the orbital elements of the particles. Integration
over these distributions, using the auxiliary variable y (s. /18/, equation (7)), gives the spatial
density for all particles whose size exceeds the lower size threshold m. If the integration 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:

> 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).

» The eccentricity of the particle’s orbit must exceed a minimum value e, (s. /18/, equation
(7)) to be able to reach the target. This is considered in the second integration (over the
eccentricity distribution).

> The particle orbit inclination /7has to be equal or larger than the declination |5 | of the
target position, and less than or equal to |180° — & |. This is considered in the third inte-
gration (over the inclination distribution).

The summation in equation ( 1 ) takes into account, that due to the assumption of uniform

distributions of the particle’s right ascension of ascending node and argument of perigee four
velocity directions are possible with the same probability.

In order to obtain correct results it became necessary to use so called ‘textbook’ distributions
to describe the particles orbital elements (refer to /19/). Those ‘textbook’ distributions are
probability density functions, which has to be transformed to the distributions used by Divine
using the transformations givenin Table 2:

symbol of .
C . v , condition for ‘textbook’ .
distribution textbook . e . transformation
e . . distribution
distribution
. . F D1
perigee radius R; D, J'Dl(rl)drl =1 N, = —
0 gl
L 3
eccentricity e De I D,(e)de=1 P, = (1— e)? D,
0
T D
inclination i D ID_ (i)di =1 p = ——
i i 2 . .
27°8In |
0
Table 2 Transformation from ‘textbook’ distributions to Divine’s distributions
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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:

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

» Cross-coupling 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.qg. in the SRM slag population).

» The assumption of symmetric particle distribution with respect to the equatorial plane and
with respect to the Earth’s rotation axis may result in an inaccurate description of some
source populations, namely those, which do not fulfil the symmetry assumption (e.g. parts
of the catalogued objects population, such as Molniya-type orbits).

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

> Apopulation pre-processing tool — called PCube — has been developed, which automaticaly
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 popu-
lations. So called cross-coupling effects between the size distribution and the orbital ele-
ment distributions on one hand, and between the orbital element distributions on the other
hand are identified using the statistical method of a cluster analysis.

» The approach to consider asymmetries in the population is based on the fact, that each of
the four possible impact velocities (in case of population symmetry) can be related to a
well defined particle nodal line position and perigee position. Thus, each impact velocity —
and consequently flux value — may be "weighted" with a factor related to the distribution
values of the right ascension of ascending node distribution and the argument of perigee
distribution. Within ESABASE2/Debris, the described asymmetries are considered as fol-
lows:

- right ascension of ascending node: Off for all sub-populations,
- argument of perigee: On forall 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 as-
sumption of three different debris environment evolution scenarios.

Within the ESABASE2/Debris implementation of MASTER 2001, the following sub -sets 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).
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Important note: Future populations comprise all objects = 1 mm, while historic
populations include all objects down to 1 ym in diameter.

Due to the fact, that ESABASE2/Debris does not contain a time loop, but considers population
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 considered, if the debris flux is calcu-
lated 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
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 foran ISS-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.
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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 velocity, 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 mm
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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

Although the spectra are displayed as differential distributions — except the diameter spectrum,
which is cumulative — 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 ESABASE2
analysis as described in chapter 5.

In ESABASE2/Debris the MASTER 2001 flux analysis is performed for single orbital points spec-
ified by the user. This differs from the previous ESABASE version, where the flux analysis 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 ORDEM2000 Model

2.1.4.1 Overview

With the establishment of the ORDEM2000 engineering model NASA implemented a completely
different approach compared to the NASA90 and ORDEM96 (NASA96) models. Here, the debris
population is described by the distributions of spatial density and velocity in space. Figure 2-8
outlines the different approaches of ORDEM2000 and ORDEM96.
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Figure 2-8 Comparison of the approaches of ORDEM2000 and ORDEM96 /27/

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 envi-
ronmentis represented by a set of pre-processed data files. No assumptions regarding debris
particles’ inclinations, eccentricities, or orientations in space (longitudes of the ascending node
and arguments of perigee) are required in this approach. However, ORDEM2000 uses a ran-
domized distribution of the objects’ right ascension of the ascending nodes.

2.1.4.2 Observation Data Sources and Modelling Approach

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/.
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Size range 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 to0 98
1.0cmto10m 1200 to 2100 40to 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 40to 140 98to 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 umto 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. M4
to Oct. 98

aLDEF: Space Debris Impact Experiment (/30/, /31/), Chemistry of Meteoroid Experiment (/28/, /29/),

Interplanetary Dust Experiment (F. Singer), LDEF frame (M/D Special Investigation Group).
bShuttle: 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 /27/

The ORDEM2000 model is based on five pre-calculated debris populations. They correspond
to objects of five different size thresholds: 10 pm and greater, 100 um and greater, 1 cm and
greater, 10 cm and greater, and 1 m and greater (hereafter referred to as 10-um, 100-um, 1-

cm, 10-cm, and 1-m populations). The major sources
e SSN catalog (build the 1-m and 10-cm populations),
e Haystack radar data (build the 1-cm population),
e LDEF measurements (build the 10-um and 100-um populations),
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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-pm
and 100-um debris populations, including the effects of atmospheric drag and solar radiation
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 projected 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 (6), latitude (90 deg-¢), and radius (7), respectively.
The resident time of each (observed) debris particle within each cell is calculated using the
fractional time that it spends in that cell. For example, if a debris particle spends 3% of its
orbital period within a given cell, 0.03 “object” is assigned to that cell. Once the same proce-
dure 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
Veen, where

Vg, :mrz(sin p)drdedo,

and r, ¢, and 0 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 vectorsin the geocentric equatorial
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 (», ¥, ;) be the geocentric equatorial velocity components of a debris particle in a given
cell. The components (v, W2, V2) in the local system are calculated with the following two
transformations:

Vx1 = Vx COSO + vy SinO

Vy1 = —Vx SinO + vy cosO

Vz1 = Vz
and

Vx2 = Vx1 c08(90°—@) + Vz1 sin(90°—¢)

Vy2 = Vy1

Vz2 = —Vx1 sin(90°—) + vz1 cos(90°—¢),
where 6 and ¢ 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 individual spatial densities. To reduce the size of the tem plates,
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 com-
ponent is about 6 km/s to 11 km/s. The velocity distribution within each cell is storedin a
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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. Forexample, the 2% elementin 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°

o] 1o 1 >V (kmss)

= |12

ah

j 7

Figure 2-10 Velocity distribution matrix /27/

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 in Figure 2-11 to Figure 2-13. Since the
three-dimensional velocity vs. impact angle distribution of ORDEM2000 provides the percent-
age of debris objects coming from a particular direction with a particular velocity, and
ESABASE? requires the flux vs. impact velocity and impactazimuth angle distribution, the latter
distributions have to be derived from the ORDEM2000 results. ORDEM2000 generates the 3D
output for each analysed orbital point. Due to the fact that the flux vs. diameter distributions
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 ESABASE?2.

Figure 2-11 gives the average flux vs. diameter. While ORDEM2000 performs a cubic spline
interpolation, ESABASE2 interpolates linearly. This leads to differences in the 100 pmto 1 mm
and in the 1 cm to 10 cm diameter ranges. However, these differences will become visible in
the ESABASE2 output only, if the user selects a lower diameter threshold within the named
diameter ranges, e.g. 300 ym or 2 cm.

Project: ESABASE2/Debris Release 12.0 Date: 2021-07-07
Technical Description Revision: 1.10
Reference: R077-231rep_01_10_Debris_Technical Desaiption.docx Status: Final

etamaxspace GmbH Page39/ 172



qemax 1

—— ESABASE?
100 r —— ORDEM2000 -

1000

10 + 1
01 r
0.01 -
0.001 +
0.0001 r
1e-005 r

1e-006 -

le-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 shows the relative flux vs. impact angle distribution, where the “impact” angle is
not related to the spacecraft orbit or orientation, but to the horizontal plane of the cell corre-
sponding to the spacecraft position (cp. Figure 2-10). 0 deg is the East direction, 90 deg North
and so on.
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a) ORDEM2000 impact angle [deg] b) ESABASE?2 impact azimuth angle [deg]

Figure 2-12 a) ORDEM2000 flux vs. impact angle,
b) corresponding ESABASE2 flux vs. impact azimuth angle,
ISS-like orbit at the ascending node, d > 10 pm

Consequently, the distribution given in Figure 2-12a has to be translated to an impact azimuth
angle distribution which is used by ESABASE?2 to derive the random ray directions. Figure 2-12b
shows the impact azimuth angle distribution calculated from the ORDEM2000 impact angle
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distribution for a given size class (particle diameter: 10 um). The “translation” has to be per-
formed 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. Itis 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 foundin
both distributions.
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Figure 2-13 a) ORDEM2000 flux vs. debris particle velocity and impact angle,
b) corresponding ESABASE2 flux vs. impact velocity and impact azimuth angle,
ISS-like orbit at the ascending node, d > 10 pm

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.

Project: ESABASE2/Debris Release 12.0 Date: 2021-07-07
Technical Description Revision: 1.10
Reference: R077-231rep_01_10_Debris_Technical Desaiption.docx Status: Final

etamaxspace GmbH Page41/ 172



etapty4ill
2.1.4.5 Limitations

The applicability of ORDEM2000 within the ESABASE2/Debris application s limited by the fol-
lowing facts:

e The altitude range of ORDEM2000is 200 km 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 modelis currently the only debris model which allows
the analysis of orbits up to 1000 km above GEO.

e ORDEM2000 includes debris particles in the size range from 10 umto 1 m.

Eccentric debris particle orbits are not considered in the determination of the impact direction
(velocity componentin the local horizontal plane only), i.e. ORDEM2000 does not provide 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 MASTER 2005:

- The NASA break-up model has been revised for object sizes smaller 1 mm with a re-defi-
nition of the area-to-mass distribution and an increase of the delta velocity distribution.

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

- The NaK droplet modelis based on a physical description of the release mechanism. This
includes new size, velocity, and directional distributions.

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

- 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 2 West 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

The MASTER 2001 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 MASTER 2005. 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.
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Flux and Spatial 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 MASTER 2005 allows a flux and spatial density analysis for any epoch
within the mentioned time span. However, the user should be aware of the computation 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 generated, 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 pm. Figure 2-14 shows the different debris sources and its
corresponding size range.

1 pm 10 pm 100 pm 1 mm 1cm 10cm 1m 10m
Cﬂusters TLE Bac[kground
Explosion/Collision F|ragments
NaK Droplets
SRM Slag |

SRM Dust
|

Paint Flakes
| |
Ejecta

| | |

Meteoroid Background + Streams

| | |

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

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, three
different future population snapshotsforeach year from 2006 until 2055 are provided under
the assumption of three different debris environment evolution scenarios. Further details can
be found in /34/.

Within the ESABASE2/Debris implementation of MASTER 2005, the following sub-sets of these
population snapshots are available:

Historic populations from 1980 to 2005, one snapshot (May 1%) per year.
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Future populations from 2006 to 2020, one snapshot per year, reference scenario (no future
constellations, no mitigation, continuation of recent traffic).

Important note: Future populations comprise all objects = 1 mm, while historic
populations include all objects down to 1 ym in diameter.

As for MASTER 2001 the debris analyser 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
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 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 5:

. number of
Spectrum min. value max. value

steps
flux vs. diameter as specified for the analysis <32
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._lmpact velocity and im- as specified for the corresponding 2D spectra
pact azimuth angle

Table 5 MASTER 2005 flux spectra

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

Project: ESABASE2/Debris Release 12.0 Date: 2021-07-07
Technical Description Revision: 1.10
Reference: R077-231rep_01_10_Debris_Technical Desaiption.docx Status: Final

etamaxspace GmbH Page44/ 172



10000

100

0.01

0.0001

ohject flux [1/m*2/yr]

1e-006

1e-008

1e-010

1e-012 I i I I i I 1

1e-006 1e-005 0.0001 0.001 0.01 01 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 2-17 MASTER 2005 flux vs. azimuth, 400 km / 51.6° orbit /d > 1 pm
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Figure 2-18 MASTER 2005 flux vs. elevation, 400 km / 51.6°orbit /d > 1 pm
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Figure 2-19 MASTER 2005 flux vs. velocity and azimuth,
400 km / 51.6°orbit /d > 1 pm

Although the spectra are displayed as differential distributions — except the diameter spectrum,
which is cumulative — 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 ESABASE2
analysis as described in chapter 5.

In ESABASE2/Debris the MASTER 2005 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 MASTER 2005, while in case of
MASTER 2001 and ORDEM 2000 the 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 MASTER 2009:

- The NASA break-up 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 consider
for different materials of the fragments.

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

- 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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- A possibility is introduced, that allows using flux contributions from downloadable popula-
tion clouds as source and overlaying them over the background particulate environment.

Update of the Reference Population

During the processing of the historical population generation non-simulated and simulated
objects are combined. ‘Non-simulated objects’ are objects, which are published (e.g. in
USSTRATCOM's Space Catalogue) and propagated until the reference date. ‘Simulated objects’
are objects, which are simulated based on (known) events, e.g. explosions, collisions, SRM
firings and NaK droplets releases, or on a theory, e.g. surface degradation (for paint flakes or
for deterioration based MLI). The ejecta population is also simulated. Objects largerthan 1 ym
are considered. According to the process, the population is generated and propagated up to
the reference epoch of May 1, 2009, providing quarterly population snapshots. The updated
list of events now comprises 234 fragmentations (including 14 non-confirmed events), 1965
SRM firings, 16 NaK droplets releases, and 2 West Ford needle deployments.

STENVI (Standard Environment Interface) Output Files

The MASTER 2009 application introduces a possibility to activate the output of STENVI files.
These files contain the flux results as a multi-dimensional distribution, with the available di-
mensions: impact azimuth, impact elevation, impact velocity, argument of true latitude, parti-
cle diameter and material density. One file is created for each considered debris source. The
STENVI files provide a better description of the cross-dependencies of the parameters, com-
pared to the 2D- or 3D-distributions, for the post processing of the data in the ESABASE2
analyses.

Multiple Target Orbit

The stand-alone version of MASTER 2009 allows the user to define multiple target orbits with
individual time frames to simulate mission profiles with large orbit changes. The orbits are
defined by sets of Keplerian orbital elements. The upper border of the MASTER control volume
is r = 43164 km. If a part of the orbit exceeds this volume, it is ignored and only the part
within the control volume is analysed. The lower border is r = 6564 km, thus if the defined
perigee altitude is below 186 km it is automatically adjusted to 186 km.

Flux and Spatial 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 double-layer DVD, ranging from 1957 to the future
(2060). For future epochs the user may select between three different population evolution
scenarios. The stand-alone version of MASTER 2009 allows a flux and spatial density analysis
for any epoch within the mentioned time span.

Note: Due to the improvement of the precision of the flux calculation in MASTER
2009, the simulation duration is increased. In particular cases (e.g. GTO) the dura-
tion increase can be up to 10 times compared with MASTER 2005.

Project: ESABASE2/Debris Release 12.0 Date: 2021-07-07
Technical Description Revision: 1.10
Reference: R077-231rep_01_10_Debris_Technical Desaiption.docx Status: Final

etamaxspace GmbH Page48/ 172



etapty4ill
2.1.6.2 Observation Data Sources

MASTER 2009 is a model of the debris environment of the Earth considering different sources
and a particle diameter down to 1 pm. Figure 2-20 shows the considered debris sources and
the corresponding size ranges.

1pum 10 pm 100 pm 1mm 1cm 10 cm 1m 10m

Clusters TLE Background
|

Meteoroid Background + Streams
I I I
Explosion/Collision Fragments

I I

NaK Droplets
SRM ISlag l
SRM Dust
Multi Layered Insulation
Paint Flakes
: Ejecta: I

Figure 2-20: Debris and meteoroid sources considered in MASTER 2009 model

The MASTER 2009 model provides realistic historic (quarterly) population snapshots from the
beginning of spaceflight in 1957 until the reference epoch May 1%, 2009. Additionally, popula-
tion snapshots for three different future scenarios for the years from 2010 until 2060 are
provided. More information and the description of the scenarios can be foundin /38/.

Within the ESABASE2/Debris implementation of MASTER 2009, the following sub-sets of these
population snapshots are available:

Historic populations from 1980 to 2009, one snapshot (May 1%) per year.

Future populations from 2010 to 2025, one snapshot per year of the reference ‘Business As
Usual’ scenario (no future constellations, no mitigation, continuation of recent traffic).

Note: In contrary to MASTER 2005, the MASTER 2009 model both the future populations as
well as the historic populations include all objects larger than 1 um.

Note:  Additional  population  snapshots  can be  included in the

"~ |Solver| DEBRIS|Master2009|data” folder in the ESABASEZ installation from the MASTER
2009 DVD, if required.
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As for MASTER 2001 and MASTER 2005 the debris analyser makes use of the population snap-
shot of the May 1% of the mission start year.

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.

2.1.6.3 Results

This section provides a brief description of the MASTER 2009 model results, which are used
for flux calculation and damage assessment within ESABASE2/Debris.

The MASTER 2009 model still provides the four two-dimensional spectra, and the three-di-
mensional spectrum, as MASTER 2005 does. The spectra definitions are given in Table 6:

. number of
Spectra min. value max. value
steps
Flux vs. diameter as specified for the analysis <16
20 km/s
Flux vs. impact velocity 0 km/s (60 km/s for 20 (60 for
i meteoroids)
meteoroids)
Flux vs. impact azimuth angle -180° 180° 72
Flux vs. impact elevation angle -90° 90° 36
Flux VS'. impact velocity and im- as specified for the corresponding 2D spectra
pact azimuth angle

Table 6 MASTER 2009 flux spectra

Furthermore the MASTER 2009 model can provide a seven-dimensional spectrum, with the
flux vs. impact azimuth, impact elevation, impact velocity, particle diameter, argument of true
latitude and particle material density. The parameters are specified as for the 2D spectra. The
additional parameter density is considered up to 5 g/cm3 without binning and the argument
of true latitude is adjusted according to the calculated orbital point as one bin also. In this
configuration a five-dimensional spectrum of flux vs. impact azimuth, impact elevation, impact
velocity and diameter for a defined orbital arc is provided. This multi-dimensional spectrum is
applied for the analysis purposes in ESABASE2/Debris.

Figure 2-21 to Figure 2-25 display the results (cross-sectional flux on a sphere) of the MASTER
model for an ISS-like orbit. All spectra are given for the complete size range of the MASTER
model.
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Figure 2-21 MASTER 2009 flux vs. object diameter, 400 km / 51.6° orbit /d > 1 pm
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Figure 2-22 MASTER 2009 flux vs. impact velocity, 400 km / 51.6° orbit /d > 1 pm
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Figure 2-24 MASTER 2009 flux vs. elevation, 400 km / 51.6° orbit /d > 1 pm
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Figure 2-25 MASTER 2009 flux vs. impact velocity and azimuth,
400 km / 51.6° orbit /d > 1 pm
Although the spectra are displayed as differential distributions (except the diameter spectrum,
which is cumulative) for comparability with the results of the other debris models (see section
2.1.2.1), the distributions are used in their cumulative form within the ESABASE2 analysis as
described in chapter 5.

In ESABASE2/Debris the MASTER 2009 flux analysis is performed for an orbital arc spanned
around the orbital point (centre of the time step) according to the time span between the
points. The analysis is performed for each orbital point and covers in this way the whole orbit.
Thus the flux analysis output is not limited as the output of MASTER 2005 and allows individual
results for each orbital point as for MASTER 2001 or ORDEM 2000.

2.1.7 ORDEM 3.0 Model

2.1.7.1 Overview

ORDEM 3.0 is foreseen to supersede the previous NASA Orbital Debris Program Office (ODPO)
model ORDEM2000. Due to the availability of new sensors, data and analytical techniques the
development of a more comprehensive and sophisticated model was possible. Especially the
following mandates were addressed during the development:

e extend the model to geosynchronous orbit (GEO) with the addition of Michigan Orbital
Debris Survey Telescope (MODEST) data and modelling techniques to include GEO
objects downto 10 cm,

¢ investigate and account for Molniya-type orbits with fixed arguments of perigee,

e continue to include radar detections of debris (SSN, Haystack AuXiliary radar [HAX],
Haystack, and Goldstone) in the model and make use of these larger data sets to
apply model fiducial points at half-decade sizes,
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e use the NASA Hypervelocty Impact Technology (HVIT) group’s Space Transportation
System (STS) micro-debris impact database (STS 71-135 listing over 600 impacts),
which includes crater dimension, chemical composition, and derived damage equa-
tions on STS aluminium radiator panels and windows,

¢ assign small fragment (<10 cm) material density based on the Satellite Orbital Debris
Characterization Impact Test (SOCIT) laboratory impact test results and on-orbit STS
returned surface impactor analysis,

e modelthe Radar Ocean Reconnaissance SATellite (RORSAT) sodium potassium (NaK)
coolant droplet population with radar measurements,

¢ include specific, major debris-producing events that have been thoroughly observed
(i.e., the remnants of the FY-1C on 11 January 2007, and the accidental collision of
Iridium 33 and Cosmos 2251 on 10 February 2009) and add to the general population,

¢ include long-term, debris-producing events that have been surmised from LEO high
altitude radar data (i.e., SNAPSHOT, Transit, and 56° inclination-debris shedding ac-
tivity) and add to the general population,

o fully develop the Bayesian statistical model for population derivation,

e include debris population uncertainties,

e provide “igloos” with equal-angle elements for full surrounding visualization of debris
flux on spacecraft, and

e build the ORDEM 3.0 GUI to accommodate the full-angle views (i.e. 4n steradian
views) of the large yearly input files.

Table 7 compares the ORDEM 3.0 features with the features of its predecessor ORDEM2000.

Parameter ORDEM2000 ORDEM 3.0
Spacecraft &
Telescope/Radar Yes Yes
analysis modes
Time range 1991 to 2030 2010 to 2035

Altitude range with
minimum debris size

200 to 2000 km (>10 pm)

(LEO)

100 to 40,000 km (>10 pm)*
(LEO to GTO)

34,000 to 40,000 km (>10 cm) (GEO)

Orbit types

Circular (radial velocity
ignored)

Circular to highly elliptical

Model population
breakdown by type
& material density

No

Intacts
Low-density (1.4 g/cc) fragments

Medium-density (2.8 g/cc) fragments &
microdebris

High-density (7.9 g/cc) fragments & mi-
crodebris
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Parameter ORDEM2000 ORDEM 3.0

RORSAT NaK coolant droplets (0.9 g/cc)

Model cumulative 10 pm, 31.6 ym, 100 ym, 316 um,

size thresholds 10 pm, 100 ym, 1 mm, 1 mm,3.16 mm,1cm,3.16 cm, 10 cm,
l1cm,10cm,1m

(fiducial points) 31.6cm, 1 m
Flux uncertainties No Yes
Totalinput file size | 13.5 MB 1.25GB
Table 7 Feature comparison of ORDEM2000 and ORDEM 3.0

* While the geosynchronous transfer orbit (GTO) is not as well observed as LEO, the orbital dynamic forces
and mechanisms for fragmentation are considered to be similar. The ODPO therefore allows for > 10 ym
fluxes through GTO. For GEO the dynamics (including perturbation forces and impact velocities) as well
as the size and structure of satellites are unique, though GTO and GEO physically overlap. The ODPO
provides GEO debris fluxes for 10 cm and larger only. This is based on the SSN (1 m and larger), the
MODEST uncorrelated targetdata (30 cm—1 m) and the MODEST uncorrelated targets extendedto 10 cm.
Any fluxes below that 10 cm threshold at altitudes above LEO altitudes are solely due to GTO objects.

