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Comet hunter Rosetta has been on a mission to study comet
67P/Churyumov-Gerasimenko since 2004. When Rosetta reached comet 67P and
joined it in its orbit, the spacecraft began its study of, among other aspects, the
plasma near the comet. In this report, we will take a closer look on technical aspects
of the Langmuir probe instrument on-board Rosetta, focusing on means to improve
calibration of data obtained from the spacecraft. The Langmuir probe instrument
includes two probes, LAP1 and LAP2. A suspected calibration error was confirmed to
follow the expected model. A polynomial fit was made of instrument leakage currents
measured in flight, which looked similar between the two, with a few variations
dependent on positioning and internal characteristics of the different components.
Strong temperature dependence is seen, reaching a maximum temperature at
perihelion. This report also investigates surface contamination on the probes, possibly
caused by, among other things, dust grains from the comet and the exhaust plumes of
the spacecraft. An analysis of the photoemission of the LAP instrument has shown
indications that LAP2 is the probe mainly subject to contamination, and it will
therefore be the main focus of the contamination section of this study. A method to
shift LAP2’s contaminated response was applied to a sweep where the probes had an
offset of a few volts. The bias shift was investigated for August 30th 2015 and March
15th 2016, between which the shift is seen to have increased. The method may be
used on the entire dataset to examine the shift evolution and whether or not the
method holds. A transient effect seen on LAP2 when set to floating mode, initially
thought to solely be a result of surface contamination, is now thought to be a
measure of the contaminating sheath discharging as well as changing physically over
time.
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Populärvetenskaplig sammanfattning
Den 2:a Mars 2004 påbörjade rymdfarkosten Rosetta en resa mot ett klump av stoft
och is kallad kometen 67P/Churyumov-Gerasimenko.
Ombord på rymdfarkosten fanns, bland andra, ett instrument utvecklat av
Institutet för Rymdfysik vid Uppsala Universitet, nämligen Langmuirproberna. Dessa
två prober var designade för att mäta plasmats olika parametrar och ge oss en bättre
förståelse för kometer och deras uppbyggnad.
I den första delen av denna studie utforskar vi sätt att förbättra
Langmuirprobernas kalibrering genom att analysera befintlig data från dem i
MATLAB.
Eftersom en tidigare analys av fotoemission på proberna visar tecken på
kontamination på en av dessa undersöker vi i den andra delen av denna rapport
skillnader mellan proberna genom att studera dem då de är utsatta för relativt liknande
fysikaliska förhållanden. Kontamination måste tas hänsyn till för att undvika en
felaktig bild av plasmat och dess egenskaper.
I den sista delen av denna studie undersöks ett insvängningsfenomen på en av
proberna, genom att se denna som en kondensator och modellera ekvationer utifrån
detta. Urladdningen tros bero på ett kontaminerande lager. Vi undersöker även
variationer i LAP2 i ett försök att kvantifiera kontaminationen.
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1
1 Aim of the project
This study aims to improve existing calibration and software processing, as well as
attempt to characterize surface contamination on Rosetta’s dual Langmuir probe
instrument LAP, which was designed to study the plasma surrounding the comet
67P/Churyumov-Gerasimenko.
1.1 Introduction
On September 30th 2016, Rosetta ended its mission by landing on comet 67P, taking
photos of its surface and sending data of its findings back to Earth. During its two
year investigation of the comet, following ten years of traversing through the
interstellar medium, Rosetta has expanded our knowledge of comets and their role in
the solar system.
In the first part of this report, we examine on-board calibration macros of the
Rosetta Langmuir probe instrument (LAP) including, and point out an effect of how
the LAP flight software does averaging.
Following that, we examine leakage currents originating in the LAP electronics
in relation to heliocentric distance of the spacecraft, as well as the spacecraft attitude.
In order to map a contamination phenomenon suspected on LAP2, a shift
between the probes’ bias sweeps was investigated.
As LAP2 shows characteristics of a discharging capacitor, we also studied the
time constant of a possible contaminating layer and what may cause this. In the final
part of this study, we examined variations in the current-bias response of LAP2 before
and after we set the probes to a zero bias current, in order to quantify the
contamination.
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2 Background
2.1 Rosetta
ESA’s Rosetta spacecraft was launched in 2004 with the comet 67P/ChuryumovGerasimenko as a target, with which it rendezvoused in August 2014. Rosetta is the
first spacecraft to make a detailed long-term study of a comet, following it through a
large part of its orbit in the solar system, mapping how its activity evolves as its
distance to the sun changes. Rosetta's onboard systems are powered by solar energy
through its two solar arrays, which are fourteen meters wide each, enabling Rosetta’s
operation in the interstellar medium.

Figure 1. Image of the Rosetta spacecraft. Picture courtesy of ESA.

The spacecraft carries various instruments on board to measure, among other
phenomena, the plasma surrounding it. The study of the plasma is done through a
collaboration called the Rosetta Plasma Consortium, of which the Swedish Institute
of Space Physics (IRF) in Uppsala, Sweden, is a member and has contributed with a
Langmuir Probe instrument designed to mainly investigate the temperature and
density of the plasma.
Rosetta was designed with a lander, which was tasked, among other objectives,
to land on the surface of the comet, drill a few centimeters into its core and collect
samples that were to be examined by the lander’s own laboratory. This marked the
first time a spacecraft has landed on the surface of a comet as well as collect samples
from its body. The Rosetta mission’s primary goal was to investigate the role and
impact of comets in the history of the solar system and improve our understanding of
understand the origin and evolution of the Solar System [17].
Rosetta was launched in March 2004, and during its travels through the
interplanetary medium, there were four gravity assist maneuvers performed – three
around Earth and one around Mars. These were done to gain momentum so that it was
able to rendezvous with 67P in its orbit, but it also provided an opportunity to study
2

the environment around the comet. In its trajectory, Rosetta passed two comets –
2867 Steins (in 2008) and 21 Lutetia (in 2010), before entering deep space
hibernation in June 2011. The spacecraft was awakened in January 2014 and
performed maneuvers to match 67P’s orbit during the summer of 2014 for a final
rendez-vouz in August of that year. Rosetta’s lander, Philae, landed on 67P in
November 2014, an operation that did not pan out entirely as planned, ending with
Philae landing in a crevice. The lander did however work for approximately 60 hours
before its batteries died, achieving 80-90% of its scientific objectives.
Initially due to end in December 2015, the mission was extended until
September 2016, when Rosetta descended onto the comet’s surface for a controlled
impact, taking pictures and collecting its last pieces of data before shutting down
forever.
2.2 Langmuir Probes
A Langmuir probe is a conductor immersed in plasma, see figure 2. The goal of a
Langmuir probe is to measure plasma and dust parameters and this can be done with
different methods. A bias voltage can be added to the probe, while the current
response is measured. An example of this can be seen in figure 3.

