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ABSTRACT

Context. The ESA/Rosetta mission has been orbiting comet 67P/Churyumov-Gerasimenko since August 2014, measuring its dayside
plasma environment. The ion spectrometer onboard Rosetta has detected two ion populations, one energetic with a solar wind origin
(H*, He?*, He*), the other at lower energies with a cometary origin (water group ions such as H,O"). He* ions arise mainly from
charge-exchange between solar wind alpha particles and cometary neutrals such as H,O.

Aims. The He* and He?* ion fluxes measured by the Rosetta Plasma Consortium Ion Composition Analyser (RPC-ICA) give insight
into the composition of the dayside neutral coma, into the importance of charge-exchange processes between the solar wind and
cometary neutrals, and into the way these evolve when the comet draws closer to the Sun.

Methods. We combine observations by the ion spectrometer RPC-ICA onboard Rosetta with calculations from an analytical model
based on a collisionless neutral Haser atmosphere and nearly undisturbed solar wind conditions.

Results. Equivalent neutral outgassing rates Q can be derived using the observed RPC-ICA He*/He?* particle flux ratios as input into
the analytical model in inverse mode. A revised dependence of Q on heliocentric distance Ry, in AU is found to be R, between 1.8
and 3.3 AU, suggesting that the activity in 2015 differed from that of the 2008 perihelion passage. Conversely, using an outgassing
rate determined from optical remote sensing measurements from Earth, the forward analytical model results are in relatively good
agreement with the measured RPC-ICA flux ratios. Modelled ratios in a 2D spherically-symmetric plane are also presented, showing
that charge exchange is most efficient with solar wind protons. Detailed cometocentric profiles of these ratios are also presented.
Conclusions. In conclusion, we show that, with the help of a simple analytical model of charge-exchange processes, a mass-capable

ion spectrometer such as RPC-ICA can be used as a “remote-sensing” instrument for the neutral cometary atmosphere.

Key words. comets: general — comets: individual: 67P/Churyumov-Gerasimenko — instrumentation: detectors — solar wind —

methods: analytical

1. Introduction

In August 2014, the European Space Agency Rosetta spacecraft
arrived in the vicinity of comet 67P/Churyumov-Gerasimenko
(67P; e.g., Cochran et al. 2015) and started measuring its com-
plex plasma environment, using notably the Rosetta Plasma
Consortium (RPC), a suite of five science instruments measuring
the plasma composition and dynamics, as well as the magnetic
field (Carr et al. 2007). On this historic escort mission through-
out the inner solar system, Rosetta has a unique vantage point
on the evolution of the comet’s surface and space environment
(Hansen et al. 2007). Comet 67P is a typical low-activity, short-
period, Jupiter-family comet (orbital period of 6.5 years) with a
perihelion at 1.3 AU close to Mars’ heliocentric distance (e.g.,
Schleicher 2006).

A comet is a near-airless body essentially made of water and
carbon dioxide ice and dust. As it comes closer to the Sun, a
thin atmosphere of sublimated neutral molecules — the coma —
develops. In time, it becomes ionised through interactions with
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the EUV solar flux and the solar wind. The morphology of the
coma gradually changes from a Moon-like solar wind interac-
tion, where the nucleus is passively absorbing the solar wind,
to one most resembling that of Mars or Venus, with solar wind
mass loading playing an important role in the eventual formation
of a bow shock (Breus et al. 1987).

Amongst all physico-chemical processes encountered in a
cometary plasma (e.g., Coates & Jones 2009), charge exchange —
or charge transfer — at comets (abbreviated CX in the follow-
ing) plays a major role in the composition and dynamics of the
plasma (Gombosi 1987; Dennerl 2010). Solar wind charge ex-
change is, for example, responsible for cometary X-ray emis-
sions (Cravens 1997) that involve solar wind multiply charged
heavy atoms (O7*, O%"). Through energy and momentum trans-
fer, charge exchange may also be a powerful driver of the forma-
tion of cometopause and shock structures, as shown in the case
of high-activity comets such as Halley (Gombosi 1987). The
solar wind chiefly embeds protons and alpha particles, as well
as energetic heavy ions, which can be detected by instruments
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Fig. 1. Sketch of low-charge solar wind charge-exchange processes in a cometary environment. Two processes are shown with solar wind protons
and alpha particles, respectively, which transfer a single charge to water molecules. The depicted x, y, z Cartesian coordinate system is the one
used in the analytical model. The comet picture is that of 67P (courtesy ESA/Rosetta).

onboard Rosetta. The RPC Ion Composition Analyser (RPC-
ICA) is one such instrument (Nilsson et al. 2007, 2015a).
Another instrument on Rosetta, the ion and electron sensor RPC-
IES, was recently used by Burch et al. (2015) to detect H™ ions,
expected to arise from double electron capture in proton colli-
sions with cometary neutrals.

Assuming no dissociation, the general form of charge trans-
fer between solar wind-originating species X of charge n+ (¥
positive integers n) and a cometary neutral molecule A is

X"+ A — XY LA™ VY opom e N 6))

For a total transfer of one electron m = 1, n = 1 refers to H*
ions, while n = 2 refers to He?* ions. Their respective Xmm+
charge-exchange products are energetic neutral hydrogen atoms
Hgna and He* ions (see Fig. 1). Cometary ions A™*, for example
H,O" ions, are also created.

On Rosetta, RPC-ICA measures the particle flux of high-
energy solar wind ions and associated charge-exchanged prod-
ucts, such as H*, He?*, He*, or 0%, but also of low-energy
cometary ions, such as water-family ions of mass-to-charge ra-
tios m/Q > 18 amu/charge (Nilsson et al. 2015a,b). As shown
by Nilsson et al. (2015a), a measure of the efficiency of charge-
exchange processes can be attained by comparing the particle
fluxes F of He™" ions with those of He?*; thus, this efficiency can
be monitored throughout the escort phase of the Rosetta mission,
as long as the solar wind penetrates the coma.