Figure 2-26 visualise the ORDEM GUI options and coding structure flowchart. Red frame indi-
cates GUI user selections; gray background indicates the ORDEM processes and blue highlights
the ESABASE2 relevant path. For orbits whose parameters overlap into LEO and GEO igloo
bins, both LEO and GEO calculations are accessed. Due to the interaction between ESABASE2
and ORDEM 3.0 viacommand line, the user selections are written to the ORDEM 3.0 input file
by ESABASE?.

The igloo bin sizes of 10° in azimuth, 10° in elevation and 1 km/sec in velocity or 30° in
azimuth, 30° in elevation and 2 km/sec in velocity can be chosen. The first, higher resolution
is used in ESABASE?.
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Figure 2-26

2.1.7.2 Observation Data Sources and Modelling
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ORDEM GUI options and coding structure flowchart

The new model input populations are pre-derived directly from the data sources listed in Table
8. These consist of in-situ sources, for debris ranging from 10 pm to less than 1 mm, and
remote sensors, for debris ranging from 1 mm to over 1 m. These data are applied to ORDEM
3.0 in a maximum likelihood estimation and a Bayesian statistical process, respectively, in
which the NASA ODPO models listed in Table 9 form the a priori conditions. Those modelled
debris populations are reweighted in nhumber to be compatible with the data in orbital regions
where the data are collected. By extension, model debris populations are reweighted in regions
where no data are available (e.qg., all sizes in low latitudes and sub-millimeter sizes at altitudes

above the International Space Station [ISS]).
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Observational Data Role Region/Approximate Size
SSN catalogue (radars, tele- Intacts & large frag- LEO > 10cm, GEO > 1 m
scopes) ments
HAX (radar) Statistical populations LEO >3 cm
Haystack (radar) Statistical populations LEO > 5.5 mm

Goldstone (radar)

Statistical populations

2 mm< LEO < 8 mm

STS windows & radiators (re-

turned surfaces)

Statistical populations

10 um < LEO < 1 mm

MODEST (telescope) GEO data set GEO > 30 cm
Table 8 Contributing Data Sets
Model Usage Corroborative Data
LEO Fragments > 1 mm SSN, Haystack, HAX, MODEST,
LEGEND
GEO Fragments > 10 cm SSN
Degradation/Ejecta 10 yum < LEO < 1 mm STS windows & radiators
Table 9 Contributing Models (with Corroborative Data)

Table 10 for non-GEO objects and in Table 11 for GEO objects. Bin sizes are chosen to com-
plement actual population distributions. The final files are from the direct yearly input database

of ORDEM 3.0.

The binned input populations are accessed via the Spacecraft and Telescope/Radar modes;
where the former uses the encounterigloo method and the later uses a segmented bore-sight
vector for computation of flux.

Parameter Binning Intervals Total No. of Bins
100 < hp < 2000 km — 33.33 km bins
Perigee altitude, hp 2000 < hp, < 10,000 km — 100 km bins 287
10,000 < hp < 40,000 km — 200 km bins
» 0 < Ve < 0.02666 — 0.02666 bin
Eccentricity, e ) 74
0.02666 < Ve < 1 — 0.01333 bins
Inclination, i 0° <i < 180° — 0.75° bins 240
Table 10 Input File Population Bins for LEO to GTO
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Parameter Binning Intervals Total No. of Bins

0.5 <n <0.95 — 0.01 rev/day bins

Mean Motion, n 0.95< n < 1.05 — 0.001 rev/day bins 220
1.05< n < 1.80 — 0.01 rev/day bins

Eccentricity, e 0 < Ve < 0.5 — 0.02 bins 25
0° <i<0.2° — 0.2° bins

Inclination, i 0.2° <i < 1.0° — 0.8° bins 26
1° <i < 25° — 1°bins

Right ascension of )

) 0° < Q < 360° — 5° bins 72
ascending node, Q
Table 11 Input File Population Bins for GEO

2.1.7.3 Results

The ORDEM 3.0 output files are plain text and column-separated for easy transfer into spread-
sheets or other visualization programs.

ORDEM output files are generated for the two analysis modes: Spacecraft and Telescope/Ra-
dar. For the purpose of analyses with ESABASE2 the Spacecraft mode is used. Table 12 lists

the output files of this mode.

File Name

Description

SIZEFLUX_SC.OUT

Average impact flux vs. size on the spacecraft perorbit.
Graph input.

VELFLUX_SC.OUT

Impact velocity distribution on the spacecraft per orbit.
Graph input.

BFLY_SC.OUT

Fluxes vs. yaw (collapsed in pitch) in the spacecraft
frame. Graph input.

DIRFLUX_SC.OUT

Fluxes in 2-D map projection in the spacecraft frame.
Graph input.

IGLOOFLUX_SC.OUT

Igloo element fluxes and velocities. Intermediate file.

IGLOO_FLUX_SIGMAPOP_SC.OUT

Correlated population uncertainty estimates.

IGLOOFLUX_SIGMARAN_SC.OUT

Random uncertainty estimates.

Table 12 Files output of ORDEM 3.0 Spacecraft mode
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Especially the SIZEFLUX _SC.OUTand the IGLOOFLUX SC.OUTfiles provide the basis for the
analyses with ESABASE2.

SIZEFLUX_SC.OUTprovides the average cumulative flux by particle size. It contains addition-
ally the lower and upper one-sigma uncertainties.

IGLOOFLUX SC.OUTprovides a multi-dimensional spectrum, with the flux vs. impact azimuth,
impact elevation, impact velocity, and particle size and particle kind/density in the resolution
10° in azimuth, 10° in elevationand 1 km /s in velocity. The file is structured in the following
way:

The first column lists the encounter igloo element number. The second through seventh col-
umns list the lower and upper azimuth bin bounds, lower and upper elevation bin bounds, and
lower and upper relative impact velocity bin bounds, respectively. Subsequent columns list the
individual sub-population fluxes for the defined igloo element. The sub-population names are
abbreviated using two letters for the population type and two numbers for the size (in powers
of 10 pm).

Debris type codes:
NK - sodium-potassium (NaK) reactor coolant
LD - general low-density debris ( <2 g/cc)
MD - general medium-density debris (2-6 g/cc)
HD - general high-density debris ( >6 g/cc)
IN - intact/launched objects
Debris size bin codes, in powers of 10 pm:
*10” = 10 um = 1.00e® m = 10 pm
“15” = 10> uym = 3.16e® m = 31.6 ym
“20” = 10> um = 1.00e* m = 100 pm
“25” = 10%° um = 3.16e* m = 316 ym
“30” = 10*°um = 1.00e®*m = 1 mm
“35” = 10*° um = 3.16e3*m = 3.16 mm
“40” = 10*°um = 1.00e*m =1 cm
“45” = 10*° um = 3.16e2m = 3.16 cm
“50” = 10> um = 1.00e* m = 10 cm
“55” = 10°° um = 3.16e’ m = 31.6 cm
“60” = 10 um = 1.00e*°m = 1 m
This multi-dimensional spectrum is applied for the analysis purposes in ESABASE2/Debris.

Figure 2-27 to Figure 2-31 display the results (cross-sectional flux on a sphere) of the
ORDEM 3.0 modelforan LEO.
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2-D Directional Flux
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Figure 2-31 Spacecraft Assessment 2-D Directional Flux projection (src. /47/)
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Examples of the two Direction Butterfly graphs are presented in Figure 2-28 and Figure 2-29.
These figures represent average directional fluxes on the spacecraft from all directions, in
three dimensions. These fluxes are summed and then collapsed to the 2-D spacecraft plane
defined by the velocity and angular momentum vectors. The assessment velodity flux distribu-
tion on the spacecraftis displayedin Figure 2-30. The three-dimensional average flux on the
spacecraftis fully realized in the mapped 2-D directional flux projectionin Figure 2-31. In the
letter the direction relative to the spacecraft is noted in coordinates (local azimuth and local
elevation): where azimuth runs along the horizontal from left to right and ranges from -1800°
to 180° and elevation runs vertically from bottom to top and ranges from -90° to 90°.

The distributions are used in their cumulative form within the ESABASE2 analysis as described
in chapter 5.

In ESABASE2/Debris the ORDEM 3.0 flux analysis is performed for the whole orbit, due to the
missing possibility in ORDEM 3.0 to define orbital arcs. According to this fact, the debris dis-
tributions which are provided by ORDEM 3.0 and used as basis for the analysis are equal for
all orbital points.

2.1.8 MASTER 8 Model

2.1.8.1 Overview
Upgrade of the Source Models
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- Uncertainty indicators in altitude and diameter spectra have been implemented.

The following features have been upgraded in MASTER 8:

- Target orbit propagation.
- The NASA break-up model implementation has got a major upgrade.

- A majorrevision of the multi-layer insulation (MLI) population was performed, which lead
to a validated reference population and a provided future projection.

- The sodium-potassium (NaK) droplet model is extended by a new NaK leakage sub-source.
- The SRM firing list was completely revised.

- Grln meteoroid modelis now included.

- Meteoroid flux evaluations in Lagrange points is now possible.

- A new condensed population is introduced, which includes the space debris distribution of
all man-made objects combined.

Update of the Reference Population

During the processing of the historical population generation non-simulated and simulated
objects are combined. ‘Non-simulated objects’ are objects, which are published (e.g. in
USSTRATCOM's Space Catalogue) and propagated until the reference date. ‘Simulated objects’
are objects, which are simulated based on (known) events, e.g. explosions, collisions, SRM
firings and NaK droplets releases, or on a theory, e.g. surface degradation (for paint flakes or
for deterioration based MLI). The ejecta population is also simulated. Objects largerthan 1 pm
are considered. According to the process, the population is generated and propagated up to
the reference epoch of November 1, 2016, providing quarterly population snapshots. The up-
dated list of events now comprises 258 fragmentations, 2442 SRM firings, 16 NaK droplets
releases, and 2 NaK leakage events. The definition of the reference epochis now flexible and
is based on the available reference population data files, thus it can be updated in the future
without updating the complete tool.

STENVI (Standard Environment Interface) Output Files

The MASTER 8 application continue to provide a possibility to activate the output of STENVI
files. These files contain the flux results as a multi-dimensional distribution, with the available
dimensions: impact azimuth, impact elevation, impact velocity, argument of true latitude, par-
ticle diameter and material density. One file is created for each considered debris source, or
one forall sources if condensed population is used. The STENVI files provide a better descrip-
tion of the cross-dependencies of the parameters, compared to the 2D- or 3D-distributions,
for the post processing of the data in the ESABASE2 analyses.

Flux and Spatial Density Analysis for Historic and Future Epochs

The population snapshots start with the begin of the space age 1957 and range to the future
year 2036 (according to /49/ 100 years were simulated, thus up to 2116 is expected to be
available). The population snapshots for past and future can, and in ESABASE2 need, to be
included separately. They can be achieved from ESA’s portal: https://sdup.esoc.esa.int/. The
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three different population evolution scenarios were dropped and the population evolution sce-
nario is generated based on Monte-Carlo method. Additionally uncertainty indicators in altitude
and diameter spectra are introduced.

Note: The performance of MASTER 8 is comparable (slightly better than) with
MASTER 2009.

2.1.8.2 Observation Data Sources

MASTER 8 is a model of the debris environment of the Earth considering different sources and
a particle diameter down to 1 um. Figure 2-32 shows the considered debris sources and the
corresponding size ranges.

1gm 10 pm 100 ym 1mm 1cm 10 Cm 1m 1om

I
LMRO/TLE

Meteoroid Background + Streams

Explosion/Collision Fragments
| I

NaK Droplets
I I
SRM Slag
SRM Dust
Multi Layered Insulation
Paint Flakes
I I
Ejecta
I I I
-TLE data - list based debris model - continuous debris model

Figure 2-32: Debris and meteoroid sources considered in MASTER 8 model (/49/)

The MASTER 8 model provides realistic historic (quarterly) population snapshots from the be-
ginning of spaceflight in 1957 until the reference epoch November 1%, 2016, which could
change later on due to the new flexible reference date feature. Additionally, annual population
snapshots for a future scenario, based on Monte-Carlo approach, for the years from 2017 until
currently 2036 are provided, according to /49/ 100 years were simulated, thus results up to
2116 are expected to exist and probably made available later. More information and the de-
scriptions can be found in /49/.

Within the ESABASE2/Debris implementation of MASTER 8, the following sub-sets of these
population snapshots are available:
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Historic populations data for the reference date 2016, one snapshot (November 1%) as
individual populations and as condensed population.

Future populations currently no future populations are included. Since there still not all data
are finalised (ejecta and paint flakes future populations are missing at the moment of docu-
ment generation), please visit ESA’s portal: https://sdup.esoc.esa.int/ to download the most
up-to-date available population data to be used with ESABASE2. For the integration see the
following note.

Note: Additional  population  snapshots  can be  included n the
"~|Solver| DEBRIS|Master8|data” folder in the ESABASEZ installation from the MASTER 8 DVD
or from ESA’s portal: https://sdup.esoc.esa.int/.

In contrary to the previous MASTER model implementation for MASTER 8 the debris analyser
makes use of all population snapshot available for the mission duration and requires them to
be available. This leads to an average results over the analysed time duration.

2.1.8.3 Results

This section provides a brief description of the MASTER 8 model results, which are used for
flux calculation and damage assessment within ESABASE2/Debris.

The MASTER 8 model can still provide the four two-dimensional spectra, and the three-dimen-
sional spectrum, as MASTER 2005 does. This spectra are also reflected in the 2D results of
ESABASE2. The spectra definitions are given in Table 13:

. number of
Spectra min. value max. value
steps
Flux vs. diameter as specified for the analysis =32
20 km/s
Flux vs. impact velocity 0 km/s (60 km/s for 20 (60 for
: meteoroids)
meteoroids)
Flux vs. impact azimuth angle -180° 180° 90
Flux vs. impact elevation angle -90° 90° 45
Flux vs. impact velocity and im- as specified for the corresponding 2D spectra
pact azimuth angle

Table 13 MASTER 8 flux spectra

Furthermore the MASTER 8, as MASER 2009, model can provide a seven-dimensional spec-
trum, with the flux vs. impact azimuth, impact elevation, impact velocity, particle diameter,
argument of true latitude and particle material density. The parameters are specified as for
the 2D spectra presented. The additional parameter density is considered up to 9 g/cm3 with-
out binning and the argument of true latitude is adjusted to 360 bins each 1° and the according
results to the calculated orbital point is extracted in 1°-resolution. In this configurationa five-
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dimensional spectrum of flux vs. impact azimuth, impact elevation, impact velocity and diam-
eter for the orbitis provided, where the orbital points arcs can be extracted. This multi-dimen-
sional spectrum is applied for the analysis purposesin ESABASE2/Debris.

Figure 2-33 to Figure 2-37 display the results (cross-sectional flux on a sphere) of the MASTER
model for an ISS-like orbit. All spectra are given for the complete size range of the MASTER
model. The cumulative population was used to generate the results.

10000 T T T T T

100

0.01

0.0001

Object Flux [1/m? fyr]

1e-006

1e-008

1e-010 . i i I i ; i
1e-006 1e-005 0.0001 0001  0.07 0.1 1 10 100

Object Diameter [m]

Figure 2-33 MASTER 8 flux vs. object diameter, 400 km / 51.6° orbit /d > 1 pm
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Figure 2-34 MASTER 8 flux vs. impact velocity, 400 km / 51.6°orbit /d > 1 pm
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Figure 2-35 MASTER 8 flux vs. azimuth, 400 km / 51.6°orbit /d > 1 pm
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Figure 2-37 MASTER 8 flux vs. impact velocity and azimuth,
400 km / 51.6°orbit/d > 1 pm
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Although the spectra are displayed as differential distributions (except the diameter spectrum,
which is cumulative) for comparability with the results of the other debris models (see section
2.1.2.1), the distributions are used in their cumulative form within the ESABASE2 analysis as
described in chapter 5.

In ESABASE2/Debris the MASTER 8 flux analysis is performed for an orbital arc spanned
around the orbital point (centre of the time step) according to the time span between the
points. The analysis is performed for the whole orbit considering the argument of true latitude
in the results in 1° step wide. With this 1°-resolution the results for the arc for each orbital
point is extracted and the arcs of all orbital points together cover the whole orbit. Thus the
flux analysis outputis not limited as the output of MASTER 2005 and allows individual results
for each orbital point as for MASTER 2001, MASTER 2009 or ORDEM 2000.

2.2 The Meteoroid Environment Models

2.2.1 Introduction

To describe the sporadic part of the meteoroid flux the Griin model remains the base. It is
briefly recapitulated in section 2.2.2.

Additionally, the Divine-Staubach meteoroid model /21/, /22/ as provided in the current
MASTER application /49/ (no changes were performed compared to the previous MASTER
implementation /34/, /39/), has been implemented into ESABASE2/Debris. A description of the
main model theory is given in section 2.2.3.

Furthermore, the Meteoroid Engineering Model (MEM) /36/, /37/, the to the Moon orbits
tailored version of it (LunarMEM), the Release 2.0 of it (MEMr2) /48/ and MEM 3 /60/ have
been implemented into ESABASE2/Debris. A brief description is given in section 2.2.4, 2.2.5,
2.2.6and 2.2.7.

Moreover, the Interplanetary Meteroid Environment Model (IMEM) /51/ and its follow-
up IMEM2 /53/ have been implemented into ESABASE2/Debris for interplanetary analyses. A
brief description of the models is given in section 2.2.8 and 2.2.9.

For the meteoroid streams, which so far have been included in ESABASE by the Cour-Palais
method (Ref. /11/) and which did not include directional information, a new approach which
is based on more comprehensive and more recent observations evaluated by P. Jenniskens,
(Ref. /5/) has been worked out by N. McBride (Ref. /6/). The first version of his contribution
is dated December 1995. This version has been updated in January 1996 by including some
non-symmetrical activity profiles. The latest developments are contained in (Ref. /13/). The
description of the streams presented in this document is based on these latter references. For
more details, please refer to the original papers or (Ref. /15/).

Some enhancements of the sporadic contribution with suggestions on how one might include
the expected anisotropy in the Earth gpex direction, the g meteoroids that are, because of
their small size, driven away from the sun by radiation pressure, and of /interstellar dust are
discussed in a paper by N. McBride and J.A.M. McDonnell (Ref. /9/). The results for these
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additional directional effects which have been implemented in the software are collected in
section2.2.11.

Also in Ref. /9/ an enhanced velocity distributionis given which was derived from HRMP ob-
servation data and was proposed by Taylor in 1995 (Ref. /10/). This distribution is given at
1 AU as seen from a massless Earth. This distribution is added as a new option in the enhanced
tool. Itis described in section 2.2.12 .

2.2.2 The Griin Model

In 1985 E. Griin et al (Ref. /4/) established an interplanetary flux model which can be consid-
ered as today’s de facto standard for the modelling of the sporadic meteoroid environment.
The model does not give any directional information, it assumes an isotro pic environment.
However, the annual streams contributions and other directional effects are implicitly con-
tained in the Griin model.

The flux - mass distribution is defined as

F(m) = co{ (c1m306+¢p)438 + c3(m+cam?+cs m*) 036 + cg (m+c7 m2) 085} |
m>10°¢g —| m>101g —[1018g<m<10tg —|

where F(m) is the cumulative flux of particles with mass m or larger in particles/m?/yearto
one side of a randomly tumbling plate which is assumed as stationary with respect to the Earth
surface, mis the massin g and the constants & to ¢ are defined as follows:

Co = 3.156-10"  (from conversion of the units from m? s* to m? year?)
C1 = 2.2-10°8

C, = 15

Cs = 1.3-10°

(o = 10

Cs = 1077

Cs = 1.31016

C; = 106

Inthe line below the equation for A'/m) the mass contributions of the three terms are indicated.
It is seen that the model covers a large mass interval from 108 to 1 g.

The Griin model represents the total meteoroid influx at the Earth’s positioni.e. at 1 AU dis-
tance from the sun in the ecliptic plane, but in the absence of the Earth. This requires that the
flux must be corrected by the focusing effect of the gravitational field of the Earth as well as
by the shielding effect of the Earth and its atmosphere. The corresponding equations are given
in section 2.2.14. Due to the model independence from the Earth, it is also applicable to the
Moon with modified corrections of the effects.
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Figure 2-38 Griin flux vs. particle mass, 400 km / 51.6° orbit

2.2.3 The Divine-Staubach Model

2.2.3.1 Implementation

As mentioned above (section 2.1.3.1), the mathematical approach developed by N. Divine
originally has been applied to the interplanetary meteoroid environment. For debris flux calcu-
lation with the MASTER application the approach had to be adapted as described in section
2.1.3.2. The model is now implemented within the MASTER 8 model (no changes of Divine-
Staubach model throughout the upgrade from MASTER 2009) and used through the standard
environment interface (STENVI) according to the MASTER 8 debris model. The population as
well as the target orbit is described in a geo-centric equatorial co-ordinate system. However,
the meteoroid populationis given in the helio-centric ecliptical co-ordinate system. Thus, the
transformation of the target orbit from the geo-centric to the helio-centric system has been
implemented for the evaluation of meteoroid flux. (This change, however, is not visible in the
above given equations.)

The meteoroid population used by Divine-Staubach is divided into five sub-populations:
- asteroidal population,

- core population,

- A, B, and C population.
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The population data is read from an input file as given in /22/. Figure 2-39 gives the mass
distribution and the orbital element distributions of the five meteoroid populations of the Di-
vine-Staubach model.
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Figure 2-39 The mass and orbital element distributions of the Divine-Staubach model

The extensions of the theory concerning Earth focussing and shielding as described in /22/ is
implemented in the meteoroid branch of the Standard application. The flux equation (1) then
becomesfor meteoroids

=%i[ (|mp)dir'77F775] (5)

where 7+ is the focussing factor

2ug 1
F= 015_[VFhE “Vepe t———— 1B (6)
Tone Vene
where
Vene — Veene Aue
B=+ | —— | Vene ~Vepre +——— (7)
4 Tone Vrne
with
L gravitational parameter of the Earth ( 3,986+10° km?3/s?)
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vene  heliocentric meteoroid velocity with respect to the Earth
Viene  radial component of vene

rone  heliocentric object distance with respect to the Earth

The shielding factor 7s is given by

0 if fr>0and r, <(R- +H
775_{ F pF (E A) (8)

1 in all other cases

with
fe meteoroid true anomaly
FoF meteoroid orbit perigee radius
Re mean Earth radius ( 6378,144 km )
Ha height of the dense Earth atmosphere (~ 120 km)

With these steps, the complete Divine-Staubach model is made available in the MASTER ap-
plication.

2.2.3.2 Results

As for the debris population, the MASTER model provides flux results including the directional
information by means of the Divine-Staubach model. Figure 2-40 to Figure 2-44 provide the
resulting spectra (cross-sectional flux on a sphere) for an ISS-like orbit and a lower particle
size threshold of 1um. Please note that the meteoroid flux results are depending on the anal-
ysis epoch and the orientation of the target orbit with respect to the ecliptic plane.
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Figure 2-41 Divine-Staubach flux vs. impact velocity, 400 km / 51.6° orbit /d > 1 pm
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Figure 2-42 Divine-Staubach flux vs. azimuth, 400 km / 51.6° orbit / d > 1 pm
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Figure 2-43 Divine-Staubach flux vs. elevation, 400 km / 51.6° orbit /d > 1 pm
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Figure 2-44 Divine-Staubach flux vs. impact velocity and azimuth, ISS orbit / d > 1 pm

Although the spectra are displayed as differential distributions —except the diameter spectrum,
which is cumulative — the distributions are provided and used in their cumulative form within
the ESABASE2/Debris analysis as described in chapter 5.

2.2.4 The Meteoroid Model MEM

2.2.4.1 Implementation

MEM incorporates a physics-based approach to modelling the sporadic environment, with val-
idation against radar observations. It predicts the concentration and velocity distribution of
meteoroids within the inner solar system from 0.2 to 2.0 AU, using observational measure-
ments to constrain the physical model.