Figure 2. Image of a Langmuir probe. Picture courtesy of A. Eriksson.

The basic measurement principle of a Langmuir probe is based on that a
negative probe attracts positive particles, i.e. ions, while a positively charged probe
attracts negative particles, i.e. electrons. The more particles the probe attracts, the
higher current is detected.

Figure 3. Example of bias voltage sweep on LAP1 (black) and LAP2 (blue).
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Another way to measure plasma parameters is to keep the bias voltage constant.
This would be a way to measure electron density. A third method would involve
keeping the bias current constant to measure the electric field.
2.2.1 The Rosetta Langmuir Probe Instrument
This section is a brief description of the instrument; for a more elaborate explanation,
see reference [15].
Rosetta carries two independent Langmuir probes, LAP1 and LAP2. Each has its
own circuitry in the RPC0 box, see figure 4.
The Langmuir probes used on Rosetta are titanium (Ti) spheres coated by
titanium nitride (TiN). The sphere of each probe has a radius of 2.5 cm and the stub
on which it is attached is 15 cm in length.
The probes are in turn mounted on two booms of different lengths – one 2.24
meters long and the other 1.62 m, see figure 4. LAP1 projects at a 45-degree angle to
the direction in which all imaging instruments are looking and in which the comet is
found most of the time, sitting on the longer of the two booms. This is done so that
the probe will become exposed to the plasma flow coming from the comet with a
minimized intrusion of spacecraft sheath or wakes. LAP2 sits on the shorter of the
booms, and is often in shadow.

Figure 4. Illustration of Rosetta. LAP1 sits on the longer of the two booms. The Solar Aspect
Angle reflects the spacecraft’s attitude relative to the sun and is the angle of the position of the
sun in the spacecraft reference frame projected on the spacecraft xz-plane counted from the zaxis to the +x axis. RPC0 is the box containing the RPC electronics, including the two LAP
circuit boards. Picture courtesy of A. Eriksson et al.

The analogue signal of the LAP probes is recorded by two sets of two different
ADCs at different clock frequencies, simultaneously or in tandem depending on
science objective. The ADCs exhibit different responses on a signal, needing precise
calibration. ADC16, see figure 7, takes snap-shots of data that is then directly
converted to telemetry, while the ADC20 takes greater intervals of data which are
usually averaged by the LAP flight software. This averaging is necessary as there is a
limited amount of data that can be transmitted.
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2.2.2 Bias Voltage Sweeps
As briefly mentioned in section 2.2, a bias voltage sweep on a Langmuir probe is
conducted in such a way that the current to the probe is recorded as the voltage
applied to the probe is swept over a negative to positive bias to attract or repel
charged particles, see figure 3. The probe is grounded to the spacecraft, and this way
of biasing the voltage applied makes the system quite independent of the spacecraft
charging, but also gives the opportunity to deduct the potential of the spacecraft from
the current collected by the probe.
2.2.3 Mean value calculation
LAP data has been sampled at high- (kHz range, using the ADC16s) and low
frequencies (few Hz, by the ADC20s) throughout the mission. To reduce the data
volume sent by LAP, averages of low frequency measurements were calculated
before being transmitted back to Earth, while the high frequency data were
transmitted as short snap-shots with long data gaps between. This average should be
calculated using arithmetic mean value calculation [8]:
< 𝑢 >=

!! !..!!!
!

(1)

Where n is the number of measurements made. Data sampled at high- and low
frequencies should then have the same values. However, some strange effects in data
made us suspect the LAP flight software instead calculated:
< 𝑢 >=

!! !..!!!
!!!

(2)

In section 3.1, we investigate if this is the case, and whether we need to modify the
data processing to correct such an erroneous calculation. It should be noted that not all
data types are affected.
2.2.4 LAP offset calibration
An ideal open circuit should not give rise to a current unless it is closed. However, in
reality, any electric circuitry contains imperfections, such as leakage currents
originating from components such as linear amplifiers. To identify these, LAP can
disconnect the probes from its electronics, thereby measuring only its own leakage
currents. We need to adjust for these imperfections so that they do not contaminate
our dataset.
LAP has two main modes of calibration in flight, called Macro 104 and 105.
Macro 104 is designed for a bias voltage to be applied and stepped in an open probe
circuit, i.e. with the probe disconnected. Macro 105 has the same setup except with
the addition of a resistor of 5 MΩ [1] to ground.
The data obtained in these modes are referred to as offset sweeps and resistor
sweeps respectively. Macro 104 and 105 have typically been run for approximately
thirty minutes, at irregular intervals of typically a few weeks throughout the mission,
and enable us to characterize any leakage currents originating from the
instrumentation so that we are able to eliminate them in the calibration phase of the
data processing, with appropriate calibration factors.
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When looking at the offset sweep data, we see, in figure 5, that the result looks
like a linear trend. When removing a least linear square fit to the trend, what remains
is what appears to be a small nonlinear response, see figure 6. When taking a closer
look at this response, we can see that it looks quite like a cubic function.

Figure 5. Example of an offset sweep where the probe is disconnected from the circuitry. The blue
curve represents LAP1, and the red curve represents LAP2. Picture courtesy of Anders Eriksson.

This nonlinear response, stemming from the LAP electronics, can be eliminated
by firstly performing a cubic fit to the offset sweeps, then subtracting the fit from all
the datasets. We will explore this process in section 3.2 of this report.

Figure 6. Example of the nonlinear residual remaining after a linear fit to the offset sweep is
removed. The first column shows LAP1 data, and the second column represents LAP2.
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2.2.5 Polynomial expression and transformation
The Langmuir probes collect an analog signal, which for each probe is converted to
digital values by two independent analog-to-digital converters, one operating at 18.75
kHz and the other at 57.8 Hz. Figure 7 shows how the signal gains various offsets
from the various components of instrumentation. These components give rise to a
leakage current, which this report aims to examine in order to improve already made
calibrations.