If the change in energy in the CX process is smaller than
the initial energy of the impacting ion, then the energy per
charge E/Q of the newly formed ion is increased. For ex-
ample, if the impacting He?* ion in the solar wind has an
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E/Q =1 keV/charge, then the corresponding charge-exchanged
He™" ion will have an E/Q ~ 2 keV/charge because the electric
charge of the He* ion is half that of the impacting He?* ion. For
the same reason, in the case of multiply charged ions, say O,
the change in the charge in CX processes O’* — 0% — O°*,
etc., would, therefore, result in different E/Q values because of
the decreasing electric charge of the charge-exchanged ion prod-
ucts (see, e.g., Kallio et al. 2008, Fig. 4, for details). This means
that an energy-spectrogram instrument like RPC-ICA, which
measures the energy per charge E/Q of an ion, can distinguish
charge-exchanged ions from the original impacting ions. Also a
particle instrument that would only measure the energy of the ion
could not distinguish charge-exchanged ions from the impacting
ions without an energy resolution high enough to measure the
(small) energy exchange associated with the CX process. We de-
fine the efficiency as the ratio of the fluxes of charge-exchanged
products to their parent solar wind ion:

Fyo-my+

Fr = 2)
The parent solar wind ion flux Fy~ measured by RPC-ICA is
the local particle flux of initial solar wind ions already depleted
at the spacecraft position, not that of the upstream solar wind
ion flux, noted F' ;"ﬁ RPC-ICA flux datasets can be analysed to
directly provide Zr with a typical time resolution of a few min-
utes, a result unique to the Rosetta mission since no monitoring
of charge-exchange processes at a comet has ever been achieved
over such a wide variety of heliocentric distances. To analyse
the large datasets produced, simple, fast models that take charge
exchange into account are necessary.
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After a description of He*-He?* particle flux ratios, obser-
vations by RPC-ICA between 3.3 AU and 1.8 AU, an analytical
model of charge-exchange processes is presented for He** and
H* solar wind ions that efficiently convert them into He™ ions
(measured by RPC-ICA) and H energetic neutral atoms (ENAs),
respectively. Finally, we show in this study that the ion spec-
trometer RPC-ICA may be used indirectly as a monitor of the
comet’s neutral atmosphere and activity with respect to its helio-
centric distance.

2. Observations
2.1. Instrument

RPC-ICA is a mass-resolving ion spectrometer built at the
Swedish Institute for Space Physics (Kiruna, Sweden), consist-
ing of an electrostatic arrival angle filter, an electrostatic energy
analyser, and a magnetic momentum filter, designed to provide
the 3D distribution of incoming positive ions. A detailed de-
scription can be found in (Nilsson et al. 2007) and only a short
summary is presented here. RPC-ICA observations can be per-
formed in 16 elevation steps and 16 azimuthal sectors. A full
elevation scan takes 192 s (12 s per step) with a 5° stepping be-
tween 45° and 135° with respect to the vertical axis. Elevation
binning is performed directly onboard the spacecraft with four
different modes depending on the observation (1, 2, 4, or 8 bins),
thus limiting the temporal resolution. Sixteen azimuth sectors
of 22.5° each are recorded simultaneously by the detector sec-
tor anodes, but because of spacecraft shadowing and 90° eleva-
tion restrictions, RPC-ICA has a field of view of about 2.87 sr.
Energy coverage ranges from 10 eV/charge to 40 keV/charge in
96 channels with a resolution of AE/E = 0.07.

The instrument has successfully detected heavy ions of
cometary origin (slow/fast H,O" and other water-family ions),
as well as ions of solar wind origin (H*, He?* and He"). For
these detections, see Nilsson et al. (2015a). Nilsson et al. (2015b)
recently discussed the evolution of the ion environment of the
comet for pre-perihelion conditions between 3.3 AU and about
2.0 AU.

2.2. Data analysis and event selection

Events analysed in this paper were selected in the currently avail-
able RPC-ICA data from September 2014 until April 2015, as
shown in Nilsson et al. (2015b). One event corresponds to at
least several hours of continuous observation from RPC-ICA,
and, when possible, up to six hours for any given day of obser-
vation, to average out the diurnal effects due to the rotation of
the nucleus. The clearest solar wind ion signals were then vi-
sually inspected using the AMDA quicklook function (Jacquey
et al. 2010). All events where solar wind H* ions were contami-
nated by accelerated cometary ions were filtered away by choos-
ing only the sector anodes which detect He?* and He* ions, usu-
ally within two to three anodes, i.e., a 44—66° angle. Cometary
pickup ions are the focus of incoming studies by the ICA team
(Béhar et al. 2016). The He?* and He* signals were identified
using a simple energy discrimination depending on the event. In
total, 45 events were selected from Sept. 2014 to April 2015, i.e.,
from 3.3 to 1.8 AU. A listing of these events is shown in Table 3.

Conversion from raw count rates measured by RPC-ICA to
differential energy fluxes is achieved using an energy-dependent
geometrical factor measured in the laboratory (Nilsson et al.
2007). Figure 2 presents a typical RPC-ICA observation on
24 January 2015 around 15:00 UT, showing the ion energy

flux spectrum from three sector anodes (panel A). This date
was chosen for its relatively good signal-to-noise ratio to illus-
trate the typical high-energy structures seen in RPC-ICA data.
As pointed out earlier, what RPC-ICA measures is really the
energy per charge E/Q in eV/charge, and depending on the
species’ number of charges, a corresponding difference in en-
ergy will be seen in the spectra. In RPC-ICA measurements
as in Fig. 2, four ion populations can usually be seen depend-
ing on E/Q: one at low energies between ~10-200 eV/charge
(non-accelerated cometary water ions, not shown); a popula-
tion around 600 eV/charge for the expected solar wind H* sig-
nal, corresponding to a velocity of about 340 km s™'; a third
population around 1200 eV/charge representing the signature
of He?* solar wind ions; finally, a fourth population at about
2400 eV/charge representing that of charge-exchanged He™ ions.

In panel B, the total He?* and He* ion fluxes versus time are
extracted by identifying flux minima around the ion peaks. The
fluxes are then integrated between these energy boundaries, i.e.,
900—1600 eV/charge and 1800—3000 eV/charge for He?* and
He™ respectively (marked as dashed horizontal lines in panel A),
yielding the total flux for each ion species. A running average
over three elevation scans (3 X 192 s) is performed on each total
flux to correct for elevation scan binning effects. For clarity, in
panel B, ion fluxes are presented normalised to the first He* flux
value of the time interval. Variations of up to a factor 18 and to
a factor 4 can be seen for He?* and He*, respectively, which are
most likely linked to variations in the solar wind and in cometary
neutral atmosphere.

Ratios of He* to He2* fluxes can then be calculated, as
shown in panel C. It is interesting to note that, though the time
coverage is limited for this event, the flux ratios may seem to
follow a somewhat periodical variation with time that is close to
a sinusoid of period of about 6h, corresponding to about half a
nucleus rotation (~12.4 h). This may be reminiscent of similar
variations in neutral densities seen in the ROSINA-COPS data
(Bieler et al. 2015), which were attributed to a variation in il-
lumination angle (cosine of solar zenith angle) on the surface.
Such variations are currently investigated further with longer
data time spans.

