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Abstract
Microparticles trapped in a collisional argon RF plasma (pre-)sheath are used, under microgravity conditions during parabolic flights, to obtain spatially resolved the electric field strength and
the particle charge. The balance between the gravitational, electric and ion drag forces vertically
confines the microparticles, 9.8 µm in diameter, at a certain equilibrium position.
We participated in the 54th ESA parabolic flight campaign to force the particles to even higher positions in the (pre)sheath. This position was measured as function of the apparent gravitational acceleration. A sheath model was developed to enable us to obtain, from these measurements, several plasma parameters such as the electric field strength, the particle charge, the
electron and ion densities and the directed ion velocity throughout this range.
This method has proven that microparticles can be used to experimentally determine several
plasma parameters in the plasma (pre)sheath in a non-intrusive way and with a high spatial
resolution. The transition from the sheath to the pre-sheath region is clearly distinguishable in
all obtained parameter profiles.
Additionally, an experiment was performed to confirm the particle charge used in our model
and test the effect of Debye shielding by altering the gravitational acceleration vector under a
varying angle with the horizontal axis.
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Chapter 1

Introduction
In this chapter we give a short introduction on the use of microparticles as electrostatic probes.
Also, a motivation for our research will be given. Next, we state the goal of this project. Finally,
the outline of this report will be presented.

1.1

Understanding the plasma sheath

The plasma sheath is a region in the plasma that develops when a plasma is brought into contact
with a surface. The surface will gain a negative charge due to the highly mobile electrons reaching the surface quicker than the ions. As a results, the plasma ‘screens’ this charge, and a region
with a positive electric space charge separates the negatively charged surface from the quasineutral bulk.
Because of the non-neutrality in the plasma sheath, an electric field is present here. In this
electric field, ions are accelerated to velocities far above the ion thermal velocity. Understanding
and quantifying this phenomenon is of great importance to every plasma applications where
ions are accelerated towards a surface, like etching, sputtering and deposition.
It is however very hard to obtain experimental data from the sheath. Stark splitting [1] and
Stark shift ([2] and [3]) can be used to measure electric fields in the sheath, but these methods
have the disadvantage that the spatial resolution is rather low. On the other hand, phaseresolved probe measurements can be used to obtain experimental data from the sheath, but these measurements cause disturbances in the (local) electric field. Samarian et al. [4] proposed
using microparticles confined in the plasma sheath as electrostatic probes in 2005. The confinement of the particle is a result of a force balance between (mainly) the electric force and the
gravitational force under normal gravity conditions. The height thus depends on the electric
field and the particle charge.
Beckers et al. [5] further developed this method by increasing the apparent gravitational acceleration in a centrifuge, changing the particle equilibrium position. Using this method, the electric field and particle charge could be measured spatially resolved without changing or disturbing plasma parameters. Using hypergravity however forces the particle deeper in the sheath,
towards the electrode. As a result, they were unable to measure at positions closer to the plasma
bulk than the 1g equilibrium position. It is therefore not possible to investigate the higher regions of the sheath, and its transition to the plasma bulk, called the presheath.
To be able to measure in this region of the sheath, microgravity conditions are desired. To
achieve this we participated in the 54th ESA Parabolic Flight Campaign, executed by Novespace
in May 2011, Bordeaux, France. Also, an additional experiment to confirm the particle charge
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and test the effect of Debye shielding has been performed by altering the gravitational acceleration vector under a varying angle with the horizontal axis.

1.2

Research goal

The goal of this project can be formulated as:

To experimentally determine the local electric field and charge of a microparticle in the plasma
(pre)sheath, to gain a better understanding of this region in general.

1.3

Outline

This report consists of six chapters. In chapter 2, the general theory will be discussed. We will
introduce some plasma parameters and discuss the plasma sheath. Also, dust particle charging
and forces acting on the dust particles will be discussed.
Chapter 3 presents the experiments performed. First, the setup will be described in detail. After this, we will elaborate on the experiments performed during the Parabolic Flight Campaign.
Finally, an additional experiment (referred to as the tilt experiment) will be discussed.
To interpret the results obtained in the microgravity experiments we developed a simplified
sheath model. In chapter 4 we discuss how this model was deduced and show how this is used to
interpret our experimental data sets.
After this we will present the results of the experiments and discuss them. We will start with
the results of the microgravity experiments. The particle confinement behavior as a function of
plasma power and pressure will be considered. Also, the experimentally obtained results will be
compared to numerical computer simulations performed according to the fluid model by
Goedheer [6] and the hypergravity experiments performed by Beckers et al. [5]. Next we will use
the model, developed in chapter 4, to further analyze these results. Then, the results of the additional experiment where the gravitational acceleration vector is altered, referred to as the tilt
experiment, will be considered.
In chapter 6 we will give the most important conclusions of this work and give some recommendations for further improvement of the experiments in the future.
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Theory
In this chapter we will discuss some theory relevant for this work. First, some general plasma
parameters are given. Next, a general introduction on the subject of dusty plasmas will be given.
After this, we dicuss the plasma sheath and the dust particle charging. Finally, the forces acting
on dust particles in the plasma sheath are discussed.

2.1

RF plasmas

In this section, some of the basic properties and parameters of the plasmas used in this work will
be introduced and described. Some typical values for these parameters will be calculated as well.
This will give us a foundation upon which we can further elaborate on some of the subjects that
are important to our research.
Radio-frequency or RF plasmas are a commonly used type of plasma. In this type of plasma, a
sinusoidal voltage difference with a frequency of typically a few MHz is applied capacitively to
two electrodes (see figure 2.1), so that an electric field is created in-between. This electric field
in its turn accelerates electrons. These accelerated electrons cause additional ionization, sustaining a plasma. In our investigation a Capacitively Coupled Plasma (CCP) was used since these
types of plasmas are most commonly used in industry and research laboratories.

Plasma

Impedance
matching network

Figure 2.1: Schematic drawing of the capacitively coupled RF plasma. The RF power supply is connected to an impedance matching network. The impedance of this network is
matched to the plasma impedance in order to minimize reflection from the plasma. The
plasma is present between two parallel plate electrodes.
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2.1.1 Debye length
Although plasmas contain ions and electrons, the bulk can be considered quasi-neutral. This
means that when a large enough area is considered, this area as a whole can be considered neutral. Deviations from this quasi-neutrality can occur only within a certain distance, which is
called the Debye length. The Debye length for electrons and ions is defined as:

,

,

√

,

,

(2.1)

with the dielectric constant in vacuum,
the Boltzmann constant, , the electron or ion
temperature respectively, the elementary charge and , the electron or ion density.
Assuming a plasma density in the order of
m and an electron temperature of
around . eV, we find the electron Debye length to be around
. mm. Assuming room
temperature for the ions (
.
eV) it becomes clear the ion Debye length is approximately
a factor 10 smaller, so
.
mm. In the sheath, where the ion and electron densities decrease the values for the Debye length will increase.
A linearized Debye length is often defined as well:
.
In the case discussed earlier,
is approximately 10 times smaller than
Debye length is close to the ion Debye length.

(2.2)
, and the linearized

2.1.2 Plasma frequency
When we try to separate a small amount of charge within the bulk plasma, this will cause an
electrostatic oscillation inside the plasma. The typical frequency for this oscillation is called the
plasma frequency. As was the case for the Debye length as well, a distinction was made between
electrons and ions (denoted with a subscript and respectively). The plasma frequency is now
defined as:

,

√

,

.

(2.3)

In this equation, , is the electron or ion mass respectively. Ions with elementary charge are
assumed. Again assuming
m and taking argon as an example we can obtain
some typical values for the plasma frequency. For electrons, the plasma frequency
is
around 635 MHz, for ions the value is around 2.35 MHz. In our experiments, the RF frequency
used is 13.56 MHz. This frequency is issued by the government for experimental purposes. As a
results, the electrons oscillate with the field whereas the ions feel the time averaged field only.
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2.1.3 Mean free path
When particles move around in a plasma, they will collide with other particles. The distance a
particle will travel between two collisions, is called the mean free path. This distance is different
for different types of particles (electrons, ions, neutrals and molecules). In general, the mean
free path for particle species 1 colliding with particle species 2 is
,

,

(2.4)

where is the density of particle species 2 and
is the cross section for collisions between
particle species 1 and 2.
In our case, ion-neutral collisions are the most important. This means that we can use the
neutral density and the cross section for ion-neutral collisions. The neutral density can be obtained from the ideal gas law:
. Assuming a pressure of 20 Pa and room temperature the neutral density is approximately
m . The momentum transfer cross section for
ion-neutral collisions
is approximately
m [7]. These values give us a mean free
path for ions through the plasma background gas of 0.25 mm.

2.2

Plasma sheath

The plasma sheath is a region in a plasma that develops when the plasma is in contact with a
surface. Ions and electrons that reach this surface leave the plasma. Since electrons are much
lighter than ions and
they have a much higher random velocity. Therefore, the electron
flux is initially higher than the ion flux . As a result, the surface will gain a negative charge,
repelling new electrons from the plasma and attracting ions, until a steady state equilibrium is
reached. This leads to a region near the surface where
, called the plasma sheath. Due to
the surface charge, an electric field is present. The inequality between the electrons and ions
screens the surface charge, gradually diminishing the electric field strength as one moves away
from the electrode. This means that we have an electric field gradient inside the plasma sheath.
Figure 2.2 shows a sketch of the expected profiles for the electron and ion densities and electric
field. One can see the plasma sheath with the naked eye, as it is relatively dark due to the lack of
electrons to excite.
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Figure 2.2: Predicted densities and electric field strength. Both the ion and electron density drop towards the electrode, however the electron density decreases much faster due to
the electric field present in the sheath.

In general, we distinguish between collisional and collisionless sheaths by comparing the mean
free path length of ions with the sheath thickness . Collisional sheaths are sheaths in which particles experience collisions while travelling through them. This means the mean free path is
smaller than the sheath thickness . For collisionless sheaths this is the other way around. So, to
summarize we can make the distinction between two types of sheaths:


collisional:



collisionless:

.

