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Abstract

Abstract

Comets are thought to be the most pristine objects in the Solar System. Investigating
comets will therefore shed light on the origin and formation of the Solar System. For
this purpose the European Space Agency selected the Rosetta mission to carry out a
study of the Jupiter family comet 67P/Churyumov-Gerasimenko at a close distance
continuously for a period of more than two years around its closest approach to the
Sun.

This work presents laboratory calibration and neutral gas coma measurements of the
COmet Pressure Sensor (COPS) of the Rosetta Orbiter Spectrometer for Ion and Neu-
tral Analysis (ROSINA). Following a brief introduction to the mission and the instru-
ment, the data treatment principles are illustrated. Next, the laboratory calibrations
to characterize COPS long term stability and to verify the data analysis methods are
demonstrated. Finally, the results of COPS observations in the coma of comet 67P are
shown and discussed in detail.

A few highlights are as follows: the peak total neutral gas production rate is slightly
shifted from perihelion passage and estimated to be approximately 4 · 1028 molecules/s;
neutral gas expansion velocities in October 2014 have been derived to be around 300 to
1200 m/s depending on illumination conditions on the surface and Rosetta’s location
above the comet; though built to measure neutral gas, COPS surprisingly observed as
well dust and plasma signatures.

All in all, COPS was working well throughout the Rosetta mission and has assisted
to unravel a small section of the extensive puzzle about the formation of our Solar
System.

i
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Chapter 1. Introduction

1. Introduction

Comets are believed to be the most pristine bodies in the Solar System and offer
clues to the origin and formation of the Solar System (Balsiger et al., 2007). There-
fore, the Rosetta space mission was designed to carry out a close study of comet
67P/Churyumov-Gerasimenko (67P). Onboard of Rosetta, the Rosetta Orbiter Spec-
trometer for Ion and Neutral Analysis (ROSINA) observed in situ the abundances of
the volatiles in 67P’s atmosphere and ionosphere and characterize the dynamics of the
comet’s near nucleus environment by measuring the bulk velocity and temperature of
the gas. ROSINA consists of two mass spectrometers and a pressure sensor. Each
ROSINA sensor has an identical twin in the lab that can be used for calibration and
testing purposes. Calibration measurements and analysis of space observations of the
COmet Pressure Sensor (COPS) have been performed over the course of this study
and are reported in this thesis.

Out of the three sensors of ROSINA, COPS is best suited to measure the total neutral
gas density/pressure required to derive the absolute abundances in the coma, together
with the ram pressure the bulk gas velocity can be obtained, and eventually the gas
temperature. Thus it is important to verify the calibration methods and characteristics
of COPS through lab based measurements. Results of these calibration measurements
are then used to analyze data obtained by ROSINA COPS in space.

This chapter is dedicated to introduce the comet, the mission, and the instruments;
COPS will be described in further detail in the following chapter. The data treatment
principles will be outlined in the third chapter. Afterwards, the conducted experiments
to calibrate or to verify the behavior of COPS will be presented. In the end, observation
results of comet 67P achieved by COPS during the mission will be discussed.

1.1 Comets

Comets are known as “dirty snowballs” composed of ices and meteoritic materials
(Whipple, 1950). They are thought to be the remaining objects that escaped the
incorporation into planets and ejection from the Solar System during Solar System
formation. Comets were formed in the cold regions of the solar nebula. Some formed
in the comparatively “warm” nebular regions near Jupiter where the temperature may
have been > 120 K and others formed beyond Neptune where temperatures may have
been < 30 K (Bell et al., 1997).

Traditionally, comets can be classified into two groups based on their orbital period.
Those with orbital periods shorter than 200 yr are called short-period comets and as
opposed long-period comets. Short-period comets with periods between 30 to 200 yr
are considered to be Halley-type comets. Moreover, most of the short-period comets
with periods less than 30 yr have aphelia near Jupiter, and were captured into the
short-period orbits as a result of close encounters with Jupiter, therefore they are
named Jupiter-family comets.

1



Chapter 1. Introduction

There are two common comet reservoirs − the Oort cloud and the Kuiper Belt. An il-
lustration of the two reservoirs is shown in Figure 1.1. The Oort cloud is a distribution
of comets orbiting the Sun in arbitrarily inclined orbits. Weissman (1996) estimated by
the size of long-period comet orbits that the Oort cloud extends to around 50000 AU
from the Sun. It is generally believed that they are bodies that were scattered out-
wards by the giant planets. The Kuiper belt is a disk-like distribution of comets beyond
Neptune’s orbit that can explain the observed amount of short period comets (Fernan-
dez, 1980). The Kuiper belt objects (KBOs; also known as trans-Neptunian objects
(TNOs)) usually have inclinations less than 30◦and are distributed on a disk 30 to 400
AU from the Sun.

It seems that comets with orbital periods less than 30 yr originate from the Kuiper
Belt while the others are from the Oort cloud (Brownlee, 2014). Comet 1P/Halley is
thought to originate from the Oort cloud, whereas 67P/Churyumov-Gerasimenko the
comet of this study from the Kuiper belt. Nevertheless, latest Rosetta results indicate
that a comet’s dynamical history does not necessarily reflect its origin of formation
as indicated by the strong variation in D/H among the different populations (Altwegg
et al., 2015; Biver et al., 2016).

Figure 1.1: Illustration of Kuiper belt and Oort cloud (not to scale). Credit: ESA.

As comets approach the Sun, the increasing solar illumination leads to an enhanced
cometary activity by sublimation and release of gas and solids into space. The nucleus
of the comet is hard to observe, it has a low albedo and its size is typically smaller
than 15 km in diameter. Gas and dust that escapes from the nucleus form a coma
that can reach several 106 km in size. While the comet moves along its orbit, small
dust particles pushed away by solar radiation forms the dust tail; at the same time,
gas is ionized and forms the ion tail which is always pointing away from the Sun as it
is strongly affected by the solar wind.

Figure 1.2 shows a schematic of a comet approaching the Sun and a picture of the ion
and dust tail of comet Hale-Bopp (C/1995 O1). Furthermore, solid desiccated comet
debris left on the comet’s orbit forms cometary meteor streams, seen as meteor showers

2



Chapter 1. Introduction

when the Earth passes through them. A photo of comet McNaught (C/2006 P1) with
its spectacular dust tail is shown in Figure 1.3. The Ulysses spacecraft encountered
the ion tail of comet McNaught at a distance of more than 108 km to the nucleus; it
has been identified to be the largest comet observed from Earth to date.

The active life of a comet can cease by either of the three major fates (Keller and Jorda,
2002): 1. it sublimes if it is dominated by ice, then shrinks and becomes invisible; 2.
it disintegrates by splitting and shedding of subnuclei and chunks ending up as dust
within the planetary system; a prominent example is comet Shoemaker-Levy 9 that
broke apart to more than 10 pieces in 1992 and collided with Jupiter in 1994; 3. it
becomes dormant when its surface becomes inert and may remain as a body close to
its original size.

The cold temperatures at their reservoirs allowed comets to preserve the volatile species
since the formation of the Solar System. Hence, studying comets would give hints about
the composition of the early Solar System, transportation of material to the inner
planets like Earth, etc. Therefore, several cometary missions were executed started
with The International Cometary Explorer (ICE) in 1978. The missions are listed in
Table 1.1 with Rosetta in 2014 to be this first one to orbit and study a comet closely
for more than two years.

Figure 1.2: Left: Schematic of a comet approaching the Sun (not to scale); This picture
is based on http://spaceplace.nasa.gov/comet-quest/en/. Right: illustration showing
the dust and ion tail of comet Hale-Bopp (C/1995 O1); Credit: NASA. The ion tail is
pointing away from the Sun; the dust tail is curved and pushed out on the orbit of the
comet due the solar radiation pressure.
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Figure 1.3: Comet McNaught (C/2006 P1) over the Pacific Ocean with its spectac-
ular dust tail. Image taken from Paranal Obaservatory in January 2007. Credit: S.
Deiries/ESO.

Table 1.1: List of cometary space missions.

Launch Date Comet Mission Target Comet
1978 Aug 12 ICE 21P/Giacobini-Zinner
1984 Dec 15 Vega-1 and Vega-2 1P/Halley
1985 Aug 19 Suisei 1P/Halley
1985 Jan 07 Sakigake 1P/Halley
1985 Jul 02 Giotto 1P/Halley, 26P/Grigg-Skjellerup
1998 Oct 24 Deep Space 1 19P/Borrelly
1999 Feb 07 Stardust 81P/Wild, 9P/Tempel
2005 Jan 12 Deep Impact/EPOXI 9P/Tempel, 103P/Hartley
2004 Mar 02 Rosetta 67P/Churymov-Gerasimenko

1.2 Rosetta

Rosetta was an international space mission led by the European Space Agency (ESA).
It was the first space mission to orbit and also land on a comet. The spacecraft was
launched on 2 March 2004 on a 10 year journey through the Solar System towards 67P.
Rosetta underwent three gravity assists at Earth and one at Mars, flew by asteroids
2867 Šteins and 21 Lutetia, and went through a deep space hibernation of two and a
half years before arriving at the comet.

On 6 August 2014 Rosetta rendezvoused with 67P at a distance of less than 100 km
from the nucleus. It deployed its lander Philae to the comet on 12 November 2014
to focus on the composition and structure of the comet nucleus material. The orbiter

4
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Rosetta then continued to accompany 67P through perihelion measuring the increase
and decrease in coma activity throughout the comet’s apparition until 30 September
2016 when the mission ended with a soft landing on the comet. A timeline with the
key events of the Rosetta mission can be found in Table 1.2.

Table 1.2: Timeline of Rosetta.

Date Events
2004 Mar 02 Launch
2005 Mar 04 1st Earth gravity assist
2007 Feb 25 Mars gravity assist
2007 Nov 13 2nd Earth gravity assist
2008 Sep 05 Flyby - asteroid 2867 Šteins
2009 Nov 13 3rd Earth gravity assist
2010 Jul 10 Flyby - asteroid 21 Lutetia
2011 Jun 08 Start of deep space hibernation
2014 Jan 20 Wake up from deep space hibernation
2014 Aug 06 Arrival at <100 km from comet 67P
2014 Nov 12 Release and landing of Philae on 67P
2015 Aug 13 Perihelion passage
2015 Dec 12 End of nominal mission
2016 Sep 30 End of extended mission

To investigate the origin of the Solar System by studying the origin of comets, and to
study the relationship between cometary and interstellar material with its implications
to the origin of the Solar System, the scientific measurement goals of Rosetta are
(Schwehm and Schulz, 1999):

1. Global characterization of the nucleus, determination of dynamic properties, sur-
face morphology and composition.

2. Determination of chemical, mineralogical and isotopic compositions of volatiles
and refractories in a cometary nucleus.

3. Determination of the physical properties and interrelation of volatiles and refrac-
tories in a cometary nucleus.

4. Study of the development of cometary activity and the processes in the surface
layer of the nucleus and inner coma (dust/gas interaction).

5. Global characterisation of asteroids, including determination of dynamic proper-
ties, surface morphology and composition.

To achieve these goals Rosetta consisted of an 11-instrument orbiter and a 10-experiment
lander. The Rosetta orbiter was used to study the volatile and refractory material in
the coma and composition and physical properties of the nucleus; the lander Philae per-
formed the first in situ analysis of the comet nucleus, including the composition and
physical properties. A short description of the orbiter instruments are given below.
Further information may be found in Schulz (2010).

The remote sensing instruments are designed to characterize the nucleus surface and
the gas and dust abundances in the coma. OSIRIS is a camera system designed to
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determine the size, shape, rotational state, and the surface topography, sublimation,
and erosion processes of the nucleus; MIRO is a microwave spectroscope to detect the
surface and subsurface temperatures of the nuclues, and also the outgassing rates and
isotopic ratios of certain volatile species; VIRTIS is an infrared imaging spectrometer
focused on the detection and characterization of minerals and molecules to identify
and quantify different constituents of cometary material; Alice is an ultraviolet imag-
ing spectrograph to determine the production rates of atoms and gas molecules, and
characterizes the nucleus surface at UV wavelengths.

The in-situ instruments collect and analyze gas and dust from the inner coma. ROSINA
is a mass spectrometer suite that measures the composition and physical properties of
neutral gas and ions; COSIMA performs dust composition measurements; GIADA and
MIDAS obtain dust fluxes and physical properties of the grains.

CONSERT (with its counterpart on the lander Philae) and RSI are radio instruments
that are designed to investigate the interior nucleus properties such as mass, bulk
density, and mass distribution. RPC monitors in-situ the comet plasma environment
and its interaction with the solar wind. The radiation environment was measured by
SREM.

The lander Philae was designed to be dropped onto the cometary surface to obtain the
first in situ measurements of a comet nucleus (Glassmeier et al., 2007). The CIVA and
ROLIS camera systems take images of the nucleus surface. SESAME performs elec-
tric and acoustic sounding of the surface and monitors dust impacts from the nucleus
outgassing activity. CONSERT works with its counterpart on the Rosetta orbiter to
explore the interior of the nucleus. ROMAP monitors the magnetic and plasma envi-
ronment. APXS and MUPUS are to be deployed to the surface to measure elemental
composition of the surface materials and subsurface physical properties. Mass spec-
trometers and gas chromatographs PTOLEMY and COSAC analyze the surface and
subsurface samples from the drill and sampling acquisition system SD-2 for isotopic
and molecular composition.

The results in this study were performed by ROSINA. Therefore it will be introduced
in more detail in the following section.

1.3 ROSINA

The main objective of the Rosetta Orbiter Spectrometer for Ion and Neutral Analysis
(ROSINA) is to determine the major atmospheric and ionospheric compositions in the
coma and to investigate the gas dynamics around the comet. It is capable of measur-
ing the neutral coma composition, composition of cold thermal ions, total neutral gas
density, and ram pressure. ROSINA consists of a pressure sensor and two mass spec-
trometers: the COmet Pressure Sensor (COPS), the Reflectron-type Time-Of-Flight
mass spectrometer (RTOF), and the Double Focusing Mass Spectrometer (DFMS). All
three sensors are controlled by the Data Processing Unit (DPU).
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1.3.1 DPU

The Data Processing Unit (DPU) is in charge of the operating of all three ROSINA
sensors and the communication with the spacecraft. The operation modes are stored
in the DPU and can be modified via software update or direct commanding. A picture
of the DPU is shown in Figure 1.4.

Figure 1.4: Picture of the ROSINA DPU extracted from Balsiger et al. (2007).

1.3.2 RTOF

RTOF is a time-of-flight mass spectrometer designed to reach a mass range of up to
3000 mass to charge ratio. It has the advantage that the entire mass spectra is recorded
at once and has a high time resolution of around 200 seconds. RTOF is designed to be
capable of measuring both ions and neutrals. RTOF has a mass resolution better than
400 at 50% peak height for mass 28.

Figure 1.5: Picture of the ROSINA RTOF.

1.3.3 DFMS

DFMS is a double focusing mass spectrometer with a mass range of 12 to 150 mass to
charge ratio. It has an ion mode for measuring cometary ions and also a gas mode for
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measuring neutrals being ionized with electron impact ionization. The mass resolution
at 1% peak height is 3000 and 9000 at 50% peak height for mass 28. DFMS measures
one mass spectra after another, thus a typical time interval between the same mass
is around 50 minutes. Therefore, DFMS with high mass resolution complements well
with RTOF which has a lower mass resolution but a much higher time resolution and
a higher mass range.

Figure 1.6: Picture of the ROSINA DFMS.

1.3.4 COPS

COPS has two pressure/density gauges; one is the nude gauge with an almost 4π field
of view to measure total neutral pressure; the other is the ram gauge to measure the
ram pressure. Figure 1.7 shows a picture of the Rosetta spacecraft with the location
of COPS highlighted with a red circle; the ram gauge was pointing in the spacecraft
+z direction which is most of the time nadir to the comet and the nude gauge was
pointing to the solar panel -y direction. It is worth mentioning that in flight COPS
was running continuously most of the time throughout the two-year orbiting phase,
except during orbit control maneuvers and when the density was below the detection
limit. A detailed description of COPS will be given in Chapter 2.