The fundamental core of the program calculates integral meteoroid fluxes and impacting
speeds relative to the spacecraft. In this core, meteoroid velocities and spatial densities are
derived from distributions of cometary and asteroidal meteoroid orbits. From these relative
velocities and spatial densities, a meteoroid flux is calculated at the spacecraft location. This
calculated meteoroid flux (including the directional information) is used as input for
ESABASE2/Debris analyses. The modelis capable of computing the flux of mass ranges dam-
aging to spacecraft, 10° g to 10 g. Further details can be found in /36/ and/37/.

MEM is available as executable and the data transfer (input / output) is managed via files. This
approach is similar to the one used for ORDEM 2000 or MASTER models except MASTER 2001.

2.2.4.2 Results

MEM provides flux results as multidimensional output. For each elevation/azimuth grid pointa
complete velodity distribution (flux vs. velocity) is provided. With this input all dependencies
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between elevation, azimuth and velocity can be considered. The used raytracing procedure is
described in chapter 5. The following figures are based on an ISS like orbit.

MEM uses the same normalized flux vs. mass distribution for every orbital point. Figure 2-45
shows the normalized flux vs. mass distribution. Figure 2-46 shows the 2D flux vs. elevation
spectrum generated from the multidimensional spectrum. Figure 2-47 shows the cumulated
3D flux vs. elevation/azimuth spectrum as well generated from the multidimensional spectrum.
Figure 2-48 shows the flux vs. velocity as well extracted from the multidimensional spectrum.
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Figure 2-45: MEM normalized flux vs. mass, ISS orbit / mass > 1*¥10°6g
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Figure 2-48: MEM flux vs. impact velocity, ISS orbit / mass > 1*10%g
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Figure 2-49: MEM flux vs. impact azimuth and velocity, ISS orbit / mass > 1*10°%g

Although the spectra are displayed as differential distributions — except the diameter spectrum,
which is cumulative — the distributions are provided and used in their cumulative form within
the ESABASE2/Debris analysis as described in chapter 5.
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2.2.5 The Meteoroid Model LunarMEM

2.2.5.1 Implementation

The LunarMEM is a version of the MEM model, which is described in 2.2.4, with consistent
structure and functionality. The difference of the LunarMEM is the optimisation and tailoring
of the model to the lunar orbits. This tailoring leads also to the limits of applicability of up to
66000 km radius around Moon.

LunarMEM is, according to MEM, available as executable and the data transfer (input/ output)
is managed via files.

2.2.5.2 Results

LunarMEM provides flux results as multidimensional output. For each elevation/azimuth grid
pointa complete velocity distribution (flux vs. velocity) is provided. With this input all depend-
encies between elevation, azimuth and velocity can be considered. The used raytracing pro-
cedure is described in chapter 5. The following figures are based on a polar circular lunar orbit
with a altitude of 100 km.

LunarMEM uses the same normalized flux vs. mass distribution for every orbital point, which
is shown in Figure 2-50. Figure 2-51, Figure 2-52 and Figure 2-53 show the 2D flux vs. eleva-
tion respective azimuth or velocity spectrum generated from the multidimensional spectrum.
Figure 2-54 shows the cumulated 3D flux vs. azimuth vs. elevation spectrum also generated
from the multidimensional spectrum.
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Figure 2-50: LunarMEM normalized flux vs. mass, polar lunar orbit / mass > 1¥10%g
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Figure 2-52: LunarMEM flux vs. impact azimuth, polar lunar orbit / mass > 1*10%g
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Figure 2-53: LunarMEM flux vs. impact velocity, polar lunar orbit / mass > 1¥10¢g
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Figure 2-54: LunarMEM flux vs. impact azimuth and elevation, polar lunar orbit / mass > 1*10°g

Although the spectra are displayed as differential distributions — except the diameter spectrum,
which is cumulative — the distributions are provided and used in their cumulative form within
the ESABASE2/Debris analysis as described in chapter 5.
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2.2.6 The Meteoroid Model MEM Release 2.0 (MEMr2)

2.2.6.1 Overview

MEM incorporates a physics-based approach to modelling the sporadic environment, with val-
idation against radar observations. It predicts the concentration and velocity distribution of
meteoroids within the inner solar system from 0.2 to 2.0 AU, using observational measure-
ments to constrain the physical model.

MEM describes the sporadic complex only. The sporadic complex is the background meteoroid
environment, which is constant from year to year. The background environment described by
MEM does have some average annual meteor shower statistics embedded in the overall fluxes
due to MEM’s reliance on the flux/mass function described in the Griin et. al (1985) paper,
“Collisional Balance of the Meteoric Complex.”

The MEM lower limiting mass is 10° grams (or 124 microns in diameter for a density of
1 g/cm3). In this case, the dust population is defined as anything smaller than 10 grams;
MEM does not model this dust population and would not be an appropriate model choice for
the development of a dust detector experiment. Similarly, predicting the degradation of sen-
sitive external surfaces like optics or solar arrays is not possible with this model since that
threat regime is below MEM’s mass threshold.

MEM Release 2.0 (MEMr2) is the successor of MEM and LunarMEM. Unlike prior releases,
MEMr2 is a single product containing three individual environment sub-models

e ForEarth Orbiting S/C - up to approximately 925000 km from the Earth’s centre

e ForMoon Orbiting S/C - up to approximately 66000 km from the Moon'’s centre

e ForInterplanetary S/C - approximately more than 925000 km from the Earth’s centre
that describe the background meteoroid environment for spacecraft in orbit around the Earth,
Moon, and in interplanetary space.

2.2.6.2 Implementation

MEMr2 is successor of the MEM model, which is described in 2.2.4, with consistent structure
and functionality. One of the changes with MEMr2 is the comprising of EarthMEM and
LunarMEM. Due to this fact MEMr2 can be used as alternative to both, the differentiation of
the sub-model to be used is made internally, based on the central body applied for the analysis.

MEMr2is available as command-line executable and the data transfer (input / output) is man-
aged via ASCII-files. This approach is similar to the one used for previous releases MEM and
LunarMEM.

2.2.6.3 Results

MEMr2 provides the multidimensional flux as output. For each elevation/azimuth grid pointa
complete velodity distribution (flux vs. velocity) is provided. With this input all dependencies
between elevation, azimuth and velocity can be considered. The used raytracing procedure is
described in chapter 5. The following figures are based on an ISS like orbit.

MEMr2 uses the same normalized flux vs. mass distribution for every orbital point, which is
shownin Figure 2-55. Figure 2-56, Figure 2-57 and Figure 2-58 show the 2D flux vs. elevation
respective azimuth or velocity spectrum generated from the multidimensional spectrum. Figure
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2-59 shows the cumulated (over velocity) 3D flux vs. azimuth vs. elevation spectrum also
generated from the multidimensional spectrum.
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Figure 2-55: MEMr2 normalized flux vs. mass, LEO orbit / mass > 1*¥10¢g
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Figure 2-57: MEMr2 flux vs. impact azimuth, orbital point in LEO / mass > 1*10°%g
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Figure 2-58: MEMr2 flux vs. impact velocity, orbital pointin LEO / mass > 1*¥10°g
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Figure 2-59: MEMTr2 flux vs. impact azimuth and velocity, orbital pointin LEO / mass > 1*¥10¢g

In the case of MEMr2 Interplanetary usage the azimuth is defined in the orbital plane wrt.
velocity direction (azimuth = 0 deg) and elevation positive to orbit impulse direction, whereas
in other cases azimuth is defined in velocity-orbit impulse plane and elevation is positive away
from central body, also both wrt. velocity direction (= 0 deg).

Although the spectra are displayed as differential distributions —except the diameter spectrum,
which is cumulative — the distributions are provided and used in their cumulative form within
the ESABASE2/Debris analysis as described in chapter 5.

2.2.7 The Meteoroid Model MEM 3

2.2.7.1 Overview

MEM incorporates a physics-based approach to modelling the sporadic environment, with val-
idation against radar observations. It predicts the concentration and velocity distribution of
meteoroids within the inner solar system from 0.2 to 2.0 AU, using observational measure-
ments to constrain the physical model.

MEM describes the sporadic complex only. The sporadic complex is the background meteoroid
environment, which is constant from yearto year.

The MEM lower limiting mass is 10® grams (or 124 microns in diameter for a density of
1 g/cm?). In this case, the dust population is defined as anything smaller than 10 grams;
MEM does not model this dust population and would not be an appropriate model choice for
the development of a dust detector experiment. Similarly, predicting the degradation of sen-
sitive external surfaces like optics or solar arrays is not possible with this model since that
threat regime is below MEM’s mass threshold.
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MEM 3 is the successor of MEM Release 2.0 (MEMr2). However, it was substantially reworked.
The code base was completely refactored and simplified. The approach was streamlined,
avoiding sub-models, and the modelling algorithms were corrected. Also new density distribu-
tions were added. In the following some key upgrade/changes of MEM 3 are presented:

e More accurate environment modellingin MEM 3
o More accurate planetary ephemerides
o Corrected gravitational focusing model
o Better preservation of correlations between speed and directionality
e Smootherangular distribution in MEM 3
o Anomalous “hot pixels” sometimes produced in previous versions were traced
back to a singularity in the meteoroid spatial density calculation
o InMEM 3 it has been repaired using a small smoothing factor
e Meteoroid bulk densities considered in MEM 3
o MEM 3 divides the meteoroid environment into low-density and high-density
populations
o MEM 3 generates two corresponding sets of environment files (output) includ-
ing two density distribution files
o Within a population, the density is independent of speed, directionality, and
mass
e Independentand different velocity resolution options in MEM 3
o MEM 3 offers 1 km/s and 2 km/s velocity resolutions
o Velocity resolution selection is independent from the angular resolution
e Streamlined execution of MEM 3
o MEM 3: origin and axis alignment of trajectory file only, MEM is checking fora
planet (moon) vicinity and consider relevant parameters (no sub-models)
e MEM 3 includes Mercury, Venus and Mars additional to Sun, Earth and Moon
e Reduced runtime and optional high fidelity mode in MEM 3
o Considerably run time reduction compared to MEMR2 at the same fidelity level
o Optionally higher fidelity at similar ran times as MEMR2
e MEM 3 changes the naming scheme, content structure and file organisation
o “Cleans up” the output files and
o Places them in a single, user-named output directory
e MEM 3 run configuration via input file instead of interactive console
¢ Two-line elements are not supported in MEM 3
e Lunar coordinate system is removed in MEM 3

2.2.7.2 Implementation

MEM 3 is successor of MEMr2, which is described in 2.2.6, with similar but extended structure
and functionality. Consequently the general implementation design approach in E2/D is also
very similar. However, the individual components experienced significant adaptions due to the
considerable changes of the MEM model and with interplanetary mode in mind. The main
changes for the interfaces are:

Input for MEM 3:
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e No sub-model needs to be defined any more, however, based on the central body and
the run mode or better mission definition type (e.g., trajectory, spice kernel), input
origin and axes are defined. (user inputs): body fixed for Earth and inertial ecliptic for
other celestial bodies

e ON/OFF trigger for the usage of the high-fidelity mode has to be defined. (user input)

e Definition of place and name of the output directory, instead of output file name. (fix)

e The output reference system is now switched to inertial ecliptic system, the velocities
are always given relative to the S/C

e The angular and velocity resolution definitions are independent now and set by two
parameters. (fix)

e Three triggers for desired additional output need to be defined. (fix, no special version
required to achieve the intermediate files used by E2/D)

Output of MEM 3:

e Outputfile location: a model output folder is defined via the run name of MEM 3, which
includes all output of the run, E2/D uses “eb2"” run hame/folder

e The intermediate files use the same structure but are re-named

e The results are provided for each source (low- and high-density) individually in sepa-
rate folders

e Density shares distribution files are provided for each source

MEM 3 is available as command-line executable and the data transfer (input / output) is man-
aged via ASCII-files. This approach is extended according to the listed changes.

2.2.7.3 Results

MEM 3 provides the multidimensional flux as output. For each elevation/azimuth grid point a
complete velodity distribution (flux vs. velocity) is provided. With this input all dependencies
between elevation, azimuth and velocity can be considered. This is done for both sources with
additional output file comprising the distribution of the density shares of the according source.
Within a source, the density is independent of speed, directionality, and mass. The used ray-
tracing procedure is described in chapter 5. The following figures are based on an ISS like
orbit.

E2/D relies on a scaling method for the flux vs. mass distribution definition for MEM 3 as
described in /60/. Figure 2-60 and Figure 2-61 show the flux vs. mass distributions for low-
and high-density, respective for an orbital point of a LEO. Figure 2-62 to Figure 2-67 show the
2D flux vs. elevation, azimuth and velocity spectra, respective, each for low- and high-density
sources. The spectra are generated from the multidimensional spectrum. Figure 2-68 and Fig-
ure 2-69 show the cumulated (over velocity) 3D flux vs. azimuth vs. elevation spectrum also
generated from the multidimensional spectrum.
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Figure 2-60:

MEM 3 low-density flux vs. mass, orbital pointin LEO orbit / mass > 1¥10¢g
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Figure 2-61:

MEM 3 high-density flux vs. mass, orbital point in LEO orbit / mass > 1*10°6g
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Figure 2-62: MEM 3 low-density flux vs. impact elevation, orbital pointin LEO / mass > 1*10°g
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Figure 2-63: MEM 3 high-density flux vs. impact elevation, orbital pointin LEO / mass > 1*¥10%g

Project: ESABASE2/Debris Release 12.0 Date: 2021-07-07
Technical Description Revision: 1.10
Reference: R077-231rep_01_10_Debris_Technical Desaiption.docx Status: Final

etamaxspace GmbH Page90/ 172



object flux [1/w"2/yrl

=158 =188

=58 a 58
inpact azinuth [degl

188

158

Figure 2-64: MEM 3 low-density flux vs. impact azimuth, orbital pointin LEO / mass > 1*¥10°%g
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Figure 2-65: MEM 3 high-density flux vs. impact azimuth, orbital pointin LEO / mass > 1*10°6g
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Figure 2-66:

MEM 3 low-density flux vs. impact velocity, orbital pointin LEO / mass > 1*¥10%g
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Figure 2-67:

MEM 3 high-density flux vs. impact velocity, orbital pointin LEO / mass > 1*106g
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Figure 2-68: MEM 3 LoDensity flux vs. impact azi. and ele., orbital pointin LEO / mass > 1*¥10%g
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Figure 2-69: MEM 3 HiDensity flux vs. impact azi. and ele., orbital pointin LEO / mass > 1*10¢g

Although the spectra are displayed as differential distributions — except the mass spectrum,
which is cumulative — the distributions are provided and used in their cumulative form within
the ESABASE2/Debris analysis as described in chapter 5.
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2.2.8 The Meteroid Model IMEM

2.2.8.1 Overview

ESA developed the Interplanetary Meteoroid Environment Model (IMEM), which models the
orbits of particles from Jupiter-family comets and asteroids and was fitted largely to in situ
data and infrared brightness measurements /51/, /52//51/. An interstellar population is para-
metrized as mono-directional stream. Cometary and asteroidal populations are split into heav-
ier ("collision dominated”) and lighter (“Poynting-Robertson dominated”) groups. This results
in a discontinuity in the mass flux at around 10~ g. Modelled meteor observations were not
used because they were found to be inconsistent with modelled infrared data.

The modelfile provided with IMEM contains data on meteoroids of mass between 10”~-18 and
1072 grams on the orbits with pericentric distances between 0.05 and 6 AU, eccentricities
between 0 and 1 and inclinations between 0 and 180 degrees /52/.

With the minimum particle mass handled by the model being 10E-18 grams and the maximum
being 100 grams and considering user defined density the user defined particle size/mass
thresholds probably need to be adjusted. The thresholds are converted, if required, to mass
and increased/decreased for scenarios where the user defines a smaller minimum particle size
or larger maximum particle size, respective. The values will be adapted to the corresponding
values that can be applied by the model and the user will be informed. By this, E2/Di only
provides results for the mass/diameter range covered by the model itself without interpreting
particles outside this range.

2.2.8.2 Implementation

The processing of the IMEM population within ESABASE? is performed based on three individ-
ual scan options which are:

e Sky map (to obtain azimuth and declination; azimuth: split into 60 bins, 6° resolution;
declination 60 bins, 3° resolution)

e Size (20 bins)

e Velocity (50 bins, 0 — 100 km/s, 2 km/s resolution)

After performing these runs separately, the resulting information will be combined to obtain
an in-depth knowledge of the flux.

2.2.8.3 Results

Figure 2-70 shows an exemplary plot of the distribution from /52/. It shows the average impact
velocity on a colour scale over the azimuth and declination. For the creation of such a plot
combination of the sky map and velocity information is required.
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Figure 2-70: IMEM 2-D plot example /52/.
2.2.9 The Meteoroid Model IMEM2

2.2.9.1 Overview

Interplanetary Meteoroid Environment Model 2 (IMEM?2) is the follow-up approach of ESA’s
IMEM to model meteoroids in the Solar system.

IMEM2 contains a dynamical engineering model of the dust component of the space environ-
ment using state-of-the-art knowledge of dust cloud constituents and their development under
dynamical and physical effects /53/. The aim was to improve on the IMEM model and to re-
move its step-wise mass flux by fully integrating the dynamics of particles of radii from 1 pm
to 1 cm. The model is built based on knowledge of the orbital distributions of the dust parent
bodies (cometary and asteroidal populations). The modelis designed to match dust observa-
tions as closely as possible, including infrared data from the Cosmic Background Explorer
(COBE), lunar microcrater counts, meteor orbit radar velocity, and orbital element distribu-
tions, as well as the flux of dust particles at the Earth.

It gives density and velocity information of asteroid and comet originated dust particles. For
achieving these results, numerical integration has been applied to a period of one million years
using test particles for the simulation. The particle density is divided in three different densities
for the different dust populations /55/:

e HTC Halley type particles (1000 kg/m~3)
e JFC Jupiter family particles (2000 kg/m~3)
e AST asteroid particles (4000 kg/m~3)
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The model classifies the particles into 12 different sizes (1, 5, 12.5, 25, 50, 125, 250, 500,
1250, 2500, 5000 and 10000 um). Its distance frame ranges from -6 to 6 AU which includes
the inner planets up to Jupiter /55/.

Next to the GUI version released in March 2019 /54/, a command line version has been devel-
oped. It is used within this E2/Di activity to ensure a practical interface between the two
applications. /55/ refers to the command line tool’s interface and is also used as main source
for the information given in this section.

2.2.9.2 Implementation

The processing of IMEM2 in ESABASE2 is based on the consideration of the complete 5D-
Distribution (or 6D, respectively, considering IMEM2’s density distribution depending on user
selection) given through the STENVI format (see section 2.1.6.1 for an explanation of the
STENVI format). The flux is calculated based on:

e Azimuth (splitinto 72 bins, 5° resolution),

e Elevation (36 bins, 5° resolution),

e Size (12 bins, fixed sizes given in Section 2.2.9.2),
e Velocity (50 bins, 0 — 100 km/s, 2 km/s resolution),
e (Density — 1/3 bins depending on user selection).

2.2.9.3 Results

An example of the particle distribution over the velocity is givenin Figure 2-71: IMEM2 particle
distribution over velocity example /56/.Figure 2-71.
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Figure 2-71: IMEM2 particle distribution over velocity example /56/.
The density grid generated for the stepping algorithm (explained in Section 6.6.3) using IMEM2
is shown in Figure 2-72. Since IMEM2 is rotationally symmetric around the z-axis pointing to
ecliptic north pole only a two-dimensional grid is required.
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IMEM2 grid r-z_300x100 IMEM1 format 12.5mic.res (30000 points)
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Figure 2-72:  Contour plot of IMEM2 300x100 12.5 micron density grid

2.2.10 Meteoroid Streams According to Jenniskens/McBride

2.2.10.1 General

In the old ESABASE/Debris software the annual meteoroid streams are implemented according
to the Cour-Palais 1969 method (Ref. /11/) which does not include directional effects. This has
been replaced by a new approach of P. Jenniskens (Ref. /5/, 1994) which is based on data
collected by a large number of observers over a 10 year period from observation sites in both
the northern and southern hemispheres. In Ref. /13/ N. McBride describes how the parameters
of Jenniskens have to be implemented into a numerical application.

In summary the stream geometry and activity at shower maximum is defined by:

a) the solar longitude X\ at shower maximum Amax

b) the maximum zenithal hourly rate ZHRmax , which is the number of ‘visible” meteors seen
after various observer and location related corrections have been applied

¢) apparent radiant position in RA (right ascension of the radiant) and Dec (declination of the
radiant) . These values are tabulated in Table 14 at an epoch defined by the solar longitude
7\‘0
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d) the geocentric meteoroid speeds, defined as the final geocentric velocity V., as the meteor-
oids reach the top of the atmosphere

The right ascension of the radiant and for the declination for an instantaneous value of the

solar longitude % are obtained by

RA(L) = RA(A)+ARA (L -10), Dec(A) = Dec(r%) +ADec (A - 10) .
The shower activity as a function of time around its maximum is described by
ZHR = ZHR g 10814~ 2max |

where B is given in Ref. /5/ and describes the slopes of the activity profiles. Since most streams
are found to have symmetrical profiles a single value of B is sufficient. The Geminids are the
exception; this stream needs a different value of B for the inward and outward slope. Six of
the streams do not have a strong enough ZHR to produce a slope, here it is suggested to use
a ‘typical’ value of B = 0.2. Six other streams are best represented by the sum of 2 activity
profiles, defined by a peak profile ZHRPmax and B and a background profile ZHR max with sep-
arate inward and outward slope values B** and B" respectively. This results in the following
expression:

—Bp|ﬂ - ﬂmax|

ZHR = ZHRPrg 10 + ZHRO g (10787 o) 4 10 8% (oimag

The cumulative flux at solar longitude X can now be expressed as
ZHR(A)
ZHR

max

FMA) = F(M)mex

with
F(M)max = km™

The total particle flux Fror is obtained by summation over all streams

Fror = Fsporabic + Z For .

Since the Griin flux models all particles, including the streams, Fror must be forced to equal
the Griin flux when summed over a full year. Thus, when the stream modelis used, the new
sporadic flux becomes

Fsporapic = Ferin - Z FST

lyear

where the sumis to be evaluated over one full year.