Figure 7. Schematic of how the input signal S from the probe gains an offset before converted to
telemetry, TM [1]. The two different analog-to-digital converters, A16 and A20, sample data at
different frequencies.

To model the leakage current emanating from our instrumentation, we use a cubic fit
of the following form [8]:
𝑦 = 𝑎𝑥 ! + 𝑏𝑥 ! + 𝑐𝑥 + 𝑑

(3)

where y is the current and x the bias voltage, in instrument units. We will use a
transformed expression in accordance with [1] as we do not expect a secondary term
in our current response:
𝑦 = 𝑝(𝑥 − 𝑠)! + 𝑞 𝑥 − 𝑠 + 𝑟 (4)
where:
𝑠=−

𝑏
3𝑎

𝑝=𝑎
𝑞 = 𝑐 − 3𝑝𝑠 !
𝑟 = 𝑑 + 𝑞𝑠 + 𝑝𝑠 !

(5)

2.2.6 Surface contamination on Langmuir probes
A Langmuir probe immersed into plasma, can become contaminated by materials in
the plasma, that form a thin layer on top of the electrode surface, and add a
capacitance factor to the system. Additionally, the contamination layer separates the
probe from the surrounding plasma and disrupts the measurements of the probe,
giving rise to the phenomenon known as hysteresis. Figure 8 depicts this phenomenon
schematically.
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Figure 8. Illustration of the hysteresis effect. When a probe is subjected to surface
contamination, a sheath forms between it and the surrounding plasma, causing a capacitance
and resistance to be added to the circuitry. When stepping a bias from negative to positive and
back again, the same bias will give two different current responses. Picture courtesy of
Szuszczewicz and Holmes [4].

Szuszczewicz and Holmes [4] showed that a Langmuir probe that is
contaminated will have a shifted bias sweep curve. The shift is caused by the
capacitive effect of the contaminating sheath, which will consequentially cause the
contaminated probe to have a shifted effective bias potential, see figure 9.

Figure 9. Szuszczewicz and Holmes’ illustration of the influence of a baseline voltage, 𝑉! on a
current-voltage characteristic. The baseline voltage represents a contamination sheath and
causes a shift in the current-voltage response. The illustration to the right shows how the
shifted curves can be shifted to align. In the case of Rosetta, the baseline voltage is the
contamination sheath shifting LAP2. Picture 8
courtesy of Szuszczewicz and Holmes [4].

In the Rosetta mission, we want to compare results between the two probes,
LAP1 and LAP2, as they have been oriented differently in regards to the spacecraft,
which has exposed them, in variation, to exhaust thrusts. The particles from the
exhausts are one potential source of contamination, which we predominately suspect
have adhered onto LAP2. Other factors that can cause differences between the probes
are different exposure to sunlight, and therefore temperature, as well as different
exposure to dust from the comet. There is strong indication of variation between the
probes seen in shifts between their datasets, similar to those explained by
Szuszczewicz and Holmes seen in figure 9, as well as photoemission data, seen in
figure 10. We will assess the possibility of LAP1 being contaminated as well, and if
this contamination appears small in comparison, we will use LAP1 as a correction
reference for LAP2 data.
2.3 Time constants in circuits
As the probes are subjected to the environment, a layer of particles may adhere to
their surfaces as a contamination. This layer is to some extent able to store electric
charge, i.e. has a capacitance. As the contaminating layer also has a resistance, it
becomes an additional component in the circuitry of our instrumentation, see figure 8.
From theory [3], we know that the time constant for charging a capacitor is
equal to the resistance multiplied with the capacitance, a constant we will here
name τ:

𝛕 = 𝑅𝐶

(6)

As we will see in figure 21, LAP2 does not immediately reach steady state as
LAP1 seems to do almost instantly, but approaches it exponentially. Fitting an
exponential function will give us the time constant of the contaminating layer.
This would happen according to [3]:
𝑉 = 𝐴𝑒 !!/𝐑𝐂
This leads to:
ln 𝑉 = ln 𝐴 −

(7)
!
𝐑𝐂

ln (𝑒) (8)

Elimination of ln(e) = 1 and naming the RC factor τ gives:
!

ln 𝑉 = ln 𝐴 − 𝛕

(9)

which is a linear equation in accordance with:
𝑦 = 𝑚 + 𝑘𝑥

(10)

From this we can see that if we have an exponential voltage response to a bias current
over time, we can derive from the slope of the logarithm of the response, the time
constant as:
τ=−

!

(11)

!
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2.4 Photoelectric effect
Another phenomenon to which the probes are subjected, is the photoelectric effect.
When the probe surfaces are hit by photons of a sufficient energy, their electrons can
be emitted. The energy of the released photoelectrons depends on the light that
generates it according to [9]:
𝐸! = ℎ𝑓 − ∅

(12)

where ∅ is the work function and depends on the material of the probe, h is Planck’s
constant and f is the frequency of the photons.
If the probe is positive it attracts back some of the emitted electrons, so not all
photoelectrons contribute to the current. The photoelectrons create a cloud around the
probe, with a radius 𝑟! [10]. All photoelectrons inside this radius are absorbed back to
the surface of the probe. All photoelectrons outside this radius escape and make up
the photoelectron current, 𝐼!! .
Apart from the photoelectron current, the ions and electrons in the plasma
surrounding Rosetta also generate currents, 𝐼! and 𝐼! , flowing between the spacecraft
and the plasma [6]. The total current to the probe is then [10]:
𝐼 = 𝐼! + 𝐼! + 𝐼!!

(13)

2.4.1 Photoemission on Rosetta
During Rosetta’s mission in space, the probes’ photo-saturation current has been
measured and visualized against and compared to the solar EUV flux, see figure 10.
LAP1 follows the EUV relatively well, whereas LAP2 detects less current near the
end of 2015 and the beginning of 2016. As the probes are exposed to the same source
of light, i.e. the sun, the only significant factor that can affect their current response to
that light, is some kind of surface contamination. We therefore assume the
discrepancy in LAP2’s current response is caused by a contaminative layer adhering
to its surface, and this is the reason why we choose to look more closely at LAP2 in
this report.
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Figure 10. LAP1 and LAP2 photo-saturation current together with EUV data from the Earth-orbiting
TIMED satellite propagated to Rosetta using a solar rotation model and a 1/𝑟 ! law (courtesy of E.
Odelstad). Data is selected from Rosetta’s arrival to 67P to mission end. The EUV has been normalized
to LAP1 and LAP2’s saturation current. LAP2 shows a lower current response around the end of 2015
and beginning of 2016, an indication of increased resistance on the probe’s surface. This discrepancy is
the reason LAP2 is thought to be contaminated. Picture courtesy of Johansson.et al [12].

