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Abstract
During the Apollo 10 and 17 missions NASA astronauts reported that they saw streamers
emanating from the surface of the moon. They concluded that the streamers were produced
by light scattering from dust particles. The particles are believed to be transported by an
ambient electric field. This theorized electric field has never been measured directly, although
the electric potential on the surface and above it has. The exact behavior and origin of
the electric field is unknown, but has been approximated to be between 1 and 12 V/m. To
measure this electrical field a new type of instrument, called Multi Plate Field Mills (MPFM)
has been developed. This type of instrument is capable of measuring both the amplitude
and directionality of the electrical field. Three of these instruments will be mounted on a
1U CubeSat to be lunched with the PTS mission to the moon scheduled to Q4 2019. In
this work the MPFM were characterized. The precision of the instrument for
√ electrical fields
applied along the z, y and x axis was found to be
0.6,
1.3,
1.4
(V
/m)/
Hz respectively
√
for measurements in air and 0.14, 0.6, 0.6 (V /m)/ Hz for measurements in vacuum. This
sensitivity outperforms the current state of the art Field Mills and, in addition to that, it
provides an assessment of the directionality of the electrical field.
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Background and Aim

solar wind
flow
+

NASA astronauts from the Apollo 10 and
Apollo 17 missions reported that there were
streamers emanating from the lunar surface
reaching far above the orbital altitude of the
spacecraft. They concluded that the streamers
originated from light scattering from dust particles surrounding the lunar surface [1]. The sunlight that hits the lunar dayside cause photoemission which effectively gives rise to a positive
charge at the surface. Any positively charged
dust particle covering the lunar surface thus
becomes elevated due to repulsive electostatic
forces [2]. On the lunar night side, plasma interactions are dominant, which causes a net negative charge on the surface [3]. A schematic
illustration can be seen in figure 1. Although
it is believed that this creates a vertical electric
field that elevates lunar dust particles, it does
not explain the horizontal trajectories of grains
observed by the Lunar Ejecta and Meteorites
(LEAM) experiment during the Apollo 17 mission [4]. One theory is that local plasma voids
form in areas that are covered from the solar
wind on the lunar dayside, such as shades cast
by grooves, mountains, lunar landers etc. Due
to the lack of photoemission, these areas will
become negatively charged by similar reasons
as the nightside of the lunar surface (see figure 2), hence generating a quasi-static electric
field close to the surface, directed from illuminated surfaces towards the plasma void localized around the shaded area [5].

+
+
+

+
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The electric field on the lunar surface has
never been measured directly, although the
electric potential on and above the lunar surface has been measured. The LEAM experiment from Apollo 17 indicates a vertical surface
electric field on the scale of ±1 V /m or larger
[4]. In 1998-1999 the Lunar Prospectors Electron Reflectometer gathered data above the surface which also indicate that the vertical field
strength is of the magnitude 1 V /m [6].
In 2015, Part-Time Scientists (PTS), one of
the contenders in Google Lunar XPrize, stated
that they had room for some extra payload
on their lander, the Autonomous Landing and
Navigation Module (ALINA), and wanted suggestions from the the public to fill the extra
weight. A small group from Umeå then suggested an experiment to PTS which, in due
time, was accepted and the non profit group
Space Science Sweden (Scube) was formed by
the individuals suggesting the experiment. By
the time Scube was formed and had won a
place on PTS’ lander, the group came in contact with Umeå University and its space physics
programme and the suggestion to measure the
electric field close to the lunar surface was presented. The excessive payload on ALINA was a
1U CubeSat. By that, a decision was made to
use this payload to install three Field Mills with
different orientation on the lander (see figure 3).
In short, a Field Mill is a measurement device that works as a parallel plate capacitor. A
shutter plate alternates between covering and
exposing a set of sensor plates. This periodic
modulation induces an alternating current that
can be used to determine the ambient electric
field. To our current date, for electric fields in
the 20 V/m to 10 kV/m range, the most sensitive field mills, referring to the Zebra Field
Mill [7], have an accuracy of ∼1 V/m. Another

-
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- -

Figure 2: Local Void.
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Figure 1: Surface Potential.
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example is a Field Mill developed by the Institute of Experimental Technology at the Scientific & Production Association “Typhoon”,
which measures the variations of the field intensity on a scale of approximately 1 V/m [8].
The above mentioned Field Mill designs are capable of measuring the strength of the ambient
electrical fields on Earth.
In order to successfully assess the electrical
fields on the moon, an improvement of the current technology is required since the ambient
field surrounding the Moon is expected to be
much weaker than the one surrounding Earth.
Previous work on the subject including simulations of the system suggests that the precision
of the instrument needs to be at least one order
of magnitude smaller than the fields to be assessed in order to yield reliable results [9]. The
reason is that the CubeSat is to be mounted on
the lunar lander which can reduce the instruments performance. The simulations indicate
that the reduction is worst when measuring in
ẑ-direction and that the sensitivity assessed in
a laboratory environment needs to be at least
40 times better than the measured field in order
to provide reliable results.
At the time of initiation of this thesis, a new
type of Field Mill had been developed, a Multi
Plate Field Mill (MPFM). The idea is to mount
three such MPFMs on the CubeSat. The latest
version of the MPFM is yet to be tested regarding its precision and how well it works in vacuum. The aim of this thesis work is to answer
these questions and determine the reliability of
the measurements made when deployed on the
lunar surface.

