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Abstract
The existence of an electric field on the Moon has been theorized since the end
of the 1960s, when reports from astronauts suggested that charged particles from
the lunar surface could be seen interacting with light at high altitudes. Today it is
believed that an electric field drives the motion of charged particles on the Moon,
and although a good number of simulations investigating the field have been made,
the electric field has not been measured experimentally.

Space Science Sweden and Umeå Lunar Venture have developed an electric
field mill instrument that is to be attached to a lunar lander with the intention of
measuring the electric field near the lunar terminators. The main problem that
arises when this approach is used to measure electric fields is that the presence of
the lunar lander, and of the instrument itself, distorts the ambient fields intended
to be measured.

A numerical electrostatic model treating the electric field distortions caused by
conductive materials and their charge is developed in COMSOL Multiphysics, and
is shown to agree well with both theoretical and experimental results. The model
is then applied to a system consisting of a lunar lander with the electric field in-
strument attached, and the resulting field distortions are investigated. The system
is calibrated for different locations of the field mill, as well as for different modi-
fications of the instrument, in order to find the optimal location and instrument
that minimizes the errors in the calculated ambient fields.

The results indicate that if the instrument consists of three field mills, and is
placed near a corner of the lunar lander, it will be able to measure the ambient
electric field larger than a few 100 mV/m, unless the potential of the lunar lander
is around 10 V, in which case the charge induced field drowns out the ambient
field. However, the model of the lunar lander that was used lacked information
regarding its materials and solar panels. Consequently, the assumption that the
surfaces of the lander were conductive and held at the same potential was made.
Similarly, only very simplified models of the solar panels were used to estimate
their importance. Because of these simplifications, the results should be seen as
preliminary, and not conclusive.

In order to obtain more reliable results that can be used together with actual
lunar data, a few changes and additions should be made to the model. Specifically,
a more detailed and accurate computer model of the lunar lander is necessary to
obtain more correctly estimated field distortions. Additional information regarding
the material and coating of the solar panel is required to properly model the solar
panels and account for their effect on the ambient electric field.
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Chapter 1

Introduction

The first evidence of an electric field near the lunar terminators were eye-witness
accounts from NASA astronauts of the Apollo 10 and Apollo 17 missions. The
astronauts reported that they saw light-particle interactions far above the lunar
surface near sunrise [1]. In addition to noticing this phenomenon, the Apollo 17
astronauts installed dust detectors on the lunar surface that are reported to have
detected electrostatically charged dust grains originiating from the Moon [2]. Since
there are no atmospheric winds that can accelerate these particles to high altitudes
or velocities, it is believed that the particles are accelerated by an electric field.
This electric field is theorized to be the result of the emission of photoelectrons on
the day side of the Moon resulting in a positively charged day-side lunar surface,
and the accumulation of negative charges on the night side of the Moon’s surface
due to plasma effects [3].

The potential of the lunar surface has been measured on several occasions,
e.g. [4]–[6], and has been shown to vary between 20 V to −4 kV depending on the
Moon’s orbital position and space weather [7]. In contrast, the lunar electric field
has not been measured directly. Instead, numerical simulations have been used
to estimate the size of these fields, and have found them to range from hundereds
of mV/m to a few V/m, and change sign near the terminator, e.g. [8]–[11]. For
a more detailed literature review regarding the Moon’s electrostatic environment,
the reader is referred to Appendix A.

While the electric field on the Moon has not been investigated thoroughly, in-
struments known as electric field mills have been used frequently in atmospheric
research to measure the electric fields in the Earth’s atmosphere during atmospher-
ical phenomena such as thunderstorms [12]. This has been achieved by, amongst
other methods, attaching up to 7 field mills on an airplane and flying near, or even
through, thunderstorm clouds [13].

An inevitable consequence of using a field mill, or indeed any other conductive
instrument, to measure an electric field is that the presence of the conductor itself
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distorts the ambient electric field one intends to measure, an effect that gets even
stronger when the field mill is attached to a larger conductive body such as an
airplane or a lunar lander. Because of this, a calibration of the system needs to
be performed in order to find out how the measured distorted field relates to the
ambient field in the absence of the conductor [14]. When the field mills are attached
to an aircraft, the calibration is most commonly performed experimentally by
applying known fields on the system in a controlled environment, or by flying the
aircraft through a known field while performing roll and pitch maneuvers [15], [16].

With the intention of measuring the Moon’s electric field, a highly sensitive field
mill has been developed by Umeå Lunar Venture and Space Science Sweden. The
instrument is to be attached to PTScientists Autonomous Landing and Navigation
Module (ALINA) spacecraft, that is intended to land in the vicinity of the Apollo
17 landing site. If the mission is successful, it will be the first time that the lunar
electric field is measured, expanding our knowledge of the lunar environment as
well as other celestial bodies with similar physical properties. In the long run,
knowledge regarding the lunar electric field and its effect on the motion of lunar
dust could be important when designing buildings and other structures that should
be capable of withstanding a lunar like environment for a long period of time.

The purpose of this master thesis is to use numerical simulations in COMSOL
Multiphysics to determine the optimal location of the Umeå Lunar Venture in-
strument on the ALINA spacecraft, as well as to calibrate the system to allow the
ambient field to be calculated from the distorted measured field.



Chapter 2

Theory

2.1 A Spherical Conductor in a Uniform Field
As an example of the effect a conductor has on a uniform electric field, consider
the case of an uncharged spherical conductor of radius R, immersed in a uniform
electric field ε = εẑ as shown in Figure 2.1. The free electrons inside the conductor
are displaced by the applied field, thus generating a surface charge gradient and
consequently an internal electric field that cancels the applied field inside the
conductor. This alters the potential outside the sphere, resulting in a modified
potential Vs derived by e.g. Jackson [17] as

Vs = −ε
(
r − R3

r2

)
cos(θ), (2.1)

where θ is the angle from the z-axis, and r is the distance from the sphere’s center
to the point where the potential is measured. The distorted electric field is then
given by Es = −∇Vs, as

Es = ε

(
1 + 2R3

r3

)
cos(θ)r̂ − ε

(
1− R3

r3

)
sin(θ)θ̂, (2.2)

where r̂ and θ̂ are the unit vectors in the radial and angular directions respectively.
When a conductor is exposed to strong UV light, or is immersed in a plasma

(typically, a spacecraft is under the influence of both of these environmental factors
simultaneously) it in general obtains a non-zero total charge that is distributed on
the conductor’s surface. For a simplified case of the electric fields induced by
such a charge, consider again the case of a spherical conductor. When a spherical
conductor of radius R, with a uniformly distributed total surface charge, Q, is
placed in vacuum it gives, by Gauss’ law, rise to a radial electric field EQ given by

3
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ε = εẑ
θ

R

r

z

y

Es

Figure 2.1 – A spherical conductor placed in a uniform electric field ε obtains a
surface charge density and causes a distorted electric field Es.

EQ =

0, r < R,
Q

4πε0r2 r̂, r ≥ R,
(2.3)

where ε0 = 8.854 · 10−12 F/m is the vacuum permittivity.
When the two cases above are combined, and a charged spherical conductor

is placed in the same uniform electric field as before, the resulting total field,
ET , outside the conductor becomes the superposition of Equation (2.2) and Equa-
tion (2.3),

ET =
[
ε

(
1 + 2R3

r3

)
cos(θ) + Q

4πε0r2

]
r̂ − ε

(
1− R3

r3

)
sin(θ)θ̂. (2.4)

2.2 The Electric Field Mill
As was previously briefly mentioned in Section 2.1, a conductor exposed to a local
electric field E, obtains a surface charge density, ρs, distributed in such a way as
to cancel out any electric field inside the conductor. This surface charge density
is related to the flux of the electric field through the conductor’s surface, and is
given by

ρs = ε0E · n̂, (2.5)

where n̂ is the outward normal vector of the conductor’s surface [18]. By integ-
rating Equation (2.5) over an area S of the conductor, the total charge, q, is given
by

q = ε0

ˆ
S

E · dS. (2.6)

This acquisition of a charge distribution is the primary feature that electric
field mills take advantage of in order to measure electric fields. A field mill usually
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Figure 2.2 – Schematic figures of the six sensor electrodes and the rotating shield
of a field mill are presented. In the right figure, the shield has been placed over
the sensor electrodes, and the arrow indicates the shield’s rotation.

consists of 4− 8 conductive sensor electrodes that are positioned under a rotating
shield, as illustrated in Figure 2.2. The shield contains holes through which the
sensor electrodes are periodically exposed to the electric field. As the shield rotates,
the exposed area, S, of the electrodes varies. This results in a time dependence
of the charge, and consequently a current i = dq/dt that is measured from the
electrodes [19]. In terms of the electric field, this current is given by

i = ε0
d

dt

(ˆ
S

E · dS
)
. (2.7)

If the electrodes are much smaller than the surrounding conductive geometry,
which most often is the case for field mills, the electric field is approximately
uniform over each electrode, and Equation (2.7) can be approximated as

i ≈ ε0
d

dt

(
E · n̂

ˆ
S

dS

)
. (2.8)

Should variations in the local field exist, Johns [20] suggests that the area integ-
rated average of E can be used instead in Equation (2.8) as a good approximation.
Furthermore, if the electric field is approximately static, the time derivative only
acts on the exposed area, and the current becomes

i ≈ ε0
dS

dt
E · n̂. (2.9)

Since the electrodes are conductive, the electric field at their surface only carry
a normal component, implying that E · n̂ = ±E. The sign of the current hence
depends on whether the field is directed outwards (E · n̂ = +E), or inwards
(E · n̂ = −E). Because the frequency of the shield is controlled, and dS/dt is thus
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known, the normal component of the electric field at the conductor’s surface can
be calculated from Equation (2.9) as

E = i

ε0

(
dS

dt

)−1

. (2.10)

When the instrument is used in practice, an electrical current contribution by
a flow of external charges such as photoelectrons or ions is expected. The current
contribution of charge species j is given by ij = qjηjvj where qj is their charge, ηj
is the number of particles of species j, and vj is their velocity. In total, the current
contribution from external charges is thus given by iext = ∑

j qjηjvj. This alters
Equation (2.9), and the total current, itot, becomes

itot = i+ iext = ε0
dS

dt
E · n̂+

∑
j

qjηjvj. (2.11)

Equation (2.10) can therefore no longer be used directly to determine E, but since
the external charge contribution is independent of shield frequency, the two terms
can be separated by varying the frequency of the shield. The electric field can then
be determined by the derivative of the current with respect to the shield frequency.
It is thus possible to relate the instrument output current i to the local electric
field normal E.