Figure 1.7: COPS on Rosetta spacecraft is highlighted with the red circle. The arrows
show the COPS ram gauge pointing in +z direction and the nude gauge pointing in -y
direction of the spacecraft. Modified from ESA spacecraft image (NSSDCA/COSPAR
ID: 2004-006A).
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1.4 67P/Churyumov-Gerasimenko

Comet 67P/Churyumov-Gerasimenko (67P) is a Jupiter-family comet discovered by
Klim Churyumov on a photograph taken by Svetlana Gerasimenko in 1969. It has
an orbital period of around 6.45 years and has now been observed from Earth during
eight approaches to the Sun. Before Rosetta approached 67P, very little of the physical
properties were known. Scientists tried to characterize the comet to be well prepared
for the encounter of the Rosetta spacecraft.

One of the attempts was to reconstruct the nucleus of 67P based on Hubble Space
Telescope observations of the light curve as shown on the left in Figure 1.8. These
observations suggested that the nucleus of 67P is a football-shaped object with a di-
ameter of nearly 6 km. When Rosetta rendezvoused with 67P, one of the first surprises
was that the actual shape is quite different from expected. It appears rather like a
rubber duck with a bi-lobed shape as shown in the right figure of Figure 1.8.

A shape model of 67P reconstructed by the Rosetta-OSIRIS camera team is shown in
Figure 1.9 overlaid with the longitudes and latitudes. Furthermore, some of the key
physical properties of 67P are shown in Figure 1.10.

Figure 1.8: Left: Shape of 67P reconstructed from Hubble Space Telescope ob-
servations of the light curve in 2003; credit: NASA, ESA and Philippe Lamy
(Laboratoire d’Astronomie Spatiale). Right: Image of 67P taken by the Rosetta-
OSIRIS camera in August 2014; credit: ESA/Rosetta/MPS for OSIRIS Team,
MPS/UPD/LAM/IAA/SSO/INTA/UPM/DASP/IDA
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Figure 1.9: The Rosetta-OSIRIS SHAP2 model of 67P with the longitudes and lat-
itudes. Credit: ESA/Rosetta/MPS for OSIRIS Team, MPS/UPD/LAM/IAA/SSO
/INTA/UPM/DASP/IDA.

Figure 1.10: Infographic summarising key properties of comet 67P. Copyright: ESA.
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1.4.1 Scientific Results

Since the encounter of Rosetta with 67P, many scientific results were pulished in rapid
succession. Some of the results are listed as follows:

• Altwegg et al. (2015) reported a D/H ratio of (5.3±0.7) · 10−4 in 67P by ROSINA
direct in situ measurement which is around three times the D/H terrestrial value.
The detected value and previous cometary measurements suggest a wide range
of D/H within Jupiter-family objects and precludes the idea that this reservoir
is solely composed of Earth ocean-like water.

• Thomas et al. (2015) showed the variety of texture and structure of the nucleus
surface observed with OSIRIS, and the importance of airfall, surface dust trans-
port, mass wasting, insolation weathering for cometary surface evolution.

• Hässig et al. (2015) presented ROSINA measurements of the main volatile species
H2O, CO2, CO in a heterogeneous coma showing diurnal and possibly seasonal
variations.

• Rotundi et al. (2015) reported a dust to gas ratio of 4 ± 2 on the sunlit side of
the comet based on GIADA, MIRO, and ROSINA observations.

• Le Roy et al. (2015) presented an inventory of the volatiles showing a CO2 and
ethane rich coma measured by ROSINA. The presence of heavy oxygenated com-
pounds proves that Kuiper belt comets also contain complex organic molecules.

• Rubin et al. (2015) reported ROSINA measurements on molecular nitrogen with
a N2/CO ratio of (5.70 ± 0.66) · 10−3 which is strongly depleted compared to
protosolar value. This suggests that cometary grains formed at low temperature
conditions < 30 K.

• Davidsson et al. (2015) showed orbital grains observed with OSIRIS having di-
ameters in the range of 0.14 to 0.50 m. The results have possible implications for
the understanding of the cloud debris around cometary nuclei and the ejection
of large grains far from the Sun.

• Bieler et al. (2015a) presented the detection of molecular oxygen in cometary
coma with a O2/H2O ratio of 3.8 ± 0.85 per cent from ROSINA measurements.
O2 seems to be isotropic in the coma and doesn’t change systematically with
heliocentric distance.

• Bertaux (2015) reported the erosion rate per orbit from SWAN/SOHO (Solar
Wind Anisotropies/Solar and Heliospheric Observatory) measurements in previ-
ous perihelions estimating a layer of 1.0 ± 0.5 m thickness lost at each orbit. It
supports the idea that the composition of the material that is measured in the
coma is representative of the bulk material of the nucleus.

• Balsiger et al. (2015) presented the ROSINA in situ determination of argon. The
range of the relative abundance of argon to water confirms that 67P-type comets
cannot be the major source of Earth’s major volatiles.
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• Feaga et al. (2015) showed an average geometric albedo of 0.054±0.008 at 1475 Å
estimated with Alice spectral data and that the material on the nucleus surface
are not very spectrally distinct from location to location.

• Altwegg et al. (2016) presented the detection of volatile glycine, phosphorous,
and a multitude of organic molecules. This demonstrated that comets could have
played a crucial role in the emergence of life on Earth.

• Hansen et al. (2016) reported evolution of water production based on in situ and
remote sensing measurements made by Rosetta instruments. An empirical model
is developed giving a peak water production 18 to 22 days after perihelion at
(3.5± 0.5) · 1028 molecules/s as measured by ROSINA.

1.5 Neutral Gas in Cometary Coma

The atmosphere formation applicable for a typical comet observed in the range of a
few tenths to about 2 AU from the Sun is described by Combi et al. (2004). Dust and
gas are released from the nucleus and forms an outflowing coma when heated up near
to the Sun.

The expansion of gas and dust into vacuum and the week gravity of the nucleus forms
a transient stationary thermal layer of a few meters thick near the surface. The start of
a regular flow converts this thermal layer to a fast transonic dusty-gas flow. The flow
expands and cools nearly adiabatically out to about 100 km. There the dust and gas
becomes decoupled collisionally with a gas flow speed of around 700 m/s and a tem-
perature of less than 30 K. Outwards of 100 km the UV photodissociation then starts
to heat the gas faster than it is cooled by adiabatic expansion or infrared radiation.
Photoionization and charge impact ionization then forms a cometary ionosphere that
extends out to 103 − 104 km which eventually forms an ion tail on scales of 105 − 107

km resulting from the interaction with solar wind.

Observations often gives a snapshot of the the observed target, thus models constrained
by in situ or remote observations are needed for a better understanding of the whole
picture. Therefore, coma neutral gas properties, such as density, production rates,
velocity, and temperature, are important inputs for developing coma models to gain
better knowledge of the the physics behind.

1.5.1 Production Rates

Haser Model

A still widely used quantitative description of the molecule spatial distribution in the
coma was mentioned by Haser (1957). The Haser model assumes that the coma is a
spherically symmetric point source of constantly sublimating parent molecules from
the surface of the nucleus and the gas expands radially outward with an exponential
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lifetime describing the destruction of molecules (Combi et al., 2004). The density of
the parent molecules np and daughter molecules nd is described as

np(r) =
Q

4πr2v
(e
− r
γp ) (1.1)

nd(r) =
Q

4πr2v

γd
γp − γd

(e
− r
γp − e−

r
γd ) (1.2)

where r is the radial distance from the comet, v is the gas velocity, Q is the produc-
tion rate of the parent species, γp and γd are the parent and daughter scale lengths,
respectively. The formulation assumes that all dissociated parents go into exactly one
daughter. The scale lengths of the parent and daughter molecules are typically much
more than a thousand km away from the comet compared to Rosetta, which spent
most of the time within a few hundred km from the nucleus. Thus the destruction of
molecules can be ignored in most cases and the local neutral density n in the coma is
simply given by

n(r) =
Q

4πr2v
(1.3)

Water Production Rate at 67P

In situ or remote observations, local densities and column densities derived from spec-
tral lines of molecules can be converted to molecular production rates to estimate the
relative abundances of the different species in the nucleus. Water is known to be the
most abundant component of cometary ices, therefore water production/outgassing
rates are commonly used for quantifying the activity of comets. In addition, in situ
information quite often provides only a snapshot of the observed body. Hence, models
constrained with observations are needed to get the full picture of the comet.

In the study of Hansen et al. (2016) the water production rate of comet 67P estimated
with various Rosetta instrument measurements and ground-based observations is sum-
marized in Figure 1.11. Models are used to compute the total water production rate
from ROSINA water density measurements (Fougere et al., 2016a), VIRTIS column
density observations (Fougere et al., 2016a; Bockelée-Morvan et al., 2015; Fink et al.,
2016), MIRO microwave spectral lines (Gulkis et al., 2015; Lee et al., 2015; Biver et al.,
2015), and RPC/ICA plasma flux (Simon Wedlund et al., 2016). Ground-based dust
brightness observations by Snodgrass et al. (2016) are scaled and showed high correla-
tion with the water production rate. With the empirical model in Hansen et al. (2016)
it is found that the peak water production rate is around 3.5 · 1028 molecules/s.
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Figure 1.11: Water production rate as a function of heliocentric distance estimated
with Rosetta instruments and ground-based observations: ROSINA in blue diamonds,
VIRTIS in green triangles, RPC/ICA in red triangles, MIRO in yellow circles. The tan
crosses are ground-based represent dust brightnesses scaled by an arbitrary factor for
comparison with Rosetta instruments. The gray line is a fit to ROSINA data, and the
black line is a fit to all inbound Rosetta data. Extracted from Hansen et al. (2016).

1.5.2 Gas Expansion Velocity and Temperature

At Comet 1P/Halley

The radial gas expansion velocity of water from Giotto Neutral Mass Spectrometer in
situ observations at comet 1P/Halley was derived to be around 800 m/s at distances
from the nucleus between 1000 and 4000 km; the expansion speed increases to at least
30000 km where around 1080 m/s was observed (Lammerzahl et al., 1987). Spectral
observations of 1P/Halley (Larson et al., 1986; Schloerb et al., 1986; Krasnopolsky
et al., 1986) show an outflow velocity in the range around 800 m/s to 1400 m/s.

Lammerzahl et al. (1987) derived the upper limit of water temperature to be around
300 K at 1000 km from comet 1P/Halley; the increase of gas temperature from 1000
to 15000 km is about 200 K.

At 67P/Churyumov-Gerasimenko

Gas velocities in the coma of 67P are estimated with numerical models restricted by
observation data of several instruments on board of Rosetta. Total gas velocities and
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the ones of water and CO2 are mentioned in various studies.

Simulation outputs of DSMC models (Fougere et al., 2016a) constrained by ROSINA-
DFMS data show a maximum water velocity around 680 m/s for end of year 2014. The
MIRO instrument water velocities are derived from models of the observed H2O spectral
lines: presented by (Gulkis et al., 2015) and (Lee et al., 2015) water velocities observed
near the subsolar point is roughly 0.68 km/s for June to September, 2014. Shown
by Biver et al. (2015) water velocities near the terminator are about 0.52 km/s for
measurements obtained in September 2014. In addition, Fink et al. (2016) estimated
the H2O outflow velocity to be 580 m/s for February and April 2015 from VIRTIS
observations.

Fougere et al. (2016b) derive CO2 outflow velocities reaching up to 600 m/s for De-
cember 2014 from a DSMC model constrained by ROSINA data. Furthermore, Fink
et al. (2016) estimated the CO2 outflow velocity to be 380 m/s for February and April
in 2015 from VIRTIS observations.

The gas expansion velocity of the total neutrals has been derived by 3D kinetic and
hydrodynamic models and ranges from 0.4 to 0.8 km/s for August-December 2014
(Bieler et al., 2015b).

Prior to the arrival of Rosetta at 67P, Tenishev et al. (2008) showed pre-encounter
estimations of the kinetic temperature in 67P’s coma to be lower than 100 K within
100 km from the nucleus surface. Analysis of MIRO water spectral data at 67P showed
terminal gas temperatures varying from 47 K to 74 K (Lee et al., 2015). In addition,
Bockelée-Morvan et al. (2015) derived rotational temperatures of H2O and CO2 with
VIRTIS measurements from 2.9 to 2.5 AU from the Sun, which are close to model
predicted values for 67P at 2.5 AU (Davidsson et al., 2010).
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2. COPS - COmet Pressure Sensor

The main goal of COPS, the COmet Pressure Sensor of ROSINA, is to determine the
cometary gas densities, velocities, and eventually temperature in the coma of comet
67P. COPS has a very wide dynamic range of 106 to accommodate large differences and
changes in the neutral gas density and flux as the comet activity changes towards and
away from perihelion. COPS as well plays the role of a safety instrument of Rosetta to
monitor the ambient gas density and alert other instruments on board of the spacecraft
when the neutral gas density is too high or density increase is too fast.

Calibration measurements with the COPS flight spare model (COPS-FS) in the lab is
important for validating the calibration factors/procedures of the COPS flight model
(COPS-FM) in space as well for cross-calibrations with the two ROSINA mass spec-
trometers DFMS and RTOF. COPS consists of two pressure gauges: the nude gauge
and the ram gauge (Figure 2.1) are each located on a boom to prevent from measuring
gas reflected by the spacecraft or nearby instruments. The nude gauge (NG) measures
the total neutral particle density; the ram gauge (RG) is capable of measuring the gas
flux/ram pressure.

Figure 2.1: COPS with both gauges and the electronic box. The nude gauge is pointing
to the left, the ram gauge to the top. The electronic box has a length of about 17 cm.
From Balsiger et al. (2007).

2.1 Measurement Principle

Both of the gauges are based on the extractor-type ionization gauge principle (Redhead,
1966). In brief, the neutral gas is ionized by electrons. Then these ion signals are
collected by the detector (electrometers) and can be translated back to the neutral
gas density using the above mentioned calibration factors. A drawing showing the
important electronic components of the nude gauge is shown in Fig. 2.2 and for the
ram gauge in Fig. 2.3.

16



Chapter 2. COPS - COmet Pressure Sensor

2.1.1 Nude Gauge

The cylindrical outer grid is at -12 V, and the cylindrical inner grid at +180 V (Bal-
siger et al., 2007). The inner and outer grids keep the cometary plasma away from
entering the ionization region and therefore only the neutral particles have access to
the ionization volume defined by the inner grid. The nude gauge has two filaments.
Each time only one of them is used during operation; the other one is a spare. In this
work for lab and space measurements the left filament is used.

The electrons emitted from the hot filament at +30 V are accelerated to the inner grid
to ionize the neutrals in the ionization volume. The electron energy is therefore 150 eV.
Next, the ions created from the neutrals are accelerated to the collection area below
the base plate where they are focused by a hemispherical reflector at +110 V and then
collected by the cathode ion collector. The collected ion current is proportional to
the particle density in the ionization volume. The pressure range of the nude gauge is
around 10−11 − 10−5 mbar which corresponds to the range 105 − 1011 cm-3. The field
of view of the nude gauge is almost 4π sr.

Figure 2.2: COPS nude gauge drawing with main electrodes labelled. a) the two
filaments, +30 V, b) outer grid, -12 V, c) inner grid, +180 V, d) base plate, 0 V, e)
reflector, +110 V, f) ion collector. From Balsiger et al. (2007).

2.1.2 Ram Gauge

The COPS ram gauge is most of the time pointing towards the comet. It has a spherical
equilibrium cavity with a 6 mm opening on a hollow boom and an inner shield to allow
impinging neutral gas to be isotropized and thermalized before entering the ionization
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volume. The equilibrium time of neutral gas, e.g. water, at 200 K is less than 200 ms
for the system (Balsiger et al., 2007); however, the real time resolution depends on the
electrometer that measures the ion current (Section 2.2).

Similar to the nude gauge, the cylindrical anode grid is the ionization volume at +180 V.
Additionally, the equilibrium sphere and hollow boom wall temperature should be the
same as the surrounding gas, thus a cold electron source has to be used. So a microtip
field-emitter device is used instead of a usual hot filament. The ram gauge microtip
field-emitter device is arranged to have eight independent arrays of electron emitters
that can be controlled separately. In ram gauge operation modes, a group of 3 microtip
arrays is always used. The emitted electrons then ionize the thermalized neutral gas
in the ionization volume. Then the ion signals are collected by the collector just like
the nude gauge and can then be translated to ram pressure or number density of the
gas flux when applying the suitable calibration factors. The pressure range of the ram
gauge is 10−9 − 10−5 mbar. More details can be found in Balsiger et al. (2007).

