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ABSTRACT

Context. Strong electron cooling on the neutral gas in cometary comae has been predicted for a long time, but actual measurements
of low electron temperature are scarce.

Aims. Our aim is to demonstrate the existence of cold electrons in the inner coma of comet 67P/Churyumov-Gerasimenko and show
filamentation of this plasma.

Methods. In situ measurements of plasma density, electron temperature and spacecraft potential were carried out by the Rosetta
Langmuir probe instrument, LAP. We also performed analytical modelling of the expanding two-temperature electron gas.

Results. LAP data acquired within a few hundred km from the nucleus are dominated by a warm component with electron temperature
typically 5-10 eV at all heliocentric distances covered (1.25 to 3.83 AU). A cold component, with temperature no higher than about
0.1 eV, appears in the data as short (few to few tens of seconds) pulses of high probe current, indicating local enhancement of plasma
density as well as a decrease in electron temperature. These pulses first appeared around 3 AU and were seen for longer periods close
to perihelion. The general pattern of pulse appearance follows that of neutral gas and plasma density. We have not identified any
periods with only cold electrons present. The electron flux to Rosetta was always dominated by higher energies, driving the spacecraft
potential to order —10 V.

Conclusions. The warm (5-10 eV) electron population observed throughout the mission is interpreted as electrons retaining the
energy they obtained when released in the ionisation process. The sometimes observed cold populations with electron temperatures
below 0.1 eV verify collisional cooling in the coma. The cold electrons were only observed together with the warm population. The
general appearance of the cold population appears to be consistent with a Haser-like model, implicitly supporting also the coupling
of ions to the neutral gas. The expanding cold plasma is unstable, forming filaments that we observe as pulses.

Key words. comets: general — plasmas — space vehicles: instruments

1. Introduction

When the Rosetta spacecraft arrived at comet 67P/Churyumov-
Gerasimenko (67P) at 3.6 AU heliocentric distance, the plasma
environment within some hundred kilometer distance was al-
ready dominated by cometary matter (Yang et al. 2016). The
plasma density and spacecraft potential were modulated by the
nucleus spin period in a pattern that persisted for all observa-
tions in the northern hemisphere of the comet at least during
northern summer and followed the density variations of the neu-
tral gas (Edberg et al. 2015; Odelstad et al. 2015). Within a few
100 km distance of the nucleus, the main determinant for the
cometary plasma bulk properties from then on was the nucleus
outgassing, though solar wind variations certainly had an im-
pact (Edberg et al. 2016b,a). Comet plasma environments and

Article published by EDP Sciences

their interactions with the solar wind are often discussed as be-
ing typical for an “active comet” or for a “bare nucleus” in-
teraction supposedly characteristic of asteroids, where the few
cometary ions behave like test particles in the solar wind (Coates
1997; Coates & Jones 2009). 67P is not a very active comet
(de Almeida et al. 2009; Bieler et al. 2015; Gulkis et al. 2015;
Snodgrass et al. 2016), but even at 3.6 AU upon Rosetta’s ar-
rival on the inbound leg of the comet orbit or at 3.83 AU on the
outbound leg at the end of the mission, 67P did not behave as a
bare asteroid. From a plasma point of view, the comet was active
throughout the Rosetta mission.

The comet ionosphere is formed from the atmosphere mainly
by photoionisation, charge exchange with solar wind ions, and,
at least at times, also by impact ionisation by high-energy
electrons (Cravens et al. 1987; Galand et al. 2016). The typical
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energy of recently released photoelectrons is expected to be 12—
15 eV (Hiberli et al. 1996; Galand et al. 2016). As the iono-
spheric plasma at a comet is not stationary but expanding, adi-
abatic cooling will play some role, but in a sufficiently dense
neutral gas, the main cooling agent for electrons will be colli-
sions with neutrals. The neutral gas is expected to have a tem-
perature T, of a few hundred K or even less (e.g. Tenishev et al.
2008). For highly active comets, like 1P/Halley at perihelion,
collisional cooling of the electrons is expected to be so efficient
as to keep T, close to T, out to several thousand kilometers
(Gan & Cravens 1990).

While models more or less unanimously agree that the
cometary electron gas experiences cooling, actual reports of
T. below the approximately 10 eV expected for solar wind,
as well as recent photoionisation products, are sparse. Giotto
could not reliably access electrons below about 10 eV, so
only indirect evidence of cold electrons is available from
its encounter with 1P/Halley. A plasma density change near
15000 km was interpreted as indirect evidence of an electron
collisionopause, a boundary between collisional (efficient elec-
tron cooling) and collisionless regimes for the electrons (Ip et al.
1986; Gan & Cravens 1990; Hiberli et al. 1996), but this pro-
vides little direct information on 7. The Vega spacecraft, also
visiting 1P in 1986, included a Langmuir probe instrument,
from which Grard et al. (1989) infered an electron tempera-
ture of around 0.5 eV from a distance of around 900000 km
in to 29000 km (Vega 1) and 66000 km (Vega 2). Finally,
Meyer-Vernet et al. (1986) used thermal noise measurements by
the International Cometary Explorer (ICE) during its crossing
of the tail of comet 21P/Giacobini-Zinner to demonstrate how
T. decreased from around 10 eV in the outer reaches of the tail
to 1 eV in the central tail at a closest approach distance to the
nucleus of 7800 km. Prior to Rosetta, there were no T, measure-
ments in the innermost coma.

Rosetta followed comet 67P in its orbit for more than two
years, staying within a few hundred kilometres except for two
excursions, and even for several months within a few tens of
kilometres. In order of magnitude, these distances are about the
same in nucleus radii as in kilometers, as rg7p = 1.65 km if de-
fined as the radius of a sphere of volume 18.8+0.3 km? found for
the 67P nucleus by Jorda et al. (2016). Heliocentric distance var-
ied from 3.6 AU at arrival to 1.25 AU at perihelion, and out again
to 3.83 AU at the end of the mission. The plasma instruments on-
board were operational almost all the time, creating a database
of cometary plasma measurements vastly larger and over a wider
activity range than any previous mission. This clearly gives good
opportunities for detecting cold electrons and for following their
evolution during varying stages of comet activity.

As 67P has about 1% of the production rate of 1P
(de Almeida et al. 2009), it is not obvious how efficient electron
cooling should be, particularly during the early and late mission
stages far from perihelion. Mandt et al. (2016) used measured
daily averages of neutral gas density inside 1.9 AU to show that
while Rosetta has spent most of its time in a region where the
ions collisionally couple to the neutral gas, the local electron-
neutral collision rate at Rosetta was for most of the time insuf-
ficient for effective cooling of electrons. A similar conclusion
was reached by Galand et al. (2016) for 3 AU. This is consis-
tent with the negative spacecraft potential (Odelstad et al. 2015),
which requires a substantial flux of electrons in an energy range
comparable to or above the spacecraft potential. However, Fig. 5
of Mandt et al. (2016) indicates that at least for heliocentric dis-
tances inside 1.9 AU (meaning from April 2015), a region where
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collisional cooling of electrons is important should exist close to
the nucleus.

If transported with the neutral flow, we would expect these
cold electrons to reach Rosetta also when the spacecraft is out-
side this region, unless heating and recombination processes
act sufficiently fast to destroy such a cold population. Evidence
for the plasma flow following the neutrals comes from the ob-
served bulk density of electrons. Edberg et al. (2015) noted that
during a flyby in February 2015 (at 2.3 AU), the plasma den-
sity approximately followed the 1/r dependence on cometocen-
tric distance r predicted if the plasma and neutral gas expan-
sion speeds are equal and constant (Haser 1957). Furthermore,
Odelstad et al. (2015), Vigren et al. (2015a), and Galand et al.
(2016) have shown that from early in the mission, diurnal
as well as hemispherical plasma density variations follow the
neutral gas, with local ionisation provided by solar EUV and
sometimes by high-energy electrons. In addition, ion observa-
tions (Nilsson et al. 2015a,b; Goldstein et al. 2015; Broiles et al.
2015) show two major populations of cometary ions: Partially
picked up cometary ions accelerated to a fraction (hundreds
of eV) of their final energy when Rosetta observes them, and
low energy ions entering the ion detectors at energies not much
above that the acceleration towards the detectors by the negative
spacecraft potential would give them (up to a few tens of eV,
compared to the 0.1 eV kinetic energy of a water ion drifting
with the neutral gas at 1 kms™"). The latter population should
be the bulk plasma ions, kept at low energy by the coupling to
the expanding neutral gas. We therefore conclude that in the in-
tervals covered by these studies, at least a substantial fraction of
the ions are indeed collisionally bound to the neutral gas, agree-
ing with the conclusion by Mandt et al. (2016) and Galand et al.
(2016) that Rosetta is mostly in a region where ion-neutral cou-
pling is substantial.

