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Abstract

We have developed a scattering model allowing to study interaction of light with particles populating the near-Earth environment:
satellite explosion remnants, collisional debris, particles detached from peeling paint surfaces, and ejecta resulting from micrometeorite
bombardment. In its present configuration the model accounts for rough needles, grains, and plates as primary shape elements. More
complex shapes are built upon combining them.

The model is compared and validated against laboratory measurements. The studied samples include a set of space debris analogue
samples obtained from the controlled MIRAD (Microparticle impact related attitude disturbances) experiment that collided solar cell
panels with a projectile. The resulting samples are mostly carbon needles and curved aluminium sheets. We have both measured and
modelled the scattering of light from a set of these samples.

The model agrees rather well with the measurements. The shape and orientation of the particles are found to be the main contributor
in how light is scattered, whereas the material dependence shows a weaker trend. Large amount of data with varying viewing and illu-
mination angles are needed to allow for inversion of the target characteristics.

The experimental results exploited in our study have significantly aided the model development. In the future, this work can be
expanded to a real-mode in-orbit scattering model that can be utilised in Earth system and/or astronomical observations and space mis-
sion concept designs. Additional measurements with larger variety of samples and their expanded size range are required to extend and
solidify the model for the full range of populations representing space particles.
� 2022 COSPAR. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Near-Earth space is getting crowded. According to the
space debris statistics of the European Space Agency
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(ESA), the number of launched payloads increased from
about 400 per year in 2017–2019 to more than 1750 in
2021 in the Low-Earth Orbit (LEO, perigee < 2,000 km)
alone, because of the increase in especially commercial
operators and applications. The number of re-entries has
remained in a few hundred per year, so the number of cat-
alogued payload- and rocket-related objects and debris
org/licenses/by/4.0/).
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Table 1
Abundance, available tracking data, and typical effects of space debris in Earth orbit for five different size ranges. (Schimmerohn et al., 2018).

Size range Amount Data source Effect on a satellite

> 10 cm �37 000 tracked using telescopes, radars, lasers catastrophic collision; the target disintegrates into numerous
smaller and larger particles; fragment sizes depend on impactor size
and collision scenario

1–10 cm 1 million only few random observations termination of mission; significant amount of new debris is created
1–10 mm > 300 million no tracking data penetration of typical spacecraft structure walls; subsystem

malfunction or termination of mission, depending on impact
location

0.1–1 mm some impact marks observed damages sensitive parts, leaves visible marks
< 0.1 mm collectors in spacecrafts drag and wear; degradation of optical surfaces (windows, solar

cells)
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orbiting the Earth has now increased to more than 18,000
in LEO and to more than 36,600 in total. In addition, the
number of uncatalogued fragments of debris, originating
from various accidental or deliberate collisions and issues
related to electronics, aerodynamics and propulsion, is esti-
mated at more than 130 million1 (Pardini and Anselmo,
2011; ESA, 2022).

The population of larger, about 10 cm and up, space
debris is known and monitored, and collision risks can be
evaluated and several avoidance manoeuvres are per-
formed annually. However, the increasing number of
objects poses an increasing threat to the satellite opera-
tions. A non-negligible probability for collisions exists,
which may lead to more debris, more collisions, and very
large costs. In fact, ESA’s Space Debris Office reports the
number of fragmentation events at approximately ten per
year, and the cost of monitoring of possible collisions
and the avoidance manoeuvring at millions of euros. The
data are collected in DISCOS database (Database and
Information System Characterising Objects in Space)
(Torre et al., 2001; Flohrer et al., 2013; DISCOS, 2022),
and MASTER (ESA Meteoroid and Space Debris Terres-
trial Environment Reference model) provides model for
full population Flegel et al. (2009), MASTER (2022), using
e.g. fragmentation modelling Fragmentation database
(2022).