Figure 2.3: COPS ram gauge drawing with main components labelled. a) equilibrium
sphere, b) inner shield, c) anode grid, +180 V, d) microtips, e) electron repeller. The
lower part with the base plate, ion reflector, and collector basically functions the same
as for the nude gauge. From Balsiger et al. (2007).

2.2 Data Output

At the electrometers of COPS the internal integration time is approximately 10 s. So
what is read out by the electrometers is approximately a running average over the
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last 10 s. Additionally, the DPU builds a running average over the last 5 electrometer
measurements, providing a COPS neutral density measurement every 2 s at maximum
frequency. This leads to COPS having a maximum time resolution of 10 s. Therefore,
the time stamp of this read out has to be corrected by -5 seconds to obtain the mean
time. During lab experiments, the DPU 2-second read out is mostly used, whereas
for observations in space this value is transmitted by the DPU once every minute for
normal monitoring measurement modes.

Besides the normal one-minute monitoring modes, COPS also has a scientific mode
which can be commanded separately. In scientific mode, a file block is created every
5 minutes containing 150 of the 2-second data points for each operating gauge. How-
ever, the time resolution given by the running average at the DPU and the internal
integration time of the electrometers is still approximately 10 s.

2.3 Offset Measurements

As the gas densities are detected with electrometers, it is important to consider the
offsets of the electrometers during measurements as well. So COPS is designed to do
offset measurements periodically during measurement/monitoring modes. To do the
electrometer offset measurements the electron emission from the filament or microtips
are switched off. Each offset measurement takes roughly 5 min to switch through all
three ranges with different sensitivity; after the offset measurements it takes around 23
min to ramp up and switch the electron emission of the filament/microtips on again
for the nude gauge or the ram gauge mode operation.

Offset measurements are done at the beginning of the first commanded mode after a
DPU switch on and as well roughly every 24 hours after the end of the previous one
for each gauge. Offset measurements of the nude gauge and the ram gauge are timed
to be around 12 hours apart in order not to have COPS totally inactive during offset
measurements (COPS-Manual, 2011).

2.4 Measurement Modes

Each gauge of COPS can be operated separately or together. Most of the time both
gauges run together or only the nude gauge is operated. There are three different types
of immission: 15µA, 50µA, and 100µA; lower immissions are used when the neutral
gas density is high and higher immissions are used when the density is low, respectively.
There are also 3 different ion-ranges: low, medium, high; the lowest ion-range has the
highest gas sensitivity so is suitable for measuring low gas density, and the highest
ion-range has the lowest gas sensitivity suitable for measuring higher gas density. The
different combinations of gauges, immission currents, and ion-ranges are collected in a
suite of measurement modes.

In space when the pressure/density is varying a lot, automatic modes are used; the
automatic modes switch automatically to suitable immission and ion-range combina-
tions. In addition, for the COPS flight model in space the ram gauge modes with
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high immission are always 100µA; for safety reasons in the laboratory for the COPS
flight spare, high immission modes are always set to around 30µA only to have less ag-
ing/damage of the microtips. See Table 2.1 for the list of modes. COPS measurements
in the laboratory on ground can be found in Chapter 4 and observations in flight can
be found in Chapter 5.

Table 2.1: COPS operation modes.

Nude Gauge Ram Gauge

Mode Immission Ion-Range Immission Ion-Range
[µA] [µA]

BG a

326 Auto d Auto Auto Auto
316 15 Medium 15 Low
396 100 Low 15 Low
336 100 Low 30/100 f Low

NG b

322 Auto Auto - -
352 15 Low - -
312 15 Medium - -
342 15 High - -
332 100 Low - -
362 100 Medium - -

RG c

314 - - 15 Low
324 - - Auto? e Auto? e

344 - - 50 Low
334 - - 30/100 f Low

Offset
51 NG offsets. To be commanded during a NG mode.
53 RG offsets. To be commanded during a RG mode.
55 BG offsets. To be commanded during a BG mode.

Switch off 0 NG, RG, or BG off. Always command with offset off.

Switch on
2 NG on with filament to standby, no emission.
4 RG on with microtips to standby, no emission.
6 Filament and microtips to standby, no emission.

a BG ≡ both gauges.
b NG ≡ nude gauge only.
c RG ≡ ram gauge only.
d Auto ≡ automatic mode. Gauges automatically switches to the best Im-
mission or Ion-Range for measuring the ambient gas.
e During tests of mode 324 in the laboratory it is behaving like mode 314
always with 15µA immission. Probably the chamber pressure was never low
enough that mode 314 switched automatically to higher immissions.
f For the COPS flight model in space the ram gauge modes with high immis-
sion are always 100µA; for safety reasons in the laboratory for the COPS
flight spare high immission modes are always set to around 30µA only to
have less aging/damage of the microtips.
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3. Data Treatment Principles

3.1 Gas Density Correction

During the development phase of ROSINA, COPS was designed to have similar gas
sensitivity to the Granville-Phillips Stabil-Ion Gauge (G.P.) which is a Bayard-Alpert
gauge calibrated for N2 with a typical error of 4% - 6% (Granville-Phillips, 2007). Same
as G.P., at COPS different types of gas have different sensitivities due to the different
individual electron-impact ionization cross-sections. Therefore, correction factors are
needed for pressure/density readouts when measuring gas species different from N2.

One thing to note is that gas density and gas pressure are interchangeable. For the
case of COPS, pressure values are given directly in the housekeepings as if measuring
only N2 at 20 ◦C for which the calibration values were obtained in lab. The conversion
between density and pressure follows the ideal gas law P = nkT with P the pressure in
pascal, n the number density in m−3, the temperature T = 293 K, and the Boltzmann
constant k = 1.38 · 10−23 J ·K−1.

As shown in Equation (3.1) when measuring a non-N2 gas with COPS, the pressure
readouts PC,i are to be multiplied by a correction factor βi for a single gas species i
to retrieve the real pressure of an individual species. The correction/scale factors for
individual species used in this study can be found in Table 3.1.

Pi = βi ·PC,i (3.1)

In space COPS always measures the total pressure/density from the gas mixture in
the coma of 67P but not single gas species. Here we introduce how to derive a species-
dependent correction factor βC,total for gas mixtures measured with COPS as in Equa-
tion (3.2). Ptotal is assumed to be the real pressure for the total gas mixture, and
PC,total the total gas mixture pressure readout from COPS.

Ptotal = βC,total ·PC,total (3.2)

In Equation (3.3a) PC,total is represented as the sum of the individual species pressures
as seen by COPS; then using the relation of single species between COPS and real
pressure in Equation (3.1) PC,total can be shown with Pi the partial pressure of indi-
vidual species i. Partial pressure Pi is expressed with Ri the volume mixing ratio of
species i in Equation (3.3b).

PC,total =
∑
i

PC,i =
∑
i

Pi
βi

(3.3a)

=
∑
i

Ptotal ·Ri

βi
= Ptotal

∑
i

Ri

βi
(3.3b)

From Equations (3.2), (3.3a), and (3.3b) we can conclude that the correction factor
for mixed gas is as Equation (3.4) where ri is the density ratio of species i to water
(ri = ni/nH2O) and the relation of volume mixing ratio to the density ratio of individual
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species to water is as Equation (3.5). For COPS density measurements in flight the
volume mixing ratio or the density ratio of main species relative to water are obtained
with ROSINA-DFMS and ROSINA-RTOF.

βC,total =
1∑
i

Ri

βi

=

∑
i ri∑
i

ri
βi

(3.4)

Ri =
ri∑
i ri

(3.5)

One thing to be noted is that for measurements made with either the COPS-FS on
ground or the COPS-FM in flight, background has to be subtracted before applying this
species dependent β-factor correction. In flight the background is contributed by the
spacecraft contamination (Graf et al., 2008; Schläppi et al., 2010) or the electrometer
noise of the instrument itself. For COPS-FM the nude gauge subtracted background is
1.2 · 106 cm−3 (5 · 10−11 mbar) and for the ram gauge it is 2.5 · 107 cm−3 (1 · 10−9 mbar);
for COPS-FS on ground the density of the residual gas in the vacuum chamber or the
detection lower limit is taken as the background.

Table 3.1: Correction factors for the pressure measurements of COPS and the Granville-
Phillips Stabil-Ion Gauge, extracted from Granville-Phillips (2007).

Gas Species Scale factor
Helium He 5.56
Neon Ne 3.33

Nitrogen N2 1.00
Oxygen O2 9.90 · 10−1

Carbon monoxide CO 9.52 · 10−1

Water H2O 8.93 · 10−1

Argon Ar 7.75 · 10−1

Carbon dioxide CO2 7.04 · 10−1

Krypton Kr 5.15 · 10−1

Xenon Xe 3.48 · 10−1

3.2 Gas Velocity Calculation

Ram gauge densities are obtained when the total flux entering (Fin = nnvzA) and
exiting (Fout = nrvr,zA) the equilibrium sphere reach a balance (Fin = Fout). Figure
3.1 illustrates the gas flow entering the ram gauge equilibrium sphere where on the
instrument platform the ram gauge points to positive z-axis of the spacecraft (see
Figure 1.7 in Section 1.3.4).
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Figure 3.1: Illustration of coma gas flow with velocity ~v entering the ram gauge.

The variables nn and nr are the densities in the free gas flow measured by the nude
gauge and the density in the ram gauge, respectively, A is the cross section of the
aperture on the equilibrium sphere, vz the z-component of the gas flow velocity ~v, and
vr,z the speed of the gas exiting the ram gauge. The flux entering the ram gauge in the
z-direction is Fin = nnvzA; the flux exiting in the z-direction is Fout = nrvr,zA. Thus
the flux balance Fin = Fout leads to:

vz =
nr
nn
vr,z (3.6)

Assumming a Maxwell-Boltzmann distribution at ram gauge temperature Tr the ve-
locity probability density of the z-component of the outward flux is described as f(vr,z)
where mg is the mean mass of the gas molecules and k the Boltzmann constant:

f(vr,z) =

√
mg

2πkTr
exp

(
−
mgv

2
r,z

2kTr

)
(3.7)

The outward velocity vr,z can be written as the integral for velocities in the pos-
itive z-direction normalized to the whole distribution along the z-component as in
Equation (3.8a). Substituting the distribution function (Equation (3.7)) yields Equa-
tion (3.8b) where the integral is equal to one-fourth of the mean thermal speed v̄th
(Equation (3.8c)). The interpretation is that on average half the molecules are moving
in the positive z-direction and the bulk velocity of a half-sphere Maxwellian distribution
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corresponds to half of the mean thermal speed.

vr,z =

∫∞
0
vr,zf(vr,z)dvz∫∞
−∞ f(vr,z)dvz

(3.8a)

=

∫ ∞
0

vr,z

√
mg

2πkTr
exp

(
mgv

2
r,z

2kTr

)
dvz (3.8b)

=
1

4
v̄th (3.8c)

Following the speed probability density function in spherical coordinates

f(v) =

(
mg

2πkTr

) 3
2

4πv2 exp

(
−
mgv

2
r,z

2kTr

)
(3.9)

the mean thermal speed is written as

v̄th =

∫ ∞
0

vf(v)dv =

√
8kTr
πmg

(3.10)

Then with Equations (3.8c), (3.10), and (3.6) the bulk gas flow velocity along the
negative z-axis of the spacecraft is shown in Equation (3.11) and can be derived from
the density ratio of both gauges, the ram gauge temperature, and the mean gas mass
that can be obtained from DFMS or RTOF measurements as

vn,z =
nr
nn

√
kTr

2πmg

(3.11)

assuming that the thermal motion of the cometary gas entering the ram gauge is small
compared to its bulk motion.

3.3 Gas Temperature Estimation

The main idea of deriving the gas temperature with COPS is that the derived velocity
is actually composed of the bulk gas velocity and the thermal gas velocity. When the
ram gauge is pointing to larger angles with respect to the gas flow, such as around
90 deg, gas enters the COPS ram gauge due to the thermal motion/velocity of the gas
particles perpendicular to the bulk motion of the gas flow.

This means when the spacecraft changes its attitude with respect to the cometary gas
flow and slews to larger angles gradually, the derived gas velocity will decrease from a
large bulk velocity dominated to a small thermal dominated velocity.

Assume that the spacecraft is at rest and the cometary gas flow z-component vz is
along the spacecraft negative z-direction where the other two perpendicular gas flow
components are vx and vy; the cometary gas bulk velocity ~v0 is represented by the
vector (v0x, v0y, v0z); the mass of the gas molecules is mg, the gas temperature is Tg,
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and the Boltzmann constant is k. Therefore, the Maxwell-Boltzmann distribution of
the gas molecule/atom velocity vector can be written as

f(vx, vy, vz) =

(
ξ√
π

)3

exp
(
−ξ2

[
(vx − vx0)2 + (vy − vy0)2 + (vz − vz0)2

])
(3.12)

with

ξ =

√
mg

2kTg
(3.13)

Only gas molecules/atoms with negative vz velocity components enter the COPS ram
gauge; velocities in the perpendicular directions, x and y, are not limited. The first
moment of vz can be calculated integrating the distribution function over all velocities
entering the ram gauge giving

v̄z =

∫ ∞
0

∫ ∞
∞

∫ ∞
−∞

vz f(vx, vy, vz) dvx dvy dvz (3.14a)

=

∫ ∞
0

∫ ∞
∞

∫ ∞
−∞

vz

(
ξ√
π

)3

exp
(
− ξ2

[
(vx − vx0)2

+ (vy − vy0)2 + (vz − vz0)2
] )

dvx dvy dvz (3.14b)

If it is assumed that the coordinate system is rotated so that the bulk velocity of the
cometary gas is in the x-z plane, then vy0 = 0. For an inflowing gas at an angle α
with respect to the z-axis, the cometary gas flow bulk velocity can be rewritten as
(v0 sin(α), 0, v0 cos(α)) with v0 the absolute speed. Substituting the new bulk vector in
Equation (3.14b) yields

v̄z =

∫ ∞
0

∫ ∞
∞

∫ ∞
−∞

vz

(
ξ√
π

)3

exp
(
− ξ2

[
(vx − v0 sin(α))2

+ (vy)
2 + (vz − v0 cos(α))2

] )
dvx dvy dvz (3.15a)

In the x and y direction the integral boundaries are infinity and only positive vz com-
ponents for the velocity should be taken into account. The integral then becomes as
the following containing the error function

v̄z =
exp(−ξ2v2

0 cos2(α)) +
√
πξv0 cos(α)[1 + erf(ξv0 cos(α))]

2
√
πξ

(3.16)

The angle α between the spacecraft z-direction and the gas bulk flow can be technically
viewed as two parts: α = θ−θ0; θ is the angle of the spacecraft z-axis with respect to the
nadir direction which can be retrieved from the NASA developed observation geometry
information system named SPICE; θ0 is the angle of the bulk flow with respect to the
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anti-nadir direction which one can get an idea of from a COPS dynamic slew covering
angle ranges close to nadir, where the ram gauge density or gas velocity is the highest,
since the gas flow direction is most probably almost parallel to nadir. By replacing α
with θ − θ0 yields Equation (3.17a) from Equation (3.13) and Equation (3.16), with
the bulk flow speed v0 and gas temperature Tg which may be obtained by fitting the
curve to the actual COPS observations.

v̄z =

√
kTg

2mgπ

[
exp

(
− mg

2kTg
v2

0 cos2(θ − θ0)

)
+

√
−mgπ

2kTg
v0 cos(θ − θ0)

(
1 + erf

(√ mg

2kTg
v0 cos(θ − θ0)

))]
(3.17a)

Plotting Equation (3.16) for α from 0 − 140◦ gives Figure 3.2 demonstrating the fea-
ture that for gas (with a fixed mass of the water molecule) of the same bulk velocity
(900 m/s) with different temperatures show the largest variation at around α = 80 -
110 ◦ from the inflow direction. This suggests that it is possible to derive the coma
gas temperature (perpendicular to the gas bulk motion) by observing and fitting the
velocity-angle curve of COPS during a spacecraft dynamic slew.