The coupling of the plasma to the neutral gas breaks down
at scales below the ion collision length. In contrast to the
rather smooth neutral density time series observed by Rosetta
(Hassig et al. 2015; Bieler et al. 2015; Hansen et al. 2016), the
plasma density therefore can show strong variations. For ex-
ample, the ~1/r plasma density profile shown by Edberg et al.
(2015) displays significant relative variations around this mean
profile, as large as an order of magnitude or even more. The
comparisons of plasma to neutral gas density by Odelstad et al.
(2015), Vigren et al. (2015a), and Galand et al. (2016) also show
much stronger density fluctuations in the plasma than in the neu-
tral gas. For the plasma, expanding in a strong density gradi-
ent and with substantial shear flows, one expects low-frequency
instabilities and structure formation (Ershkovich & Flammer
1988; Thomas 1995; Rubin et al. 2012; Koenders et al. 2015).
Furthermore, waves at frequencies capable of electron heat-
ing may also be present; for example, lower hybrid waves.
Broiles et al. (2016a) suggest wave heating by lower hybrid
waves may play a role in the energisation of electrons seen on
Rosetta at above 10 eV, in addition to the particle kinetic effects
modelled by Madanian et al. (2016). Such waves have indeed
been observed at 67P (Karlsson et al. 2017), though their role in
energy transport between various particle populations remains to
be investigated in detail.

From the above, we may conclude that while Rosetta is ex-
pected to be mostly outside the region of efficient electron cool-
ing close to the nucleus, there could be a significant popula-
tion of cold electrons reaching Rosetta’s location, in addition
to the warmer population driving the spacecraft potential nega-
tive. In this report we use data from the Rosetta Langmuir probe
instrument LAP to look for signatures of these cool electrons.
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Fig. 1. Schematic showing the mounting of the LAP sensors. The LAP1
boom is in the YZ plane while the LAP2 boom is close to the XZ plane.
Most of the time +Z pointed to the comet nucleus and +X was roughly
in the solar direction. The solar panels and hence the Y axis were almost
always perpendicular to the Sun. Not included is the high-gain antenna,
mounted on the —Z side.

Section 2 presents the instrument, its measurements, and data in-
terpretation issues in various plasma density regimes. In Sect. 3
we discuss cold electron observations, and present examples and
statistics of how cold plasma often appears in pulses. Physical
interpretation and model comparisons of these observations are
then the topics of Sect. 4, before a concluding discussion in
Sect. 5.

2. Instrumentation and data

The Rosetta Plasma Consortium (RPC; Carr et al. 2007) com-
prises a set of instruments together observing the fundamental
parameters of the cometary plasma. This paper is based on data
from the dual Langmuir probe instrument (LAP), whose main
objective is to gain measurements of the bulk parameters of the
cometary plasma, particularly its density. For context, we also
refer to data from the COPS neutral gas pressure and density sen-
sor of the ROSINA instrument (Balsiger et al. 2007; Bieler et al.
2015).

We first summarize some main properties of LAP in
Sect. 2.1, turning to models for the interpretation of current-
voltage characteristics in various environments in Sect. 2.2.
For the Rosetta mission, the plasma environments encountered
can be grouped into three classes of plasma regime as below,
roughly corresponding to plasma density ranges as indicated in
Sects. 2.3-2.5.

Unless otherwise indicated, we assume in this section that
all particle species are described by single Maxwellian distribu-
tion functions, that the charge density on dust grains is negligible
compared to that of free ions and electrons, and that all ions are
singly charged. Effects of violation of these assumptions will be
raised as we present actual data in Sect. 3.

2.1. The Langmuir probe instrument (LAP)

The main task of LAP is to investigate the properties and dy-
namics of the cometary plasma environment through some of
its principal bulk properties, the number density n and electron
temperature T, as well as the spacecraft potential V. We use the

term temperature rather freely, assuming Boltzmann-like energy
distributions in some energy range rather than perfect equilib-
rium distributions. Depending on operational mode and plasma
environment, LAP can in some conditions also provide ion flow
velocity or temperature, an effective ion mass, an integrated so-
lar EUV flux measure from the observed photoemission, and an
electric field component estimate for low-frequency oscillations,
and plasma waves up to 8 kHz.

To these ends, LAP uses two spherical sensors of 50 mm
diameter mounted at the tips of two booms asymmetrically pro-
truding from the spacecraft body (Fig. 1). The basic measured
property is the current flowing from the probe to space due to
collection of various particle species in the plasma and emission
of photoelectrons and secondary electrons when a bias voltage
is applied to the probe. An alternative mode, where the probes
are fed with a bias current and their voltages are measured, is
not used in this paper. Typical operations of the instrument com-
bine probe bias voltage sweeps for obtaining the Langmuir probe
characteristic (I-V curve) at intervals of a few minutes, with con-
tinuous sampling (at around 1 Hz or up to 58 Hz sampling fre-
quency, depending on available telemetry rate) of probe current
at constant positive or negative bias voltage to cover the plasma
dynamics between sweeps. Full instrument descriptions are pro-
vided by Eriksson et al. (2007) and Eriksson et al. (2008).

The two booms hold the LAP1 and LAP2 probes at distances
from the spacecraft (boom hinge) of 2.2 and 1.6 m, respectively,
while the spacecraft body itself roughly measures 2 X 2 X 3 m
with solar arrays extending to a total wing span of 32 m. Due
to the small distance between the spacecraft and the probes, the
data can be expected to show disturbances due to spacecraft-
plasma interaction, as investigated by Sjogren et al. (2012) and
Johansson et al. (2016) and discussed below. Nevertheless, LAP
allows access to plasma parameters over a very wide parameter
range using techniques adapted to the environment.

The main tool for accessing the plasma parameters by a
Langmuir probe is the bias voltage sweep, in which we vary
the bias potential V}, between spacecraft ground and the probe
and measure the resulting current I, defined as positive when
flowing from the probe to the plasma. Values of plasma param-
eters then follow from fitting to the probe current models de-
scribed in Sect. 2.2. Sweep examples and parameter fits at var-
ious stages of the mission are shown in Fig. 2. The individual
sweeps and the interpretation of the data in each case are dis-
cussed in Sects. 2.3-3.

2.2. Probe-sweep models

To extract information about the plasma parameters, the probe
characteristic must be interpreted by physical models of the col-
lected current from various particle populations. For the ex-
amples in this study, we consider the total probe current /, as
the sum of three such fluxes: the currents carried by collec-
tion of plasma ions and electrons, /; and I, and the current
due to photoemission of the probe surface itself, /r. The current
I due to secondary electron emission caused by plasma elec-
trons impacting on the probe is thus not modelled here, though
it may be important at times (Garnier et al. 2012; Wang et al.
2015). When the spacecraft is negatively charged, as it mostly
is Odelstad et al. (2015), the photoelectrons it produces are ac-
celerated away from it, so their number density is much below
that of the natural plasma. Only in the most tenuous plasmas
encountered do we need to take their contribution to the probe
current into account (Sect. 2.3).
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Fig. 2. Examples of LAP probe characteristics from various mission
phases, with parameters as in Table 1 fitted to OML current models. Dis-
tances in AU are heliocentric and those in km are cometocentric. Data
are blue dots and fitted currents are given by colours as in the inbox in
panel c. Panels a: Solar wind prior to Rosetta arrival at comet (3.7 AU,
7000 km). b) Warm electrons at early activity (3.33 AU, 35 km). c¢) Cold
electrons mix in as activity increases (2.57 AU, 28 km). d) Dense cold
plasma near perihelion (1.25 AU, 180 km).