Table 1 lists the estimated abundance of space debris
particles in five different size categories, available tracking
data for them, and their typical effects on a target when
impacting. As shown in the table, only random observa-
tions of 1–10-cm particles exist, and nothing in the 0.1–
10-mm range. Observations of objects smaller than
0.1 mm are collected by impact detectors.

New observational methods are needed for improved
tracking of space objects especially in the size categories
from 1 mm to 10 cm. One possibility is to use dedicated
space-based sensors. An orbital detector would hold con-
siderable advantage over ground-based techniques, would
provide a wide coverage, and would escape dependency
on weather conditions (Bouquet et al., 2014). Even a rather
small detector could observe objects in short distances.
1 https://sdup.esoc.esa.int/discosweb/statistics/ 21.09.2022.
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Currently, there is at least one in orbit sensor, the Cana-
dian NEOSSAT (Near Earth Object Surveillance Satellite)
(Abbasi et al., 2019; Laurin et al., 2008),

Following recommendations of (Englert et al., 2014;
Worms et al., 1999), ESA has recently started the project
on developing Coincident laser sheet particle monitor
(COLA), to study the feasibility of a new orbital sensor
(Peltoniemi et al., 2021). The idea is based on placing
one or more thin laser sheet light fields around the satel-
lite, and several fast cameras measuring the precise coor-
dinates and brightness of the flashes caused by by-
passing particles. These measurements can be used to
retrieve the trajectory and physical properties of the par-
ticles. The aim of the present work is to research on the
physical signals the debris particles in laser light could
make to a sensor.

2. Particles in the scattered light

In a typical setup, we have a light source (Sun, laser, etc)

producing a beam at direction k̂0 and intensity I0 at the tar-
get, and a sensor at direction k̂s and distance r from the
scatterer (Fig. 1). The scattered irradiance Is [W/m2] at
the sensor can be then given as

Isðk̂sÞ ¼ 1

r2
aði; nÞP ða;/; i; nÞ

4p
Aði; nÞI0ðk̂0Þ ð1Þ

where a is the phase angle, / is the azimuth scattering
angle, i is the angle between the particle main axis (most

symmetric axis) n̂ and incident direction k̂0; n is the particle
rotation phase around the main axis, [geometric] cross-
section is A, [Bond] albedo is a, and P is the [scattering]
phase function. Typically, we have several observations
of the target with varying distance and/or angles. To be
able to analyse the observation data, we need a model
for the phase function, albedo, and cross-section.

There are already numerous scattering models for plan-
etary, atmospheric, soil particles (Bohren and Huffman,
1983; Mishchenko et al., 2000; Muinonen et al., 2019;
van de Hulst, 1957), and many more. Some of them are val-
idated with novel reflectance measurements, for example,
with a help of the acoustic waves (Maconi et al., 2020;
Maconi et al., 2018; Helander et al., 2020).

https://sdup.esoc.esa.int/discosweb/statistics/


Fig. 1. The model and measurement geometry. The light source illuminates from left. The sensor moves around the target, with a phase angle a and
azimuth /, measured from horizontal. The target’s main axis is rotated along a vertical axis an angle i from the beam direction. The last rotation angle n of
the particle is not used here.
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However, anthropogenic space particles differ signifi-
cantly from these, and new scattering models are needed.
We can assume MASTER (Flegel et al., 2009; MASTER,
2022) and ORDEM (NASA’s Orbital Debris Engineering
Model) (Krisko et al., 2015) to provide up-to-date (though
still limited) knowledge on particle sources and distribu-
tions. We can collect information on recent experiments
on particle shapes and properties (Allen and Fitz-Coy,
2020; Krisko et al., 2008; Watson et al., 2020; Cowardin
et al., 2020; Akahoshi et al., 2012; Nishida et al., 2013). Pel-
toniemi et al. have introduced a scattering model for small
particles Peltoniemi et al. (2020), Peltoniemi (2007),
Peltoniemi et al. (1989) that is recently extended to study
laser momentum transfer to deflect dangerous objects to
a safer course (Peltoniemi et al., 2021; Dumestier, 2021).
In this work, we extend the model to wider range of space
debris particles to support the observations.