2.3 Local Electric Field Distortions
In most cases, the relation between the ambient background field ε = εxx̂+ εyŷ+
εzẑ and the local electric field at the surface of the field mill’s i:th sensor, Ei can
be assumed to be linear and given by [21]–[23]

Ei = Aixεx + Aiyεy + Aizεz + AiQεQ, (2.12)
where Ai;x,y,z are the dimensionless distortion coefficients relating the ambient field
components to the local field. AiQεQ, is a term that relates the total charge, Q,
to the local field detected by the i:th sensor [24]. The linearity of this equation is
related to the concept of coefficients of potentials for a system of multiple conduct-
ors, discussed by Wangsness in [25]. While Equation (2.12) describes the relation
between the ambient and local electric fields, the actual output of the sensor in
general contain offsets, adding a term AiD to Equation (2.12) [22]. However, this is
a purely experimental addition to the equation that carries no importance during
numerical simulations. For this reason, the AiD terms are henceforth omitted.

For a system consisting of n sensors with local surface fields E1, E2, ..., En
respectively, Equation (2.12) can be written in matrix form as
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E1
E2
...
En

 =


A1x A1y A1z A1Q
A2x A2y A2z A2Q
... ... ... ...

Anx Any Anz AnQ



εx
εy
εz
εQ

, (2.13)

or in a more compact form as
Ẽ = A · ε̃. (2.14)

Here, the matrix A is referred to as the distortion matrix, and it depends purely
on the geometry of the system. The tilde over Ẽ and ε̃ are used to highlight that
these vectors are not the physical local and ambient electric field vectors. Instead,
Ẽ contains the normal component of the local electric field at the surface of n
sensors, and ε̃ contains information regarding the charge of the system in addition
to the ambient field components. However, the tilde over Ẽ will be dropped from
here on, as it should be clear by context whether the physical local electric field
vector or the vector containing n surface fields is being referenced.

In order to solve Equation (2.14) for ε̃, the equation is premultiplied by the
Moore-Penrose pseudoinverse [26] (which in our case is given by the left inverse)
of the distortion matrix A, giving

ε̃ =
[(

ATA
)−1

AT
]
·E ≡ C ·E. (2.15)

Here, a new (4 × n) matrix C has been defined as the left inverse of A, i.e. C ≡
(ATA)−1AT . This is the calibration matrix that converts the measured distorted
fields to the ambient field. The components of ε̃ can, by Equation (2.15), be
written as a linear combination of the local fields as

ε̃j =
n∑
i=1

CjiEi, (2.16)

where j ∈ {x, y, z,Q}, and Cji is the (j, i) element of the calibration matrix.

2.4 Propagation of Error
Although Equation (2.15) is accurate under the linearity assumption of Equa-
tion (2.12), it is crucial to know how noise in the measured local fields affects the
calculated ambient field components. In this section, two types of noise will be
presented. The first type is an ambient noise that is independent of the local field
strength. This could for instance be due to interference from the electronics of
the instrument. The second type is a noise that is proportional to the measured
signals. This type of noise could be caused by dust on the sensor electrode surfaces
that changes the coupling between the electric field and the electrodes.
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2.4.1 Propagation of Ambient Noise
In the ambient noise case, the noise in the signals are assumed to be independent of
each other, and have variances σ2

1, ..., σ
2
n that are independent of the local electric

field signals E1, ..., En. Combining these assumptions with Equation (2.16) results
in variances in the components of ε̃ that are given by [27]

σ2
ε̃j

=
n∑
i=1

(
∂ε̃j
∂Ei

)2

σ2
i =

n∑
i=1

C2
jiσ

2
i . (2.17)

For the special case when all signal variances are equal, σ2
1 = ... = σ2

n ≡ σ2
noise,

Equation (2.17) in terms of the standard deviation reduces to

σε̃j
=
√√√√ n∑
i=1

C2
ji · σnoise. (2.18)

In this case, the ratio of the standard deviation in the j:th component of ε̃ and
the standard deviation of the noise is a constant

ζj ≡
σε̃j

σnoise
=
√√√√ n∑
i=1

C2
ji, (2.19)

which is the norm of the j:th row of C. Since this noise is independent of the
ambient field, these ratios set the limit of the instrument sensitivity. It is also
worth emphasizing that the matrix components are decided purely by the geometry
of the system, which implies that the sensitivity can only be improved by either
reducing the noise or changing the geometry of the system.

2.4.2 Propagation of Signal Proportional Noise
The other noise type that was briefly mentioned was a type of noise that is related
to the measured signals. In such a case, the noise is proportional to the signals by
a factor αi, so that the standard deviation is given by

σi = αiEi. (2.20)

In this case (again assuming independent noise) the variance of the j:th component
of ε̃ becomes

σ2
ε̃j

=
n∑
i=1

(
∂ε̃j
∂Ei

)2

σ2
i =

n∑
i=1

C2
jiα

2
iE

2
i . (2.21)

By combining Equation (2.12) with Equation (2.21) and taking the square root, it
is possible to relate the above variance to ε̃ rather than the local fields, in which
case the standard deviation
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σε̃j
=

√√√√√ n∑
i=1

C2
jiα

2
i

( 4∑
k=1

Aikε̃k

)2

(2.22)

is obtained. This error sets the limit of the accuracy of the instrument. As
for the previous noise example, this factor can only be improved by changing
the system geometry which alters the matrices, or by improving the instrument
and thus reducing the α factors. Unlike the previous case though, this error is
field dependent, implying that certain field configurations are harder to measure
accurately than others.



Chapter 3

Models and Methods

3.1 Instrument and Spacecraft Models
In this section, the models of the instrument and spacecraft used throughout this
report are described and discussed.

3.1.1 Electric Field Mill Model
The basic model of the instrument is a 10 × 10 × 10 cm cube on which up to
three field mills can be attached. The field mills themselves consist of three pairs
of sensor electrodes as shown in Figure 3.1a. Both sensor electrodes in each pair
generate individual currents (in principle given by Equation (2.9)) that, after signal
processing, are added together to remove any coherent noise in the two signals.
From this combined signal, an electric field is calculated that corresponds to the
average local field over the entire sensor pair. As a result, for numerical calculations
dedicated to finding the local electric fields, each pair can be seen as a single sensor.
This merging of signals also implies that only three local electric fields are given
per field mill. However, Equation (2.12) contains 4 unknown variables (the three
ambient field components and the conductor’s charge), meaning that at least two
field mills are required for a solvable system. When two field mills are used,
the system has two more equations than variables and is thus overdetermined.
Similarly, if a third field mill is added, the system has five more equations than
variables, meaning that up to five more variables can be added to the system before
it becomes unsolvable.

When the shields are included in the model, there are two possible orientations
for each shield that fully expose one of the two sensors in each pair while fully
blocking the other. These orientations are defined in Figure 3.1b and 3.1c. The
notation used to indicate the shield orientation from which a signal was measured is

10



Chapter 3. Models and Methods 11

a) b) c)

Figure 3.1 – a) A schematic view of the three sensor pairs of a field mill. The
highlighted sensor electrodes constitute a pair. b) Orientation (1), where the
clockwise first sensor of each pair is fully exposed to the field. c) Orientation (2),
where the clockwise second sensor of each pair is fully exposed to the field.

a superscript of the form “(orientation of field mill 1, orientation of field mill 2)”.
For example, the local electric field of the third sensor for the case of two field mills
where the first one is in orientation (1), and the second one in (2), is denoted as
E

(1,2)
3 . If a third field mill of orientation (1) is added, the notation of the previous

example becomes E(1,2,1)
3 .

3.1.2 Model of the Lunar Lander
The model of the ALINA spacecraft that was used throughout this thesis was
supplied by PTScientists and is shown in Figure 3.2. It was an early model of the
lunar lander, and was as such subject to change and not particularly detailed. In
particular, it lacked information regarding the solar panels, as well as the materials
of which the different spacecraft surfaces are made. As a consequence, the lunar
lander was modeled as a perfect conductor with all of its surfaces connected, and
thus held at the same potential. The solar panels were ignored throughout most of
this work due to lacking information regarding their properties, but three simplified
models of the solar panels were used to get a grasp of their importance.
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Figure 3.2 – The model of the ALINA spacecraft on which the instrument will
be attached. In the version to the right, very basic models of two solar panels have
been added. Note: In this version of the report, due to a non disclosure agreement
(NDA), the models in this figure have been replaced by further simplified hand-
drawn models.