For LAP on Rosetta, the relevant framework for de-
scribing these currents is provided by the model for or-
bital motion limited (OML) current collection introduced by
Mott-Smith & Langmuir (1926), refined and much used in many
variants ever since. The basic requirement is that the probe ra-
dius @ must be small compared to the Debye length, Ap, though
as shown by Laframboise (1966, Table 5c), the OML expressions
work well even for the case a = Ap (overestimating the collected
electron current by less than 10% for probe potentials up to ten
times KT./e). Issues with this criterion may need consideration
regarding electron collection in dense cold plasmas at perihelion
but not otherwise. As the electron gyroradius is always much
larger than the probe size, magnetic field effects on probe cur-
rent collection need not be considered (Laframboise & Sonmor
1993). Effects of magnetic connection to spacecraft surfaces
(Hilgers et al. 1992), however, may possibly set in at the very
strongest magnetic fields and lowest temperatures observed.

Following Grard (1973), we model the current due to pho-
toemission from a probe at potential U, with respect to its im-
mediate surroundings as

S by P<? )
_If()(l + ;—T‘;) exp (—;—T‘;) U, >0,

where Iy = At ji is the photoemission saturation current, set by
the probe area A; = ma® projected to the Sun and the photoemis-
sion current density jg, which depends on material properties as
well as on the solar UV spectrum. We use the usual convention
of considering actually flowing currents as positive in the direc-
tion from the probe to the plasma, though current densities such
as jr and constants like Iy represent magnitudes and are thus
always positive. The exponent u depends on what angular distri-
bution is assumed for the emitted photoelectrons at the surface;
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Fig. 3. Illustration of relevant potentials when there is no electric field
in the unperturbed plasma. The bias voltage V;, is set by the instru-
ment, while the other potentials result from the interaction of space-
craft, probe, and plasma. The ground potential can be seen as a point
far away, or as what the potential would have been at the location of the
spacecraft had it not been there.

if this is isotropic, as we assume here, u = 0, while u = 1 for
purely radial emission. The model assumes a Boltzmann energy
distribution with a characteristic energy KTr. The photoelectron
current (1) is shown in magenta in Fig. 2.

As the lengths of the booms carrying the LAP probes are of
the same order as the dimension of the spacecraft and the Debye
length cannot be assumed to be much shorter, the electrostatic
potential field from the spacecraft @(r) caused by the potential
Vs will not have decayed to zero at the probe position. We write
its value as the location of the probe as ®, = (1 — 8)V, where 8
is between 0 and 1. Whether photoelectrons are returned to the
probe or not depends on the direction of the electric field at the
probe surface. Therefore the relevant voltage in (1) is the probe
potential with respect to the local environment, U, = V,, — @y,
as verified in numerical simulations Johansson et al. (2016) and
laboratory experiments Wang et al. (2015).

The measured probe sweep will show a distinct signature
when U, = 0, that is, when the bias potential V;, attains a value
Vk = @, — Vs = —BV; (Fig. 3). Comparisons of Vi to the low-
energy cutoff in ion energy observed by the Ion Composition
Analyzer (ICA; Nilsson et al. 2015a), caused by all ions having
been accelerated through a potential drop Vs, show that 8 ~ 0.8 is
typical for Rosetta in the inner coma during the main part of the
mission (Odelstad et al. 2016; Odelstad et al. 2017). This means
that —Vj represents about 80% of the spacecraft potential. This
correction is minor for the purposes of the present paper, and we
present observed values of —Vj as estimates of V.

We assume all ions are positive and singly charged, and that
their thermal motion is small compared to the bulk speed in the
spacecraft frame. Both assumptions should be reasonable as long
as collisional coupling ties the low-energy ion bulk flow to the
supersonic neutral gas (Vigren & Galand 2013). This may not
be the case at the lowest activity level or far from the nucleus,
but in these situations the ion current is small anyway. Based
on COPS measurements for April-September 2015, Mandt et al.
(2016) estimated the ion collisional zone to extend outside of
Rosetta’s position for most of this interval. The ion current to a
spherical probe at potential V,, with respect to the unperturbed
plasma far away is then

ev,
o ~Lo(1- ). V,<Eie @
0, Vp > Ei/e,

where the ram ion current at zero potential for a probe of area A;
projected to the flow direction is

Lo = nueA;, 3)
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Table 1. Parameters for the model fits in Fig. 2.

Fig. 2 Fig. 6
() (b) (c) (d)
Date [yymmdd] | 140718 140921 150111 150730 | 150110
Ry [AU] 3.7 3.33 2.57 1.25 2.56
r [km] 7000 35 28 180 28
n, [107 cm™] <3 6.6 6.6 5
Vi [V] 1.1 4.6 -18.9 —124 | (-25.8)
Ry [cm™] 0.5 12.7 25 60 (120)
Tew [eV] 10 47 9 6 9
Nee [em™3] 1.4 (50) (1100) (90)
Tee [eV] 1.2 1 (0.065) | (0.02)
u[kms™"] 400 0.65 (2.0) (2.2) 4.5)
m; [amu] 1.06 18 (18) (18) (18)
Ity [nA] 7.2 8.5 12 26 12

Notes. Heliocentric distance Ry, cometocentric distance » and COPS
neutral gas density are given for context. The applicability of the fitted
model for each example, and hence the interpretation of the parameters,
is discussed in the text. Values in parentheses are not considered to accu-
rately represent the actual plasma. Water ions are assumed for all cases
except for the first. COPS density values are taken from Bieler et al.
(2015), Vigren et al. (2016) and Goetz et al. (2016b).

and the drift energy of ions of mass m; flowing at speed u is
E; = mju*/2. For a sphere, the area projected to the ion flow is
A; = na*. Equation (2) can be seen as the cold ion limit of a
more complete but complicated expression for the OML current
in a flowing warm plasma (Medicus 1961). The full expression
has the same linear dependence on V), for attractive potentials,
and, as the ion current for V, > 0 is small compared to elec-
tron current, the main effect of violating the supersonic ion flow
approximation is to change the interpretation of the ion speed u
and energy Ej. We note that in (2) we use V},, the probe poten-
tial with respect to infinity, as for a negative Vi, no barriers will
form between the probe and the plasma. It is not obvious that
(2) should hold, given pre-acceleration of the ions through the
potential drop @, before reaching the vicinity of the probe, and
realistic particle-in-cell simulations of LAP sweeps including the
spacecraft indicate that the slope df;/dV will indeed be smaller
(Johansson et al., in prep.). This can be interpreted as the ions
being picked up by LAP having a higher speed than the back-
ground flow due to acceleration through part of the spacecraft
potential field. When fitting theoretical expressions to sweeps as
in Fig. 2, where the ion current is shown in black, this would
cause us to overestimate the ion bulk flow momentum, m;u.

In the OML formulation for a plasma at equilibrium, the
electron current to an ideal isolated sphere at potential V, is

Lo exp(%"c), Vo <0

(€]
Lo(1+%2). Vp>0.
where the electron current due to random thermal motion is
KT
Io = Acne - s 5)
27mme

and A, = 4na? is the surface area of a spherical probe of radius
a. In Fig. 2, the electron current is plotted for two electron popu-
lations of different temperatures, denoted warm (“w”, light blue
curve) and cold (“c”, green).

For LAP on Rosetta, the direct application of this relation
is complicated by part of the spacecraft’s electrostatic field re-
maining around the probe. Unless the spacecraft potential field
at probe position, @, has decayed to well below KT./e, the
electron distribution directly accessible to the probe will be per-
turbed. For Boltzmann electrons and a negative V, the number
density in the neighbourhood of a point-like probe will be de-
creased by a factor exp(e®,/KT.). For a finite-sized probe at
positive bias, the field from the probe itself alleviates this effect
(Laframboise & Godard 1974).

Adding the electrostatic field of a positively biased probe to
the field from the negatively charged spacecraft means there may
be no path from the probe to infinity along which the potential
decays monotonically, causing a barrier to form for low-energy
electrons from outside. Electron collection around the probe is
then regulated not only by the probe potential with respect to
the local plasma, V,, but also by this potential barrier. Theo-
retical considerations (Olson et al. 2010) indicate that (4) still
holds in two limiting cases: The upper expression now applies
for U, < 0, that is, the limit is set by the potential with respect
to the local plasma around the probe, while the lower expression
applies when the bias exceeds a critical value V. needed for the
probe to fully suppress the barrier and open a channel to the sur-
rounding plasma. Finding V., and the current in between these
voltages, are non-trivial tasks. Olson et al. (2010) provided esti-
mates using a simplified model, and also showed that the effect
can be identified in data. This was also demonstrated in labora-
tory experiments by Wang et al. (2015), showing expected sig-
natures both at V}, = Vi, where the probe is at the same poten-
tial as its immediate surroundings, and at V,, = V.. Numerical
simulations of LAP probe bias sweeps including the spacecraft
(Johansson et al., in prep.) verify such effects, but also show that
the cold ion current (2) retains its linear relation to voltage and
goes to zero at the same value of V, = Vs + V,, = Ej/e, thereby
creating an opportunity for a robust estimate of V; for cases when
I; can be reliably isolated from the other currents and Ej/e is
known or can be neglected. For the example sweeps in Fig. 2,
we have not attempted to include barrier effects in the analysis,
though we discuss them again in Sect. 3.