Since we are interested in the overall impact of charge ex-
change on the cometary environment, a mean value of these par-
ticle flux ratios is calculated for each event separately (one value
per event). Particle flux uncertainties are taken as the fluctuations
AF of the flux signal around the mean, thus representing the nat-
ural variations in the signal across one event. The corresponding
propagated statistical fluctuation A% of the flux ratio may be
estimated as (e.g., Howell 2014):

AZr ( AFye )2 . (AFHez+ )2 )
%F F He* F He2*

which gives an indication of the variability of the flux ratio per
one event. Panel D of Fig. 2 shows the corresponding come-

tocentric and heliocentric distances of Rosetta (of the order of
30 km and 2.5 AU, respectively) during the event.

2.3. Observed He*/He** flux ratios

Figure 3 (panel A) displays the He*/He®* flux ratios derived
from all 45 events with the above calculated statistical fluctu-
ations. They all range between about 1% and 40%, depending
on the position of the spacecraft (and the upstream column of
atmosphere) and on the heliocentric distance (panels B and C).
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Fig. 2. RPC-ICA observation on 24 January 2015 versus time. Panel A): differential energy flux spectrum in m? s! eV~!
E/Q in eV/charge. White dashed lines: energy limits used for the energy integration of the He?*

sr™!. Energy is given as
fluxes. Green dashed lines: energy limits for the

integration of He* fluxes. Panel B): integrated He>* and He* ion fluxes, normalised for clarity to the first value of the time series Fy+ at 11:03 UT.
A running average window of 3 x 192 s is used on the two signals to correct for the instrument’s elevation binning. Panel C): final He*/He?* flux
ratio in %. Panel D): heliocentric distance in AU (left y-axis, solid line) and cometocentric distance in km (right y-axis, dashed line).

Three trends can be seen. The first trend exhibits a near con-
stant ratio from Sept. 2014 until the beginning of Dec. 2014.
From Dec. 2014 to February 2015, ratios increase regularly
while cometocentric distances remain approximately constant at
about 25 km. These ratios thus reflect the effect of the decrease
in the heliocentric distance from 3.3 to 2.5 AU: as neutral out-
gassing rates increase, the comet’s atmosphere becomes denser
and more extended, and the charge exchange is more efficient
at the same distance since the column of atmosphere traversed
by the solar wind ions is larger. A third phase, from February to
April 2015, witnesses a sudden drop in ratio values by a factor 2
followed by a slowly increasing behaviour, with cometocentric
distances jumping from 25 km to 100 km. With respect to the
first two phases, since the spacecraft is at larger distances from
the comet, ratios are indeed expected to be lower. As the out-
gassing rate increases with diminishing heliocentric distances,
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this behaviour is mitigated. To interpret these ratios and decor-
relate them with varying cometocentric distances, a quantitative
model of charge-exchange efficiency is necessary. A new ana-
lytical model is presented in Sect. 3. Section 4.2 then presents a
discussion of these ratios calculated by the analytical model and
compared to RPC-ICA observations.

3. Analytical model of charge exchange at comets

A fast analytical solution of charge-exchange processes for H*
and He?* solar wind ions at a comet is presented in this sec-
tion, assuming no obstacle, a constant solar wind velocity, and
no magnetic field effects, which results in beams of particles fol-
lowing straight trajectories and being continuously absorbed on
their path. Inputs of such a model include neutral atmosphere
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and charge-exchange cross sections, the latter being described
in Sect. 3.1.

3.1. Charge-exchange cross sections

The knowledge and book-keeping of cross sections is of
paramount importance to the fine understanding of any physico-
chemical reactions in a plasma, including charge-exchange re-
actions. Charge-exchange reactions at comets may be classified
into two families, involving the two main constituents of the so-
lar wind plasma, namely He?* ions and H* ions. Charge trans-
fers will produce He* ions and fast, so-called “energetic neutral
atoms” (ENAs), in the form of Hgna, respectively, as sketched
in Fig. 1.

3.1.1. Charge exchange from solar wind alpha particles

He™ ions may be produced by different charge-exchange pro-
cesses between the solar wind He>* and the neutral environment
of the comet (only the most important neutral species are hereby
listed):

He” + H — He" +H" 4)
He? + O — He"+ 0" ®)
He?* + CO —> He™ +CO* (6)
He?* + CO, — He' +COJ (7)
He?* + H,0 —s He" + H,0". 8)

References for the cross sections for each process can be found
in Barnett et al. (1990); Chanteur et al. (2009); Greenwood
et al. (2004) for reactions (4), (5), and (8), respectively; and in
Kusakabe et al. (2006) for reactions (7) and (6). Though no low-
energy data is currently available for collisions with O, a good
approximation, 4 X 1072° m?, can be found in Chanteur et al.
(2009) for energies of 1 keV. This order of magnitude is corrobo-
rated by a value of 9 x 107! m? measured by McCullough et al.
(1992) at 2 keV/amu. Following this, the estimate of Chanteur
et al. (2009), recently used by Shematovich et al. (2013) for lack
of measurements for Mars, would be an upper estimate. Cross
sections at an energy of 0.83 keV/amu, corresponding to He**
velocities of 400 km s~!, are collected in Table 1 with the asso-
ciated estimated uncertainties.

For low-energy collisions with H,O (E < 500 eV/amu),
charge exchange followed by ionisation of H,O™ may dominate
(Greenwood et al. 2004):

He** + H,O — He' + H,O*" + ¢, 9)

leading to the formation of doubly charged water ions as shown
in thermal electron spectroscopy experiments (Vavrukh et al.
2008). At higher collision energies, single electron charge ex-
change will dominate.

According to Chanteur et al. (2009), reactions (4) and (5) are
typically dominant in a Mars-like magnetospheric environment.
However, for a comet in the inner coma (i.e., with a cometocen-
tric distance x < 500 km), the number density of H,O is about
ten times denser than that of CO and more than 100 times that
of any other neutral species (e.g., Tenishev et al. 2008), making
the de facto reaction (8) the most efficient and likely process to
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Table 1. Main reactions creating He* ions from charge exchange with
solar wind alpha particles at an energy of 0.83 keV/amu.