Figure 3.2: Theoretical velocity-angle curve of spacecraft dynamic slews of gas with
same bulk velocity but different thermal temperatures.
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In Figure 3.2 the bulk velocities (α = 0) seem to be > 900 m/s for high temperatures.
The reason is that with higher gas temperature there are more gas particles with higher
thermal velocities in the distribution, so there are more high velocity particles moving
away from COPS.

For clarification, we consider the case of gas with a relatively low bulk motion vz0 of
-200 m/s and a relatively high gas temperature of 100 K compared to the gas condi-
tions at the Rosetta distance to the nucleus which is most of the time within 100 km
as shown by Tenishev et al. (2008) with the 67P coma model. Figure 3.3 shows the
1-dimension Maxwell-Boltzmann distribution function of the z-component of the ve-
locity as in Equation (3.7) for water. Negative vz (red shaded) is pointing into COPS.
The integral over the red-shaded part of the distribution makes it inside the ram gauge
and leads to a bulk speed of around -220 m/s. The gas that COPS measures is system-
atically overestimated 20 m/s compared to the actual bulk flow in −z direction.

The lower the gas temperatures are and the higher the gas bulk velocities are, the
smaller the systematic biases are. Coma gas velocity is usually higher than 200 m/s;
COPS is most of the time measuring the gas in 67P’s coma at distances < 100 km
where gas temperature is typically less than 100 K (cf. Section 1.5.2). Therefore, the
overestimation of the gas bulk velocities will be much less than 10%.

Figure 3.3: 1D Maxwell-Boltzmann velocity distribution (blue curve) with a bulk ve-
locity of vz0 = -200 m/s (dashed line) and a temperature of 100 K for water. Gas
molecules with negative vz is pointing into COPS which the integration (red area)
gives a velocity around -220 m/s as seen by COPS.
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3.4 Main Error Sources of COPS

3.4.1 Systematic Error

Although COPS is capable of measuring neutral gas pressures down to 10−11 mbar, the
spacecraft itself is outgassing and has a background (Graf et al., 2008) that should be
considered as a systematic error during data analysis. As time goes on, quite some
dust/gas could have settled or been absorbed on the spacecraft and contributed to
its own dust/gas cloud. The spacecraft background could well be changing, especially
during attitude changes when previously cold surfaces of the spacecraft come into
sunlight and begin to outgas. But the background can only be characterized when the
spacecraft is far from the comet. For COPS we use the measured pressure from the
beginning of August 2014 before COPS detected the faint cometary atmosphere. For
this study the background of the nude gauge is set to 5 · 10−11 mbar and the one of the
ram gauge is set to 1 · 10−9 mbar.

3.4.2 Statistic Error

Calculating the statistical error of the COPS nude gauge and the ram gauge in the lab
measuring stable chamber background pressures gives typically less than 1%.

3.4.3 Offset of Ion-Current

COPS obtains densities/pressures from the ion-current measured by the electrometers
with different sensitivities and the corresponding calibration factors (Section 2.1). The
ion-currents can be affected by temperature and probably the surrounding plasma.
Thus offset measurements of the electrometers for both gauges are measured roughly
every 24 hours for automatic correction.

The 24-hour change in the ion-current offsets is not important when the pressure is high,
but may lead to obvious differences when the pressure is low as shown in Figure 3.4. In
Figure 3.4 the low-ion range (high sensitivity electrometer) is used for the whole time.
Offset measurements were performed on 2016 June 17 07:37, June 18 07:48, and June
19 05:54. For the offset measurements on June 17 and June 18 there was an obvious
drop and rise at COPS pressure respectively. The error may be reduced when time
interpolating the measured offsets if needed.

Furthermore, it is also possible that the ambient plasma have contributed partly to the
variation of the offsets. The influence of plasma on COPS measurements is discussed
in Section 4.3 and shown in Section 5.7.
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Figure 3.4
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4. COPS Calibration

4.1 Static Gas Measurements

4.1.1 The CASYMIR Facility

Calibration measurements were performed in the CAlibration SYstem for the Mass
spectrometer Instrument ROSINA (CASYMIR) at the Physics Institute of the Univer-
sity of Bern (Westermann et al., 2001). CASYMIR is capable of simulating different
neutral gas environments for testing and calibration of space instruments.

The hardware of CASYMIR is composed of two main parts: the vacuum chambers
(V0 to V3) with an instrument positioning system and the Gas Mixing Unit (GMU)
(Figure 4.1). The chambers can be pumped to ultra-high vacuum pressures (<10−9

mbar). Gas mixtures can be provided with the GMU and fed into the chamber by
different gas lines controlled by a series of valves and mass flow controllers.

CASYMIR can be operated in two different modes. One is the static mode and the
other is the dynamic mode. The static mode is suitable for measuring sensitivity
factors for the instruments; the dynamic mode provides neutral gas beams of different
velocities simulating the gas flow in the coma.

Figure 4.1: Schematic of the CAlibration SYstem for the Mass spectrometer Instrument
ROSINA (CASYMIR).
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For the static measurements, the gas mixture is introduced into the main chamber
(V1) through a thermally regulated leak valve (LV4) which keeps the pressure stable,
and is then measured by the instrument attached to the docking section (V0). The
leak valve is regulating based on a pressure sensor in the chamber closest to LV4.

For the dynamic measurements the gas mixture is fed through the source on the left
side of Figure 4.1 through the nozzle to form a jet into the expansion chamber (V3);
when the gas is passing through the collimator chamber (V2) between the expansion
chamber (V3) and the main chamber (V1) the size of the gas beam can be adjusted
by an iris diaphragm.

Moreover, where the instruments are docked with CASYMIR is also a five degrees
positioning system where the instruments are supported and fixed. The positioning
system is partly seen in Figure 4.2 below the 6-way cross where COPS is fixed.

Further details on CASYMIR may be found in the thesis and papers of Westermann
(2000), Westermann et al. (2001), and Graf et al. (2004).

4.1.2 Sensitivity Measurements

Motivation

The sensitivity of both gauges of COPS was determined during the calibration phase
and implemented to the ROSINA-DPU software in order to output the correct den-
sity/pressure values. After so many years of operation it is worth verifying if the
sensitivity factors evolved over time.

In this section we show some laboratory calibration measurements of the COPS-FS
obtained in 2014 using similar methods like Graf et al. (2004) and determine the cor-
responding sensitivity factors for COPS.

Experiment Setup

The whole COPS instrument as shown in Figure 2.1 does not fit inside the vacuum
chamber of CASYMIR. Both gauges were therefore removed from the electronic box and
installed into a 6-way cross then connected to the docking section (V0) of CASYMIR
as in Figure 4.2.

At the top flange the nude gauge is mounted vertically; at the right flange the ram
gauge is mounted horizontally with its aperture pointing to the inflow direction of the
gas from CASYMIR on the left side; at the back flange the Granville-Phillips Stabil-Ion
pressure gauge (G.P.) monitors the pressure close to COPS; at the front is a transparent
glass window.

31



Chapter 4. COPS Calibration

Figure 4.2: COPS mounted on the 6-way cross connected to CASYMIR for static and
dynamic calibrations.

Measurement Procedures

The pressure of G.P. and its background, the COPS ion and electron immission cur-
rents and the ion current background/offsets are needed to determine the sensitivity
factor. To determine the sensitivity factors, the pressure readings of COPS and G.P. are
needed, as well as the ion and electron immission currents during operations, along with
their backgrounds/offsets. Therefore, during the sensitivity test period at CASYMIR,
both gauges of COPS and G.P. were kept running 24-hours, continuously recording
data. On one hand, the background pressures and the 24-hour automatic electrometer
ion-current offset measurements of each gauge are obtained (see Section 3.4.3). On the
other hand, the instruments are kept warm to degass COPS after the switch on. The
typical background for measurements is in the range of 10−10 mbar. Pressure ranges
of 1 · 10−9 to 5 · 10−7 mbar are covered during the measurements. The measurement
procedure is as described below:

1. COPS is already operating in low emission mode for both gauges.

2. The gas from the GMU is fed through the thermally regulated leak valve into the
chamber to be at 1 · 10−9 mbar according to the G.P.

3. Each gauge is switched through the different ion-ranges. The preferred sequence
is high-medium-low because switching ion-ranges from low to high sometimes
introduces overshoots in the ion-current that may trigger the self protection of
COPS which leads to a switch off. In between each measurement is at least one
minute waiting time for verification of stable pressures.

4. Switch the nude gauge to high emission mode and again switch through all three
ion-ranges. More information on the ion-ranges are described in Section 2.4.

5. Adjust the inlet gas pressure to the next range and repeat the above procedure.
The different pressures are measured from low to high, i.e., 1 · 10−9, 1 · 10−8,
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5 · 10−8, and 5 · 10−7 mbar to reduce waiting time for the chamber pressure to be
pumped down to lower pressures.

The nude gauge was operated with the left filament all the time; at low emission mode
it had an immission current of around 15µA and at high emission mode around 100µA.
The ram gauge was operated with microtip groups 1, 2, and 3 running together in low
emission mode with an immission around 15µA. For the COPS-FS on ground the ram
gauge high emission mode was limited to below 30µA instead of 100µA for protection
reasons since the microtips are not produced any more.

The gas species Ar, CO2, N2, and H2O were measured. In this study we show the
nitrogen measurements as an example since COPS and the G.P. were both calibrated
to N2.

Data Treatment and Results

To convert the COPS detected current signal to pressure, the following relation is used
by the DPU:

Iion − Ioff
Iimmi

= P (N2) ·S (4.1)

with Iion the ion current measured by the electrometer of either the nude gauge or
the ram gauge with the background removed; Iimmi the electron immission currents
detected on the anode grids of both gauges; Ioff the electrometer offset current mea-
sured automatically every 24 hours with the electron emission switched off; P (N2) the
pressure of nitrogen in mbar measured with G.P after background subtraction; S the
sensitivity factor in mbar−1.

Each calibration point in Figure 4.3 represents the mean value over 20 single measure-
ments taken within 40 s. The four panels are shown in log scale for better visualization.
The top panels show the nude gauge low emission mode measurements with the low
ion-range on the left and medium ion-range on the right; the bottom panels show on
the left side the nude gauge high emission measurements with low ion-range, and on
the right side the ram gauge in low emission with low ion-range. The current term
(Iion − Ioff )/Iimmi in Equation (4.1) is plotted on the y-axis and the pressure term
P (N2) on the x-axis of each panel.

The uncertainty on the pressures measured with G.P. are 6% the higher limit while
the variation on COPS current measurements are typically less than 1%. Using the
common error propagation approach the error of sensitivity S using Equation (4.1)
would be around 6%. Considering that there might be other possible systematic errors
a conservative uncertainty of 10% is assumed. The error bars are not plotted since
they are too small to be seen. Linear fits for each panel in the form of Equation (4.1)
is shown in dashed lines. The fit results of the sensitivity factor (S) and the coefficient
of determination (R2) are listed in Table 4.1.
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Table 4.1: Nitrogen calibration of the nude gauge and the ram gauge sensitivity of the
COPS-FS. Sensitivity factor S is in mbar−1, R2 is the coefficient of determination for
the linear fits to the data points.

Emission Type Ion-Range Sensitivity S R2

Nude Gauge
Low, 15 µA Low 16.7 0.9987
Low, 15 µA Medium 21.2 0.9999
High, 100 µA Low 17.8 0.9999

Ram Gauge
Low, 15 µA Low 5.0 0.9990

Figure 4.3: Nitrogen calibration of the nude gauge and the ram gauge sensitivity of
the COPS-FS.

In the paper of Graf et al. (2004) the sensitivity factors in this paper are derived using
argon measurements. To compare these argon sensitivity with the ones in this study
we should consider the species correction factor (Section 3.1; Equation (3.1)) of the
G.P. pressure measurements using argon but not nitrogen. This can be achieved by
multiplying the sensitivity factors in Graf et al. (2004) by the correction factor 0.775
for argon. The Graf et al. (2004) sensitivities for the nude gauge then become 20.09
for low emission mode with low ion range; 18.62 for low emission mode with medium
ion range; 21.51 for high emission mode with low ion range. Similarly, the ram gauge
the sensitivity factor for low emission mode with low ion range becomes 4.96 and for
the high emission mode with low ion range it is 5.08.

It is worth mentioning that in Graf et al. (2004) the listed sensitivities are derived
fitting an equation similar to this study but with an offset r added:

Iion − Ioff
Iimmi

= P (Ar) ·S + r. (4.2)
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Graf et al. (2004) showed that using Equation (4.1) like the DPU software does not in-
troduce significant loss of accuracy to the pressure readouts compared to Equation (4.2)
and gives similar sensitivity factors. In addition, the nude gauge left filament was used
with 100 µA electron emission current for high emission mode, whereas the low emis-
sion mode was at 5 and 15 µA; the ram gauge was operated with all eight microtip
groups running at 100 µA for high emission mode, and 5 and 15 µA for the low emission
mode. The uncertainties of the pressure measurements and sensitivity factors in Graf
et al. (2004) were not specifically mentioned. However, since the same instruments
as in this study were used (G.P and COPS), a 10% uncertainty is also assumed for
comparison of the sensitivity factors.

Comparing Graf et al. (2004) with this work, it shows that the derived sensitivities
from both COPS and Graf et al. (2004) have an overlap within the 10% uncertainties
of one another. Moreover, as mentioned by Graf et al. (2004) the ram gauge sensitivity
is roughly four times lower compared to the nude gauge due to the smaller anode grid.

4.1.3 Species Correction Factor Measurements

Motivation

When measuring either with COPS or G.P., the pressure/density has to be corrected
since the ionization efficiency of electrons are different when ionizing different gas
species (see Section 3.1). Both COPS and G.P. are calibrated to nitrogen so that
when measuring pure N2 the correction factor is equal to one. COPS space data has
to be calibrated using the corresponding correction/scaling factors for each individual
gas species as listed in Table 3.1.

The lab experiment was performed in 2016 to verify that COPS has similar correction
factors as the G.P. In addition, a gas mixture is measured to acknowledge the theoretical
method used for calculating the correction factor for mixed gas (cf. Section 3.1).

Experiment Setup

For the correction factor measurements, COPS was mounted in the 6-way cross sim-
ilar to Figure 4.2 although not attached to CASYMIR (stand alone). The operation
pressure was in the range of 10−10 to 10−9 mbar. The glass window at the front flange
in Figure 4.2 is now replaced by a leak valve such that the gas bottles of different gas
species can be connected. The leak valve is thermally regulated by the pressure read
outs of G.P. to control the amount of gas inside the 6-way cross. During these correc-
tion factor measurements only the nude gauge of the COPS-FS was operated using the
default left filament.

Measurement Procedures

COPS was kept running all the time to keep the instrument warm and avoid high
pressures due to degassing after a switch on; this also reduced the waiting time for
stable chamber pressures. Single gas species He, Ne, N2, CO, Ar, CO2, Kr, and Xe,
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similar to the ones listed in Table 3.1, are measured except for O2 and H2O which are
not suitable with this setup. A prepared gas mixture of He, Xe, and Ar of one-third
each is also measured. The measurement procedure was as follows:

1. The nude gauge was already operating in high emission mode with low ion-range.
Background pressures at COPS and G.P. are both recorded.

2. A selected gas species or mixture was fed into the 6-way cross to a pressure of
about 1 · 10−8 mbar. The pressure was regulated by the G.P pressure reading.
Once the pressure was stable the COPS measurements were recorded. The same
was done for 5 · 10−8 and 1 · 10−7 mbar. The pressures were measured in low to
high sequence to reduce the waiting time for pressure to decrease.

3. COPS was set to low emission mode with low ion-range and was let to pump down
for around 2 hours to a stable pressure. Measurements for the same pressure
ranges as above for the high emission mode is repeated.

4. All gas inlets are closed. COPS set back to high emission mode with low ion
range pumping down for next set of measurements with a different gas species.

In addition, it is suggested to start with the light species since in general it is harder
to pump the heavy ones.