2.2.1 Sheath thickness
Now that we have made the distinction between collisional and collisionless sheaths, we can
characterize the plasma sheaths used in our experiments. These are the wall sheath and the
sheath around the particle.
As was mentioned, the mean free path length is approximately 0.25 mm. The sheath thickness
was optically determined by Beckers et al. [5] by measuring the position at which the light emission is reduced to a factor of
compared to the plasma bulk, and was found to be
.
. mm for a typical pressure of 20 Pa. Since we work in the same pressure range we assume the
wall sheath is collisional since
.
The collisional sheath thickness is given by [8]
.
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with

the normalized wall potential,

the normalized ion velocity and
√

a collision parameter. This means that the sheath thickness is proportional to

and

(the latter through ).
For the sheath around the particle, we assume the sheath to be much thinner than the mean
free path, so we can consider this as a collisionless sheath. In this case, Child Law is often used to
give an estimate for the sheath thickness [8]. If we assume steady state, the sheath thickness for
RF discharges becomes

√
where

(

(2.6)

) ,

is the wall potential (see also section 2.2.2).

2.2.2 Bohm criterion
For the case of a planar, collisionless sheath we can determine some characteristics. These
follow from the Bohm criterion. This criterion formulates a condition that must be met for a stationary plasma sheath to exist when a plasma is brought into contact with a solid surface. Below,
the deduction of the Bohm criterion is shown. This deduction is based on some general assumptions.
Ion energy conservation: in the case of a collisionless sheath the ions will conserve their energy
throughout the sheath. Ions that enter the sheath with a velocity
will experience a sheath
potential ( ) and their speed ( ) will change. Conservation of energy yields:
( )

( ).

(2.7)

Ion flux continuity: assuming steady state and no ionization/recombination the ion flux stays the
same both before and in the sheath:
( ) ( )

,

.

(2.8)

Here, , is the ion density at the sheath boundary, whereas ( ) is the ion density within the
sheath. Combining these equations gives the local ion density in the sheath:
( )

,

( )
)

(

.

(2.9)

Maxwellian electrons: we can assume the electron density follows the Boltzmann relation when
we assume there is no ionization and the electron temperature is constant in time:
( )

,

exp (

( )

).

(2.10)

If we now consider the Poisson equation
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(

(2.11)

),

we can insert the ion and electron density found earlier. Assuming
following equation:

*(

exp (

)

,

( )
)+.

,

this gives us the

(2.12)

This equation can be solved and only has real solutions if

√

,

(2.13)

,

where
is the Bohm velocity. This means that ions entering the sheath must have a speed
equal to or greater than this Bohm velocity. This is called the Bohm sheath criterion. Assuming
an electron temperature of 2.0 eV, the Bohm velocity becomes 2195 m/s. As was mentioned before, the sheath we are dealing with is not collisionless but collision dominated. This means the
velocity of the ions entering the sheath may in fact be lower than the Bohm velocity but should
still be superthermal [9], i.e. the ion velocity should be higher than the thermal velocity ,
ty

m s.
√
Assuming the ions are at the Bohm velocity at the sheath boundary, this means that (due to
the ion flux continuity) the ion flux inside the sheath becomes
,

,

,

√

(2.14)

.

This equation thus gives the ion flux to the wall (the electrode in our case). For electrons, the
flux to the wall becomes [8]

,

√

(2.15)

.

Equating these expressions, we find the potential difference between the electrode and the
sheath edge:
( )

ln (

).

(2.16)

However, there is also a potential difference between the plasma bulk and the sheath edge
since the ions are accelerated to the Bohm velocity:
.
The floating potential
8

now becomes

(2.17)
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( )

[ln (

)

in the case of argon this means the floating potential will be

],

(2.18)
.

. Figure 2.3 shows a

schematic drawing of the plasma, explaining the various potentials mentioned.

𝑉

𝑉𝑓

Bulk plasma

Presheath

𝑉𝑠

𝑉( )

Plasma
sheath
Electrode

Figure 2.3: Schematic drawing explaining the various potentials mentioned.

2.3

Dust particle charging

In this section the charging of dust particles in the plasma will be discussed. Several mechanisms
contributing to the dust particle charging will be discussed and some theoretical values for the
dust particle charge will be estimated.

2.3.1 Charging processes
Several processes may contribute to the charging of the dust particle. These will be listed and
discussed below.

Charge carrier collection: this is basically the same process as the one that causes the
sheath to exist. Ions and electrons reach the dust particle surface and will be collected.
Electrons reach the surface first due to their much higher velocity. Due to the surface gaining a negative charge and thus repelling electrons and attracting ions, the ion current towards the particle will increase whereas the electron current will decrease. At a certain
charge the currents will be equal and equilibrium sets in.

Secondary electron emission: highly energetic electrons and ions colliding with the dust
particle may cause secondary electron emission, effectively causing a positive charging of
the dust particle.

Photoemission: photons absorbed by the dust particle may release electrons. These so
called photoelectrons thus contribute to the particle charging positively. Especially in astrophysical plasmas the positive charging of particles commonly occurs due to very low
electron densities and large doses of high energy UV photons.

Thermionic emission: if the dust particle is highly heated, emission of electrons and even
ions is possible. This is called thermionic emission. A possible cause may be laser heating
[10].
9
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Although other processes are possible as well, these are considered to be negligible in our
case. As was pointed out by Paeva [8], in the case of low-pressure plasmas and the use of a lowpower laser all processes except for charge carrier collection can be neglected.

2.3.2 Orbital-motion limited (OML) theory
In order to be able to give an estimate of the particle charge, we need a theoretical framework.
For Langmuir probes, the Orbital Motion Limited (OML) theory is commonly used [10]. This
theory is valid for particles much smaller than the Debye length, which is valid in our case where
we generally use particles with a radius of . m, whereas the Debye length is
ly
m (see section 2.1.1). We will assume a Boltzmann distribution for the electron density.
Also, the sheath around the charged particle is assumed to be collisionless.
If we now consider conservation of energy
( ),

(2.19)

and the conservation of angular momentum
,

(2.20)

( )
.

(2.21)

we can obtain the critical impact parameter
√

This impact parameter can be used to determine the cross-section for the collection of ions by
the dust particles:
( )
+.

*

(2.22)

With this cross-section we can now consider the ion current to the particle:

√

( )
+,

*

(2.23)

where the assumption is made that the ions have a Maxwellian energy distribution. Assuming
the electron density has a Boltzmann distribution, the electron current towards the particle becomes
√

exp *

( )
+.

(2.24)

For a steady state solution for the particle charge, the ion and electron current must cancel:
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(2.25)

,

so in order to find the particle potential we have to equate the ion and electron current. This
leads to

exp *

( )
+

√

*

( )
+.

(2.26)

This means the floating potential ( ), the potential of the particle at steady state, depends
only on the ratios of the ion-electron temperature and mass. Again assuming
.
eV and
. eV we find ( )
. V. The particle charge can be calculated
from the floating potential as follows:
( ),

(2.27)

where is the permittivity. For the floating potential found above and a particle radius
us
. m we then find
e . It is however questionable whether this value is realistic: OML theory assumes the ions are at thermal velocity, whereas this is not true in the sheath.
Due to the electric field present in the sheath the ions are accelerated, leading to a smaller cross
section for ion collection. Also, the time-averaged electron density in the sheath is much lower
than the value assumed here. OML theory has proven to give a good indication of the particle
charge in the plasma bulk [11], but the question is whether this is also the case in the plasma
sheath.
An estimate for the charging time was given by Paeva [8], and for a plasma similar to the one
used in our experiments this was found to be around
s. Therefore, it is assumed the particle changes instantaneously as its position changes.
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2.4

Forces acting on the dust particles

In this paragraph some of the forces acting on the dust particle will be considered. Although
many forces may play a role, some of these are negligible in our case. In this report, we will first
introduce all relevant forces. These are the gravitational force, the electric force, the ion drag
force, the neutral drag force, the radiation pressure force and the thermophoretic force. If more
than one particle is present, they may also mutually interact through the Coulomb force, so this
force will also be discussed. After this, we give an estimation of their magnitudes and consider
which forces are dominant.

2.4.1 Gravitational force
Dust particles in the plasma experience the gravitational force. This force is given by
⃗⃗⃗

,

(2.28)

where is the gravitational acceleration and is the mass density of the particle material. As
can be seen, the gravitational force depends on the particle radius cubed. The force is directed in
the same direction as the apparent gravitational acceleration vector.

2.4.2 Electric force
Since dust particles can carry high charges, they may experience an electric force when a local
electric field is present, i.e. in the plasma sheath region. This electric force is given by
⃗⃗⃗⃗

⃗,

(2.29)

with the particle charge and ⃗ the local electric field. Since most often the particle charge is
negative, the electric force is directed opposite to the electric field, at the borders of the plasma
tending to confine the particles.

2.4.3 Ion drag force
Another important force is the ion drag force. This is the force due to interaction with positive
ions. The force has two components that will be addressed individually:

collection of ions: ions collected by the dust particle lead to momentum transfer from the
ion to the dust particle and thus a force. This force is called the collection ion drag force
.
,


Deflection of ions: ions deflected in the electrostatic potential field also lead to momentum
transfer. The force associated with this is the orbit ion drag force ,
.
Figure 2.4 shows a schematic drawing of both components, explaining their principle.
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Figure 2.4: Schematic drawing explaining the collection (left) and orbit (right) ion drag
force. For the collection ion drag force, ions (red) collected by the dust particle (blue) lead
to momentum transfer from the ions to the dust particles. For the orbit ion drag force, the
ions are not collected but momentum is still transferred due to Coulomb interaction. One
can view this as the formation of a positive mirror space charge (red oval) as a result of
focusing of the ions, dragging the dust particle down.