Reaction Cross section (x1072° m?) Reference

(4)He?* + H 8.53 + 20% Barnett et al. (1990)"
5)He** + 0O 4.00 + 20% Chanteur et al. (2009)”
(6) He** + CO 358+ 11% Kusakabe et al. (2006)
(7) He** + CO, 491 +11% Kusakabe et al. (2006)
(8) He** + H,O 8.40 + 10% Greenwood et al. (2004)

Notes. @ Log-interpolated value. > Following Shematovich et al.
(2013), same cross section as for He**+0, — He*+0j from Rudd et al.
(1985a) above 5 keV/amu for lack of measurements. Recommendation
of Chanteur et al. (2009) below 5 keV/amu.

occur for creating He" ions. Farther away from the comet, i.e.,
at distances >2 x 10* km, reactions (4) and (5) are expected to
start dominating reaction (8), since water molecules will then be
almost fully photodissociated (e.g., Festou 1981; Tenishev et al.
2008).

The dependence of He**+H,O cross sections with respect
to He?* velocity is presented in Fig. 4 (blue line) following
Greenwood et al. (2004). The value at 400 km s~! (see Table 1)
is shown as a blue circle.

3.1.2. Charge-exchange from solar wind protons

To create fast H ENAs from solar wind protons H*, collisions
with the main ambient neutrals are considered:

H'+H — Hgna + H* (10)
H'+0 — Hgna +OF (an
H' + CO —> Hgna + CO* (12)
H* + CO, —> Hgna + CO; (13)
H' + H,0 —> Hgna + H,0™. (14)

Cross sections are summarised in Table 2. For a proton impact
on H,O, we use the experimental differential cross sections of
Lindsay et al. (1997) measured at three different energies, i.e.,
at 500 eV, 1.5 kev, and 5 keV and interpolated at the solar wind
velocity. The theoretical total charge-transfer cross section cal-
culations of Mada et al. (2007) are in broad agreement with these
measurements and provide the energy dependence at lower en-
ergy. The recommendation of Barnett et al. (1990) is also in
good agreement with Lindsay’s experimental results though un-
certainties in their review were undetermined and probably large
under 600 eV energy.

For comparison, cross sections for reaction (10), (11), (13),
and (12) are given by Lindsay et al. (1996), Rudd et al. (1985b),
and Kusakabe et al. (2000), respectively. The reported statisti-
cal uncertainties are of the order of 10% (Lindsay et al. 1997;
Kusakabe et al. 2000), 20% (Rudd et al. 1985b). As for the pro-
duction of He* ions, since H,O number density is much higher
than that of any other neutral component on the spatial scales
considered in this article (see Tenishev et al. 2008) and owing to
relatively large cross sections, process (14) is expected to dom-
inate close to the comet. Cross sections for proton impact on
water molecules are plotted in Fig. 4 with respect to the velocity
of the impactor (i.e., solar wind protons). The value chosen at
400 km s~! as in Table 2 is shown as a red circle.
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tal values of Berkner et al. (1970) and Cable (1970) are displayed for
comparison with uncertainties.

Table 2. Main reactions creating H ENAs from charge-exchange pro-
cesses with solar wind protons at an energy of 0.83 keV/amu.

Reaction Cross section (x1072° m?) Reference

(10)H* + H 0.084 + 20% Rudd et al. (1985b)°
(IH)H*"+0O 8.0+ 10% Lindsay et al. (1996)
(12) H* + CO 142 + 12% Kusakabe et al. (2000)
(13) H* + CO, 13.4 + 12% Kusakabe et al. (2000)
(14) H* + H,O 18.4 + 10% Lindsay et al. (1997)

Notes. @ 1 keV proton energy, cross section peak at 50 keV energy.

3.2. Analytical model of charge-exchange

To assess charge-exchange processes in the environment of
comet 67P, a simple line-of-sight analytical model for the cre-
ation of He* ions and Hgna atoms from solar wind impacting
particles can be constructed. Several assumptions are made:

— Solar wind ions and their charge-exchanged products
(i.e., He*) move along the Sun-comet axis along straight
trajectories,

— He" ions are solely produced by CX with the cometary neu-
tral atmosphere (here, H,O only),

— Collisionless neutral atmosphere and spherical symmetry
about the Sun-comet axis (using Haser-like profiles).

These assumptions are anticipated to be best when the studied
comet has a low activity, typically for heliocentric distances of
2 AU and above.

Advantages of such an approach include simplicity and a fast
algorithm, which can be automated to analyse large RPC-ICA
datasets. The model can be used in forward and in inverse modes.
In the forward analytical model, one starts from assuming a neu-
tral outgassing rate (classically parametrised by the quantity Q
in s7!) to calculate the corresponding X"~"*/X™* particle flux
ratio, noted Zr. In the inverse model, one uses the observed ra-
tio at the position of Rosetta %2“ to derive the equivalent Qgps
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ocx charge-exchange cross section ocx

Qo = Qs13 outgassing rate position 7 = (z0, Yo, 20)

flux ratio Zobs = Fiet+ / Fle2+
neutral velocity  vo

kL photorates

‘
vo  neutral velocity
i photorates kL

density na

re cometary radius cometary radius e

O Outputs Q

#x columndensity | columndensity .7

; .

Rineo = Fyor | Fer+ g ! oufgassing rate  Qobs

= ! X
Kot = Fre+ [ Fre2t O ! neutral density o
; } X ' (Haser )

Pr = Fyer+ [ Fuezy 2 ¢ )

'

Fig. 5. Inputs and outputs of the analytical model in forward mode (left)
and inverse mode (right) for He* and He?* ion species. The “forward”
mode uses the recommended water outgassing rate Qg3 of Snodgrass
et al. (2013) to calculate theoretical flux ratios %Zr. The “inverse” mode
uses RPC-ICA observations of He*/He?* particle flux ratios 25 to de-
rive the corresponding outgassing rates Qops. 1,0 is the number density
of neutral species H,O, so here species A = H,O.

value. Inputs and outputs of the model applied to He* and He?*
species, in forward and inverse modes, are summarised in a syn-
optic form in Fig. 5. To broaden its application, the formalism
described in the following sections is kept general.

3.2.1. Forward mode: from Q; to %ZF

In the following, we choose a Cartesian system of coordinates
centred on the comet nucleus, with the x-axis pointing towards
the Sun (as in Fig. 1), as in the Comet-centred solar orbital co-
ordinate system (CSO). Charge exchange will take place along
straight trajectories on the path of the solar wind ions, i.e., at
each point in the (+x — —x) direction. The energy transfer (typ-
ically the difference between the ionisation potentials of species
Xand A, i.e., afew eV) is smaller than the energy of the collision
(Sayers & Smith 1964): the velocity of the newly-born charge-
exchanged ion is assumed to be the same as its parent solar wind
ion.