Note: Additional streams may be defined in place of or in addition to the Jenniskens streams
by the user, using the format of Table 14, see ref. /14/.
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Amax RAmax ARA DeCpax ADec ZRHPn.x BPY  BP™ zZHR’..x B®" B  « k Voo
Bootids 283.3 232. 0.6 45. -0.31 10.0 2.50 2.50 20.0 .37 .45 .92 .84-107'° 43
yVelids 285.7 124. 0.5 -47. -0.2 2.4 .12 .12 0.0 .0 .0 1.10 .58°107*% 35
aCrucids 294.5 193. 1.1 -63. -0.4 3.0 .11 .11 0.0 .0 .0 1.06 .19°107'% 50
aHydrusids 300.0 138. 0.7 -13. -0.3 2.0 .20 .20 0.0 .0 .0 1.03 .34°107'% 44
aCarinids 311.2 99. 0.4 -54. 0.0 2.3 .16 .16 0.0 .0 .0 .92 .13°107%¢ 25
Svelids 318.0 127. 0.5 -50. -0.3 1.3 .20 .20 0.0 .0 .0 1.10 .31-107'® 35
oCentaurids 319.4 210. 1.3 -58. -0.3 7.3 .18 .18 0.0 .0 .0 .83 .37:107% 57
Ocentaurids 323.4 176. 0.9 -55. -0.4 2.2 .15 .15 0.0 .0 .0 1.03 .19°107'® 51
OCentaurids 334.0 220. 1.1 -44. -0.4 4.5 .20 .20 0.0 .0 .0 .95 .44°107%% 60
dLeonids 335.0 169. 1.0 17. -0.3 1.1 .049 .049 0.0 .0 .0 1.10 .19°107%7 23
Virginids 340.0 165. 0.9 9. -0.2 1.5 .20 .20 0.0 .0 .0 1.10 .15°107' 26
yNormids 353.0 285. 1.3 -56. -0.2 5.8 .19 .19 0.0 .0 .0 .87 .19°107% 56
dPavonids 11.1 311. 1.6 -63. -0.2 5.3 .075 .075 0.0 .0 .0 .95 .51°107%® 60
Lyrids 32.4 274. 1.2 33. 0.2 12.8 .22 .22 0.0 .0 .0 .99 .20-°107%7 49
puvirginids 40.0 230. 0.5 -8. -0.3 2.2 .045 .045 0.0 .0 .0 1.10 .11-107'" 30
nAquarids 46.5 340. 0.9 -1. 0.3 36.7 .08 .08 0.0 .0 .0 .99 .15°107% 66
BCorona Aust. 56.0 284. 1.3 -40. 0.1 3.0 .20 .20 0.0 .0 .0 1.13 .15°107'% 45
aScorpiids 55.9 252. 1.1 -27. -0.2 3.2 .13 .13 0.0 .0 .0 .92 .47-107%° 21
Da.Arietids 77.0 47. 0.7 24. 0.6 54.0 .10 .10 0.0 .0 .0 .99 .26°107*° 38
ySagitarids 89.2 286. 1.1 -25. 0.1 2.4 .037 .037 0.0 .0 .0 1.06 .19°107*7 29
1Cetids 95.7 24. 0.9 -12. 0.4 3.6 .18 .18 0.0 .0 .0 .92 .37°107'% 66
fOphiuchids 98.0 292. 1.1 -11. 0.1 2.3 .037 .037 0.0 .0 .0 1.03 .35°107% 27
TAquarids 98.0 342. 1.0 -12. 0.4 7.1 .24 .24 0.0 .0 .0 .92 .89°1071% 63
vPhoenicids 111.2 28. 1.0 -40. 0.5 5.0 .25 .25 0.0 .0 .0 1.10 .26°107'° 48
OCygnids 116.7 305. 0.6 47. 0.2 2.5 .13 .13 0.0 .0 .0 .99 .14°107Y7 37
Capricornid 122.4 302. 0.9 -10. 0.3 2.2 .041 .041 0.0 .0 .0 .69 .83°107%° 25
tAquarids N 124.1 324. 1.0 -8. 0.2 1.0 .063 .063 0.0 .0 .0 1.19 .36:107'° 42
Pisces Aust. 124.4 339. 1.0 -33. 0.4 2.0 .40 .40 0.9 .03 .10 1.16 .15°107%% 42
S8Aquarids S. 125.6 340. 0.8 -17. 0.2 11.4 .091 .091 0.0 .0 .0 1.19 .36:107'% 43
\Aquarids S. 131.7 335. 1.0 -15. 0.3 1.5 .07 .07 0.0 .0 .0 1.19 .12°107'® 36
Perseids 140.2 47. 1.3 58. 0.1 70.0 .35 .35 23.0 .05 .092 .92 .12°107%° 61
KCygnids 146.7 290. 0.6 52. 0.3 2.3 .069 .069 0.0 .0 .0 .79 .30°107%° 27
nEridanids 153.0 51. 0.8 -16. 0.3 40.0 .20 .20 0.0 .0 .0 1.03 .17-107'7 59
yDoradids 155.7 60. 0.5 -50. 0.2 4.8 .18 .18 0.0 .0 .0 1.03 .11-107Y 41
Aurigids 158.2 73. 1.0 43. 0.2 9.0 .19 .19 0.0 .0 .0 .99 .29°107% 69
kAquarids 177.2 339. 0.9 -5. 0.4 2.7 .11 .11 0.0 .0 .0 1.03 .19°107%° 19
eGeminids 206.7 104. 0.7 28. 0.1 2.9 .082 .082 0.0 .0 .0 1.10 .21-107*° 71
Orionids 208.6 96. 0.7 16. 0.1 25.0 .12 .12 0.0 .0 .0 1.13 .16°107*® 67
Leo Minorids 209.7 161. 1.0 38. -0.4 1.9 .14 .14 0.0 .0 .0 .99 .11-°107%% 61
Taurids 223.6 50. 0.3 18. 0.1 7.3 .026 .026 0.0 .0 .0 .83 .43°10 *° 30
dEridanids 229.0 54. 0.9 =-2. 0.2 0.9 .20 .20 0.0 .0 .0 1.03 .75°107*% 31
CPuppids 232.2 117. 0.7 -42. -0.2 3.2 .13 .13 0.0 .0 .0 1.22 .95°107%° 41
Leonids 235.1 154. 1.0 22. 0.4 19.0 .55 .55 4.0 .025.15 1.22 .34°107*° 71
Puppids/Vel 252.0 128. 0.8 -42. -0.4 4.5 .034 .034 0.0 .0 .0 1.06 .82:107'% 40
Phoenicids 252.4 19. 0.8 -58. 0.4 2.8 .30 .30 0.0 .0 .0 1.03 .25°107'¢ 18
Monoceroti. 260.9 100. 1.0 14. -0.1 2.0 .25 .25 0.0 .0 .0 1.25 .33°107'° 43
Geminids 262.1 113. 1.0 32. 0.1 74.0 .59 .81 18.0 .09 .31 .95 .78°107'° 36
cHydrusids 265.5 133. 0.9 0. -0.3 2.5 .10 .10 0.0 .0 .0 1.10 .47°107*° 59
Ursids 271.0 224.-0.2 78. -0.3 10.0 .90 .90 2.0 .08 .2 1.22 .81°107'% 35

Table 14 The 50 Jenniskens streams

2.2.10.2 Implementation
The following symbols are used in Table 14 and in the formulas that follow:
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Amax solar longitude in degrees at shower peak (tabled in Table 14 for 50 streams)

A solar longitude in degrees

ZHRPP.  Zenith Hourly Rate at shower peak / background (observer corrected)

Note: the b (background) index is only relevant for streams having two profiles.

RA right ascension of the radiant at solar longitude 2 in degrees
Dec declination of the radiant at solar longitude Ain degrees

ARA variation of RA per degree of solar longitude A

ADec variation of Dec per degree of solar longitude A

B, BP, B*, B”, B°*, B>  slopes of the shower activity profiles

V., meteoroid arrival velocity in km/s, already containing gravitational enhancement
F(m) cumulative flux in m* s? of particles with mass greater than m (kg)

o cumulative mass distribution index

k cumulative mass distribution constant

Q = ZHR/ ZHR'ax Ratio of actual ZHR to its peakvalue;index i =porb

The following algorithm now applies to determine the individual streams’fluxes:
1) Given A, choose the closest value of Amax in the Table and determine the stream number
2) From AL = 2/B determine if A is within the range
(Amax = AL) < A< (Amax + AL) (Al determined by 1% of ZHRmax)
if not, skip this stream. (Amaxto be taken from Table 14)

3) Calculate ZHR within the profile

ZHR = ZHRP p, 10817 -2max |

3a) For the six streams in Table 14 which have two activity profiles (non vanishing B** / B*
values), calculate according to equation 1 and equation 10 the ratio

—Bp|/1 - max|

b- b
Q=ZHR/ ZHR?, 10 + ZHR/ ZHRO (10787 G max-d) | g B (2-2man)

4) The cumulative flux is now given by
F(M) = F(M)nax - Q

with
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F(M)max =k m™* or dF=-a k m®3dm
k and o are obtained from the Table according to the relevant stream number.

The arrival velocity V., does not need gravitational corrections due to the Earth gravity because
it is measured at the top of the atmosphere.

2.2.11 Further Directional Effects

2.2.11.1 Introduction

From Ref. /9/ it becomesapparent that actually very little is known about how the Griin flux
should be modified to include an apex enhancement, to sort out the beta meteoroids, and to
include interstellar dust. The enhancements are applicable only to Earth orbits.

2.2.11.2 Separation of o - and -Source

In Ref. /9/ it is suggested to separate the Griin flux into an o populationandan B population
which has a crossover at 10 ! g. The B population has the direction from the Sun and is of
the small particle size. The separationinto the o - flux F,(M)and the p - flux F;(M) may then
be done in the following way (Ref. /9/, egs, 25,26,27):

Fe(M) = Fs(M) - Fo(M) Fs(M) = Griin flux

FG(M)'FH (M)
Fo(M)+F,(M)

F.(M) =

log(Fs) = -alog(M)-b a=0.146 b=6.427

Where the units are  F. m?2s!, M:g

From the above equations it is possible for each randomly generated mass value to calculate
a corresponding cumulative flux value F,and a corresponding flux value F; from the Grin
flux Fg .

The velocity of the B particles is size dependent, and according to Ref. /9/ , Eq. 28 one may
assume

V(M) = Vo [1&) ’ Vo = 20 km/s, y=0.18

0—11

where vo and y are user supplied.

2.2.11.3 Apex Enhancement of the o.-Source

A minimum to maximum antapex to apex flux ratio Rr , which in fact is not known, is used in
Ref. /9/ Egs. 30 - 35 to define a modulation of the flux and of the velocity about the apex
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direction. The angular deviation from the apex directionis denoted by t, and it is assumed that
a parameter & may describe a slight deviation from the measured peak value which was ob-
served to be about 10° off the apex direction. Thus the modulation of the o flux and of the
velocity may be defined as follows:

F.(t) =F.°[ 1+ A; cos(t+9)]

V() =V,°[1+Ay cos(t+9)]

R -1 V,-V
: and A = A4
Re+1 V,+ Vi

where A=

Vo = (VA + VAA) / 2
(subscript A for apexand AA for antapex)

From the AMOR meteor data there are some guesses for the maximum to minimum detection
ratio, from which one may try to obtain some values for Rr and Va . Although Re could be
anywhere in the range of 1 to 5, and Va and Va are not known either, it is recommended,
that for a first guess one may use the following values:

VA

VA: 17.7 Km/S, VAA =8.3 km/S, RF =—=2
VAA

resulting in the following values for Arand Av:
A= 0.33 and Ay=0.36

2.2.114 Interstellar Dust
Two components of interstellar dust particles have been observed according to Ref. /9/.

The first source concerns measurements on Ulysses and Galileo, which detected at about 5
AU particles of 3 - 10" g with heliocentric velocities of 26 km/s. The ecliptic longitude was
252° and the latitude 2.5°. For the total particle flux at 1 AU one can estimate 510" m
2571, and the heliocentric velocity at 1 AU would be 47 km/s . The mean particle mass detected
by the Ulysses dust detectorwas 3 -10¢ g.

The second source (Ref. /12/) stems from AMOR meteor data which indicate at least two
sources which would be defined by:

radiant direction: A = 243°, B = 50°, V., =40 km/s
and
radiant direction: A = 347°, B = 60°, V., =80 km/s

L and B being the ecliptic longitude and latitude respectively.
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In Ref. /12/ the mass of these interstellar meteoroids is estimated to lie between 15 and 40
um. As of today no flux is known for these contributions.

The implementation of the interstellar source in the ESABASE2/Debris toolis lined out below:

The interstellar contributions are given in the ecliptic system where the velocity, the ecliptic
longitude and the ecliptic declination of the interplanetary inward direction are input (by the
user, see ref. /14/). By using two-body dynamics these quantities are transformed to the Earth
reference frame. Unlike the streams contributions, these showers are changing over time in
their direction and velocity due to the moving Earth.

2.2.12 Velocity Distributions

2.2.12.1 Constant Velocity

The ESABASE2/Debris tool includes the option of a constant meteoroid velocity, which is input
by the user. The mean velocity of 17 km/s of the NASA 90 distribution (see 2.2.5.2 below)

yields good results with the Griin flux model.

2.2.12.2 NASA 90 Meteoroid Velocity Distribution

This normalised distribution is defined in
Ref. /3/ and covers a non-vanishing ve-
locity range from 11.1to 72.2 km/s with
a mean velocity of v=17km/s.

Norm. Probability
o o o
IS o )

o
)

o

10 20 30 40
Velocity

o

Figure 2-73 NASA 90 velocity distribution

g(v)=0.112 for 11.1 <v <16.3km/s
g(v) =3.328 -10° v 53 for 16.3 <v <55 km/s
g(v) = 1.695 - 10 for 55 < v <72.2km/s

2.2.12.3 Velocity and Flux Distribution According to Taylor

In Ref. /9/ several velocity distributions are discussed. The velocity distribution of meteoroids
at 1 AU (i.e. as viewed from a massless Earth) has generally been derived from ground based
observations of photographic meteors, which are then corrected for the effect of the Earth
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gravity. Distributions by Erickson, Sekania and Southworth and by Taylor are compared. Itis
concluded that the most statistically reliable published data set comes from the Harvard Radio
Meteor Project (HRMP) where about 20000 meteor observations were evaluated. Taylor re-
evaluated and corrected the original measurement data in Ref./10/ which leads finally to the
normalised distribution which is tabulated below at 1 AU, i.e. as seen from a massless Earth.
The velocity is in km/s and describes the middle of the 1 km/s wide bin. Each value of A(v.)
describes the relative flux of particles within the corresponding bin of 1 km/s width.

Vo n(V.) Ve n(v.) Ve n(V.) Ve, n(v.)
0.5 | 0.722.10% | 18.5 | 0.447 -10°* | 36.5 | 0.491-10 | 54.5 | 0.345-10%
1.5 | 0.227-10%* | 19,5 | 0.422-10%" | 37.5 | 0.403-10% | 55,5 | 0.326-107
2.5 | 0.515-10°* | 20.5 | 0.394-10°" | 38.5 | 0.330-10% | 56.5 | 0.298 -10®*
3.5 | 0.944-10% | 21.5 | 0.363-10°* | 39.5 | 0.267-10% | 57.5 | 0.266 -10%
4.5 | 0.149-10% | 22.5 | 0.329.10°* | 40.5 | 0.214-10°* | 58.5 | 0.238 -10*
5.5 | 0.209 -10°* | 23.5 | 0.297-10% | 41.5 | 0.168-10%* | 59,5 | 0.215-10
6.5 | 0.268-10°' | 24.5 | 0.266 -10°* | 42.5 | 0.131-10% | 60.5 | 0.193 .10
7.5 | 0.322.10° | 25.5 | 0.239-10™ | 43.5 | 0.103-10% | 61.5 | 0.168-10*
8.5 | 0.368-10% | 26.5 | 0.215-10% | 44.5 | 0.817-10% | 62.5 | 0.142 .10
9.5 | 0.405-10°' | 27.5 | 0.194-10" | 45,5 | 0.653-10% | 63.5 | 0.118 .10
10.5 | 0.434-10°* | 28.5 | 0.173-10% | 46.5 | 0.535-10% | 64.5 | 0.954 -107*
11.5 | 0.456-10° | 29.5 | 0.153 .10 | 47.5 | 0.465-10* | 65.5 | 0.747 -10%*
12.5 | 0.472-10°* | 30.5 | 0.133.10°* | 48.5 | 0.433-10 | 66.5 | 0.557 -10*
13.5 | 0.483-10°* | 31.5 | 0.115-10% | 49.5 | 0.419-10% | 67.5 | 0.398 .10
14.5 | 0.488-10°' | 32.5 | 0.987-10%* | 50.5 | 0.405-10% | 68.5 | 0.281-10%
15.5 | 0.487-10°* | 33.5 | 0.842-10% | 51.5 | 0.386-10% | 69.5 | 0.193-10*
16.5 | 0.479-10°* | 34.5 | 0.712-10%* | 52.5 | 0.368 -10% | 70.5 | 0.118 .10
17.5 | 0.466-10°' | 35.5 | 0.594-10%* | 53.5 | 0.356-10% | 71.5 | 0.486-10%°

Table 15 Taylor altitude dependent velocity distribution

2.2.124 Flux Enhancement and Altitude Dependent Velocity Distribution

In Ref /9/ it is explained how the above velocity distribution may be adjusted to reflect its
altitude dependence. The velocity correction which is used to increase the flux with decreasing
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distance from the Earth (or Moon) is used to adjust the velocity distribution which is then re-
binned accordingly.

In case of a single velocity value the flux increase due to Earth/Moon gravity at a given distance
r of the centre of the Earth/Moon is described by the factor G which is given by

2 V2
Vesc
G=1+ —— or G —— ,
2 2 2
Voo V" = Vege

with

V2 = Ve25C + V02O

Using the product x of the constant of gravitation with Earth’s (respective Moon'’s) mass, the
escape velocity at distance r can be written as

2p
Vesc = P

and v, is the velocity in free space, i.e. in the absence of Earth’s gravity which is tabulated in
Table 15, and vis the ‘enhanced’” meteoroid velocity at distance r.

To obtain the correct flux enhancement in case a velocity distributionis given we must realise
that Gis a function of v, . Thus the enhanced flux F¢ is obtained from the Griin flux Fs by

@]

Fe =G Fg with G- IOOO (Ve )G (Vi ) AV,

This assumes that the velocity distribution n(v.,) has been normalised:
jo n(v, )dv, =1

The above formulas contain the necessary information to calculate the altitude dependence of
the velocity distribution, since we can write

N N

J— 0 1

G =J NV, )GV, )dv, =~ 2 mGx = 2Yng
0 k=1 k=1

with m = mMv,.«) and nk = n{v) representing the tabulated values for the original distri-
bution function and for the distribution function at distance r respectively.

Given the escape velocity at distance r, vesc and the tabulated values of A v..) in 1 km/s bins
n« , we calculate the values n% for the distribution n’(v) at distance r by

Nk = Gk nk
with
2
G, =
k= 2 2
Vi = Vese
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and

2 2
Vk = yVesc t Voo k -

If we now tabulate the values of n% we need to change the bin limits by inserting the values
of vat the places of the given values of v, which is done by using again the formula

V=i V2.

As a result the bin widths will now no longer be equidistant in v, which is the independent
variable of the new distribution function n{v), so re-binning will be necessary by interpolating
the values of n{v). This completes the calculation procedure of the new table for the velocity
distribution n{v)at the given distance r.

2.2.13 Particle Densities and Flux-mass Functions

2.2.13.1 Particle Densities

There is little knowledge on the densities of meteorite particles, and today’s estimate has not
improved over the model assumed in the existing ESABASE (Ref. /1/), which is either a user
defined constant with a default density of p = 2.5 g/cm?, or it is calculated by the following
decreasing and discontinuous function of the meteoroid mass m:

p(m) = 2.0g/cm3 for m <10%g
p(m) = 1.0g/cm? for 10°g <m <10?g
p(m) = 0.5g/cm? for m >10?g

2.2.13.2 Flux-size to Flux-mass Function

In some cases it will be necessary to convert a flux which is given by its A d) function to the
A m) function or vice versa. With the meteoroid mass density p and its particle diameter dand
an assumed spherical shape the relation

m=1/6 prdd

is used.

2.2.14 Shielding and Gravitational Effects

A description of the consideration of gravitational focussing and Planet shielding effects of the
omni-directional meteoroid models is given in the following subsections.

Within the Divine-Staubach model these effects are treated as given in /20/ or /22/. The cor-
responding equations are given in section 2.2.3.1.
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2.2.14.1 Gravitational Focusing

With the exception of the streams contributions of Jenniskens, which are derived from meas-
urements at the meteoroids entry into the Earth’s atmosphere, the fluxes are given in the
models at a distance of 1 AU from the Sun at the Earth’s position butin absence of the Earth.
Thus the change of the particle trajectories due to Earth/Moon attraction needs to be taken
into account. This will change the flux by a flux increase factor which is denoted by G:(/) and
is a function of the target altitude / above the Earth/Moon surface.

When the Griin sporadic flux modelis used, the flux is corrected by the factor

Re + 100

Ge(h) = 1+ —S—
e

which is given in Ref. /3/. R + 100 = 6478 km, which is the Earth radius augmented by 100

km atmosphere height. In the case of a lunar orbit & + 0 = 1738 km, which is Moon’s radius
without any atmospheric augmentation.

If the altitude dependent velocity distribution of section 2.2.12.3 is used, the gravitational flux
increase must be calculated as describedin 2.2.12.4.

2.2.14.2 Planet Shielding

Earth/Moon shielding is accounted for by excluding all arrival directions which are within an
angle 0 subtended with the direction of the Earth’s (respective Moon’s) centre, the ‘Planet-
shielding cone’. By subtracting the corresponding solid angle element from the unit sphere the
shielding factorn

1+ coséd
2

77:

is obtained for the case of a randomly tumblingplate. The angle 6 is then geometrically given
Re +100

b sind =
Y Re +h

where R isthe mean Earth/Moon radius in km and Ais the target orbiter altitude in km. The
atmosphere height is accounted for by the constant 100 km for Earth orbits and 0 km for lunar
orbits.

Taking into account that all the meteoroid orbits which have velocities higher than the escape
velocity at the Earth’s atmosphere will be ‘seen’ at the top of the atmosphere, the determina-
tion of the angle 6 needs to be made in a more precise way, by using the formula

V= \[VSSC + VOZO

which was mentioned in section 2.2.12.4. This yields a modified expression for the angle 6

(R + 100)/v2 + V2 (R, + 100)

sind > >
(R + V2 + V2 (Re + h)
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which gives 5% to 10% better results. If a velocity distribution is used, the mean value
0 = jo n(v,, )0(v,, )dv,,

needs to be calculated by integrating over the normalised velocity distribution A v.,) .

For an oriented plate the above relation between n and 6 is no longer correct. The collision
probability is then strongly dependent on the angle between the normal to the plate and the
Earth direction. This problem can be geometrically formulated, but unfortunately the solution
becomes unwieldy in the general case and contains an elliptical integral at one place. Forthe
strict application of the ray tracing technique this is however nota problem, becauseonly the
angle 6 (and in some cases possibly ¢ ) will be used to determine if a ray must be fired or
not in a certain direction.

2.2,15 Ray Tracing and k-Factor

As it has been discussed in the previous sections, most of the particle fluxes which are calcu-
lated with the presented models are quantified with respect to a "randomly tumbling plate” or
even a "virtual randomly tumbling plate which is stationary with respect to the Earth's surface”.

The analysis of the debris / micrometeoroid environment hazard acting upon a spacecraft
requires the computation of particle fluxes on oriented surfaces. The method chosen for this
uses a ray tracing technique, which enables to account for the mutual shading between dif-
ferent surfaces of the orbiting structure.

The relative relation between the flux on a virtual randomly tumbling plate which is stationary
with respect to the Earth surface above Earth, the flux on a randomly tumbling plate in orbit
and the flux on an oriented plate in orbit has been discussed in several papers in the past.

In the review phase of the study, the topic was thoroughly investigated, also with respect to
the implementation of the ray tracing technique for the analysis in the enhanced ESABASE/
Debris tool. The analytical assessment was backed up by humerical analysis using ray tracing.
This work is documented in Annex C of (Ref. /15/).

The main finding in Ref. /15/, Annex C is that a properly implemented ray tracing fully renders
the true situation, without the necessity to include an additional k factor. This result also en-
courages the use of ray tracing to account for the Earth shielding, as it has been lined out in
paragraph 2.2.7.2.

An abstract of the investigation documented in (Ref. /15/) is included in Annex A.
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This chapter describes the equations used for the modelling of the interaction between micro -
particles and satellite structures. The satellite structure can be either a single wall (e.qg. alu-
minium) or a multiple wall, typically in the case when a specific micro-particle shielding or
thermal protection (MLI)is applied to the basic structure.

3 The Damage Equations

Due to the increasing concern of the risk posed by the micro-particle environment of long term
missions (above all the international space station), special micro-particle shields have been
developed.

The particle / wall interaction models - in this document referred to as damage equations -
describe the phenomena of high and hyper velocity impacts on structures. The typical impact
velocity for space debris is 8 to 10 km/s, for meteoroids about 20 km/s. The equations are
largely derived from experiments.