Data Treatment and Results

Assuming that there is a certain gas pressure Preal inside the measurement chamber.
And that the gas sensitivity factor for species pressure correction as mentioned in
Section 3.1 is βc for the COPS nude gauge and βg for G.P., respectively. Then the
relation between the real gas pressure, Preal, and Pg the pressure measured with G.P.
is

Preal = Pg · βg (4.3)

and the relation between the real gas pressure Preal and Pc the pressure measured with
the COPS nude gauge is

Preal = Pc · βc (4.4)

Since COPS and G.P. are measuring the same amount of gas, Equation (4.3) equals to
Equation (4.4). This gives Pc · βc = Pg · βg and thus the correction factor of COPS βc
can be calculated as

βc =
Pg
Pc
· βg (4.5)

The relative error of βc is

(
∆βc
βc

)
=

√(
∆Pc
Pc

)2

+

(
∆Pg
Pg

)2

(4.6)

With 6% taken for the term ∆Pg/Pg since the given error in Granville-Phillips (2007)
is 4% to 6%. ∆Pc/Pc is the COPS pressure with a variation (standard deviation) at
stable pressures typically less than 1% gives the total uncertainty on βc around 6%.
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βg is the correction factor for single species in Table 3.1 given by the Granville-Phillips
(2007) user manual. The theoretical correction factor for the gas mixture is derived us-
ing Equation (3.4). The results of COPS βc are shown compared to the G.P. correction
factors βg in Table 4.2 with the difference |βg − βc| /βg.

The COPS derived correction factor for nitrogen is the closest to the theoretical one
which makes sense since COPS is calibrated to N2. Surprisingly, the COPS derived
correction factor for the gas mixture is also quite close to the theoretically calculated
one, which verifies the method used for calculating the correction factor as in Equa-
tion (3.4). The larger uncertainties might be due to systematic errors such as the
diurnal pressure variations or due to temperature changes in the laboratory. Another
possibility is the setup with the pump very close to COPS and G.P. which can affect
the gas distribution in the 6-way cross.

Table 4.2: COPS derived species correction factor for densities compared with the G.P.
βg is the correction factor of the G.P. and βc is the correction factor derived from COPS
measurements.

Gas Species βg βc Difference [%]
Helium He 5.56 4.68 15.9
Neon Ne 3.33 2.72 18.5
Nitrogen N2 1.00 1.01 1.2
Oxygen O2 9.90 · 10−1 not measured
Carbon monoxide CO 9.52 · 10−1 1.07 11.9
Water H2O 8.93 · 10−1 not measured
Argon Ar 7.75 · 10−1 8.30 · 10−1 7.1
Carbon dioxide CO2 7.04 · 10−1 6.79 · 10−1 3.6
Krypton Kr 5.15 · 10−1 5.87 · 10−1 13.9
Xenon Xe 3.48 · 10−1 3.96 · 10−1 13.7
Gas mixture He, Xe, Ar 6.91 · 10−1 6.66 · 10−1 3.6

4.2 Dynamic Gas Measurements

4.2.1 Motivation

When the pressure/density is high enough COPS is also capable of deriving the gas
velocity in the coma of 67P using both gauges (Section 3.2). Here we show an exper-
iment performed in 2014 comparing the COPS, CASYMIR, and theoretically derived
neutral gas beam velocities for different species.

4.2.2 Experiment Setup

The gas velocity measurements are carried out at CASYMIR using the dynamic mode
of the system. Shown in Figure 4.4 is the illustration of CASYMIR with a photo of the
COPS-FS in the 6-way cross docked to the vacuum chamber similar to the static test
in Section 4.1.2. The gas mixing unit provides the selected gas. Molecules and atoms
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are injected through a nozzle into the vacuum chamber. The nozzle can be heated to
increase the beam’s velocity. The gas beam then passes through the chamber where
the beam size may be adjusted by an iris diaphragm and is then measured with the
both gauges of COPS.

Figure 4.4: Flow diagram showing neutral gas beam measurement at CASYMIR with
a photo of the COPS-FS in the 6-way cross docked to the vacuum chamber neutral
gas beam. V0 is the bellow chamber, V1 is the main chamber, V2 is the collimator
chamber, V3 is the expansion chamber, V4 is the reference chamber, and V5 one of
the pumps. The other parts are 1, the gas mixing unit; 2, the leak valve used for static
measurements; 3, the nozzle used for the dynamic measurements; 4, the skimmer; 5, the
chopper mechanism; 6, the iris diaphragm; 7, the molecular beam analyser; and 8, the
docking plate for the instruments. CASYMIR illustration extracted from Westermann
et al. (2001)

4.2.3 Measurement Procedures

During the dynamic measurements both gauges of COPS were running in low emission
with low ion-range. COPS is always on to stay warm and thermally stable throughout
the measurements. Neutral gas beam of the species H2, He, CH4, Ar, and Xe are each
measured with nozzle temperatures around 40◦C, 250◦C, and 550◦C. Typical pressures
in the CASYMIR chamber with a gas beam are in the range of 10−9 to 10−8 mbar
where the background with no beam is 10−10 mbar. The measurement procedure
follows below:

1. Set the nozzle temperature (40◦C, 250◦C, or 550◦C).

2. A selected gas species is injected through the nozzle creating a gas beam.

3. Set the iris diaphragm (6 in Figure 4.4) opening.

4. A 2D beam scan with the CASYMIR beam detector (7 in Figure 4.4) is performed
to make sure the beam is focused and centered at COPS. Otherwise, the nozzle
position can be slightly adjusted to center the beam.

5. The chopper wheel (5 in Figure 4.4) is inserted in the beam path to measure the
beam velocity with the beam detector. After the beam velocity measurement the
chopper wheel and the beam detector is moved out of the beam path.
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6. The positioning system is used to shift the 6-way cross horizontally such that
the ram gauge scans across the beam; the same is done for the nude gauge by
scanning vertically across the beam. By scanning across and outside the beam
the background pressures of both gauges can be obtained.

4.2.4 Data Treatment and Results

Theoretical Gas Velocity

Westermann (2000) discussed the free molecular beam expansion from the nozzle. Con-
sidering the expanding gas from the nozzle to be ideal and the viscous and heat conduc-
tion effects to be neglectable are good approximations for a high-speed flows when the
propagation time is short compared to the diffusion time scales. With these approx-
imations the gas is considered to expand isentropically, i.e. reversible and adiabatic.
In addition, the collision frequency between the gas molecules inside the heated nozzle
are taken as sufficiently high for the gas expansion to be treated as a continuum flow.
This yields the terminal bulk velocity u from the First Law of Thermodynamics:

u =

√
2

γ

γ − 1

kT0

m
(4.7)

where γ is the adiabatic index, k the Boltzmann constant, T0 the nozzle temperature,
and m the mass of the molecules in the flow.

CASYMIR Beam Detection

CASYMIR has a movable detector located at 7 in Figure 4.4 for 2D scans across the
neutral gas beam. If the beam is not centered, the nozzle position can be slightly
adjusted to move the beam in the appropriate position.

The left panel in Figure 4.5 shows an example of a 2D scan of a centered Ar beam at
550◦C nozzle temperature with the intensity. Red color shows the beam and dark blue
shows the background outside the beam.

To measure the velocity of the beam with CASYMIR, the chopper wheel (5 in Fig-
ure 4.4) is inserted in between the nozzle and the beam detector. The chopper is a
disc with two shutter holes in it to pulse the beam. It is operated at fast rotation
speeds and the two gas signals are recorded with the molecular beam detector. Then
the velocity distribution of the molecular beam is determined by dividing the distance
between the shutter wheel and the beam scanner by the time difference between the
shutter openings and the beam’s arrival time at the scanner.

The right panel in Figure 4.5 shows the detected beam scanner signal (the velocity
distribution of the molecular beam) of the beam on the left. On the x-axis is time,
y-axis is the intensity. The 930 µs is the time between the chopper trigger and the
manually selected peak center that indicates the time of flight between the chopper
wheel and the beam detector which are seperated by 0.665 m. Thus the gas beam
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velocity in m/s can be derived as

v =
0.665

(t− 0.0002)
(4.8)

with t in seconds the time between the peak and trigger as the 930 µs marked in
Figure 4.5; the 0.665 in meters is the distance between the chopper wheel and the
detector; the 0.0002 in seconds is the correction for a read out time delay for the beam
detector pre-amplification gain that was set at 1010 during the velocity measurements
in this study.

This procedure was repeated for different chopper wheel rotation speeds yielding an
error of about 10% relative to Equation (4.7).

Figure 4.5: 2D scan and detected chopped beam of Ar with a nozzle temperature of
550◦C. Left: the 2D beam scan. Right: the beam signal delayed by 930 µs detected
with the chopper mechanism operating. The detected velocity was 910 m/s. The
chopper wheel rotation speed was 1022 U/min, the Iris opening was 12%.

COPS Beam Scan

To derive the beam velocity with COPS pressure/density measurements COPS is
scanned across the beam. The size of the beam is limited so both gauges of COPS
can’t measure the beam at the same time (explained in the following section). As an
alternative, the scan makes it possible that both gauges can measure the same beam
and the background. This can be done by operating the positioning system that sup-
ports the 6-way cross. For a clearer view, Figure 4.6 shows the configuration of the
ram gauge and the nude gauge for measuring the neutral gas beam.

The ram gauge is first positioned at the beam center. Then COPS is shifted so that
the ram gauge scans vertically in the z-direction by a 2 mm shift per step. COPS rests
at each location taking measurements for at least 1 minute to make sure that the gas
inside the ram gauge equilibrium sphere is stabilized. The ram gauge scan gives the
beam profile as shown in the left panel of Figure 4.7 for an argon beam with nozzle
temperature of 550◦C, iris opening 13%, and mass flow of 1.7 sccm. Sccm is the flow
measurement term ”standard cubic centimeters per minute”.
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After the ram gauge scan, COPS is then placed so that the nude gauge is in the beam
while the ram gauge aperture is outside. Following is a scan by shifting COPS in
the horizontal x-direction by 2 mm shift per step similar to the ram gauge scan. An
example beam profile of the nude gauge scan is shown in Figure 4.7.

In the beam scan profiles of both gauges, the flat ends - where the pressure is low and
stable outside the beam - is taken as background for the measurements. Furthermore,
the ratio of the highest densities in both profiles is used to derive the beam velocity
using Equation (3.11) from Section 3.2.

Figure 4.6: Illustration of COPS gauge configuration measuring neutral gas beam in
CASYMIR. The ionization zone surrounded by the inner grid of the nude gauge is
shown in red, whereas the outer grid is in black.

Figure 4.7: Ar gas beam profile as measured by a COPS scan in CASYMIR. The argon
beam was generated with nozzle temperature of 550◦C, iris opening of 13%, and a mass
flow of 1.7 sccm.

Iris Opening Test

The iris diaphragm can be adjusted to control the beam size. Measuring in a size
limited chamber, one would prefer that the gas beam is not too wide so that there
are less reflections of gas on the chamber walls; measuring with COPS, one would
also prefer that the beam size is at least as wide as the nude gauge ionization region
illustrated surrounded by the red inner grid in Figure 4.6 for uniform conditions as
expected in the coma of the comet.
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One way to check how much the iris should be opened is to perform the nude gauge
scan in x-direction as discussed in the previous section for different iris openings. The
other way is to observe the relation between the iris opening and the corresponding
COPS derived velocities.

Figure 4.8 shows the COPS derived gas velocity on the y-axis and the iris opening on the
x-axis for argon and helium at 550◦C nozzle temperature. Helium measurements (blue
empty and filled diamonds) are done for two different mass flows which show similar
trends. This confirms that the velocity measurements are more or less independent
of the mass flow. Argon measurements are shown in green triangles. The theoretical
velocities for both gases at 550◦C are shown with dashed lines.

The results show that iris openings around 12% to 17% fit best to the theoretical values.
An iris opening of 13% is used in this study.

Figure 4.8: Iris diaphragm opening test results with He and Ar at 550 ◦C.

Combined Gas Velocity Results

In Figure 4.9 the theoretical velocities of H2, He, CH4, Ar, and Xe at different tem-
peratures are plotted in colored curves. The gas beam velocity measurements with the
chopper mechanism and beam detection system of CASYMIR are shown by the squares.
The corresponding COPS gas velocity measurements are shown in filled circles.

The uncertainty of the chopper wheel based velocity is around 10%. Considering the
variations (standard deviation) of the nude and ram gauge measurements at a stable
pressure which are both below 1% (both set to 1% in the analysis), and the sensor
temperature of the ram gauge which is even smaller compared to the pressures, the
COPS derived gas beam velocity yields an error of 2%; the actual error may be larger
due to other systematic uncertainties; here taking the 2% error, COPS gas velocity
error bars are left out in Figure 4.9 since they will be too small to be well visualized.
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The measurements for 250◦C nozzle temperature were performed first in the sequence
of He, CH4, Ar, H2, and Xe on five separate days. Then the measurements for 40◦C
and 550 ◦C nozzle temperature were done in the order of H2, He, CH4, Ar, and Xe;
the 40◦C and 550◦C measurements for one species were executed within one single day.
It can be seen that the velocities in squares (chopper mechanism) for 40◦C and 550◦C
tend to be slower than the circles (COPS), whereas for the 250◦C velocities it is not.
Somehow there is a systematic bias on the measurements for 40◦C and 550◦C done on
the same day compared to the 250◦C ones performed alone on a separate day.

In Figure 4.9 most of the COPS and chopper wheel based velocities are close to the
theoretical curve. Few measurements with high nozzle temperature (550◦C) tend to be
slower, i.e. H2 and CH4. For H2 the time interval t in Equation (4.8) is small because of
its light weight and high velocity at high temperature, thus manually selecting the peak
center of the chopped beam signal (Figure 4.5 right panel) might give a larger error.
Furthermore, COPS and chopper velocities for Xe are all higher than the theoretical
values.

It is worth mentioning that COPS measures the bulk velocity, whereas with the chop-
per mechanism, the manually selected peak position in the chopped beam signal (right
panel in Figure 4.5) gives the most probable velocity of the Maxwell-Boltzmann dis-
tribution, but not necessarily the bulk velocity if the shape of the distribution is not
symmetric. This is also a possible element contributing to cause the discrepancy within
the data.

Figure 4.9: COPS dynamic gas velocity measurements in CASYMIR. The uncertainty
of the chopper wheel based velocity is around 10%; the statistical uncertainty of COPS
derived velocity is small so is not shown in this plot.
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4.3 Measurements in a Plasma Environment

4.3.1 Motivation

COPS is designed to measure neutral gas but at times enhanced noise is observed in
the measured COPS neutral gas density. Interestingly, this is correlated with plasma
signals measured by the RPC instrument package on Rosetta (Section 5.7); COPS-
FM in flight had observed obvious ion-current offset variations (Section 3.4.3) which is
most probably also a plasma effect. Therefore, an extra set of calibration measurements
were carried out with COPS-FS exposed to varying plasma conditions to investigate
the instrument response.

4.3.2 Experiment Facility and Setup

The plasma test took place at ONERA (the acronym of “The French Aerospace Lab”
in French) in Toulouse in 2015. The COPS nude gauge and its electronic box, the
DPU, the ROSINA EGSE computer system (Electronic Ground Support Equipment),
and other hardware components were shipped in protected boxes to Toulouse for a one
week test.

The chamber that was used for the plasma test is JONAS (Ionospheric Ambience
Simulator for the Study of Spacecraft/Plasmas Interactions). COPS was sharing the
chamber with the Radio and Plasma Wave Instrument (RPWI) which is in development
for the JUpiter ICy moons Explorer (JUICE) mission. A photo of the ONERA/JONAS
facility is shown in Figure 4.10.

Figure 4.10: Photograph of the ONERA/JONAS facility used for the COPS plasma
test. From Inguimbert and Murat (2015).
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To test RPWI, twelve Langmuir probes with different materials were mounted on a
carousel and placed in the chamber to test their characteristics when impacted by
plasma. RPWI doesn’t induce additional plasma or neutrals that affect the chamber
environment. COPS and RPWI were measuring inside JONAS simultaneously. Fig-
ure 4.11 shows the setup inside the chamber. The COPS nude gauge was fixed on
a flange that was mounted on a plate at the lower left. The electronic box was also
placed in the chamber covered with kapton such that the electronics are not affected
by plasma. The electrical feedthrough close to COPS was used.