2.1

Theory
Lunar Surface Electric Fields

An analysis of the data from Lunar Prospector shows that the night side surface potential
when plasma interactions are dominant can be
as low as -4.5 kV during solar energetic particle
events or when the Moon encounters the plasmasheet [10]. When the photoelectric effect is
dominant the dayside surface potential can locally reach up to +100 V [2]. When looking at
average conditions, however, the surface potentials are +10 V and −600 V on the day- and
nightside respectively. This corresponds to vertical field strengths of approximately 12 V /m
and −1 V /m, respectively, when considered using the Debye lengths of the particle species
that are attracted to the respective surfaces
[11]. When the extremes occur the electric field
will be much larger.

2.2

Parallel Plate Capacitor

The basic structure of the Multi Plate Field Mill
(MPFM) is a set of parallel plate capacitors.
The measurements made by the instrument can
therefore be described by the theory of capacitors. The capacitance of a parallel plate capacitor is given by
ε0 kA
,
d
where ε0 is the permittivity of space, k is the
relative permittivity of the dielectric material
between the plates, A is the area of the plates
and d is the distance between them. Since the
definition of capacitance is
C=

C=

Q
,
V

this implies that
ε0 kA
Q
= .
d
V
Moreover, since the electrical field between
two parallel plates is given by
Figure 3: CAD drawing of Scubes 1U CubeSat
with three Multi Plate Field Mills.

E=

2

V
,
d

Clayton Forssén

April 12, 2018

where V is the is the voltage between them, this
The exposed area of a given sensor plate
implies that the charge on one of the plates can A(t), can be described as the sector
be expressed in terms of the electrical fields as
(R2 − r2 )θ(t)
A(t) =
2
Q = ε0 kAE.
where R is the outer radius and r is the inner raIf the area of the plate is varied, an alter- dius of the sector and θ is the angle of the sensor
nating current to ground will be induced, given plate that is exposed at a given time t given in
by
radians. As one slit in the shutter plate sweeps
over a given sensor plate, the area will first indQ
dA
= ε0 k
E.
(1) crease until fully exposed and then decrease unI=
dt
dt
til fully covered. Since the shutter plate rotates
with constant angular speed, the exposed area
2.3 Multi Plate Field Mill
of the sensor plate can be described as a peA Multi Plate Field Mill is comprised of six riodic triangle wave. The time derivative of a
sensor plates that are stationary, parallel to a triangle wave is a square wave. The modulagrounded shutter plate. A CAD drawing of tion area dA
dt of a given sensor plate is thereby
one Multi Plate Field Mill can be seen in fig- a square wave with the same period and the
ure 4, where (1) is one of the sensor plates amplitude, given by
which is partly covered by the shutter plate (2).
(R2 − r2 ) · (3ω)
dA
The shutter plate alternates between covering
=
and exposing the sensor plates to the exterior.
dt
2
When the exposed area of a sensor plate is mod- where ω is the angular frequency of the shutter
ulated, a current is induced to ground according plate and the factor of 3 comes from the fact
to Eq.(1). The shape of one of the sensor plates that the shutter plate has three slits modulatcan be seen in figure 5.
ing the exposed area of a sensor plate. From
this, the resulting current as given by Eq.(1) is
a square wave.
The sensor plates are paired up two by two,
forming three pairs out of the six sensor plates.
An illustration of this is shown in figure 6,
where P1,2,3 are the pairs formed from sensors 1
1
& 2, 3 & 4 and 5 & 6 respectively. The current
from each sensor plate is measured differentially
in their respective sensor pair P.
2
y
2.

Figure 4: CAD drawing of one MPFM.

3.
1. P1

P2
x
z

R

4.
6.

P3

5.

r
Figure 5: Shape of one sensor plate.

Figure 6: Sensor Plate pairing and orientation.
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The signal from each sensor pair, Si from Pi , is Note that a polarity shift in the signal is signithereby described as
fied by ϕ shifting 180◦ . Since S(t) is considered
to be the fundamental tone of the measured induced current, it is assumed that a represents
S1 = η(I1 − I2 )
the amplitude of the latter. By trigonometry,
S2 = η(I3 − I4 )
(2) S(t) can be rewritten as
S3 = η(I5 − I6 ),
S(t) = a · [sin(ωt)cos(ϕ) + cos(ωt)sin(ϕ)] .

where η is the gain of the electronics amplifying the induced current Ij from sensor plate j
as given by Eq.(1). The square wave currents
Ij all have the same period, with half a period phase shift relative to the ”previous” sensor plate. Thus, the differential (Ij − Ij+1 ) will
also be a square wave, although with a different
amplitude.
The sensor pairs Pi will not be equally exposed to the ambient electrical field unless the
field is incident exactly perpendicular to the
MPFM. The signals Si from the sensor pairs
are only affected by the components of the field
that is normal to the plates. It can be shown
that the directional components of the electric
field can be computed as
Ex = αx (S1 − S2 )


S1 + S2
− S3
Ey = αy
2
Ez = αz (S1 + S2 + S3 )

Demodulating this with respect to two
quadrature sinusodial functions, conveniently
chosen as sin(ωt) and cos(ωt), gives rise to two
components commonly referred to as I and Q
according to
a
cos(ϕ)
2
a
I = S · cos(ωt) = asin(ϕ)cos2 (ωt) = sin(ϕ).
2
(5)

Q = S · sin(ωt) = acos(ϕ)sin2 (ωt) =

This can conveniently be expressed as a vector
→
−
S = (Q, I).

