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ABSTRACT

1980s, particularly Giotto which cut deep through the innermost plasma region, the diamagnetic cavity, of comet
1P/Halley. A simplified summary of the standard picture,
relevant from a spacecraft charging point of view, can be
stated as follows:

Since the arrival of Rosetta within 100 km of the nucleus
of 67P in August 2014, the plasma environment has been
dominated by plasma of cometary origin. Coma densities at Rosetta position have mainly been too low to efficiently cool the electrons emitted by ionization of neutrals, keeping the electron temperature well into the eV
range and driving the spacecraft potential often below
−10 V. Exceptions to this include observations of a diamagnetic cavity extending out to Rosetta distance around
perihelion, where electron temperatures below 0.1 eV are
found. Significant electron fluxes in the hundreds of eV
range are also common. While the observed particle distributions and charging levels constitute no safety problem for the conductively coated Rosetta spacecraft they
do affect the plasma measurement possibilities. Future
comet mission designers may also want to consider the
potential wake charging hazards on dielectric surfaces
due to the simultaneous presence of a very cold ion flow
and electrons in the hundreds of eV to few keV range.

At long distance, the comet changes the solar wind by
mass loading, slowing down the plasma and slightly cooling it. This region is still essentially solar wind like in its
local parameters, except higher density and lower flow
speed and the addition of minor heavy species (particularly water group ions). Cometary ions created far out by
photoionization are accelerated by the solar wind v × B
electric field to cycloid motion (in the comet frame), at
(mass loaded) solar wind speed; through wave-particle
interactions the energy of these ions can reach above
100 keV. Inside a weak bow shock, the solar wind and
the interplanetary magnetic field, piled up due to mass
loading, mix with cometary plasma in the cometosheath.
In this region, the bulk electron temperature is on the order of 10 eV, and there are also significant fluxes of few
keV electrons. Closest to the nucleus is the diamagnetic
cavity, a region where the neutral gas momentum is so efficiently transfered to the ions that the dynamic pressure
of the flow can balance the external pressure from plasma
and magnetic field. Ions and electrons in this region are
cold (few hundred kelvin) and the magnetic field is zero.
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1.

In the present paper, we discuss some Rosetta findings regarding the environment of 67P from a spacecraft charging perspective. We do not aim at a some grand new
synthesis of cometary plasma physics, just to summarize
some observations of the near-nucleus environment of interest for the design of future cometary missions.

INTRODUCTION

In contrast to previous cometary missions, which all have
been brief flybys, Rosetta stays in the close vicinity of a
comet nucleus for more than two years. After a 10 year
cruise through the solar system, Rosetta had its rendezvous with comet 67P/Churyumov-Gerasimenko in August 2014 at 3.6 AU heliocentric distance, and then followed the comet in toward perihelion at 1.24 AU one year
later. Rosetta is now following 67P outward again for a
mission end planned for September 30, 2016.

2.

INSTRUMENTATION

The Rosetta Plasma Consortium (RPC) is a set of five
sensor instruments and a central unit [4] mounted on
the spacecraft as seen in Figure 1. Two instruments are
dedicated to the properties of the bulk plasma: the dual
Langmuir probe instrument LAP [9], using two spherical

Several review papers [20, 6, 14, for example] summarize the understanding of the cometary plasma environment resulting from the flyby missions in the mid and late
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solar wind ions, with energies at or below typical solar
wind values (around 1 keV for protons, the most abundant species), (ii) cold cometary ions, a cold distribution
of heavy ions entering the detectors at energies close to
or not much above the spacecraft potential, and (iii) accelerated cometary ions typically at energies between the
cold ions and a few hundred eV [22, 2, 23, 1]. The cold
ions are expected from ionization deep in the coma, with
low energy in the plasma because of collisional coupling
to the neutral gas. The accelerated ions are actually the
counterpart of the pick up ions at tens of keV at more
active comets like 1P/Halley. At 3.6 AU, their fluxes at
Rosetta were too low to be detected until very close to
the nucleus. As the density of the source neutrals decays
like 1/r2 with distance r from the nucleus, this means
most ions detected have only travelled a short distance in
the solar wind electric field, thus only having reached a
small fraction of the full pick-up ion energy [30, 19].
Figure 1. Mounting of the RPC sensors on the Rosetta
spacecraft. The LAP spherical probes, LAP1 and LAP2,
are mounted at the tips of the stiff booms.