3.2 COMSOL Multiphysics Model

3.2.1 Model Overview
The numerical simulations were carried out in the finite element method software
COMSOL Multiphysics version 5.2a. In order to use the CAD models of the lunar
lander and the instrument, COMSOL’s CAD-import module was required. In
addition, the AC/DC electrostatics module was necessary to be able to model the
electric fields and the conductive surfaces.

The simulations were purely electrostatic, and only stationary solutions were
investigated. Plasma effects were ignored, and the surrounding medium was as-
sumed to be a vacuum in all simulations.

3.2.2 Definition of Equations
In COMSOL, the equations one wishes to solve are defined as “nodes” that can
be chosen to act on specific domains or boundaries. Here, a brief explanation is
given for the nodes required in the simulations.

The base node of electrostatics is the Charge Conservation node. This node
uses Poisson’s equation

∇ · (ε0εrE) = ρv, (3.1)

where E = −∇V , and ρv is the space charge density, to calculate the potential and
field at every point of the chosen domain. This node also allows for the specification
of the relative permittivity, εr, of the medium, which was set to unity to simulate
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vacuum. Charge Conservation was applied over the entire computational domain
so that the electric potential and the electric field was calculated at all points in
space.

In order to solve Poisson’s equation uniquely, boundary conditions are required
to constrain the solution. The two different boundary conditions used in these
numerical models were the Electric Potential and the Floating Potential nodes.

The Electric Potential node allows for the electric potential, V , of a chosen
boundary to be specified. This node was used to generate the electric fields that
were applied over the conductive geometries.

The Floating Potential node can be used to model a conductive boundary. It
solves the equation

Q0 =
ˆ
∂Ω
ε0εrE · n̂dS, (3.2)

where Q0 is the boundary’s total charge, ∂Ω is the boundary at which the con-
dition is applied, and n̂ is its outward normal vector. In a vacuum, the relative
permittivity is unity, and this equation reduces to Equation (2.6), albeit with a
slightly different notation. This boundary condition allows for the total surface
charge Q0 to be specified at the chosen boundaries, and can thus be used to model
a charged conductor.

3.2.3 Determining the Self-capacitance of a Conductor
Even though the SI unit for charge is the Coulomb, the academic standard in space
physics is to express the charge of macroscopic objects, such as spacecraft and
planetary surfaces, in terms of a voltage relative to the ambient plasma. Adhering
to this standard, and in order to find typical values of the total charge on the
lunar lander, based on typical spacecraft potentials, the self-capacitance of the
conductive geometries was computed. This was achieved by giving the conductive
geometry a Floating Potential boundary condition and placing it in the center of
a spherical domain. The spherical domain was then defined as an Infinite Element
Domain of spherical symmetry to simulate a boundary placed at infinity, and the
boundaries of this domain were given an Electric Potential boundary condition
with a potential V = 0 V. An arbitrary charge Q′ was placed on the conductor,
and after the simulation was complete, the potential of the conductor relative
infinity, V ′, was measured, allowing the capacitance, κ, to be calculated as

κ = Q′

V ′
. (3.3)
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3.2.4 Calibration Method
The basic COMSOL model that was used in the calibration process consisted of a
spherical domain with a radius approximately 20 times larger than the conductive
geometry to be calibrated. The domain was chosen to be spherical rather than
cubical to simplify the process of implementing a uniform electric field. These fields
were generated by giving the sphere’s boundary an Electric Potential boundary
condition, with a potential V = V (x, y, z) given by

V (x, y, z) = −εxx− εyy − εzz. (3.4)

This potential allows the uniform ambient fields to be specified by the values of
εx, εy, and εz directly.

The conductive structure intended to be calibrated (e.g. the ALINA model
with the instrument attached) was placed in the center of the domain and the
Floating Potential boundary condition was applied on its boundaries.

Once the model had been set up, the calibration procedure was carried out in
four steps. In the first step, the total charge of the conductive geometry was first
set to 0, and the conductors were then exposed to an x-directed uniform electric
field εx. The resulting local electric field for each sensor pair, Ei, was calculated
by taking the flux integral of the electric field vector through each sensor pair and
dividing by their total sensor area S,

Ei = −
ˆ
Si

E · dS/S. (3.5)

An average local electric field was thus obtained in accordance with Equation (2.9).
The overall negative sign in Equation (3.5) was introduced to relate the numerical
results to that of the actual instrument. Once the local electric fields had been ob-
tained, the corresponding distortion coefficients for all sensor pairs were calculated
with the use of Equation (2.12) as

Aix = Ei
εx
. (3.6)

In the second and third step of the calibration process, this procedure was repeated
for first a y-directed electric field, and then a z-directed field, and the correspond-
ing distortion coefficients, Aiy, and Aiz were calculated. In the fourth and final
step, the charge related distortion coefficients were determined. In this case, the
potential of the sphere’s boundary was set to V = 0, and a total surface charge, Q,
was placed on the conductors. This charge generates a field, and the average local
fields were again calculated according to Equation (3.5). In this case however, the
distortion coefficients, AiQ, were not calculated directly. Instead, to ensure that
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the pseudoinverse of A could be computed without numerical problems due to the
difference in magnitudes of the matrix elements, as well as to have dimensionless
matrices, the charge was scaled into an electric field as

εQ = Q

ε0L2 , (3.7)

where L is a length scale that scales AiQ to the same order of magnitude as the
other distortion coefficients. The AiQ distortion coefficients were thus given by

AiQ = Ei
εQ

= Eiε0L
2

Q
. (3.8)

It is therefore important to note that εQ is not of physical interest in itself, but by
multiplying it with a factor ε0L2 it can be used to calculate Q.

After these four steps had been completed, and the distortion matrix had been
constructed, the calibration matrix, C, was calculated in Matlab using the function
call C = pinv(A), which returns the Moore-Penrose pseudoinverse of A.

If a sensor breaks, or if one for some other reason wishes to ignore the signal
of sensor i, one can instead use a weighted calibration matrix Cw defined as

Cw ≡ pinv(WA)W, (3.9)
where W is a diagonal (n×n) matrix of equal elements except Wii which is set to
0 to remove the contribution of the i:th sensor [22].

The calibration procedure was slightly altered when the rotating shield was
included in the model. Since the shield through which the electrodes are exposed
to the local electric fields is rotating, the distortion coefficients become dependent
on the orientation of the shield. This implies that the distortion and calibration
matrices obtained from the calibration depend on which shield orientation was used
during the simulations. To avoid this ambiguity of the matrices, the local electric
fields were calculated for every shield orientation in which one sensor electrode in
each pair was fully exposed, and their period average, Ēi, was calculated as

Ēi =
2
(
E

(1,1)
i + E

(1,2)
i + E

(2,1)
i + E

(2,2)
i

)
4 , (3.10)

for the case of two field mills. These period average fields were then used to
calculate the distortion matrix. The factor 2 in the numerator was due to the fact
that the local fields calculated in Equation (3.5) were calculated as the average
field of each sensor pair. When half the integration surface is covered by the
shield, the integral results in an average value that is approximately one half of
the actual electric field strength. The factor 2 is simply there to compensate for
this shortcoming. Should a third field mill be added to the system, the period
average fields are calculated in the same way, the only difference being that there
are eight possible shield combinations rather than four.



Chapter 4

Model Testing

Before including the more complex geometry of the lunar lander in the model,
three test models that could be compared to either theory or experiments were
made in order to verify the accuracy of the numerical model.

The purpose of the first test was to establish that the numerical model could
accurately describe the electric field distortions that are caused by a conductor
immersed in a uniform electric field. This was achieved by comparing the numerical
results of the electric field distortions caused by a charged, conductive sphere
placed in a uniform field, to the analytical results presented in Section 2.1.

The second test investigated the distortion and calibration matrices A and C
for a simplified model of the instrument that lacked the shield and other related
details. In this test, the instrument was placed in a vacuum by itself, and the
system was calibrated according to Section 3.2.4. The purpose was to ensure that
the expected symmetries in the matrices were obtained. In addition, the same
simplified model was also used to verify that Equation (2.12) actually modeled the
system.

In the third and final test, a numerical model of the instrument was used in
combination with experimental data supplied by Umeå Lunar Venture to verify
that the numerical model was in agreement with experiments.

4.1 Test 1 — A Spherical Conductor in an Elec-
tric Field

A numerical model was made in which a conductive sphere of radius R = 0.05 m,
and with a uniformly distributed total surface charge Q, was placed in a uniform
electric field of magnitude ε along the z-axis. The resulting numerical electric field
magnitude, EN , was calculated along a curve parametrized by ξ = [0, 2π] as

16
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x = 0.05[m] · (1 + ξ) cos(ξ),
y = 0.05[m] · (1 + ξ) sin(ξ),
z = 0.02[m] · ξ,

(4.1)

and was compared to the magnitude of the theoretical field, ET , given by Equa-
tion (2.4). The relative error (EN − ET)/ET was calculated and plotted in Fig-
ure 4.1 for three different electric field cases, and two meshes. The finer mesh had
a maximum and minimum element size close to the conductor that was half the
size of the coarser mesh. In case a), the electric field had a value of ε = 1000ẑ
V/m and the charge was chosen to be Q = 10−9 C, as it gave rise to an electric
field of similar magnitude close to the sphere. In case b) the same electric field
was applied, but the charge was set to zero. In c), the charge was kept while the
electric field was set to zero.

