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Abstract—This Bachelor Thesis is done within the project
SCRAP (SCattering of Radar Waves on Aerosols in Plasmas),
which aims to investigate the role of microparticles in the
mesosphere. A sounding rocket is to be launched in spring of
2015 containing the experiment. The rocket will eject two free
falling units (FFUs) which each subsequently releases a cloud of
conductive microparticles into the mesosphere. The particle cloud
will interact with the surrounding plasma and can thereafter be
observed indirectly by using radar backscattering. In this project
two different aspects of the microparticles have been studied.
The first one is the way electromagnetic radiation is scattered
on them, where known solutions to simplified versions of the
problem are adapted in a simple computer program. The second
part deals with the particle release mechanism for the FFU. Three
different release techniques have been evaluated mainly on the
amount of particle agglomeration caused by the releasing. The
results show that the method called gunpowder approach has
advantages over the others in a number of ways, including the
particle dust capacity and the particle separation.

ABBREVIATIONS

CU Common Unit, top piece of FFU
ESA European Space Agency
FFU Free Falling Unit
ISAAC Infrared Spectroscopy to Analyse the middle Atmosphere

Composition
MISU Department of Metorology, Stockholm University
PMSE Polar Mesospheric Summer Echoes
REXUS Rocket-borne EXperiments for University Students
RMU Rocket-Mounted Unit
SCRAP SCattering of Radar waves on Aerosols in Plasmas
SEM Scanning Electron Microscopy
SU Specific Unit, botton piece of FFU
TEM Transmission Electron Microscopy

I. INTRODUCTION

SCRAP, SCattering of Radar waves on Aerosols in Plas-
mas, is a sounding rocket experiment that is developed

at the Department of Space and Plasma Physics at KTH in
collaboration with the Department of Meteorology (MISU) at
Stockholm University. The project is a part of the REXUS
programme which is realised under a bilateral Agency Agree-
ment between the German Aerospace Center (DLR) and
the Swedish National Space Board (SNSB). The REXUS
programme offers European students the possibility to carry
out rocket experiments for technological or scientific purposes.
SCRAP experiment is scheduled to launch in spring of 2015
from Esrange Space Center outside of Kiruna. The payload is
shared with students from other European universities, and the
rocket is expected to reach an altitude of above 80 km from
which the experiments can be carried out [1].

Large parts of the experiment are either based on or di-
rectly taken from the previous KTH REXUS team ISAACs
experiment [2].

A. Scientific Objective

The scientific objective of the SCRAP project is to inves-
tigate theories regarding electron density fluctuations in dusty
plasmas [3], [4]. These theories can be used to reconstruct
characteristics of mesospheric aerosols, such as the size,
number density and charge of the particles.

This is interesting because of its relation to phenomena such
as Polar Mesospheric Summer Echos (PMSE) [5] which are
anomalous radar echoes found during the Arctic summer, or
noctilucent clouds which are mesospheric clouds that indicate
the occurrence of extremely low temperatures [6]. PMSE can
be observed at high latitudes during summer by using radar
backscatter echoes [7], and it is believed that they are caused
by charged ice particles in altitudes around 85 km.

B. Experiment Description

Measuring the characteristics of the mesospheric aerosols
cannot be made directly since collecting mesospheric particles
is technically difficult with a high risk of contamination.
Instead, indirect methods are necessary, such as measuring
electron and ion density fluctuations, which can be obtained
using radar or optical observations [7], [8].

Validation of existing theories could be accomplished by
releasing a cloud with well-known properties, consisting of
electrically conductive microparticles into the mesosphere.
This cloud will interact with the surrounding plasma, causing
electron density fluctuations which can be measured using
radar backscattering. This makes it possible to indirectly
observe the particles from the EISCAT, a ground based in-
coherent scatter radar in Tromsø, Norway [9].

To be able to make reliable comparisons, the exact prop-
erties of the cloud that is released needs to be known. This
includes the size distribution of the particles within it. Even
though the size distribution of the powder itself can be found
before, the sizes could change if particles were to agglomerate
in some stage of the experiment. If they were to agglomerate
without it being known, this could lead to false conclusions
since the observations would still be compared to the theories
the project aims to validate.

Counteracting the particles clogging together is done in two
ways. Before launch, tests are carried out looking at different
particle release systems. If it is possible to find a method that
does not cause particles to stick together in these test cases,
it is likely that it would behave roughly the same during the
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Figure 1. A timeline of the experiment. The FFU is ejected at about 70
seconds after lift-off, and 60 seconds later the spreading of particles begins.

real experiment. Since the circumstances will be different than
anything we could create in an experiment before, particularly
the forces acting on the entire system, it is still important to
have some way to validate that the particles are indeed not
agglomerated. This will be done using a spectrograph which
will record the scattering of sunlight on the microparticles
[10]. Depending on the sizes of the particles this will differ. It
could therefore be possible to see whether or not the particles
get stuck together in the process, since this would cause a shift
in the size distribution of the microparticles and therefore also
in the observed spectrum.