Before productive use, the model must be validated.
There is currently no way to measure real space debris par-
ticles in real conditions. The best we can do is to measure
analogue particles in laboratory. This has limitations, but
maps validity range. Laboratory gonioradiometers have
been used to measure particle scattering behaviour, e.g.
(Muinonen et al., 2019; Muñoz et al., 2010; Sasse et al.,
1995; Bédard et al., 2014; Bédard et al., 2015). The Finnish
Geospatial Research Institute (FGI) has long experience on
field and laboratory goniometry Peltoniemi et al. (2014),
Suomalainen et al. (2009), Kaasalainen et al. (2005),
Näränen et al. (2004), Peltoniemi et al. (2021), Piironen
et al. (1998). In this work, our measurements are done with
a newly developed device and new samples.
2963
3. Instrumentation: Masala space goniometer

The FGI space goniometer facility is a flexible system
consisting of motors, arms, optics, and sensors. It can be
easily configured for various scattering measurements.
For the present experiment, a small self-standing system
was built (Fig. 2) at FGI building in Masala. The base
stands on wheels. On top is the azimuth motor on pillars.
Over the azimuth motor is the turning frame, containing
shelves for electronics, a base plate for the zenith motor,
and a sample rotator. The zenith arm is fixed to the zenith
motor. On the top end of the zenith arm is a cross arm,
which contains the sensing optics oriented towards the cen-
tre of motion.

Currently the sensing optics includes a planoconvex
BK7 lens of a diameter of 50 mm and a focal length of
75 mm. The lens is focused to infinity to avoid making
an image of the target to the light fibre bundle input.
Before the light cable input is a manual shutter. The optics
are connected to the ASD FieldSpec 4 spectroradiometer
by a 2 m long optical cable.

All motors are by Standa (8MR191-28, 8MR191-4247,
and 8MR190-2–4247) with controllers (8SMC5-USB-B9-
2). The controllers are connected to a Raspberry Pi 3 com-
puter by a USB cable. The Raspberry Pi runs Linux and
the control software is written in Python. Arbitrary mea-
surement sequences can be created. Here, we chose 6 azi-
muth angles over the target, phase angle range 10� –
170�, and 6 target orientations, as shown in Fig. 3. This
sequence requires slightly over 1 h to complete. The data
is written in a file for further processing and visualisation.



Fig. 2. FGI goniometer in a 2021 setup. The sample is the bright object in the middle. The green-gray box is ASD FieldSpec 4 spectroradiometer. The
metal covered light cable connects the spectrometer body to the optics, on top of the black arm. The zenith motor is behind the black fabric left from the
sample, and azimuth motors on top of the four pillars in the centre. Motor controllers are seen left to the spectroradiometer. The gray box on the bottom is
the light source power controller. Light source itself is left from the image.
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The light source is an Oriel QTH with 200 W of power.
Two configurations were tried. In the first one, the light
source stood on a separate table, and the light was colli-
mated using a lens of 10 cm in diameter and focal length
of 40 cm, to produce a beam of about 5 cm in diameter
at the target. This gave strong and homogeneous, but a
somewhat large spot. The problem was that the tighter
focusing made light source filament structures visible. In
the second configuration, the light source was standing
inside the goniometer bottom frame. Light was focused
into a liquid optical cable of a length of 2 m and a diameter
of 5 mm. The other end of the cable was fixed horizontally
50 cm apart from the target. The light was focused on the
target using a planoconvex lens of a diameter of 25 mm and
focal length of 50 mm, which produces a homogeneous
2964
spot of 2 cm in diameter at the target. The optical cable
limits the measurement wavelengths to between 450 nm
and 2000 nm, and causes some power losses, but the result-
ing tight focus compensates for these limitations. Both the
light source and the sensing optics can be configured for
polarisation measurements, but in here a non-polarising
setup is used to collect maximal signal from a small target.