The damage equations are treated in two separate groups:

- The ballistic imit equations, which yield the critical impacting particle size above which
the structure fails. Different equations are used for single and multiple wall structures.

- The damage size equations, which yield the crater size of semi-infinite targets and the
hole diameter of punctured targets (generally thin walls).

In this chapter, the 5 classes of damage equations which are implemented in the ESABASE2/
DEBRIS analysis tool are described:

- The single wall ballistic limit equation

- The multiple wall ballistic limit equation
- The crater size equation

- The generic clear hole equation

- The advanced hole equation

ESABASE2/Debris further offers the option to integrate a user defined subroutine for the dam-
age equation. This requires a FORTRAN 77 compiler and linker and is only advised for the
advanced user and hyper velocity impact expert. For details, refer to (Ref. /14/).

3.1 The Parametric Formulation of the Damage Equations

To provide the necessary flexibility in the usage of currently available and possible future
damage equation formulations, the 5 classes of damage equations have been formulatedin a
parametric form, allowing the user to adapt the equation to his needs.

It must be clearly stated however, that parameter variations of the damage equations should
only be performed by the experienced user and hypervelocity impact specialist. For the begin-
ner, the standard equations, activated by key words in the software, are recommended, see
(Ref. /14/).
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The parameters of the standard equations of each class are tabled in the respective sub chap-
ters.

In the software, the ballistic limit equations are used to compute the critical particle diameter,
and the damage size equations to compute the crater or hole diameter. The damage equations
are presented in these formulations in the following sub-sections.

In the equations, the following general symboils are used:

Symbol Unit Description

t;, tg, t [cm] Thickness of Target, Back-up wall, Shield

K [-] Characteristic Factor

dp [cm] Particle (impactor) Diameter

Pts Pps Psr PB [g/cm?] | Density of Target, Particle, Shield, Back-up wall
Y [km/s] | Impactvelocity

o [-] Impactangle

S [cm] Spacing between shielding and back-up wall

D [cm] Crater or Hole diameter

Fin [cm] Ballistic Limit

3.2 The Single Wall Ballistic Limit Equation
The parametric formulation of the equation is

L

d B 7 4 K
K¢ -Ky-pp -V - (cosa)® - py

p,lim =

The Kr factor allows specifying what type of damage is considered a failure for the ESABASE2
thick plate equation and the glass target equations. In the other equations it is not used. The
K: factor includes other parameters particular to each of equation (e.g. target yield strength

ot).

Itis also oftenfound in the following form:

F.=K, K

mat

-d; -p'g v - (cos a)* - pff

The Kmat factor is material dependent. Compared to the first formulation, K, K, =K;.In
the second formulation, the failure specification does not appear explicitly.
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The values of the parameters for standard equations are given below. For this group of equa-
tions, the yield strength ¢: of the target material is to be input in ksi.

KsD

Ki2

Equation A B Y 3 LS
ESABASE Thick Plate 1.8 =3 0.2+0.33 1.056 | 0.519 | 2/3 2/3 0
ESABASE Thin Plate 1.0 0.26 - 0.64 | 1.056 | 0.519 | 0.875 | 0.875 0
MLI® 1.0 0.37 1.056 | 0.519 | 0.875 | 0.875 0
Pailer-Griin 1.0 0.77 1.212 | 0.737 | 0.875 | 0.875 | -0.5
McDonnell & Sullivan 1.0 0.756{%}“34 1.056 | 0.476 | 0.806 | 0.806 | -0.476
Gardner 1.0 0.6080," 1.059 | 0.686 | 0.976 | 0.976 | -0.343
Gar(.jner, McDonnell, 1.0 0.85 050-153 1.056 | 0.763 | 0.763 | 0.763 | -0.382
Collier

Frost 1.0 0.43 1.056 | 0.519 | 0.875 | 0.875 0
Naumann, Jex, John- 1.0 0.65 1.056 0.5 0.875 | 0.875 -0.5
son

Naumann 1.0 0.326 1.056 | 0.499 | 2/3 2/3 0
McHugh & Richardson | 1.85+ 7 0.64 1.2 0.5 2/3 2/3 0
Thick glass target

Cour-Palais 1.85+7 0.53 1.06 0.5 2/3 2/3 0
Thick glass target

Table 16 Single wall ballistic limit equation typical parameter values. In this table, all yield

Notes

1)

Failure factors K;:

ESABASE Thick Plate:

K¢>3
22<K:<3
1.8<Ks<2.2
Ki<1.8

strengths are assumed to be given in ksi.

Crater generation without spall
Spallation of the plate

Spall breaks away

Perforation of the plate
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- Thick Glass Targets: Ki 27 Crater generation without spall
1.85<K<7 Spallation of the plate
K:<1.85 Perforation of the plate

2) K, factors:
ESABASE Thick Plate: Aluminium alloys: K;=0.33

Stainless steel: K;=0.2
- ESABASE Thin Plate: Aluminium alloys: K;=0.43-0.454
Stainless steel: K,;=0.255 AISI 304, AISI 306

K;=0.302 17-4 PH annealed
Magnesium lithium: K;=0.637
Columbium alloys: K;=0.271

McDonnell & Sullivan: Reference ci-values are given in Table 17

Gardner: ot shall be input in Pa for this equation

3) The single wall ballistic limit equation for MLI assesses the failure of the thermal blan-
ket, and was derived by tests and hydro-code simulations using the ESABASE thin plate
equation as starting point, seeref. /2/. The equation is expressed as

me =037-d %).056 . pg.519 . (V . COS a)0.875
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Some reference values for the 0.2 yield strength o is given below (used in the McDonnell &

Material [ksi] V) [MPa]
Aluminium pure 10 70
Aluminium alloys (superior) 30 - 65 200 - 450
Silver 22 150
Gold 17.5 120
Beryllium copper 120 830
Copper 32 220
Stainless steel 110 760
Titanium 140 980
Table 17 Some values of yield strength
Note: Y ksi = kilo.lb/sg.-inch = 1000 Ib / inch®* = 6.895 MPa
3.3 The Multiple Wall Ballistic Limit Equation
The parametric form of this equation is
1
d ) = tg + K, -t pg? g

Ky pl v (cosa)® - pp -S° - p

It is also often formulated as:

Fx =Ky -dy - pf -V -[cosa] - pf - S° - plt =K, -t )

Three velocity regions are defined, delimited by the two limit velocities vim: and Vimz. The
governing parameters mostly have different values for velocities below vimi and above Vim.
For velocities between vim: and Vimz, a linear interpolationis performed.
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The limit velocities may vary with the im-
pactangle:

—
Viim_i0

Viim: = Viim1,0 '(00505)(/)1

Viim2 = Viim2,0 * (COS a)wz

Where the normal velocity component is used (which is generally the case), i.e. y = ¢, the
cosine exponent in the equations aboveis @1 = @2 = -1.

The values of the parameters for typical multiple wall equations are given in Table 16 and
Table 19 below (here the limit velocities are defined as function of the impact angle).

Forthe Cour-Palais, MLI and Maiden-McMillan equations, only one velocity domain is used.

Equation K1 K2 A B Y K é & vilv2
- i 0.5 -
Cour-Palais 0.044 Jym/ 0 1 0.5 1 0.167 | -0.5 1 0/0
o-y,l
MLI 3 0.034[ %y 05 0 1 0.5 1 0.167 | -0.5 1 0/0
s 7
Maiden- lo 05 0 3 1 1 0 -2 1 0/0
. 1 Kre 7t y,ref
McMillan 6 Tyt
ESA2 v<3 0.255 + 0.637 1 1.056 | 0.519 | 0.875 0 0 0.875 0/0
0.5
7
v>95 6 Tyt 0 3 1 1 0 0 1 0/0
Table 18 Standard Double wall ballistic limit equation parameter values
Notes
2 Failure factorsK; forthe Maiden-McMillan equation:
Ki >41.5 No damage
8.2 <K; <415 Incipient yield zone
7.1 <K; <8.2 Fracture zone
Ki <7.1 Penetration zone
The K; factor flows into the K, factor, see Table 18.
2) ESA Equation:
Project: ESABASE2/Debris Release 12.0 Date: 2021-07-07
Technical Description Revision: 1.10
Reference: R077-231rep_01_10_Debris_Technical Desaiption.docx Status: Final

etamaxspace GmbH

Page 115/ 172




qemax 1

- The Boeing-ESA equation described in chapters 1 and 2 has the same form as
the ESA equation, but with Vim1 = 1.4 km/s and Vim2 - 7.83 km/s.

- The reference yield strength oy,r = 70000 Ib/in* = 482.8 MPa.
3 MLI Equation

The multiple wall ballistic limit equation for MLI assesses the debris / meteoroid pro-
tection of the thermal blanket, and was derived by tests and hydro-code simulations
using the Cour-Palais equation as starting point, see ref. /2/.

The equation is expressed as F,, :0.034-(7000%W)°'5 oy edy - (vocosa) - ST
with o in Ib/in?.

IEquation K1 K> A B Y k| d 3 vilva

ESA  v<3km/s| 0.312(c*/7)05 1.667eK1 |1.056 | 0.5 [2/3 | 0| 0 |53] 0/0
Triple  v>7km/s |  0.107(t*/1)05 0 15 [05| 1 | 0[-05|1 |0.167/0

NASA  v<3km/s 0.6 (ow/40)0> (ow*/40)%>11.056 | 0.5 | 2/3 | 0| O |5/3 0/0

[SS v >7km/s | [3.918(cw /70)!/3]1:5 0 1.5 0.5 1 0 |-0.5| 1 |0.167/0

NASA  v<3km/s 0.3 (t1*/7)%> 1.233eK; [1.056 [ 0.5 [ 2/3 | 0| O |5/3 0/1

Shock v >6km/s 22.545(t1*/7)0-> 0 3 1 1 [(-1-2]1 0/0

NASA  v<3km/s 0.4(t1*/7)0> 0.925¢K; |1.056 | 0.5 | 2/3 | 0| O |5/3 0/1

Bumper V>6km/s 18.224(t1*/1)0> 0 3 1 1 [(-1-2]1 0/0
Table 19 Standard Multiple wall ballistic limit equation parameter values

Notes: t:*, 1,* are the yield stresses of a reference material (higher quality aluminium)
1% = 40000 Ib/in? = 276E6 Pa.
12* = 70'000 Ib/in* = 483E6 Pa.

ow = 47 ksi for the reference equation used for system tests. ow to be input in ksi

3.4 The Crater Size Equation
The parametric form of the equation is:
D=K, K, -dﬁ -pf v’ - (cos a)’ - pf

It is basically the same as that of the single wall ballistic limit equation, see section 3.2.
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The crater factor Kc is the ratio of the
crater radius D/2 to the crater depth p, Ductile
see sketch. Targets

Strictly speaking, the crater size equa-
tion is only valid when no failure occurs. p

For ductile targets, the crater is more or

less spherical, and K ~ 1. Brittle
' Targets Dc=2Kep
Dn
For brittle targets, an interior crater with |‘—’|
. p
diameter Dn may form, the outer crater

(with diameter D) being much larger.
For brittle targets, Kc may be as high as
10.

The crater size equation assumes a semi-infinite target and should only be used for cases
where the wall thickness is much larger than the particle diameter.

The values of the parameters for typical equations are given in Table 20.

Equation Ke K1 A B ¥ g K

Ductile targets

ESABASE Thick Plate V 2 0.4+ 0.66 1.056 | 0.519 | 2/3 2/3 0
Shanbing et al nd? | 054(5 )3 1 | 23 | 23| 23 | -y3
y.t
Sorensen n/d? 0.622 1 0.167 | 0.564 | 0.564 | 0.115
-0.282
(Tt)
n/d? -~ 2 [ 1.056 | 0.5 2/3 2/3 -0.5
Christiansen for Lid) <15 10.5 H, * c,z
Pt
n/d? -~ 2 | 1056 2/3 2/3 2/3 -2/3
Christiansen for 3 >15 10.5 H, * ¢,z
Pt
Brittle targets
Gault n/d? 1.08 1.071 | 0.524 | 0.714 | 0.714 | -0.5
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Equation Ke Ki A B Y & K
Fechtig n/d? 6.0 1.13 | 0.71 | 0.755| 0.755 | -0.5
McHugh & Richardson n/d? 1.28 1.2 0 2/3 2/3 0.5
Cour-Palais n/d? 1.06 1.06 | 0.5 2/3 2/3 0
Table 20 Standard Crater size equation parameter values
Notes
2 K; factors:
- ESABASE Thick Plate: Aluminium alloys:  K; = 0.66
Stainless steel: Ki=0.4
2) "n/d" means not defined in the equation reference.

The software uses a default value of 1 for ductile targets and 10 for brittle targets.

3 Christiansen equations
- Htis the target Brinell hardness. A typical value is 90.
- Gs is the velocity of sound in the target material. For steel, cs = 5.85 km/s.

3.5 The Generic Clear Hole Equation

The parametric form of the equation is:
A
t
D= KO-[—SJ -pf v (cosa) - p!l + A -d,

The clear hole equation is only valid for a full perforation, i.e. mainly for thin foils (typicaly
bumper shields or similar).

t
The limit of validity is given by the relation d—s <10
p

The values of the parameters for the common standard equations are given in Table 21 below:

Equation Ko A B Y g v A

Maiden 0.88 2/3 0 1 1 0 +0.9

Nysmith-Denardo 0.88 0.45 0.5 0.5 0.5 0 0

Sawle 0.209 2/3 0.2 0.2 0.2 -0.2 +1
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Equation Ko A B ¥ g v A
Fechtig 5.24E-5 0 1/3 2/3 2/3 0 0
Table 21 Standard Classical hole size equation parameter values

3.6 The Advanced Hole Equation

The advanced form of the hole size equation is based on the equations derived at UniSpace
Kent by Dr. Gardner, Prof. McDonnell and Dr. Collier.

The equation is derived for the compu-

A Dn
tation of the particle size from the im- —
pact velocity and the hole size on the
back side of the target shield. ¢

S
The equation is only valid for ductile tar- T

gets. Dimensionless hole and particle

diameters are used: D
d, B )
d, =—
tS
t
’ D s
D; = t“

S

d, is the particle diameter, D is the per-
forated hole diameter, ts is the target
thickness.

The general form of the equation is

. 10 , -D!
d, =A- Q—M +Dh(1—exp[ %D
+exp B

mx

A:s_p:ag?.(MJ | s J -t;0'053

VO Ps =y

Fmx is the ballistic limit, V., = Vecosa the normal impact velocity, p, the particle density, ts, ps
and os the target thickness, density and yield stress. o is the yield stress of Aluminium.

In the aboveequation, all units are uniform (e.g. SI), except for ts which is in um.
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An alternative form of the equation of A is:

-0.723
A=235. {Vn “Pp J LG OME 005

Ve, S

with Vi in km/s, pin kg/m?, c in Pa and in um

Using the standard units of ESABASE/Debris, i.e. km/s for velodity, cm for thickness, g/cm? for
densities and MPa for stresses, the constant of the second equation for A above becomes 0.88
(in the place of 2.35).

B=B1+B2eVn= B1+BaeV ecos a
B: and B; are taken from Table 22.

The equation for A can be used as a ballistic limit equation.

Forthe computation of the hole size in the target or shield, the basic equation cannot be used
directly, since it is a function of dy(Dn). The form of this equation does not allow an analytical
inversion. Thus a numerical scheme must be used (e.g. Newton method).

For the starting value of Dy, the Carey, McDonnell, Dixon equation is used:

0.6

D t

—h 14 2_9[&} (_SJ v, 0.61 -

dp Pp dp P t
1429 = | | —=| -V

V,=Vecosa
For2 <Vn < 20 km/s: 1.02 - 4-exp(-0.9v "°) - 0.003(20 -V, )

ForVn> 20 km/s:m=1.02

The equations for the parameters A and B can be parametrised as follows:

A=K, -V’ -(cosa) -p'g pltl

B=B,+B, V- (cosa)'

Ky= 0.88-02" y=-0.723,£=-0.723, p=-0.723, v =0.362, L =-0.053

B: and B: are to be taken from Table 22, u=1+ (§ - y).
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For more flexibility, one could also use the formulation V, =V -(COSa)u in the Carey, McDonnel,
Dixon equation.

Material Velocity Vn | Density ps | Yield stress os B1 B2
(km/s) (kg/m?3) (MPa) (-) | (s/km)
Al Aluminium 1.2-6.0 2780 69 -0.004 1.85
Al Aluminium 6.0 - 10.7 2780 69 6.66 0.74
Ag Silver 2.9-5.6 10500 150 7.92 3.14
Au Gold 2.1-7.5 19300 120 6.65 2.77
BeCu | Beryllium Copper 3.7-6.4 8240 828 -26.3 10.3
Cu Copper 2.0-6.9 8950 220 3.2 2.62
SS Stainless Steel 2.2-3.7 7840 759 0.11 2.34
Ti Titanium 2.3-6.6 4720 986 0.618 2.26
Table 22 Typical values of B1 and B2

Note: The experimental data has shown a ratherimportant scatter for the samples of material

other than aluminium. For velocity regions outside the given ranges, the 0.74 figure
for aluminium may also be used. Of the Al parameter sets, only the one in the lower
velocity regime is implemented in the software. For the higher velocity regime, the user
specified input option has to be used.
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This chapter describes the secondary ejecta module which has been implemented in the
ESABASE2/ DEBRIS analysis tool. This model permits to evaluate the effect of ejecta produced
by primary impacts (from space debris or meteoroids) on surrounding faces of the analysed
structure.

4 The Secondary Ejecta Model

4.1 Ejecta Phenomenon

4.1.1 Normal Impacts

Material ejection under hypervelocity impact is divided in three processes corresponding to
different physical and mechanical phenomena: jetting phase, debris cone formation and spall-
ation.

In general, no spalls are observed on ductile targets.

The jetting phase:

During the first times of projectile penetrating into the target, both target and projectile un-
dergo partial or complete melting and vaporisation. A certain amount of material is ejected
from the impact interface. The physical state of the ejected material is mainly liquid and the
ejection angle is approximately 20° measured from the target surface. The ratio of jetted mass
to total ejected mass is very small, less than 1%.

The debris cone:

Laterin the crater formation, the target material is finely commuted in fine solid fragments by
compression or tensile failure, these fragments are ejected in a thin debris cone. The physical
state of the ejected materialis mainly solid. The ejection angle is between 60° and 80° meas-
ured from the target surface and depends on target characteristics. The ratio of ejected mass
to total ejected mass is estimated between 50% and 70%. The ejection velocity from a few
m/s to a few km/s is inversely proportional to fragment size. The minimum size depends mainly
on target characteristics and should be sub-micron sized. The maximum size can be evaluated
by empirical relations. The size distribution is inversely proportional to the square of the frag-
ment size.

The spallation phase:
In general, no spallationis observed on ductile targets.

Near the free surface, rarefaction waves produce tensile stress. In brittle material, tensile
failure leads to the formation of spall fragments that are ejected. The physical state of the
ejected material is mainly solid. The ejection direction is normal to the surface. The ejection
velocity is less than 1 km/s andis 10 to 100 times less than impact velocity. The fragment size
is large, about 10 times the size of debris cone fragments. These fragments have plate shape
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whose dimensions are difficult to evaluate because large plate fragments are likely to fragment
themselves into smaller particles. The ratio of spalled mass total mass is estimated between

30% and 50%.

normal impact
@ debris cone

@ spallation

N ~

Brittle target

Figure 4-1 Schematic summary of ejection processes under normal impact.

4.1.2 Oblique Impacts
Oblique impacts with impact angles > 60° (measured from the target surface normal) are
considered separately.

oblique impact @ debris cone / ricochet

@ spallation

10°
@ jetting (neglected)

Brittle target

Figure 4-2 Schematic summary of ejection processes under oblique impact.

The phenomena involved in ejecta formation are similar to those observed for normal impads:
jetting phase, debris cone formation and spallation phase.

The main differences are:
o the total ejected mass decreases with decreasing impact angle,

Date: 2021-07-07
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e the debris cone central axis remains vertical but the cone is flattened. The debris cone
ejection angle decreases with decreasing incidence angle,

¢ the problem is not any more axisymmetric as the obliquity of impactfavours the azimuth
direction downstream the incidence angle.

4.2 Enhanced Ejecta Model

4.2.1 General Description

The ejecta model distinguishes between ductile and brittle targets. Calculations are made in
the satellite frame. Therefore, the target is considered as immobile and the impact velocity is
the relative velocity between the projectile and the target surface.

The model inputs are then:
o target characteristics: ductile or brittle, density (pt) ;
e projectile characteristics: mass (), density (pi) ;

e impact characteristics: relative impact velocity vector determined by the scalar velocity
(v) and the impact direction (i, ©)).

A description of the model input is given in section 4.2.2.2.

The model outputs consist of an analytical function providing the number A, 8,9, v) of frag-
ments of size (d) ejected at velocity (v) in the spatial direction (@, 8), by solid angle unity. It
is basically assumed that /¢, 6,9, v) is the sum of independent terms corresponding to the
different ejection processes:

e /kone(,6,0, V) + npais(P, 6,0, v) for brittle targets ;
e 7one(®,H,0, V) only for ductile targets.

The jetting phenomenon is neglected since the proportion of material involved is less than 1%
of the total ejected mass.

The model (Ref. /16/) provides a continuous ejecta distribution in the geometrical space
around the impact and has thus to be adapted for an implementation into ESABASE/Debris.
The recent upgrade of the ejecta model as described in the following sections considers the
conservation of the momentum and the energy of the impacting particle and the ejected par-
ticles, as well as the latest upgrade of the mathematical theory (Ref. /24/).

4.2.2 Software Model

The introduction of an ejecta model into ESABASE2/Debris allows assessing the influence of
secondary impacts in terms of flux and penetration. The ejected fragments of material result-
ing from the particle primary impact shall thus be treated in the same way as the primary
particle impacting the surface and thus shall be characterised by the same parameters:
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¢ particle size (or mass),
e number of particles,

e particle density,

¢ particle velocity.

4.2.2.1 Description of the Ejecta model

4.2.2.1.1 Total ejected mass

The basic equation is taken from Gault (1973), valid for brittle target and for an incident

particle with a diameter larger than 10 um:

6i < 60°: M gt = 7-41-10°° [ﬁ E,""*(cos 8, )’
Pt

(SI units)
6 [Pp 113 0\2 .
0. > 60°: Mgy = 7.41-10°° =% E. " (cos 60°) (SI units)
P
with: & impact kinetic energy
Pp projectile density
pt target density
i impact incidence angle (from normal direction)
For other cases, we introduce a corrective coefficient K
M e K M Gault
G < 10 um G > 10 pm
ductile target K=102-103
brittle target K= a/10° K=1
with: & projectile diameter
4.2.2.1.2 Mass partitioning
The total ejected mass is partitioned in three components:
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I\/Ie = jet + I\/Icone + M spalls
Mjet zO

Moone ::8 Me

I\/Ispalls = (1_ﬂ) Me

G<1um lum< g <10um [10 um< @ <100 um| & > 100 um
ductile target B=1
brittle target B=1 B=-03logd —0.8 B=0.4
solar cell =1 B=-03logd—-0.8{p=-0.6logd—2.3 B=0.1

4.2.2.1.3 Cone Fragments Modelling

For each primary particle with a velocity v, animpact direction (6;,¢i) and a size (&), the debris
cone and secondary particle impacts are modelled using analytical formulation and ray -tracing
technique. The software model calculates the nhumber of secondary particle (/,8,9,V)) in
function of size (d, in N5 intervals) and the velocity (v) in randomly distributed directions. Each
direction, characterising a ray, is determined by its elevation (0) and its azimuth (). The
numberof raysin (8 € [0,n/2], ® € [0,2r]) is fixed by the user.