For simplicity, the solar wind is considered to consist of
mono-energetic particles with identical velocity vectors U, =
—Uswity. The flux of solar wind particles remaining after charge
exchange with the cometary neutrals at position 7 = (x, y, z) from
the comet is then obtained from the particle continuity equation
in 1-D (e.g., Kallio et al. 1997):

dFyx(F)

P (15)

= —ocx na(r) Fxr (7).
Here dF§*(7) represents the difference between the number of
solar wind ions per unit surface and unit time entering a flux tube
along the x-axis and the corresponding number of ions exiting
this tube at position 7 after a charge-exchange collision occurs.
The quantity ocx na(7) is the inverse of the mean free path of
neutral A: it depends on the charge-exchange cross section ocx
(m™2), taken as constant in the model since solar wind ions are
considered to have a beam-like structure of constant energy, and

the number density of neutral species 7, (m~>). When defining
the column density of neutrals along the solar wind ion trajectory
xas S (m?)

IA(F) = f na(x',y,z) d’, (16)
the remaining solar wind particle flux becomes
Fxre(F) = FyY e 7ex /a0 (17)

where FY is the initial upstream solar wind ion flux at position
7= (+00,y,2).

Particle flux conservation states that in the stationary case,
the particle flux of the solar wind ions and the charge-exchanged
species is a constant:

Fxﬂ+ (}'_') + FX(nfm)+(7') = F;(W (18)

The particle flux of lost solar wind ions is equivalent to that of
charge-exchanged species created at distance r:

Fyome(F) = Fy' = Fyon (7) = Fy' (1 - e770 /0) (19)
The ratio of X"+ to X"* ion fluxes is then

Fyom+(F) 1 —e 7cx 72
gy = Dxe ) : (20)

Fyxn+(7) e—ocx IalP)

Another interesting particle flux ratio gives the so-called effi-

ciency in converting solar wind ion fluxes into those of their
charge-exchanged daughter species:

Fyo-m+ (T ~
a7 = XD e hin @1
X

This quantity is of interest if one wants to investigate the per-
centage of lost ion fluxes in the CX process. In a complementary
way, the remaining solar wind particle flux with respect to the
initial solar wind ion particle flux is simply, following Eq. (17):

Fxo(7) _
Fy

To calculate these ratios, it is first necessary to assume a neutral
profile and determine the column density .. The classic spher-
ically symmetric collisionless neutral density profile of Haser
(1957) provides an expression of the number density of cometary
species with Qp molecules per second being released into the at-
mosphere at a homogeneous velocity vy (m s™!):

B = eI = | _ 7). 22)

Qo o K
4rvg |rf?

with |r] = /x2 + y? + 72 and r, the radius of a supposed spher-
ical comet, within which no outgassing takes place. The reac-
tion rate k! is here the total photodestruction rate of species n,
containing both photodissociation (index d) and photoionisation
(index i):

kY =k + k.

Close to the comet (<1000 km), the photodissociation exponen-
tial fall-off becomes negligible (e.g., Haser 1957; Gunell et al.
2015). Numerically evaluating the integral of Eq. (23) along the
x axis enables the calculation of the theoretical ratio .@g‘e" de-
fined by Eq. (20). Applied to He* and He>* species, this par-
ticle flux ratio is directly comparable to the RPC-ICA flux ra-
tios under the model’s assumptions since the flux of the charge-
exchanged species is compared to that of the local parent species
flux, not the upstream solar wind ion flux. With the forward
model, maps of flux ratios around the comet can be produced.
A numerical application is presented in Sect. 4.

na(r) = (23)
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Table 3. RPC-ICA events and ratio results from observations and from models.