2.3. Tenuous regime (n < 10" cm™3)

For tenuous plasmas where the plasma electron flux is small,
such as the unperturbed solar wind, the spacecraft attains a pos-
itive potential V in order to retain a fraction of its photoemitted
electrons sufficient for the total current to it to be zero (Pedersen
1995). This will be the case when the current carried by pho-
toelectrons emitted from the spacecraft is higher than that of
plasma electrons. Neglecting the difference between electron
collection and photoemitting area on the spacecraft for an or-
der of magnitude estimate, and using a photoemission current
on the order of 10 ,uA/m2 at 1 AU, we arrive at a limiting value
on the order of 5 cm™ for 3 AU, assuming T, ~ 10 eV as typi-
cal of electrons in the solar wind as well as in the photoionised
cometary coma.

In this case, the ion current collected by a LAP sensor at
negative voltage will be too small for reliable measurement, and
the electron current will have a significant contribution from the
cloud of photoelectrons surrounding the spacecraft because of
its positive potential. An example sweep acquired far from the
comet at 3.7 AU is shown in Fig. 2a, together with the model
expressions (1)—(4) with parameters as in Table 1. Some of these
parameters are well determined, while others, marked by paren-
theses, are not. To fit the photoemission current, Vi, must be close
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to the —1.1 V indicated, so V is positive as is typical for space-
craft in the solar wind. As the Debye length expected in the
solar wind is long, 10 m or more, there is little shielding be-
tween spacecraft and probe so S, the fraction of V picked up
by Vi, should be low. The actual value of Vi may thus be sev-
eral volts. The photoemission parameters Iyy and Tt are also well
constrained. We note that we obtain a good fit by setting the
temperature of collected electrons Ty, to the same value as Tt,
consistent with the expectation that the electron current to the
probe is dominated by photoelectrons emitted by the spacecraft;
new may thus be interpreted as the density of the photoelectron
cloud near the position of the probe. While the model currents
are drawn with the ion parameters shown, these parameters are
in fact not constrained at all by the measured sweep as the ion
current is too small to be detectable for any realistic solar wind
parameters.

While the plasma density # in this regime cannot be deter-
mined by fitting the ion and electron currents, it can be estimated
from Vg (Pedersen 1995), typically by use of an empirical fit to
some other density measurement. This technique was used for
Rosetta by Edberg et al. (2009) at the Mars swing-by, and at 67P
by Odelstad et al. (2015).

2.4. Intermediate regime (10" cm™2 < n< 10° cm™9)

For intermediate density plasmas, which we take to mean from
a few tens to a few thousands of particles per cm® with electron
temperature T on the order of a few to about 10 eV, the plasma
electron flux overcomes the spacecraft photoemission and the
ion flux resulting in Vi < 0. This is the most typical environment
seen by Rosetta at the comet (Edberg et al. 2015; Odelstad et al.
2015). In this situation, there are several means to access the
plasma parameters using the Langmuir probes:

1. As the electron current is now large, the Langmuir probe
current-voltage characteristic can be directly used to deter-
mine the local electron density n and temperature 7. using
relevant theoretical models (2). Spacecraft photoelectrons
are driven away by the negative spacecraft potential, but
could still in principle contribute to the probe current. How-
ever, due to spacecraft operational requirements and point-
ing constraints, the LAP probes were almost always behind
the plane defined by the solar panels, even when sunlit (on
the “night side” of the spacecraft “terminator plane”, i.e. the
Sun is in the +X direction in Fig. 1, with the solar pan-
els appropriately tilted to face the Sun). For positive space-
craft potentials (Sect. 2.3), the photoelectron trajectories are
bent around the spacecraft by the attractive spacecraft elec-
tric field and can thus be picked up by the probes, as was
seen in the example in Fig. 2a. For negative potentials, the
photoelectrons go away more or less radially, therefore not
reaching the probes.

The Debye length in this parameter range is still much
greater than the size of the LAP probes, so variants of the or-
bital motion limited (OML) theory (Mott-Smith & Langmuir
1926; Medicus 1961; Laframboise & Parker 1973; Wahlund
et al. 2005) can be used for data interpretation (Figs. 2b
and c¢). However, for typical T, values of ~5 eV, the boom
length is still not very much shorter than the Debye length,
which must be kept in mind in the interpretation of data
(Laframboise & Godard 1974; Olson et al. 2010; Wang et al.
2015). In the limit where the plasma electron flux greatly ex-
ceeds the flux of electrons from the spacecraft by photoe-
mission and secondary emission, V; is expected to approach

AlS, page 6 of 14

a negative value several times the electron thermal energy
equivalent. As the boom length must still not be shorter than
the Debye length, we may expect the fraction of V; picked
up by the probes to stay below unity, which has been con-
firmed by comparison of LAP photoemission data to the
lowest ion energy visible in ICA data (Odelstad et al. 2016;
Odelstad et al. 2017). In this situation, it may also be nec-
essary to consider that the local electron density around
the probe is reduced by a factor exp(e®,/KT.), where @,
is the potential in the spacecraft sheath at probe position
(Odelstad et al. 2015). For Boltzmann distributed electrons,
this will not impact on the estimate of T, based on a fit to the
exponential part of the Langmuir probe characteristic. The
exponential relation between density and total energy for a
repelling potential means the effect of a shift in potential is
just a numerical factor not changing the shape of the energy
distribution.

2. The ion current to the probe when at negative bias voltage
grows significant in plasmas of intermediate density, and so
can be used to measure the density. In the terrestrial iono-
sphere, this technique is frequently used, preferentially with
planar probes facing the ram direction, therefore the ion cur-
rent only depends on the density as long as the ion motion
is supersonic in the spacecraft frame (Brace 1998). Spherical
probes have also been similarly used, for example on Cassini
in the Saturn plasma torus (Holmberg et al. 2012), but in this
case the current also depends on ion mass (Wahlund et al.
2005). For Rosetta in the inner coma of comet 67P, the ion
flow may still be assumed to be supersonic, as the ion bulk
flow speed as well as temperature will be set by collisional
coupling to the neutral gas, which is supersonic due to its
expansion into what is essentially a vacuum (Tenishev et al.
2008; Combi et al. 2012). However, in contrast to the iono-
spheric cases mentioned, the known motion of the Rosetta
spacecraft in the reference frame of the main body is small
compared to the a priori unknown flow speed of the ions,
meaning either the gas speed or the effective ion mass (the
harmonic mean of all species) has to be supplied from mod-
els or other measurements. While the functional form of
the OML expressions for the current-voltage relation for-
mally allows fitting density, effective ion mass, flow speed
and spacecraft potential all at the same time, errors easily
grow large in this process, particularly if emission of photo-
electrons and secondary electrons also enter the problem and
have to be corrected for (Garnier et al. 2012; Holmberg et al.
2012). Additional information on some parameters is there-
fore always desirable and often necessary.

3. Alternatively, the plasma density n can be estimated from V
also in this regime (Odelstad et al. 2015). This does not work
when only currents proportional to the plasma density, that
is, currents due to collection of plasma ions and electrons,
carry charge to the spacecraft, but as long as the spacecraft
photoelectron emission current is not negligible compared to
the ion current, Vs will depend on n as well as on T,. This
makes it possible to estimate n from V. An advantage of this
method is the high consistency achievable in the V; estimate;
though the possibly varying 7. as well as any effects of sec-
ondary electron emission add uncertainty in this regime.

Two sweeps from this regime are shown in Figs. 2b and c. While
the sweep in Fig. 2b, obtained at low comet activity, can be fitted
with one single electron population, this is not possible for its
counterpart in a denser plasma in Fig. 2c where two electron
populations at different temperatures are needed for combining
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the high slope at the right with the extended exponential-like
decay to the left of the steep part.