We suppose that 5 (ejecta diameter), 0 (ejecta zenith) and ¢ (ejecta azimuth) are independent
variables and that V/(ejecta velocity) is a function of these 3 variables:

ncone (5’97 ¢’V) = Kcone fcone (6) gcone (9) hcone (go) A(V _Voone (5’ 9’ w))

Note: In the following equations, 1 is the interval function, whose value is 1, if the parameter

(e.g. d) is within the range given in squared brackets (e.g. [51,5max ]) and 0 elsewhere.

Size distribution
1-al 1-a2
foone (8) = 2 s 1s o

1-a2 l-al cal-a2
§max _5min 51

5]+ s21s.5. ]

min ?

Omin = 0.1 zm
6m
5max =3 .
T Py
m, =AM,
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if  Smax > 10 pm &, =10 um
else 0, =0,
0i < 60° 0; > 60°
ductile target al=02=2.6; 1=0.02 al=a2=2; 2=0.05
brittle target |01 =2.6; a2=3.5; 1=0.1 oal=a2=2;1=0.5

Zenith density

— 1 _ (g_emax )2
gcone (‘9) - Gﬂ exp[ 20_2 Jl [O,27Z']

for6i<60°: ¢ = Mgi +6, .0 radian units

mex 7/3

for 0 > 60°: Hmax = emax 60

Hmax 60 — 800

0,0 = 30°

o=3°
Azimuth density

for6i< 60°  h,, (p) = i[ 2% COS((p ¢)+1J1[027f]
27\ 27
1

(0= pra)” P )

for® > 60° h_. (p) = ——ex m) |1 1027

or0:> )= p[ 2| 1027]
o' =5°

Normalisation

M. =££HM (5,0,p,V) d5 dO sin do dV
0

cone
6
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By developing sind at order 0 (i.e.: sinO = sinOBmax), We obtain:

«  _SM,, (4-al)(4-a2) (03" 517 — 5 o1") 1
T xp (G-al)1-a2)5 5 +3(@2-al)s! - (4-a2)-al)st et 55 sing,

max min

Velocity

There is an inverse proportionality between diameter and velocity of ejecta:

V(5,0,9) = D(9)/5 + E(p)
Vi (9) =V

D(p) = =5 5mi:"” S max O
£ Vo 5?:1 ax—\_/g(qo) o
V.in =10 m/s

\%

for ;< 60°: V__ (p)=— [1—ﬁ(1— cos(p —€0i))j
Az

cos o,

for 6 > 60°; V., () =3V,

4.2.2.1.4 Spallation Process Modelling
No spallationis considered on ductile targets.

We propose a formulation with separated variables:

r]spalls (5’9’ ¢’V) = Kspalls fspalls (5) gspalls (9) hspalls (¢) jspalls (V)

Size distribution

We assume that all the spall particles have the same mass. Spalls have a plate-like shape, so
we define an equivalent diameter:

_ 6 M spalls
spalls —
N spalls 7 pt
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We suggest: N =20

fspalls (5) = A(5 -0,

spalls )

Zenith distribution

gspalls (0) = L 1 [O’ espalls ]

spalls

O s =°°

spalls

Azimuth distribution

hspalls ((0) = i 1 [0’27[]

Velocity distribution
V. =10m/s

spalls

jspalls (V) = A(V _Vspalls)

Normalisation

N !!U Nepais (5,0, 0,V) dS dOsin 6 do dV
P

espalls

K =N
spalls spalls 1_ COSH

spalls

4.2.2.2 Model Inputs, Parameters and Outputs
This section summarises all inputs, parameters, and outputs used in the ejecta model.

Model inputs:

e particle density (pp)
(constant, oras specified in the sections 2.1.2.3and 2.2.13.1)
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particle mass (mp)
(within the particle mass range to be considered according to the debris or meteoroid model
mass distribution)

target density (py)

(user input for ESABASEZ/Debris, s. |25/, [26/)

magnitude of the impact velocity (v)

(meteoroid or debris model output)

incidence of the impact direction with respect to the surface (6)

(determined from meteoroid or debris model output)

azimuth of the impact direction (p)

(Meteoroid or debris model output)

type of target (brittle) or (ductile)

(determined by ESABASEZ/Debris based on the selected
damage size equation k--factor:
if ke>5 A brittle target, else ductile target)

number of directions for the modelling of the debris cone (Neone)
(user input)

Model outputs:

The ray-tracing technique is used for debris cone and spallation phenomena.

Foreach ray (/), outputs are:

azimuth (i),

elevation (6),

concerning debris cone

- size of the fragments (&) in width interval (Ad),
- number of fragments (17) of size (),

- velocity of fragments ( 1) of size (&),

concerning spallation

- fragment mass (7spai),
- fragment velocity (Vepar) -

The model parameters and limit angles are described in the notes Ref. /16/, /17/, /24/.
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4.2.2.3 Software Limits
This model should be used under following conditions:

e projectile diameter between1 pmand 1 mm,
e impactvelocity between 1 km/s and 20 km/s,
e thick target ¥,

e ductile and brittle homogenous targets.

Some uncertainties remain concerning the size and velocity of ejecta fragments. Results are
in fact very different from one author to another, as they used different measurement tech-
niques. A direct relation between fragment size and its velocity is proposed.

Notes: 1) In the software implementation, the ejecta modelis only available for objects with
single wall design.

4.2.3 Conclusion

A complete improved ejecta model is implemented, based on the review of existing publica-
tions on various experiments and on theoretical considerations. Normal and oblique impacts
are taken into account.

Different phases of projectile impacts are studied: jetting phase, debris cone phase and spall-
ation phase.

The model inputs are the projectile and target properties and the impact characteristics. The
output is the ejecta distribution in the geometrical space around the impact by solid angle
unity, in term of fragment size and velocity.
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5 The Impact and Damage Probability Analysis

This chapter describes the methodology of the probability analysis for impacts and damage
which is implemented in the ESABASE2/Debris analysis tool. It also briefly describes the soft-
ware tool. For more details on the toolitself and its usage, refer to the software user manual
(Ref. /14/).

5.1 General

The analysis of the micro-particle risk is based on the integration of the impact probabilities
delivered by the space debris and micro meteoroid models over area and time of the spacecraft
mesh. The spacecraft mesh and object orientation is delivered by the ESABASE2 framework,
defined in the .geometry file. The spacecraft orbit is generated by the ESABASE2 SAPRE mod-
ule, which together with the mesh and kinematics define spacecraft velocity and orbital posi
tion, as well as the orientation and all spacecraft model elements at each orbital point of the
analysis. For more details on the modelling in ESABASE2, the user is invited to consult the
general ESABASE and ESABASE2 documentation.

5.2 The Weighted Ray-tracing Method

The integration of the impacts probabilities is performed using the flux models and a Monte
Carlo raytracing method available in the ESABASE2 framework. The raytracing analysis method
consists of the following main steps:

Foreach ray:
1) Generation of the micro particle impact velocity vector V.
2) Generation of a random impact point P on the element.

3) Generation of an emitting ray, launched from the point P and in the opposite direction
of V.

4) Check if the emitted ray reaches free space; if so, a particle from this direction may hit
the element and the ray is retained for further processing.

5) Computation of the damage related entities (ballistic limit, crater / hole diameter).

6) Computation of the weighted probabilistic data for the ray (see below)

For the summed results of all rays

7) Computation of flux, fluence and total quantity of impact and damage data

8) Computation of averaged impact data (impact velocity and angle, Ks factor [see be-
low])

The weighted ray tracing technique method is based on the following facts:
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- The particle flux from a certain direction is proportional to the projection of the element
surface onto a plane perpendicular to this direction, i.e. to the cosine of the impact
angle a.

- For fluxes related to particle velocities, the flux is proportional to the ratio between
impact velocity and particle velocity; this is the case for meteoroids.

- The element data is obtained by dividing the summed weighted ray data with the num-
ber of emitted rays!, corrected with a factor depending on the ray flux model; for flux
models generating fluxes on a random tumbling plate from a spherical direction gen-
eration, this factoris 4.

For the surface, the flux computation is ex-
pressed by the following equation:

n is the surface normal

Mmax

FLUX = I _[Flux(m)-(vi cosa)-dea -dm

M, Sphere

On ray level, this is equivalent to the summing
up of the individual ray data.

> F,-data
DATA = =L

-CoS

ray—i

n

ray

Fs is the shading factor: Fs =1 no shading,

Fs = 0: ray totally shaded. Fs is delivered by the
ray tracing

The above described raytracing method automatically generates the k factor of the surface
element (which depends on element orientation and spacecraft velodity [for meteoroids]); this
is described in detail in annex C of ref. (Ref. /15/). The Earth shielding is treated as a surface
of the geometric model: if the emitted ray lies within the Earth cone, itis considered as shaded.

The following results are computed and summed for all non-shaded rays:

- cosa cosine impact angle
- a(cos a) impact angle times cosine impact angle
- Vi (cos a) impact velocity times cosine impact angle

1 The sum of the rays contains the weighting factor from the point seeding process of the raytracing
library.
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- FfIx (cos o) Failure flux times cosine impact angle
- Crflx (cos o) Crater flux times cosine impact angle
- FlIx (cos o) Impact flux times cosine impact angle

The flux related data is computed with the difference of the flux of the considered particle size
minus the flux of the maximum particle size of the analysis (the limit particle sizes are user
input). This is a consequence of the cumulated flux formulation of the environment models,
i.e. a flux for a given size sis given as the number of impacts of particles of equal or larger
size then s per year and m?.

For impact fluxes, the minimum particle size is used. For ballistic limits, the critical or limit
particle size (computed for the impact velocity vector with the ballistic limit equation). For
cratered areas, a loop over particle size with the associated impact flux is run over the damage
size equation and the data summed up.

5.3 Generation of Micro-Particle Impact Velocities

All the geometric features of the models, described in chapter 2, are simulated with raytracing.
An essential part of the method relies on the proper generation of particle arrival directions.
Depending on the particle type and model, a different type of particle generation is applied.
The different methods implemented in the software and their applications are briefly explained
in the following sections.

5.3.1 Particle Velocity Generation

Basically two impact direction schemes are used in the software: 1 for the NASA 90 model and
one for the MASTER models, MEM models and IMEM(2) models. The difference relies on the
fact that the NASA 90 model impact direction generation is performed in the plane normal to
the Earth direction, the other named models impact direction generation is performed in 3D
space.

Both impact direction schemes rely on the use of cumulated direction probabilities and a ran-
dom number generator. The scheme is visualised in the example below.
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tion is generated. 5 RS Pt

A random number is generated between Y(X = S — o plated
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the example between 0 and 5. . I |
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In the case of impact velocity, the direction and 05 / T TS

amplitude is thus generated from the velocity 0 ¥ ———+—+ A s

distribution function(s) of the space debris envi- :E 3 &G % 5 2§ ¢

ronment model. XAr men Associated
X-value

For the NASA 90 model, the cumulated velocity amplitude and arrival angle are function of the
orbitinclination. In the NASA 90 model, the debris orbits are assumed circular, thus the altitude
dependent debris velocity component is given directly by the spacecraft velocity. Two random
number generator calls are used for the impact velocity vector generation.

For the ORDEM models, the MASTER models, MEM models and IMEM models, the flux vs.
elevation and azimuth data and impact velocity is computed by the corresponding model with
the spacecraft orbit and a sphere as spacecraft. The results of this analysis are stored on
scratch files in case of ORDEM 2000, ORDEM 3.0, MEM models, IMEM models and MASTER
models except MASTER 2001 or provided via COMMONin case of MASTER 2001.

For the space debris impact velocity, the data is tabulated. For the MASTER 2001 and MASTER
2005 models two independent data sets are created: the flux vs. elevation angle and the flux
vs. azimuth angle. Associated with the azimuth angle is the impact velocity. Two independent
random number generator calls are used to extract the impact velocity vector (amplitude,
azimuth angle, elevation angle). Similar approach applies to IMEM, however, the independent
data sets are impact velocity and azimuth-elevation associated sky-map.

For MEM models, IMEM2, MASTER models since MASTER 2009 and ORDEM 3.0 only one in-
dependent random number generator call is used to extract the impact velocity vector (ampli-
tude, azimuth angle, elevation angle). Once the impact elevation angle is determined from
cumulated 2D spectrum (as described above), the corresponding impact azimuth angle and
the impact velocity can be determined from the multidimensional output of the models (pro-
prietary, STENVI).

5.3.2 Griin Particle Velocity Generation

Contrary to the space debris, the micro meteoroid velocities are generated relatively to Earth.
Two different schemes are used, depending on the meteoroid model used.
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In this model, the meteoroids may arrive from any direction. This random arrival is
generated with two random number generator calls:

Grtin sporadic omni-directional mode/

- Forthe azimuth angle between 0 and 2x
- Forthe cosine of the elevation angle between -1 and 1.
The velocity amplitude is generated from the chosen velocity distribution scheme:

- Forconstant velocity, the input amplitude is used

- For the NASA 90 velocity distribution, the amplitude is extracted from the dis-
tribution function with a random number generator call.

- Forthe Taylor HRMP, the velocity / flux function is used to generate the velocty
amplitude

For more details, see chapter 2.

Meteoroid streams and p particles

For these enhanced options, the meteoroid velocity vector (arrival direction and velociy
amplitude) is derived from the meteoroid enhancement model itself, see chapter 2. In
the case these options are activated, the meteoroidray is splitinto different classes:

- The main Grlin portion ray, derived as described above

- Incase the a/B-separationis activated, the Griin ray is split into the o part (of
random direction) and the B with a fixed direction from the sun.

- In case the streams / interstellar source option is activated, each stream or
interstellar source is provided with a ray of the corresponding velocity vector.

As can be seen, the enhanced meteoroid options may lead to noticeable increases in compu-
ting time. If the Griin model is switched off, the analysis can be performed with a smaller
number of rays (50 is generally enough).

For both meteoroid velocity generation methods, the impact velocity is computed as a vector
sum of the meteoroid velocity and the spacecraft velocity.

5.3.3 Implementation of the Stream & Interstellar Contribution

The stream velocity vector is extracted from the streams file for the specific time corresponding
to the orbital step being analysed. The relative flux contribution is checked according to the
scheme lined out in section 2.2.10.2. For missions which are longer than one orbit, the flux
contribution is checked for all calendar times corresponding to the orbital point over the mis-
sion.
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E.g. fora 10 day mission on a geostationary orbit, 10 calls to the stream file extraction routine
will be performed, and the stream contribution of all active streams averaged for all these time
steps. Depending on the mission duration, some streams may only be active for certain time
steps. The number of calls to the stream extraction routine is echoed during analysis execution.

With this scheme, it is obvious that the directional information from the stream contribution
will be lost for long mission durations. Also, for low Earth orbits, a large number of calls to the
stream extraction routine will be performed for extended mission times (160 calls for an orbit
with 90 minutes period and 10 days mission time).

The active stream numbers are echoed to the analyser listing file. The summed stream contri-
bution over mission time is stored in the model view file, see ref. /14/.

The interstellar sources are treated as streams for velocity vector generation and flux contri-
bution.
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5.4 Damage and Impact Probability Computations

On ray level, the impact, failure and crater fluxes are computed as follows for un-shaded rays:
Impact flux:
i =[flux(s, )- flux(s,, )]-cose

s is the impactor size, diameter or mass.

Failure Flux:
fﬂx = [ﬂux(scrit )_ quX(Smax )]'COS a

sqit i delivered by the damage equation.

The crater flux is obtained by looping over the impactor size bins, summing the binned
fluxes (flux of bin minimum size - flux of bin maximum size) multiplied with the crater /
hole size produced by an impactor of logarithmic mean size of the bin.

Impactangle: a; =a-C0Sa

Impact velocity: Vinpi = Vigp 1 COSQ

The impact and damage fluxes are computed with the following equations of the ray data:

4 i
Impact Flux: I = M Nray is the total number of rays fired per element.

n ray

¢=1 for non-shaded ray, =0 for shaded ray.

4 - f
Failure Flux: Fo = 428 The crater flux is obtained similarly.
n

ray

Fluence and number of impacts / failures are computed from the flux data:
Fluence = Flux x Time Orbital arc: time of one revolution;

Mission: mission time
Nb. of (impacts / failures / craters) = Fluence x Element area

The probability of no failure is extracted from the number of failures with the following equa-
tion:

I:)no_ failure = €XP l_ N failures J Nraiures is the number of failures.
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The probability of no failures is computed on object and spacecraft level.

Additionally, the average impact velocity data and the Ks factor are computed as follows:

Averageimpactangle: & = Z % Nhit is the number of non-shaded rays per element.

nhit
V.
Average impactvelocity: v, = z m Only non-shaded rays are processed.
nhit
4
The Ks factor: Ks = 2.¢ e
nray
Note

The Ks factor is the combined value of the k factor (i.e. the impact flux ratio of the element to
the flux of a random tumbling plate [for meteoroids: a fixed random tumbling plate, i.e. with
Vs = 0]) and the shading of the plate of Earth and neighbouring surfaces of the spacecraft.

Thus for a simple box, the Ks factor of the faces correspond to the k factor. This type of resukt
can also be obtained with the fixed plate option, see ref. (Ref. /14/).

The above data is computed for each orbital point. The result is averaged for the orbital arc
level output, which is appropriate for the flux computation over an orbit. The mission level
results are simply the orbital arc flux results multiplied by the mission time.

5.5 Use of FAME Algorithm for Highlighting Weak Spots

Within the results of an geometrical analysis it is possible to indicate/highlight “weak spots” of
the spacecraft. This significates the representation of the impact velocity in colour and the
impact elevation and azimuth are represented as weak spot arrows on the surface elements
of the spacecraft. The statistical representation takes place by using the median, the minimum,
the maximum and Q1 as well as Q3 quantile. The calculation is performed by the Fast Algo-
rithm for Median Estimation (FAME).

The median divides a sorted data set into two equal halves. The median is the value that
stands exactly in the middle of the record. Equivalent to the standard deviations in the normal
distribution, the quartiles are used here. Quartiles divide the dataset into four equally sized
regions, with the second quartile boundary Q2 equal to the median. Exactly 50% of the meas-
ured values lie between the first quartile boundary Q1 and the third quartile boundary Q3.

The basic idea of the FAME algorithm is to determine the median of a data set without having
to use all acquired measurement data, see /59/. The median is determined only by the old
median, the new measured value and a step size. The advantage of this is that less memory
is needed, and that the computing time is lower. The disadvantage is that the median is only
approximated and not exact. In order to determine the median exactly, all values would have
to be considered. How well the result matches the real median depends on the quality of the
measurements and the size of the data set. This means that if the measured values do not
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show too much variation, a smaller amount of data is needed to approximate the median well.
For higher scatter readings, a larger amount of data is needed fora good approximation. For
sufficiently large data sets, each distribution can be well approximated.

The algorithm proceeds as follows. First, it is initialized with the first measured value. That is,
the first measured value is first set equal to the median M and it is defined a step, which is
initially set equal to half of the first measured value. For each new data value d, M is incre-
mented by step if d is greater than M. If d is smaller, M is decreased by step. If the new data
value is close to M, the step is halved. Expressed in formulas: M =M +step and d €
(M — step,M + step): step = step/2.

Algorithm 1 : Fast Algorithm for Median Estimation

: Initialization:
M = data(1)
Step = max(|data(1)/2|,b) // b is a minimal initial step

For each new item i:

if M > data(t) then
M = M — step

else if M < data(i) then
M = M + step

end if

if |data(i) — M| < step then
step = step/2

: end if

=1 &% T = [T N e

o oo

— = e
Ll

Figure 5-1 Pseudocode of the FAME algorithm, ref. /59/.

The same algorithm applies to derive the quartiles Q1 and Q3. The initialisation is the same
for all quartiles Q1, Q2 and Q3. If the new data set d is smaller than the median M, it is
considered for the determination of Q1. Consequently, if d is larger than M, it is considered for
the determination of Q3.
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6 Orbit Generation

6.1 Introduction

Many ESABASE applications, and the pointing facility, need to know the position of a spacecraft
on its orbit at successive times during an analysis. For the purpose of generating this infor-
mation in a standard form, an orbit generator is provided with ESABASE2. The orbit propagator
in use is SAPRE.

The SAPRE orbit generator uses a 4™ order Runge-Kutta routine with fixed step size to inte-
grate the equations of motion, expressed in terms of osculating orbital elements. Itis a general
purpose orbit generator and can be used for different orbit types.

The structure and functionality of the orbit generator are described in detail in ref. /40/. This
section will introduce the modifications and extensions performed to allow the application to
lunar orbits. The following topics will be discussed:

e General propagation;
e Consideration of 3™ body perturbation;
e Consideration of spherical harmonics.

Furthermore the generation of vectors for L1/L2 orbits will be described. It is integrated in the
structure of SAPRE and uses some of its functionality, but does not follow the regular orbit
generation of SAPRE.

6.2 General Propagation

The first step, the propagation without the consideration of perturbations has a general ap-
proach. To adapt the orbit generation to other celestial bodies than the Earth, the correspond-
ing constants, e.g. gravitational constant and radius, of the bodies have to be used. To achieve
this, @ module was introduced containing the required constants for Earth and Moon, as well
as Mercury, Venus and Mars. The module contains also a routine setOrbitCon, which adjusts
the provided constants to the parameters used in the orbit generator based on the central
body (centre of motion) ID. At begin of the orbit generation the constants are defined by using
setOrbitConaccording the user definition of the orbit central body.

The central body ID is defined according the NAIF ID definition (used for SPICE), refer to /46/.
The ID’s are defined by three-digit numbers. The plain numbers identifies the barycentre of a
planet system, e.g. 300 for the barycentre of the Earth-Moon system. The highest number
identifies the planet itself, e.g. 399 for Earth and the other numbers indicates the moons of
the planet, e.g. 301 for Moon. The first digit of the number identifies the planet of the solar
system, thus Mercury is 199, Venus is 299, Earth is 399, Mars is 499, etc.

6.3 Consideration of 3" Body Perturbation

The calculation of the 3™ body perturbation is based on generic code, but it requires the
position of the celestial bodies, which are to be considered, in the ‘planeto’-centric coordinate
frame as input. I.e. if Sun and Earth shall be considered for a lunar orbit, the position of them
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in the selenocentric inertial frame is needed. The 3™ body perturbations can be applied for
orbits around Earth and Moon, only.

Due to the existing options to account for the perturbations, caused by Sun and Moon, for
Earth orbits, the functionalities exist to calculate the positions of the both celestial bodies in
the (geocentric) equatorial inertial frame (ICRF equator, vernal equinox frame). These calcu-
lations are used as basis for the position definition of Earth and Sun in the selenocentric inertial
system.

The idea of the position definition is to calculate the position vectors in the ICRF equator vernal
equinox frame so that they originate at Moon. Subsequent the coordinate system is rotated to
the Moon inertial coordinate system. The Moon coordinate system is defined according /41/
with the z-axis in the direction of the Moon’s mean axis of rotation. The x-axis is along the
intersection of the ICRF and Moon’s equators directed at the ascending node. The Figure 6-1
illustrates the used reference system for the definition of the orientation.

158 P. K. Seidelmann et al.

Fig. 1 Reference system used
to define orientation of the
planets and their satellites

North pole of body

Equator
j of body

ICRF equator

Figure 6-1 Reference system for the planet coordinate system definitions, ref. /41/.