The chamber volume is around 10 m3. During the tests argon is used to create plasma
with densities typically in the range of 104 to 106 cm−3 depending on the locations
inside the chamber and the settings of the source. The argon beam ions had energies
around 20 eV (velocity around 10 km/s) with thermalized cold ions assumed having a
temperature of 300 K similar to the gas. The best match found by RPWI is 90% of
beam ions and 10% of thermalized ions in the chamber. The chamber neutral pressure
was in the order of 10−7 to 10−6 mbar.

An additional set of four grid plates was built and installed around the original grids
of the nude gauge as shown in Figure 4.12. The grid plates opposite to one another
are considered a pair. One pair has a fine mesh size compared to the nude gauge outer
grid; the other pair has a course mesh size comparable to the nude gauge outer grid.
Voltages may be applied to the four grids individually. They will act as a filter/shield
to the charged particles when needed. During the test a kapton foil is added on the
top of the set of additional grids and kapton tape is placed on the gap between the
additonal grids to provide insulation from plasma (Figure 4.12).

Figure 4.11: Illustration of the plasma test setup inside ONERA/JONAS chamber.
From Inguimbert and Murat (2015).
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Figure 4.12: Left: COPS nude gauge with the additional grids mounted for the plasma
test. Right: Kapton foil and tape added to the setup to insulate plasma.

4.3.3 Test 1 - with and without plasma

Measurement Procedures

A test was performed to check whether COPS pressure/density measurements are
different when operating in an environment with only neutral particles and when in an
environment with both neutrals and plasma. The following steps were executed:

1. COPS is switched on in the chamber with the plasma source off in a measurement
mode so that only neutrals are measured.

2. The chamber pressure might be high when switching on the plasma source thus
COPS is switched off for safety.

3. The argon plasma source is switched on and regulated.

4. COPS is again switched to a measurement mode while neutrals and plasma are
both present in the chamber.

Data and Results

The two plots in Figure 4.13 have the same time scale on the x-axis and pressure scale
on the y-axis. The time interval is always 10 min. On both plots no extra voltages were
applied to the additional grids. On the left side are measurements with only neutrals
and on the right are measurements with argon plasma. The neutral gas density inside
JONAS chamber was stable during the measurements either with or without plasma.
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However, it can be seen that COPS pressure measurements with plasma (right panel)
is much more noisy than without plasma. A possibility is that the additional plasma
might have contributed to COPS signal.

Figure 4.13: COPS nude gauge measurements with (right) and without (left) plasma.
Both plots are plotted for 10 min on the x-axis and same pressure scale on the y-axis.

Having a closer look, we checked COPS pressure together with other electronic pa-
rameters for the case when plasma was present. Shown in Figure 4.14 the left plot is
pressure relative to the immission current. The immission current is flat and does not
go together with the pressure since the immission current is regulated to a set value, in
this case to ≈ 15 µA, in a fixed emission mode. The only electronic parameter found
to follow the trend of the pressure is the ion current shown on the right side. It makes
sense since COPS pressure is derived by the DPU using the ratio of ion current to
immission current Equation (4.1).

This suggests that plasma indeed has an extra influence on the ion current of COPS
resulting in noisy pressure measurements. In the next test we try to figure out how
and why COPS is affected.

Figure 4.14: Nude gauge pressure compared with immission current and ion-current in
plasma environment.
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4.3.4 Test 2 - different voltages applied to the additional grids

Measurement Procedures

The current applied on the filament (i.e. the filament current) to emit electrons is
regulated on the immission current (i.e. the current of the filament emitted electrons
detected on the nude gauge inner/anode grid) to be stable around 15µA. Usually in a
neutral gas only environment, the immission current at the start of a mode is zero since
there is no filament current applied and thus no electrons emitted from the filament;
then the regulation will start vary the filament current until a stable immission around
15µA is reached.

It was observed that in this plasma environment, the nude gauge wasn’t able to be set
to operation in low emission mode. The cause was that with this setup, at the start of a
mode the immission current is already at close to 20 µA without any filament current
applied, i.e. no electron emission at all from the filament. So the regulation was
confused by the “fake” immission current and couldn’t set the nude gauge to operate.
By applying -10 to -50 volts to all four of the additional grids helped to reduce the
initial fake immission current and the nude gauge was then successfully set to operation
as usual.

The purpose of this test was to observe how applying different voltages to the additional
grids added around the nude gauge influence the COPS measurements in a plasma
environment. The measurement procedure is as below:

1. Set all four additional grids to -50 V.

2. Switch COPS to operation in a low emission mode.

3. Decrease the voltage settings of the additional grids step by step slowly from
-50 V to -210 V.

4. Additional grid voltages are set back to -50 V.

5. Increase of the voltages of the additional grids step by step slowly from -50 V to
+1 V.

6. Voltage on the additional grids set to -30 V.

Data and Results

There was no obvious change in COPS behavior during the decrease of the grid volt-
ages. Surprisingly, the filament current was observed to drop dramatically when the
additional grid voltages are set to more positive values indicating that external elec-
trons provided a significant contribution to the measured immission current.

A zoom on when the additional grid voltages were increased is shown in Figure 4.15.
The x-axis shows the time, and on the y-axis the four panels from top to bottom show
pressure, ion-current, filament current, and immission current, respectively. The red
vertical lines indicate the time when a voltage change is applied to the additional grids.
The applied voltages are marked with red numbers above each red line.
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Figure 4.15: COPS nude gauge data while adjusting the additional grid voltages in
plasma environment.

It can be seen that when the applied voltages are > 0 V, there is a change in all
parameters except the immission current. In this case more external electrons are
attracted and reach the anode grid of the nude gauge contributing additionally to the
original immission-current. Then the regulation determines that the immission is too
high and reduces the filament current (3rd panel in Figure 4.15) to regulate back to ≈
15 µA immission current (4th panel). The external electrons therefore contributed to
the ionization of the neutrals, and this results in a higher ion-current (2nd panel), thus
a higher density/pressure (1st panel).
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5. COPS Observations at Comet 67P

In this Chapter the used COPS density data was calibrated for the spacecraft back-
ground and the different gas species as mentioned in Section 3.1 except for Section
5.1 and 5.6 where raw data was used. Data at times when spacecraft events (during
or/and after maneuvers and wheel off-loadings) might affect the densities are removed
when required for the studies.

5.1 A Multipurpose Instrument

Besides the coma neutral gas density COPS also measures gas released in thruster fir-
ings during wheel off-loadings, slews of the spacecraft, and cometary dust impacting the
instrument/spacecraft. In the following some examples are shown with non-calibrated
raw density data measured with the nude gauge.

In Figure 5.1 in addition to the regular coma density pattern there are some sharp
large peaks due to thruster firings during the time periods shaded in blue. These
blue shaded maintenance slots are the spacecraft wheel off-loading periods defined by
the ESA spacecraft operation team. Normally the actual wheel off-loadings are much
shorter than the allocated time periods.

Since the wheel off-loadings affect the density measurements of COPS, quite often data
during the defined wheel off-loading periods are ignored. There are also orbital

Figure 5.1: COPS density measurements affected by spacecraft wheel off-loading pro-
cess. The blue shaded periods are the official wheel off-loading periods where a sharp
peak may be seen in the COPS measured neutral density above the regular coma
smooth periodical pattern.
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correction maneuvers which increase the density even more. COPS is usually switched
off during the defined maneuver periods. When COPS is switched on again there is
often a large density peak due to degassing of the contamination that settled on the
cold instrument during maneuvers. It takes some time to degas, hence data within
approximately 60 min after maneuver periods are to be removed if required.

Surprisingly, although not designed to detect grains, COPS appears to be able to sense
grain signals as well. Figure 5.2 shows two different days in February 2015 where grain
signals are either present or not. In the lower panel the coma density is smooth with
regular variation patterns, whereas the upper panel shows that besides the usual coma
density pattern there is additionally a large amount of small spiky signals.

We suggest that this is caused by grains heating up near or at COPS and the volatile
part of the grain is released and contributes to the observed density. Grains with only
a small volatile content are expected to create smaller dust signals, thus are harder to
be seen if the cometary gas density is relatively high, and vice versa.

COPS density measurements are also affected by attitude changes of Rosetta. Fig-
ure 5.3 shows an example obtained in February 2015 with the changes in COPS mea-
sured densities corresponding to the changes in off-nadir pointing of the spacecraft.

These are slews back and forth past the nadir direction, thus every second peak in
the off-nadir angle corresponds to a more or less same attitude again; therefore, every
second peak in the off-nadir pointing corresponds to a peak in the density. The increase
in density signal might be the sublimation of ice/dust which settled down and froze on
the cold parts of the spacecraft.

Figure 5.2: COPS coma density measurements with and without dust signal. Lower
panel shows the regular smooth neutral gas density pattern of the coma. Upper panel
shows the spiky dust signals in addition to the usual coma density pattern.
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Figure 5.3: COPS neutral density measurements affected by spacecraft attitude when
changing the off-nadir pointing. Every second peak in the nadir off-pointing angle (red)
corresponds to a peak in density (blue).

5.2 Diurnal and Seasonal Variation

At the beginning of August 2014 when Rosetta came to as close as 100 km to the
comet ROSINA started to see strong density variations in the coma correlated to
the rotation of the nucleus of 67P. COPS neutral density observations show not only
diurnal variations, but also seasonal variations. Diurnal variations refer to change
of sub-spacecraft longitude of the coordinate frame attached to the nucleus, whereas
seasonal variations refer to change in sub-spacecraft latitude. Table 5.1 shows the
list of dates of the seasonal change on 67P during the mission. Here Figure 5.4 and
Figure 5.5 demonstrate the seasonal variation and the diurnal variation of the comet
with COPS absolute density after spaccraft background subtraction and correction for
composition-dependent sensitivities as derived from DFMS (cf. Section 3.1).

Figure 5.4 shows neutral number density and the corresponding sub-spacecraft longi-
tude and latitude for several days in September 2014 when the sub-solar point is on
the northern hemisphere of 67P. During this time the northern/summer hemisphere of
67P is more active than the southern/winter hemisphere. The diurnal variation due
to the comet’s rotation period of 12.4 hour at that time is also illustrated in the figure
by the sub-spacecraft longitude. In contrast, Figure 5.5 shows the same parameters
but for several days from mid December 2015 to mid January 2016 when the sub-solar
point is on the southern hemisphere. The northern hemisphere is in fall/winter and
the southern is rather spring/summer just opposite to the situation in Figure 5.4.

Table 5.1: Dates of seasonal change at 67P

Date Seasonal parameters
2015 May 5 Equinox (Southern hemisphere spring)
2015 September 4 Southern hemisphere summer solstice
2016 Mar 21 Equinox (Southern hemisphere autumn)
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Figure 5.4: Seasonal and diurnal variation of the coma during summer on the north-
ern hemisphere in September 2014. The 12.4 hour diurnal variation is also shown.
The upper panel shows calibrated neutral density measurements from COPS with
composition-dependent corrections based on DFMS data. Lower panel shows the cor-
responding latitude (red) and longitude (blue). Where the latitude is positive the
neutral density is higher, and vice versa. The first half of the data was measured when
the phase angle was around 60◦ to 120◦, and the second half of the data was measured
during near terminator orbits.

Figure 5.5: Similar to Figure 5.4, but shows the seasonal variation of the coma during
summer on the southern hemisphere in December 2015 to January 2016. The neutral
density is higher where the latitude is more negative, and vice versa. These data were
measured when the spacecraft orbits were near terminator.
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5.3 Density Evolution

Throughout more than 2 years of comet escort and extended mission at 67P COPS
has been running continuously except during orbital correction maneuvers when the
densities might have been high enough to damage the instrument, during times when
the densities are below the detection limit, or during some ROSINA software updates.

Dates of the scientific phases during the mission are listed in Table 5.2 and Figure 5.6
shows the neutral density evolution measured in situ by COPS with the corresponding
distance between the spacecraft and the comet. It shows that the measured density is
anti-correlated to the distance of the spacecraft to the comet.

Table 5.2: List of main scientific phases of Rosetta.

Time Phase Distance [km]
2014 Oct 15 - 28 Close bound terminator orbits around 10
2015 Feb 14 Close flyby as close as 8
2015 Mar 28 Close flyby as close as 15
2015 Sep 23 - Oct 17 Bow shock excursion up to 1500
2016 Mar 23 - Apr 9 Tail excursion up to 1000

Figure 5.6: The calibrated coma total neutral gas density evolution of 67P from August
2014 to February 2016 shown with the distance of Rosetta to the comet.

5.4 Total Production Rate

In the coma of 67P the local total neutral gas density was measured in situ by ROSINA-
COPS. Bieler et al. (2015b) estimated with 3D coma models the total production rate
of 67P between August and November 2014 to be about 1 · 1026 molecules/s. The study
shows that illumination driven models were able to reproduce the overall features of
the local neutral number densities measured by COPS.

With the neutral number density measurements from COPS one can estimate the
total production rate using the simple Haser model as in Equation (1.3). The total
production rate calculated with an assumption of 700 m/s for gas velocity gives a peak
of approximately 4 · 1028 molecules/s around 18 days after perihelion. The peak is also
due to the orbits of Rosetta, i.e. the variation in the sub-spacecraft positive/negative
latitudes.
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In the study of Hansen et al. (2016) the water production evolution of 67P during
the mission is examined based on Rosetta in situ and remote sensing measurements,
ground-based observations. An empirical method is developed using Direct Simulation
Monte Carlo (DSMC) modelled (Fougere et al., 2016a) density outputs constrained
by ROSINA data. The developed empirical model is then also applied to detrending
spacecraft position effects from ROSINA data. Though using a different method, the
peak water production rate was also found by Hansen et al. (2016) to occur 18-22 days
after perihelion similar to our study using the simple Haser model.

Figure 5.7: Production rate of the total neutral gas molecules derived using the simple
Haser model as in Equation (1.3) with an assumption of gas expansion velocity of
700 m/s. The peak production rate is around 18 days after perihelion similar to the
peak H2O production in Hansen et al. (2016).

5.5 Gas Bulk Velocity

The expansion velocity of the neutral gas in the coma of 67P was derived with 3D
coma models in the study of Bieler et al. (2015b) giving estimated values around 400
- 800 km/s. The velocities were obtained from a DSMC model using surface boundary
temperatures defined by the model of Davidsson et al. (2007). The velocities were
roughly in agreement with the measured water expansion velocity of 680 m/s reported
by Gulkis et al. (2015).

The gas velocity of the neutral gas coming from the comet can be calculated with
COPS neutral gas observations when the calibrated neutral densities are higher than
the background of both nude and ram gauge. The procedure of how the gas velocity
is calculated is as follows:

1. Calibrate nude gauge and ram gauge densities for the background and gas species
using DFMS relative abundances for the main gas species using the method
mentioned in Section 3.1:
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(a) Background subtraction: nude gauge 1.2 · 106 cm−3, ram gauge 2.5 · 107 cm−3.

(b) Species correction for main gas species: H2O, CO2, CO, O2.

(c) DFMS measures one integer mass line after the other, so the time-resolution
is much lower than COPS. For instance, in th nominal high-resolution mode
a DFMS mass scan from 13 Da to 100 Da lasts approximately 45 minutes.
Thus COPS data can only be calibrated when there are DFMS measured
relative abundances available within a short time period of the COPS indi-
vidual measurements. For this work here we require DFMS measurements of
the major species within 1 hour of the corresponding COPS measurement
and perform a linear interpolation in time between the individual DFMS
measurements.

2. Ram gauge is pointing in the +z direction of Rosetta spacecraft frame and mea-
sures the gas flux coming in the spacecraft -z direction from the comet. So only
COPS data obtained while the off-nadir pointing (θn) is smaller than 10 ◦ are used
for the velocity analysis. The ram gauge density is then multiplied by 1/cos(θn)
to estimate the actual projected cross section of the nude gauge entry exposed
to the incoming gas flux (cf. Figure 3.1).

3. The gas velocity is then calculated using Equation (3.11) in Section 3.2. The
mean gas mass is calculated using the relative abundances of the main species
measured by DFMS.