→
−
S thus contains information about both the
amplitude and the phase of the fundamental
tone, and thereby the measured induced signal.
of the measured signal,
(3) To assess the amplitude
→
−
one needs to project S onto a given phase, to
that end, a phase vector is defined as

→
−
where αx,y,z are proportionality constants,
θ = [cos(θ), sin(θ)],
which are be determined through experimenwhere θ is the read-out phase of the signal. The
tal means by measuring a known electric field
amplitude of the demodulated signal projected
with the instrument in all three directions.
on the read-out phase can then be retrieved by

2.4

Demodulation

−
→
− →
adm = S · θ

(6)
The strength of a given component of the elec= Qcos(θ) + Isin(θ).
trical field (x, y or z) can be obtained by exIf the read-out phase θ is chosen so as to
tracting the fundamental tone of the square
maximize
adm , which will take place when it is
wave induced in the sensor pairs [given by
the
same
as
the phase of the signal, ϕ, adm is
Eq.(2)], S(t). Since the phase of the wave is degiven
by
pendent on the mounting of the shutter plate,
S(t) can hence be expressed as
a
adm
( = 2 [cos(ϕ)cos(θ) + sin(ϕ)sin(θ)] =
a
S(t) = a · sin(ωt + ϕ),
(4)
,
when ϕ = θ
= 2a
− 2 , when ϕ = θ + 180◦
where a is the amplitude, ω is the angular fre(7)
quency of the shutter plate, and ϕ is a phase.
4
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where the second case arises if the polarity of
the signal changes. A visual representation of
concept can be seen in figure 7.

This error is commonly referred to as jitter, one
way of minimizing it is to maximize the resolution in determining the detection phase, i.e. to
minimize

a
ϕresolution =
I

θ

(9)

This means that not only the Nyquist criteria, i.e. Eq.(8), is required but also redundant
as oversampling becomes desirable in order to
reduce the jitter.
Instead of letting the standard deviation of
an entire sample during a zero test determine
the sensitivity of the instrument, the Allan variance can be evaluated. The Allan variance is
used to describe the frequency stability of the
instrument and is defined as

adm (θ = ϕ)
ϕ

fsignal
· 2π.
fsample

adm (θ 6= ϕ)
Q

m

σy2 (τ ) =

Figure 7: Visual representations of how adm is
→
−
→
−
retrieved from a projection of θ onto S .

X
1
(ȳj − ȳj−1 )2 ,
2(m − 1) j=2

(10)

where the sample has been divided into m intervals
of length τ and ȳj is the average of the
2.5 Sampling and Sensitivity
j:th interval [12]. Following the rules of statisThe sampling rate and the speed of the shutter tics, two-sigma will be used to establish the fiplate are the main determinants of the preci- nal Allan deviation (ADEV) of the instrument.
sion of the instrument. First, the signal output Rewriting Eq.(10), the 2σ ADEV is given by
is directly proportional to the frequency of the
shutter plate [see Eq.(1)]. The signal- to noise
1/2

m
ratio can thus be increased by increasing the
X
2
2σy (τ ) = 
(ȳj − ȳj−1 )2  . (11)
rotor frequency. Secondly, the sampling rate
m − 1 j=2
will determine how accurately the frequency
and phase shift of the original signal, which are
needed to retrieve the amplitude, can be recreated.
According to the Nyquist theorem, in order
to recreate the original frequency, the sample
frequency needs to be greater than 2 times the
maximum signal frequency, i.e.
fsample > 2 · fsignal .

(8)

In addition to recreating the original frequency, the detection phase must be determined as well. There is no obvious criteria
on the sampling frequency to do so but the error will range from 2π for a sampling frequency
close to the signal frequency and approach zero
as the sampling frequency goes toward infinity.
5
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Experimental/Method

For example a set of binary measurement data
points is initiated by the string *Samples and
This section is dedicated to explaining the cir- terminated the string READY. An example for
cuitry of a Multi Plate Field Mill, the process two channels and two consecutive measurement
of optimizing the instrument by augmenting the points would look like the following
clock frequency, and the method of testing the
instrument in atmosphere and vacuum.
*Samples
00000001 00000001 0110101 01000101 00101000 00101001
10000001 10000001 1010101 00100101 11001010 01010101
3.1 Circuitry
READY
Each MPFM is comprised of three sets of sensor plate pairs that repeatedly get charged and
Here, each measurement point is configured
discharged, which induces currents according to
as a 24 bit signed integer. To be able to decode
Eq.(1). The potentials of the sensor plates can
the data streams, a software written in Labbe remotely adjusted, enabling in flight calibraView is used to visualize the data, demodulate
tion of the sensor. A basic flow chart for the
it, and store it as an .lvm-file for later processprocessing of the signal from two sensor plates,
ing.
thus comprising one sensor pair, can be seen
To measure the frequency of the signal, a
in figure 8. The two sensor plates in each pair
photodetector is placed next to the housing of
(1) are connected to a current- to voltage conthe motor driving the shutter plate. The motor
verter (2) and (3), followed by a differential amis partially painted with non-reflective paint.
plifier (4). The signal is then processed through
The photodetector can thereby detect each revan analog-to digital converter (ADC) and comolution of the motor (see figure 9).
pressed into a package containing a stream of
data points (a frame) of data and delivered via
a serial bus to a PC which can translate the
signal back to a discrete set of data points.
ϕ
2
1

4

ADC

PC

photodetector

3

non-reflective
paint

Figure 8: Flow chart for processing of the signal
from one sensor pair.
In addition to this, there are filters installed
to extract the fundamental tone from the square
waves obtained from the sensor pair, so as to
yield a sine wave for each sensor pair signal Si ,
which can be used in accordance with Eq.(4).
A 14 MHz processor is installed in the CubeSat which controls the digital components of the
circuit. The processor is programmed to handle everything from command inputs to returning requests from the user. For simplification,
the data output is a hybrid between string data
and binary data. This allows the user to search
for the beginning and the ending of a packet.