The Figure 6-2 lists the recommended values and calculations of the rotation angles to the
Moon coordinate system.
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Table 2 Recommended values for the direction of the north pole of rotation and the prime meridian of the satellites

ag, 8g. T. and d have the same meanings as in Table 1 (epoch JD 2451545.0, i.e. 2000 January 1 12 hours TDB)

Earth Moon ag = 269°.9949 +0°0031T —3°.8787 sin E1 —0°.1204 sin E2

+0.0700sin E3 —0.0172 sin E4 +0.0072 sin E6
—0.0052sin E10 +0.0043 sin E13,

8p = 66.5392 +0.0130T +1.5419¢cos E1 +0.0239cos £2
—0.0278 cos E3 +0.0068 cos E4 —0.0029cos E6
+0.0009 cos E7 +0.0008 cos E10 —0.0009cos E13,

W = 38.3213 +13.176358154 —14 x 1071242 +3.5610sin E1
+0.1208 sin E2 —0.0642 sin E3 +0.0158 sin E4
+0.0252 sin ES —0.0066 sin E6 —0.0047 sin E7
—0.00465in E8 +0.0028 sin E9 +0.0052 sin E10
+0.0040sin E11 +0.0019sin E12 —0.0044 sin EI3

where E1 = 125°.045 — (0°.0529921d, E2 = 250°.089 — (°.1059842d, E3 = 260°.008 + 13°.0120009,

E4 = 176.625 + 13.3407154d, ES = 357.529 4 0.9856003d, E6 = 311.589 + 26.4057084d,

ET = 134963 + 13.0649930d, E8 = 276.617 4 0.3287146d, E9 = 34.226 4 1.7484877d.

E10 = 15.134 — 0.1589763d, E11 = 119.743 + 0.0036096d, E12 = 239.961 + 0.1643573d, E13 = 25.053 + 12.95900884

Figure 6-2 Reference values for the calculation of the rotation angles, ref. /41/.

The calculation process of the positions is described in the following.

6.3.1 Earth Position

The first step for the calculation of Earth’s position in the selenocentric system is the estimation
of the Moon position in the geocentric coordinate system using the available functionality.
Than the unit vector and the norm are generated from the vector. Because of the vector
connecting both bodies the unit vector can originates in both of them without translation. The
vector is inverted, so that starting in the centre of the Moon it defines now the position of the
Earth relative to Moon. But the vector is still in the ICRF equator vernal equinox system and
has to be rotated to the Moon equator ICRF intersection (ascending node of lunar equator)
system. The rotation angles:

e 0, the angle along the ICRF equator, from vernal equinox (x-axis) to the ascending
node of the lunar equator;

e 9§, theinclination of the lunar equator to the ICRF equator;

are calculated to

a=90+a,

5=90-0,

with o, and &, defined in Figure 6-2. The first rotation is performed around the z-axis of the
ICRF equator vernal equinox system with the angle a. The second rotation is performed around
the new x-axis with the angle 5. After the rotation the unit vectoris combined with the nom
again and can be used in further calculations.
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6.3.2 Sun Position

At the beginning of the estimation of the Sun position in the Moon coordinate system the
positions of Sun and Moon are calculated in the geocentric coordinates by the available rou-
tines. Subsequent the vector from Moon to Sun is calculated by subtracting Moon'’s vector from
Sun’s vector. The resultis a vector from Moon to Sun (originating in Moon) in the ICRF equator
vernal equinox system. The Figure 6-3 illustrates the described relation.

Sun

Sun's position vector
Earth

I/

S - Moon

\

Sun s vector

Moon's position vector

Moon

Figure 6-3 Relation between the Sun-Moon, Sun and Moon vectors.

After the calculation of the vector from Moon to Sun, the unit vector is rotated from the ICRF
equator vernal equinox system to the Moon equator ICRF intersection (ascending node of lunar
equator) system as depicted in 6.3.1. After the rotation the unit vector is combined with the
norm and can be used in further calculations.

6.4 Consideration of Spherical Harmonics

The perturbation due to the spherical harmonics is applied by considering the additional ac-
celeration caused by them. It is clear that the effect of the spherical harmonics is individual
for each celestial body; therefore a calculation of the acceleration caused by the non-spheric
form of the Moon has been implemented.

The theory is described in the section 8.6.1 of /43/. The important equations are introduced
in the following.

The accelerationis described by:
. au (aro ouU (o4, ) U (oa, )
a=—1/—| + = + =
or \ or 0d,, \ or Oy \ OF

with @ as the acceleration, U as the aspherical potential function, i as the position, @, as

the latitude of the spacecraftand Ay, as the longitude of the spacecraft.

The aspherical potential function derivatives are defined as:
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aa_l: = _%ilz(R_r@j (I +1) I:)I,m '[Sin(¢sat)]'{cl,m 'Cos(mﬂ’sat)_" SI,m 'Sin(m/lsat)}
r Z2moo
Ry ) _ .
. :gii(T@j AR sin(8a)]-m-tan( g, ) Py, - [sin() |
W 112 "e.{c,, cos(m-2,)+S,, -sin(m- )}
aiu = €gmi_o(RT®J -m- I:)I,m '[Sin(¢sat)]' {Sl,m ‘COS(m 'ﬂ’sat) _Cl,m 'Sin(m 'ﬂ’sat)}

with £z as the gravitational constantand R, as the mean radius of the celestial body. | and
M are degree and order of the gravitational potential. P, ,, are the Legendre polynomials and

C, . aswell as S, are the gravitational coefficients.

The derivatives of the position vector are (unit vectors):

o '

o r
o 1 R
sat — _ z +_z
or rxz + ry2 r2 or

62’8611 1 ( ary arx
= r,-—+r, -

or rr+r? Y or Y oor
The equations results in the following individual acceleration components:
1 oU r, ouU 1 ouU
axz —— . .rx_ > o .ry
roor r2 . rX2 + ry2 a¢sat re+ ry a//Lsat

_J=. Y~ z
a, = 2

y or 2 oo og [ 07 2 52
r r r--\r + ry ¢sat re+ I’y sat

X

16U r oU {1 au}r

1 60U re+r) au
a,=——-,+ —
r or r 0P,

The calculated acceleration components are used to consider the perturbation caused by the
spherical harmonics.
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Due to the arranging of the functionality with the legacy implementation, the degree and order
are limited to 8. An order of 8, however, must be considered as sufficient for the purpose of
meteoroid analysis.

The gravitational coefficients are taken from the Goddard Lunar Gravity Model (GLGM-3) co-
efficient table. The normalised values were un-normalized for the use with the theory by adapt-
ing the equation 8-22 of /43/.

The normalisation is described as:

El,m :H 'CI

I,m ,m

with Cim and Sin as normalised coefficients and the transformation defined as:

m, :\/ (1 +m)!
' (1 =m)tk - (21 +1)
with k<= 1if m=0

k=2ifm+0
The un-normalisation is then:
SI m = Sl’m
’ 1_[I,m
CI . _ Cl,m
T,

Consideration of spherical harmonics can be applied for orbits around Earth and Moon, only.

6.5 L1/L2 State Vector Generation

The definition of the state vectors of the L1/L2 orbits is based on a simplified approach. The
simplification defines that a satellite is not moving on the complicated Lissajous orbit, which
can only be numerically propagated by consideration of maintaining manoeuvres, but is directly
at the L1/L2 position on the Sun-Earth connecting line. Furthermore it orbits the Earth with a
period of 1 year. This allows analytically compute a state vector for the satellite. The method
is listed in the following.

Position Vector:

e The simplification for the position vector is the assumption that the satellite position is
equal to the position of the according libration point L1 respective L2.

e Forthe calculation of the position SAPRE functionality is used to define the Sun position
in the geocentric equatorial coordinate system.
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e The norm of the vector is scaled with the factor 0.01, due to the fact that the Earth-
L1/L2 distances are each ca. 1.5 millions of kilometres, which is roughly 1/100 of the
Sun-Earth distance.

e Inthe caseof L2 the vectoris inverted, due to the L2 position on the opposite side of
the Earth than the Sun.

Velocity Vector:

e The simplifications for the calculation of the velocity vector are the following;

o Theorbitisin the ecliptic plane, which results from the equivalence of the L1/L2
and the satellite positions.

o The orbitis considered as circular.

o The period of the orbitis 1 year and the rotation is positive around the z-axis
of the ecliptic system. This is due to Earth’s positive rotation around Sun and
its period duration of 1 year.

e The previously calculated position vector is converted to the geocentric ecliptic coordi-
nate system.

e The z-axis of the system is cross multiplied with the converted position vector.

e The resulting vector shows in the direction of the velocity. It is converted back to the
geocentric equatorial coordinate system and normalised. This results in the normalised
velocity vector.

e Basedonthe angular velocity (w = 2n/P, period duration P = 1 year) and the calculated
L1 respective L2 distance (r), the norm of the velocity vector (v) is calculated to v = wr,
since the orbitis assumed to be circular.

e The combination of the normalised vector and the norm provides the searched velocty
vector.

After the calculation of the position and velocity vectors they can be combined to a state
vector.

The Figure 6-4 shows a schematic not to scale illustration of the calculated state vector. For
the reason of better understanding it is representin the ecliptic coordinate system only, with-
out the transformation to the equatorial coordinate system performed in the application. The
difference of the magnitude of the “calculated velocity direction” and the “Velocity vector
(ecliptic)” indicates the two steps of calculating the velocity vector; the calculation of the nor-
malised velocity vector (Zec. X position vector, normalisation of the result) and the calculation
of the velocity norm.

The Figure 6-5 illustrates the positions of the Sun-Earth libration points.
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Figure 6-4 Schematic illustration of the calculated state vector in ecliptic coordinate system.

Figure 6-5 Position of the Sun-Earth libration points (not to scale; credit: NASA/WMAP Science

Team).
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6.6 Interplanetary Analyses Trajectory Generation

For the use of ESABASE2 in interplanetary micrometeoroid risk assessments, the trajectory
input can be given in two formats. These are a Consultative Committee for Space Data Sys-
tems’ Orbit Ephemeris Message (CCSDS OEM) files and SPICE kernels, which will be introduced
in the following. The SPICE application program interface (API) is used as common trajectory
interface, which results in the necessity of converting the information from the OEM file to
SPICE kernels. Furthermore, the stepping algorithm for the use of the new trajectory in the
application of meteoroid environment models and the analyses in ESABASE2 is explained.

6.6.1 SPICE

ESABASE2 is able to handle trajectory information given via SPICE. SPICE is a toolkit developed
by NASA's Navigation and Ancillary Information Facility (NAIF). It is mainly used to plan and
interpret space-based observations as well as to overcome the engineering challenges for such
observation missions /50/. This includes the possibility to analyse spacecraft trajectories.

In general, the toolkit offers APIs in FORTRAN, C, IDL and MATLAB. Within this activity, the C
and FORTRAN API will be used. More concrete, the toolkit has libraries which offer several
functions of data exchange and processing. In SPICE, the data itself is stored in different kind
of kernels, e.g. spacecraft, planet, time or reference frame related kernels. For using SPICE in
ESABASE?2 the user is supposed to give the probe kernel while necessary supporting kernels
will be loaded using a meta kernel. Also, these probe kernels are binary files. By using the
SPICE API functions, the required trajectory points can be obtained from the kernel.

However, being able to create own kernels using OEM2SPK conversion (see Section 6.6.2.1)
or bringing non-plausible trajectory kernels, the user has to ensure these trajectory files con-
tain plausible data. For example, the user could generate new positional data for the Sun using
an OEM file. As a result, this could fatally affect interplanetary analyses as well as pointing
options within ESABASE2.

6.6.2 CCSDS/OEM

OEM was developed by the CCSDS along some other formats within the frame of defining
standardized Orbit Data Messages /57/. An OEM file contains ephemeris information in form
of Cartesian state vectors at given points of time. By additionally interpolating these state
vectors positional as well as velocity information can be obtained for the whole trajectory.

For a better understanding Figure 6-6 shows the condensed version of the OEM example given
in /57/, which will be used to briefly explain its structure and contents. In this context, only
the most relevant aspects will be explained. For more detailed information, please refer to
/57/.

The given example consists of three main parts:

e a header (lines one to three),
e meta-information (lines four to 14),
e the ephemeris information (lines 17 to 29).
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The header indicates information about the file itself which is the OEM version applied as well
as the creator and the creation date.

The block of metadata gives context information about the following ephemeris. This includes
the object as well as the trajectory’s centre name. For using the state vectors the reference
system needs to be known and therefore, it has to be provided. Also, the time frame of the
upcoming data as well as its format is specified. Further, for interpolating the state vectors a
suggestion for the interpolation method and degree is given.

The ephemeris data is given in form of a time stamp plus position and velocity information in
X, Y and z direction, respectively.

Moreover, it has to be mentioned that it is possible to define more than one pair of metadata
and ephemeris. This can be used to indicate changing the reference frame of the state vectors,
e.g. when the central body changes.

1 ccsDS_OEM VERS = 2.0

2 CREATION DATE = 1996-11-04T17:22:31

5 ORIGINATOR = NASA/JPL

4 META START

5 OBJECT NAME = MARS GLOBAL SURVEYOR

& OBJECT ID = 1996-062A

7 CENTER NAME = MARS BARYCENTER

§ REF_FRAME = EME2000

9 TIME SYSTEM = UTC

10 START TIME = 1996-12-18T12:00:00.331
11 STOP TIME = 1996-12-18T12:12:00.331
12 INTERPOLATION = HERMITE

13 INTERPOLATION DEGREE = 7
14 META STOP

15 COMMENT This file was produced by M.R. Somebody, MS00 NAV/JPL, 1996NOV 04. Tt is
16 COMMENT to be used for DSN scheduling purposes only.
17 1996-12-18T12:00:00.331 2789.€19 —-280.045 -1746.755
g 1996-12-18T12:01:00.331 2783.419 —-308.143 -1877.071
1996-12-18T12:02:00.331 2776.033 —-336.859 —-2008.682
1996-12-18T12:03:00.331 2776.033 —-336.859 -2008.682
1996-12-18T12:04:00.331 2776.033 —-336.859 -2008.682
1996-12-18T12:05:00.331 2776.033 -336.85%9 -2008.682
1996-12-18T12:06:00.331 2776.033 —-336.859 -2008.682
1996-12-18T12:07:00.331 2776.033 —-336.859 -2008.682
1996-12-18T12:08:00.331 2776.033 —-336.859 —-2008.682
1996-12-18T12:09:00.331 2776.033 —336.859 —-2008.682
1996-12-18T12:10:00.331 2776.033 —-336.859 -2008.682
1996-12-18T12:11:00.331 2776.033 —-336.859 -2008.682
1996-12-18T12:12:00.331 2776.033 -336.859 -2008.682

.713372 —-2.49586 —-1.04195
.18604 —-2.42124 -1.99608
.63678 —2.33951 -1.94687
.63678 —-2.33951 -1.94687
.63678 —-2.33951 -1.94687
.63678 -2.33951 -1.94687
.63678 —-2.33951 -1.94687
.63678 —-2.33951 -1.94¢87
.63678 —-2.33951 -1.94687
.63678 —2.33951 -1.94687
.63678 —-2.33951 -1.94687
.63678 —-2.33951 -1.94687
.63678 -2.33951 -1.94687

[0 & T & I G I R A RS 2 I & 1 I € I T & R

NN NNNNNNDDNDE
1oy W W= C 2

oJ=SHR . S

Figure 6-6: Example of a CCSDS OEM file (based on /57/)

6.6.2.1 Use of OEM2SPK

For the conversion of the OEM file to a valid SPICE kernel, the publically available SPICE utility
tool OEM2SPK is used (/58/). For detailed information on how to define OEM2SPK setup files,
see /58/. An example file specifically used for E2/Di is shown in Figure 6-7. Here, the
|begindata identifier introduces the block of setup parameter. First, the leapseconds file
(LEAPSECONDS FILE) path gets defined.
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‘hegindaka
LEAPSECONDS_FILE = 'metaFernel.tm'
INTERPOCLATICN METHOD = 'HERMITE'

INTERPOLATION DEGREE = 11

11 STRING MAPPING { 'EME2000', 'J2000°,
12 "TTY, "TDT' )

NAIF BODY NAME
NAIF BODY_ CCDE

'"JUICE' )

{
( -28 )

+
+

\begintexr

Figure 6-7: Example setup file for the OEM2SPK utility tool.

Both INTERPOLATION_METHOD and INTERPOLATION_DEGREE define default interpolation
parameters (interpolation method and degree, respectively). Being default parameters, they
will only be used in case, they are not defined in the given OEM input file. When interpolation
settings are given in the OEM file, those values will be used.

STRING_MAPPING s responsible for mapping terms which are differently defined in OEM and
SPICE. For E2/Di, there are mainly two relevant terms that have to be mapped. As shown in
the example, the OEM standard uses the term EME2000for the same reference system which
is called J2000. Also, OEM’s Terrestrial Time ( 77) is known as Terrestrial Dynamical Time
(7D7).

With NAIF_BODY NAMEand NAIF_BODY CODE, it is possible to add additional pairs of NAIF
bodies and IDs to the internal catalogue which is hard coded in the SPICE API.

6.6.3 Stepping Algorithm

With SPICE, a trajectory is described for a given time and the description with computed state
vectors for the required epochs within the period of the trajectory. However, for the application
of the meteoroid environment models and the analyses in ESABASE2 a set of orbital points
including state vectorand epoch needs to be defined.

The Stepping Algorithm automatically selects orbital points along the spacecraft trajectory.
Changes in the expected impact fluxes are of interest for the impact risk assessment. The
impact flux is highly depending on the spatial dust density of the passed space thus the vari-
ation of the spatial dust density is used as the basis for the step size modification. Orbital
points may be inserted or removed to find a balance between acknowledging local spatial dust
density variations and runtime optimization. After the Stepping Algorithm the user can manu-
ally add additional and/or remove single/multiple orbital points.

6.6.3.1 Default Step Size

SPICE trajectories do not provide any leads on a reasonable definition of dedicated orbital
points. Without such reference points it was decided to generate orbital points with default
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equidistant temporal step size, at first. Since the time periods of the trajectories can vary
between seconds (e.g. only one orbital point) and tens of years, the default time step needs
to be adapted to the trajectory duration. Table 23 lists the default step sizes depending on the
different trajectory durations. The step sizes end at 100 years trajectory duration, which ap-
pears to be a reasonable duration for an absolute maximum of a spacecraft trajectory.

Table 23: Default step sizes for different trajectory durations
Considered trajectory duration up to: Default step size
10 hours 10 minutes
10 days 1 hour
1 year 1 day
2 years 2 days
5 years 5 days
20 years 10 days
40 years 20 days
60 years 30 days
80 years 40 days
100 years 50 days

6.6.3.2 Density Grid

In order to retrieve density information for a given trajectory a density grid based on the
IMEM2 meteoroid model (r=0.1 - 5.93 AU; z=-3.5- 3.5 AU) is used. It stores pairs of fixed
positions and the associated spatial number density as a simple ASCII table. Figure 6-8 depicts
a contour plot of the density grid. The densities are colour-coded.
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IMEM2 grid r-z_300x100 IMEM1 format 12.5mic.res (30000 points)
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Figure 6-8: Contour plot of IMEM2 300x100 12.5 micron density grid

For establishing the density grid, 30000 regular logarithmic distributed grid points were con-
sidered. The spatial resolutionin r is set to 300 and in z to 100 points acknowledging the grid
size and different spatial density distributions in the two directions. Figure 6-9 displays the
logarithmic density grid point distribution.
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IMEM2 grid r-z 300x100 IMEM1 format 12.5mic.res (30000 points)
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Figure 6-9: Logarithmic density grid point distribution (300x100)

The grid points were processed by IMEM2 in order to obtain number densities of the 12.5
micron size group for each point of the grid. Testing showed that using the 12.5 micron size
group results in a smooth spatial dust density distribution across multiple orders of magnitude
resulting in a conservative step size variation. Since IMEM2 is rotationally symmetric around
the z-axis pointing to ecliptic north pole only a two-dimensional grid is required.

IMEM2 stores information on different sizes and object types in an octree bin structure. Each
octree bin has a different size. Therefore, density values are obtained by a bilinear interpolation
from a regular logarithmic grid yielding the IMEM2 spatial dust density information.

6.6.3.3 Obtaining densities

In order to obtain densities for orbital points of a given trajectory a bilinear interpolation be-
tween the densities of the nearest four surrounding grid points is applied. Figure 6-10 depicts
a sample trajectory inside the density grid. The densities of the four grid points are displayed
by n:;, niz, n2, nz2. They are weighted by the distance between the evaluated orbital point
and the grid point on the opposite side in each direction.
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Figure 6-10: Bilinear interpolation between density grid points

6.6.3.4 Thresholds

The Stepping Algorithm evaluates local density gradients between two consecutive orbital
points and decides by two thresholds whether to insert or remove further orbital points. There
is a removal (< 5%) and an insertion threshold (> 50%) meaning that orbital points with local
density gradients lower than 5% are removed from the stepped trajectory and where local
density gradients are higher than 50% a new OP is inserted.

. (ti — ti-1)
. Noradient > 0.50, lnSGT‘t OP at tnew = ti -
|1 Ni, 12.5um n 8T 2
| = dient = )
Mi-1,12.5um gradient 0.05 < ngadient < 0.50, do nothing
Ngradient < 0.05, remove i-th OP
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7 Pointing Facility

7.1 Introduction

A system (forexample, a spacecraft) in orbitis subject to various environmental effects, such
as solar illumination, the gravitational field, the atmosphere and so on. These effects appear
as forces and torques which affect the orbital position and attitude of the system (e.g. aero-
dynamic, radiation effects) or as material degradation (e.g. surface recession due to the atomic
oxygen fluence) and depend strongly on the geometrical configuration of the system, on its
orbital orientation and on the orbital position and velocity of the system.

In order to compute these effects accurately, the articulating capabilities of the bodies of the
system have to be properly modelled. For example, a central body(Earth, Moon)-oriented sys-
tem may assume a solar array articulating capability within angular constraints in order to
track the direction of the Sun. With such a system, changes in the solar panel orientation with
respect to the velocity vector and/or the sun significantly alter the resulting effects (e.g. tor-
ques, forces, surface degradation) on the system.

The orientation of the various bodies of an articulated system along an orbital trajectory is
computed by the ESABASE2 pointing facility. The pointing facility computesthe best possible
pointing of each body of a configuration of an articulated system to be oriented in its required
pointing direction starting with the prime body.

The pointing facility is described in detail in ref. /40/. This section will introduce the modifica-
tions and extensions performed to allow the application to lunar orbits.

7.2 Modification of the Pointing Facility for Lunar Missions

The majority of the transformation matrices in the pointing facility are generated based on the
spacecraft state vector. Due to this fact they can be used for the different celestial bodies,
centre of motions, as long as the state vectors are given in the according coordinate system.
Also the pointing to Earth was calculated. To allow the use of a geometry for both, Earth and
lunar missions, the pointing EARTH was redefined in pointing CENTRALBODY. The calculation
was kept due to the general approach.

The pointing to Earth, which is for Earth orbits equal to pointing to central body, is hevertheless
a direction of interest. Thus, also a pointing EARTH is introduced again, but it is calculated in
a different way.

For the analysis of lunar missions, the pointing directions: NONE, CENTRALBODY, EARTH,
SUN, VELOCITY and FIXED are available. According to the previous information EARTH and
SUN are pointing options, which depending on the position relative to the centre of motion
and thus need to be handled individually.

To define the pointing to Earth the following new reference frame was introduced:

EARTHLEQ: selenocentric/planetocentric, Earth-fixed, tilted lunar/planet equator system:
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e X within the orbital plane, towards the true Earth position of date
e z perpendicular to x in the direction of the north
e y within the equatorial plane, completesthe right hand systemx, y, z

The frame is deduced from the selenocentric/planetocentric inertial by rotating the x-axis by
as around z to the intersection of the meridian of the true Earth with lunar/planet equator, and
the subsequent rotation by &s around y’ to the true Earth position of date. The transformation
is depicted in Figure 7-1.

Ziner A N /
NEEes

Xiner

Figure 7-1 Selenocentric inertial (iner) to EARTHLEQ (*).

The position vectors of Sun and Earth, which are used to generate the transformation matrices,
are calculated for lunar orbits according to the process described in section 6.3. In this way
the both pointing possibilities are individualised for the different centres of motion.