Which type of microparticles that will be used in the final
experiment has not been definitely settled. They have to be
conductive and of a size in the order of 10−6 m. For all tests
described in this report the used microparticles are copper with
a maximum diameter of 5 µm.

C. Launch

The particle release is performed from two Free Falling
Units (FFUs), which are ejected from the rocket at an altitude
of 60 km. The release begins 130 seconds after lift-off and the
observation from the EISCAT radar begins immediately after
the cloud is released. The FFUs are equipped with parachutes
to be able to recollect the data recorded by the spectrograph
after landing. A timeline describing some of the main events
after lift-off can be seen in Fig. 1.

D. Scope of Thesis

This project has been concerned with the release and detec-
tion of microparticles, with the main part being the analysis
of different release mechanisms. The project also contains
a smaller project about finding a model for how sunlight is
scattered by the released particles.

This project intends to present a preferred choice of release
mechanism, but not finalize it. The selected method will still
need further testing and development, and this is not in the
scope of this project.

Not all parameters that influence the spreading will be
included in the testing. An example of this is that the con-
ditions under which the tests are conducted in some ways
differ considerably compared to what is expected during the
real experiment. During launch, the typical acceleration for
the type of rocket used reaches a maximum of 20 g, with

Figure 2. The geometry of the single sphere Mie problem.

additional centrifugal forces since the rocket spins at about 3-
4 Hz [1]. This could change for example the way the particle
dust is packed or suspended in the SU. Analyzing these effects
is not within the scope of this project.

Another limitation in the tests is that we cannot test full-
scale models entirely. Because of the large mass of particles
that we consider, around 0.5 kg for each FFU, and the health-
and environmental hazards that they stand for, we will only
be able to test parts of the systems or scaled-down versions.

This project intends to shed light upon how electromagnetic
radiation is scattered on the microparticles. It will present a
simple first model of how the scattering works by applying
existing solutions to the sphere scattering problem. Both the
application and the analysis of this falls outside of the scope
of this project.

II. ELECTROMAGNETIC SCATTERING ON
MICROPARTICLES

A way to confirm if the released particles are indeed sepa-
rate is to look at the released cloud with a spectrograph and
compare the observed spectra to the spectra that is expected
from theoretical models. If these agree it means that the
particles most probably were released in a satisfactory way.
To be able to make this comparison a model for the scattering
of light on the microparticles needs to be found. Assuming
that the conducting particles are randomly distributed, of the
same size and at distances much larger than the wavelength, it
is possible to use the solutions derived in a paper by G. Mie
in 1908 [11] as a first approximation for the solution to this
problem. The problem that Mie solved was finding solutions to
the Maxwell equations inside and outside a conducting sphere
from an incident monochromatic wave, under the boundary
conditions

[E2(x)−E1(x)]× êr = 0

[H2(x)−H1(x)]× êr = 0 (1)
∀ x ∈ S

so that all tangential components of E and H are assumed to
be continuous over the boundary between the sphere and its
surroundings.
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Figure 3. Scattered intensity dependence on angle θ for unpolarized light on a copper sphere of diameter 1 micron for incoming light of wavelength between
442 and 708 nm. (b) shows the logarithm of the intensity. The intensity is highest in the forward direction.

The fundamental Mie scattering problem consists of a single
sphere, unlike in this application in which a large number
of particles are considered. The field scattered by a particle
depends on the complete field to which it is exposed, that
is, both the external field and the total field scattered by all
other particles. Calculations where this is accounted for are
much more difficult than the Mie solution for a single sphere
since internal fields from other spheres must be dealt with.
If the particles are sufficiently small with sufficiently large
distances, it can be assumed that the field from other particles
is small compared to the external field, and can be left out
of the calculations [12]. This greatly simplifies the problem
to multiply the scattering of one particle with the number of
particles.

In the Mie solution it is implicitly stated that the particles
are uncharged, as can be seen in (1). An attempt for a more
realistic boundary condition for the case of a charged sphere
can be found in [13], by changing the the second row of (1)
to

[H2(x)−H1(x)]× êr = K = σsE1t (2)

where E1t is the tangential field at the surface of the sphere
and σs is the surface conductivity. The solution to this problem
can be found using similar methods as in the original Mie
problem. An important difference in the solution is only evi-
dent in cases where the wavelength of the incoming radiation
is comparable to the sizes of the surface charges. The size
parameter is a characteristic length of the problem related to
wavelength as x = 2π · radius/λ . In cases where the size
parameter x 6. 0.01 the charge of the sphere can be neglected
[14]. The sizes of the particles considered in this experiment
are of the order 10−6m. For light in the range of 390 nm to
700 nm and a sphere of size 1 micrometer, this will give size
parameters between

2.45 < x < 4.40

so the approximation of an uncharged sphere is valid in this
case.