3. Results and Discussion
3.1 Mean value calibration
!

To test the hypothesis of the mean value being calculated by a factor!!!, we plotted
high frequency current data (which is not averaged) sampled during fixed bias against
low frequency data (averaged) and made a linear fit to the curve to get the factor
differentiating the two, see figure 11. If the mean value had been calculated correctly,
the slope of the curve would have been 1, as the high frequency sampling reflects the
same measurements as the low frequency sampling.
Our results closely matched our predictions, with the theoretical value being
within one 𝜎 for three of the cases analyzed. For macro 604, where n = 4, we
expected the mean value calculation to have been done on the low frequency data
with a factor 4/5. In our high- vs. low frequency plot of macro 604 that we have
selected from October 12th 2014, seen in figure 11, our coefficient k – the slope of the
curve – closely matches that factor, seen in table 1. We performed the same routine on
data sampled in macro 505, where n = 128, see figure 6, but the expected factor of
128/129 is too close to be seen through the inevitable noise.
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Figure 11. Low vs. high frequency data from both probes on October 12th, 2014.
The slope of the linear fit to the curves are the factors used to calculate the mean
value of the data samples before they are sent back to Earth. We see that they
closely match the expected erroneous value.

LAP1
Date
141012

k
0.79711

𝜎!
0.0095

Date
141012

k
1.023

𝜎!
0.0171

LAP2

Macro604
m
𝜎!
-80.4405 0.0183
Macro505
m
𝜎!
-78.4664 0.0102

k
0.7729

𝜎!
0.0253

m
-88.9481

𝜎!
0.0197

k
0.9835

𝜎!
0.0364

m
-86.519

𝜎!
0.0044

Table 1. Table showing linear fit coefficients for LAP1 and LAP2 low vs. high frequency data
mean value factor. The factor for macro 604 should be 4/5, which we see is the result of our fit,
as well as 127/128 for macro 505, which is expected, although this factor is not distinguishable
from 1 due to the noise.
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The reason why this was not detected in ground tests is that the error is small for
large n (e.g. n = 256). Rosetta LAP operations are controlled by programmable
macros, and only when new macros with low n were uploaded to LAP during flight
did the error have any significant effect. Only a few macros are affected, but the
correction should nevertheless be applied throughout. That there indeed is a bug in the
flight software is easy to verify in the code.
3.2 Leakage current
3.2.1 Coefficients of polynomial fit
In any electronic circuit, a leakage current originating from different electronic
components is generated. In the case of Rosetta LAP, the important component is a
differential amplifier, and figure 4 illustrates schematically how the analog signal
gains an offset. To estimate this offset current in our circuit system, we generated a
cubic fit for currents sampled during execution of macro 104 (offset sweep, with the
probe disconnected from the circuit) and plotted each coefficient of all of the fits
against time, to get an overview of trends in different components of instrumentation.
We use equation (5) to transform the coefficients. We know that instruments in space
are exposed to two kinds of phenomena that can affect the components: radiation and
temperature. If radiation would have significantly damaged the components, we
would see this as a change in a time evolution plot of the leakage current coefficients.
We focus on data starting in 2014 to mission end, but plots of the full range of data
starting from the initiation of the mission can be found in Appendix A.
We can see from figure 12 that the coefficients remain fairly stable so there is no
evidence that radiation has affected the components. Given this, an investigation on
temperature dependence will be done in section 3.2.3 of this report.
The shift coefficient s for LAP1 is fluctuating around a value of 125 TM, or
telemetry, units, which is the raw digital output form the analog-to-digital converter,
which is transmitted to the spacecraft systems and then to the ground. LAP2 data
shows a slight fluctuation around 125 TM units, but remains relatively constant with
time.
The third degree contribution, coefficient p, seems similar for both probes,
although with slightly lower value for LAP2. Small variations between the probes
could be caused by variations in internal characteristics of each component. We can
see, at least during 2014, a clear decreasing trend in both probes, and will investigate
further if this could be related to temperature and/or heliocentric distance.
Both probes show similar results also for the linear term, q, although here too,
we see a lower value in LAP2. The curve has a dip between 21-24 August 2015,
which as it is negative, means its absolute magnitude is highest here. We know that
August 2015 marks the time Rosetta reached perihelion, which means the instruments
were exposed to peak temperatures. We will take a closer look at whether or not there
is a direct correlation between temperature, heliocentric distance and the leakage
current expressed by our polynomial expression in section 3.2.3.
Although the curves of the constant term, r, look similar, their values differ
significantly. The constant term of LAP2 is at a magnitude of 17 units higher, around
35 to LAP1’s 18.
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Figure 12. Time evolution of macro 104, offset current, coefficients. The first column
represents LAP1 data, the second corresponds to LAP2. A third degree polynomial fit was
made for the offset current measured when the probes were disconnected with the circuit.
The shift coefficient, s, remains fairly constant around 125 TM units for both probes, while
the constant term, r, differs with 17 TM units between LAP1 and LAP2. The cubic term, p,
looks similar for both probes, with a minor variatio. The linear term, q, is also similar
between the probes, and sees a peak in current around perihelion in August, 2015.
o similar between the probes, and sees an increase in current around August, 2015 – a time
that marks comet arrival.
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3.2.2 Selecting temperature reference
As we have seen in section 3.2.1, temperature is most likely what affects our
instrumentation and we want to look at how the coefficients expressing the leakage
current change over heliocentric distance. To keep track of the temperature of various
subsystems, several thermistors measuring the temperature are distributed around the
spacecraft. Two of them are relevant for the LAP electronics: one on the power
supply unit (PSU) of the PIU instrument inside the RPC-0 electronics box, and one on
the RPC-0 box itself. The PSU thermistor is expected to see more of heat variations
due to changing load on the PSU, while the box thermistor should give more of an
average over the entire box, so its variations should be more representative of the
LAP electronics.

Figure 13. PSU vs. PIU-RPC temperature. During the span of the mission, two datasets of
temperature has been collected – the power supply unit temperature – the PSU – and the
thermistor temperature – the PIU-RPC. The relationship between the two is fairly linear
and can both be used for analytical purposes, though for this report the PIU-RPC will be
used as it reads temperature outside the Rosetta electronics box, closer to the LAP circuitry
board.