Event Date/time Ry, (X0, /Y +22) Particle flux Ratios [%] Outgassing rates [x10%° s7!]
Fie+ a Fie+ Fy ¢ e
[UT] [AU] [km] F:? obs F:j theob % theo QObSd QSB
1 21-Sep.-2014 17:35 3.32 (11.9,25.1) 0.69 0.83 1.83 0.161 0.192
2 30-Sep.-2014 18:45 3.27 (0.4, 18.1) 2.79 1.80 3.99 0.326 0.213
3 04-Nov.-2014 04:35  3.05 (-13.3,29.1) 2.62 2.14 474 0.393 0.322
4 04-Nov.-2014 19:05  3.04 (-13.3, 28.5) 3.11 2.19 4.86 0.457 0.324
5 05-Nov.-2014 03:05 3.04 (-13.1,28.3) 3.24 2.21 491 0.474 0.326
6 28-Nov.-2014 12:05  2.88 (=2.5,30.1) 1.33 2.37 5.27 0.252 0.446
7 29-Nov.-2014 20:45  2.87 (-1.5,30.1) 4.98 2.35 5.22 0.948 0.454
8 30-Nov.-2014 17:55 2.87 (-0.8, 30.2) 3.79 2.35 5.22 0.734 0.460
9 15-Dec.-2014 05:55  2.77 (-0.4,19.9) 4.69 4.44 9.98 0.598 0.569
10 15-Dec.-2014 18:05  2.76 (-0.6,20.2) 8.48 4.44 9.98 1.070 0.573
11 22-Dec.-2014 09:05  2.72 (1.4,23.5) 7.28 3.99 8.95 1.135 0.634
12 22-Dec.-2014 22:05  2.71 (1.0, 24.6) 19.86 3.87 8.68 3.039 0.639
13 23-Dec.-2014 08:25  2.71 0.5,254) 18.52 3.82 8.55 2911 0.643
14 23-Dec.-2014 20:25  2.71 (-0.1, 26.1) 2.74 3.82 8.55 0.467 0.648
15 26-Dec.-2014 17:55  2.68 (0.7, 26.9) 5.08 3.80 8.51 0.899 0.679
16 27-Dec.-2014 18:45  2.68 (0.3,27.7) 28.22 3.76 8.42 4.636 0.690
17 29-Dec.-2014 11:15  2.66 (-1.1, 28.0) 8.16 3.96 8.88 1.428 0.708
18 04-Jan.-2015 18:55 2.62 (-2.2,274) 3.34 4.60 10.35 0.572 0.784
19 05-Jan.-2015 23:05 2.61 (-1.4,27.9) 11.83 4.54 10.20 2.011 0.800
20 06-Jan.-2015 09:25 2.61 (-1.1,27.8) 4.73 4.55 10.23 0.835 0.805
21 06-Jan.-2015 19:15 2.60 (-0.9, 27.8) 1.04 4.56 10.25 0.188 0.811
22 11-Jan.-2015 11:55 2.57 (-0.8,27.4) 6.42 5.01 11.31 1.112 0.876
23 13-Jan.-2015 01:05 2.56 (-1.5,28.1) 1.82 5.10 11.51 0.325 0.900
24 13-Jan.-2015 14:15 2.56 (-1.6,28.1) 4.52 5.17 11.68 0.794 0.908
25 22-Jan.-2015 07:55 2.49 (-1.8,27.8) 7.97 6.08 13.81 1.367 1.055
26 23-Jan.-2015 09:05 2.48 (-1.6,27.5) 21.10 6.30 14.32 3.362 1.075
27 24-Jan.-2015 06:45 2.48 (-1.4,27.9) 19.05 6.25 14.19 3.136 1.092
28 24-Jan.-2015 14:15 2.47 (-1.3,27.8) 31.53 6.28 14.28 4.930 1.098
29 25-Jan.-2015 11:05 2.47 (-1.0,27.7) 39.58 6.40 14.56 5.980 1.115
30 28-Jan.-2015 13:45 2.44 (-0.4,27.5) 10.41 6.74 15.35 1.787 1.179
31 03-Feb.-2015 00:55 2.40 (-3.3,28.3) 50.47 7.71 17.67 7.148 1.303
32 03-Feb.-2015 08:45 2.40 (-3.4,28.3) 11.97 7.73 17.72 1.985 1.310
33 03-Feb.-2015 19:05 2.40 (-3.5,28.4) 15.69 7.80 17.88 2.558 1.321
34 14-Feb.-2015 10:55 2.32 (7.3, 8.0) 10.00 17.36 42.01 0.954 1.615
35 15-Feb.-2015 01:35 2.31 (5.1, 56.0) 7.48 4.20 9.44 2.862 1.635
36 15-Feb.-2015 15:15 2.31 (1.8,114.2) 3.97 2.17 4.81 3.004 1.653
37 28-Feb.-2015 16:45 2.21 (51.0, 85.1) 10.73 2.51 5.57 8.827 2.145
38 08-Mar.-2015 14:25 2.15 (52.4, 48.3) 3.97 3.79 8.48 2.646 2.528
39 18-Mar.-2015 05:45  2.07 (50.3,71.9) 12.84 4.04 9.05 9.488 3.111
40 18-Mar.-2015 14:55 2.07 (50.6, 66.7) 9.09 4.22 9.48 6.601 3.137
41 22-Mar.-2015 20:25  2.04 (42.0, 65.6) 20.54 5.14 11.60 12.833 3.446
42 23-Mar.-2015 06:55 2.03 (39.5, 69.0) 17.13 5.17 11.68 10.900 3.480
43 23-Mar.-2015 17:25  2.03 (36.9, 74.3) 8.15 5.13 11.57 5.503 3.514
44 24-Mar.-2015 08:25 2.03 (32.7,84.4) 11.13 4.94 11.15 7.789 3.564
45 11-Apr.-2015 12:35 1.89 (6.6, 141.2) 5.94 5.74 13.01 5.612 5.434

Notes. %;}bs = Fye+ / Fye2+lobs 1s the ratio derived from RPC-ICA, while ratios labelled “theo” are calculated by the forward analytical model using
as input Qg3 (Snodgrass et al. 2013). Qo is calculated with the inverse model from the RPC-ICA observed ratios, with a constant velocity of
700 m s~!. R, = heliocentric distance, (xo, 5o, o) = position of the spacecraft in CSO coordinates. The displayed time for each event corresponds
to the average UT time of the whole interval. @ Fye+/Fyoo+ |obs = % ratio measured by RPC-ICA. ® Fy+/Fyo+ |lheo = " calculated by
forward analytical model with Qg = Qgi3 and vy = 700 m s™'. @ Fy, /Fy+|, = = Z{*°(Hena), forward analytical model, same as previous.

@ Qns, inverse analytical model, outgassing rate calculated from RPC-ICA observations of Zus. © Qg)3, outgassing rate recommended by

Snodgrass et al. (2013) for pre-perihelion conditions.

3.2.2. Inverse mode: from Zr to Q

At position 7y = (X, Yo, 20) of observation, an ion spectrometer
detects ion fluxes so that one can derive the observed particle
flux ratios at this position, noted Zr(y) = %f;bs. From these ob-
served ratios, the inverse analytical model calculates equivalent
outgassing rates Q(7p) = Qobs- From Eq. (20) applied to the ob-
served ratio %}bs at position 7y of observation near the comet,
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one can express the neutral column density:
In(Z5™ + 1)

acx

Fobs = Ia(fo) = 24
In cases when ﬁgbs < 1, i.e., when the outgassing rate is low
(large heliocentric distances 23 AU), the column density reduces
to Fops = 3?2“ /ocx. However, this approach breaks down at
high cometary activity (small heliocentric distances) when the
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solar wind is expected to be significantly slowed down by the
increased mass loading. Thus, measurement of a particle ion flux
ratio at one point of a spacecraft orbit gives information on the
column density at that point.

Integrating the Haser model of Eq. (23) along the Sun-comet

line of sight | nadx” = s, the equivalent outgassing rate Qqps
can be linked to the column density Fps:
Qobs(r_()) =

47TUO jobs

] - kT '
f (x'2 +yi+ zg) exp [—i (,lx’2 + Y+ - rc)] dx’

! (25)

In turn, assuming an outgassing velocity vg, this Q value could
be compared to ground-based optical observations of the comet’s
light curve (e.g., Snodgrass et al. 2013) or, better, to other space-
craft in situ measurements of neutral densities, such as those of
ROSINA-COPS onboard Rosetta (e.g., Bieler et al. 2015). A nu-
merical application and results are shown in Sect. 4.

4. Discussion
4.1. Charge-exchange efficiency

Theoretical ratios are calculated using the forward analytical
model approach with assumptions for Q, vy, and r.. Considering
a cometary atmosphere mostly made of H,O molecules, Q is
usually in the range 10*—-10% s~! for Jupiter-family comets,
while vy ~ 500-1000 ms~! (e.g., Coates & Jones 2009).