The cross section for collection of ions

is similar to the one derived for OML theory:
( )
+,

*

(2.30)

now with a more general expression for the kinetic energy of the ions. We assume the ions to be
mono-energetic. The collection ion drag force now becomes
( )
+,

*

,

,

(2.31)

where , is the directed ion velocity caused by the electric field.
For the orbit ion drag force the cross section is given by [13]
⁄

where

(

)

ln (

),

(2.32)

. This equation is derived assuming the Debye length to be much larger

than the particle radius, which was already showed to be valid in our case. The orbit ion drag
force then becomes

,

,

ln (

).

(2.33)
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2.4.4 Neutral drag force
This force is a result of the momentum transfer between the neutrals in the plasma and the dust
particles. For this force to be non-zero, there either has to be a gas flow present, or the dust particles have to move with respect to the background gas. In the first case the force is directed
along with the gas flow whereas in the second case the force is directed opposite to the particle
movement direction. As will become clear in chapter 4, in our setup no gas flows are present
since the vacuum vessel containing the plasma is sealed during the measurements.
We also assume the particles to stay at a certain position when all plasma parameters stay
constant. Therefore we can neglect this force when the particles remain at their equilibrium position. However, during the parabolic flight campaign the equilibrium positions of the particles
are expected to change with the apparent gravitational acceleration.
Paeva [8] shows that the neutral drag force is given by
,

where

(2.34)

,

,

, and
, are the neutral mass, density and thermal velocity, respectively, and
is the particle velocity.

2.4.5 Radiation pressure force
As will be discussed in section 3.1.5, a laser is used in our experiments in order to alluminate the
particles under investigation. Momentum transferred from the laser photons to the particle surface leads to a radiation pressure force. The resulting force
for a laser with intensity
is given by [13]
(2.35)

,

where is the refractive index of the plasma around the particle, is the speed of light and
a dimensionless factor.

is

2.4.6 Thermophoretic force
Another force that may be important is the thermophoretic force. This force plays a role only
when there is a gradient in the neutral gas temperature. In this case, the neutral particles on the
hot side of the dust particle will have a higher thermal velocity than the neutral particles on the
cold side. This leads to a higher momentum transfer rate on the hot side, and a force on the dust
particle directed towards to the colder regions in the plasma. The thermophoretic force for dust
particles is given by

,

In this equation,
dation coefficient,
14

,

√

[

(

)]

(2.36)

.

is the thermal velocity of the neutral particles,

is the thermal conductivity of the gas, and

is an accommo-

is the neutral gas tempera-
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ture. For gas and dust particle surface temperatures below 500 K it is assumed that
plifying Eq. (2.36).

, sim-

2.4.7 Coulomb force
Dust particles in the plasma will also mutually interact due to their negative charge. The Coulomb force is generally defined as:
,

(2.37)

where
and
are the charges of particles 1 and 2, respectively, and is the distance between
the particles.
In quasi-neutral plasmas however, the particles do not feel each other’s full charge due to Debye shielding. Therefore, generally one considers the effective charge of the second particle rather than the actual charge. In quasi-neutral plasmas, Debye shielding reduces the effective
charge of particle 2 – to be ‘felt’ by particle - to:
exp (

,

).

(2.38)

In our case it is hard to predict to what extent shielding plays a role since the sheath is not
quasi-neutral. Therefore it is not trivial to find the linearized Debye length. We discuss some
options used in literature.
Firstly, we can simply calculate a local linearized Debye length [15]. Since the electron density is much lower than the ion density in the sheath, it follows from Eq. (2.1) and (2.2) that the
assumption that
, is still valid.
According to Land and Goedheer [6], in a simple plasma one should correct for the directed
ion velocity when calculating the linearized Debye length. The ion Debye length now becomes:

( )

,

(

,

)√

(

,
,

) ,

(2.39)

where , ( , ) is the ion Debye length given by Eq. (2.1). From this ion Debye length the linearized Debye length is calculated using Eq. (2.2). Land en Goedheer however also suggest that
shielding of dust particles is more complex since now the dust particles are the heaviest species.
They state that the screening length is now a function of both the electron and ion Debye lengths.
Other studies suggest the electron Debye length should be considered rather than the ion Debye length ([16], [17]). Since we expect the electron density to be much lower compared to the
bulk electron density, this would mean the Debye length might even be an order of magnitude
larger.
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To summarize, it might be clear that there is a lot of discussion regarding the shielding of microparticles. Literature provides three different expressions to calculate the effect of shielding of
the particle charge:


normal shielding

,

exp (



‘complex’ shielding

,

exp (



electron dominated shielding,

,

exp (

,

)

√
,

( )

)

).

2.4.8 Typical force magnitudes
In order to gain more insight in which forces are dominant under either of the gravitational conditions, here we will make a first estimate of the magnitudes of all forces discussed above. Finally, an overview of all forces and their expected magnitudes, both under normal and under microgravity conditions, will be given.
For a melamine formaldehyde particle (
kg⁄m ) with radius
. m the magnitude of the gravitational force is approximately
.
As was pointed out in Eq. (2.27) the particle charge is linearly dependent on the particle radius. Assuming the values found by Beckers et al. [5], (
and
V m) we find
an electric force magnitude of
. During microgravity, the particle is expected to move
towards the plasma bulk, where the electric field becomes significantly smaller and the electric
force does so as well.
The magnitude of the ion drag force depends on several parameters that vary strongly within
the plasma sheath (like the particle potential and the ion velocity and density). During microgravity the particles are expected to move into the presheath. There, the ion velocity will be
much lower than in the sheath due to the significantly lower electric field. We will assume
m and a directed ion velocity comparable in magnitude to the thermal velocity,
so ,
m s. Although we expect the particle potential to increase due to the
,
higher electron density, we will assume ( )
. V, the value found by Beckers et al. [5] for
particles trapped in the sheath for now. In this case
.
, and the cross sections become
and
. This corresponds to an ion drag force of
ly
. As was already mentioned, we expect the particle potential, and thus the ion drag
force, to be higher in reality. For the particle equilibrium position at 1g, we assume
,
m s and a particle potential of . V . Then
and the cross sections
come
. Assuming the ion density to be around
m (flux continuity),
we find the ion drag force to be around
.
The transition from normal gravity conditions to microgravity takes approximately two seconds and when we assume the equilibrium position to shift cm, we find
mm s.
Taking
m we find
.
,
The used laser has an output power of
mW and the beam has a diameter of approximately mm. If we then assume
(vacuum) and take
.
. from [13] the radiation
pressure force magnitude is approximately
. For the parabolic flight campaign, the
beam was expanded to 40 mm in diameter, further decreasing the radiation pressure force magnitude to
.
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Although we assume the neutral gas temperature to be constant in our further calculations,
this is not completely true. If, however, we assume this gradient to be approximately
cm,
which is consistent with the findings of Akdim and Goedheer [14], the magnitude of the thermophoretic force is approximately
.
Table 2.1 gives an overview of all forces and their typical magnitudes, where the distinction
has been made between the equilibrium positions for 1g and microgravity. Since we only consider vertically directed forces on the particles in one layer, we have not included the Coulomb
force in this comparison.
Table 2.1: Overview of the forces on the dust particles and their expected magnitudes.
Please note the value for the neutral drag force is valid for the transition to microgravity.

Typical magnitude (N)
position
Microgravity

Force
Gravitational force
Electric force
Ion drag force
Neutral drag force
Radiation pressure force
Thermophoretic force
*During

tilt experiment,

in microgravity experiment

From this overview it can be seen that we can safely neglect the neutral drag force and the
radiation pressure force. Also, in our further calculations we will neglect the thermophoretic
force. When the particles are trapped near the electrodes, we can also safely neglect the ion drag
force. Moving towards the plasma bulk however, the ion drag force magnitude increases to a
value where it can no longer be neglected.
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Experiments
In this section we will elaborate on the performed experiments. First the whole setup is described, after which the different subsystems are discussed. These subsystems are the vacuum
chamber, the vacuum and gas handling system, the optical system, the diagnostics system, the
RF power system and the dust injector.
After this, we discuss the experimental setup and procedure for the microgravity experiments
as well as an additional experiment we performed to verify the particle charge used in the parabolic flight campaign. This last experiment is referred to as the tilt experiment.

3.1

Experimental setup

Webcam
Vacuum
chamber

Laser

Figure 3.1: Part of the setup containing the vacuum chamber and the diagnostics. An expanded laser beam illuminates the particles trapped above the lower electrode, so they
can be observed by the webcam.

The setup (see figure 3.1) was designed to measure the equilibrium position of dust particles
confined in an RF plasma sheath, together with the apparent gravitational acceleration, both
temporally resolved. The RF plasma is operated capacitively between two parallel electrodes
inside a vacuum chamber filled with Argon at a certain pressure.
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After the plasma is created, the dust injector injects one or more particles into the plasma. A
laser beam is expanded and directed through a window in the vacuum chamber and the light
scattered by the particles is observed by a webcam. Along with the particle position, the pressure inside the vacuum chamber and data from an accelerometer are also obtained.
A schematic view of the setup is shown in figure 3.2. Here the various subsystems are denoted using different colors. A more detailed description of these subsystems will be given in the
next paragraphs.
Power
meter

Laptop 1
Pressure
gauge

532 nm
PowerLED

Accelerometer

Matchbox

RF
amplifier

Function
generator

Pumping system

Dust
injector

Exhaust

Webcam

MFC

Windows
Vacuum
chamber
Laptop 2

532nm diode
laser

5L Argon @120bar

Figure 3.2: Schematic view of the experimental setup, basically consisting of six subsystems: the vacuum chamber (grey); the vacuum and gas handling system (blue); the RF
power system (red); the diagnostics system (green); the optical system (black) and the
dust injector (purple). All subsystems handle a different aspect of the experiment.