Figure 9: Schematic of the shutter plate placement relative to the photodetector and the non
reflective paint on the motor. ϕ is the phase of
the shutter plate.
The detector output is measured by the
ADC, which operates at 19.2 kHz. The motor speed is set to give a signal frequency of
∼ 250 Hz. The operating frequency of the photodetector for measuring the signal frequency is
6
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thus more than two times larger than the expected signal frequency, fulfilling the Nyquist
condition Eq.(8).
The circuit of the instrument is also
equipped with strategically placed thermal sensors. These give temperature readings from the
vicinity of the processor and along the circuits
of the MPFM.

3.2

a consistent way of determining the projection
phase, θ in Eq.(6), the photodetector is used
as a reference point. The edge on an opening
of a slit in the shutter plate will correspond to
a negative-to-positive zero crossing of the signal. By removing the measurement points up
until the first reflection detection from the photodetector, the signal data will always have the
same starting point phase-wise. The phase shift
between the photodetector and the signal is determined by doing live measurements and multiplying the raw signal with a sine wave and
a 90◦ -out of phase sine wave and averaging,
the imaginary and real parts of the signal are
obtained, I and Q [Eq.(5)]. During the measurement, the phase shift is tweaked in order to
minimize I, ultimately leading to a purely real
signal Eq.(6).
This process can be iterated for a desirable
amount of times or indefinitely for a continuous
stream of demodulated measurement points.

Sampling

Aside from the hardware of the instrument, how
the data is sampled is important in order to reduce signal noise. How well the frequency of the
original signal can be determined is a secondary
objective as it directly follows from minimizing
the jitter, see Eqs.(8)-(9).
The input clock frequency of the micro processor is fixed due to hardware limitations.
However, there are three clock dividers in the
ADC that are configurable which alters the
sampling frequency of the sensor plates. After testing some different configurations, these
3.4 Testing
dividers were set to yield a sampling frequency
of 19.2 kHz, which seemingly provided reliable To test the precision of the instrument, the aband accurate results.
sence of an electric field and a known field is
required in order to assess the noise during zero
measurements and to calculate the proportion3.3 Demodulation Method
ality constants in Eq.(3). To this end, two FaraAs previously mentioned, software written in day cages have been constructed, see figure 10
LabView is used to process the obtained data and 11.
and to demodulate it. The software retrieves an
The Faraday cage in figure 10 is used for
encrypted data set from the instrument which it tests in the Earth’s atmosphere. The Cubeunpacks and sifts through to find strings of in- Sat (1) is placed in the Faraday cage (2) and
terest such as *Samples, which then is decoded. a potential is applied via the panel (3). The
This yields the raw data from the sensor pairs dimensions of the box are 60 x 60 x 60 cm.
called and the photodetector.
The smaller cage shown in figure 11 is used
The photodetector signal is a 24 bit un- for tests in the vacuum chamber. The vacuum
signed integer that varies between ”high” and chamber that have been used is cylindrical with
”low” output. The high output represents re- a diameter of approximately 20 cm, the Faraday
flection detected and low output represents no cage was constructed with this as a constraint
reflection detected. As the motor is spinning, as it had to fit inside the chamber. Cables runthis results in a square wave. By detecting the ning along the exterior of the cage (1) are conrising edges of the square wave, the revolution nected to each of the sides in order to apply
time of the motor can be calculated and thereby a potential. The dimensions are 15 x 15 x 15
the signal frequency ω in Eq.(4).
cm. The bottom plate of the vacuum chamThe signal phase ϕ [Eq.(4)] of the obtained ber is conductive and can hence be used as the
sample is dependent on the position of the shut- ”last side” of the Faraday cage, which is why
ter plate at the first measurement point. To get this cage has an open bottom.
7
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electric field will then be given by the ratio of
the potential and the distance between that side
and the field mill in use. This provides a means
to determine αz in Eq.(3). Similarly αx and
αy are determined, a known electric field parallel to the MPFM is induced by applying a
voltage to two opposing sides, perpendicular to
the MPFM, while the the rest remain grounded,
the response can be measured and αx and αy
in Eq.(3) calculated. For example by applying
0.075 V to one side of the small Faraday cage
and -0.075 V to the opposite side, the resulting potential difference is 0.15 V which gives
an electric field that is approximately 1 V/m
across.
The setup for the tests in atmosphere can be
seen in figure 12. The CubeSat is placed within
the Faraday cage-box (1). A power supply (2) is
used to feed the cube sat with a supply voltage
and another power supply (3) is used to control
the potentials on the interior sides of the Faraday cage. The power supplies are analog, hence
a multimeter measuring voltage (4) is used in
addition to the potential applying power supply
in order to be able to tune it more accurately.
The cube sat is connected to a PC (not shown
in 12) via a D-sub 9 cable (5).
The setup for the tests in vacuum can be
seen in figure 13. The cube sat is placed
within the Faraday cage (1) which, in turn, is
placed within the vacuum chamber (2). The
vacuum chamber is connected to a pump (3)
which is used to drain the air from the chamber. The bottom plate of the vacuum chamber
is equipped with a connector that is used to connect the CubeSat and the Faraday cage to two
power supplies, (4) and (5). The power supplies
are used to supply the CubeSat with 24 V and
to control the potentials of the Faraday cage respectively. A multimeter measuring voltage (6)
is connected to the potential controlling power
supply to improve fine tuning. Finally (7) is
the D-sub 9 cable connected to a PC (not visible in figure 13) that gathers and demodulates
the data.
The vacuum system is limited to maintain a
pressure of approximately 5 torr which is considered sufficient to observe the performance of
the instrument in vacuum vs. in atmosphere.