The forward model inputs are summarised in Table 4. From
various optical observations of the last pre-perihelion passage of
comet 67P in 2008, Snodgrass et al. (2013) inferred an approxi-
mate Q value as a function of heliocentric distance Ry,:

Osi3 = 2.3 x 10 R (26)

This outgassing rate is used in the forward model to derive
He*/He?* ratios, noted Z%°. For simplicity, a constant out-
gassing velocity of vy = 700 m s~! is first used, which corre-
sponds to average velocities recorded by the microwave instru-
ment MIRO onboard Rosetta (e.g., Gulkis et al. 2015; Gunell
et al. 2015). The total photodestruction rate — dissociation and
ionisation — k! for the reaction HyO+Av is taken from the recom-
mendations of Huebner et al. (1992) and Huebner & Mukherjee
(2015) for low solar activity at 1 AU. The photorates are then
scaled to the comet’s heliocentric distance by a factor R, 2,
Table 3 lists the 45 events selected in this study, with
dates/times, heliocentric and cometocentric distances, and their
observed and theoretical ratios %’2‘” and %che". Since the cross

section for charge exchange between He** and H,O is about
twice as small as that between H* and H,O, the efficiency of
He?* charge-exchange is expected to be lower, resulting in about
twice as small ratios in the limit of low column densities. This
trend is seen here with He?* charge-exchange ratios %?CO(HeJ')
reaching 5-10% and H* charge-exchange ratios Z¥*°(Hgna)
reaching 10—-20% on average at the radial distance of the Rosetta
spacecraft.

Figure 3 (panel A) shows the comparison of the forward
model using as input Qs;3, in red, with the RPC-ICA flux ra-
tios (triangles). Overall agreement between the calculated ra-
tios and the observed ones is achieved for most of the events
with comparatively the same trends (as previously emphasised

Table 4. Inputs for the Haser-like neutral atmosphere, Eq. (23), used in
the forward analytical model.

Parameters Value Reference

Qo = 0s13 (s7") 23x10% R:>° Snodgrass et al. (2013)

vo (ms™h) 700 e.g., Gulkis et al. (2015)

re (m) 2.0x 103 e.g., Preusker et al. (2015)

ky (s', 1AU)  1.20x 107 Huebner & Mukherjee (2015)

Notes. The total photodestruction rate is the sum of the photoionisation
and photodissociation rates.

in Sect. 2.3). However, differences of up to a factor 5 are also
encountered for several events, suggesting that a temporary in-
creased activity might have then taken place, resulting in high
outgassing rates column densities, hence higher ratios. Such a
punctual increase can in turn be related to either changed so-
lar activity conditions or local effects at the comet’s nucleus.
Such high outgassing rates would further invalidate the first-
approximation asssumption of straight solar wind trajectories in
the analytical model, so that these derived flux ratios should be
interpreted with extra caution.

The application of this approach to one event, recorded on
24 January 2015 (event #28), is now presented. At the posi-
tion (—1.3,-8.2,26.5) km from the comet and 2.47 AU from
the Sun, RPC-ICA detected a particle flux ratio He*/He** of
% x g = 0.32, where an energy-dependent geometric factor

correction g = 4.92 x 1073/3.18 x 107 = 1.54 was applied
(e.g., Nilsson et al. 2015a, supplementary material). The corre-
sponding column density was then about 3.26 X 10'® m~2 on this
date and location, using the cross sections defined in Table 1 and
Eq. (24).

Because the Haser neutral profile provides the expression of
the number density at each point around the comet, one can cal-
culate the 3-D He*-He?* and Hgna-H™ flux ratios with respect
to the initial solar wind ions, i.e., %’;ﬁ (Eq. (21)). As pointed
out earlier, these ratios are a measure of the efficiency of the
charge exchange in the close environment of the comet. For
event 28, when the activity was still quite low, an outgassing
rate of Q = 1.1 x 10% s7! for yy = 700 ms~! was chosen,
using the pre-perihelion recommendation of Snodgrass et al.
(2013) scaled to a heliocentric distance of 2.47 AU. The respec-
tive efficiency ratios in the symmetric plane along the Sun-comet
axis x are shown in Figs. 6 and 7 for event #28. At this distance
from the Sun, the effective conversion of solar wind particles to
charge-exchanged species H" and He™ may reach typical values
of 10—40% and 20—60%, respectively, in the terminator plane of
the comet at positions (x = 0,y, 7). At zenith (x =2,y = 0,z = 0)
on the comet’s Sun-facing side, these flux ratios .@;ff reach val-
ues of about 39.3% and 66.5% for He*-He?* and Hgna-H™,
respectively.

As the comet moves closer to the Sun, the outgassing rate
is expected to become significantly higher. Because the water
density around the comet increases, this in turn influences the
charge-exchange rate. Figure 8 shows the predicted percentage
of lost solar wind He2}, ions due to charge-exchange with H,O
with a varying distance to the Sun: the ratio is here %" of
Eq. (22). We start at the 3.3 AU where Q = 1.4 x 10% s7! for
outgassing velocity of 700 m s~!, then move on to 2.5 AU and
finally to 1.8 AU. Since the velocity of the outgassing neutral is
also expected to vary with heliocentric distance, the effect of a
400 ms~! velocity on the 1.8 AU ratios is shown. As calculated

A154, page 9 of 12



A&A 587, A154 (2016)

60

sy
o
[%]

2+
swW

Ratio He*/He

0 5 10 15 20
X [km]

Fig. 6. Particle flux ratio %;ﬁ = Fuer [ Fyezy of He* ions in the symmet-

ric x — yz plane around the comet for event #28 (YZ = +/y? + z2). The
forward analytical model uses Qy = Qsi3, vp = 700 m s~'. The Sun is
situated at the far right of the figure, with solar wind ions undergoing
charge-exchange processes as they move closer to the comet nucleus.
The optical shadow of the comet nucleus, assumed to be a sphere of
radius r, for simplicity, is shown in dark blue, corresponding to a neg-
ligible column density along the solar wind direction in the wake of the
comet. The white line represents Rosetta’s trajectory between 01-01-
2015 OUT and 01-02-2015 OUT, while the red circle marks Rosetta’s
position for event #28.
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Fig. 7. Particle flux ratio %’;ﬂ = Fupya /Fuy, of Hena in the x — yz plane

around the comet for event #28 (YZ = +/y? + z%). Same caption as
Fig. 6.

from equation (23), the column density varies in v !, so that the
effect of decreasing vy at constant outgassing rate Q is equivalent
to increasing Q at a constant velocity.

4.2. Outgassing rates

From the RPC-ICA derived He*-He?* ratios, one can use the in-
verse analytical model to derive the equivalent outgassing rates
Qobs, as shown in Fig. 9 with the corresponding propagated sta-
tistical fluctuations. Comparison with the recommended Q value
of Snodgrass et al. (2013) (Qs13, Eq. (26)) with heliocentric dis-
tance dependence R 39 shows good agreement with RPC-ICA-
derived Q values. Moreover, the R}‘IS'9 curve most of the time re-
mains within the event-by-event fluctuations, as already pointed
out in Sect. 4.1.