A small Spectralon (R) cylinder is used as a reference
target (Fig. 4). Its absolute scattering properties are not
characterised yet, but it gives a good reference for all
targets.

The measurement sequence is as follows: turn power on,
allow 30 min to warm the electronics and the light source.
Measure dark current (D) and reference target (W). Start
the target measurement, follow that goniometer arms move



Fig. 3. The goniometer path in degrees. Cyan line shows the first sweep,
continuing in blue, and ending with the red dot. Dots show the points
where the measurements are taken. The orange circle on the left denotes
the light source position (backward), and the gray hexagon on the right
denotes the forward direction of the beam, both blocked from
measurements.
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fluently. After the measurements, measure again the refer-
ence for control and upload the data.

The scattering function S is computed as
Sða;/; i; nÞ ¼ T ða;/; i; nÞ � D
W ða0;/0; i0; n0Þ � D

½SW ða0;/0; i0; n0Þ�; ð2Þ
Fig. 4. A small Spectralon (R) cylinder used as an ad hoc reference. The scale
7 mm.
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where T is the measured signal from the target, D is the
dark current, W is the signal from the reference, and
primed quantities are the angles of the reference measure-
ments. ½SW � should be the known scattering function of
the reference, but as we do not know it yet, we assume it
to be unity and make only relative analysis here. If the tar-
get mount is causing interfering signal, we measure it sep-
arately and subtracted it from target as: S0 ¼ S � Smount.

The phase function P is approximated by normalising S:

P ¼ 4pSR
dXS

� 4pSX

i

wiSi

; ð3Þ

where the index i runs over the data points and wi is an
integration weight. Because the measurements did not
cover all peaks, especially forward and backward and par-
tially specular, and if covered the highest peaks saturated
the sensor, the normalisation has some uncertainties.

The system has been unmounted in Masala and will be
rebuilt in FGI new premises in Otaniemi, Espoo.
4. Samples

Fragments generated in four hypervelocity impact tests
that were conducted at the Fraunhofer Institute for
High-Speed Dynamics, Ernst-Mach-Institut, EMI in frame
of the MIRAD study (Microparticle impact related atti-
tude disturbances) Watson et al. (2020); Putzar et al.
(2019) were used as samples. In the tests, spherical alu-
minium projectiles between 1.25 and 3.0 mm hit two types
of targets: 10 mm thick monolithic CFRP (carbon fibre
reinforced polymer) plate targets, and CFRP sandwich
panels with an aluminium honeycomb core. Impact veloc-
ities were between 6.5 and 7.4 km/s. The tests generated
bar on left bottom corner is 5 mm, and background cross-line distance is
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both CFRP fragments and aluminium fragments (from the
honeycomb cores). Most of the fragments generated are
very small, below 0.1 mm.

We selected the two largest metal pieces for measure-
ments, see Fig. 5. They originate from the honeycomb core
and consist of Al 5056. The honeycomb core foil thickness
was 25.4 lm and with perforations. The first metal sample
is rather flat with ripples on the sides. The surface is par-
tially shiny, but contains significant micrometer-scale
roughness and dust adding diffuse reflection. The second
metal piece is strongly bent with no preferred orientation.
It can be surrounded by an ellipsoid of an aspect ratio
about 1:2.

Most abundant material in the sample was CFRP.
These were mostly in the form of long needles and a few
flat flakes/plates. There were a few CFRP needles with a
length of 1–2 cm that were selected for measurement, one
CFRP plate of a few mm in its largest dimension
(Fig. 6). The CFRP pieces consist of thin carbon fibre bun-
dles inside epoxy. Each fibre has a diameter around 15 lm.
The needles and flakes have both smooth and rough
surfaces.