3.1.1 Vacuum chamber
The vacuum chamber used is cubic (
mm) and made out of aluminum. On
two sides windows have been mounted to allow optical access for the used diagnostics. The dust
dispenser (see section 3.1.4) is mounted on top of the vacuum chamber. Figure 3.3 shows a picture of the vacuum chamber.
Inside the vacuum chamber two parallel square electrodes (
mm) are mounted in the
horizontal plane (see figure 3.4). The upper electrode is electrically grounded and has a circular
opening in the center to allow the injection of particles into the discharge. The bottom electrode
is connected to the RF power supply and has a circular indent, 1 mm deep and 10 mm in diameter. This indent serves as a potential well for the dust particles, confining them in the horizontal
frame. The diameter is chosen large enough to have a flat potential well bottom, so that confined
particles are in the same horizontal frame (see figure 3.9).
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Figure 3.3: The vacuum chamber. On this picture the window used for diagnostics can be
seen. The inset picture shows the second window through which the laser beam is directed.

Figure 3.4: Schematic drawing of the parallel electrodes. The four screws on the corners of
the electrodes are electrically insulated from the electrodes. The indent in the lower electrode is 1 mm.
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3.1.2 Vacuum and gas handling
Basically, this part of the setup can be split into a gas inlet system and a pumping system. The
gas inlet system consists of an argon gas bottle (Lindagas, l
bar), a Brooks 5850TR Mass
Flow Controller, and a vacuum valve. When the argon bottle is opened, the MFC can be used to
regulate the argon flow into the vacuum chamber. Although some initial tests seemed to indicate
that the MFC did not let any gas pass through when the flow was set to zero, a vacuum valve was
installed after the MFC to make sure the gas flow into the vacuum chamber could be shut off
completely.
The pumping system consists of a Pfeiffer-vacuum TSH 071 E pumping system, consisting of a
TMH 071 P turbomolecular pump and a MVP 015-2 diaphragm pump. Also, a vacuum valve is
installed between the vacuum chamber and the pumping system to be able to stop the flow of
gas towards the pump.
The pump outlet could be connected to the vent line of the airplane to prevent any argon
from entering the airplane cabin. To prevent overpressures inside the vacuum chamber, a safety
valve that opens at . bar is installed [17].
Labview-compiled software (see figure 3.5), controlling the vacuum and gas handling system
enabled us to set the argon pressure inside the vacuum chamber to any desired value. Moreover,
by igniting the plasma before closing the vacuum chamber it is possible to set the pressure more
accurately, since initial tests showed a small increase in pressure after plasma ignition.

Figure 3.5: Screenshot of the control panel, enabling the experimenters to control the RF
power, laser, dust injector, logging and pressure inside the vacuum chamber.

3.1.3 RF power system
This part of the setup consists of a function generator, a computer controlled RF amplifier and a
matchbox. A .
z signal is generated by an Agilent 33250A function generator. A Kalmus
150c RF amplifier then amplifies this signal. An L-type matching network is used to minimize
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reflected power (see figure 3.6). To be able to do this a TEAM electronic SWR 1180W RF power
meter is installed.
According to the Novespace parabolic flight rules and guidelines [17], the entire RF network
is electrically shielded and safety tests pointed out that
cm from the setup, no measurable
radiation was found.

Figure 3.6: Schematic diagram of the RF matching network.

3.1.4 Dust injector
The computer controlled dust injector (see figure 3.7) used in the experiments was designed*
and built by the research equipment and prototyping facilities (GTD) of the TU/e. In this design,
the dust particles (
. m) are stored in a small compartment that is vacuum tightly sealed
except for a small hole to the vacuum chamber with a diameter of approximately
m in the
bottom. This compartment is mounted on top of a magnetic rod. When a current pulse is sent
through a coil surrounding this rod, the rod is pulled downwards. A spring then pulls the rod
back, thus ‘shaking’ the dust compartment. Several dust particles are then released into the
plasma.

Figure 3.7: The dust injector, mounted on top of the vacuum vessel.
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Figure 3.8: Schematic drawing of the dust injector. A short current pulse is sent through a
coil inside the dust injector. A magnetic rod inside the coil is pulled down consequently.
The compartment containing the dust particles is mounted on the lower end of this rod. A
spring then pulls the rod up again. This shaking of the compartment causes several particles to be released in the plasma through a small hole (
in diameter) in the compartment.

3.1.5 Optical system
The used laser is a
mW diode laser with a wavelength of 532 nm. The laser beam is directed
through a positive lens in order to expand it. The beam is then parallelized again by another positive lens. After this, the beam, 40 mm in diameter is directed into the vacuum chamber by a mirror.
If any particles are present within the plasma, laser light will scatter from them. Part of this
scattered light will go through a positive lens and will be imaged by a webcam (see next section).
The webcam is also equipped with a 532 nm filter to allow only laser light scattered from the
dust particles to be collected. The webcam is placed under an angle of 90° with the laser beam.

3.1.6 Diagnostics
The webcam used to monitor the particles is a modified Philips SPC2050NC webcam. This camera is able to record a video at 60 frames per second with a resolution of 640 480 pixels
(height width). The (autofocus) lens was demounted from the camera and the camera was
mounted on an optical rail behind a fixed lens (
mm). By tuning the lens position we are
able to look at a specific plane inside the vacuum chamber. Ultimately, the lens and webcam
were placed such that one pixel corresponded to .
mm. It was decided to obtain the webcam
data on a separate laptop after it was found some of the frames were skipped when the pressure
and g-data were also recorded simultaneously on the same laptop. Figure 3.9 shows a screenshot of an obtained webcam video.
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Particles

Figure 3.9: Screenshot of an obtained webcam video. The particles are clearly visible. As
can be seen, the particles remain in the same horizontal plane.

The pressure meter is a Pfeiffer-vacuum PKR250 Compact Full Range Gauge. Because of its
large range this pressure meter allows us to continuously measure the pressure throughout a
large range of pressures.
The 1056 - PhidgetSpatial 3/3/3 accelerometer continuously measures the apparent gravitational acceleration in three dimensions. This enables us to relate any measurement of the particle position to the apparent gravitational acceleration at that moment. The accelerometer was
mounted on the setup in such a way that the -direction was perpendicular to the plane floor,
the -direction was parallel to the flight direction and the -direction was in the transverse direction. Figure 3.10 clarifies this.

Figure 3.10: Picture showing the orientation of the accelerometer. As can be seen, the xdirection is transverse to the flight direction, the y-direction is parallel to the flight direction and the z-direction is perpendicular to the aircraft floor.

Since the data is obtained on two separate laptops, the separate data sets will have to be synchronized. For this purpose a power LED was installed. This LED flashes every 2 seconds for
approximately 10 ms. It radiates in the 532 nm range, so it is highly visible on the webcam. The
LED flashes are also marked in the accelerometer data recordings, enabling us to synchronize
the data from the accelerometer with the obtained movies afterwards.
A MATLAB script was used to analyze the data. This script imports the recorded movie as
separate frames, and after the user inputs the particle starting position it follows the particle
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position automatically. Also, the script synchronizes the particle position data to the accelerometer data.

3.2

Parabolic flights

The setup, as presented until this point, was used in 54th ESA Parabolic Flight Campaign. To be
able to mount the setup on two rails on the aircraft floor, the equipment was divided over two
racks that could be mounted onto this rail (see figure 3.11). The decision to split up the setup
into two different racks was necessary to reduce the rail load per meter [17].
The first rack contains the vacuum chamber, the optical system, the dust injector, the diagnostics (besides the pressure meter) and the pumping system. This part of the setup was built
into an aluminum case to prevent the escape of dust particles and to prevent reflected laser light
to cause any hazard. Besides this, the case also prevents leakage of EM radiation and the possibility of broken glass entering the aircraft cabin. The laptop controlling the webcam was placed
on top of this rack.
In the second rack, the RF power system and the gas bottle were placed. On top of this rack,
the laptop running the Labview-compiled user interface (see figure 3.5) was mounted.

Rack 1

Rack 2

Figure 3.11: The complete setup, consisting of the two racks, mounted on the rails on the
aircraft floor.

3.2.1 Parabolic maneuvers
The maneuver starts at steady horizontal flight at approximately 6000 meters height (see
figure 3.12). The plane then pulls up for about 20 seconds. Hypergravity is experienced during
this phase. When an angle of 47° is reached, the plane enters free fall. This moment is called ‘injection’. The engines still run in this phase to overcome air friction. Microgravity is experienced
during this phase for approximately 20 seconds. When a downwards angle of 47° is reached the
plane pulls up until steady horizontal flight is reached again. This phase again lasts approximately 20 seconds and hypergravity is experienced in this phase. For our experiments, we are interested in the transition from hypergravity to microgravity. During this transition, we will monitor
the particle equilibrium height as a function of the apparent gravitational acceleration.
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Figure 3.12: Parabolic maneuver explained. Obtained from [15].

3.2.2 Measurement procedure
A measurement procedure was pre-arranged to avoid errors during the flight. This procedure is
presented in figure 3.13. Note that this procedure describes the actions between adjacent parabolas, so additional actions like powering the setup or backing up the data are not included.
Before the start of the parabola, the pressure inside the vacuum chamber and the plasma
power are set to the values desired by experimenter 1. Once this is done, particles are injected.
Experimenter 2 checks whether the particles are indeed present, if not particles are injected
again.
Approximately 10 seconds before the start of the parabola video recording is started by experimenter 1. After this experimenter 2 starts the logging. This order is necessary to make sure
synchronization is successful: all LED pulses should be visible on the video.
During the parabola, the experiment is monitored is by both experimenters. No further action
is required during the parabola.
After the parabola, experimenter 2 switches the plasma off and on again to allow the particles
to leave the discharge volume (this may not be necessary). This provides us with a background
signal that can be subtracted from the obtained frames during post-processing to enhance the
visibility of the particles. When this is done both recording and logging is stopped and the data is
saved. The movie and data file numbers, pressure and plasma power are listed to be able to relate these parameters to each other.
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Experimenter 1

Experimenter 2

Time

Set pressure and power

No
Inject particles

Before
parabola

Check particles present?
Yes
Start video recording
Start data logging

Monitor experiment

Monitor experiment

≈ 10
seconds
before pullup

During
parabola

Switch plasma on and off to
obtain BG signal
After
parabola
Stop recording, save movie
and note corresponding data
file

Stop data logging and save

Figure 3.13: Flowchart showing the measurement procedure for the parabolic flight campaign. Experimenter 1 operates the webcam, whereas experimenter 2 operates the valves
and logging

3.3

Tilt experiment

In this section the tilt experiment will be discussed. The setup itself was not changed for this
experiment. A crane was used to lift the setup on one side so that it is tilted to an angle (see
figure 3.14). By tilting the setup, the direction of the gravitational force is changed relative to the
electrodes. The gravitational force now has one component parallel to the electrodes, and one
perpendicular to the electrode.