Since we have used two sources of temperature data, we compare these to see
what their relationship might look like. From our resulting figure 13, we see that it is
a linear, relatively consistent relationship, and we can use either of these two datasets,
though we will proceed with data obtained with the box thermistor for reasons stated
above.
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Figure 14. PIU-RPC Temperature vs. Heliocentric Distance. The temperature rises upon
comet arrival, mainly due to not all components being in use simultaneously pre-arrival,
and Rosetta being in hibernation, leading to a lower temperature measured by the
thermistor.

During the course of the mission, use of the offset determining macro 104
changed. Right after launch, it was run just after instrument power-up, while later
usage was to run it after several hours of operations to ensure thermal stability.
When looking at how the PIU-RPC temperature changes over heliocentric
distance, seen in figure 14, we note that the temperature rises and remains higher after
Rosetta arrives to 67P. A contributing factor to this could be that all instruments were
not in use simultaneously pre-arrival.
We will in this report, remain focused on data obtained from the full mission,
however, data plots after arrival in our analysis of the leakage currents evolution over
heliocentric distance and SAA can be found in Appendix, figures B:2 and B:3.
3.2.3 Correlation to heliocentric distance, PIU temperature, SAA
Clearly, the SAA has no magic influence of its own on the LAP electronics, but as the
SAA describes the illumination of parts of the spacecraft, it should have a role in the
control of the temperature. We therefore include also the SAA in the analysis. The
result can be seen in figure 15, and we are able to deduce two things. Firstly, the
instrumentation is sensitive to heating – this is seen in that the linear term of the
leakage current generated increases with closer proximity to the sun and an
investigation of temperature dependence seems highly desirable. Secondly, there is no
16

clear correlation to the SAA, although we seem to have a measurement bias of higher
SAA at large heliocentric distance, which limits the scope of our analysis. However,
as previously noted, the procedure in which calibrations were conducted changed
after Rosetta reached the comet. Plots of data limited to after comet arrival as well as
non-transformed plots can be found in Appendix B.

Figure 15. Heliocentric distance and SAA variation for macro 104 current coefficients. No clear
correlation to SAA can be made, though we have a measurement bias of higher SAA at large
heliocentric distance. The linear terms indicated that the current increases with decreased distance to
the sun. LAP1 data in first column, LAP2 data in second column. Plot of full mission.
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To further investigate the correlation to temperature, we plot the coefficients
against PIU-RPC temperature and SAA, see figure 16, which shows strong
temperature dependence. A maximum temperature seems to occur at around 93
degrees of the SAA. This can be explained with the fact that Rosetta was in
terminator-orbit at perihelion, where the orientation of the spacecraft relative to the
sun was 90 degrees most of the time, hence the overrepresentation of 90 degree SAA
values at maximum temperature.
The relationship between temperature and TM units seems linear for all terms
but the shift term. A linear fit has been made for each term and can be found in
Appendix, table D:1.

Figure 16. PIU-RPC Temperature with SAA variation for macro 104 coefficients.
The thermistor temperature is strongly correlated to the SAA, with a maximum
occurring at circa 93 degrees. LAP1 data in the first column, LAP2 data in the
second column. Plot of full mission.
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The linear temperature dependence can be used to find offset currents at a given
temperature. Temperature is measured every 32 second, while the offset current is
determined about every 10 days, so there have been more measurements made of
temperature than of the offset current, and the offset calibration can be improved by
extrapolating offset current data from the linear relationship between the two.
3.3. Offsets between LAP1 and LAP2
To investigate offsets between LAP1 and LAP2, we take a look at bias sweeps on a
day when both probes were sunlit, on August 30th, 2015. We note in figure 17, that
both curves look similar, with an offset in bias voltage.
Szuszczewicz and Holmes [4] noted that if a probe is contaminated, its current
response to a bias sweep should be shifted, and if shifted back, should align with a
clean version of the same probe. We assume here that LAP1 is clean or only
minimally contaminated. With a 3.5 V shift, LAP2’s response coincides almost
perfectly with LAP1, as seen in figure 17. This is a good indication of contamination
present on LAP2, but also a way for us to know that LAP2 curves can be shifted.

Figure 17. First bias sweep of August 30th 2015, illustrating the difference in bias values
between LAP1 (black) and LAP2 (blue). The second figure shows that we are able to shift
the LAP2 curve to fit LAP1 almost perfectly – a strong indication of contamination on
LAP2.

We know that if there is a shift in bias voltage between the probes, it can be due
to contamination [4]. Figure 17 is an example of a bias sweep. To confirm there is a
consistent bias difference, we look at the all sweeps on August 30th 2015, at selected
current points: 10, 20 and 30 nA, see figure 18. We see there is a difference of
approximately -2 V between the probes at all three currents. The histogram is
approximately normally distributed, which points to that we have some noise caused
by the fact that the probes are positioned differently and do not measure the plasma at
the same time, but with a 32 second delay. Nevertheless, as the histogram peaks at -2
V and not at zero, it seems likely there is a shift, which we interpret as due to
contamination.
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Figure 18. Histogram of bias differences between LAP1 and LAP2 at 10, 20 and 30 nA
comparison points, on August 30th 2015. The differences are approximately normally
distributed around -2 V, pointing at contamination on one of the probes.

Figure 19. Overview plot of August 30th 2015 to the left and March 15th 2016 to the right. The only data
relevant to this study is seen in panel 5. On August 30th 2015 we can see LAP2 collects more current overall.
This is an indication of contamination. March 15th 2016 is an example of that LAP1 sees more electroncurrent than LAP2 at times, seen in panel 2, indicating contamination also on LAP1. However, the probes see
different plasmas due to a 32 second difference between their sweeps, which can have implications for a
comparison of contamination.
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On March 15th 2016, the difference between the probes was around 10-12 V at
10 nA, see figure 20. However, the probes see different plasmas due to the probes
having a 32 second delay between sweeps and the plasma might be different. We see
in figure 19 that LAP1 sees more electron-current than LAP2 at times, indicating
there might be contamination also on LAP1 and that things may be more complex
than we originally thought. The time delay between the probes, as well as the
possibility of LAP1 being contaminated as well, may be the cause that the differences
between them at the points of comparison to show less normal distribution on March
15th 2016 than August 30th 2015.