The method of solution for Mie scattering starts with
introducing spherical coordinates as pictured in Fig. 2 and then
using separation of variables, leading to lengthy calculations
with the solutions in the form of an analytical infinite series.
The entire solution has been described in various texts, for
example [12] and [15]. The solution is expressed with the two
scattering functions:

s1(θ) =

∞∑
n=1

2n+ 1

n(n+ 1)
[anπn(cos θ) + bnτn(cos θ)] (3)

s2(θ) =

∞∑
n=1

2n+ 1

n(n+ 1)
[bnπn(cos θ) + anτn(cos θ)] (4)

with the parameters an, bn, πn and τn given by

an =
ψ′n(mx)ψn(x)−mψn(mx)ψ′n(x)
ψ′n(mx)ξn(x)−mψn(mx)ξ′n(x)

bn =
mψ′n(mx)ψn(x)− ψn(mx)ψ′n(x)
mψ′n(mx)ξn(x)− ψn(mx)ξ′n(x)

πn(cos θ) =
1

sin θ
P 1
n(cos θ)

τn(cos θ) =
d

dθ
P 1
n(cos θ)

where P 1
n are the Legrendre polynomials of the first kind and

ψn and ξn are related to spherical Bessel functions. x is the
size parameter and m is the index of refraction. The functions
s1 and s2 describe the scattering of the particle though a 4x4-
matrix 

Is
Qs
Us
Vs

 =
1

k2r2


S11S12 0 0
S12S11 0 0
0 0 S33 S34

0 0 −S34S33



Ii
Qi
Ui
Vi

 (5)

S11 = 1/2(|s2|2 + |s1|2)S12 = 1/2(|s2|2 − |s1|2)
S33 = 1/2(s∗2s1 + s2s

∗
1) S34 = i/2(s1s

∗
2 + s2s

∗
1)

where s denotes the scattered light and i denotes incoming. I is
the intensity and the other three parameters Q, U, and V define
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the polarization in different directions. k is the wavevector
such that k2 = ω2εµ and r is the distance from the particle.

Although a formal solution to the single sphere problem has
been available since early 20th century, computers are needed
to solve it in any practical way. In [16], Bohren and Huffman
presents a general solution to the sphere scattering problem in
the form of a Fortran program that calculates Mie Solutions.
This program has been translated to several other languages
over the years, including MATLAB and Python. The program
takes the following parameters as input:

x = 2π · radius/λ = Size parameter
refrel = n+ iκ = Complex refraction index
nang = Number of angles

and calculates the two scattering functions (3), (4) for the
stated number of angles between 0 and π/2. Since the light in
this problem can be considered unpolarized the Stokes vector
can be expressed as: 

Ii
Qi
Ui
Vi

 =


1
0
0
0

 (6)

which trivially leads to the scattered intensity

Is = S11Ii = 1/2(|s2|2 + |s1|2)Ii (7)

With the use of the MATLAB and python adapted versions
of the Bohren and Huffman code, programs have been written
that finds how the intensity depends on wavelength and the
scattering angle, which gives the results graphically.

The particle characteristics used in the plot of Fig. 3 is
copper of 5 µm. For all wavelengths the intensity is strongest
in the forward direction, when the sun, particle cloud and spec-
trograph are aligned. Particles of different size and shape will
have different spectrum plots. When comparing the spectrum
recorded during the fall of the FFU to the theoretical spectrum,
differences will indicate that the particles are agglomerated. To
be able to make even more reliable comparisons it would be
interesting to investigate what the spectrum of agglomerated
particles would look like.

III. PARTICLE RELEASE SYSTEM

A. Selection of Method

Different approaches have been suggested for the micropar-
ticle release system. In order to find out which best suits
the purpose of the SCRAP experiment, the approaches are
each tested and examined. With knowledge of the advantages
and disadvantages of the approaches, a reliable choice can
be made. Several aspects of the releasing must be considered
when making the choice, mainly being related to:
• Operation A satisfactory release of particles
• Implementation A practical way to use the approach
• Safety The safety must be ensured

For the operational aspects, one important thing that needs
to be achieved is that the particles do not agglomerate.
Furthermore, it is of importance how big the cloud becomes,
the time it takes to release the cloud, and the how much particle
dust that can be released.

Figure 4. The right the inner look of an effervescent atomizer. Gas is flowing
into the liquid, creating a bubbly flow. Image from [17]

Table I
ESTIMATED SPECIFICATIONS FOR THE SUS IN THE DIFFERENT

APPROACHES

Approach Spray Fire Ex. Gunpowder

Mass 4 kg 3 kg 2 kg

Height 82 mm 82 mm 80 mm

Diameter 240 mm 240 mm 240 mm

Related to the implementation of the method, aspects such
as the loading time and mass of the FFU needs consideration.
Since the total mass of the payload should be kept low, a low-
mass FFU is preferred. Another requierment is that the loading
of the rocket should be efficient. It is also required that it is
possible to fit the release system inside the FFU, which is of a
fixed size as it will be inherited from the ISAAC experiment.

It is essential that the safety aspects of the different methods
are evaluated. It should be safe to carry out all parts of testing
as well as the experiment itself. There should not be any real
risk of harm coming to people or equipment from the release
system.

B. Release Systems

There will be two identical release systems, one in each free
falling unit. They will be situated in the lower part of the FFU,
the specific unit (SU), together with the spectrograph that will
confirm if the particles look the intended way after release.
The mass and size of the system will depend on the chosen
release method, and estimated values can be seen in Table I.