In the intermediate regime, the Debye length is not short
compared to the boom length. For the fit parameters to the sweep
in Fig. 2c, tabulated in Table 1, we get Ap ~ 1 m, implying a sig-
nificant fraction of the spacecraft potential may remain in the
surroundings of the LAP probes. The fitted temperature of the
cold electrons is only 1 eV and the s/c potential from —Vj is at
least —18.9 V, which should not have decayed to zero at the probe
position. Therefore, it is not obvious how electrons of energy
1 eV are able to reach the probe even when taking into account
the modification of the potential structure in space by the probe
itself as discussed at the end of Sect. 2.4. On the other hand,
the sweep clearly shows a steeper slope at high positive voltages
than can be explained by the warm population alone. This dis-
crepancy points to the energy distribution being more complex
than what our simple two-population model can handle, with a
higher fraction of the electrons at intermediate (few eV) energy
than the model allows. Such non-Maxwellian distributions are to
be expected in a marginally collisional plasma, and it should be
no surprise that our simple model cannot reproduce all details.
Nevertheless, sweeps of the type in Fig. 2c need a mix of elec-
trons that have and have not lost energy by collisions on the neu-
tral background, even if the model of two distinct Maxwellian
populations cannot handle this properly.

There could also be times when a cold population is entirely
invisible in LAP electrons through the barrier effect discussed
above (after Eq. (4)). As the fit is made both to the electron and
ion sides and the fit value for the density is thus constrained by
the ions, the main issue presumably is with T,., which could be
highly exaggerated. Awaiting systematic cross-calibrations with
the MIP instrument, one should regard cold electron parameters
from LAP sweep fits as relatively uncertain. Barriers will only
affect electrons, so the ions do not have this problem. However,
as noted above in the discussion of Eq. (2), the slope on the ion
side may be underestimated in these circumstances, making us
overestimate ion momentum. The flow speed value of 2 kms™!
is therefore badly constrained and should not be taken at face
value, which is why we put it in parentheses in Table 1.

2.5. Dense regime (nx 10° cm™3)

For the highest density plasmas in the inner coma, 7. is expected
to fall to values typical of the neutral gas, which can be a few
hundred kelvin or even lower (Tenishev et al. 2008). This corre-
sponds to a few per cent of an eV, which is outside the practical
limit of what a Langmuir probe can resolve from the exponen-
tial part of the I-V curve, limited not only by variations of the
work function over the probe surface and the smallest bias volt-
age step available (Eriksson et al. 2007) but in reality also by
temporal variations of the plasma and the spacecraft potential.
An example of such an I-V curve is shown in Fig. 2d. To fit this
sweep, two electron populations have been used, one cold, to
explain the steep slope on the right part of the curve, and one
warm, for explaining the negative V; (Johansson et al. 2016) as
well as for fitting a small observable exponential-like fall-off at
voltages just to the left of the steep part. Due to the presence of
the warm population as well as by the limitations imposed by
the LAP bias voltage step of 0.25 V used here, the temperature
T, of the cold population cannot be resolved directly, but testing
different values shows it could not have exceeded 0.1 eV without
being visible in the sweep.

In the dense regime, the Debye length is short compared to
the boom length. For the fit parameters to the sweep in Fig. 2d,

we get Ap =~ 5.5 cm. Comparing to the intermediate regime in
Sect. 2.4 above, we expect the cold electron parameters fitted to
sweeps in dense plasmas to better represent the real plasma. Nev-
ertheless, cross-calibration with MIP will be needed to constrain
the numerical accuracy of values derived from LAP.

3. Observations

The two sweeps presented in Figs. 2b and ¢ showed obvious sig-
natures of an electron population at typical temperature of 5—
10 eV, referred to here as “warm”. That this population is present
more or less all the time since Rosetta started its near nucleus
operations in September 2014 is clear from the mapping and
statistics of the spacecraft potential by Odelstad et al. (2015) and
Odelstad et al. (2017), since electrons must have an energy of or-
der —eV to drive the spacecraft to a negative potential V. What
determines Vj is the electron flux, not the density, so a negative
V, cannot be taken as direct evidence of warm electrons dom-
inating the density, and indeed the fit in Fig. 2c needs a higher
density for cold electrons (Sect. 3) than for the warm population.

As discussed above, the neutral gas density falls off roughly
as 1/r* and stays cold. Electrons released by photoionisation
near the nucleus may see sufficiently high neutral density to cool
by collisions on the cold neutrals. While Rosetta is mainly out-
side the region of such cooling (Mandt et al. 2016), it is possible
that when such a collisional region is present somewhere closer
to the nucleus along the flow line of gas expansion connecting
the nucleus to Rosetta, we could observe a remnant cold elec-
tron population in addition to the warm photoelectrons created
outside this region, unless efficient heating processes would de-
stroy it.

Figures 2c and d show examples of LAP probe bias sweep
where cold electrons are needed to fit the data. In particular,
steep sweeps with no visible exponential region, like the exam-
ple in Fig. 2d, present clear evidence of an electron population
with 7. < 0.1 eV. It is clear that this cold population cannot
be the only electrons present, since the highly negative space-
craft potential would otherwise have been impossible to main-
tain. This agrees with the expectation of two electron compo-
nents at different temperatures. The electron current reached in
this sweep, 15 pA, is among the highest observed by LAP dur-
ing the whole mission, mostly due to the low temperature of
the cold electron population. These data were obtained in the
highest-activity phase near perihelion, and are taken from near
a diamagnetic cavity crossing (Goetz et al. 2016b; Goetz et al.
2016a) when such cold plasma could be observed for extended
intervals up to several hours. This sweep contrasts the example
in Fig. 2b taken early in the mission, at low neutral gas den-
sity where no efficient cooling of electrons can be expected, for
which we did not need to introduce any cool electron population
to fit the data.

While statistics of cold plasma observations have to wait for
another study, we note that extended intervals showing signa-
tures of dense cold plasma, similar to the example sweep in
Fig. 2d, were mainly found around perihelion. However, large
currents of cold electrons first turned up in the LAP measure-
ments as short pulses in the probe current, and have been seen
in this shape during most of the mission. As these signatures are
very conspicuous in LAP data, we discuss them here.

An example interval with pulses in the probe current at fixed
bias potential is seen in Fig. 4, with a zoom-in to 15 min of
the data in Fig. 5. The blue curves in panel a of both figures
show the current to LAPI1 in this interval at a bias potential
Vi, = +30 V with respect to the spacecraft in between the short

AlS5, page 7 of 14



A&A 605, A15 (2017)

5000

10-Jan-2015
I I

4000

w
o
o
(@]

2000

LAP1 current [nA]

1000

8o e

(a

wrm ‘|,|‘|.:..
O PE T ‘ Mlp

2]
(@]
T

!"m:a L ‘

li“

LAP2 current [nA]
)
I

20| : ;“:'ﬂ U | ,
J'_J*Lw.“q_‘ A e A ! WF N\‘ I |N l r Lot »-‘4444,):‘\,’»«"" J”f-,ﬂf'};’"y\ -,‘,“\’“"'U »’L»"‘l'd" ‘IM,\_.J D j“ L/
600 | 1 1 I - I ©
* * *
= * * *
400 - wony ¥ * *f;:: T
S, e T * ¥
200k wxtx % PRk E Pl L X X maeX o TN x k ko
< T e x il SR L
FE™ **‘# * * ¥ KX 5 % * ¥
20 | | | | — I G
**M *
— & x
=, 10 - #fﬁﬁ*’* *W o K * % A *% ** *&*“ |
x * wﬁ 3 ok *
> oK *W ** oo RS e F ¥ %
# W L x W * * X
*x ¥ %
1 1 1 | | |
10:00 12:00 14:00 16:00 18:00 20:00

Time [hh:mm]

Fig. 4. Example of pulses in LAP1 (at +30 V, panel a) and LAP2 (at =30 V, panel b) current (blue). In red is shown the dynamic threshold used to
define pulses, with red dots marking the pulses found by the algorithm. Panels ¢ and d show sweep fit results for electron density and the negative
of the spacecraft potential. The sign of the LAP2 current has been inverted, to show density increases as positive. The green box marks the interval

zoomed into in Fig. 5.