The general trend in all three cases for the coarser mesh is that the error
oscillates around 0, having a largest value of around 1% close to the sphere and
that the error decreases with the distance from the sphere. The larger variations
that occur close to the sphere in Figure 4.1 indicate that the mesh quality near the
sphere should be improved in order to obtain better results. Indeed, improving the
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Figure 4.1 – The relative error between the analytical electric field magnitude
ET and the numerical field magnitude EN for three cases. In a), the ambient
field and the charge induced field are of the same magnitude, in b), the ambient
field dominates over the charge induced field, and in c), the charge induced field
dominates over the ambient field. The blue lines correspond to a simulation with
element sizes twice as large as for the red lines.
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mesh close to the sphere reduced the errors even more, as seen by the red curves
in Figure 4.1. It is thus concluded that in this simplified case, the accuracy of the
numerical solution is in principle limited only by the computer’s available memory
and by the computational time one wishes to invest.

4.2 Test 2 — A Simplified Instrument Model
After the numerical model had been shown to accurately describe a conductor and
its electric field distortions in Section 4.1, the behaviour of the electric field close
to the field mill instrument was investigated. The idea behind this test was to use
a simplified model of the instrument that lacked the shield and other small details
(as shown in Figure 4.2) to make sure that the numerical model was consistent
with Equation (2.12), and if so, to investigate the elements of the distortion matrix
in a highly symmetric case.

4.2.1 System Linearity
The linearity of Equation (2.12) was investigated by using a numerical model of
the instrument placed in a vacuum. The system was calibrated for ambient fields
of size εx = εy = εz = 10 V/m, and a charge Q = 7.39 · 10−11 C, corresponding to
a potential of around 10 V, and a mesh specific calibration matrix was obtained.
An example of local electric field detected by the sensors can be seen to the right
in Figure 4.2, where the local electric field corresponding to the y-directed ambient
field is presented.

After the calibration matrix had been obtained, and while using the same mesh
as during the calibration, four different ambient fields ε1 = 0.1x̂ + 0.1ŷ + 0.1ẑ,
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Figure 4.2 – The simplified model of the field mill instrument with sensor pair
index (left), and the inward normal component of the local field −E · n̂ on the
sensors for an ambient field ε = 10ŷ V/m (right).
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Figure 4.3 – The relative errors in ambient field values and total surface charge as
a function of instrument potential for four different ambient fields. a) corresponds
to ε1, b) to ε2, c) to ε3 and d) to ε4.

ε2 = 1x̂+ 1ŷ + 1ẑ, ε3 = 100x̂+ 100ŷ + 100ẑ, and ε4 = 29x̂− 14ŷ + 153ẑ V/m,
were applied over the instrument which had a potential ranging between 0.1 to
100 V. The local electric field, Ei, for every sensor was recorded in all cases, and
the local fields were then used together with the previously calculated calibration
matrix to calculate the corresponding ambient field and instrument charge. The
relative errors (defined by (x̄ − x)/x, where x̄ is the measured quantity, and x is
its true value) of the calculated ambient field components εx, εy, εz, and the charge
Q, were calculated and plotted in Figure 4.3 as a function of the potential for the
four ambient fields.

Since no noticeable dependence on ε or V is found for the relative errors in
Figure 4.3, it is concluded that the model is indeed linear, which suggests that the
numerical model has been set up properly and that Equation (2.12) can be used
to relate the local and ambient fields.

4.2.2 Matrix Symmetries
After the numerical model had been confirmed to agree with Equation (2.12), the
calibration process described in Section 3.2.4 was performed multiple times with
meshes of increasing quality in order to investigate the mesh dependence of the
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solution. The mesh was repeatedly refined until significant changes in the mesh
only affected the fourth decimal in the elements of C, at which point the solution
was considered converged. The converged distortion and calibration matrices were
then given by

A =



0.118 0.207 −0.765 −0.203
0.118 −0.207 −0.764 −0.203
−0.239 0.000 −0.763 −0.202
−0.765 0.207 −0.119 −0.203
−0.764 −0.207 −0.119 −0.203
−0.763 0.000 0.238 −0.202


,

C =


0.942 0.942 −1.264 −0.873 −0.873 1.127
1.209 −1.209 −0.000 1.209 −1.209 −0.000
0.460 0.460 −1.549 −0.521 −0.521 1.672
−3.471 −3.471 4.489 1.807 1.807 −6.102

,
(4.2)

where L = 0.2 m was used to scale Q.
Before looking at the distortion matrix in Equation (4.2), let us take a look

at Figure 4.2 and investigate which symmetries we would expect to find in the
distortion matrix. The coordinate system chosen in Figure 4.2 implies that a
z-directed electric field should have the same distortion coefficients for the first
three sensors, as an x-directed field should have for the last three sensors, i.e.
A1z = A2z = A4x = A5x, and A3z = A6x. The same symmetry also means that the
opposite should be true; an x-field should have the same distortion coefficients for
the first three sensors, as a z-field should have on the last three, i.e. A1x = A2x =
A4z = A5z, and A3x = A6z. Since the instrument is mirrored in the xz-plane, so
should the y-field distortions be as well. Sensors 1 and 4 should thus have equal
local fields that have the same magnitude as the local fields on sensors 2 and 5, but
of the opposite sign, i.e. A1y = A4y = −A2y = −A5y. The mirroring also implies
that the total flux through sensors 3 and 6 should be 0, A3y = A6y = 0, as they are
split in half by the symmetry plane. The mirroring of the local fields in the xz-plane
for a y-directed field can be seen to the right in Figure 4.2. The charge induced
field should have a similar impact on all sensors, so that A1Q = A2Q = A4Q = A5Q,
and A3Q = A6Q.

Looking at the distortion matrix in Equation (4.2) with these relations in mind,
we note that all of these symmetries are possessed by the matrix. The only error
is the slight difference between A1x, A2x, A3x and A4z, A5z, A6z, but this is so small
that it is most likely an insignificant error caused by the mesh quality.

Naturally, these matrix elements could be wrong by a constant factor and
still follow the expected symmetries. However, the results of the spherical con-
ductor of Section 4.1 indicate that the field strengths are modeled accurately,
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which strengthens the claim that the elements are at the very least close to their
true values.

4.3 Test 3 — Experimental Comparison
The third test was based on experimental data supplied by Umeå Lunar Venture.
The data, presented as local electric fields, Ei, were gathered from an experiment
where the instrument was positioned in the middle of an approximately 1 m3

cubic box with five sides of controllable potentials. The instrument was placed
on four cylindrical beams connecting it to the bottom side of the box and was
grounded throughout the experiment. During the experiment, the side potentials
were varied pairwise so that opposite sides of the box had potentials of opposite
signs, with the exception of the top and bottom sides where only the top potential
was varied while the bottom was permanently grounded. The resulting electric
fields from this experimental setup were non-uniform, implying that the electric
field in the absence of the instrument was unknown. The experimental protocol
is compiled in Table 4.1. The intention of this test was to use a numerically
obtained calibration matrix together with the experimentally gathered local fields
to calculate the corresponding side potentials.

A numerical version of the experimental setup was made, and the system was
calibrated by separately applying a potential on opposite sides of the cubic box.
Because of the non-uniformity of the electric field, the side potentials were chosen
as the calibration variables instead of the ambient field components. In effect, this

Table 4.1 – Experimental protocol. The potentials on the five sides are defined
as V+ = 29.771 V and V− = −29.819 V. Empty cells indicate ground (V = 0 V).

Connection Front Back Left Right Top Comment
(i) V+ V− 10 Seconds
(ii) V− V+ 10 Seconds
(iii) V− V+ 10 Seconds
(iv) V+ V− 10 Seconds
(v) V+ Erroneous Connection
(vi) V+ 10 Seconds
(vii) V− 10 Seconds
(viii) 1 Hour
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means that the distortion coefficients were calculated using the equation

Aij = Ēi
Vj

(4.3)

where Vj is the j:th element of V = (Vfront, Vleft, Vtop)T , i.e. the potential of the
front, left, and top sides respectively. The period average local fields as described
by Equation (3.10) were used to account for the shields’ influence. Once the
distortion matrix was formed, its pseudoinverse was calculated, and the calibration
matrix, CV , that fulfilled

V = CV · Ē (4.4)

was obtained.
Using the offset-adjusted experimental local fields together with the numeric-

ally obtained CV , Equation (4.4) was used to calculate the side potentials. The
result is presented in Figure 4.4.