1) Gunpowder Approach: In this approach, cartridges are
packed with guncotton and particles, where the particles are
closest to the outlet. Guncotton is a common form of nitro-
cellulose. It is manufactured by treating cellulose with nitric
and sulfuric acid together with water, a process known since
at least the mid 19th century [18]. It is ignited at temperatures
around 180◦ C and it is possible to desensitize it using regular
water [19]. Its properties are highly determined by the amounts
of nitric acids and water in the cotton. Nitrocellulose is an
essential feature of for example gun propellants, because of
its ability to explode instead of burning when ignited under
pressure.

The nitrocellulose is ignited for example by applying a
voltage over the cartridge, which heats a heating probe. The
heating of the nitrocellulose will in combination with pressure
cause it to explode. The particles are blasted out of the
cartridge.

Several different setups have been considered, but common
for all of these is that the propellant and the microparticles
are divided into several small cartridges. This way smaller
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(a) Gunpowder Setup (b) Spray Setup (c) Fire Extinguisher Setup

Figure 5. Possible designs of the different SU:s. Each should fit at least a battery, a spectrograph and a particle release system. Images taken from [17].

amounts of explosives are handled for each cartridge, which
from a safety point of view is preferable. An early design had
the cartridges pointing downwards, as seen in Fig. 5a. An-
other more recent setup has the cartridges pointing outwards
instead.

2) Spray Approach: This approach uses a spraying tech-
nique to dispense the particles in an aerosol mist. The spraying
method which is considered is called effervescent atomization,
a so called twin-fluid atomization. A small amount of gas is
bubbled into the liquid just prior to the ejection, as illustrated
in Fig. 4. Advantages with using this technique includes an
increased drop size, lower injection pressure and a lower
gas-to-liquid ratio compared to other twin-fluid techniques
[20]. The gas and the liquid should be of such a type that
they interfere as little as possible with the environment after
ejection, since it is the microparticles and not the suspension
that is of interest. To begin with acetone and pressurized air
were considered as the liquids for the experiment.

The SU contains the two tanks, one with the pressurized
gas and one with the particle liquid suspension. Using pipes,
they are connected to the effervescent atomizer. The driving of
liquid through the system is done by a screw motor. A possible
setup is pictured in Fig. 5b.

3) Fire Extinguisher Approach: In this approach pressur-
ized gas is lead into the chamber containing the particles, and
thereafter the particles are mixed with the gas and pushed out
through pipes to the nozzle. This system is similar to that of
an fire extinguisher. The SU is equipped with two identical
tanks of pressurized gas to utilize as much space as possible,
see Fig. 5c.

C. Release System Prototypes

To investigate the approaches, small, simplified prototypes
which capture the key concepts of the systems have been
built. Looking at prototypes instead of the actual systems is
preferable in several ways, mainly because some of the tests
would not be possible to carry out for full-scale systems.
This applies mainly to the tests performed inside the vacuum
chamber because of its limited size, but also to tests where
microparticles are used since they could be hazardous to both
people and the environment and should not be spread more
than necessary.

Figure 6. An electromagnetic lens alters the direction of an electron similarly
to the way a glass lens alters the direction of a photon.

IV. METHOD

A. Vacuum Chamber Testing

The purfose of the vacuum chamber tests is to investigate
how the different release systems behaves, and especially to
look at possible agglomeration. The testing is done in a vac-
uum chamber situated in the Alfvén Laboratory. Performing
the tests in vacuum creates an environment that more closely
resembles what the release system will experience during flight
from a pressure perspective. The vacuum chamber also offers
shelter from possibly harmful particles to the people testing
them.

The particle release system is placed either about 70 cm or
150 cm above a glass fiber sample with a diameter of 15 mm.
When everything is in place, the vacuum pump is turned on
and is usually left on for about 20 minutes, creating a vacuum
of about 5 Pa. The vault to the vacuum pump is then closed,
and the release begins. When finished, air is let in again and
the sample is collected. By using a pressure gauge it is possible
to measure the vacuum level to see that a vacuum is actually
established.

B. Scanning Electron Microscope Analysis

The glass fiber samples from the vacuum chamber tests are
analyzed by looking at how the particles are stuck on the
sample. A regular light-optical microscope has a resolution
limit at about 0.5 µm caused by diffraction [21]. Since the
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diameters of the observed particles are quite close to this, a
light-optical microscope will not be good enough. To achieve a
better resolution one could use a shorter wavelength than that
of visible light, which is the case of x-ray microscopes. How-
ever these are both large and expensive so a more common
solution is to use the wave-particle duality of matter, which
tells us that matter exhibits a wave nature. The wavelength of
these waves are give by the de Broglie relation:

λ =
h

p
=

h

mv
(8)

Here h is the Planck constant (≈ 6.626× 10−34 J s) and p is
the momentum [22]. This relation is was makes it possible
to create Electron Microscopes. In the same way that light
can show what something looks like by reflection on surfaces,
the behavior of an electron shot on a specimen can be related
to the look of the surface there. By adjusting the velocity,
the wavelength of an electron can be given the appropriate
wavelength. Changing the velocity can easily be done by
accelerating it through a potential difference.