2

1

3

Figure 10: A 60 x 60 x 60 cm Faraday cage
made of plywood with carbon painted aluminum plates covering the interior. A potential
can be applied to each individual plate from the
panel to the right.

1

Figure 11: A 15 x 15 x 15 cm stainless steel
Faraday cage. A potential can be applied to
each individual side via the cables to the left.
The tests made in each of the setups follow
the same steps, by applying ground to all sides
and the exterior of the cube sat, the electric
field inside the cages will be nullified and a zero
measurement can be made.
To induce a known electric field normal to
the MPFM, a potential can be applied to the
side facing the field mill in use while the rest
of the sides remain grounded. The resulting
8
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Before gathering data, the instrument needs
2
to go through a set of operations to calibrate it.
The CubeSat is placed within the correspond1
ing Faraday cage, the instrument is exposed to
3
a strong field (∼ 100 V /m) incident normal to
4
5
6
the field mill in order to calibrate the read-out
phase, see the Eqs.(6)-(7). The field is then re7
duced to zero in order to determine the offset
in the signals. The gathering of data then follows as the instrument is exposed to a known
electric field ∼ 10 V /m to determine the re- Figure 13: Experimental setup for tests in vacsponse. Lastly, all sides of the Faraday cage uum.
are grounded and a zero test is performed to
determine the Allan deviation. The sensitivity
of the instrument can then be calculated from
Eq.(11).
The process above is repeated with the instrument in the large (60 x 60 x 60 cm) Faraday
cage, i.e. tests in atmosphere, and in the small
(15 x 15 x 15 cm) Faraday cage, i.e. in vacuum.
Both of these tests are done several times, with
continuous data streams ranging from a few
minutes up to half an hour per test. The temperature within the CubeSat during the tests
is recorded as well, in order to determine the
effect of temperature fluctuations during measurements both in the presence and in the absence of atmosphere.

1

4

2

3

5

Figure 12: Experimental Setup for tests in atmosphere.
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Results

The signal from the photodetector can be seen in the upper panel of 14 ’Frequency determination’,
the red crosses indicate the time of detection of a rising edge. The time between the rising edges
each represent one revolution of the shutter plate. A linear fit to the angle of revolution vs. time
is presented in the lower panel, ’Linear fit of revolution detection’. Here, the slope represents the
frequency of which the shutter plate is rotating, which in this particular case was 503 rad/s or,
expressed as angular frequency ω, 80 Hz. Since the shutter plate has three slits this gives a signal
frequency of 240 Hz.

Figure 14: Photodetector readings and a linear fit of the rising edges.
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A response test was performed in air. The applied electric field was 10 V/m normal to the field
mill i.e. Ez . All of the following responses are calculated as Eq.(6).The readings from each sensor
pairs can be seen in figure 15. The offset of the signals S1,2,3 are believed to be an artifact from
pickup of the motors driving coils or surface deposits of charges. To calculate the response for
the electrical field applied, the difference in mean of the signals due to 10 V/m and 0 V/m are
used. The resulting responses due to a field strength of 10 V/m were found to be 0.66 mV for
each sensor pair.

Figure 15: Response test in air. Signals from sensor pairs S1,2,3 when an electrical field of 10
V/m was applied normal to the field mill. The electrical field was turned off after 140 seconds.
In the legend, the entity given, ”resp”, represents the response given in mV
From the tests in figure 15, the calibration factor αz in Eq.(3) can be calculated as
10 V /m = αz (0.66 + 0.66 + 0.66) · 10−3 ⇒
αz =

10.0
V /m
= 5010
1.996 · 10−3
V
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The calibration factors αx and αy are determined by applying an electric field parallel to the
MPFM and once again using Eq.(3). The resulting responses in S1,2,3 and calibration factors are
V /m
V
V /m
S3 = −0.55 mV ⇒ αy = 12800
.
V

10 [V /m]x̂; S1 = 0.39 mV, S2 = −0.50 mV, S3 = −0.19 mV ⇒ αx = 11300
10 [V /m]ŷ; S1 = 0.16 mV, S2 = 0.29 mV,

The measurement data from the tests for determining αx and αy are shown in figure 16.

Figure 16: Sensor pair response due to an electrical field strength of 10 V/m parallel to the field
mill, left-x̂ right-ŷ.
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The measurement series can now be expressed in [V/m] by combining appropriate sensor pair
measurements and multiplying by the corresponding α-factor according to Eq.(3). Using the
data in figure 15 and 16 in conjunction with the calculated αx,y,z , all directional components of
the electric fields in each tests can be determined. The results are presented in figure 17.

Figure 17: Measurements of Ex , Ey and Ez when an electric field of 10 V/m was applied in the
x̂ (top), ŷ (middle) and ẑ (bottom) directions.
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Figure 18 shows a response test inside the vacuum chamber. The applied electric field was 10
V/m normal to the field mill.

Figure 18: Response test done in vacuum when an electric field of 10 V/m was applied normal
to the MPFM.
By following the same steps as for the tests in air, the responses and the calibration factor in the
ẑ direction is calculated.

10 [V /m]ẑ; S1 = 1.68 mV, S2 = 1.72 mV, S3 = 1.67 mV ⇒ αz = 1974

V /m
V

Assuming that the calibration factors scale similarly as αz , αx and αy are approximated to 4000
and 5000 V V/m respectively. By using the measured responses and the calculated αx,y,z , the
electric field around the MPFM can be determined. The result is shown in figure 19.