Further, for testing purposes, we measured pieces of
iron wire, copper wire, and small paint flakes peeled off
from a metal handrail.
Fig. 5. Two metal samples used in measurements and analysis. The larger on
orientations. The scale bar on left bottom corner is 5 mm, and background cr
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We tried different techniques to mount the sample on
the beam: thin black iron wire, spider webs, human hair,
and a CFRP needle. First, the thin black iron wire worked
well for the larger metal plate and paint flake, but for smal-
ler particles it provided too large optical footprint. Next,
the spider webs provided moderate footprint and allowed
measuring smaller particles. However, handling the web
is complicated, and the web is unstable, thus some uncer-
tainty remains on how well the background is really sub-
tracted. The spider shepherding was also considered
challenging: they were not cooperative to make the web
when needed and disappeared in the beginning of the win-
ter season. Third, human hair was easier to handle and
more stable than web but much thicker. Last, we sacrificed
one thin CFRP needle as a holder and mounted some sam-
ples balancing on it. In all cases, we focused the light beam
on the target as closely as possible to minimise any effect of
mountings.

5. FGI space particle model

For particle sizes in the range 0.1–10 mm (or at least 100
times the longest measured wavelength), the geometrical
optics domain is a sufficient approximation. Thus, we
apply our ray-tracing technique for rough ellipsoids
e is shown on the left, and the smaller one on the right, each one in two
oss-line distance is 7 mm.



Fig. 6. Two CFRP samples: a needle (top left) and a flake (top right). The bottom panels show details of the needle at two different parts, such as bare
carbon fibers and parts covered by epoxy, including both flat and rough surfaces. The black scale bar is 5 mm on the top images, and 0.5 mm on the
bottom images.
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Peltoniemi et al. (1989), Peltoniemi et al. (2020) comple-
mented with two new elementary shapes (2 and 3 below):

1. ellipsoids, (aspect ratio 0.5 – 2),
2. capsuloids (elliptic spherocylinders, cylinder +

hemispheres),
3. diskuloids (prolate spherocylinders, disk + hemitorus),
4. (cubic shapes under construction).

Each shape is parameterised by 3 main-axis-lengths.
Further, the surface may have statistical deviation from
mean shape, characterised by 2 statistical roughness
parameters, one giving the standard deviation of radius/
height, and the other the standard deviation of slope.
Table 2
The input variables used in the model computations presented in Figs. 7–11. ‘
cluster in mm, and ‘‘semiaxis E” to the smallest element semi axis. ‘‘Volscat”
diameter, ‘‘Z” = ZnO rough spheres < 10 lm, or external: ‘‘D” = dust, and

Fig. Material Shape N el Semiax

7 CFRP needle 1
8 CFRP flake 1
9 Metal bent 15 1.0, 1.0
10 Metal bent 11 1.0, 1.0
11 Paint flake 1
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The optical properties are described by a complex
refractive index, yielding Fresnel reflection and refraction
coefficients for locally planar surfaces and absorption
inside the sample. The refractive index values were
searched from (Polyanskiy et al., 2022).

We further assume that there can be internal volume
scatterers, e.g., voids or other materials modelled with a
scattering coefficient and phase function. Similarly, there
can be small dust in a small layer on the surface. So far,
we have computed the properties of the internal volume
scatterers using a Monte Carlo volume-integral-equation
technique with homogeneous random particlesPeltoniemi
et al. (2020). Other methods are also possible but not eval-
uated here.
‘N el” is the number of elements, ‘‘semiaxis C” refers to outer size of the
means internal volume scatterers: ‘‘C” = carbon fibre needles of 10 lm in
the numbers the scattering coefficient and albedo.