In an electron microscope the electrons are emitted to-
wards the specimen by an electron gun that gives them the
desired amount of kinetic energy. There are two main ways
to emit electrons - thermionic emission and field emission. In
thermionic emission, a filament is heated by running a current
though it. The electron microscopes used in this project instead
use field emission, where the tunneling effect is made use
of. When a sufficiently high electrostatic field is applied to a
filament, electrons can tunnel through a potential barrier which
it would not have been able to classicaly [23]. The order of
the field strengths applied is 109 V/m.

Between the electron gun and the specimen the beam
must somehow be manipulated, just like the light rays of a
traditional microscope get bent by using glass lenses. One
way this can be achieved is by the use of electromagnetic
lenses, which uses the electrical charge of the electron to
get similar effects as their optical counterpart. According
to electromagnetic theory, an electron traveling through a
magnetic field will be exposed to a force according to the
formula

F = −e(v ×B) (9)

where e is the elementary charge, v is the velocity of the
electron and B is the applied magnetic field. The lens system
has radial symmetry, and the velocity of an electron following
the optical axis will be in the z-direction. Rays leaving the
electron gun with an angle θ will have an initial velocity in
both the z- and the r-direction, as pictured in Fig. 6. The
desired effect on the rays with an initial angle is that they
should converge towards the optical axis. By using cylindrical
coordinates (9) can be written in component form as:

Fφ = −e(vzBr) + e(Bzvr) (10a)

Fr = −e(vφBz) (10b)

Fz = e(vφBr) (10c)

In (10b) it can be seen that it is possible to apply a radial force
to the electron and provided that Fr is large enough even to

change its direction. This is the desired effect since it makes
it possible to manipulate the angle of the electron beam. On
top of this effect, (10) also applies a force in the φ-direction,
causing the electron to spin around the z-axis. The plane that
the electron beam travels in will therefore be rotated. It is
the radial component Br that provides the desired effect, and
therefore, a short coil is better than a long one since the long
one will only add more unnecessary rotational effects.

The analogue of the optical “thin-lens-approximation” [24]
for an electromagnetic lens is a lens with a weak magnetic
field, in which case the “thickness” can be neglected and the
calculations made simpler. The focusing power can then be
written as [21]:

1/f = [e2/(8mE0)]

∫
B2
zdz (11)

where E0 is the kinetic energy of the electron passing through
the lens. This reveals a great advantage that the electromag-
netic lens has against the optical glass lens. While the focusing
power of a glass lens only can be changed mechanically by
polishing it, this can be changed in an electromagnetic lens
simply by adjusting the strength of the magnetic field.

By the use of the electron gun and the electromagnetic lens,
the electron microscope can create an electron beam with a
wavelength small enough that it can penetrate materials. If the
sample is thin enough, the electrons can pass through it. In
a Transmitting Electron Microscope (TEM), electrons with a
wavelength of about 5 pm go through the sample, are diffracted
by different planes inside the material, and are then focused
using the electrical charge of the electron. This method can
however only be used on very thin specimen.

If it is not possible to make the specimen thin enough for
TEM to work, it is possible to instead look at how electrons
are reflected. The electrons fired from the electron gun are
called primary. The primary electrons can either be directly
reflected when hitting the specimen, in which case they are
called backscattered, or they can penetrate the atoms causing
secondary electrons to be released [25]. Both these methods
can be used in a Scanning Electron Microscope (SEM). In a
SEM, electrons are focused on a very small probe that scans
the specimen. Although the maximum magnification cannot
be made as high as in a TEM, a SEM is with a resolution of
between 1 nm and 10 nm considerably better than a traditional
microscope, and can be used to look at bulk specimen.

The electron microscopes that are available for use in this
project belongs to the electron microscopy center at Stockholm
University, and the models that are at our disposal is a JEOL
JSM-7401F, with a resolution of about one nanometer, and the
less powerful Hitachi TM3000, with a maximum magnification
of 30000x. The tradeoff for the better resolution of the JEOL
SEM is that is is more complicated and takes longer time to
load. The SEM:s also includes the possibility of doing simple
elemental analysis, which should not be necessary for these
samples unless contamination is found.
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V. RESULTS

A. Microparticles

A general problem when conducting the vacuum chamber
tests was that it was difficult to measure the mass of the
particles in a good way. The particles stick on surfaces, and
so some of it is always being lost, stuck on the material when
trying to measure it. In most of the cases the mass of the
particles was either approximate or arbitrarily filled. For the
gunpowder tests the mass of the copper was between 0.1 and
0.4 g. For spray and fire extinguisher tests, the mass was
always around 0.4 g. The particles that were used in the tests
were copper with a maximum diameter of 5 µm. It is not yet
fixed which type and size of particles that will be used in the
final experiment, but the densities and sizes of the particles
will be similair enough not to change the validity of these
experiments.

B. Vacuum chamber testing

A problem that sometimes occurred during the tests was that
it was not always possible to measure the pressure inside the
vacuum chamber. One reason was that the vacuum chamber
sometimes had to be moved away from the room with the
instrument, and at another time because it broke down for
a time. Since there were problems with both oil leakage in
the chamber and small air leakages into the chamber, this
means that it cannot be known at what vacuum level some
tests were conducted. The oil also means that some samples
were contaminated with oil, which can be seen in the SEM
images.