Comparing Figure 4.4 with Table 4.1, we note that the main peaks are close to
their real values, but that the left potential is slightly too large in magnitude for
both its peaks. Otherwise, the most apparent problem with the results is that the
calculated top potential is far from 0 V in region (i), and it is also significantly
more noisy than the other two potentials. The very inaccurate results in region
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Figure 4.4 – The experimentally determined side potentials of the front, left and
top sides. The regions (i) − (viii) are defined in Table 4.1, and region (viii) has
been shortened in the plot. The problematic region (v) was caused by human
errors in the lab, and should be ignored.
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(v) were caused by human error in the lab, and should not be used to assess
the accuracy of the numerical model. Some of the differences between the real
and calculated potentials can be explained by the fact that the electric field is
non-uniform which means that measured signals (and consequently the distortion
and calibration matrices) are sensitive to the instrument location. Thus, if the
location of the instrument during the simulation was different from its position
during the experiment, there will be errors when the calibration matrix is used
with the experimental data. Another difference between the numerical model and
reality was that the model version was a perfect conductor placed in a vacuum,
whereas the instrument was not perfectly clean, and was surrounded by air during
the experiment.
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Results

5.1 Effects of the Lunar Lander
Once the accuracy of the model had been established without the lunar lander,
the natural next step was to include a model of ALINA in the simulation, and
investigate its impact on the ambient electric field. The field mill instrument
was initially attached near an edge of the lunar lander as seen in Figure 5.1,
and the capacitance of the system was calculated using the method described in
Section 3.2.3 to be κ = 1.19 · 10−10 F. The calibration procedure was then carried
out using the average local fields of Equation (3.10) to account for the shield effects.
The distortion and calibration matrices for this particular geometry were found to
be

A =



−0.76 0.04 −1.20 −3.33
−0.76 −0.04 −1.20 −3.33
−0.91 −0.00 −1.33 −3.77
−0.67 0.03 −0.82 −2.46
−0.67 −0.03 −0.82 −2.46
−0.35 −0.00 −0.40 −1.24


,

C =


45.7 45.5 −106 9.14 9.52 41.7
9.30 −9.19 −0.14 6.25 −6.23 0.05
67.7 67.3 −169 20.6 21.2 70.1
−34.9 −34.7 85.1 −9.48 −9.78 −34.7

,
(5.1)

where L = 10 m was used to scale Q in Equation (3.8). The error propagation
factors of Equation (2.19) associated with this geometry are

ζx = 133, ζy = 15.8, ζz = 209, ζQ = 105, (5.2)

meaning that a noise level of 10 mV/m in the local electric field signals is amplified
to give errors in the calculated ambient field components of 1.3 V/m in εx, 0.16

24
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Figure 5.1 – The position of the instrument on the lunar lander. A more detailed
view is presented in the inset.

V/m in εy, and 2.1 V/m in εz. This means that weaker ambient fields will be
impossible to determine. These large error propagation factors indicate that the
matrices are poorly conditioned. Indeed, calculating the condition number, k, of
these matrices yields a value k = 2.07 · 103.

5.1.1 Optimal Instrument Location
As was mentioned in Section 2.4.1, the only way to improve these error propaga-
tion factors was to change the geometry of the problem. Umeå Lunar Venture’s
experiment is just one of many that are going to launch with ALINA, and as such
they have no influence over the design of the spacecraft. The only variables that
could thus be changed were the position of the instrument on the lunar lander,
and the properties of the instrument itself. In order to find the optimal location of
the instrument which minimizes the error propagation factors, a COMSOL simu-
lation was made in which the largest error propagation factor, which turned out
to always be ζz, was plotted as a heatmap in Figure 5.2 for different instrument
locations and orientations. From this, it is clear that the optimal locations are as
close to the corners as possible.

A more thorough simulation was then performed in which the instrument was
placed close to the corner, as shown in Figure 5.3. The system was calibrated, and
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Figure 5.2 – Heatmap of the largest error propagation factor, ζz, for different
positions of the instrument on the lunar lander model. The line in each square
indicates the orientation of the instrument.

the resulting matrices were calculated to be

A =



−0.97 −0.96 −1.54 −4.76
−0.90 −1.05 −1.55 −4.81
−1.10 −1.18 −1.67 −5.36
−0.88 −0.89 −1.05 −3.75
−0.84 −0.96 −1.06 −3.80
−0.40 −0.43 −0.46 −1.70


,

C =


13.9 19.1 −38.2 −1.43 7.17 14.7
23.9 12.9 −43.1 5.06 2.03 16.8
27.3 22.3 −63.2 5.71 9.58 25.9
−16.6 −13.7 36.9 −2.62 −4.91 −14.8

.
(5.3)

In this corner position, the condition number was reduced to k = 1.29 · 103, and
the error factors to

ζx = 47.6, ζy = 54.0, ζz = 77.6, ζQ = 45.5. (5.4)

While this is an improvement of the previous case, a factor of almost 80 is still
problematic since a 10 mV/m noise still drowns out ambient field z-components
weaker than 0.8 V/m. To further improve the results, modifications to the instru-
ment needed to be considered.
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Figure 5.3 – The optimal location for the double field mill on the lander model.

5.2 Instrumental Changes
In order to get a more stable system with smaller error propagation factors, a few
changes were made to the numerical model of the instrument to investigate their
effect on the calibration matrix.

5.2.1 Sensor Potentials
The first proposed modification was to keep a few chosen sensors at a potential δV
relative to the remaining instrument, with the hope that this would have an effect
on the elements of A, and consequently on the error factors. However, it turns
out that this modification simply adds an offset term AiV δV to the local fields of
Equation (2.12), giving

Ei = Aixεx + Aiyεy + Aizεz + AiQεQ + AiV δV, (5.5)

and thus by Equation (2.16)

δV =
n∑
i=1

CV iEi (5.6)

after inversion. Unfortunately, this addition to the matrix did not improve its con-
ditioning, but worsened it slightly, since one more variable needed to be determined
by the system. However, it could in principle be used to check the accuracy of the
model by comparing the results of Equation (5.6) with the known value of δV .

5.2.2 Addition of a Third Field Mill
The second proposed modification was to add a third field mill to the instrument.
Three possible locations of the extra field mill were tested without the shields, and
the optimal location was found to be on the backside of the instrument. When
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the third field mill was placed on the backside, the error propagation factors were
about 40% smaller than when it was placed on any other side (see Section B.1 of
Appendix B). Adding the shields and improving the mesh resulted in the following
converged A and C matrices.

A =



−0.97 −0.95 −1.54 −4.75
−0.90 −1.05 −1.54 −4.80
−1.10 −1.18 −1.67 −5.36
−0.88 −0.89 −1.05 −3.75
−0.83 −0.96 −1.06 −3.80
−0.40 −0.43 −0.46 −1.70
−0.29 −0.35 −0.58 −1.73
−0.32 −0.31 −0.58 −1.71
−0.10 −0.10 −0.18 −0.54


,

C =


−3.97 2.37 −13.4 −0.01 6.02
3.11 −5.22 −15.2 6.10 1.28
−2.01 −4.12 −23.2 7.54 8.16
0.71 1.90 13.2 −3.70 −4.07

5.50 14.1 11.7 4.85
6.41 12.9 16.2 5.46
11.0 20.3 21.2 7.85
−5.97 −12.0 −12.5 −4.63

.

(5.7)

These matrices have a condition number k = 6.94 · 102, and error propagation
factors

ζx = 25.0, ζy = 28.4, ζz = 41.6, ζQ = 23.8. (5.8)

The largest error factor in this case is now approximately 40, rather than the 200
that was obtained initially. Hence, a 10 mV/m noise only drowns the ambient
field’s z-component if it is weaker than 400 mV/m.

5.2.3 Rotations of Individual Field Mills
Since the location of the third field mill had such big impact on the error propaga-
tion, the individual field mills were rotated to see if a more sensitive configuration
could be found. This was tested for the two cases seen in Figure 5.4a and 5.4b
without the shields attached. It was noted that while there were differences in
the matrix elements of the two cases (see Equations (B.5) and (B.7) shown in
Section B.1 of Appendix B), the difference in error factors between the two cases
were around 1% and judged to be insignificant.
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Figure 5.4 – Two different orientations of the three field mills are seen in a) and
b). The field mills in c) have the same orientation as in a), but a small cylinder has
been placed next to the instrument. The field mill to the right of each instrument
is the third field mill as seen from behind.

5.2.4 Small-scale Geometrical Changes
The effects of small-scale structures were also investigated by adding a small, con-
ductive cylinder next to the instrument as shown in Figure 5.4c. By comparing the
distortion matrices with and without the cylinder (see Equations (B.5) and (B.9)
in Appendix B), it was noted that the elements of the distortion matrix were in
general smaller when the cylinder was attached. The matrix element with the
largest difference was A9x, where the element was 1.5% smaller with the cylinder
included. This meant that the cylinder slightly enlarged the matrix elements of
the calibration matrix with a few exceptions. This difference is small, indicating
that the distortion and calibration matrices are determined primarily by the large
scale structure of the conductive geometry.

5.3 Error Propagation of Optimized Instrument
Since no further improvements could be made to the geometry of the system,
this system consisting of a triple field mill instrument placed at the corner of the
lander was considered to be optimal. The error propagation factors of an ambient
noise, as described in Section 2.4.1, associated with this geometry were presented
in Equation 5.8. In order to make a more thorough investigation of the error
propagation of the system, the effects of the signal proportional noise described
in Section 2.4.2 was investigated as well. Using Equation (2.22) with an equal
proportionality constant αi = 0.1% on all nine signals, the standard deviation of
the ambient field’s z-component, σεz , was calculated as a function of the ambient
field norm (with components of equal magnitude) for six different potentials of the
lander and instrument. The results presented in Figure 5.5 indicate that the best
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Figure 5.5 – The standard deviation of εz in % as a function of the ambient
field norm with the lander and instrument potential V as a parameter measured
in volts. The value the curves are converging to is 10.5%.

possible accuracy in the z-component is 10.5%. This occurs when the potential is
low (weak charge induced field) in comparison to the ambient field. Similarly, the x
and y-components converge to the values 6.24% and 7.10% respectively. However,
if the fields are weak and the potential is sufficiently large, there is a risk that the
charge induced signals drowns the ambient field signals as is evident by the fact
that σεz is larger than 100% in the high potential, low field region of Figure 5.5.

