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Abstract On 6-8 June 2015, the Ion and Electron Sensor on board Rosetta observed keV-range water-
group pickup ions arriving from the solar direction. Based on magnetic field intensification and variations,

the appearance of the ions was likely to have been caused by a coronal mass ejection. During the 3-day period
when Rosetta was 200 km from the comet, peak ion energy/charge (E/q) varied over a range from 50 eV to

1 keV in concert with neutral gas density variations caused by the rotation of the comet and its variable solar
illumination. Thermal ion densities showed the same variations. The neutral density variations provided

a unique opportunity to observe the repeated slowing of the solar wind by mass loading caused by charge
exchange between energetic water-group ions and thermal water-group molecules. Such solar wind slowing was
observed previously only by flyby missions that provided single events.

Plain Language Summary The Rosetta orbiter carried a number of instruments to measure the
properties of the neutral and ionized gas surrounding the nucleus. Included in these were plasma instruments

to measure the characteristics of the charged particles. The Ion and Electron Sensor was one of them. Also on
board were the Rosetta Orbiter Spectrometer for Ion and Neutral Analysis, the Ion Composition Analyzer, and
the Langmuir Probe. This paper discusses some of the results of measurements by these instruments and their
relation to each other. It was found that the neutral gas emitted by the comet nucleus and the resulting positively
charged ions interact in such a way to produce slowing down of the solar wind as a result of what is called
“charge exchange”, in which an electron is transferred from a neutral molecule to an ion.

1. Introduction

The Rosetta spacecraft (SC) arrived at comet 67P Churyumov-Gerasimenko (CG) in August 2014 and remained
in its vicinity until 30 September 2016, when it landed on the comet and terminated its mission. Perihelion
occurred on 13 August 2015 at 1.24 AU from the Sun. Early measurement of plasma at CG, when it was as far
as 3.2 astronomical units (AU) from the Sun, showed solar wind ions and electrons along with primarily low-en-
ergy cometary H,O*, such as reported by Broiles et al. (2015), Goldstein et al. (2015), and Nilsson et al. (2015).
These thermal ions result from a combination of solar UV photoionization and electron impact ionization (Galand
et al., 2016). At this early period in the mission, the energy of the ions produced was near that of the neutrals
emitted by the nucleus, that is, the order of 1 eV (Gulkis et al., 2015). This energy was too low to be detected
by either the Ion Composition Analyzer (ICA) (Nilsson et al., 2015) or the Ion and Electron Sensor (IES) (Burch
et al., 2007), but because the SC potential was normally negative near CG (as low as —20 V), these low-en-
ergy positive ions were attracted to the SC and appeared at the lowest end of the energy scale of these instru-
ments. As the comet increased its activity, the coma became more complex, including the ion-neutral interaction
known as charge exchange. Studies of charge exchange between solar wind and CG coma species include Mandt
et al. (2019) and Wedlund et al. (2019). Wedlund et al. (2019) noted that charge-exchange reactions play an
important role in the inner coma of comet 67P and identified periods when solar wind charge exchange may, for
a short time, rival electron ionization frequencies in the production of ions.

As the SC moved closer to the Sun, the solar wind was deflected away from the comet until between 28 April
and 15 December 2015; the solar wind protons and He** disappeared completely (Behar et al., 2017) while
water-group pickup ions created by mass-loading of the solar wind were still seen. The water-group ions, having
higher momentum, were not deflected as much as the protons and He** and so continued to move toward the
comet. Nevertheless, as shown by Edberg et al. (2016), during the time period when CG was within the solar
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wind cavity only low-energy water-group ions were observed except on occasions when coronal mass ejections
(CMEs) compressed the solar wind cavity. During these compressions, the water-group beams were observed at
keV energies. The time period covered by this report likely occurred during one of these CME impacts, as deter-
mined by the turbulent magnetic field signatures, the appearance of antisolar beams of pickedup water group ions
(resulting from compression of the coma), and by the appearance of multiple CMEs emitted toward Rosetta over
the previous few days as measured by SOHO-LASCO (Brueckner et al., 1995).

The observations during 6—8 June 2015 contained variations of neutral density caused by the rotation of CG
(12.4-hr period) and the resulting variation of solar illumination of different parts of the comet. A 6.2-hr periodic-
ity of the neutral density and thermal plasma was reported by Edberg et al. (2015) and Gulkis et al. (2015), who
noted that the highest densities are observed above the neck area, that is, the area in between the two main lobes
of the comet, which is exposed to solar illumination twice per rotation.