The test log can be found in Appendix A, in which it is
indicated at which tests these problems occurred. There were
12 tests in which any type of result was given, the rest of the
testing was simply trying to get the prototypes to work.

1) Spray approach: The spray prototype consists of a
tank, a nozzle, a pipe between them and a pipe supplying
pressurized air. There were problems with the delivery of the
effervescent atomizer, so all tests were conducted without it.

Acetone was at first used as the fluid. This did not work
well with some of the materials, such as rubber which was
completely destroyed by the acetone, so it was changed to
either water or propanol for later tests. Some rubber and
plastic parts were exchanged to new ones since they had been
damaged.

The biggest problem faced with testing the spray approach
were leakages and drops, and most of the testing time was
consumed by this problem. Leakages occurred mainly where
the fluid tank and the nozzle are attached. By using o-rings
and glue the leaks could be removed at times, but they always
came back. Even when the leakages were not present, the fluid
from the spray got stuck on the side of the nozzle and came
down as drops.

In the same building as the SEM equipment lies the MISU
student chemistry laboratory, which has all the necessaries for
making simple chemical analysis and sample preparation. The
behavior of the particles together with the liquid was studied
here. A first indication that the acetone could be a problem
came when it was noted that constant stirring was needed to

Figure 7. Acetone to the left and propanol to the right. The pictures show what
happens when particles are added, stirred and then left alone. The pictures
are taken after 10 seconds, 1 minute and 5 minutes respectively.

retain the suspension for a longer time. Comparison between
propanol and acetone was done by placing very close to the
same amount of particle powder in two test tubes, and then
filling them up with the liquids. The suspensions where stirred
and then left alone. This showed that propanol was more
suitable from a suspension point of view. The experiment is
pictured in Fig. 7.

2) Gunpowder approach: The gunpowder setup consists of
the cartridge which is connected to a 12 V battery . It runs
current through a probe, which heats it to ignite the guncotton.
In a closed environment like this, the guncotton explodes when
ignited. The chemical reaction only creates the gases CO2, CO,
N2 and H2O which are already in air. The particles are placed
on top of the guncotton, so they are blasted out together with
the guncotton.

Generally, the gunpowder tests were easy to conduct and
few problems occurred. The only sample that was not ana-
lyzable was one that was blown off the pedestal by the force
from the explosion.

Measuring the guncotton was a challenge since the mass
is of the order of 10−3g, and even though there were scales
of that accuracy it could sometimes be difficult getting ex-
actly that value. The accepted margin for the first tests were
±0.5mg.

3) Fire Extinguisher Approach: The setup for the fire
extinguisher approach is very similar to the spray setup, except
that it does not have the particles suspended in a liquid. The
particles are instead placed either directly inside the tank or
in some kind of container inside the tank.

Not one single good sample was retrieved from this ap-
proach. Every time it was tested, copper got stuck everywhere
inside the tank and the pipes. Almost nothing was blown out.

C. Scanning Electron Microscopy

The samples from the vacuum chamber testing were taken
for analysis at Stockholm University. Since the smaller SEM,
JEOL JSM-7401F, is faster to work with and it has a good
enough resolution for the purposes of this analysis, this is the
microscope which was used the most.

A selected number of pictures are showed here, a more
extensive number can be found in Appendix B.

When looking at the samples, it is good to keep in mind
that different samples contain a different number of particles.
It might look as though the samples containing more particles
have more agglomeration. The particles stick to the glass
fibers, and when there are a lot of glass fibers at one place
there are usually more particles there as well, creating the
illusion of agglomeration from distance.
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Figure 8. Sample 1. The right picture is an enlargement of the encircled part
in the left

Figure 9. Sample 8. With a small number of particles, we get almost complete
separation of the particles when using the Gunpowder Approach.

1) Gunpowder Approach: The samples from the gunpow-
der approach look well in most cases. The ones containing
a larger number of particles may have areas that look like
clusters. However, when zooming in at these areas, it is visible
that it is just that the particles tend to stick to the fibers in a
lot of the cases, see Fig. 8. In the samples containing only
a small number of particles, the particles almost exclusively
come out one and one, as seen in Fig. 9.

2) Spray Approach: When making the samples, dripping
from the nozzle was noticed. Fluid drops that are big compared
to the regular drops of the fume will have a bigger number of
particles in them, so if they fall on the sample there will be a
big collection of particles in this place. It is very probable that
this is what can be seen in the SEM images as well, where
there are parts with much more particles than the rest, and a
lot of agglomeration, as in Fig. 10. This makes the samples
quite hard to analyze, since these parts are not representative
for the spraying technique of the approach.

Outside of these areas, the agglomeration is not as intense,
but still visible in some places. It is difficult to say if this
is because of the method or if it comes from the dripping as
well. This makes it impossible to draw any reliable conclusions
about this approach from these tests.