Lifted to 𝜃

𝜃
Figure 3.14: Schematic drawing of the tilting procedure explaining the angle
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3.3.1 One trapped particle
Let us consider now the case where one particle is trapped. The component parallel to the electrodes pushes the particle to the side of the potential well and (as the angle increases) up the
potential well surface. One can compare this with a marble in a bowl. The marble stays on the
bottom of the bowl until it is tilted. The marble then moves to another position where its potential energy is minimized.
In the aforementioned mechanical analogue of our potential well the normal force balances
the gravitational force, whereas in our cause this force is delivered by the electric force. As long
as the particle stays on the surface of the potential well, the magnitude of the electric force will
not change. Since the potential well surface is an equipotential surface, the electric field magnitude will be the same on it, and we assume the particle charge will stay the same as well. The
direction of the electric force is perpendicular to the potential well surface.
Although in reality the ion drag force also plays a role, we neglect it in this experiment. It is
assumed that it is relatively small compared to the electric force (see section 2.4.8). Moreover,
its direction is opposite to the electric force, so even if it does play a small role, this will only lead
to a small underestimation of the electric force.
So far, tilting the setup is unable to provide us with any additional information about the particle charge. This experiment however will enable us to accurately explore the shape of the potential well surface by monitoring the particle position.

3.3.2 Two trapped particles
In order to obtain more information about the particle charge, we have to introduce an additional force. Therefore we trap a second particle. When
, the particles will repel each other
through the Coulomb force. As can be seen in Eq. (2.37) the Coulomb force depends on the particle charges and the separation distance between the two particles. As was mentioned, the particle charges are assumed to be identical so
.
If the setup is not yet tilted (
), the two particles will both be situated on the flat part of
the potential well. However, if we now tilt the setup (
), it is not possible for the particles to
both go to the lowest point since they repel each other. Instead, their equilibrium position will
be at a certain distance from each other, around this lowest point. The distance between the particles can be monitored and is a measure for the particle charge. In order to prevent the particles
from moving behind each other a narrower indent is used to create a potential well. This restricts the particles from moving towards or away from the camera, as can be seen in figure 3.15.
So let us now consider the particles in the potential well. Since the camera is rotated along
with the setup, our measurements will not show the setup rotating, but just the particles moving
up one side of the potential well. Figure 3.16 shows this situation for an angle .
It is however easier to consider the force balance in another frame of reference. Imagine we
rotate this frame in such a way that the gravitational force is directed vertically, demonstrated
by figure 3.17. We can now distinguish between the force balance in the ’-direction and the ’direction. To do this, we first have to find the - and ’-components of the other two forces.
For the electric force, the angles and determine the direction of the force. We find from
the slope of the potential well at the particle position:
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where the subscript indicates the position of particle 1 or 2, respectively. The -component of
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the electric force then becomes ,
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For the Coulomb force, the angles and determine the direction. The angle is given by
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the difference in - and -position, respectively. The -component then becomes
)
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Now that we know all relevant forces, we can set up the force balance. It is the one in the x’direction we are most interested in:
cos(
Since
charge:

for an angle

)

sin(

)

.

(3.3)

, this gives us the following expression for the particle

sin(
√
cos(

)
)

.

(3.4)

We now have an expression for the particle charge that is independent of the electric field. In
this equation, Debye shielding is not taken into account yet.
It should be noted that possibly the Coulomb forces pushes the particles further into the
sheath, thus increasing the electric force, but we assume this effect to be negligible. In order to
check this, the trajectories of the two particles should be compared. If they overlap, we can safely assume the particles both stay on the potential surface.
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Microparticles

𝑔𝑧
𝜃
𝜃

Figure 3.15: Schematic drawing of the adjusted indent (1 mm deep), preventing the particles from moving towards or away from the camera. Particle size has deliberately been
exaggerated.

𝜃

𝑧
𝑥

𝜃

Figure 3.16: Schematic drawing of two particles in the potential well after the setup has
been tilted to an angle . The equipotential line of the potential well surface is represented by a blue line.
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𝜃

𝜃

𝛾

𝛽

(𝑥 , 𝑧 )
(𝑥 , 𝑧 )

𝑧
𝑥
Figure 3.17: Schematic drawing of two particles in the potential well after the setup has
been tilted to an angle and the picture has been rotated by the same angle.
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Sheath model
In this chapter we derive a simplified analytical sheath model to obtain profiles for the electric
field ( ) and particle charge ( ) from the microgravity experiments. Next to these profiles,
this model also gives spatially resolved electron and ion density profiles and the local directed
ion velocity.

4.1

Force balance

In the previous chapter the dominant forces on the dust particles were determined. With these in mind, we can establish a force balance on the particle. For this force balance, we will only
consider forces that are directed perpendicular to the electrode surface, since this is the direction we are mostly interested in. If multiple particles are present in the plasma, they will be in
the same horizontal plane and thus Coulomb repulsion in vertical direction will not be considered since the induced force will be parallel to the electrodes.
The dominant forces in our case are the gravitational force, the electric force and the ion drag
force. From section 2.4.8 we concluded that the other forces were negligible. The gravitational
force is directed downwards. From Eq. (2.31) and (2.33) it follows that the direction of the ion
drag force is the parallel to the directed ion velocity. As was mentioned, ions only experience the
time averaged field in the sheath and thus gain a directed velocity directed towards the electrode. The electric force is directed upwards: the negatively charged particle is pushed away
from the also negatively charged electrode. This gives us the following force balance:
,

,

.

(4.1)

A sketch of the trapped particle and the dominant forces on it is given in figure 4.1.
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Bulk plasma

𝐹𝐸

𝐹𝑖,𝑑𝑟𝑎𝑔

𝐹𝑔

Figure 4.1: Sketch of the dust particle (green) trapped in the plasma sheath above the
electrode (gray). The relevant downwards (ion drag and gravitational) and upwards
(electric) directed forces are shown.

Using the expressions discussed in paragraph 2.4 the force balance becomes
*

,

ln (

)

[

(

)

]+,
(4.2)

where
and
indicate the cross section for the orbit and collection ion drag force components, respectively. At this point, four unknowns remain: the electric field , the floating potential ( ) (directly related to the charge ), the ion density and the ion velocity .

4.1.1 Derivation of the ion velocity and density
In order to solve the force balance given in Eq. (4.2) we have to express the ion velocity and ion
density in terms of the electric field, floating potential and/or other known parameters. To do so
we consider the conservation of momentum for the ions:
⃗

,

*

⃗

,

(⃗

,

⃗ )⃗

,

+

⃗.

Since we consider the time averaged value for the electric field we can neglect ⃗
Considering only the velocity in the -direction Eq. (4.3) then simplifies to
⃗
,

,

⃗.

(4.3)
,

⁄ .

(4.4)

If we now assume the ion to have zero velocity after every collision, and to accelerate
to , before they collide again, we find that
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(4.5)

which leads to a direction ion velocity

√

,

(4.6)

.

According to Liebermann [16] one should introduce an additional factor √
to account for
time averaging the ion velocity over the mean free path distribution in order to obtain the mean
velocity. The total ion velocity then becomes:

√

,

√

,

,

(4.7)

where

.
√
The ion density can be formulated as
,

,

(4.8)

which follows from the definition of the ion flux. If we assume there is no net ionization or recombination in the pre(sheath)the flux is conserved and we only need the value for the flux at
one position to obtain the ion density from the directed velocity.
Eq. (4.2) has now become an equation with three unknown parameters: the floating potential,
the electric field and the ion flux. For known, we will assume the ion flux and the electric field at
the g equilibrium position are known, we will come back to this in section 4.4.

4.2

Modified OML theory

In order to find the electron density we consider the OML theory already discussed in section
2.3.2. OML theory assumes the ion motion is dominated by thermal motion (so ,
) which
is not the case in the sheath. On the other hand, thermal motion cannot be neglected in the
presheath where the directed ion velocity goes to zero. Therefore, we use an expression obtained by Whipple [17] for the ion current towards a dust particle:
( ),

,

(4.9)

where ( ) is a function that depends on the ion drift velocity
( )
with

,

√

√

*(

(

)

) erf( )

√

exp ( ) +,

(4.10)

and erf( ) the error function.
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For the electron current, thermal motion is still dominant and we can use Eq. (2.24), where
we use the time averaged electron density.
〈

〉

√

( )
+.

exp *

(4.11)

When the average particle charge is assumed constant
or
. Since all parameters besides 〈 〉 are known we can obtain the electron density from this current balance:
〈

〉
√

4.3

exp *

.
( )
+

(4.12)

Poisson equation

In order to be able to obtain the electric field and particle charge spatially resolved we need to
find the derivative of one of these parameters. Gauss’s law states that
(

),

(4.13)

Where is the charge density. We can use the approximation
and use this to
find (
). When we fit the apparent gravitational acceleration as a function of the particle equilibrium height
, this enables us to find the gravitational acceleration at position
. Also, using a fit enables us to take small values for , increasing spatial resolution. Now that
we know and at
we can again solve the force balance and repeat all steps. This process is iteratively repeated until the position where
.