5.4 Including the Solar Panels
As information regarding the properties of the solar panels on the lunar lander
was missing, the panels were modeled in three simplified ways to get an estimate
of their importance. In the first two cases, the panels were modeled as conductors
held at a constant potential. The difference being that the in the first case, the
solar panels were kept at the same potential as the lunar lander, whereas in the
second case the solar panels were held at a potential δV relative to the lander. In
effect this meant that the first version was described by Equation (2.12), and the
second by Equation (5.5), adding a column to the distortion matrix. The resulting
matrices are compiled in Appendix B, in Equations (B.11) and (B.13) respectively.
With the exception of the extra column in the distortion matrix corresponding to
the solar panel’s potential difference, the distortion matrices in both cases are
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equal. Despite this similarity, the matrix elements of the calibration matrix in
the second case are much larger than in the first case, implying that the second
model is more sensitive to noise. This can be confirmed by comparing the error
propagation factors of the two cases, found in Equations (B.12) and (B.14).

The third and final model treated the solar panels as dielectrics (with εr ar-
bitrarily set to 7) with a potential gradient over them. This was implemented
by giving the left side of each solar panel (as seen towards the lander) a poten-
tial difference δV1 compared to the lander, and the right side of the solar panels
a potential difference δV2. In this case two new terms needed to be added to
Equation (2.12) as

Ei = Aixεx + Aiyεy + Aizεz + AiQεQ + AiV1δV1 + AiV2δV2, (5.9)

where AiV1 and AiV2 are the factors that relate the two potentials to their corres-
ponding local field contribution.

The resulting matrices of this model are presented in Equation (B.15), and
just like the second model, the system became more unstable when the solar pan-
els were included. The corresponding error propagation factors are presented in
Equation (B.16).

From these results, we can conclude that the additional variables that are
added to the system of equations in the second and third model makes the system
significantly more sensitive to noise.



Chapter 6

Discussion and Conclusions

6.1 Effects of the Lunar Lander
When the model of the lunar lander was included in the simulation, a problem
very soon became apparent. The conditioning of the calibration and distortion
matrices were very poor, meaning that there was a risk that even a small noise
level could drown out the ambient lunar electric field. The cause of this poor
conditioning is a combination of the facts that the lunar lander dominates the
distortion effects of the electric field, and that the sensor electrodes are located
closely together in comparison to the size of the lander and thus cover a very small
region of the conductive geometry. This causes all six signals have a very similar
response to the ambient field components, as is evident by comparing the structure
of the distortion matrix in Equation (5.1) to the one without the lunar lander in
Equation (4.2), where every column, except the one corresponding to the charge
effects, have at least one element of a different sign.

In atmospheric research, the conditioning problem is solved by the use of sev-
eral field mills located at different positions on the aircraft, carefully chosen to
maximize their sensitivity to specific ambient field components. These optimal
locations are often found using numerical models where one looks for the intersec-
tion of the so called nodal lines on the aircraft surface, where the different field
components give a zero normal field contribution [28], [29]. However, this solution
was not applicable in our case, since the field mills were attached to a small cube,
and only the location of the cube could be varied.

The optimal location of the field mill on the lunar lander was shown by Fig-
ure 5.2 to be as close to the corners as possible. This can be understood by
looking at the gradient of the normal electric field component on the surface of
the lunar lander for the different ambient field components, as seen in Figure C.1
in Appendix C. It turns out that the gradient is strongest near the corners of the
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structure, which means that it is near the corner that the electric field varies the
most, causing the measured fields to differ the most. This in turn improves the
conditioning of the matrices and consequently the error propagation factors.

6.2 Instrument Functionality on the Moon
The most important question this thesis tried to answer was whether or not it is
actually possible to use an electric field mill attached to a lunar lander to measure
the electric field on the Moon. The results presented seem to answer the question
with an indecisive maybe. Even though the error propagation factors were reduced
to roughly 40, which means that for a noise level of ≈ 1 mV/m, ambient field
details larger than ≈ 40 mV/m can be resolved, there is a risk that the percentage
noise will drown out the ambient field if the potential is large enough. A basic
question thus needs to be answered – what is the electric field and the potential
of the lunar lander and the instrument expected to be on the Moon?

In the dayside region and under the influence of the solar wind outside of the
Earth’s magnetosphere, spacecraft have been measured to have a positive potential
of around 3-6 V [30], [31]. Since the Moon is so close to the Earth in comparison
to the distance to the sun, and both the photon and solar wind density fall off
roughly at the same rate [32], it is not unreasonable to assume that the lunar
lander’s potential in a sunlit region on the Moon’s surface should be at least of
the same order of magnitude. Models by e.g. Stubbs et al. [9] and Poppe et al. [8]
suggest that the electric field near the lunar surface most likely ranges from 0.1 to
a few V/m.

Looking at Figure 5.5 with this information in mind, we see that for the lander
potential V = 5 V, the standard deviation reaches 100% when the field norm is
around 0.2 V/m, implying that no weaker field can be determined. The standard
deviation reaches 50% at 0.4 V/m and at a field strength of 1 V/m, the standard
deviation is roughly 25%. A further increase in electric field to 10 V/m slowly
reduces the standard deviation to 12% until it finally converges to 10.5%

In other words, in the worst case scenario where the potential is high (> 5 V)
and the fields are weak (< 0.2 V/m), the instrument will most likely be unable to
determine the ambient field. If, on the other hand, the opposite is true and the
potential is low (< 1 V), and the fields are strong (> 1 V/m), the ambient fields
should be able to be computed with a standard deviation of around 11%.

It is worth emphasizing that these values only hold for error proportionalities
of α = 0.1%. Since Equation (2.22) is linear in α, if α = 1% is used instead, the
standard deviation converges to 105% rather than 10.5%. No ambient z-component
can thus be measured in this case. It is hence crucial that the noise is kept low.
Of course, it is also important to note that since Equation (2.22) is dependent
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on ε̃, these values will be different if another relation between the ambient field
components is used. In addition, these values are only accurate for the model of
the lunar lander that was used in the simulations.

6.3 Influence of the Solar Panels
Although the models of the solar panels presented in Section 5.4 were extremely
simplified, they should still tell us something about the qualitative effects of their
presence. When the solar panels were conductive, but had the same potential
as the instrument and the lunar lander, they did not have a major effect on the
calibration matrix. However, when they were held at a potential difference δV to
the lander, the error propagation factors (Equation (B.14)) increased by roughly a
factor 7 compared to the model with equal potentials (Equation (B.12)). Similarly,
when the panels were modeled as dielectrics with a potential gradient, the error
factors of Equation (B.16) were again approximately a factor 7 times larger than
in the case of conductive panels of the same potential as the lunar lander.

It is thus clear that as soon as the potentials are included, the accuracy of the
results decreases. However, the values of the distortion coefficients that correspond
to these variables (AiδV in Equation (B.13), and AiδV1 , AiδV2 in Equation (B.15))
are around 10 times smaller than the distortion coefficients of the ambient electric
field. This means that unless the potential differences are very large, they will only
give a slight contribution to the measured local electric fields. It might therefore
be beneficial to simply remove these extra columns from the distortion matrix, to
obtain a less sensitive calibration matrix if the potential difference is small. Of
course, more detailed models of the solar panels should be made before making
such decisions.

6.4 Model Approximations and Limitations
It should be obvious by looking at Figure 3.2 that the ALINA model left much to
be desired in terms of both large and small-scale structures. The small details are
probably not particularly important, as was shown by the small matrix changes
in Equation (B.9) caused by the addition of a small conductive cylinder next to
the instrument, and many minor details can likely be neglected without issues.
However, the larger details such as the large central cylinder on the top of the
lander most likely have significant effects on the results, and it is possible that some
of these larger structures are changed before launch. In practice this means that
the calibration matrix of Equation (5.7) should not be expected to give accurate
values of the ambient lunar electric field if used with experimental data, but it
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gives us an order of magnitude estimation of the errors and signals we are dealing
with.

Further limitations of the model include the assumption that the entire lunar
lander is conductive and held at a single potential. This assumption was made due
to lacking information regarding the materials of the lunar lander. If the different
surfaces of the lander are not connected, and thus held at different potentials, an
electric field will be generated that the present model does not take into account.
This means that this field, if present, will be calculated as part of the ambient
field, even though it is an effect caused by the lunar lander. A similar problem
occurs for the solar panels, and they need to be modeled more accurately than in
Section 5.4 in order to be properly accounted for.

The main environmental assumption of this study is that the surrounding of
the lunar lander and the instrument can be approximated as a vacuum, and that
all plasma effects can be neglected. However, the Moon is known to be immersed
in a plasma, and in 1967, Fahleson [33] claimed that field mills are known to have
problems in dense plasmas due to e.g. plasma sheath effects, but that they, in the
future, could possibly be used in very dilute plasmas to great effect. So, how dense
is the plasma near the lunar surface? According to Freeman and Ibrahim [3] in
1975, the Debye length of the plasma (the length at which plasma effects reduces
the potential by a factor of 1/e compared to the vacuum solution) near the lunar
surface is expected to be between 10 to 100 m, whereas a more recent model by
Stubbs et al. [11] in 2006 indicate that the Debye length varies between 0.4 − 40
m, depending on the angle from the subsolar point, and that is has a value of
8.6 m at the terminator. In any case, this indicates that the lunar lander (scale
length of ≈1 m) is well within the Debye length near the terminator, suggesting
that the collective plasma effects are negligible and that the plasma can be seen
as dilute, supporting the vacuum approximation. However, should plasma effects
be important, Equation (2.12) breaks down, and subsequent theory is unable to
relate the ambient and local electric fields.