5.5.1 Longitude-Latitude Map

In Equation (3.11) used to calculate the velocity the parameters are: the mean gas
mass (which is in the square root), the other is the density ratio of ram gauge to nude
gauge. Both are shown in Figure 5.8 for October 2014. The left panel shows the
sub-spacecraft point longitude-latitude map of the mean gas mass considering the four
main gas species with the color scale showing the mass in atomic mass units; The right
panel shows the longitude-latitude map of the ram gauge to nude gauge density ratio.
It is important to note that the longitude-latitude map mentioned here does not show
the gas velocity on the nucleus, but the velocity of the gas derived from COPS in situ
above the corresponding sub-spacecraft longitude and latitude.

Looking at Figure 5.8 the mean gas mass in the square root can vary maximum up to
a factor of ≈ 2.4 due to the range of molar mass of the major species (from 18 amu for
H2O to 44 amu for CO2), whereas the density ratio of ram gauge to nude gauge can go
up to a factor of 7. Hence, the calculated velocity will be affected more by the density
ratio than the mean gas mass.

The calculated COPS gas velocity is shown in the longitude-latitude map in Figure 5.9
with the main parts of 67P marked in black and white text. It can be seen that the
pattern in the COPS derived gas velocity map is more similar to the density ratio of
ram gauge to nude gauge in the right panel of Figure 5.8 than to the one of mean gas
mass to the left. This is as expected as the relative variation in the density/pressure
ratio is much bigger than the variation in average mass. Also, as discussed above the
average mass goes in only with the square root.
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Figure 5.8: Left: sub-spacecraft longitude-latitude map of the mean gas mass for
October 2014. Right: sub-spacecraft point longitude-latitude map of the ram gauge to
nude gauge density ratio for October 2014.

Figure 5.9: Sub-spacecraft longitude-latitude map of the calculated coma gas velocity
in October 2014 in m/s. The approximate locations of the main parts of 67P is marked
in black and white text.

Mentioning velocities of gas in the coma, one would think it might be linked to the
activity on the surface of the nucleus through the temperature/illumination. Since the
cometary ices require certain temperatures to be sublimated, it is very likely that the
gas velocity is somehow linked to the temperature below the surface of the nucleus.

The Microwave Instrument for the Rosetta Orbiter (MIRO) offers a view below the
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surface of 67P. Figure 5.10 is a temperature map at a depth of approximately 2 cm
below the surface of 67P of the diurnal maximum temperature predicted by a thermal
model based on Rosetta MIRO observations (Schloerb et al., 2015) for September 2014.
The body longitudes and latitudes are similar to the sub-spacecraft ones in Figure 5.9
except that the longitude range of 180◦ to 360◦ in this plot corresponds to -180◦ to
0◦ in Figure 5.9. The main parts of the comet are also denoted on this temperature
plot. Schloerb et al. (2015) pointed out that in this plot the temperatures in the high
latitude regions are probably over-estimated.

In Figure 5.9 when the sub-spacecraft location is on the head and body regions of
67P, the measured neutral gas seems to have higher velocities than when pointing to
the neck. Comparing the COPS gas velocity map with the MIRO temperature map
(Figure 5.10) it makes sense that the gas velocity is higher in locations where the tem-
peratures are higher; at the neck region it is also quite warm, but the velocity is rather
low. Note that the temperature map shows the diurnal maximum of the whole month;
also the September 2014 temperature map corresponds to a period when the phase
angle (the spacecraft-comet-Sun angle) varies from around 40◦ to 120◦ whereas for the
October 2014 gas velocity map the phase angle was always around 90◦ (terminator
orbits).

Figure 5.10: Thermal model map of the expected diurnal maximum temperature at
a depth of 2 cm below surface of 67P for September 2014 based on Rosetta MIRO
observations. The thermal model does not include effects of water ice sublimation and
probably over estimates the temperatures in high latitude regions. The longitudes and
latitudes are similar to Figure 5.9 except that the longitude of 180◦ to 360◦ in this plot
corresponds to -180◦ to 0◦ in Figure 5.9. The rough locations of the main parts of 67P
are added to the original plot in purple text. Modified from Schloerb et al. (2015).

Shape models of the nucleus of 67P are derived from the images taken with the OSIRIS
(Optical, Spectroscopic, and Infrared Remote Imaging System) camera on Rosetta.
Then the energy input on the nucleus can be obtained from the shape models. Theo-
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retically the more energy input the nucleus has, the higher the nucleus temperature is;
the higher the nucleus temperature is, the higher gas activity it can have.

Figure 5.11 shows on the left a total energy input map of 67P per comet rotation on 6
August 2014 viewing from the north pole; the total energy includes the energy received
from the Sun and self heating (especially at the neck) from the thermal illumination by
the comet’s own surface. In contrast, the right figure shows the total energy received
over an entire orbital period (around 12 days) where the neck gains less energy input
on average.

Thus the energy input averaged over a longer period might explain partly the lower gas
velocity obtained with COPS when the neck region is facing the spacecraft. Considering
also that when gas leaves the nucleus the velocity is in general perpendicular to the
surface, it is not surprising that the COPS derived gas velocity is low when the sub-
spacecraft point is viewing the neck; after all, when the COPS ram gauge is facing
the neck quite a large portion of the nucleus surface is not perpendicular to the nadir
direction, so the gas flow that comes into the ram gauge is less.

Figure 5.11: Energy input map of 67P derived from OSIRIS shape model. Left figure
shows a map of the total energy in Jm−2 received from the Sun and self heating from
the thermal illumination by 67P’s own surface per rotation on 6 August 2014 from the
north pole. Right figure is similar to the left one showing total energy received over an
entire orbital period. Extracted from Sierks et al. (2015).

5.5.2 Time Evolution

In Figure 5.12 and Figure 5.13 the COPS nude and ram gauge densities, the density
ratio ram/nude, the mean gas mass from DFMS, and the COPS derived gas velocity
(red) together with the same parameters extracted from the DSMC model (blue) like
the one in Bieler et al. (2015b) for October 2014 and 1 to 5 October 2014, respectively,
are shown.
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Figure 5.12: Time evolution of coma gas velocity derived from COPS observations in October 2014 (red) and DSMC modeling (blue;
Bieler et al. (2015b)). Uppermost panel: COPS derived velocity in m/s. Second panel: mean gas mass in atomic mass units. Third panel:
COPS density ratio of ram gauge to nude gauge. Fourth panel: nude gauge density in cm−3. Bottom panel: ram gauge density in cm−3.



Chapter 5. COPS Observations at Comet 67P

The DSMC model is described in detail by Fougere et al. (2016a). The most impor-
tant aspects are described as follows: the relative response of the nucleus surface to
solar illumination was represented by an activity map of the surface; the activity map
was then used as input for the DSMC model; for a set of heliocentric distances, 12
simulations were ran, spaced one hour apart, that together model a single rotation of
67P.

In this study, the real spacecraft trajectory for October 2014 is used, and the physical
parameters in Figure 5.12 and Figure 5.13 are extracted from the simulation closest
in time out of the 12 individual runs. Therefore, when the trajectory crosses from
one rotation state to the next, there might be some discontinuity in the physical prop-
erties. The extracted model data were displayed without any smoothing, hence the
discontinuities are clearly seen.

It can be seen in Figure 5.12 that in this one-month time scale the overall features are
similar for both COPS and DSMC. It seems that on the long time scale when the neutral
density (activity) is higher, corresponding to the H2O dominated northern/summer
hemisphere in this case, the expansion gas velocity is higher as well.

Figure 5.13: Time evolution of coma gas velocity derived from COPS observations
(red) and DSMC modeling (blue; Bieler et al. (2015b)) for 1 to 5 October 2014. Top
panel: COPS derived velocity in m/s. Second panel: mean gas mass in atomic mass
unit. Third panel: COPS density ratio of ram gauge to nude gauge. Fourth panel:
nude gauge density in cm−3. Bottom panel: ram gauge density in cm−3.

61



Chapter 5. COPS Observations at Comet 67P

However, when zoomed to a shorter five-day time scale as in Figure 5.13 for 1 to 5
October 2014 the highest neutral densities (fourth panel from top) do not correspond
to high gas velocities (first panel from top) any more, but to low gas velocities.

As previously mentioned, the role of the mean gas mass in the velocity calculation is
not as critical as the density ratio of the two gauges. Taking a closer look at the curve
of the density ratio (third panel from top) of the ram gauge to the nude gauge it is
expected that the velocity curve follows the same variation.

Yet instrument-wise, the ram pressure measured by the ram gauge should be high when
the total pressure measured by the nude gauge is high, and vice versa. But we find
that the peaks in the nude gauge (fourth panel from top) and ram gauge (bottommost
panel) are not always aligned in time. The ram gauge density peaks roughly 14 min
later compared to the nude gauge; the density troughs of both gauges have even a
larger shift; this means that even if the nude and ram gauge density peaks would be
at the same time the troughs wouldn’t.

Gas entering the ram gauge sphere should reach equilibrium within not more than
200 ms seconds and the time resolution is ≈ 10 s (Balsiger et al., 2007). This kind of
long delay/shift was not noticed during the dynamic measurements of neutral gas beams
with the COPS flight spare instrument in the laboratory (Section 4.2). Coincidentally,
MIRO observations for water shows that the highest velocities do not correspond to
times when the column densities or the continuum temperatures (which is linked to the
surface and subsurface temperatures of the nucleus) are highest, but are also shifted
from one another in time.

Figure 5.14 (Gulkis et al., 2015) shows the water column density and expansion velocity
measured by MIRO from 7 to 9 August 2014 by using nadir H18

2 O spectra. The upper
panel shows the column density of water in blue, and the nucleus submillimeter contin-
uum temperatures in red; large drops in the continuum temperature are observed when
the MIRO line of sight crosses the limb of 67P; the peaks labelled with blue-boxed 1,3,
and 5 are when MIRO beam is positioned on the neck region of the comet, where 2, 4,
and 6 are rather on the body.

To the surprise of Gulkis et al. (2015), the highest water column densities are often
observed above shadowed neck regions (blue-boxed 1,3, and 5) where the nucleus ther-
mal continuum temperature (consequently the surface and subsurface temperatures)
is low. They also suggest that observed gases are originating from nearby insolated
regions. The lower panel shows the mean water expansion velocity. It is similar for
the water velocity that the pattern is also shifted compared to either the water column
density or the nucleus surface temperature.

So far we cannot fully interpret what happened while COPS was measuring the coma
of 67P during flight. It is probably a combined effect of the instruments/spacecraft
while hovering in the coma around the complicate-shaped 67P.
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Figure 5.14: Water column density and expansion velocity measured by MIRO from 7
to 9 August 2014 UTC by using nadir H2O spectra. Upper panel shows water column
density (blue), nucleus submillimeter continuum temperatures (red); large drops in the
continuum temperature are observed when the MIRO line of sight crosses the limb; the
peaks labelled with 1,3, and 5 are when MIRO beam is positioned on the neck region
of 67P, where 2, 4, and 6 are rather on the body. The lower panel shows mean water
expansion velocities given by the spectra. Details are described in the paper of Gulkis
et al. (2015).

5.5.3 Error Estimation - Density and Velocity

Calibrated Neutral Gas Density

Previously in Section 3.1 the calibration for the COPS nude gauge and ram gauge
densities is described. As detected by DFMS in the coma of 67P the major neutral
gas species are H2O, CO2, CO, and O2. So the formula for COPS neutral gas density
correction for either the nude gauge or the ram gauge is as follows:

ncorr = (nraw − nbg) · βC,total

= (nraw − nbg) ·
1

RH2O

βH2O
+

RCO2

βCO2
+ RCO

βCO
+

RO2

βO2

(5.1)

with βC,total the combined correction factor for the total density, ncorr the calibrated
(background removed and gas species corrected) density, nraw the uncorrected raw
density measured by COPS, nbg the spacecraft background density which is roughly
1.2 · 106 cm−3 for nude gauge and 2.5 · 107 cm−3 for ram gauge, Ri the ratio of the
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main species’ densities ni, to the total density ntotal, obtained with DFMS, and βi the
correction factor of each individual species as in Table 3.1.

The calculated error propagation assuming independent variables for Equation (5.1)
using the common error propagation approach will then give the relative error of the
species corrected density:

∆ncorr
ncorr

=

√√√√√√∆nraw2 + ∆nbg2

(nraw − nbg)2
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)2
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βO2

)2

(
RH2O

βH2O
+

RCO2

βCO2
+ RCO

βCO
+

RO2

βO2

)2 (5.2)

with ∆nraw and ∆nbg the statistical uncertainties of COPS measured densities nraw
and nbg, respectively. The statistical uncertainty of both gauges were estimated with
laboratory data where the pressure is stable; the uncertainties are found to be typically
less than one percent, so an upper limit of 1% is used in this study; ∆RCO2 , ∆RCO,
∆RO2 the absolute errors of the density ratios Ri. Since Ri = ni/ntotal the relative
error on the density ratios are written as:

∆Ri

Ri

=

√(
∆ni
ni

)2

+

(
∆ntotal
ntotal

)2

(5.3)

where ∆ntotal/ntotal is taken as the statistic error of either nude or ram gauge; the
relative error of the individual species densities ∆ni/ni is dominated by the relative
error of the DFMS sensitivities ∆Si/Si for the corresponding species.

The sensitivity error for H2O and CO2 are both known from laboratory calibrations
(Hässig, 2013) and is 16%. For CO and O2 we introduce an educated guess. The DFMS
sensitivity for individual species a is multiplication of a few factors: 1. the ionization
efficiency given by the electron-impact ionization cross section with a 10% uncertainty
is assumed; 2. the particle mass and energy dependent transmission efficiency with
an error of 20% assumed; 3. the detection efficiency that depends on the particle
energy and composition assuming a 20% uncertainty. The multiplication of the three
factors gives an uncertainty of 30% on CO and O2 sensitivity and is used in this study.
However, it is worth mentioning that the factors 2 and 3 are not totally independent of
one another. Calibration approaches for error estimation were performed and discussed
by Schläppi (2011), Hässig (2013), and Calmonte (2015). We do not preclude the
possibility that future calibration measurements may lead to new interpretations of
the uncertainties.

Thus, in Equation (5.3) the total density uncertainty term can be neglected since it
is much smaller compared to the DFMS sensitivity uncertainties. The errors ∆RH2O,
∆RCO2 , ∆RCO, and ∆RO2 then become as follows:

∆RH2O =

√√√√[(∆nH2O

nH2O

)2

+
���

����(
∆ntotal
ntotal

)2
]
·RH2O

= 0.16 ·RH2O (5.4)
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For October 2014 the species combined correction factor βC,total is calculated to be in the
range of 0.81 to 0.89 with an error less than 15%. The relative error on the background
and species corrected density ncorr using Equation (5.2) results in maximum relative
errors of around 15% for the nude gauge and 17% for the ram gauge.

Coma Velocity

In Section 3.2 it is discussed that the coma gas velocity can be derived with Equa-
tion (3.11). Using the common error propagation assuming all variables are indepen-
dent to calculate error propagation gives the following uncertainty for the estimated
velocity:

(
∆vn,z
vn,z

)2

=

(
∆nr
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)2

+
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∆nn
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)2

+
1

4

[(
∆Tr
Tr

)2

+
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)2
]

(5.8)

vn,z is the estimated gas velocity, nr the species corrected ram gauge density, nn the
species corrected nude gauge density, Tr the ram gauge sensor temperature, and mg

the mean mass of the gas which can be derived from DFMS data. The mean mass
can be written with Ri, the ratio of the individual species to the total density (volume
mixing ratio) or with ri the ratio of the individual species to water:

mg = mH2O ·RH2O +mCO2 ·RCO2 +mCO ·RCO +mO2 ·RO2 (5.9a)

=
mH2O +mCO2 · rCO2 +mCO · rCO +mO2 · rO2

1 + rCO2 + rCO + rO2

(5.9b)
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The volume mixing ratio, Ri, was used to derive the uncertainties of COPS density.
So deriving the error of the mean mass where Ri is used (Equation (5.9a)) gives:

(
∆mg

mg

)
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H2O

∆R2
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+m2
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∆R2
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+m2
CO∆R2

CO +m2
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∆R2
O2

(mH2O ·RH2O +mCO2 ·RCO2 +mCO ·RCO +mO2 ·RO2)
2

The mass mi of the individual species are extracted from the ”Handbook of Chemistry
and Physics” with a neglectable errors. To derive the uncertainty of the COPS gas
velocity as in Equation (5.8) the ram gauge sensor temperature term ∆Tr/Tr can be
ignored because it is found to be small compared to the term ∆mg/mg. The error on
the calibrated density of the nude gauge and ram gauge are estimated as Equation (5.2).