is C Semiaxis E Roughness Volscat

0.1, 0.1, 1.0 0.1, 0.2 C, 1E4, 0.2
1.0, 1.0, 0.1 0.1, 0.2 C, 1E4, 0.2

, 0.5 0.2, 0.2, 0.05 0.1, 1.1 -
, 0.2 0.2, 0.2, 0.05 0.1, 0.3 D, 1E5, 0.2

1.0, 1.0, 0.05 0.1, 0.3 Z, 1E5, 1.0
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More complex particles are constructed by aggregating
the elementary shapes together, overlapping, if necessary.
We link our model to shapes used in SOCIT4 and DebriSat
classes as follows:
Fig. 7. Measurement of the phase function (in 1/steradian) from the CFRP
different azimuth directions (0�;� 60�). For clarity, +180� azimuth angles are s
in the titles, including front and back sides (left and right).
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� needle: long capsuloid, usually semi rough,
� flake: flat diskuloid, usually rough,
� fibre: semi-smooth circular capsuloid,
� grain: rough ellipsoid,
needle (symbols) compared to model (lines). The colours indicate three
hown with negative phase angles. The target is rotated in six angles, shown



Fig. 8. Measurement from the CFRP flake compared to model, as in Fig. 7.
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� droplet: smooth ellipsoid, almost sphere,
� bent plate: one central diskuloid, and few smaller ones
around in random location and orientation, inside an
ellipsoid, thicker or thinner,

� angled rod: joint capsuloids in angles,
� complex: an object formed by a mixture of different
shapes.
2969
6. Comparison of model and measurements

Below, we present a subset of the results obtained. For
every measurement, a model example is shown. Model
parameters are approximately fitted with a few iterations
and are given in Table 2.
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We plot for each particle the modelled and measured
phase function in the 1050 � 50 nm band, in 6 target ori-
entations, and with 6 azimuth angles in Figs. 7–11.

The long CFRP needle shows strong dependence on the
tilt angle, and clear specular effect from planar surface
(Fig. 7). The scattering can be very low along the long axis,
Fig. 9. Smaller metal
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as expected. Transmission is weak or close to none. Model
agrees reasonable well, except near backscattering in a
number of cases.

The visible profile determines also well the scattering
from a CFRP flake (Fig. 8). Model can predict well the
major scattering feature, though the brightness maximum
plate, as in Fig. 7.



Fig. 10. Larger metal plate, as in Fig. 7.
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is sometimes shifted. Model may be improved by treating
the bare fibers and epoxy in more detail.

The smaller metal plate has many irregularities (Fig. 9). It
has some non-systematic orientation dependence. The parti-
cle is modelled as an ellipsoidal cluster of randomly oriented
plates, with moderate roughness and small amount of dust
2971
on the surface. The first plate is triple sized compared to
the rest, and is in fixed orientation in the centre, aligned with
the cluster shape. Overall scattering is well predicted, though
back-scattering may need more fine tuning.

The larger metal plate is more planar than the small
one (Fig. 10). There is a peak in the specular direction,



Fig. 11. A small paint flake taken from a hand rail outside FGI, as in Fig. 7.

J.I. Peltoniemi et al. Advances in Space Research 70 (2022) 2961–2975
although rather wide, due to multiply bent surface.
Again, the particle is modelled as one central plate in
fixed orientation and 10 smaller plates in random orien-
tation, with small amount of dust, and moderate surface
roughness. As with smaller metal grain, the overall scat-
2972
tering is well predicted, but back-scattering needs fine
tuning.

Paint flake agrees with the model in an excellent way
(Fig. 11). Although the two sides were of visually different
colour, their phase functions behave similarly.



Fig. 12. The scattered spectrum, relative to the white reference of the
samples: 3 * CFRP, 2 * metal, paint, and MLI. The spectrometer had a
hardware failure in NVIS channel dark current measures, thus most
infected parts are washed out.
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Finally, we compare the spectra of the measured sam-
ples in Fig. 12. The spectra are averaged over all orienta-
tions and the phase angle range of 10�–45�, that is
probably typical observation range in the COLA experi-
ment, but skips the back-scattering where sensors are par-
tially saturated. The spectra are arbitrarily normalised to 1
at 1350 nm. The signal is very low in some wavelengths,
thus only the best part of the range is shown. Otherwise,
the differences between metallic and CFRP samples are
not too clear based on the few samples and deviations
between same class samples. Paint of course differs, as it
had a colour, though real space paints may have any other
colour. For comparison, a multi layer insulation (MLI)
sample from the Olamot (in Orbit Laser Momentum
Transfer) project (Peltoniemi et al., 2021) is also shown,
and it has a clear signature below 500 nm. However,
MLI pieces are assumed to be rather rare below 1 cm range
by MASTER.