Figure 19: Measurement of Ex,y,z when an electric field of 10 V/m was applied in the ẑ direction.
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To evaluate the noise of the signal by use of the Allan deviation, extensive zero measurements
in both air and vacuum were made. The zero measurements are presented in figure 20. The two
top graphs show the measurements in air where the left one is the sensor pairs response and the
right is the electric field (Ex ,Ey ,Ez ) calculated from Eq.(3). The two bottom graphs show the
measurements done in vacuum, the left one is the sensor pairs and the right one is the calculated
electric field (Ex ,Ey ,Ez ). In the leftmost graphs, the offset of the signals have been removed by
subtracting the mean of the signals for each corresponding sensor pair.

Figure 20: Zero test in air and vacuum. All sides of the Faraday cages are grounded during the
tests. Top left: Sensor readings during zero test in air, top right: Calculated electric field in
the x̂-, ŷ- and ẑ-directions of a zero test in air, bottom left: Sensor readings during zero test
in vacuum, bottom right: calculated electric field in the x̂-, ŷ- and ẑ-directions of a zero test in
vacuum.
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The Allan deviations for the zero measurements in air and vacuum (figure 20) are presented in
figure 21 and 22, respectively. Overall, one can see √
that the ADEV is much lower in vacuum than
in air. White noise with a magnitude of 1 [(V /m)/ Hz] is included in the figures as a reference.

Figure 21: Allan deviations of Ex , Ey , and Ez from tests done in air.

Figure 22: Allan deviation of Ex , Ey , and Ez from tests done in vacuum.
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The Allan deviation for the data of the tests done in air are white noise limited up to 256 s, 128
s and 8 s observation time in the x, y, and z-directions respectively. For longer averaging times,
the signal starts to drift. The data from the tests done in vacuum are white noise limited to 512
s, 256 s and 64 s for x, y, and z respectively followed by a drift here as well. The drifts seen in
the experiments in air are believed to be the result of charge build up due to interactions with
the atmosphere. The drift seen in the vacuum test is believed to be an artifact from the presence
of gas. This is a result of the vacuum system used in these experiments not being completely
air tight. Further investigation with a better vacuum system needs to be done to explore this
further. For now, a longer averaging time will improve on the precision of the instrument but it is
hard to determine an exact upper limit of this due to the limitations of the vacuum system. The
standard deviations and the Allan deviations of the zero measurements are presented in table 1.
Table 1: Standard deviations and ADEV for the three sensor pairs and electric fields in air and
vacuum.
Signal pair σ · 10−4 [V ](Air)
Signal pair σ · 10−4 [V ](Vacuum)
Electric field σ[V /m] (Air)
Electric field σ[V /m]
√ (Vacuum)
ADEV σy [(V /m)/√Hz] (Air)
ADEV σy [(V /m)/ Hz] (Vacuum)
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Pair #1
1.15
0.77
Ex
1.35
0.64
1.41
0.60

Pair #2
1.34
1.09
Ey
1.30
0.61
1.32
0.60

Pair #3
1.34
0.87
Ez
1.52
0.25
0.58
0.14
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It is also of interest to assess the influence of temperature on the system. A zero test in vacuum
with a temperature change of ∼ 7◦ C inside the CubeSat is shown in figure 23. A correlation can
be observed between increasing temperature and the response from the sensor pairs. This implies
that there is some electrical field, with unknown origin, within the Faraday cage even though all
sides are grounded.

Figure 23: Zero test done in vacuum where the temperature changes ∼ 7◦ C over the course of
the test.
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Discussion
Noise and demodulation

We start by looking at the signals obtained in
air vs those obtained from the vacuum test.
If we compare the signal strength in both ẑtests, the responses in air from an electric field
of 10 V/m are nearly one third of those from
the vacuum tests. If we backtrack to the theory, namely Eq.(1), we can approximate what
the expected current from each sensor plate is
and by ohms law find the expected voltage (the
current- to voltage converters amplifies by a
100M Ω resistor). A brief calculation of the expected voltage gives
V =I ·R=
dA
E · R ≈ 1.6 mV
= ε0 k
dt
where we have used ε0 k = 8.85·10−12 [As/V m],
dA
2
dt = 0.18 [m /s], E = 10 [V /m] and R =
6
100·10 [Ω]. The response from an electric field
of 10 V/m should thus be around 1.6 mV per
sensor pair, which agrees well with the tests in
vacuum but not those in air. This leads us to
believe that when the system is in air, the geometry of the calibration box plays a role and
that the fields generated are distorted somewhat. Simulations of the electric fields inside
the calibration boxes in both cases could give
more insight in the question.
Another possible factor affecting the difference in sensitivity could be particle interactions. We believe that such interactions might
cause charge deposits on the sensor plates which
in turn affects the signal.
The temperature test in figure 23 was done
as a means to further investigate this problem. The test was done in the vacuum chamber. However, the vacuum chamber maintains
a pressure of about 5 Torr, meaning that there
still are some particles inside the chamber. We
see that the signal is drifting with temperature
but to state whether this is due to particle interactions or something else is no easy task. The
conclusion we can draw from this is that the

signal does indeed depend on the surrounding
temperature but it needs to be further investigated (with a better vacuum system) if the drift
decreases as the number of particle interactions
are lowered.
When doing the response test in vacuum,
due to resource limitations, only the z-field was
tested. However, we can assume that αx and
αy scale similarly as αz and by looking at the
results in (figure 18), it seems as if the noise is
lower than in the air tests. As was previously
discussed above, the response seems to agree
well with the theory.
To further investigate the noise of the signals we look at the long zero tests in both air
and vacuum (see figure 20). For a first impression, the standard deviations of the entire samples are investigated. The standard deviation
for each sensor pair and the calculated electric field directions are shown in table 1. Here
we can see that the noise is indeed much lower
when the instrument is used in vacuum.
Looking at the Allan deviations of the tests
(figures 21-22), we find more reliable standard
deviations that are used to determine the final
sensitivity of the instrument. The Allan deviation from the data set collected in vacuum is
significantly lower than those in air.
Finally, a note on the reconstruction of the
signal frequency in figure 14, the first rising
edge is intentionally left out when doing the
linear fit. The first few samples obtained have
a risk of being corrupted and hence we choose
to always remove the first detected revolution.