4.4

Boundary conditions

As was already mention in section 4.1.1 the electric field at the g equilibrium position and the
ion flux are still unknown parameters. These parameters are inserted as boundary conditions.
From [5] we know that the electric field at the equilibrium position of a particle with a radius of
4.9 µm at 1g is
V m. By filling in this value in Eq. (4.2) we can thus find ( ). Also,
from this article we find that the derivative of the electric field at this position is

(

,

)

.
V m . We will now choose the ion flux such that the derivative of the electric field
reaches this value. The electron temperature is set to 2.0 eV, consistent with the value found by
Ockenga (
.
. eV) [20].
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4.5

Iteration procedure

In this paragraph a flowchart of the model will be presented that shows the calculation steps and
the iteration procedure. After the starting parameters are inserted the ion velocity and density
and the particle potential are calculated from the electric field. Next, the electron density is calculated using the ion velocity and particle potential found. Then, the derivative of the electric
field is calculated using the Poisson equation and this derivative is used to calculate the electric
field at
. The loop then iteratively repeats itself.

Starting parameters: g(z), Ti,
Te, E0, dE(z=z₀) /dz

Electric field at z

Particle potential from force
balance (Eq. 4.1 and 4.2)

Ion velocity (Eq. 4.7)

Electron density from
modified OML theory
(Eq. 4.12)

dE/dz from Poisson equation
(Eq. 4.13)

Ion density from flux
continuity (Eq. 4.8)

Electric field at z+Δz

Figure 4.2: Flowchart summarizing the iteration procedure used in the sheath model.
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Results and discussion
In this chapter the results from the experiments will be presented and discussed. First the data
obtained during the parabolic flight campaign will be presented. After this, we will discuss these
results and further analyze them using the model discussed in chapter 4. Finally, the results
from the tilt experiment will be presented and compared to the results obtained with our model.

5.1

Microgravity experiments

In this paragraph the results obtained during the parabolic flight campaign (PFC) are presented
and discussed. Here, we distinguish between the results for high pressure (
Pa) and low
pressure (
Pa). The results for these two different pressure regimes will be discussed separately.

5.1.1 Typical results
As was mentioned in chapter 3, the particle height and the acceleration in three dimensions
were measured for several values of under varying gravity conditions. These data were then
synchronized. In order to view the particle behavior as a function of time, we plot the particle
height and acceleration in the -direction as a function of time during one parabola. Figure 5.1
shows such a plot for a pressure of 31 Pa. Here, it can be seen that the particle equilibrium position reacts to the changes in gravity as expected: hypergravity causes the particle to move to a
lower position whereas microgravity leads to a higher position. This result is typical for pressures of approximately 20 Pa and higher.
For pressures below approximately 20 Pa, the particles were lost quickly after the microgravity phase started. An example of this behavior is presented in figure 5.2 for
. Pa. As can
be seen, the particle height increases as expected after the start of the microgravity phase. After
approximately 2 seconds, however, the particles were lost. Because of this finding, we distinguish between high pressure (
Pa) and low pressure (
Pa) when discussing the
results.
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Figure 5.1: Plot of the particle height (top) and acceleration in the z-direction (bottom) as
a function of time during one parabolic sequence. As was expected, the particle moves to a
lower position during the hypergravity phase and to a higher position during the microgravity phase. The pressure used for this experiment is 31 Pa.

-25

-20

-15

-10

-5

0

5

Particle height (mm)

7

Particles lost

6

5

-2

gz (*9.81 ms )

2

1

0

-25

-20

-15

-10

-5

0

5

Time after injection (s)

Figure 5.2: Plot of the particle height (top) and acceleration in the z-direction (bottom) as
a function of time during one parabolic sequence. The particle is lost quickly after injection into the microgravity phase. The pressure used for this experiment is 15.8 Pa.
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For pressures above 20 Pa (high pressure) the particle reaches an equilibrium height during
the microgravity phase. It was found that the particle height varies with pressure, where a higher pressure leads to a lower particle position. Figure 5.3 shows the particle height as a function
of time for four different pressures.
7,5

15.8 Pa
20 Pa
31 Pa
45.7 Pa

7,0
Particles lost

Particle height (mm)

6,5
6,0
5,5
5,0
4,5
4,0
3,5
3,0
2,5

1g

Pull-up

0g

Pull-up

2,0
-20

0

20

40

Time after injection (s)
Figure 5.3: Particle height as a function of time during one parabolic sequence for four different pressures. The particle height decreases during the pull-up phase and increases
during the microgravity phase as expected. Increasing the pressure decreases the overall
particle height.

An explanation for the fact that the overall height increases with decreasing pressure can be
found in Eq. (2.5). There, it can be seen that the wall sheath thickness decreases with increasing
pressure. This means the particles will have a lower equilibrium height when the pressure increases. This however does not explain why the particles are not confined for lower pressures.
This will be discussed in the next section.

5.1.2 Confinement behavior
In this section, the observation that the particles are trapped only for pressures above 20 Pa will
be discussed. Studying the recorded movies for low pressures, it was observed that the particles
moved to the side of the potential well during the microgravity phase and were lost there. This
would mean a force in the plane parallel to the electrodes drives the particles out of the potential
well and indeed, looking at the accelerometer data, a small peak the -direction was observed at
the time the particle is lost in all datasets. An example of this behavior is shown in figure 5.4.
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Figure 5.4: Plot of the particle position (top) and the acceleration in the x-direction (bottom) as a function of time. A peak of approximately 0.35 ms-2 can be observed in the acceleration at the time the particle is lost. This may cause the particle to be lost at the side
of the potential well. For this measurement a pressure of 15.8 Pa was used.

These peaks however are not dependent on the pressure, so another force must play a role as
well. Since the gravitational force in the -direction obviously does not play a role during the
microgravity phase, this seems to indicate that either the ion drag force or the electric force is
responsible. The ion drag force seems the most likely candidate: it increases with the ion density
(see Eq. (2.31) and (2.33)) that in its turn increases with the pressure. This means that for lower
pressure, the ion drag force will be lower. This may cause the particle to reach a position higher
in the sheath. Here, the potential well is flatter, so the particle is pushed out on the side more
easily. For a more skewed potential well surface, the force in the - or -direction has a relatively large component perpendicular to the potential well surface. This increases the electric force,
analogous to the normal force increasing when an object is pushed against a surface. As a result,
the particles are pushed inwards, keeping them in the plasma sheath.
In order to verify the hypothesis that the trapping of the particle is a result of the ion drag
force we need another variable that will decrease the ion drag force. Therefore, we considered
the effect of lowering the RF power at a constant pressure.
For the ion drag force, the ion velocity will decrease due to the lower electrode potential. As
was shown in Eq. (4.7) the ion velocity depends on the electric field and if we neglect the thermal velocity we can state that ,
. Since the electric force is also proportional to the
electric field, this dependency cancels out.

42

Results and discussion

Both the ion drag force and the electric force also depend on the particle charge that will also
decrease for decreasing RF power. The ion drag force however also depends on the ion density,
which drops with decreasing RF power. Therefore, we conclude that although decreasing the RF
power will decrease both as well as ,
, it will lead to a higher equilibrium position.
It was found that decreasing the RF power indeed caused the particles to be lost during the
microgravity phase. Figure 5.5 shows a plot of the particle height as a function of time for two
different RF powers. As can be seen, the particles are lost when we lower the RF power at a constant pressure. Another thing that can be observed is that the overall height is higher for lower
power. This is a result of the sheath growing thicker for higher power. As can be seen in Eq.
(2.5), the sheath thickness depends on the wall potential .
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-20
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Figure 5.5: Particle height as a function of time during one parabolic sequence for two different RF powers. For 8 W the particle remains in the plasma, whereas for 4.2 W the particle was lost during the microgravity phase. The pressure was kept constant at 20 Pa for
this experiment.

We also compared the experimentally observed pressure dependency of the particle equilibrium height with simulations performed by Goedheer [6]. These simulations (see figure 5.6)
show the particle equilibrium position shifts to a higher position for a reduced pressure, as was
the case in our experiments. Although the absolute particle height is not consistent with the values found in our experiments, we observe that the increase in equilibrium height is approximately 12%. The increase in sheath thickness as a result of the lower pressure is ( ⁄ )
.
(see Eq. (2.5)). The fact that the particle equilibrium height increases more than this percentage is an indication that indeed the balance between the ion drag force and the electric force
is shifting to a higher position.
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Figure 5.6: Plot of the net force on a particle as a function of the particle height for two different pressures. Calculations performed by Goedheer [6].
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5.2

Model implementation

Here we will present the implementation of the model discussed in chapter 4 and discuss the
results. As a boundary condition, the electric field at the 1g particle position found by Beckers et
al. [5] (
V m) in exactly the same plasma configuration and plasma conditions is
taken. In order to implement our model, we need to find a fitting function for the acceleration in
the z-direction as a function of the particle height. In order to do this, we plot as a function of
the particle height and use a polynomial fit of the 4th order. The plot is presented in figure 5.7,
whereas table 5.1 shows the fit parameters. It was found that a higher order fit did not lead to a
significant decrease of the fitting error.
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Figure 5.7: Plot of the apparent gravitational acceleration
as function of the particle
height. A 4th order polynomial fit is drawn through the datapoints. This fit is used as input
for the model discussed in chapter 4.
Table 5.1: Coefficients of the fit used to construct an equation for the gravitational acceleration as a function of the particle height ( ( )).