(3 s at this event) probe bias sweeps (occurring every 160 s).
As the spacecraft potential Vi ~ —Vi at the time varies be-
tween —5 V and —15 V, the potential of LAP1 with respect to the
plasma V, = Vi + V;, 2 15 V (Fig. 3) is sufficient for attracting
electrons and repelling ions. Panel b shows the negative of the
current to LAP2. At a bias of =30 V, LAP2 is around 40 V neg-
ative with respect to the plasma, and as the photoemission can
be assumed to be stable on this time scale, any variations in the
probe current should be due to varying ion flux. The two lower
panels in Fig. 4 show results from sweep fits. The plasma density
in Panel ¢ derived from LAP sweeps using the slope of the probe
curve at positive potentials (second expression in Eq. (4)) assum-
ing T. = 5 eV, and (Panel d) the spacecraft potential proxy — V.
More details on the background plasma in this event, including
detailed modelling of the ionisation, can be found in Vigren et al.
(2016).
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The background value of the electron current to LAPI
(Fig. 4a) is around 100-200 nA, over which rise huge pulses
of several nA. Figure 5a shows pulses extending typically from
a few to several tens of seconds. The large pulse between 17:28
and 17:29 thus carries around 50 uC ~ 3x 10'2¢ to the probe. We
also find pulses in the ion current simultaneously observed at the
negatively biased LAP2, but at lower magnitude both in abso-
lute sense and relative to the background current (from which
we have subtracted a constant value of 5 nA to account for
probe photoemission). Some pulses coincide well in both sig-
nals, while for example the very large electron current pulse dis-
cussed immediately above has only a weak signature in the ions.
Comparing panels a and b to panel ¢ shows more frequent and
higher pulses where the density is high.

Simultaneous detection on probes sampling electrons and
ions indicates a local increase in plasma density as the source
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Fig. 5. Zoom in two parts of the interval in Fig. 4 to show details of
pulses. The current here is sampled at 57.8 Hz, but very little structure
is to be seen at timescales shorter than about a second. Blue is measured
current and red is the dynamic threshold for pulse detection defined in
the text. The vertical green line indicates the time of the sweep in Fig. 6.

of a pulse. The generally higher increase in electron current
compared to ion current suggests the increase is mainly due to
electrons of very low temperature (cf. Eq. (4)). Examples such
as the large electron current pulse 17:28—17:29 in Fig. 5, for
which the ion current increase is weak, could possibly be due
to only the local electron temperature decreasing without any
density increase, as this would also increase the electron current
(Eqg. (4)). However, some caution is needed in the interpretation
of individual structures as the ions are flowing and small changes
in direction due to electric fields related to any plasma process
may cause local wake effects and blocking of the ion flow to the
probe by spacecraft structures. Further discussion of the inter-
pretation of the pulses follows in Sect. 4.3.

The probe bias sweeps sometimes coincide with a pulse.
Figure 6 shows a typical example. Fit parameters for this sweep
are tabulated in the right column of Table 1, with parenthesis
indicating those that we judge to be highly uncertain. The fit is
quite good, but there is still strong reason to distrust many of
the parameters. The presence of two clear knees in the sweep,
at about 12 V and 25 V, suggests the barrier effects discussed
in Sect. 2.2 are important here (Olson et al. 2010; Wang et al.
2015), due to the negatively charged spacecraft repelling low-
energy electrons from its vicinity. However, the high slope seen
above 25 V can only be due to collection of a cold electron pop-
ulation. This is because, regarding Eq. (4), this slope is propor-
tional to n/+/T., but the density value is constrained by the slope
due to ion collection at negative voltages, which is proportional
to n/(mu). As noted above, the sweep likely underestimates the
slope on the ion side, because the speed of ions collected by the
probe is higher than the unperturbed flow speed u by acceler-
ation of the ions towards the negative spacecraft. This can ex-
plain the high ion flow speed (about four times above neutral gas
speed) used in the fit, though we note that recent modelling in-
dicates that even weak electric fields can accelerate some ions to
about the values we get here, despite the presence of collisions
(Vigren & Eriksson 2017). Nevertheless, if we try to explain the
high slope on the electron side with a high density of warm elec-
trons only, putting the density 7. to zero, we have to increase the
already high ion momentum to much higher numbers in order to
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Fig. 6. Probe bias sweep obtained inside a pulse at the time marked in
Fig. 5. The format is similar to Fig. 2.

keep the ion current at observed values. The fitted values of 7,
and T, are both numerically uncertain and we do not claim we
have an observation of 0.02 eV electrons (200 K), but sweeps
like this demonstrate the presence of an electron population with
Tec below 0.1 eV in the pulses.

To investigate where the pulses of cold plasma are seen, we
used a simple algorithm for their detection and ran on all LAP1
data for 2015. The algorithm works by defining a threshold cur-
rent from a 128-s interval of data and considering LAP currents
above this threshold to be pulses. If I, is the minimum value
of the current in that interval, the threshold is set as max(/,i, +
100 nA, 2 I,,;in) for the electron side and max(/nin + 2 nA, 2 Inin)
for the ion side. These values were chosen to avoid false detec-
tions in noisy environments, at the cost of low efficiency in de-
tection. An example of how the algorithm works can be seen in
Fig. 5. The red curves give the dynamic threshold value, with the
stars indicating identified pulses in LAP1 and LAP2 currents. It
is clear that many of the pulses are missed, including a large and
wide one in LAP1 around 17:29. It is also clear that more pulses
are detected in the electron current than in the ion current, but
this in large part an effect of their different amplitudes on the de-
tection algorithm, which favours large pulses. However, no false
detections are seen. Work on improving the algorithm for bet-
ter statistics is ongoing, but this version works for a first idea of
where pulses occur.

A first overview of the results of running the pulse-finding
algorithm, such as it is, on the LAP1 data for 2015 is given in
Fig. 7. The upper panel shows the number of pulses detected per
10-min interval, plotted versus time and longitude of the sub-
spacecraft point on the nucleus. Each nucleus rotation of around
12 h is thus a vertical stripe in the plot, and each data point of ten
minutes corresponds to roughly 5° in longitude on the nucleus.
Additional orbital information is given in the lower panel. In the
upper panel, grey areas mark all time intervals examined (which
are all when LAP1 was in a mode suitable for pulse detection)
where no pulses were found. Intervals not searched are white.
The colour scale is logarithmic, so the number of detected pulses
per ten-minute interval varies here between 1 and 30. To give an
idea of where the largest pulses occur, the centre panel shows
the same kind of data as the upper though restricted to pulses
of high amplitude, achieved by changing the algorithm thresh-
olds above by replacing the offsets 100 nA and 2 nA by 1 pA
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and 20 nA, respectively. Despite the shortcomings of the finding
algorithm, comparisons to sample data indicate that Fig. 7 pro-
vides a reasonable view of where pulses occur, though the actual
values given for the number of pulses per ten-minute interval are
likely underestimated.

The first thing to note is that while pulses are detected
throughout the mission, their distribution is not uniform. Com-
paring the statistics in the upper panel to the orbit informa-
tion in the lower, we can note that when Rosetta is in the
northern hemisphere (positive latitudes, black curve), detec-
tions cluster around longitudes +100°, corresponding to be-
ing above the neck region, at least during northern summer
(up to May). This reflects similar behaviour to that known
for the neutral gas density (Hissigetal. 2015; Bieler et al.
2015), plasma (Edberg et al. 2015; Odelstad et al. 2015) and
dust (Rotundi et al. 2015; Fulle et al. 2015). From early May,
the Sun was in the southern hemisphere of 67P, which therefore
picked up activity (Hansen et al. 2016), and at least by early June
we find most pulses at negative latitudes. In July-September,
large pulses are detected mostly at low latitudes, and become
a substantial fraction of the total in the southern hemisphere.
During the dayside excursion in late September, the number of
pulses decreases with cometocentric distance, recovering only
slowly as Rosetta returns toward the nucleus in October. Only
when back within about 150 km distance in mid November do
the numbers really pick up. There may possibly also be a phase
angle effect, favouring terminator over dayside, though disen-
tangling this from distance will require a more detailed analysis.
What is very clear is that when being back near the nucleus from
mid November, most pulses are seen in the southern hemisphere,
generally more active at that time. This is particularly clear for
the highest-amplitude pulses (centre panel).

To a large extent, the pulses thus occur where the plasma
density is highest. We discuss the pulses further in Sect. 4.3
below.