3.2.

As the ions, the observed electron distributions fall into
three classes: (i) Warm electrons of 5-10 eV characteristic
energy, intrepreted as released by photoionization and not
(yet) collisionally cooled [7], (ii) hot electrons typically
in the few tens to few hundreds of eV range [5], and (iii)
cold electrons with energy a few tens of meV. The cold
electrons are mainly seen intermittently as pulses, though
longer intervals can be found around perihelion in conjunction with diamagnetic cavity observations [10, 12].

probes of 50 mm diameter at the tips of two booms, 2.2 m
and 1.6 m in length, and the mutual impedance probe MIP
[29], which is mounted close to the LAP1 sensor on the
longer boom.
RPC also comprises two top hat spectrometers with
360◦ × 90◦ fields of view for particles up to tens of keV,
the ion and electron sensor IES [3] and the ion composition analyzer ICA [21], as well as the magnetometer
MAG [11].

3.
3.1.

Electrons

3.2.1.

Warm electrons (few - 10 eV)

Electrons in the energy range few eV – 10 eV, expected
for recent photoionization products with some collisional
interaction [16], have dominated the electron flux to the
spacecraft since arrival at 67P. The upper plot in Figure 2 shows an early example of a Langmuir probe sweep
with this population. At that time, its density was just a
few tens of cm−3 , later evolving to typically a few hundreds at the cometocentric distances Rosetta have stayed
at, reaching a few thousands around perihelion.

OBSERVATIONS
Ions

Predictions suggested one of the first signatures of
cometary activity to be observed may be ion cyclotron
waves driven by the unstable distribution of pick up ions,
i.e. cometary neutrals ionized in the solar wind which get
peculiar ring- and shell-like velocity distributions by acceleration to energies of tens of keV by the solar wind
v × B field, possibly as far as ∼ 105 km [31] from the
nucleus. Instead, the first reports of cometary plasma processes concerned water ions at energies below 100 eV,
first detected at about 100 km distance by the ICA and
IES sensors [22, 13], and strong magnetic oscillations,
much below the ion gyrofrequencies and dubbed ”the
singing comet”, seen by MAG at about the same distance
[26]. At similar distance or slightly outside, a modulation
in the plasma density at twice the nucleus rotation rate is
detectable in the plasma density from LAP and MIP, indicative of a comet ionosphere [24].

That this population indeed has dominated the electron
flux to the spacecraft can be concluded directly from
the spacecraft potential, which within a few hundred km
cometocentric distance has has stayed at values typically
in the range -5 to -20 volts and often even more negative,
from the rendez-vous at 3.6 AU to 2 AU [24] and actually
all the way in to perihelion. This range of potentials is
what we expect for a plasma with Te around 5-10 eV and
also find in simulations [17].

3.2.2.

Hot electrons (10s - 100s of eV)

IES measurements show that significant fluxes of electrons with energies higher than found in the solar wind or

Since arrival at the comet at 3.6 AU, the main ion components seen by the ICA and IES instruments have been (i)
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Figure 3. IES electron spectra (top) up to 2 keV and LAP
I-V curves (similar to Figure 2) for Oct 22, 2014. The
yellow region in the LAP sweeps (floating probe) can be
used as a proxy for the negative of the spacecraft potential [25]. It evolves slowly with the IES electron fluxes up
to a CIR impact at 16:30, when the electron flux increases
drastically and the s/c becomes so negative that LAP cannot follow it, and hardly can collect any electrons at all
even at the maximum bias potential used in this interval,
+20 V. Much of the LAP current increase at negative potential after 16:30 is due to secondary emission. More on
this event can be found in Ref. [8].

Figure 2. Example LAP current-voltage characteristics
(blue dots) with theoretical fits (red curve). Top: In a
warm plasma, 28 km from the nucleus and 3.33 AU. Below: In a cold coma plasma at perihelion (180 km and
1.25 AU), the current collected is some three orders of
magnitude higher.