3) Fire Extinguisher Approach: The samples tests of the
fire extinguisher all failed in the sense that we did not release

Figure 10. Sample 11. Clearly visible is the dripping which creates large
clusters of particles

Figure 11. A possible placement of cartridges that makes use of the complete
height of the SU for each cartridge, seen from the front and above. Figure
from [17]

a majority of the particles. This can be seen in the samples,
which contain an extremely small number of particles. The
agglomeration is low, but there are so few particles that there
is no way to guarantee that these are even from the test and
not leftovers from earlier times.

D. An Updated Gunpowder Approach

After successfully testing the gunpowder approach using the
original barrel, a more representative prototype was built by
the SCRAP team. This includes better proportions and a size
closer to what the real one would have. In one possible setup
the cartridges are made a bit smaller and placed on top of each
other. There would be place for around 40 cartridges in this
setup. Another of the main alternatives that was discussed is
one where maximum possible height is made use of, giving
an inner radius of around 17 mm, as sketched in Fig. 11. This
would make place for around 10 cartridges. The sizes of the
cartridges for these two suggested SU designs are given in
Table II.

1) New Cartridge: The sizes of the new prototype car-
tridges are given in Table III. These prototypes are all bigger
than the original barrel which had a volume of less than 0.2
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Table II
SUGGESTED SIZES OF THE CARTRIDGES IN THE NEW DESIGN

Cartridge Depth Radius Volume No. of
Small 30 mm 7.5 mm 5,3 cm3 40
Big 30 mm 17 mm 27,2 cm3 10

Table III
PROPERTIES OF THE SCALED PROTOTYPES

Cartridge Height Diameter Volume
Very Long 40.0 mm 7.3 mm 1.67 cm3

Long 31.0 mm 10.0 mm 2.43 cm3

Short 22.9 mm 11.7 mm 2.45 cm3

cm3. A larger volume means a bigger amount of particle
powder. This is a problem for the sample analysis, since it is
impossible to analyze a sample completely covered in a layer
of particles. To still be able to look at the particle separation,
the vacuum chamber was modified to contain a lid, only letting
fractions of the particles through to the sample.With only a
small part of the powder let down to the sample, it becomes
feasible to analyze it again.

Also, since the lid captures everything that falls down from
the cartridge, it is possible to analyze how well a test went by
looking for parts of the guncotton among the caught particles.
If any guncotton is found here, it is likely that no guncotton
was burnt which means that the test was unsuccessful.

2) Results from Testing: The new cartridges were manufac-
tured to fit the ignition system of the previous gunpowder pro-
totype. There were problems with getting the ignition to work,
which probably is related to either the ignitor or the battery
being broken. This made a lot of the tests unsuccessful. The
complete test log for these tests can be found in Appendix C.

There were problems with getting the new setup to work
properly mainly due to problems with ignition, so most of the
tests failed. By looking through the particles caught by the lid
it was in most of the cases possible to confirm if the guncotton
really was burnt. There were however some uncertain cases. It
is not possible to tell the reason for this without more testing.

For the tests that succeeded, it looks like the particles are
spread well and that they do not agglomerate. A comparison of
the gunpowder and how the particles fall without any external
force is shown in Fig. 12. The rest of the new gunpowder
approach SEM images can be found in Appendix D.

VI. DISCUSSION

A. Mie Scattering Program

The model used for the electromagnetic scattering on the
microparticles uses several simplifications, such as the as-
sumption that the scattered fields do not influence the other
spheres and assuming that the particles are uncharged. The
simplifications does not affect the result noticeably. More
correct models would perhaps only result in a slight increase
of performance, but the computations would be much more
complicated.

B. Implementation of Models

After failing at trying to get the fire extinguisher approach
to work repeatedly, with slight modifications each time, the
conclusion is that this approach is not good and would not
work the way it currently look. The main problem with this
approach is that the particles stick on all surfaces, and the
pressure that tries to blow it out is not high enough. Using a
higher pressure could possibly give a better result, or removing
the pipes that the particles move through to get to the nozzle.
This approach would then be similar to the approach called
”Paintball Approach”, as described in Section VI-F.

Although there were some problems with getting the spray-
ing model to work, there were no major problems in the
end. The dripping could possibly be reduced even further, and
some dripping could probably be accepted, since it would not
interfere that much with the cloud itself. A bigger problem
with this approach is that getting the particles fully suspended
in the liquid is not possible without external help. Some
kind of rotating or shaking device would be needed, which
would greatly add to the complexity of the system. One of
the main reasons for using acetone from the start was its
fast evaporation rate, which is desired since it will interfere
less with the surroundings during the experiment. It can be
clearly seen from the tests that acetone would not work, so if
making the choice of having this model there would need to
be a more thorough investigation of the properties of different
suspensions.

The effervescent atomizer was due to late delivery not
tested at all. This means that none of the tests were really
representative for the originally suggested approach. It is likely
that the effervescent atomizer would have given a better fume
since the individual drops usually becomes smaller when
using this kind of device. However, similar problems to those
experienced with the implementation of the regular nozzle
would probably have occurred, but to be certain, tests should
be redone using it if the spray approach with the effervescent
atomizer was to be chosen. Of course another possible choice
would be to choose the spray approach with a regular nozzle.