To compare more precisely with Snodgrass et al. (2013), a
simple function of the form Q = aR;ﬁ is used to fit the retrieved
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Fig. 8. Theoretical normalised remaining solar wind H* (dashed lines)
and He?* (solid lines) particle flux ratios 25" = 1 — 2 with re-
spect to cometocentric distance (2 km to 200 km) along the comet-Sun
(x,y = 0,z = 0) axis for several heliocentric distances (forward model).
Cometary outgassing velocity was vy = 700 ms™!, while Q values are
taken from Snodgrass et al. (2013) so that Qyp = Qs;3. At 1.8 AU and in
grey, the outgassing velocity vy was changed from 700 to 400 ms™'. In
reality, the used assumption of near-undisturbed solar wind flux tubes
breaks down near the nucleus because of mass-loading effects.

Q values from RPC-ICA. This is equivalent to a linear fit on
log Q of the following form:
log O = log@ — Blog Ry, 27
A least-squares fit on the retrieved log Q yields loga = 66.903
and § = 7.06 + 0.81 (when taking the statistical fluctuations of
Qobs into account). Consequently, the fitted revised Q value was
Qs fit = @R = 1.14 x 10% R;706+081, (28)
Figure 10 shows the retrieved outgassing rates from RPC-ICA
with respect to the heliocentric distance and the final linear fit
(solid black line). The figure is in log;, —log,, scale to em-
phasise the linear dependence. For comparison, the results of
Snodgrass et al. (2013) are also shown (grey solid line). At
large heliocentric distances (>2.8 AU), the fitted RPC-ICA re-
sults are in relatively good agreement with those of Snodgrass
et al. (2013). When coming closer to the Sun, however, the de-
parture between the two curves becomes more pronounced.

It is necessary to assess how the model’s assumptions
(Sect. 3) may impact the quality of the Q-value retrievals by
examining the sources of uncertainty. Instrument-wise, one of
the major uncertainties regards the calibration, and especially
the determination of the geometrical factor, which depends on
energy. A systematic variation in the geometric factor by any
factor (around its average value of 1.5) will impact the parame-
ter a but not the slope of the line. Model-wise, H,O was taken
as the sole neutral constituent of the cometary atmosphere: this
condition might not be met close to the comet, where CO and
CO; may play a large role and are expected to be of the order
of 10% of the number density of H,O (Bieler et al. 2015). This
could result in an underestimation of the charge-exchange ratios
in the forward model approach of the order of 10%. Similarly,
the constant outgassing velocity has an impact, albeit limited,
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on the retrieval process. To test this, Qups values were calculated
using a constant velocity of 400 and 1000 m s~!. The fitted ex-
ponents S in Eq. (27) remained nearly identical, i.e., 7.06 £ 0.01.
This is expected since the effect of increasing the velocity uni-
formly increases the Q values but does not affect the line’s slope.
However, the intercept a will be modified accordingly: if the ve-
locity increases by a factor 2.5, @ will also be multiplied by a
factor close to 2.5 to a first approximation. Neutral velocity and
density data from ROSINA-COPS (e.g., Bieler et al. 2015) could
be used to mitigate the assumption of constant velocities.

Even though the solar wind deflection observed by RPC-ICA
is in the range of 25-50° for the same time period Nilsson et al.
(2015a,b), the assumption of straight undisturbed trajectories
along the solar wind direction seems, to a first-order approxima-
tion, to be sufficient to account for the global charge-exchange
efficiency at 67P within this range of heliocentric distances.
Preliminary cometary hybrid model simulations performed by
the team in similar conditions show that this tendency may be
reasonable up until about 2 AU, where significant deflections of
the solar wind start to take place (figure not shown).
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Consequently, RPC-ICA observations of He* and He’*
give a useful first approximation of charge-exchange processes
around the comet for low cometary activities. The heliocentric
distance dependence of Q in R;”%, unlike the pre-perihelion

one in R;5'9 found by Snodgrass et al. (2013), may imply that
the comet’s neutral outgassing activity has significantly changed
since its last perihelion passage in 2008. When the comet starts
its outbound leg after reaching perihelion, RPC-ICA will be used
to continue monitoring the charge-exchange efficiency around
the comet and new comparisons with previous passages will be
performed.

5. Conclusions

We have shown how an in situ ion instrument may be used to
remotely probe the neutral environment of a comet by use of
charge-exchange processes. Using a simple analytical model, the
ion instrument RPC-ICA onboard Rosetta is capable of monitor-
ing the evolution of the coma’s activity for heliocentric distances
>2 AU. Differences with previous remote-sensing ground-based
observations (Snodgrass et al. 2013) show that the activity of the
comet has significantly changed from the last perihelion passage
in 2008, a change that might be due to differences in solar wind
and cometary outgassing conditions.

Complementary information on the cometary densities and
outgassing velocities could be achieved with another in-situ in-
strument onboard Rosetta, the pressure sensor ROSINA-COPS
(Bieler et al. 2015): comparison with RPC-ICA derived out-
gassing rates is under way.

The main results of this study can be summarised as follows:

1. A new dependence of the ougtassing rate on heliocentric dis-
tance Ry, is found to be Q ~ R;700+08! 571 a5 derived from
RPC-ICA measurements.

2. A simple analytical model of charge-exchange efficiency at a
comet is presented that can be applied to He*/He?* ion parti-
cle flux ratio observations. To a first approximation, the solar
wind is assumed to be following straight trajectories along
the Sun-comet path, an assumption that may be sustainable
without too much discrepancy for Ry, > 2 AU. The analytical
model is applicable to other species and could be used, for
instance, for heavier ions such as Q%" and O7*.

3. Charge exchange is predicted to play a significant role in the
ion composition of the comet’s ion and neutral environment,
populating it with He™ ions and hydrogen ENAs and reach-
ing high efficiencies closer to the comet.

Closer to the Sun, magnetic boundaries due to the interaction
between the solar wind and the ionised coma start to form for
Ry < 2 AU. At these distances, the role of charge exchange
in the formation of these boundaries can only be investigated
with the use of 3D self-consistent hybrid kinetic models that
take all ionisation processes at the comet into account, such
as photoionisation, charge exchange, electron impact ionisation,
and electron recombination. Such a model is currently under de-
velopment at Aalto University and includes the dynamics and
asymmetries due to j X B and Lorentz forces and will be the
core of a future dedicated study.
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