The uncertainty on the mean gas mass for October 2014 yields a maximum of 15%
and the gas velocity error derived from Equation (5.8) for COPS measurements has a
maximum of 23% relative error.

5.6 Dust Observation

As mentioned in Section 5.1, additional to the coma neutral gas diurnal and seasonal
variation patterns in the density, COPS occasionally observed small spikes in the total
neutral density. These signals are believed to be a result of cometary dust releasing
semi-volatiles while heated up near COPS and/or the spacecraft. In this study we
extract dust signals found in the time period of January to June 2015.

5.6.1 Dust Signal Selection

As COPS density measurements are affected by spacecraft maneuvers (5.1), wheel
off-loadings, and when the spacecraft changes orientation, data used for dust signal
selection are ignored (1) during a maneuver and in the following 75 min, (2) during
a wheel offloading and in the following 30 min, and (3) when the spacecraft off-nadir
pointing is greater than 5◦.

Typically each dust signal is apparent within three COPS data points, i.e., three min-
utes. Therefore, when a density value is higher than the mean of the two data points
before and after with a height of 8 · 105 − 2 · 107 cm−3, this density peak is selected as
dust signal.

An example of the dust selection is shown in Figure 5.15. The x-axis is time on
25 March 2015. The top panel shows the nude gauge density with the selected dust
signals marked by red dots; the second panel shows the nadir off-pointing angle (orange)
and phase angle (blue); the third panel shows the sub-spacecraft longitude (blue) and
latitude (orange); the bottom panel shows the Rosetta-67P distance (orange) and the
Sun-Rosetta distance (blue).
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Figure 5.15: An example of the dust signal selection strategy on 25 March 2015. Up-
permost panel: nude gauge density with the selected dust signals marked by red dots;
second panel: nadir angle (orange) and phase angle (blue); third panel: sub-spacecraft
longitude (blue) and latitude (orange); bottommost panel: Rosetta-67P distance (or-
ange) and the Sun-Rosetta distance (blue).

5.6.2 Statistics

In this section some statistics of the selected dust signals are discussed. Figure 5.16
shows the raw counts of each month from January to June 2015. The dust signals were
acquired while many parameters underwent significant changes including time, sub-
spacecraft longitude, sub-spacecraft latitude, local time of the sub-spacecraft point,
nadir off-pointing, and distance.

Each dust sample is obtained at different observation conditions which may bias the
interpretation of the data. It may be rather complicated, but one may normalize or
weight the obtained distributions to disentangle the bias from the spatial coverage of
Rosetta.

For example, in Figure 5.17 the distribution of dust at different distances between
the spacecraft and the comet is shown. The distance distribution is weighted by the
time spent at each distance interval to reduce the bias depending on the frequency of
the spacecraft flying at a certain distance more often than others; it is also filtered for
showing only near terminator phase angles (Sun-67P-Rosetta angle) of 70◦to 110◦. The
amount of dust is expected to decrease as the spacecraft goes further from the comet,
but in the plot we see that there is more dust counted around 250 km than 70 km. This
is due to the fact that the larger distances were sampled closer to perihelion when the
comet was more active.
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Figure 5.16: Monthly raw counts of the COPS observed dust signals from January to
June 2015.

Figure 5.17: Distance distribution of dust signals from January to June 2015 weighted
by the time spent at each distance and also filtered for observations obtained near the
terminator plane, i.e. phase angles of 70◦to 110◦.

5.7 Plasma Effect

The Rosetta Plasma Consortium (RPC) is designed to characterize the plasma envi-
ronment around 67P and the comet’s interaction with the solar wind. It consists of five
different sensors to measure the ion and electron densities and fluxes and the magnetic
properties of the plasma.

While comparing COPS neutral gas density with plasma data measured by RPC-
IES (Ion and Electron Sensor) one can sometimes observe increased intensity of high
energy electrons (such as 200 eV)correlated to increased noise in the COPS density
measurements as shown in Figure 5.18. This phenomenon became the motivation for
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carrying out the laboratory plasma test to observe the impact of high energy plasma
on COPS measurements as discussed in Section 4.3.

Besides, the evident jumps in COPS neutral gas densities due to ion-current offset
measurements at low densities as discussed in Section 3.4.3 is probably also caused by
increased plasma fluxes. an effect of plasma.

Figure 5.18: COPS density showing noise during increased high energy plasma fluxes
observed with RPC-IES in flight from 22 to 26 December 2014. Upper panel: COPS
nude gauge neutral gas density data; middle panel: RPC-IES electron spectra; bot-
tom panel: RPC-IES ion spectra. Data analysis was performed with the AMDA sci-
ence analysis system provided by the Centre de Données de la Physique des Plas-
mas (CDPP) supported by CNRS, CNES, Observatoire de Paris and Université Paul
Sabatier, Toulouse.

5.8 Gas Temperature

COPS is also designed to measure the temperature of the neutral gas flow. In order
to derive the gas temperature, it is necessary to obtain measurements at different flow
angles, especially around 80◦ to 110◦, with respect to the inflow direction (cf. Section
3.3).

Hence, in flight five spacecraft slews were performed, to contain nadir off-pointing in the
range of 80◦ to 110◦where the temperature effect is expected to be most pronounced,
specifically for COPS in 2014. Two of them were performed early in the mission on
31 August and 3 September where the ram gauge densities were in the range of the
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spacecraft background, thus are not suitable for deriving temperatures; the slew on 26
and 28 September were measured above the equator and southern/winter hemisphere,
respectively, where the ram gauge density was only slightly above nominal background
and consequently the data analysis is not that straight forward; the slew on 24 Septem-
ber was above the northern/summer hemisphere and had adequate gas density for both
gauges. Therefore, the 24 September 2014 slew was selected for a first analysis as shown
in Figure 5.19.

The uppermost panel of Figure 5.19 shows the nude gauge (blue) and ram gauge
(green) raw density; the second panel shows the off-nadir angle (blue) and the phase
angle (green); the third panel shows the sub-spacecraft longitude (blue) and latitude
(green); the bottommost panel shows the spacecraft-comet distance (blue) and the
Sun-comet distance (green). The nude gauge density from 03:05 to 04:20 UTC shows
an additional density to the regular smooth comet density pattern (cf. Section 5.1)
during the slew similar to the effect discussed in Figure 5.3. Thus, a linear fit of
the nude gauge density during the slew is performed to simulate the nominal comet
density pattern. The linearly fitted nude gauge density will be used in this analysis
and is represented with a red dashed-line in Figure 5.19.

Figure 5.19: Dynamic slew including the range of 80◦ to 110 degree off-nadir angle on
24 September 2014. Top panel: the nude gauge and ram gauge densities; second panel:
nadir and phase angles; third panel: sub-spacecraft longitude and latitude; bottom
panel shows the spacecraft-comet and the Sun-comet distance.
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In Figure 5.20 a 3D view of the same dynamic slew as in Figure 5.19 is shown with a
focus on 24 September 2014 from 03:05 to 04:20 UTC.

The plot is shown in a CSO frame with comet 67P as center where +x is pointing
towards the Sun; the component of the inertially referenced velocity of the sun relative
to 67P orthogonal to the x-axis is the +y direction; and +z completed by the right-hand
rule.

The spacecraft is moving from lower right to the upper left with the three thin green
long arrows pointing to the center of mass of 67P. The pointing of the colored arrows
show the pointing of the ram gauge. The color of the arrows represent the ram gauge
raw density in cm−3 with the rainbow color scale; the color of the dots at the pointy
end of the arrows show the off-nadir angle during this time which shows that the slew
was around 1◦to 114◦off the nadir direction with the color scale to the far right.

Figure 5.20: Dynamic slew with ram gauge density and pointing information on 24
September 2014 from 03:05 to 04:20 UTC. This figure is in a 67P centered CSO-
coordinate system. Colored arrows show the spacecraft z-direction using the rainbow
color scale to show the ram gauge raw density in cm−3; colored dots at the pointy end
of the arrows refer to the off-nadir angle of the ram gauge pointing in degrees (right
color scale). Green thin arrows point to 67P’s center of mass.
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We assume that the angle with the highest ram gauge to nude gauge density ratio
corresponds to the undisturbed inflow direction. Due to the fact that the slew only
occurs in one plane this is only an approximation. Since for this measurement the
whole spacecraft has to be slewed it is not possible to cover the full solid angle within
a time scale short enough to maintain constant conditions in the surrounding coma. It
is then possible to obtain the angle between the gas flow and the nadir direction. With
the dynamic slews the velocity measured by COPS can be plotted with respect to the
flow-nadir angle as in Figure 5.21.

The neutral gas velocity is shown in Figure 5.21 (red points) with respect to the angle
between the approximate undisturbed inflow direction and the spacecraft pointing.
The red points with low angles of the upper curve were measured first when slewing
from nadir to larger angles; the red points with low angles of the lower curve were
measured last when slewing back from larger angles to nadir. The rainbow theoretical
curves shown in this plot are examples derived assuming a gas bulk velocity of 350 m/s
with different gas temperatures.

During a dynamic slew background is changing and DFMS gas species are not measured
at the same time. As a consequence, the mean gas mass during the slew is not known.
Thus, a fixed mean mass of 21 amu obtained at times nearby with similar longitude-
latitude location is used for calculating the COPS velocity and the theoretical curves.
This slew was performed when the spacecraft was above the comet’s neck region close
to the head, where the calculated bulk velocities (angle around 0◦) are lower and
consistent with the October 2014 values in Figure 5.9.

Ideally, by adjusting the inputs for theoretical fits like in Figure 3.2, one should be able
to gain the temperature and bulk velocity of the neutral gas. Many attempts of fitting
the two slew curves formed by the red circles were done individually. However, none
of the theoretical curves are found to fit so far. The derived COPS velocity at larger
angles should become close to 0 m/s like the theoretical curves, but it is not. It might
be due to the changes in spacecraft background during a slew which is most likely more
pronounced in the nude gauge than in the ram gauge.

In addition, one would expect that during a slew the lowest ram gauge density should
correspond to the largest off-nadir pointing, but instead, as shown in Figure 5.19, the
lowest density appears later than the largest angle similar to the time delay in nude
gauge and ram gauge density as discussed in Section 5.5.2. Moreover, the gas conditions
might also have changed over the slew as in Figure 5.21 the vz at the beginning and at
the end of the slew is different.

At the moment, the results are not very conclusive. Nevertheless, other spacecraft
slews which cover large angles, similar to the COPS dynamic slews, will be further
investigated to resolve the difficulties to derive the gas temperature.
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Figure 5.21: Velocity-Angle plot demonstrating gas temperature fit method for the 24
September 2014 from 03:05 to 04:20 UTC dynamic slew.
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6. Conclusions and Perspectives

The Rosetta space mission achieved many firsts in the study of comets. It was the first
space mission using solar panels as main power source at such far distances from the
Sun, the first spacecraft to orbit a comet for a period of more than two years, and the
first mission to soft land on a comet.

Out of the instruments onboard of the spacecraft, ROSINA with its COPS, RTOF,
and DFMS had the task to derive the composition and abundance of volatiles in the
coma of the Jupiter-family comet 67P/Churyumov-Gerasimenko’s coma via in situ
measurements.

COPS was responsible for monitoring the neutral coma pressure/density during the
active phase of Rosetta. On one hand, COPS played the role of Rosetta’s security
guard to alert other instruments automatically in case the gas density rises too high;
on the other hand, with COPS measurements the total neutral gas production rate,
gas expansion velocities, dust signals, plasma signals, and eventually gas temperatures
were estimated or observed. These observations will provide clues to answer some of
the scientific questions. Such as, how active was the comet? How did the neutral coma
behave and how did it vary? How much mass did the comet lose during the passage
into the Solar System? How long would the comet eventually live with similar mass
loss during each passage?

In this study we have presented the first analysis of the COPS flight model (COPS-FM)
observations at comet 67P regarding the previously mentioned scientific questions, and
also the calibration of the COPS flight spare (COPS-FS) in the laboratory to verify
the characteristics of COPS and the analysis methods applied to the space data.

All flight model (FM) and flight spare (FS) instruments of the three sensors of ROSINA
were calibrated. COPS sensitivity factors for converting the measured ion currents to
pressure were implemented in the DPU software for FM and FS. The sensitivity cali-
bration measurements in this study showed that the sensitivity results are comparable
to a previous study performed more than ten years ago before arriving at the comet
(Graf et al., 2004); this implies that the sensitivity factors used in the DPU software
during the Rosetta mission were applicable and that COPS is indeed providing reliable
and stable long term measurements.

COPS measured the neutral gas using electron-impact ionization. This means that
when COPS measured different types of gas it had different sensitivities due to the
different electron-impact ionization cross-sections of the individual species. Thus cor-
rection factors are needed when different gas species are measured by COPS. The
correction factors obtained through static calibration measurements in this work were
confirmed to be in agreement with the reference correction factors that were used for
analyzing the ROSINA data. The reference correction factors were only given for in-
dividual gas species; in addition, the calibrations in this work also verified the method
used for deriving a gas mixture correction factor that was applied to space observations
where the gases in the coma were always a mixture of several components, mainly H2O,
CO2, CO, and O2.
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Dynamic gas measurements were also performed with COPS-FS in the lab and showed
that COPS was capable to derive gas velocities in an environment similar to the comet’s
gas coma. The velocity measurements were performed for different gas species starting
from H2 to the much heavier noble gas Xe at different outflow velocities. Most of the
measured velocities were close to the expected values from theory.

Although built for measuring neutral gas, the COPS-FM occasionally observed in-
creased noise while the Rosetta Plasma Consortium (RPC) onboard of the spacecraft
measured high energy plasma with high intensity. In the course of this work the COPS-
FS was then tested in a plasma chamber and it was demonstrated that plasma indeed
influences the pressure/density measurements as external cometary electrons and ions
were able to reach the ionization volume of the sensor. Additional investigation and
collaboration with the plasma instrument teams will be required to quantify the plasma
effects on COPS and the possibility to use COPS as a high energy plasma sensor.

In August 2014 Rosetta rendezvoused with comet 67P after a ten year journey. COPS
soon noticed the seasonal and diurnal variations in the density of 67P’s neutral coma;
this was seen while orbiting the comet at different sub-spacecraft longitudes and lati-
tudes. The change from summer in the northern hemisphere to summer in the southern
hemisphere was also observed before and after the two equinoxes.

COPS was operating the majority of the time throughout the two-year Rosetta mission.
Therefore, the in situ coma density evolution was monitored and showed an anti-
correlation to the distance between the spacecraft and the comet. Furthermore, the
total neutral gas production rate of 67P was estimated with the simple Haser model
(Haser, 1957) giving approximately 4 · 1028 molecules/s at the peak around 18 days
after perihelion similar to the results of Hansen et al. (2016).

In October 2014 Rosetta was all the time within 20 km from the comet. The conditions
were good to simultaneously observe the total neutral gas density as well as the dynamic
pressure of the volatiles emanating from the comet. From these measurements the
neutral gas velocity was derived. The velocities showed a variation from about 300 to
1200 m/s with generally higher velocities when the sub-spacecraft position was above
the head and body regions while lower above the neck region.

Interestingly, the COPS-FM occasionally observed grain impact signals. The interpre-
tation is that the volatile content of a grain evaporated upon impact near COPS and/or
the spacecraft. The released semi-volatiles were then measured by COPS. Estimations
of the magnitude of the volatile part in dust would be possible with further studies.
In addition, experiments with the COPS-FS to measure icy dust particles are planned
to gain better knowledge on the COPS response to such grains and therefore the dust
observations in the coma of the comet.

It is worthwhile to mention that COPS performed quite well throughout the Rosetta
mission. It assisted the Rosetta flight dynamics team to plan favorable spacecraft
orbits during the orbiting and landing phase. Moreover, the total pressure/density
measurements were necessary for obtaining the absolute abundances of the different
gas species from the relative abundances derived with the ROSINA mass spectrometers
DFMS and RTOF. COPS indicates that this type of pressure gauge is a promising and
indispensable candidate for future space missions.
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