Figure 20. Histogram of bias differences between LAP1 and LAP2 at 10, 20 and 30 nA
comparison points, on March 15th 2016, when we see there has been a significant bias
difference between the probes. The differences are not perfectly normally distributed, but
have two peaks around -10 to -12 V for a 10 nA comparison point. This day is not as
optimal one to quantify the contamination on LAP2 as LAP1 sees more electron-current
than LAP2, which could be an indication of contamination on LAP1 as well.

In order to map the bias voltage shift between the probes and quantify the
contamination, a valid comparison point needs to be selected.
If the probes are exactly the same and are exposed to the same plasma, but
subjected to different sun exposure, looking at currents below 0 A would yield a
difference between biases due to the photoemission effect. If, however, measurements
are made at low positive currents, the probe exposed to sunlight will have absorbed all
photoelectrons. If we go too high, we note that the differences vary greatly, possibly
due to the probes having a 32 second delay between sweeps and the plasma might be
different. We see from our histograms, that the optimal current to analyze seems to be
10 nA.
If the entire dataset is analyzed using this method we can map if there is always
a voltage shift between the probes and how this changes throughout the mission,
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where the method might fail and whether or not we can quantify the contamination.
This is not included in the scope of this study, but is suggested for further study.
3.4 Time constant in transit to floating mode for LAP2
In this section we consider mode transitions, where the probes shift from voltage bias
to floating mode, or vice versa. In floating mode, the probe is disconnected from the
bias circuitry, no current flows between the probe and instrument electronics, and the
probe voltage is measured. It has been noted since the start of the comet approach in
2014 that when we shift from voltage bias to floating mode, LAP2 reaches steady
state much slower than LAP1, reminiscent of that of a discharging capacitor, as seen
in figure 21.

Figure 21. Floating probe measurement on 160326. LAP1 results can be seen in the left figure,
LAP2 in the right. We see that LAP1 instantly reaches steady state with oscillations superposed,
while LAP2 has a delay. Note that the oscillations have similar amplitude in both signals.

Using equation (9), we derive a value for τ (6), seen in table 2. Plots of
additional dates can be found in Appendix, figures E:1 and E:2.
Before the probes enter floating mode, they have usually been on a constant
negative or positive bias voltage. In the dates analyzed in table 2, LAP2 was on a
constant bias voltage of 30 V. The probe has to discharge from 30 V to its steady
state, and this takes some time. We can see from figure 21, that this time is longer for
LAP2 compared to LAP1, which can be interpreted as a sign of contamination.
𝛕 (s)
1588 ±330
278 ±32
406 ±103
268 ±96
215 ±35
249 ±113

Date
160326
160327
160501
160504
160508
160511

Table 2. Time constants and their standard deviation for LAP2 between March and May 2016,
a time period LAP2 is believed to have accumulated a contaminating particle layer. Standard
deviation has been calculated using three fits to the lin-log of the LAP2 plot in figure X. The
same process has been applied on all the dates in the table.
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Table 2 shows that the time constant seems relatively consistent on the dates
examined, but there seems to be something occurring on March 26th 2016, setting it
apart.

Figure 22. Overview plot from March 26th 2016. The panels relevant to this study are panels 4 and
5, bias sweep spectra. A maneuver is seen in LAP2’s current response at approximately 2.30 AM in
panel 5, followed by a delay in voltage recovery after macro 802 ends.

An overview plot from that day, seen in panel 5 of figure 22, shows that a
maneuver occurring at approximately 2.30 AM could be the underlying reason, were
particles may adhere to the probe’s surface and add a capacitance to the system. This
could explain the longer-than-usual time constant in the voltage recovery on LAP2.
However, it can be noted that LAP2 is in SAA shadow during this period and was at
negative bias voltage before. This means the only current available for discharging the
surface charge to space is via the small ion current. The Comet Aspect Angle (CAA)
shows LAP2 is also in the wake of the comet at this time, so this current can be very
small, explaining the long delay time.
There is one instance, on May 11th 2016 seen in Appendix, figure E:2, where
LAP1 as well as LAP2 has suspicious behavior. This could be caused by changes in
the plasma, but may need further study.
It can be deduced from this, that LAP2 has an approximately 3-5 minute delay in
reaching steady state. The long and variable decay time suggests some other cause
than instrument electronics. A contamination layer which changes in time due to e.g.
thruster firings or comet dust outburst and subsequent evaporation of the
contamination is one possible source.
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3.4.1. Bias sweeps
The probes can mostly be assumed to be immersed in the same plasma, but we can
see in figure 23 that on March 26th 2016, there is a bias difference between the probes
at the point where the electron current begins dominating the curve, i.e. the plasma
potential. This difference is approximately 10 V.

Figure 23. Bias sweeps on LAP1 and LAP2 on March 26 th 2016, showing that LAP1
remains relatively unchanging while LAP2’s current response fluctuates with each sweep.
The two last sweeps before a floating probe macro was applied have been selected, as
well as the two immediate sweeps following the end of said macro.

When we sweep after floating, the difference is approximately 1 V in the first
sweep, increasing to 2 V in the second sweep. Overall, LAP1 displays fairly
consistent measurements, suggesting that there is little to no plasma variation while
LAP2 shows significant variation.
The change in bias difference after floating of the probes along with LAP2’s
delay in reaching steady state when going to floating mode, seen in figure 21,
indicates that (i) LAP2 is contaminated and (ii) that this contamination seems to occur
during negative biases. When we let the probes reach steady state, LAP2 reaches a
positive potential, which (iii) seems to reduce the contaminating layer, as the probes
converge on similar estimates of the plasma potential.
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Sweeps before-/after macro 804
Resistance
LAP2

160326
(𝝉= 1588)

Capacitance
LAP2

LAP2 Sun
exposure

Second to last
Last
First
Second
160327
(𝝉 = 278)

180.0 nF (0.55 𝜇F)
117.5 nF (0.45 𝜇F)
94.3 nF (4.21 𝜇F)
-77.0 nF (2.86 𝜇F)
Capacitance
LAP2

8.84 GΩ (2.89 GΩ)
13.5 GΩ (3.51 GΩ)
16.8 GΩ (0.38 GΩ)
-20.6 GΩ (0.56 GΩ)
Resistance
LAP2

shaded
shaded
shaded
shaded
LAP2 Sun
exposure

Second to last
Last
First
Second
160501
(𝝉 = 406)