Because of the neutral gas density variations, we were able to explore the evolution from an antisolar beam
consisting completely of water-group pickup ions to a low-energy (10s—100 eV) directionally spread ion popula-
tion resulting from charge exchange of water-group ions with water-group molecules in the collision-dominated
coma. In addition to momentum-transfer collisions, the directional spreading is caused by the ion pickup process
that starts with acceleration along the motional electric field, which is normal to the flow direction. With this
unique situation, we were able to determine the mean free path of the incident ions, which remained larger than
their gyroradii throughout the events.

2. Observations
2.1. In Situ Data on 6-8 June 2015

We discuss data for the period 6-8 June 2015, shown in Figure 1, at about 200 km from CG and 1.48 AU from
the Sun. As viewed from the Rosetta position, the average azimuth and elevation of CG in Comet-Sun-Equatorial
(CSEQ) coordinates (defined in the caption of Figure 1) were 97.23° and 65.00°, respectively, so that the SC was
in the Southern Hemisphere near the dusk meridian. This time interval is part of the solar wind exclusion period so
the ion interactions do not include solar wind protons and He** but do include pickedup water-group ions. These
pickup ions can originate beyond the solar wind cavity, in which case they have E/q in the keV range, or within the
solar wind cavity, in which case the E/q is typically a few 10s to a few hundred eV (Goldstein et al., 2015). Reading
from top to bottom in Figure 1 are the ion energy fluxes measured by IES; the magnetic field components from the
Fluxgate Magnetometer, MAG (Glassmeier et al., 2007); the neutral density from the Rosetta Orbiter Spectrometer
for Ion and Neutral Analysis, ROSINA (Balsiger et al., 2007); and the electron density from the Langmuir Probe,
LAP (Eriksson et al., 2007). Notable features of Figure 1 include periodic troughs in the ion fluxes, with a period
near half the CG rotation rate of 12.4 hr, and the coincidence of those troughs with the peaks of the neutral and
electron density. Vertical blue/white lines show the time period of the analysis described in Section 3.

Figures 4 and 5 of Galand et al. (2016) for early October 2014 at 20 km from CG are analogous to Figure 1 except
that the Figure 1 data were taken at 200 km from CG and in the solar wind cavity so the solar wind does not
appear. The solar wind protons were the most evident ions in 2014, in contrast to the water-group ions appearing
in Figure 1 in 2015. But in both cases, ionization of the neutrals from the comet increased the electron density,
which in turn drove the SC potential more negative.

Figure S1 in Supporting Information S1 shows measurements from ICA taken during 7 June 2015. There was a
data gap during this time period and the operating mode was such that detailed energy spectra were not available.
Nevertheless, Figure S1 in Supporting Information S1 shows that all ions measured on this day were water-group
ions.

2.2. IES Data During Neutral Density Variation

Figure 2 shows (a) magnetic field magnitude, (b) neutral gas density, and (c—v) ion energy fluxes during one
period of the neutral density variations on 7 June 2015. All of the ion plots in Figures 2c-2v contain data summed
over elevation channels 4-8. Figures 2c and 2e shows ion count rates (proportional to energy flux) during the
time period 07-08 UT as measured by anodes 3—11, which are summed on board because these anodes point
toward the Sun and solar wind. Figures 2d and 2f shows the azimuthal distribution of the ion energy flux for all
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Figure 1. Comparison of measurements of (a) lon and Electron Sensor ion energy flux, (b) Fluxgate Magnetometer Comet-Sun-Equatorial (CSEQ) magnetic field
components in which the x axis points toward the Sun, the z axis is the component of the Sun's north pole that is orthogonal to the Sun-comet line, and the y axis
completes the right-handed system; (c) Rosetta Orbiter Spectrometer for Ion and Neutral Analysis neutral density, and (d) Langmuir Probe electron density during the
period 6-8 June 2015. The blue/white vertical lines indicate the time period used in the detailed analysis (07-12 UT) with (e) showing the orbit tracks of Rosetta (Data

from AMDA).

anodes. Comparison of the corresponding plots in the next four columns shows the evolution of ion distributions
as the neutral density rises and then falls. For example, the rightmost column, Figures 2s-2v, is very similar to
the leftmost column with ion fluxes peaked in the keV range and concentrated mostly from the solar direction.
The middle three columns show an evolution toward lower energies. In Figures 2g-2j the fluxes in the keV range
fell off while those near 100 eV (presumably originating from charge exchange within the coma and fairly near
the spacecraft) increased and became more omnidirectional. By the time of Figures 2m and 2n, 9.5-10 UT, a
broad beam centered at about 100 eV coming mostly from the solar direction (anodes 3—11) was established as
the charge-exchange produced ions were picked up by the inflow. The emergence from the neutral density peak
is somewhat different from the entry in Figures 2q—2v; the ~100 eV peak moved to higher energies while main-
taining a beamlike nature. We conclude that as the neutral gas density at the SC location increased owing to the
illumination conditions on the rotating nucleus, charge exchange was enhanced. The enhanced charge exchange
caused degradation of the incoming beam and its replacement by more omnidirectional ions of lower energy,
which then evolved into a low-energy beam as pickup commenced. As the neutral gas density at the spacecraft
later decreased, the water-group ion beam was again observed near the keV range, as it was before the onset of
the density enhancement. Notable in Figures 2c—2v are several instances of multiple energy-flux peaks, which
could possibly have resulted from multiple ion species but owing to telemetry limitations, detailed mass spectra
are not available to confirm their existence (see Figure S1 in Supporting Information S1). Contributing to the
establishment of the ~100 eV beam in Figures 2m and 2n could have been an antisunward polarization electric
field as predicted by Nilsson et al. (2018).