4. Interpretation
4.1. Warm electrons

The warm electron population found in the sweeps in Fig. 2 and
inferred from the negative spacecraft potential (Odelstad et al.
2015,2017) is also detected by the RPC-IES electron spectrome-
ter. Broiles et al. (2016b) studied this by fitting IES energy spec-
tra to kappa distributions at two helicentric distances, 3 AU and
1.3 AU. At 3 AU, they found typical densities of 10-30 cm™3
and temperatures of 10-30 eV. At 1.3 AU, corresponding ranges
were 10-100 cm~3 and 5-10 eV. This is generally consistent with
LAP densities for the warm electrons (see examples in Table 1),
though much of the density at perihelion can sometimes reside in
a cold population invisible to IES (Fig. 2d and Sect. 3). The tem-
perature ranges are broadly consistent, though somewhat higher
in IES than what we typically derive from LAP sweeps, in the
examples and elsewhere. As the Langmuir probes only mea-
sure total current, any fit of the electron current, such as those
shown in Fig. 2, will be more sensitive to the lowest energies
than to the higher ones, while the case is opposite for IES, be-
ing directly mounted on the negatively charged spacecraft and
hence only being exposed to a fraction of the low-energy elec-
trons. The differing temperature estimates could thus in part be
due to a combination of the two methods picking up character-
istics of different parts of an energy distribution which is not
Maxwellian, and in part due to effects of the repelling spacecraft
potential. While at least the upper end of the « range found by

AlS, page 10 of 14

Broiles et al. (2016b) suggests quite Maxwellian behaviour, at
the lowest energies a kappa model may not well describe the ac-
tual electron distribution, as is clear from the presence of a cold
population in case (c).

4.2. Electron cooling

As discussed in the Introduction, electrons released by photoion-
isation are expected to have a typical energy in the 12-15 eV
range, resulting in T, ~ 10 eV if no cooling occurs. This is also
sufficient for explaining the observed negative spacecraft poten-
tials of the same order, as a simple model of the equilibrium
potential of an object in a thermal plasma predicts negative po-
tentials of a few times K7, /e, depending on the ion distribution
and detailed object geometry. As noted by Mandt et al. (2016),
Rosetta is usually outside of the region where strong cooling
on the neutrals is expected, so observing this warm population
is expected. Wave heating processes, invoked by Broiles et al.
(2016a) to explain elevated fluxes of higher energy electrons
(hundreds of eV) may also play a role, but the observed elec-
trons in the few to ten eV range can be explained as excess en-
ergy from ionisation. In a sufficiently dense environment, at least
some of the electrons will transfer energy to the neutral gas by
various collisional processes (Vigren & Galand 2013) and thus
be cooled to as low as the few hundred kelvin (or even lower)
expected for the expanding neutral gas. This requires high colli-
sionality and thus high neutral gas density, as the mean free path
is

A=1/(ny0en), (6)

where n, is the neutral gas density and o, is the electron-neutral
cross-section. Taking 7, to decrease as 1/r> with cometocentric
distance from a value ng at the nucleus surface r = R,

)

and the collision length will increase as r2. Therefore, even if
collisionality is high close to the nucleus, it will, for any given
gas parcel, expand radially and become negligible at some dis-
tance. Observation of a mix of warm electrons (products of re-
cent ionisation) and cold electrons (having lost energy to the neu-
trals) is therefore expected.

Mandt et al. (2016) set the limit for electron collisionality,
known as the electron collisionopause or exobase, as the come-
tocentric distance r. at which

n,,r2 = nORZ,

®)

that is, at the point where the distance equals the collision length.
By combining expressions (6) to (8) we find that

Aree) = Tee,

©))

Mandt et al. (2016) then used the daily average of the COPS neu-
tral density data to plot this distance and compare it to Rosetta
position for the period April-September 2015 (Fig. 5 of that
paper). While neutral density appeared to be sufficient for this
boundary to exist during all this period, Rosetta was found to
stay outside of it all the time. A two-temperature electron gas is
thus not unexpected, particularly when r.. is not too large, as the
cooling boundary should be sharper the smaller the scale length
in the density gradient at the position of the boundary.

As a first estimate of the relative abundance of the two
electron populations, we use the same assumption of a cooling
boundary and combine this with a modified Haser model. For

_ 2 _ 2
Tee = OneoR™ = O e, 1°.
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Fig. 7. Distribution in time and space of current pulses in LAP, based on the simple algorithm described in the text. Grey indicates regions searched
where no pulses were detected by the algorithm; white periods indicate regions without suitable data. Top: number of pulses detected in LAP1

probe current per 10-min period, corresponding to 5° cometary longitude,

during 2015. Centre: number of large pulses per 10-min period. Below:

latitude and phase angle (solar zenith angle) on left scale, heliocentric distance in AU and '°log of cometocentric distance in km on right scale.

a plasma originating from and being coupled to a neutral gas
expanding radially at constant speed u from a spherical comet
nucleus of radius R, the neutral gas density follows (Haser 1957)

oo(zi-) .

where n is the density at the nucleus and v is a constant ionisa-
tion frequency, and the last step follows by neglecting higher or-
der terms in vr/u in a Taylor expansion of the exponential. This
is certainly valid in the inner coma as the ionisation timescale
is at least 10° s (Vigren et al. 2015a; Galand et al. 2016) and the
flow speed u is of order km s~!. As the exponential loss describes
the ionisation, the plasma density is given by the missing neu-
trals

L
vRR( R)’

~ny——|(1-—
ur r

where we used the same series expansion. We now modify this

by considering a cooling boundary r.., and assume we are sev-

eral cometary radii from the nucleus and so can neglect the last

term in (11). Inside 7., all electrons are assumed cold, and their

density will follow

2

m(r) =no () (10)

an

R R
ne(r) = ng— - =,
u r

r < Fee. (12)

As no new cold electrons appear outside r.. we must in this re-
gion have

2

VR Rre
ne(r) = ne(”ce)% =no— - —5

p (13)

r> Fee.
u

An indicative relation for the fraction of cold electrons outside
the cooling boundary can be obtained by dividing (13) by (11),
which with the above approximations simply yields an inverse
distance law,

_{1’
TeelT,

The result is independent of # and v but depends on the value of
O en through r.. We have used oe, = 1.5 x 107! m?, taken from
Fig. 2 of the compilation by Itikawa & Mason (2005) as relevant
for 3-20 eV electrons impacting on water molecules.

Figure 8 shows contours of constant n./n, in the r-n, plane
calculated from (14). At any given cometocentric distance r, in-
creasing neutral density means a higher fraction of cold elec-
trons. The figure also includes three data points representing the
neutral density obtained from COPS measurements close to the
times of the three LAP probe characteristics in Figs. 2b—d, and
in the dashed lines the corresponding 1/r> neutral density pro-
files. Considering measurement accuracy and the crudeness of
the model we do not expect perfect numerical predictions, but
a general correspondence is seen. As the cooling rate is finite,
we would not expect to see 100% cold electrons except possi-
bly very close to the nucleus in the most active comet stage,

E r < Ve (14)

Ne r> ree.
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Fig. 8. Expected fraction of cold electron gas as a function of radial dis-
tance and neutral density — contour plots for 20% (marine), 40% (blue),
60% (green), 80% (orange), and 100% (brown). The black dotted lines
show 1/r2 neutral density profiles for the COPS values observed at the
points marked with stars on the dates shown. The fraction of cold elec-
trons in the sweep fits in Table 1 is indicated in parenthesis.

meaning that the point where we find 95% cold electrons falls
inside the boundary of complete cooling is not worrying. Other
major limitations of the model include neglect of electric fields
— for example the ambipolar field due to the electron pressure
gradient — or fields induced by the solar wind (Madanian et al.
2016; Vigren et al. 2015a), the assumption of fully distinct pop-
ulations, and the neglect of dissociative recombination, which
would operate more efficiently on the cold electron population
than on the warm one.

The observation of two electron components at very differ-
ent temperatures is of interest in itself but also for plasma wave
physics at the comet, as this situation allows propagation of elec-
tron acoustic waves (Pottelette et al. 1999).