17.7 nF (0.35 𝜇F)
19.0 nF (0.32 𝜇F)
-18.4 nF(1.15 𝜇F)
-15.1 nF (1.09 𝜇F)
Capacitance
LAP2

15.7 GΩ (0.80 GΩ)
14.7 GΩ (0.86 GΩ)
-15.1 GΩ (0.24 GΩ)
-18.4 GΩ (0.25 GΩ)
Resistance
LAP2

HGA shaded
HGA shaded
HGA shaded
HGA shaded
LAP2 Sun
exposure

Second to last
Last
First
Second
160504
(𝝉 = 268)

35.9 nF
64.5 nF
58.5 nF
59.3 nF
Capacitance
LAP2

12.0 GΩ
6.29 GΩ
6.95 GΩ
6.85 GΩ
Resistance
LAP2

HGA shaded
HGA shaded
HGA shaded
HGA shaded
LAP2 Sun
exposure

Second to last
Last
First
Second
160508
(𝝉 = 215)

86.1 nF
160.1 nF
76.0 nF
73.5 nF
Capacitance
LAP2

3.11 GΩ
1.67 GΩ
3.53 GΩ
3.63 GΩ
Resistance
LAP2

HGA shaded
HGA shaded
HGA shaded
HGA shaded
LAP2 Sun
exposure

Second to last
Last
First
Second
160511
(𝝉 = 249)

21.3 nF
30.7 nF
27.6 nF
31.9 nF
Capacitance
LAP2

10.1 GΩ
7.0 GΩ
7.78 GΩ
6.73 GΩ
Resistance
LAP2

HGA shaded
HGA shaded
HGA shaded
HGA shaded
LAP2 Sun
exposure

Second to last
Last

35.6 nF
34.7 nF

7.0 GΩ
7.16 GΩ

HGA shaded
HGA shaded

LAP2
bias pre macro
804
negative
negative
negative
negative
LAP2
bias pre macro
804
negative
negative
negative
negative
LAP2
bias pre macro
804
negative
negative
negative
negative
LAP2
bias pre macro
804
negative
negative
negative
negative
LAP2
bias pre macro
804
negative
negative
negative
negative
LAP2
bias pre macro
804
negative
negative

First
Second

23.1 nF
26.9 nF

10.8 GΩ
9.27 GΩ

HGA shaded
HGA shaded

negative
negative

Table 3. Table of resistance and capacitance values for LAP2 before and after floating macro 804
runs. Data is calculated by estimation of the resistance through the slope of the bias voltage sweep
curves on the ion side. (6) is then used to calculate the capacitance. Numbers in parentheses are
values calculated while the capacitance was thought to be a phenomenon caused by the
contaminating layer. Three sweeps give negative values for resistance, indicating an error in
measurements.

We model the contamination as a capacitance and resistance in an electrical
circuit, in accordance with Szuszczewicz and Holmes [4], see figure 8.
Having an estimation of the time constant for LAP2, the capacitance could be
calculated if the resistance of the contaminative layer was known, according to (6).
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When the probes are floating, there is no current flowing between the probe and
electronics. However, during some time after a mode switch when the probe adapts its
voltage to the surroundings, a capacitive current may still flow between probe and
plasma. We can use the sweeps before and after the floating macro and look at the
curves locally around zero current to get an estimate of the slope, and its inverse, the
resistance, at the floating point. For the cases we studied, the resistances calculated
were very high and seemed to be set more by the ion collection than any
contamination layer. Had the surface layer had such a high resistance, almost no
current could have passed it at positive potentials, in contrast to what we observe.

Figure 24. The contamination can be seen as a capacitance 𝐶! , in an electric circuit in
parallel with a resistance 𝑅! , given by the contaminating sheath connected in series
with a resistance 𝑅! , from the plasma.

The high resistances can be explained with the plasma surrounding Rosetta
being tenuous. The more tenuous the plasma, the less particles exist to carry the
current, and the harder it gets for the probes to discharge or charge. A table of data
derived from the sweeps corresponding to dates found in table 2, can be found in table
3. Plots of these sweeps can be found in Appendix F.
Another factor affecting the data is whether or not the probes are exposed to
sunlight. If that were the case, photoelectrons can contribute to the current to the
probe from the plasma. If it were not, the corresponding particles would be ions.
These particles are much heavier, and there may be very few of them, particularly in a
wake behind the spacecraft, causing the discharging process to take more time, which
is something we see on LAP2 as it is shaded during all the sweeps investigated. We
see from table 3, that LAP2 is always shaded in the instances examined, and the
current dominating the discharging process is carried by ions. For dates March 26th
2016 and March 27th 2016, the resistance and capacitance were calculated in the I = 0
part of the bias sweeps before and after macro 804. Realizing that while the probes
are discharging there is still a current flowing carried by the ions, the resistance was
re-calculated while looking at the ion part of the sweeps. The old values can be seen
in parentheses.
The capacitance is relatively consistent before and after the floating macro. On
May 4th 2016, see figure F:3 in Appendix, floating the probe seems to reduce its
capacitance from 160.1 nF to 76 nF. On LAP2, the second to last sweep looks like a
shift of the first sweep after floating the probe, which according to 2.2.6, would be a
sign of contamination.
A reduction of capacitance can also be seen on March 26th 2016, see figure 23,
between the last sweep before macro 804 and the first sweep after macro 804 ends.
Although this change is not major, we see that floating the probe seems to lower the
capacitance.
All in all, we can see the discharging effect seen on LAP2 as a measure of the
contaminating sheath discharging, as well as changing physically over time.
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4 Conclusions
The focus of this report has been on some technical aspects of Rosetta’s
instrumentation and calibration, taking a closer look at LAP2 for signs of
contamination. From this study, the following conclusions can be drawn:
•
•