Further details of the ion distributions and their changes during the charge exchange and pickup process are
shown in Figures 3 and 4. Figure 3 shows 3D maps of ion counts in CSEQ coordinates for time periods 07:30-
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Figure 2. (a) One-minute average magnetic field magnitude on 7 June 2015. The average value of B is 31.68 nT with a
standard deviation of 3.70 nT. (b) Neutral gas density (accuracy ~20%). (c) Ion counts for 07-07.5 UT (proportional to
energy flux) for Ion and Electron Sensor (IES) anodes 311 and IES elevation channels 04—08, which can be viewed near
the solar direction. (d) Polar spectrogram showing ion energy flux for all anodes at elevation channels 04-08. (e) Same as (c)
except for 07.5-08 UT. (f) Same as (d) except for 07.5-08 UT. (g—j) Same as (c—f) except for 08—09 UT. (k—n) Same as (c—f)
except for 09-10 UT. (o-r) Same as (c—f) except for 10-11 UT. (s—v) same as (c—f) except for 11-12 UT.
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7 June 2015 (day 158). Total field of view is 2.87 sr. Comet C-G direction is

shown by the red square; Sun direction is shown by the red circle; magnetic

field plus and minus directions are shown by the red plus sign and red asterisk,

respectively; and (bxv)xb (a proxy for E x B) is shown by the red diamond.
(a) Counts averaged over time period 07:30-08:00 UT and energy range
924-1109 eV/q with the IES elevation channel numbers noted in white and
the anode numbers noted in black. (b) Time period 09:30-10:00 UT and
energy range 179-214 eV/q. (c) Time period 11:30-12:00 UT and energy
range 641-770 eV/q. Full energy range data are shown in movie format in
Supporting Information S1.

08:00 UT, 09:30-10:00 UT, and 11:30-12:00 UT and at energies near the
peak count rates. Data in Figure 3a were taken during the low-density time
period before the density increase caused by the cometary rotation. Data in
Figure 3b were taken during the increased neutral gas density. Finally, the
Figure 3c data were acquired after the neutral gas density returned to near its
initial low value. As shown in the titles of Figure 3, the energy at peak count
rates varied from near 1 keV to near 200 eV to near 700 eV as the neutral
density rose and then fell as the comet rotated during a 4.5-hr period. Such
slowing down and speeding up of the solar wind has been observed during
flybys of comets such as Grigg-Skjellerup (Coates et al., 1993) and Borelly
(Young et al., 2004). The differences in the present event are: (a) the solar
wind is already fully mass loaded, so only water-group ions are present and
(b) the rotation of the comet allows for multiple measurements of mass load-
ing and ion pickup processes to be observed in sequence.

The plots in Figure 3 show the fields of view and count rates of the vari-
ous IES anodes (polar angles) and elevation channels, which are noted in
Figure 3a. Also shown in Figure 3 are the directions to the Sun (open circle)
and CG (square) along with the magnetic field vector (plus sign) and its nega-
tive (asterisk). Finally, the position in the IES field of view of pickup ions are
drifting in the E X B direction as described by Coates (2004) (diamond). Since
E is not measured on Rosetta, (bxv)xb is used as a proxy for E X B where b and
v are unit vectors along B and the mass-loaded solar wind velocity, respec-
tively. For simplicity, we have assumed a solar wind velocity along —x_,
(antisunward). In Figure 3, and especially for plots (b) and (c), the ions arriv-
ing from the E X B direction (the diamond symbol) are contained in or near
the fields of view containing high ion fluxes. We conclude that ion pickup is
active during the times of high neutral densities and later when the densities
were lower. The difference being that for Figure 3b; the keV-range ions have
all been lost to charge exchange and replaced by picked-up cometary thermal
ions. More evidence for this pickup explanation is shown in Figure 4, which
shows ion energy flux versus Vpar and Vperp for the same three time periods
as plotted in Figure 3. In Figure 4, the energy fluxes are those measured in
elevation channels 8-9 because these channels contained the highest fluxes.