The tests using the guncotton approach went well, except
for the problems with ignition in the updated system. The
ignition of the cartridges would have to be made extremely
safe so that there is absolutely no probability that it ignites
prematurely. The ignition system must also guarantee that it
actually ignites when it is switched on, which has not been
the case for all tests. These are both matters which still need
to be worked with. The ignition method used in these tests
could not directly be used in the real experiment, but would
need modifications.

Of these three prototypes the guncotton approach would be
easiest to develop into a working, real system. It would be very
complicated to implement any kind of rotating device into the
SU as might be needed for the spray approach, and the fire
extinguisher approach does not work at all with this design.
The main disadvantage with the gunpowder approach is the
problem of finding a working and safe ignition technique,
but since the other models have even bigger implementation
related problems this can be seen as the most practicable
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(a) Gunpowder (b) No Gunpowder
.

Figure 12. In Fig. (a) it is possible to see that the particles are still mostly separated and the spreading is very even when using a bigger barrel for the
gunpowder approach. Fig. (b) shows what the particles look like when they just fall down onto the sample.

choice.

C. Particle Agglomeration

The spray approach was difficult to analyze, but by the
looks of the areas outside the drops it seems like it might
have worked. More tests would be needed to come to any real
conclusions.

The gunpowder approach gave good results on the spreading
and showed a good resistance to agglomeration. Even though
only a few of the tests on the bigger system were successful,
the ones we got showed us that it is possible to get the same
results with a bigger system than the one used to begin with.

D. Amount of Particle Powder

Since there has not yet been any result giving a lower limit
for the mass of particles needed to detect the cloud, the aim
has been fitting as much as possible. One very preliminary
number is 400 g of particles in each SU which has been used
as a lower limit in this analysis.

In the spray approach only a very limited amount of particle
dust can be brought due to the restricted size of the water tank,
in which the particles would be suspended. This mass is much
smaller than 400 g.

A rough calculation of the mass of particles that would fit
inside the gunpowder approach with the setups described in
section V-D gives us, with a copper powder density of 3 g/cm3,
that it would either contain around 815 g (maximum radius
setup) or 635 g (smaller radius setup), which both exceeds the
minimum mass.

E. Mass of FFU

In the spray approach the SU will have a high mass since
it will carry both a water tank and a tank of pressurized air.
The estimated mass for this SU is 4 kg, which is higher than
both the other approaches. The mass of the SU using the
guncotton approach will greatly depend on how the cartridges

are designed, their number and how thick their walls need to
be. The current estimation is that it will have a mass of about
half as much as the spray approach, giving it a considerable
advantage.

F. Paintball Approach

If it would turn out that the gunpowder approach for some
reason is not feasible, the next alternative would be what is
called the paintball approach. The setup would be similar
to that of the gunpowder approach, with the microparticles
divided into several cartridges. Instead of using explosives,
pressurized air is used to blast the particles out. Tanks of
pressurized gas connected by pipes and vaults would be
included in the SU. This approach would not only be heavier
than the gunpowder one, but would also impose the same kind
of safety restrictions as it since the pressurized gas would need
to be handled very carefully.

VII. CONCLUSION

A. Mie Scattering

The first part of the project about Mie Scattering yielded
the result that it is possible to apply Mie solutions to the
considered problem when several simplifications are made.

Although the solution to this problem is widespread and
it is possible to find several applications that provides the
same computational means as the programs developed in this
project, it is still valuable to have a program that is possible
to change and develop. For example, this could be adapted
in future work to predict what the solar spectrum will look
like through the microparticle cloud. Further work should
also include some analysis of the scattering of agglomerated
particles. When it is known how the scattering differs in these
two cases it will be possible do decide if the models are good
enough, or if the solutions are very similar try to make them
more accurate.
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B. Microparticle Release System

The conclusion is that, out of the three original approaches,
the guncotton approach is the one that suits the experiment
best. This is based on the following results:
• It was uncomplicated getting the model to work, com-

pared to both the spray approach and fire extinguisher
approach

• The results from SEM analysis shows us that it lets the
particles separate and that the spreading is good

• An acceptable amount of particle dust will fit
• It is the method that gives the lowest mass for the SU
One of the disadvantages with this approach is that it

contains explosives, which could be a safety issue if not han-
dled properly. This can be resolved by carefully considering
everything that can go wrong, and minimizing the amount of
nitrocellulose that is handled.

Another difficulty is the ignition system. Even though
we will use very small amounts of nitrocellulose it is very
important that we can ensure that the particle release will only
happen when we want it to, which means that the current sys-
tem will not work. This is a part that still needs to be worked
with. In spite of these difficulties the gunpowder approach is
judged to be the best approach, since both other approaches
has implementation challenges of the same magnitude, but
comes with several additional disadvantages.

Future work will need to include finding a safe and reliable
way to ignite the system needs to be found and tested. The
design of the SU, including the design of the cartridges
needs to be chosen and tested. Several parameters need to
be investigated and optimized, including the amount and the
placement of guncotton.
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