7. Analysis

In general, the model agrees with the measurement fairly
well. There are sure many disagreements in details, but a
simple model cannot produce all features of complicated
particle shapes. The differences between targets are repro-
duced well to separate them. There can be at least
�10� uncertainty in target rotation angles, because the
mounting was not very stable. Thus, small shifts in specular
direction are not worrying. As the measured samples were
just random choices of an irregular ensemble, it is not pro-
ductive to make detailed model fits and statistical analyses
with just these cases, but rather look at the overall
behaviour.

Metallic particles remain opaque in the size range, and
show no size signatures. The paint piece was also opaque.
The smallest plastic and CFRP pieces are already trans-
forming slightly transparent around 0.1 mm, but it can still
be difficult to do sizing by phase curves. Brightness depends
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of course directly on the size, but there remains about a fac-
tor of 10 uncertainty.

Flat, round, and long particles have clear azimuthal sig-
natures. Flat particles scatter most anisotropically towards
the flat side, needles more cylindrically, and round more
isotropically. The shape signal mixes with orientation.
Rough surfaces produce more backscattering than smooth
ones.

Material estimates can probably be obtained only indi-
rectly. The measured and modelled objects showed quite
weak spectral signatures, and artificial colouring can cause
arbitrary effects. The phase function depends on the shape
and orientation more than on the material. The variations
within the same material class also seem to be rather large
compared to the differences between classes.

8. Conclusions

We have developed an empirical light-scattering model
for sub-cm space-debris particles based on measurements
using a novel laboratory setup. The model agrees with
the measurement data satisfactory. Most work remaining
concerns modelling near forward and backward scattering
directions, but because the measurements are also most
uncertain there, we must leave more detailed studies for
the future. Of course, every particle is unique, and thus
fit for real space-debris particles is at best statistical.

The measurement setup was found flexible and produc-
tive, although compromised by original purpose for much
larger objects. Making beam just the size of the target,
and sensor field of view somewhat larger produced the best
results. Problems still exist in saturation handling, small
phase angles (< 10�), large phase angles (> 170�), spectrum
calibration, and sensitivity. All these could be improved
with rather moderate costs and efforts. Using lasers and
optimal sensors would give more range and sensitivity.

The mounting of small targets posed a challenge. Lar-
gest objects could be mounted using needles, but with smal-
ler objects, the needle is as bright as the target, occasionally
even brighter. Thus, even when subtracting the bare needle,
much uncertainty remains. Spider web construction pro-
vided much smaller footprint, but just when we got the
measurement process smooth, the spiders vanished, and
new stock is not available in winter. Hair was somewhere
between the needle and web. Stable levitation system could
be tried next.

The biggest challenge is the large variability of the tar-
gets. Even the simplest ones are asymmetric in all direc-
tions, and contain randomly rough and smooth surfaces.
Dark dielectric particles (plastics, minerals) are just in the
domain where a small size variation can turn opaque par-
ticles transparent or vice versa. Much more measurements
and more detailed characterisation of particle properties,
including size, shape, material, internal scatterer structure,
are still needed. Largest space particle class missed here is
the small paint flakes of real space paint, followed by metal
needles, and objects composed of a mixture of different
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shapes. There is also a need to handle smaller particles. In
the future, meteorite fragments can be studied using the
same instrumentation and modelling.

For operational data interpretation, this work suggests
that quite a good range of phase and azimuth angles are
needed. From coaxial setup one can probably distinguish
crushed metal by strong back-scattering and needles and
paints by a flatter, asymmetric curve. More azimuth angles
may help identifying needles.
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Muñoz, O., Moreno, F., Guirado, D., Ramos, J.L., López, A., Girela, F.,
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