( )
-621.01985
423.76583
-106.67456
11.77514
-0.48191
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5.2.1 Electric field profile
In figure 5.8 a plot of the electric field, obtained from the model with ( ) (see table 5.1) as
input, as a function of height above the electrode. Moving away from the plasma, the electric
field strength slowly increases until there is a transition at
.
. mm. After this transition, the electric field strength rises rapidly. The region between the sheath and the plasma bulk
is called the presheath, and has already been predicted in literature. The fact that we observe
this transition is experimental proof for the existence of the presheath. To the best of our
knowledge, this has never been obtained with this high spatial resolution before.
(
Since the electron temperature used in our model (
. )eV) has a rather high uncertainty we plot the results for
. eV and
. eV as well as dotted lines. This gives an
indication of the error that can be expected due to the uncertainty in the electron temperature. It
was found the effect on the electric field was marginal. Only at the transition to the presheath
the electric field was slightly different (
for
. eV). Again, it should be noted
that these results are not an effect of an actually lower or higher electron temperature, but
merely an indication of the sensitivity of our model to the electron temperature.
As can be seen, the electric field is not zero at the end of our measurement range. It was not
possible to reach this part of the pre-sheath in our microgravity experiments. At a certain height,
the ion drag force and the electric force are balanced and prevent the particles from moving further towards the plasma bulk. A negative gravitational force could be used to force the particles
to even higher positions. This possibility will be discussed in more detail in chapter 6, where the
outlook for future research is discussed.
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Figure 5.8: Plot of the electric field as a function of height above the electrode. The transition between the sheath and the pre-sheath manifests itself as a kink in the graph at
z=6.02±0.05 mm.
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5.2.2 Ion and electron densities
The transition observed in the electric field profile is also visible in the ion and electron density
profiles. Since Gauss’s Law states
(
) one would expect a peak in
just
before the transition followed by a sharp decrease in this difference. Indeed, this is observed.
Figure 5.9 shows a plot of the electron and ion densities as well as the difference between them
(the charge density) as a function of the height above the electrode. The dashed lines indicate
the values found when the electron temperature is set to 2.5 eV and 1.5 eV.
Moving from the bulk plasma towards the sheath, the electron density decreases at approximately the same rate as the ion density. Past the sheath boundary however, the electron density
shows a steep decrease. The ion density shows a more gradual decrease here, leading to a maximum in the charge density. After this point, the charge density decreases again due to the fact
)
the ion density gradually decreases and (
because of the low electron density.
Again, we plotted the results for
. eV and
. eV as dotted lines to give an indication of the uncertainty. The difference was small for the ion density (<5%). For the electron
density however, the electron density varied with a factor of approximately 2 to 3 in the sheath.
Although figure 5.9 gives a rather distorted image of this, the difference in the presheath is much
smaller (<10%).
As can be seen, the assumption that the ion density equals the electron density at the sheath
boundary is not completely true. Although the difference between the densities shows a steep
decrease when moving across the boundary, a difference still exists.
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Figure 5.9: Plot of the ion and electron density (top) and the difference between these
densities (bottom) as a function of the height above the electrode. The difference between
the densities has a maximum at z=6.00 mm for
.
.
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5.2.3 Ion velocity
When we consider the directed ion velocity, the sheath boundary is also clearly distinguishable.
Figure 5.10 shows a plot of the directed ion velocity. The thermal velocity is also shown in this
figure. The directed velocity at the sheath boundary is approximately 570 m/s, which is approximately a factor of 4 lower than the Bohm velocity ( 2200 m/s). As was mentioned however, the
sheath in this work is collisional meaning that the ion velocity at the sheath boundary can be
smaller than the Bohm velocity. According to [9] the velocity should however remain superthermal. This is indeed the case in our results: the ion thermal velocity is 392 m/s whereas the
directed velocity is approximately 570 m/s.
The uncertainty in electron temperature only had a significant effect near the sheath boundary. There, we observe that the ion velocity lies between 550 m/s and 610 m/s, where an underestimation of the electron temperature leads to a lower velocity.
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Figure 5.10: Plot of the directed ion velocity as function of the height above the electrode.
The thermal velocity of the ions is also shown. The directed velocity is approximately 570
m/s at the sheath boundary, which is considerably lower than the Bohm velocity ( 2200
m/s) but still higher than the thermal velocity (392 m/s).

5.2.4 Particle charge
Another parameter obtained by the model is the particle charge. Figure 5.11 shows a plot of the
particle charge as a function of the height above the electrode, for three different electron temperatures. In order to discuss the results, this plot has been divided into three different sections.
Moving towards the plasma bulk we see that the particle charge first decreases to an absolute
minimum (I). After this, the particle charge increases steeply to an absolute maximum (II), after
which a gradual decrease can be seen again (III).
In order to explain this behavior we first consider the dominant charging process. The electron current towards the particle is determined by the electron density (Eq. (4.11)). Although
Eq. (4.9) shows a dependency on the ion density, the quantity
is considered con,
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stant. The ion current does however depend on the ion velocity: as the ion velocity increases the
cross section for ion collection decreases.
First the third section is considered. Here, the electron density drops, decreasing the electron
current towards the particle. However, the ion velocity increases, decreasing the cross section
for collection of ions. As a result, the ion current towards the particle decreases as well. Apparently, the decrease in the electron current is less than the decrease in the ion current, and the
negative particle charge increases.
At the sheath boundary, the electron density decreases rapidly towards the electrode, leading
to a rapidly decreasing electron current towards the particle. Although the ion velocity increases
rapidly, leading to a rapidly decreasing ion current as well, in this section the electron current
decreases faster, leading to a lower particle charge.
In the first section the electron density decreases slowly, so the electron current also decreases slowly. The ion current decreases due to the increasing ion velocity, apparently at a faster rate. As an effect, the particle charge increases again.
It is expected the particle charge eventually drops again. Considering Eq (4.9), the ion current
towards the particle in the limit
, a constant value that is
( ) becomes
,
to be reached asymptotically. The electron current is proportional to the electron density and
thus continues to decrease. Herewith, we verify the behavior observed by Beckers et al. [5], that
the particle charge shows a (local) maximum around
mm under these conditions.
From figure 5.11 we see the particle charge in the presheath changes approximately 20%
when the electron temperature in our model is varied by 0.5 eV, where a higher electron temperature corresponds to a higher particle charge. This gives an indication the particle charge in
the presheath has a rather high uncertainty. In the sheath however, the sensitivity to the electron temperature is much smaller (<3%).
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Figure 5.11: Plot of the particle charge as a function of the height above the electrode, for
varying electron temperature. As can be seen, the particle charge has a maximum near the
transition between the sheath and the pre-sheath (at
.
). Moving away from
the plasma bulk, the particle charge then decreases rapidly, after which it increases again.
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5.2.5 Forces
Finally, we consider the magnitude of the electric force and the ion drag force. Figure 5.12 shows
a plot of these forces as a function of the height above the electrode. The electric force decreases
gradually until it increases again near the sheath boundary. After the sheath boundary, the electric force decreases again. This behavior is consistent with the already obtained particle charge
and electric field profiles. Moving towards the bulk plasma, the electric force decreases with the
electric field. It has a local maximum at the sheath boundary consistent with the maximum in the
particle charge.
For the ion drag force, we found that the orbit ion drag force is approximately a factor 10
larger than the collection ion drag force throughout the (pre-)sheath. When the particles are at
their equilibrium position for 1g, the ion drag force is negligible compared to the electric or
gravitational force. The ion drag force then has a magnitude of .
whereas the electric
force magnitude is .
, a factor 50 higher. This shows that our assumption to neglect
the ion drag force in the tilt experiment is indeed justified.
Both the electric force and the ion drag force show a marginal dependency on the electron
temperature (used as input in the model) in the sheath. In the presheath, both forces vary by
approximately 20% for a 0.5 eV change in electron temperature, a result of the change in particle
charge by approximately the same factor.
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Figure 5.12: Plot of the electric force and the ion drag force as a function of the height
above the electrode. Both forces increase rapidly at the sheath boundary.
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5.3

Tilt experiment

In this paragraph we present and discuss the results of the tilt experiment as described in paragraph 3.3. For this experiment, the pressure was chosen to be 20 Pa to be able to compare the
results to the results obtained from the microgravity experiments.

5.3.1 Particle trajectories
Two particles were injected into the plasma and the setup was tilted. The angle
mined using the accelerometer data:
tan (
) (see figure 5.13).

was deter-

𝜃
𝑔
𝜃
Figure 5.13: Schematic drawing explaining how is determined. The accelerometer data
is used for this purpose, where
(
).

Figure 5.14 shows a plot of the particle trajectories during the tilt experiment. Error bars
were estimated based on a resolution of
m px and the uncertainty in the particle position.
The fact that the error bar is larger for larger tilt angle is due to the fact the particle scattered
more light there, leading to a larger observed spot and thus a higher uncertainty in particle position. As can be seen, the particle trajectories overlap and, as was mentioned in section 3.3.2, we
can thus assume the particles remain confined on the equipotential surface during the tilting
process. This means the monodisperse particles will have identical charges and experience the
same electric field magnitude.
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Figure 5.14: Particle position during the tilting of the setup. The particle trajectories overlap, indicating the particles indeed stay on the potential surface.

5.3.2 Calculation of relevant parameters
To calculate the particle charge we need (besides the already obtained ) , and . In this
section the method used to find these parameters will be discussed.
In order to find we need
, as can be seen in Eq. (3.1). Since the particles trajectories
plotted in figure 5.14 are not smooth, using the original datapoints to calculate
will result
th
in a relatively large error. We therefore plot all datapoints and fit a 4 order polynomial through
these datapoints. The derivative of this polynomial fit is taken to find
. This results in a
more accurate calculation of . Figure 5.15 shows the plot while the coefficients can be found in
table 5.2.
As can be seen, some of the initial datapoints have a rather large deviation from the fit, possibly a result of an inhomogeneity in the indent in the electrode used to create the potential well.
This has to be kept in mind when calculating the particle charge.
To find and ,
and
have to be found. A polynomial fit was used to calculate
( )
, so
( ). Now can be calculated using Eq. (3.2), whereas
.
√
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Figure 5.15: Plot of all datapoints and the

4th

order polynomial fit.

Table 5.2: Coefficients of the fit used to find an equation for the particle trajectories.