4.3. Cold plasma filamentation

The LAP probe current pulses presented in Sect. 3 were found
to be due to localised plasma regions of high density and low
electron temperature. Such density variations are not unexpected
since they developed in the hybrid simulations for 67P at 1.3 AU
by Koenders et al. (2015). Figure 6 of that study, which used
spherically symmetric outgassing, shows a relatively consis-
tently varying density in the innermost coma, out to some 30—
50 km, where the expanding plasma breaks up into filaments or
“spikes” of thickness less than 10 km, possibly down to the sim-
ulation grid resolution of 2.2 km. The time evolution at a particu-
lar point is provided in their Fig. 3, where one can find a tenfold
increases in ion density over an apparent timescale between a
few and a few tens of seconds. Koenders et al. (2015) noted that
these spikes may occur out to 150 km for the particular parame-
ters used in the simulation. Comparing to our Fig. 7, we do find
pulses out to at least 400 km at perihelion, but we may note the
large increase in pulse numbers as Rosetta comes within about
150 km in mid-November 2015.

The simulations by Koenders etal. (2015) are certainly
not the first to suggest unstable cometary plasma boundaries.
Various authors have discussed the stability of the cometary
ionopause and concluded that Kelvin-Helmholtz as well as
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Rayleigh-Taylor instabilities may set in (Ershkovich & Flammer
1988; Thomas 1995). In recent years, MHD simulations by
Rubin et al. (2012) in anticipation of Rosetta have indeed shown
a Kelvin-Helmholtz instability at a diamagnetic cavity bound-
ary at 2.7 AU, resulting in a filamentation pattern not unlike the
one in the hybrid simulations by Koenders et al. (2015). Such
Kelvin-Helmholtz filamentation may well be the cause of the
current pulses we observe with LAP and also of the spikes in the
hybrid simulations, though we should note that additional insta-
bilities not present in MHD may be important particularly in the
innermost coma, both in reality and in the hybrid simulations.
For typical magnetic field strengths of a few tens of nT, water
ions at 1 kms~! have a gyroradius of a few tens of km, which in
the innermost coma (few tens of km) is greater than or compa-
rable to the density scale length even for a perfectly smooth 1/r
plasma density profile (which sets an upper limit to the possible
density scale length equal to ). In this situation, other modes,
like the lower hybrid drift modes observed in the Earth’s magne-
totail by Norgren et al. (2012), may become the fastest growing
modes. Koenders et al. (2015) noted asymmetries in the filamen-
tation seen in the hybrid simulations related to ion gyroradius
effects and highlighted the importance of kinetic effects.

4.4. Pulses and dust

Although the ratio of dust to gas mass-loss rate is high for
67P, with a value of around 5 reported by Rotundi et al. (2015)
and Moreno et al. (2016), there is as yet little evidence for any
strong impact of dust on the plasma. This is in contrasts to what
Cassini found in dusty environments in the Saturn E-ring and
the Enceladus plume, where a sometimes overwhelming major-
ity of the plasma electrons are attached to dust grains as reported
by Wahlund et al. (2009) and Morooka et al. (2011) based on
the observed difference between ion and electron densities, and
later corroborated by good agreement with dust impact measure-
ments on the radio and plasma wave antennas (Engelhardt et al.
2015). This difference between the environments is not unex-
pected, as modelling (Vigren et al. 2015b) shows that grains big-
ger than about 0.1 um are unlikely to have a significant ef-
fect on the overall charge balance in the inner coma. While
there are reports of occasional nanograin observations at 67P
(Burch et al. 2015; Gombosi et al. 2015) there is as yet no in-
dication of their prevalence, and the evidence so far avail-
able is generally in favour of the dust distribution being dom-
inated by larger grains (Rotundi et al. 2015; Fulle et al. 2015;
Moreno et al. 2016). However, one should note that so far there
has been no attempt to compare ion and electron densities at 67P
at the precision required for inferring the charge density carried
by dust, and it is possible that such or other investigations may
modify the picture.

It may seem tempting to attribute the LAP current pulses dis-
cussed in Sect. 3 to dust grains, and various interpretations of
the pulses in terms of dust have also been attempted. We con-
sider first the idea that each pulse is due to a large charged dust
grain hitting the probe, slowly depositing its charge over a few
seconds. This is not in good agreement with simultaneous ob-
servations on LAP1 and LAP2, and also is hard to reconcile
with the large amount of charge carried. Dust grains should not
charge to much higher potentials U than the spacecraft, typically
at Vg & —10 V, and the charge ¢ = CU on them may then be
estimated from the expression for the vacuum capacitance for a
sphere of radius a, C = 4nepa, yielding 1 pF per cm radius. For
a body at —10 V to carry a charge of order uC to the probe, it
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would clearly need to be a boulder rather than a grain, even if we
allow a capacitance 100 times above vacuum values for a sphere.

Another possibility is a model where each pulse is due to the
arrival of a cloud of much smaller dust grains. Such showers of
dust grains have indeed been observed by the GIADA dust anal-
yser on Rosetta (Fulle et al. 2015). To explain the LAP current
pulses with opposite signs of current on the two probes when
at opposite potential, we would have to assume the simultane-
ous presence of grains of positive and negative charge state in a
dust cloud. The varying properties of dust grains may in certain
environments lead to opposite charging of, for example, large
and small grains (Horanyi & Goertz 1990), though it seems un-
likely this would apply over such large regions and long times as
we observe pulses. Furthermore, the numbers are hard to fit. If
each grain making up a pulse was 10 um, we would need 1 bil-
lion grains to hit the probe within the ~10 s lifetime of a pulse
to transfer 10 uC, if assuming vacuum capacitance. The num-
ber needed scales inversely with the grain size, but no matter
how one plays with the numbers, an explanation of LAP current
pulses of the type in Fig. 5 as due to charge delivery to the probes
by charged dust grains hitting it hardly seems possible.

Another dust-related hypothesis for the LAP probe current
pulses would be dust grains with high volatile content settling
on spacecraft surfaces and creating a gas cloud by sublimation
due to efficient heat transfer from the spacecraft. While this may
and should happen at times, a problem here is the long ionisa-
tion times expected, leading to low degrees of ionisation in such
a gas cloud and correspondingly low signal in the LAP data. The
expected photoionisation time is on the order of at least 10° s
(Vigren et al. 2015a), so the degree of ionisation in this cloud
(whose source would be a few meters away from the probe)
should be much lower than in the gas flow from the nucleus
(at a typical distance of 10-100 km). Assuming a thermal ex-
pansion speed of order 100 m/s for the gas released in the grain
sublimation, the fraction of ionisation should be <1077. To ex-
plain the large charge of 10'*e over a pulse width 7 = 10 s in
a current pulse noted above, the number of molecules released
would thus need to be at least N = 10! even in the very un-
likely case that the probe collects every electron in the cloud. A
grain containing 30 mg of water ice could provide this, but the
number density n of H,O molecules in the cloud would be enor-
mous; assuming hemispherical expansion at u = 100 m/s, we get
a H,O number density at r = 1 m distance from the source sur-
face of order n = N/(2nr?ut) ~ 10" cm™3, at least two orders of
magnitude above the cometary neutral gas density typically ob-
served by ROSINA COPS (Bieler et al. 2015). While there are
some small-scale pulses found in COPS (K. Altwegg, personal
communication), a preliminary investigation has shown very few
examples coinciding with LAP signatures, and as yet none with
clear pulses of the type in Fig. 5. We thus find no workable dust
hypothesis for the majority of the LAP pulses, leaving us with
plasma structures as the source of the pulses discussed in Sect. 3.

5. Conclusions

We have in this paper discussed some aspects of the measure-
ments by the RPC-LAP Langmuir probe instrument on Rosetta
at comet 67P. Examples of probe characteristics are shown, as
well as high-time-resolution measurements of LAP probe cur-
rent. The data examples were found to be consistent with two
electron populations when the neutral density is sufficient for ef-
ficient cooling of electrons inside the position of Rosetta. The
warm (around 10 eV) population is found throughout the mis-
sion and interpreted as electrons retaining the energy acquired

at ionisation. The cool fraction needed to fit the few bias sweep
examples was found to be consistent with expectations from a
simple extension of the Haser model to two electron populations.
The cold electron population has not been observed on its own;
only together with the warm population. During large parts of
the mission, the most conspicuous signature of cold plasma was
found to be pulses of high current to the Langmuir probes sam-
pling ions as well as electrons, interpreted as filaments of high
density cold plasma released from an inner collisionally dom-
inated plasma region. Alternative explanations of the pulses as
due to charged dust were not successful. Electron cooling to
temperatures of 0.1 eV or less and filamentation of cometary
plasma have both been predicted but not directly observed be-
fore Rosetta.
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