7.3 Modification of the Pointing Facility for Interplanetary Missions

To realize a pointing to further reference objects (e.g. planets) for interplanetary missions
(only available in this mission mode), the user is able to select the new pointing option NAIFID.
This option allows to give the NAIF ID of reference objects. Itis essential that this reference
object is existing in the meta-kernel provided for the meteoroid analysis.

Since SPICE is already used for interplanetary missions, it will be also used for pointing appli-
cations. During ESABASE2's pointing algorithm, the pointing direction is determined in Gamma-
50's inertial, equatorial reference frame first with the reference epoch of 1/1/1950 0:00. Af-
terwards, it gets transformed into system coordinates. Hence, SPICE was implemented to get
necessary object positions to calculate the pointing direction. Since SPICE does not naturally
offer Gamma-50 positions, positions in the J2000 reference frame are used. This neglects the
precession difference between the two reference frames (tool internal comparison shows de-
viation of relative rotationto be clearly less than 1%). However, considering this use case, it
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is an acceptable approach. This inertial information will then be transformed to the system

reference frame like it is done for the other pointing options.
The J2000 pointing direction can be obtained by using the following the following equation:

172000,pdir = 172000,probe — 772000,r0b jr

Where 17,000 pair 1S the pointing direction vector, 75,000 probe the position of the probe and
172000,70b; the position of the pointing reference object, eachin the J2000 reference frame.
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The use of a trajectory file allows providing the track of a mission by a list of state vectors
with according epochs. In this way the generation/propagation of one defined orbit is not
necessary and the trajectories can be more complex. Beside the state vectors the file provides
also the starting and targeted celestial body for the trajectory. The description of the structure
and an example of a trajectory file can be found in /44/.

8 Trajectory File Handling

After the parsing of the file, the retrieved informationis analysed, the according central body
(centre of motion) is defined and if required the state vector is transformed to the central body
coordinate frame.

The definition of the according centre of motionis based on the sphere of influence (SOI) of
the corresponding celestial body. The SOI express an abstracted spherical space where the
gravity of a body has effect of other objects in space. The SOIs are designed as constants for
the used celestial bodies. They are calculated according to the equation from /45/:

o)
M

where Rs is the radius of the sphere of influence, m is the mass of the smaller body in the
system, which SOI is calculated, Mis the mass of the bigger body in the system and Dis the
distance between the bodies. Forthe SOI of the Moon the Earth-Moon system is considered,
which means m = mass of the Moon and M = mass of the Earth. For the SOI of the Earth the
Sun-Earth system is examined, which means m = mass of the Earth and M = mass of the Sun.
To have a little buffer for the model application (LunarMEM) the calculated values of SOIs are
slightly lowered and defined to:

e Lunar SOI: 66000 km radius around Moon
e FEarth SOI: 924000 km radius around Earth.

To define the centre of motion the SOIs of the start and target celestial bodies are compared
and the lower SOl is used for the first check. This ensures that objects in the SOI of the Moon
are mapped to Moon and not to Earth, which could happen because the Moon and also the
objectonalunar orbit are in the SOI of the Earth. If the object is outside of both SOIs (Earth’s
and Moon’s) the program currently stops because interplanetary missions are not imple-
mented.

In case of the analysis of L1/L2 orbits the Earth SOI is virtually extended to 3 Mio km. The
reasonis that the libration points have a distance of ca. 1.5 Mio km from Earth, and thus are
outside of the “normal” Earth SOI. The application of doubled distance should allow more
flexibility for the provided trajectory. L1 and L2 orbits are only applicable with Earth as the
origin celestial body.

The estimation of the presencein a SOI is performed by the check of the distances between
the object and the both bodies. If the distance to the body with the smaller SOI is lower than
the according radius, the centre of motionis the checked body; else if the objectis in the
bigger SOI than the according body is the centre of motion.
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For the distance check the state vectors of the bodies are calculated in the coordinate frame
that is used for the state vectors of the spacecraft in the trajectory file. This is done by the
calculation of the body position in the ecliptical vernal equinox frame of J2000.0 according to
/42/, which allows calculating the classical orbital elements of the celestial body by providing
time dependant reference values for the different planets and the Moon. The classical elements
are converted using legacy functionalities to a state vector. Afterwards the state vector is
rotated to the used coordinate frame as described in 6.3 exemplarily for the Moon frame. The
calculated celestial body state vectors are stored for possible later transformation of the S/C
vectors.

After the definition of the centre of motion (central body) to a pointit is checked if the frame
of the S/C state vectors is the frame of the central body, if not the vectoris transformed. To
achieve the state vector of the S/C relative to the central body, the stored state vector of the
central body in the frame of trajectory file is subtracted from the state vector of the S/Cin the
same frame. The Figure 8-1 illustrates the process; the red state vector is the achieved result.

oon
on's state vector (Earth, blue)

satellite state vector
(Moon, red)

satellite state vector (Earth, black)

Figure 8-1 Calculation of the S/C state vector relative to the central body.

After the calculation of the S/C state vector relative to the centre of motion it is rotated in the
corresponding frame of the central body according the exemplarily descriptionin 6.3.

The calculated state vectors in the according central body frame are stored and provided to
the data model of ESABASE2/Debris for the further use in the analysis.
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Annex A Particle Flux on Orbiting Structures

A.1 Introduction

Two factors interfere with the particle impact flux computation on an orbiting spacecraft,
namely:

1) The influence of the spacecraft velocity on the impacting flux, referred to as the k™ or “f"
factorin several papers, and

2) The Earth shielding of the omni-directional particle flux.

The presented results are implemented in the upgraded ESABASE2/DEBRIS software.

It is assumed that the particle flux is omni-directional, i.e. no direction is preferential. This
corresponds to the Griin sporadic meteoroid flux model.

The influence of the spacecraft velocity will first be investigated for two factors:
1) The™f;" factor describing the relation between the flux on a moving oriented surface ele-
ment and the flux on a virtual stationary surface element.

2) The “k¢” factor describing the relation between the flux on the forward side of a moving,
oriented surface (or plate) to the average flux on the surface (average = 0.5*[forward +
lee fluxes]).

As will be seen, these two factors are linked and depend on the orientation of the surface
element. Drawn from the above two factors, two additional factors can be defined:

3) The"“f™ factor, whichis obtained by evaluating the f: factor on three perpendicular planes,
which corresponds to the ratio between the flux on a moving “random tumbling” surface
element and the flux ona virtual stationary surface element. This factor can also be used
for the total flux increase on a symmetric spacecraft.

4) The“k” factor, which is the ratio between the flux on the forward side of a surface element
(or plate) to the flux on a virtual stationary randomly oriented surface element.
A.2 Theoretical Description of the Particle Impact Flux on a Moving Plate

A.2.1 General Description

For the general case, we need to consider an omni-directional particle flux and an arbitrary
direction of motion of the plate.
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Let us first consider the situation depicted
in fig. A-1 of a particle hitting the moving
plate under an angle ai. The plate is mov-
ing with a velocity v_. v, makes anangle

B with the surface normal vector s.

The impacting flux from the particles im-
pinging with the velocity v, onthe plateis
obtained by the product between the par-
ticle probability, the scalarimpact velocity
and the cosine of the angle between im- Figure A-1 Oblique flux on a plate moving in an arbi-
pact velocity and surface normal. The lat- trary direction

ter can be described by the scalar product

between the impact velocity v, and the

surface element normal vector s :

i=n(v,)-5-v, Where n(vm) is the probability of a particle arriving with a velocity vm, taken
from the velocity distribution.

The impact velocity can be expressed as: v, =v
direction towards the plate.

+v,, Where v_ is chosen positive in the

m

Using the distributivity of the vector sum with respect to the scalar product, we obtain:
i=n(v,)-5-(Y, +V.)=n(v,)-(5-V, +5-V,)=n(v,)-s- (v, cosa +v, cos B) (9)

Inorderto assess the complete situation, we must evaluate the integration limits of the partide
angle a of the whole ,captured" spherical portion seen by the plate. The situation is best
illustrated with a 2D sketch, see fig. A-2 below.
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Figure A-2 Integration limits for an arbitrary direction of motion

As can be seen in the figure above, the grazing impact directions allow computing the limit
particle directions knowing that the scalar productin this case is zero:

V;-S=V_,-S+V,-5=0 .
The numerical expression of the limit angle, which is constant around the whole captured
sphere, is:

cos ar, = —Ys €088 (10)

Vi

In order to obtain the total impact flux 7 on the plate, we must integrate over the sphere
captured by the plate and the velocity distribution:

0 Xjim (Vi )
| =j jdi
0 0

di=i(v,,a)-ds=n(v,)-(V;-S)-2zsin a-de -dv,,
di =27 -n(v,)(v,, cosa +Vv,cos f)sin a-da -dv,,
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2nsinaeda is the surface integration argument computed from the integration over ¢ of the
spherical surface differential sina.edpeda..

We thus obtain the following integral:

I :I J‘27z-n(vm)-(vm oS +V, cos f3)-sin & -der -dv,, (11)

0 0

ouim is obtained from equation (17).

A.2.2 Particle Flux on a Plate with Unique Particle Velocity
We shall first consider the situation where the particles have a unique velocity.
With a unique particle velocity, equation (18) boils down to a single integral:

| =27-n, J(vm cos o +V, cos B)-sin & - dex
0

with no being the probability of a particle arriving from a random direction. This integral can
easily be solved analytically:

Zlim
| =27-n, _[(vm cosa +V, cos B)-sin & -dex
0

Substituting and solving the equations, we finally obtain:

7N,
v

| = (v, +v,cos B

m

The above expression for 7 permits the analytical computation of the k and f; factors. The f;
factor needs the total flux on an orbiting structure:

n
For an oriented plate: L [(Vm +v,cos B) + (v, —v, cos /5’)2]

Forthe case with vs = 0: Tt = 2nNeVim.
We can now derive the analytical expressions of the two factors:
2-1(+v,)

v v (12)

ot (V)
_ tot \Vs
=1 v 20) (13)
tot \'s T
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A spacecraft can be symbolised by a regular box, moving with one side normal to the flight
direction, i.e. two sides with B = 0 and four sides with B = 90°. This of course implies a
symmetrical spacecraft structure. We can now derive the fi factor for the whole spacecraft:

2 2
! =L2[4v§1 + (v, +v )P+ (v, —v, )2]=M

6V’ 6V’
We finally obtain:
2
v
fl=1+—2 14
t 3Vri ( )
In the same way one can compute the k factor:
I 2-1 I (-
(+VS) _ (+VS) . (+VS)+ ( VS): ft’kf (15)

TU(v,=0) 1(+v)+1(-v,) 2-1(v,=0)

Tables A-1 and A-2 below show the f;, kr and k factors for two velocity values and a set of
values of B.

SENICA)
MgV,
o e ()
MGV,
Casel:vs = vn
B [deg] (] 15 30 45 60 75 90
I 4 3.86 3.48 2.91 2.25 1.58 1
"ot 4 3.87 3.5 3.0 2.5 2.13 2
Ks 2.0 1.99 1.99 1.94 1.8 1.49 1.0
k 4.0 3.84 3.48 2.91 2.25 1.59 1.0
fi 2.0 1.93 1.75 1.5 1.25 1.07 1.0
Table A-1 Analytical values for k and ft with vs = vm

fit = 1.333

Case2:vs=7.6km/s;vm = 16.8 km/s

B [deg] 0 15 30 45 60 75 90
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I 2.11 2.06 1.94 1.74 1.5 1.25
ot 2.41 2.38 2.31 2.2 2.1 2.03 2
ks 1.75 1.73 1.68 1.58 1.43 1.23 1.0
Kk 2.1 2.06 1.93 1.74 1.5 1.24 1.0
fe 1.2 1.19 1.15 1.1 1.05 1.01 1.0
Table A-2 Analytical values for k and ft with vs = 7.6 km/s; vm = 16.8 km/s
f = 1.068

A.2.3 Particle Flux on a Plate with a given Velocity Distribution

The general expression of I is given by equation (18) in paragraph A.2.1 Proceeding as in the
previous section, we can solve the first integration step (over o). We now have the following
equation:

jl (v, +v, cos g ) dv (16)
0

Vin

In order to proceed further, we need to define the form of the velocity distribution n(vm).

A

An easy way to approach the velocity distribu-
tion is to define a function composed of a se-
ries of straight curves as depicted in figure A-
3. Actually most velocity distributions can be

. . . n
approximated with such a function. 2

. . N3
To derive the general formulation for I, let's /
integrate the portion of the velocity function Ns ‘ / R
betweenv: and v2: i Vi v, Vs Vi Vs

Vo, =V,

Vi <V <V n(Vy) =N, +(n, —n,) v, Figure A-3 Generalised velocity distribution

In fig. A-3, one can split the integration into
four steps.

An integration step I, betweenv; and v, becomes:

I 2 = 7rvf(n2+(nl_r12)(v2 —m )) (v +vs 05 )" - dv
v Vo=V Vm
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The above expression can be analytically solved. This process is described in (Ref /15/). One
finally obtains:

I 2n +n. 2n., +n. n. ,
I = ”Z {— 5 vl - I_16 Ve + I_16 ViV (N + 0 v cos BV =iy )
i=2 ( 17 )
NV, —Nn.v, v,
+(n; —n, V2 cos? g+ 21 yZcos? - In (—'j}

Vi =Via Vi

Equation (24) above is easily programmable. The two standard meteoroid velocity distribu-
tions, the NASA 90 model and the Cour-Palais model were approximated with 5 (n;vm) points
and computed with equation (24). The results are presented in tables A-3 and A-4.

For comparison with the data in chapters A.2.2 and A.3, the plate velocity was setat 7.6 km/s.

Analytical flux computation of the NASA 90 model
The NASA 90 velocity distribution can be approximated as follows:

Velocity  Normalised Probability
11.0 1.0 A .
15.2 1.0
- 0.8
20.0 0.25 %
2 0.6
28.0 0.03 &
E 04
50.0 0.0 2
0.2
0 t t t i
0 10 20 30 40 50
Velocity

The analysis over the above velocity distribution with equation (24) gives the following results:

Vs = O Vs = 7.6
B [deq] N/A 0 15 30 45 60 75 90
Flux positive 451.6 966 945.1 | 885.3 | 794.3 | 683.5 | 565.3 | 451.6
Flux total 903.2 1106 1092 1055 1005 | 953.8 | 916.8 | 903.2
ks factor 1.0 1.75 1.73 1.68 1.58 1.43 1.23 1.0
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vs=0 =

B [deg] N/A 0 15 30 45 60 75 90

k factor N/A 2.14 2.09 1.97 1.75 1.52 1.25 1.0

fi factor N/A 1.22 1.21 1.17 1.11 1.06 1.015 1.0
Table A-3 Results with vs = 7.6, NASA 90 Velocity distribution

The fif factoramounts to 1.075.

Comparing table A-3 to table A-2, the results are very close.

A.3 Validation of the numerical Approach with Ray Tracing

A.3.1 General

In order to assess the behaviour of the ray tracing technique implemented in ESABASE and
also to double-check the analytical derivations of chapter A.2, two computer programs were
written to numerically simulate the effects of an omni-directional particle flux environment on
a moving plate:

- Thefirst program simulated the true environment, firing rays randomly from a sphere onto
a plate

4

‘4 w8 /&

N \4"‘ NLr “\<§§Q/f'/~?’. |

AN 'f//""‘v'/’%“"'éﬂi‘\\“‘ y

4‘\ W
R A< 2 |
SN X jilf
\\\,‘«9"%""!\\\/\%*4- e
UL T
NS 77
NS 77

Project: ESABASE2/Debris Release 12.0 Date: 2021-07-07
Technical Description Revision: 1.10
Reference: R077-231rep_01_10_Debris_Technical Desaiption.docx Status: Final

etamaxspace GmbH Page 168/ 172




of the impact angle.

qemax 1

- The second program corresponds to the raytracing technique implemented in the en-
hanced software, firing the rays from the plate and weighting the ray data with the cosine

The ray hits were recorded and the factors computed analytically in the previous section eval
uated. The results are shown in the following two subsections.

The ray hits were counted on both sides of the plate. The case fora box was derived from the

single plate results.

A.3.2 Results when the Rays are fired from a Unit Sphere

The program K_SPHERE was run with 2.0E6 rays, with two velocity configurations. The first is
the extreme case where the plate velocity equals the particle velocity, the second the case
treated in the previous chapter, i.e. with 16.8 particle velocity and 7.6 plate velocity. The ray

scaling factoris 0.001.

The results are presentedin tables A-5 and A-6.

Casel:vs=v, =9.25

Vs =0 Vs = 9.25

B [deq] N/A 0 15 30 45 60 75 90
Nhit positive 12911 || 34090 | 32996 | 29836 | 25839 | 20468 | 15577 | 10898
Nhit negative 13050 0 68 489 1679 | 3702 | 6836 | 10737
Nhit total 25961 | 34090 | 33064 | 30325 | 27518 | 24170 | 22413 | 21635
Flux positive 119.4 || 473.9 | 457.1 | 409.6 | 346.0 | 262.7 | 186.6 | 119.3
Flux negative 120.7 0 0.15 2.1 10.1 29.4 65.3 116.8
Flux total 240.1 | 473.9 | 457.2 | 411.8 | 356.1 | 292.1 | 251.9 236.1
Flux total 3 plates 717.3 || 945.0 | 943.2 | 938.8 | 950.1 | 938.8 | 943.2 | 946.3
Imp. angle positive 44.9 38.0 34.5 36.6 40.2 44.9 50.3 51.9
Imp. angle negative 45.0 -- 84.5 79.3 73.5 67.9 62.1 51.6
ks factor 0.995 2.0 2.0 1.99 1.94 1.8 1.48 1.01
fi factor N/A 1.97 1.9 1.72 1.48 1.22 1.05 0.98
k factor N/A 3.94 3.8 3.42 2.87 2.2 1.55 0.99
fit factor N/A 1.32 1.32 1.31 1.33 1.31 1.32 1.32

Table A-5 Results from K_SPHERE with vs = vm = 9.25
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Case2:vs=7.6;vimn = 16.8

qemax 1

ve=10 Vs=7.6

B [deq] N/A 0 15 30 45 60 75 90
Nhit positive 12893 || 21278 | 21071 | 20071 | 18555 | 16835 | 14563 | 12510
Nhit negative 12787 || 5855 6091 6567 7544 | 8890 | 10719 | 12567
Nhit total 25680 | 27133 | 27162 | 16638 | 26099 | 25725 | 25282 | 25077
Flux positive 216.6 || 455.6 | 448.5 | 420.0 | 377.5 | 328.5 | 269.1 | 215.8
Flux negative 214.8 65.5 69.5 80.2 99.8 129.1 | 170.7 | 216.6
Flux total 431.4 | 521.1 | 518.0 | 500.2 | 477.2 | 457.6 | 439.7 | 432.4
Flux total 3 plates 1301 1386 1389 1390 1387 1390 1389 1386
Imp. angle positive 44.9 39.4 39.8 40.7 41.9 43.5 45.3 47.2
Imp. angle negative | 45.3 52.5 52.0 52.4 51.6 50.5 49.3 47.4

ks factor 1.004 1.75 1.73 1.68 1.58 1.44 1.22 1.0

f. factor N/A 1.21 1.20 1.16 1.11 1.061 1.02 1.0

k factor N/A 2.12 2.08 1.95 1.75 1.53 1.24 1.0
fi" factor N/A | 1.065 | 1.068 | 1.068 | 1.066 | 1.068 | 1.068 | 1.065

Table A-6 Results from K_SPHERE with vs = 7.6 vm = 16.8

A.3.3 Results when the Rays are fired from plate centre

The program K_PLATE simulates the ESABASE approach by firing particles from the plate (cen-
tre) in random directions. The impact flux is computed.

The program K_PLATE was run with 26000 rays and with two velocity configurations. The
same cases are studied as in the previous section. The flux scaling factoris 0.001.

The results are presented in tables A-7 and A-8.

Casel:vs=v, =9.25

Vs = 0 Vs = 9.25
B [deg] N/A 0 15 30 45 60 75 90
Nhit positive 12929 || 26000 | 25531 | 24291 | 22108 | 19563 | 16247 | 13107
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vs =0

B [deg] N/A 0 15 30 45 60 75 90
Nhit negative 13071 0 469 1709 | 3892 | 6437 | 9753 | 12893
Nhit total 26000 | 26000 | 26000 | 26000 | 26000 | 26000 | 26000 | 26000

Flux positive 59.71 || 238.7 | 231.8 | 209.1 | 174.2 | 136.7 | 94.61 | 60.43
Flux negative 60.0 0 0.1 1.01 5.2 15.0 33.2 | 59.38
Flux total 119.7 || 238.7 | 231.9 | 210.2 | 179.5 | 151.7 | 127.8 | 119.8

Flux total 3 plates | 361.1 | 478.8 | 479.9 | 481.9 | 481.6 | 481.9 | 479.9 | 478.8
Imp. angle positive | 45.1 33.9 34.5 36.9 40.4 44.8 50.3 56.2
Imp. angle negative | 45.4 -- 84.6 79.1 73.7 67.8 62.2 56.0
ks factor 1.0 2.0 2.0 1.99 1.94 1.8 1.48 1.01

fi factor N/A 1.99 1.94 1.76 1.5 1.27 1.07 1.0

k factor N/A 3.98 3.88 3.5 2.91 2.29 1.58 1.01

fit factor N/A 1.33 1.33 1.34 1.33 1.34 1.33 1.33

Table A-7 Results from K_PLATE with vs = vm = 9.25
Case2:vs=7.6;vm = 16.8
Vs =0 Vs =7.6

B [deq] N/A 0 15 30 45 60 75 90
Nhit positive 12913 || 18894 | 18585 | 18054 | 17179 | 16027 | 14542 | 12979
Nhit negative 13087 | 7106 7415 7946 8821 9973 | 11458 | 13021
Nhit total 26000 | 26000 | 26000 | 26000 | 26000 | 26000 | 26000 | 26000
Flux positive 108.1 | 230.2 | 224.3 | 211.0 | 190.4 | 165.1 | 136.6 | 109.0
Flux negative 109.6 | 32.7 35.0 | 40.5 51.1 65.3 84.4 | 109.2
Flux total 217.7 | 292.8 | 259.3 | 251.5 | 241.4 | 230.4 | 221.0 | 218.2

Flux total 3 plates | 654.9 | 700.3 | 698.5 | 700.0 | 699.9 | 700.0 | 698.5 | 700.3
Imp. angle positive 45.0 39.6 39.7 40.8 42.0 43.4 45.3 47.5
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vs =0 Vs=7.6

B [deg] N/A 0 15 30 45 60 75 90
Imp. angle negative | 45.0 52.8 52.1 52.4 51.2 50.5 49.3 47.3

ks factor 0.99 1.75 1.73 1.68 1.58 1.43 1.24 1.0

fi factor N/A 1.21 1.19 1.16 1.11 | 1.058 | 1.02 1.0

k factor N/A 2.12 2.06 1.95 1.75 1.51 1.26 1.0

fi* factor N/A | 1.069 | 1.067 | 1.069 | 1.069 | 1.069 | 1.067 | 1.069

Table A-8 Results from K_PLATE with vs = 7.6 vm = 16.8

A.4 Conclusions and Discussion

The numerical results presented in the previous sections prove full agreement between the &

and f;factors computed analytically or numerically.

The main conclusions are:

For a plate, the flux is strongly dependent on the orientation of the plate with respect to
the flight direction. Also the total flux (i.e. the £ factor) depends on this. For a plate in
LEO, the flux increase when the plate is normal to the flight direction compared to the flux
when parallel to the flight direction amounts to 20%.

The ray tracing technique used in ESABASE perfectly captures the true particle flux situa-
tion, provided that the cosa term (angle between impact direction and surface normal) is

introduced in the flux computation.
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