Another environmental limitation of the model is that although the charge
induced electric field due to e.g. the photoelectric effect has been taken into account
in the model, the electron sheath formed by the ejected electrons and its effect has
been neglected. In order to accurately account for this phenomenon, further studies
need to be made.

6.5 Future Improvements
In order to obtain a satisfactory model in the future, a couple of additions need to
be made to the current model. Firstly, in order to more accurately determine the
field distortions, a geometrically more accurate model of the lunar lander needs to
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be used in the simulations.
Secondly, in order to account for non-connected surfaces of the lunar lander

(if there are any) having different potentials, the previous charge induced field
contribution to Equation (2.12), AiQεQ, will be split into multiple separate terms.
If the lunar lander consisted of m separated surfaces with charges Q1, Q2, ..., Qm,
the charge induced term would split into m parts as

AiQεQ −→ AiQ1εQ1 + AiQ2εQ2 + ...+ AiQmεQm . (6.1)

Since the system consists of 9 equations for the case of the triple field mill, there is
a limit to the number of differently charged surfaces that the system can handle.
A future model could therefore be made to include the effects of a few separately
charged surfaces to more accurately model the charge induced fields and their
effects on the measured local fields. Depending on the properties of the solar
panels, similar additions could be made to Equation (2.12) for each solar panel.

While it would be of interest to investigate the plasma effects near the lunar
lander to see how the photoelectron sheath affects the electric field measurements,
it would require a completely different numerical model.

6.6 Conclusions
We have successfully constructed a numerical model that can account for the
distortions of an electric field caused by the geometric structure of a conductor.

The results indicate that the ability of the Umeå Lunar Venture electric field
instrument to measure the lunar electric field is heavily dependent on the location
of the instrument on the lunar lander. Unfortunately, the computer model of
the lunar lander is not detailed enough for us to draw any strong conclusions on
whether or not the lunar electric field can actually be measured. However, the
overall shape of the lander model is similar to the real lander, which implies that
we should be able to draw conclusions based on qualitative results. In particular,
to significantly improve its functionality, the instrument should be placed near a
corner of the lunar lander, and a third field mill should be added to the instrument’s
backside.

In order to obtain a more accurate calibration matrix, and be able to conclus-
ively determine whether or not the field can be measured, a more precise model
of the lunar lander is needed. In particular, information regarding the attached
solar panels is necessary for the model to properly compensate for their effect on
the local fields.
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Appendix A

The Lunar Electric Field

What do we know about the lunar electric field, and why do we believe that it
exists? These are the main questions this appendix is dedicated to answer. In
order to understand the origin of the lunar field idea, we need to go back in time
to the late 1960s and early 1970s, to the prime of the American space program.

During their stay on the Moon and in its orbit, astronauts from the Apollo
10 and 17 missions noticed a glowing effect above the horizon close to the lunar
sunrise. This glow could only be explained by light interacting with particles sus-
pended at high altitudes above the surface [1]. Similar observations had previously
been made by the Surveyor 5, 6, and 7 spacecraft, verifying the astronaut obser-
vations [34]. Another peculiarity was reported by dust detectors installed on the
Moon. The detectors observed a flow of comparatively slow moving (< 1 km/s),
highly charged dust particles, that could only originate from the Moon itself [2].
But there are no atmospheric winds on the Moon, so what could cause the dust
particles to rise to high altitudes? Could the same process explain the detected
flow of charged particles? The current scientific consensus, which can explain both
observations, is that these dust particles are accelerated by an electric field.

The electric field is believed to be generated by different processes on the day
and night sides of the Moon. On the day side, in addition to being exposed to the
Sun’s light, the Moon is also under the influence of the solar wind. This means
that the lunar surface simultaneously emits photoelectrons and absorbs solar wind
ions and electrons. However, the photoelectron emission dominates, resulting in
a positively charged day side that is surrounded by a negatively charged electron
sheath formed by the emitted photoelectrons [3]. On the night side, however, the
surface charge is determined only by the inflow of electrons and ions. Since the
termperature is roughly the same for the electrons and ions, and the electrons
are around 2000 times lighter than protons, electron absorption dominates. This
causes the night side to obtain a negative charge, repelling electrons and attract-
ing ions. In the steady state, this negatively charged surface obtains a positive
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surrounding in the form of an ion sheath [3].
Today, many simulations have been performed that investigate the previously

mentioned charging processes in order to explain the dust transport seen by the
Apollo astronauts, e.g. [11], [35], [36].

In 2006, Stubbs et al. [11] used a dynamic fountain model together with data
from the Lunar Prospector to model the dust transport. They showed that their
model could explain the presence of dust particles ranging between sizes of 0.01-
0.1 µm at heights up to 100 km. They also found that the vertical electric field
component at the surface was 9.9 V/m at the subsolar point, decreasing to 4.2
V/m in an intermediate location between the subsolar point and the terminator,
before reaching a value of −4.1 V/m at the terminator. Another model by Stubbs
et al. in 2007 [9], predicted that the surface electric field under typical solar wind
conditions should be around 2 V/m at the subsolar point. It should then decrease
continuously for an increasing angle, until it reaches a value of around −4 V/m at
the terminator. A similar model by Farrel et al. [35] predicted the electric field to
be around −3 V/m at the terminator.

How the electric field varies during different solar wind conditions was invest-
igated in a numerical model by Stubbs et al. in 2014 [37]. Their results indicated
that the plasma conditions of the solar wind are very influential in generating dif-
ferent surface fields. For certain plasma conditions, they found that the surface
field strength could be as large as 50 V/m.

The altitude dependence of the electric field was investigated by Poppe and
Horányi in 2010 [38]. They used a one dimensional particle-in-cell code to simulate
the lunar plasma environment near the surface at the subsolar point. They found
that the electric field should be around 3-6 V/m at the surface, and then decrease
quite rapidly with increasing height. At an altitude of approximately 2.5 m, their
model resulted in a sign change of the electric field.

In most of these numerical models, the Moon is assumed to be a smooth sphere,
neglecting the surface structures. However, the effects of craters were investigated
numerically by Poppe et al. in 2012 [8]. They found the horizontal component of
the near surface electric field outside the crater to be around 3-5 V/m depending
on the solar angle, and that it in general is smaller inside the crater.

In summary, simulations indicate that the lunar surface electric field is a few
V/m in the sunlit regions during typical solar wind conditions. The field appears to
vary with the solar angle, and it is expected to change sign close to the terminator.
The field strength is also expected to be reduced with increasing altitudes and
experience a sign change at an altitude of around 2.5 m above the lunar surface.
In addition, the electric field is expected to be heavily influenced by the solar wind,
reaching magnitudes of up to 50 V/m for certain solar wind conditions.



Appendix B

Triple Field Mill Matrices and
Error Factors

B.1 Location of Third Field Mill
Once it had been established that the optimal location for the instrument was
on a corner and that a third field mill was probably necessary, the three possible
locations of the third mill shown in Figure B.1 were investigated. As the shields
were left out, and the mesh was not fully refined to save time, the results should
be seen as a qualitative comparison between the three locations.

In position a), the distortion and calibration matrices were (using L = 10 m to
scale the charge, Q) given by

a) b) c)

Figure B.1 – The three possible locations of the third field mill.
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A =



−1.26 −1.25 −2.00 −6.18
−1.17 −1.36 −2.01 −6.25
−1.43 −1.54 −2.17 −6.96
−1.14 −1.15 −1.35 −4.83
−1.08 −1.24 −1.36 −4.90
−0.53 −0.57 −0.61 −2.27
−0.67 −0.96 −1.09 −3.71
−0.50 −0.74 −0.93 −3.02
−0.21 −0.33 −0.37 −1.25


,

C =


13.6 −0.90 −20.3 4.53 −4.13
20.7 −2.46 −26.0 8.56 −5.82
25.1 −4.23 −36.3 12.2 −5.66
−15.2 2.01 21.1 −6.63 3.87

6.67 2.63 10.2 4.47
9.43 −0.40 10.1 4.40
13.7 1.97 15.2 6.87
−7.70 −1.07 −9.05 −4.02

,

(B.1)

giving error factors

ζx = 28.5, ζy = 37.8, ζz = 51.1, ζQ = 30.0. (B.2)

Position b) gave in a similar manner

A =



−1.14 −1.28 −1.97 −6.05
−1.39 −1.55 −2.16 −6.93
−1.33 −1.31 −2.05 −6.41
−0.66 −0.51 −0.91 −2.86
−0.85 −0.69 −1.06 −3.51
−0.28 −0.22 −0.36 −1.17
−1.14 −1.15 −1.35 −4.84
−1.08 −1.24 −1.36 −4.90
−0.53 −0.57 −0.61 −2.27


,

C =


21.4 −15.9 −12.4 10.8 −1.59
18.8 −17.4 −10.8 13.4 1.95
28.9 −26.2 −18.9 18.3 0.77
−17.5 15.2 10.8 −10.9 −0.35