5.2

Sensitivity

By using the 2σ rule of thumb for the Allan deviations in vacuum (figure 22), the sensitivities
in Ex , Ey and Ez were found to be (from table
1)
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Initially, this seems promising but; the geometry of the lunar lander will influence the measurements. On what scale the measurements
are affected have previously been simulated in
[9]. In short, the results of that work show that
there are three different ”error propagation factors” for the measured electrical field, one for
each directional component, x, y, and z. These
error propagation factors are constants defined
by the condition numbers for the instrument
when mounted on the lunar lander and the geometry of the system. The error propagation
factors calculated in [9] are

some things that we observed during the time
we spent in the lab.

5.4

Grounding

It is crucial that the shutter plate on the field
mills remain grounded. If not, it will undergo
charge build up due to Faradays’ law of electromagnetic induction, which in turn will induce an electric field toward the grounded sensor plates. This particular criteria is probably
one of the most crucial points to address. The
problem here is that maintaining an electrical
connection to something that spins at 5000 rpm
is not easy. The conventional way of doing
ξx = 25.0, ξy = 28.4, ξz = 41.6.
so is by mounting graphite slip rings and simply connecting them to ground or a potential
Using these error propagation factors with via some arbitrary conductor. This is possithe 2σ-sensitivities found in Ex , Ey , and Ez , ble since graphite is a dry lubricant which posthe final sensitivities, σ f , become
sess lubricative properties. However since the
electrical conductivity of graphite is dependent


on the moisture surrounding it, conventional
V
/m
σxf = 30 √
ways cannot be used in this case. A series of
Hz


tests including anything from graphite and vacV /m
uum grease mixtures, via copper wool, to silver
σyf = 34 √
Hz
nanoparticles have been made but most have


V /m
either not worked at all, neither in vacuum nor
f
σz = 12 √
,
at atmospheric pressure while others have failed
Hz
to maintain connection in the long run, on the
for 1 s measurements when the instrument is scale of 24 hours. One solution found was silver
mounted on the lunar lander. This implies that conductive vacuum grease which was applied di100 s measurement averaging is required, as rectly to the bearings of the motor and kept in
seen in figures 21 and 22. From the figures, place by an O-ring, see figure 24.
this will improve the sensitivity with approximately one order magnitude, which unfortunately is not enough. To further reduce the
1
2
noise levels in order to achieve the goal of measuring 1 V/m, we have some remarks in the
following sections of this discussion.
3

5.3

Fixated bearing housing

Remarks

A few remarks about the sensitivity of the instrument. Note that the tests in this thesis
work were all made in controlled environments
on the time scale of minutes for each test. The
idea is to measure the electric field close to the
lunar surface over the course of at least one lunar cycle without interacting directly with the
CubeSat. This might be problematic due to

Figure 24: An illustration of silver grease applied to the motor bearings, (1) is the motor
axis, (2) is an O-ring keeping the silver grease
(3) in place.
The silver lubricant successfully maintains
a connection between the bearings (and hence
the axis which is connected to the rotor) and
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the motor chassis with a resistance lower than
10Ω, low enough to deprive the shutter plate
of any chance of building up any charge. Even
though the silver lubricant works well, it has
its flaws. One being that it seems to damage
the bearings after some time, the result is that
the motor has a hard time maintaining constant
speed and the power consumption goes up. As
the power increases, so does the current which
in turn induces unwanted electric and magnetic
field inside the CubeSat (that are picked up as
noise in the signals). This means that the design of applying the silver grease needs to be
changed in order to be sustainable.

5.6

Electric field distortions

The ambient electric field will be influenced by
the instrument and the lunar lander. The lander will act as ground as it is in direct contact
with the lunar surface, i.e. the measured field
wont correspond directly to the ambient electric
field. If the ambient field strength and direction
is to be obtained, a conversion with respect to
instrument orientation and placement on the lunar lander is required. This has already been
revised in previous work on the subject in relation to this project [9], thereby it wont be
revisited here.
In addition to acting as ground, the lunar
This became a problem in the final stages of lander will cast a shade on the ground which
testing, thus a temporary setup with grounded will cause a plasma wake (as previously discopper wool pressed against the bottom of the cussed) which will influence the ambient field.
motor housing was installed. This solution was The importance and exact influence this will
only used for the test done in air.
have upon the ambient field is no easy task
To conclude this grounding chapter, we rec- to determine but it is necessary to take it into
ommend that the copper wool solution in con- account when extrapolating the field from the
junction with the silver lubricant in one way or measurements.
another is pursued.

5.7
5.5

Aluminum and silver

The structural components of the CubeSat are
made from aluminum. As aluminum is exposed
to the atmosphere it oxidates, creating a thin
film of isolating aluminum oxide which might
cause charge build up that interferes with the
ambient electric field. To avoid this, the first
thing we did during this project was to polish
every external part of the cube sat and have
them silver plated. As it turns out, silver does
in fact also oxidate (shocker). By consistently
checking the conductive properties of the exterior parts we discovered that after a couple of
months a thin isolating film had partly started
to build up. Our point being, before launch we
recommend that a brand new set of silver plated
exterior components are produced as close to
the launch date as possible and kept out of the
atmospheric environment. This is an easy way
of eliminating a possible error source without
considerable additional costs to the project.