Cold plasma actually turned up in the LAP data long before any diamagnetic cavity was seen, but only intermittently, as pulses typically lasting for a few to a few tens
of seconds as seen in the spacecraft frame [10]. Near the
diamagnetic cavity events, these intervals grew more frequent as well as longer in duration. The lower plot in Figure 2 shows an example of a Langmuir probe bias sweep
acquired in such a cold plasma. The temperature is too
low to be accurately resolved from the retarding region of
the probe bias sweep (step size 0.25 V), but with use of
the simultaneous plasma density obtained by MIP, which
was close to 1,000 cm−3 , we can find Te from the LAP
data. A fit assuming a single electron population gives
around 500 K. However, the spacecraft potential of about
-12.3 V shows a warm electron population must also be
present. As seen in the figure, a good fit is obtained by
adding one at 10% of the total density. This ratio has
considerable uncertainty which will impact on the value
of the temperature of the cold population, but the steep
slope at high positive potential indicates the presence of
electrons of a temperature in the range expected [18, 14]
for the cold diamagnetic cavity plasma.

expected to result directly from photoionization are very
common in the inner coma of 67P [5]. Possible mechanisms for this energy gain by some of the electrons include magnetic moment pumping due to adiabatic compression of plasma and magnetic field by mass loading
or external pressure increase, the action of the ambipolar
electric field building up because of the large gradient in
electron pressure [19], and wave heating. External agents
include corotating interaction region impacts, at which
the inner coma fluxes of electrons from a few tens to a
few hundreds of eV have been observed on Rosetta to increase by more than an order of magnitude (3). Adiabatic
heating was found to be consistent with the electron flux
increase in a case study [19].

3.2.3.

3

Cold electrons (< 0.1 eV)

Electrons with very low characteristic energies, on the order of the temperature of the neutral gas, were a characteristic feature of the innermost coma of comet 1P/Halley.
Hybrid simulations [18] of 67P suggested they should be
present at this comet as well though in a diamagnetic cavity so small that it may never be detected by Rosetta.
However, as 67P and Rosetta approached perihelion in
the summer of 2015, signatures of a diamagnetic cavity
were indeed observed in MAG data, though in brief intervals suggesting an unstable and dynamic boundary [12].

4.

DISCUSSION

The Rosetta long term study of the plasma environment
around 67P is far from completed or fully analyzed, but
preliminary results extend what we learnt from brief flybys of more active comets (e.g. 1P/Halley). As the
cometary activity waxed and waned with distance to the
sun, the plasma seen at Rosetta has largely followed the
3
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general trend of the comet activity [24, 23, 27]. Important here is that 67P is a much less active comet than 1P
even at perihelion [28], and as most of the Rosetta mission is spent beyond 2 AU, the average level of activity
is quite low. An effect of this is slow electron cooling
rate following photoionization, leading to Rosetta most
of the time experiencing an electron temperature in the
5-10 eV range, driving the spacecraft to a negative potential of some tens of volts. Electron fluxes at hundreds of
eV contribute to negative charging, especially when increasing by a factor of ten or more at impulsive events in
the solar wind. Rosetta has all its main surfaces, including the solar array cover glasses, coated with conductive
and grounded materials, so the hazards to the spacecraft
are small, but of course there is an impact on plasma
measurements [17, 25]. The very cold ion flow creates
a wake, so had there been large exposed dielectric surfaces, charging by the highest energy electrons (several
keV have been observed) could have built up high potentials as observed in low polar orbit around Earth [15].
This could be of interest for future comet mission design.

ACKNOWLEDGMENTS
The results presented here is a result of the combined
efforts over 20 years by many groups and individuals involved in Rosetta, including but not restricted to
the ESA project teams at ESOC, ESTEC and ESAC
and all people involved in RPC. Rosetta is a European
Space Agency (ESA) mission with contributions from its
member states and the National Aeronautics and Space
Administration (NASA). The work on RPC-LAP data
was funded by the Swedish National Space Board under contracts 109/12, 171/12, 135/13 and 168/15, and
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London (supported by the UK Science and Technology
Facilities Council).

REFERENCES
[1] Behar, E., Nilsson, H., Wieser, G. S., et al. 2016,
Geophys. Res. Lett., 43, 1411
[2] Broiles, T., Burch, J.L., Clark, G.B., et al. 2015,
Astron. Astrophys., 583, A21
[3] Burch, J., Goldstein, R., Cravens, T., et al. 2007,
Space Sci. Rev., 128, 697
[4] Carr, C., Cupido, E., Lee, C. G. Y., et al. 2007,
Space Sci. Rev., 128, 629
[5] Clark, G., Broiles, T. W., Burch, J. L., et al. 2015,
Astron. Astrophys.
[6] Coates, A. & Jones, G. 2009, Planet. Space Sci., 57,
1175
4