3.51 −7.22 9.32 8.85
4.73 −6.13 7.23 8.38
6.43 −8.17 14.7 14.5
−3.76 5.35 −8.08 −8.15

,

(B.3)



Appendix B. Triple Field Mill Matrices and Error Factors 45

with
ζx = 34.8, ζy = 33.8, ζz = 52.4, ζQ = 30.8. (B.4)

Lastly, the third position c) resulted in the matrices

A =



−1.26 −1.25 −2.00 −6.19
−1.17 −1.36 −2.01 −6.24
−1.43 −1.54 −2.17 −6.96
−1.14 −1.15 −1.35 −4.84
−1.08 −1.24 −1.36 −4.90
−0.53 −0.57 −0.61 −2.27
−0.38 −0.45 −0.75 −2.23
−0.41 −0.40 −0.75 −2.21
−0.13 −0.14 −0.25 −0.75


,

C =


−3.29 1.86 −10.3 −0.10 4.72
2.43 −4.27 −11.6 4.81 0.87
−1.69 −3.35 −17.8 5.84 6.26
0.63 1.56 10.2 −2.87 −3.12

4.23 11.1 9.15 4.01
4.94 10.1 12.7 4.51
8.52 16.0 16.7 6.49
−4.60 −9.46 −9.85 −3.83

,

(B.5)

which have the associated error factors

ζx = 19.6, ζy = 22.2, ζz = 32.4, ζQ = 18.6. (B.6)

B.2 Small-scale Geometrical Changes
The effects of small geometrical changes were investigated by rotating the indi-
vidual field mills and adding a small conductive cylinder next to the instrument
as seen in Figure B.2. The matrices for case a) were calculated previously, and are
given in Equation (B.5), and the error factors are given in Equation (B.6). In the
rotated case b), the matrices were changed to
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Figure B.2 – Two different orientations of the three field mills are seen in a) and
b). The field mills in c) have the same orientation as in a), but a small conductive
cylinder has been placed next to the instrument. The field mill to the right of
each instrument is the third field mill as seen from behind.

A =



−1.33 −1.31 −2.05 −6.42
−1.14 −1.28 −1.97 −6.07
−1.39 −1.55 −2.16 −6.94
−1.25 −1.30 −1.53 −5.42
−0.90 −1.05 −1.12 −4.09
−0.60 −0.62 −0.68 −2.52
−0.23 −0.22 −0.41 −1.21
−0.20 −0.25 −0.41 −1.23
−0.49 −0.52 −0.93 −2.75


,

C =


−6.56 2.89 −7.58 −1.08 6.49
0.47 −0.83 −13.1 2.35 2.41
−5.47 0.07 −17.0 3.16 8.72
2.90 −0.47 9.66 −1.30 −4.58

3.48 5.56 6.95 11.8
6.25 8.22 6.01 13.4
9.15 10.69 9.79 19.0
−4.93 −6.23 −5.78 −11.2

,

(B.7)

where L = 10 m was used. These matrices have the error factors

ζx = 19.5, ζy = 22.5, ζz = 32.5, ζQ = 18.6. (B.8)

In the third case, where a small conductive cylinder has been added, the
matrices became
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A =



−1.25 −1.24 −1.99 −6.17
−1.17 −1.36 −2.00 −6.24
−1.43 −1.53 −2.17 −6.96
−1.14 −1.15 −1.35 −4.83
−1.08 −1.24 −1.36 −4.90
−0.53 −0.57 −0.61 −2.27
−0.37 −0.44 −0.75 −2.22
−0.40 −0.40 −0.74 −2.18
−0.13 −0.14 −0.25 −0.73


,

C =


−3.14 1.82 −10.4 −0.02 4.66
2.64 −4.31 −11.9 4.92 0.78
−1.43 −3.40 −18.1 5.98 6.15
0.47 1.59 10.3 −2.95 −3.05

4.29 11.3 9.26 4.04
5.03 10.3 12.9 4.54
8.63 16.2 16.8 6.54
−4.67 −9.60 −9.94 −3.86

,

(B.9)

with the error factors

ζx = 19.7, ζy = 22.5, ζz = 32.8, ζQ = 18.8. (B.10)

B.3 Solar Panel Models
In this section, three models of the solar panels are presented in order to get an
understanding of their effect on the calibration. The length scale L = 10 m was
used in all cases to scale the charge Q. The models use the same mesh that
was used Section B.2, and the instrument lacked all shields. Because of this, the
matrices in Equation (B.5) and their corresponding error factors in Equation (B.6)
can be used as a reference where the solar panels are omitted.

In the first model, the solar panels were assumed to be conductive and held at
the same potential as the lunar lander. The resulting matrices were
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A =



−1.08 −1.09 −1.83 −5.38
−1.01 −1.18 −1.83 −5.42
−1.25 −1.35 −1.98 −6.07
−1.00 −1.02 −1.22 −4.20
−0.95 −1.09 −1.23 −4.24
−0.46 −0.51 −0.55 −1.97
−0.32 −0.38 −0.68 −1.91
−0.34 −0.34 −0.68 −1.90
−0.11 −0.12 −0.23 −0.64


,

C =


−4.31 2.79 −11.2 −0.63 5.76
3.24 −5.17 −12.5 5.61 0.56
−1.82 −3.47 −19.4 6.21 6.87
0.71 1.66 11.4 −3.16 −3.56

4.83 12.3 9.78 4.34
5.53 10.6 13.9 4.82
9.55 17.4 18.2 7.04
−5.33 −10.5 −11.0 −4.25

.

(B.11)

This calibration matrix had the error propagation factors

ζx = 21.8, ζy = 24.2, ζz = 35.4, ζQ = 20.8. (B.12)

In the second model, these solar panels were again modeled as conductors, but in
this case, they were held at a potential difference δV to the lunar lander. As in
Section 5.2.1, this addition to the problem implies that Equation (5.5) models the
system, and the matrices
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A =



−1.08 −1.09 −1.83 −5.38 −0.07
−1.01 −1.18 −1.83 −5.42 −0.08
−1.25 −1.35 −1.98 −6.07 −0.15
−1.00 −1.02 −1.22 −4.20 −0.13
−0.95 −1.09 −1.23 −4.24 −0.13
−0.46 −0.51 −0.55 −1.97 −0.06
−0.32 −0.38 −0.68 −1.91 0.03
−0.34 −0.34 −0.68 −1.90 0.04
−0.11 −0.12 −0.23 −0.64 0.02


,

C =


42.6 51.3 −70.1 −22.3 −16.2
57.2 50.7 −80.2 −19.3 −24.7
67.5 68.2 −106.3 −25.8 −25.6
−42.8 −43.4 66.0 16.9 16.9
−28.6 −29.6 35.9 13.2 13.4

96.2 −23.9 −22.5 −32.4
110 −31.1 −23.1 −37.4
144 −36.2 −29.4 −47.2
−90.2 23.1 18.9 29.8
−55.7 22.1 19.7 22.4

,

(B.13)

are obtained. The extra row in C allows the computation of δV using the meas-
ured local fields as described by Equation (5.6). These matrices have the error
propagation factors

ζx = 147, ζy = 169, ζz = 217, ζQ = 136, ζδV = 88.5. (B.14)

In the third and final model, the solar panels were treated as dielectrics with
sides of different potentials, and Equation (5.9) was used to model the system.
This resulted in the following matrices
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A =



−1.19 −1.16 −1.93 −6.37 0.01 0.07
−1.12 −1.26 −1.93 −6.41 0.07 0.01
−1.38 −1.45 −2.10 −7.07 0.03 0.03
−1.09 −1.08 −1.30 −4.91 0.00 0.04
−1.04 −1.16 −1.31 −4.96 0.04 0.00
−0.51 −0.53 −0.59 −2.30 0.01 0.01
−0.34 −0.39 −0.70 −2.39 0.04 0.01
−0.37 −0.35 −0.70 −2.37 0.01 0.04
−0.12 −0.12 −0.23 −0.81 0.01 0.01


,

C =



33.6 48.7 −59.9 −39.4 −3.25
62.1 37.0 −72.2 −12.9 −39.2
70.7 62.0 −100 −35.8 −30.3
−42.9 −37.8 59.7 22.3 18.8
−297 −279 411 180 119
−320 −267 419 147 159

98.7 −59.5 20.1 −32.0
121 18.1 −65.8 −39.0
166 −28.1 −36.1 −52.8
−99.4 17.4 21.7 31.9
−699 194 107 231
−715 78.8 228 235


,

(B.15)

and error propagation factors

ζx = 153, ζy = 182, ζz = 232, ζQ = 139, ζδV1 = 987, ζδV2 = 1010. (B.16)



Appendix C

Normal Electric Field Gradients

In order to find the locations where the normal component of the different ambient
field components vary the most, a simulation was made where only the lunar lander
was included. The lander was exposed to one ambient electric field component at
a time, and the resulting distribution of the local electric field’s normal component
was plotted as a contour plot for all cases. The resulting contour plots are presented
in Figure C.1.

The contour line density is in all four cases largest near the four corners, im-
plying that this is where their gradients are largest.
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Figure C.1 – Contour plots of the electric field normal on the surface of the lunar
lander for four different cases. a) Shows the contour plot of an x-field εx, b) for
a y-field εy, c) for a z-field εz and d) for a charge induced field εQ.
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