Final words

We have characterized the MPFM and the precision of the instrument for electrical fields applied along the z, y and
√ x axis respectively are
0.14, 0.6, 0.6 (V /m)/ Hz for measurements in
vacuum. These are all white noise limited up
to approximately 100 s averaging times after
which the data starts to drift. This sensitivity
outperforms the current state of the art Field
Mills. In addition to this, the present instrument displays means to assess the directionality
of the electric field.
The instrument still needs to be tested for
long term applications. To do this, a new vacuum system needs to be built, one that can reduce the pressure to less than 5 Torr.

21

Clayton Forssén

April 12, 2018

References
[1] J. E. McCoy and D. R. Criswell, “Evidence for a high altitude distribution of lunar dust,”
in Lunar and Planetary Science Conference Proceedings, vol. vol. 5, 1975, pp. 2991–3005.
[2] Y. Harada et al., “Photoemission and electrostatic potentials on the dayside lunar surface
in the terrestrial magnetotail lobes,” Geophysical Research Letters, vol. Vol. 44, June 2017.
[3] J. W. Freeman and M. Ibrahim, “Lunar electric fields, surface potential and associated
plasma sheaths,” The Moon, vol. Vol. 14, pp. 103–104, 1975.
[4] O. E. Berg et al., “2.2.4 lunar soil movement registered by the apollo 17 cosmic dust experiment,” International Astronomical Union Colloquium, vol. Vol. 31, p. 233–237, 1976.
[5] W. M. Farrel et al., “Complex electric fields near the lunar terminator: The near-surface
wake and accelerated dust,” Geophysical Research Letters, vol. Vol. 34, July 2007.
[6] J. S. Halekas et al., “Lunar prospector observations of the electrostatic potential of the lunar
surface and its response to incident currents,” Journal of Geophysical Research, vol. Vol. 113,
September 2008.
[7] A. Rodriguez, “Geonica, s.a.” http://www.geonica.com/docs/9755%200004%20EFS%201000.pdf,
accessed: 2018-03-08.
[8] A. Boldyrev et al., “A highly sensitive field mill for registering weak and strong variations of
the electric field intensity of earth’s atmosphere,” Instruments and Experimental Techniques,
vol. Vol. 59, pp. 740–748, September 2016.
[9] K. Steinvall, “Deriving the undisturbed near-surface lunar electric field,” Dissertation, 2017.
[10] J. S. Halekas et al., “Extreme lunar surface charging during solar energetic particle events,”
Geophysical Research Letters, vol. Vol. 34, January 2007.
[11] T. J. Stubbs et al., “Lunar surface charging: A global perspective using lunar prospector
data,” vol. Vol. 1280, August 2005.
[12] C. Greenhall, “Frequency stability review,” Telecommunications and Data Acquisition
Progress Report 42-88, pp. 200–212, February 1987.
[13] J. Williams et al., “The global surface temperatures of the moon as measured by the diviner
lunar radiometer experiment,” Icarus, vol. Vol. 283, pp. 300–325, 2017.

22

Clayton Forssén

A

April 12, 2018

Lunar Environment

The temperature on the lunar surface varies
greatly. Measurements from the Lunar Radiometer Experiment indicate a temperature
ranging between ∼ 100 K and ∼ 400 K depending on longitudinal and latitudinal coordinates [13]. The expected landing site of the
instrument is close to the Apollo 17 mission, i.e.
around 20◦ N latitude. The average temperature around this latitude (data collected from
Lunar Radiometer Experiment, LRE) varies
from 100 K to around 375 K, see figure 25.

dQ
= −κA∇T
dt
where κ is the thermal conductivity of the material, A is the heat transfer surface area and
∇T is the temperature gradient. The instruments structural components consist mostly of
aluminum, the thermal conductivity of aluminum varies significantly in the range of ∼
100 − 400 K. The effect of this is that thermal
conduction between the lander and the instrument will vary depending on local time.
Heat transfer via convection is dependent
upon the surrounding fluid, the surrounding
medium is considered to be vacuum, and hence,
there will be no heat transfer via convection.
The radiated heat can be described with the
Stefan-Boltzmann law,


dQ
= εσA T 4 − TC4
dt
where ε is the emissivity of the body, σ is Stefan’s constant, A is the radiating surface area,
T is the temperature of the body and TC is
the surrounding temperature. Hence, the radiated temperature is independent whether the
instrument is in Earths atmosphere or deployed
Figure 25: Temperature readings of the lunar on the lunar surface.
surface from the LRE [13].
Heat transfer will thus be influenced mainly
by the absence of heat convection. Even though
Due to this fact and that there is no atheat conduction will be different due to the
mosphere surrounding the moon, the means of
change in κ with temperature, it is ignored in
heat transfer will not act in the same fashion
this case. The reason that it can be ignored is
as in Earths nitrogen- and oxygen rich atmothat even if the heat conductivity of aluminum
sphere where the temperature can be seen as
varies, it can still be considered as a good conpractically constant. Other than that, the inductor of heat at temperatures around 400 K.
strument will reach thermal equilibrium with
the surroundings when inactive; the temperature within the instrument during operating
times will be affected by the environment as
well. For a stationary experiment placed in a
quasi-stationary fluid, heat can be transferred
by three main modes, namely conduction, convection and radiation.
The heat conduction in this case will be the
transfer of heat between the lunar lander and
the instrument. The heat transfer between the
bodies due to conduction can be described with
Fourier’s Law when considering energy conservation. First, looking only at Fourier’s Law;
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