( )
5.42884
-0.03521
-0.06786
-0.0125
0.00205

5.3.3 Particle charge
Figure 5.16 shows a plot of the calculated particle charge as a function of the tilting angle . Although ideally one would expect a horizontal line here, this is not the case in our calculation.
However, we see that
holds for all datapoints. A horizontal line was
(
)
fit through the datapoints, providing us with an average charge
e . Considering the fact that we have not taken into account Debye shielding yet, the actual value for the
charge can be even higher. This will be discussed in the next section.
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Figure 5.16: Plot of the calculated particle charge as a function of the tilting angle . The
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5.4

Experiments compared

In this section we compare the results obtained in the tilt experiment to the results obtained
from the microgravity experiments. From both experiments we obtained a value for the particle
(
)
charge. For the tilt experiment, we found
e whereas for the PFC we used the
value found by Beckers et al. [5]
(
)
e . The value obtained from the tilt experiment should however be corrected for Debye shielding. Using the electron and ion densities and
the directed velocity obtained from the PFC, we can calculate the charges for the three different
mechanisms discussed in section 2.4.7. Table 5.3 shows an overview of the mechanisms and the
corresponding charges.
From this overview we can see that the calculated values for no shielding and electron dominated shielding are of the same order of magnitude as the value used in the sheath model. For
normal shielding, the charge is two orders of magnitude larger, and for complex shielding the
value is approximately three times higher. This is due to the much smaller (ion) Debye length
that is used to calculate the real charge from the effective charge.
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Table 5.3: Overview of the calculated charge for four different shielding mechanisms.

Shielding
mechanism

Equation

(

No shielding

,

Normal

,

exp (

Complex

,

exp ( √

Electron dominated

,

exp (

,

,

)
)
( )
)

)

(

)

n/a

(

)

.

(

)

.

(

)

.

(

)

This result shows it is unlikely that the ions contribute in large extent to the shielding of the
particle charge. The high ion velocity combined with their limited mobility apparently prevents
the ions from significantly contributing to shielding. Although the actual screening length may be
smaller than the electron Debye length (if we assume
. mm the actual charge
(
)
comes
) we will assume the electron Debye length to be the correct screening length for now.
The fact that the screening length for the dust particle charge is larger than the linearized Debye length suggests that our original assumption that the particle sheath is collisionless is no
longer valid. This is discussed in the next section.

5.4.1 Collisional particle sheath
In this section we will briefly discuss changes in the profiles obtained in paragraph 0 when we
take into account ion-neutral collisions in the particle sheath. These collisions will cause the ions
to lose angular momentum. When close enough to the dust particle, they may be collected, thus
increasing the ion current towards the particle and reducing the negative particle charge.
Khrapak et al. [24] derived the following equation for the ion current towards the particle:
(

( )
),

.

(5.1)

where ( ) is the linearized Debye length calculated from the ion Debye length given by Eq.
(2.39).
Next to the ion current, the orbit ion drag force also changes. Collisions causing a loss in angular momentum lead to more ions being effectively deflected by the dust particles. An expression
for the ion drag force, taking into account these collisions is given by Ivlev et al. [25]. We will use
the expression used by Land and Goedheer [6] based on this expression:

,

,

*ln (

)

(

( )⁄

)+,

(5.2)

with
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( )

arctan( )

(√

)

√ ln(

)

(5.3)

a ‘collisional function’. Using these equations the sheath model discussed in chapter 4 was implemented again.
The obtained electric field profile is shown in figure 5.17, where the distinction has been made
between a collisional and a collisionless particle sheath. We see that the electric field profiles
show a similar trend, although the sheath boundary shifts slightly towards the electrode
(
. mm compared to
. mm).
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Figure 5.17: Calculated electric field profiles for collisional and collisionless particle
sheaths compared.

The ion density and the time-averaged electron densities are plotted in figure 5.18. Both the
ion and the electron density are higher when we take into account ion-neutral collisions. However, the densities show a similar transition towards the presheath. This is also the case for the
directed ion velocity (see figure 5.19). The directed ion velocity at the sheath boundary is now
higher (640 m/s compared to 570 m/s).
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Figure 5.18: Calculated ion and (time-averaged) electron densities for collisional and collisionless particle sheaths compared.
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Figure 5.19: Calculated directed ion velocity for collisional and collisionless particle
sheaths compared.

The negative dust particle charge decreases as expected when collisions are taken into account (see figure 5.20). In the sheath however this effect is only moderate, while values in the
presheath may deviate as much as 30%. As a result, the electric force is also reduced in the
presheath when we assume collisional particle sheaths. This is also true for the ion drag force,
where apparently the reduced negative charge of the particle outweighs the additional collisional term. In the sheath, the ion drag force is significantly higher (up to 45%) but still negligible
compared to the electric force (and the gravitational force).
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Figure 5.21: Calculated forces for collisional and collisionless particle sheaths compared.

Although our assumption that we are dealing with a collisionless particle sheath may not be
fully justified, we observe similar trends in all profiles when these collisions are taken into account. The largest deviation is observed in the negative particle charge in the presheath, which is
strongly reduced when collisions are taken into account. As a direct result, the ion drag force and
electric force are also strongly reduced in this region.
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Conclusions and outlook
In this chapter the conclusions drawn from the experiments are given. We start with the conclusions following from the microgravity experiments, after which the tilt experiment conclusions
are discussed. Finally, some recommendations for future research on this subject will be given.

6.1

Microgravity experiments

From the microgravity experiments several conclusions are drawn, be listed below.
 Microparticles can be used to non-intrusively measure the electric field and particle
charge in the (pre)sheath with a high spatial resolution. Additionally, we were able to
measure ion and electron densities and ion velocity. To the best of our knowledge, this
has never been done before.
 All obtained profiles clearly show the transition from the sheath to the presheath,
providing us with experimental proof of the existence of the presheath.
 The ion velocity, obtained from applying the model presented in chapter 4 to the PFC results, at the transition from presheath to sheath is around 570 m/s, which is well below
the Bohm velocity ( 2200 m/s) but still superthermal. This means that for collisiondominated plasma sheaths the ion velocity can be lower than the Bohm velocity, as was
predicted by Fortov et al. [9].
 The ion drag force is the main determinant for whether or not the particles are confined
under microgravity conditions. Lowering the pressure and/or plasma power (and thus
the ion drag force) leads to reduced confinement.

6.2

Tilt experiment

The tilt experiment provides us with an alternative method to measure the particle charge. From
this experiment we observed that ions are unlikely to contribute much to the shielding of the
particle charge. Therefore, when we assume the electron Debye length to be the correct screen(
)
ing length, the measured particle charge is
e , consistent with the
(
)
ue
e found by Beckers et al. [5]. Additionally, this result made us reconsider
the assumption used in our sheath model that the particle sheath is collisionless. Taking into
account ion-neutral collisions showed the same trends in all obtained profiles. The negative particle charge in the presheath however was reduced by approximately 30%.
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6.3

Outlook

In this paragraph we discuss the outlook for future research on this topic. Listed below are some
recommendations for improvement of the setup and/or experiment.
 To be able to measure the region in the presheath where
, we have to introduce an
additional upwards force to counteract the ion drag force. A possibility is to introduce a
negative gravitational acceleration so that the gravitational force is directed upwards.
This way, the particles will be pushed further into the presheath and eventually into the
plasma bulk.
 It was found that the particles sometimes moved out of focus during the parabolas due
to fluctuations in the apparent gravitational force in the - and/or -direction. Since we
were unable to move the webcam and lens during the flight it would be convenient to
install a stepper motor to be able to move the webcam during the flight.
 The shape of the indent in the electrode has not been optimized. In the ideal case, the
particles may only move in the plane perpendicular to the webcam, while the bottom of
the potential well is at the same height as the bottom of the potential well in the microgravity experiments.
 An additional experiment to find the ion drag force for varying pressure was designed.
This experiment is discussed in appendix A. Due to the fact we did not have access to a
wide range of particle sizes we were unable to perform this experiment, but it provides
an alternative method to measure the magnitude of the ion drag force.
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Appendix A
Measuring the ion drag force
In this appendix, an experiment to measure the ion drag force magnitude is described. Due to the
fact we did not have access to a wide range of varying particle sizes we were unable to perform
this experiment, but it provides an interesting alternative to measure the ion drag force.
When dust particles are trapped during the microgravity phase, the force balance becomes
,

,

,

(A.1)

where the subscript 1 is used because we later distinguish between different particles. Further,
is the particle charge, is the electric field and ,
, is the ion drag force. Since both the
charge and the electric field are unknown, more information is needed to find the magnitude of
the ion drag force. From the microgravity experiments, the equilibrium position at 0g as a function of the pressure is obtained.
By measuring the equilibrium position of a smaller particle at 1g for varying pressure one obtains a second force balance, where subscript 2 is used for this particle:
,

,

,

(A.2)

where ,
and ,
, are the charge, mass and ion drag, and is the gravitational acceleration. Where the plots overlap, the electric field the particles experience will be the same since
the plasma conditions have not changed. Moreover, the charge scales with the particle radius
(see Eq. (2.27)) and the ion drag force with the particle radius squared (Eq. (2.31) and (2.33)).
Therefore, Eq. (A.2) can be rewritten to
,

(A.3)

.

,

One now has two expressions for the ion drag force. After multiplying Eq. (A.3) by
be equated with equation (A.1):
,

,

,

Also, the particle mass can be rewritten to

.

so the expression for
( )

,

,

,

.

it can

(A.4)
,

,

becomes

(A.5)
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An expression for the ion drag force as a function of the particle radii, the material density
and the gravitational acceleration is obtained through this experiment. These are all known
parameters, and thus we can find a typical magnitude of the ion drag force.
This thought experiment has proven that by measuring the particle height at varying pressure for different particle radii, it is possible to determine the ion drag force (and thus the electric force) during microgravity for different pressures.
In the microgravity experiments, we measured the equilibrium height of
. m particles
at 0g as a function of pressure, and we later repeated this experiment for
.
m particles
at 1g. As can be seen in figure A.1 the trajectories did not overlap. In order to find the ion drag
force magnitude as a function of pressure, more particle sizes are needed.
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Figure A.1: Plot of the particle equilibrium height as a function of pressure.
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