•
•

•
•

•
•

•

•
•

We confirmed a flight software bug in calculating averages in data.
The polynomial fit of the leakage current coming from the instrumentation
looks similar between the probes, with a few variations dependent on internal
characteristics of the different components.
The instrumentation is sensitive to heating with a leakage current response
generated increasing with closer proximity to the sun.
There is no clear correlation between the leakage current and SAA, however,
a correlation can be seen with heliocentric distance, due to temperature
dependence.
Significant temperature dependence is seen in the measured offsets and
polynomial fit coefficients to these offsets.
The temperature dependence can be used to find offset currents at a given
temperature. Since there are many more measurements of temperature than
offset calibrations, this could give a better picture of the offset current.
The temperature rose upon comet arrival, a reason for this being that all
spacecraft systems were not in use simultaneously pre-arrival.
Example bias sweeps of LAP1 and LAP2 show a shift in LAP2’s response,
which when shifted, aligns with LAP1 pretty well, in accordance with
Szuszczewicz and Holmes [4].
If the entire dataset is analyzed using the shift method described in this report,
a mapping of the voltage shift between the probes and how this changes
throughout the mission can be made and may serve as a way to quantify the
contamination.
The discharging effect seen on LAP2 at mode transitions is sometimes very
long, likely due to few charge carriers (ions) being available.
Contamination investigations here have used very simple models and used
only a few events. The results are therefore preliminary, but we believe there
is good evidence for some contamination at least on LAP2.
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Appendix A: Time evolution of macro 104 polynomial fit coefficients

Figure A:1. Time evolution of macro 104 polynomial fit coefficients. Nontransformed polynomial, including second degree term.

1

Figure A:2. Time evolution of macro 104 polynomial fit coefficients. Transformed
polynomial, full mission view.

2

Figure A:3. Time evolution of macro 105 polynomial fit coefficients. Nontransformed polynomial, full mission view including outliers.

3

Figure A:4. Time evolution of macro 105 polynomial fit coefficients. Transformed
polynomial, full mission view including outliers.

4

Figure A:5. Time evolution of macro 105 polynomial fit coefficients. Transformed
polynomial, full mission view, outliers removed.
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Figure A:6. Time evolution of macro 105 polynomial fit coefficients. Nontransformed polynomial, full mission view, outliers removed.
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Figure A:7. Time evolution of macro 105 polynomial fit coefficients. Transformed
polynomial, full mission view, offset (macro 104) removed.
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Appendix B: Heliocentric distance and SAA variation

Figure B:1. Heliocentric distance and SAA variation of macro 104 polynomial fit
coefficients, full mission. Non-transformed polynomial, including second degree
term.
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Figure B:2. Heliocentric distance and SAA variation of macro 104 polynomial fit
coefficients, post-comet-arrival dataset. Non-transformed polynomial, including
second degree term.
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Figure B:3. Heliocentric distance and SAA variation of macro 104 polynomial fit
coefficients, post-comet-arrival dataset. Transformed polynomial.

10

Appendix C: Power Supply Unit Temperature and SAA variation

Figure C:1. Power Supply Unit Temperature and SAA variation of macro 104
polynomial fit coefficients. Non-transformed polynomial, including second degree
term.
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Figure C:2. Power Supply Unit Temperature and SAA variation of macro 104
polynomial fit coefficients. Transformed polynomial.
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Appendix D: PIU-RPC Temperature and SAA variation fits

k

m

PIU-RPC temperature and SAA variation: Linear fits to macro 104 coefficients
pP1
qP1
rP1
pP2
qP2
𝝈
𝝈
𝝈
𝝈
𝝈
-6.94e-08
0.04
-0.0097 0.00 0.23
0.10
-6.83e-08 0.05 -0.007 0.031
26

rP2
0.37

𝝈
0.06

8.23e-06

25.93

0.02

0. 009

-3.68

0.03
27

12.03

0.048

7.70e-06

0.01

-2.07

0.003

Table D:1. Linear fits to marco 104 coefficients plotted against PIU-RPC Temperature and SAA
variation. Plots can be found in figure 12 in report.
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Appendix E: Floating probe

Figure E:1. Floating probe measurement from 160327, 160501 and 160504 of LAP1
to the left and LAP2 to the right.
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Figure E:2. Floating probe measurement from 160508 and 160511 of LAP1 to the
left and LAP2 to the right.
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Appendix F: Bias sweeps

Figure F:1. Bias sweeps from 160327. Two last sweeps before macro 804, floating
probe macro, initiates and two first sweeps after macro 804 are plotted. LAP1 and
LAP2 data marked in legend.
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Figure F:2. Bias sweeps from 160501. Two last sweeps before macro 804, floating
probe macro, initiates and two first sweeps after macro 804 are plotted. LAP1 and
LAP2 data marked in legend.
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Figure F:3. Bias sweeps from 160504. Two last sweeps before macro 804, floating
probe macro, initiates and two first sweeps after macro 804 are plotted. LAP1 and
LAP2 data marked in legend.
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Figure F:4. Bias sweeps from 160508. Two last sweeps before macro 804, floating
probe macro, initiates and two first sweeps after macro 804 are plotted. LAP1 and
LAP2 data marked in legend.
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Figure F:5. Bias sweeps from 160511. Two last sweeps before macro 804, floating
probe macro, initiates and two first sweeps after macro 804 are plotted. LAP1 and
LAP2 data marked in legend.
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Appendix G: Macro 105 plots

Figure G:1. Time evolution of macro 105, resistor sweep current coefficients. Four
outliers are seen, caused by a bug occurring during information transfer.
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Figure G:2. Time evolution of macro 105, resistor sweep current, coefficients.
Outliers have been removed and the image is zoomed. The shift coefficient, s, is
relatively stable for LAP1 while it increases for LAP2, after comet approach. The
cubic term, p, reaches a maximum around June 2014, when Rosetta performed
several maneuvers to approach the comet. The linear term, q, is relatively constant
for both probes, with values that differ with approximately 2 TM units. The constant
term, r, differs greatly between the two probes, a difference that makes it dependent
on what probe is our reference. The difference can also be an indication of external
factors, such as SAA, coming into play when it comes to the instruments being
affected during flight.
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Appendix H: PIU-RPC Temperature and SAA variation

Figure H:1. PIU-RPC Temperature with SAA variation for macro 104
coefficients. Non-transformed coefficients.
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Appendix I: Resistor response – zoomed view on post-comet arrival
data

Figure I:1. Time evolution of macro 105 coefficients with offset removed. Macro 104
data was removed from the dataset, resulting in the resistor response of the leakage
current. The shift varies between the probes, LAP1 being more stable than LAP2. The
cubic term is of the same magnitude between the probes, and varying similarly
throughout the mission after-comet arrival. The linear component is expected to be
fairly constant throughout the mission as the component generating it is a resistor, and
this is seen in both probes. The constant term varies greatly between the probes, which
can be due to internal characteristics or variation in positioning of the components
generating them.
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