In each case in Figure 4, the edge of the yellow contours is near the Vperp
axis, where initial pickup should occur (along —v X b) and the fluxes extend
toward the Vpar axis, becoming more intense with evidence of partial shell-
like distributions, particularly in (c). The multiple velocity peaks seen in
Figure 4 (a) and (c) could indicate a continuous pickup process as the ion
distributions develop toward a single velocity. Alternatively, they could indi-
cate different heavy-ion species since the velocities were derived under the
assumption of 17 amu.

3. Charge Exchange Analysis

As determined by ICA, during the low-density portions of this event, the
pickedup water-group ions at energies of about 1 keV/q were the only compo-
nent of the solar wind to reach the spacecraft while the protons and alpha
particles had been deflected around the solar wind cavity. During periodic
passage through the higher density regions, charge exchange caused the ion
energy to decrease owing to charge exchange between energetic ions and
thermal neutral molecules followed by ion pickup. The ion E/q at peak flux
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is plotted versus neutral density (n,) for the time period 7-12 UT in Figure 5a
R=-0.705 along with a linear fit to the logarithmic data. The fit is a power law with
y=-1.25x+ 18.75

Log, E/q(eV) = —1.25Log,yn, (m™*) + 18.75. D

The simplest assumption for charge exchange is resonance (or symmetric)
exchange involving water molecules:

TS WIS N WA W W R
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where H,O* indicates energetic neutral molecules. Other charge-exchange

Mean Free Path reactions should also occur, including:

H,O + H,O" — H30" + OH*, 3

I WS NS R

but for simplicity we confine our attention to reaction (Equation 2). Fleshman
et al. (2012) and Lishawa et al. (1990) have reported an energy-dependent

|

12.7 12.8 129 13.0 13.1 13.2 13.3
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Figure 5. (a) Ion E/q at peak flux versus neutral density for 7-12 UT on 7

cross section (o) given by
e = 38.0 (E7*°) x 10™"%cm?, o))

where E is the relative energy in eV between the energetic positive ion and the

June 2015. (b) Mean free path and Larmor radius versus density using fit to (a) thermal neutral molecule. Using this cross section with E given by the power-

and mean magnetic field of 31.68 nT.

law fit to Figure 5a, we computed the mean free path against charge exchange
as a function of neutral gas density (A = 1/no,) and plot it in Figure 5b. Also
shown for comparison in Figure 5b is the Larmor radius of the ions using the
energy from the fit to the data in Figure 5a and the average magnetic field magnitude from Figure 2a. We note in
Figure 5b that at the highest densities at R = 200 km, the mean free path is still larger than the Larmor radius. For
comparison, the charge-exchange lifetime (z = 1/no,v) over the density range of Figure 5 varies from 156 to 32s.

The subsequent analysis involves only the measurements within the density enhancement associated with the
neck of the comet, that is, at the peak of the neutral density curve in Figure 3b. We assume the Haser (1957)

model:
o -R
4zv,R? xp (tionv,, > )

where n, is neutral density, Q is the gas production rate, v, is the neutral molecule velocity (assumed to be
0.7 km/s according to Gulkis et al., 2015), R is the distance from the comet, and ¢, is the ionization time of
cometary neutrals (~8 x 10 s according to Vigren et al. (2015)). Since, as shown below, our analysis is limited to
R < 500 km, the exponential term in Equation 5 can be neglected, yielding a simplified Haser model. Using the
peak density in Figure 2b of ~2 x 10* m~3, we get Q of about 7 X 10" s~!, which agrees with previous estimates
(e.g., Wedlund et al., 2019).

4. Conclusions

On 6-8 June 2015, the Rosetta Orbiter was near the dusk-side terminator of comet 67P Churyumov-Gerasimenko
(CG) at a radial distance of ~200 km from the comet and ~1.48 AU from the Sun and was within the solar wind
cavity as it was from 28 April to 15 December 2015. During the 6—8 June time period, there was evidence of a
CME impact, which compressed the solar wind cavity so that the pickedup water group ions could then reach the
SC. No protons or He** were detected because they were deflected more strongly around the comet because of
their lower momentum (Broiles et al., 2015).

Variations of neutral gas density were caused by the comet's rotation and the resulting changes of solar illumina-
tion of the nucleus. The spin axis of CG is such that gas (mostly water vapor) emanating from the neck region of
the comet results in a neutral-density periodicity of one half the rotation period of 12.4 hr (Gulkis et al., 2015).
While the density increase was only about a factor of two, it was enough to cause the keV-range water-group
ion beam to degrade to a beam near 100 eV because of charge exchange within the coma. The newly created
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ions evolved into a low-energy (~100 eV) antisolar beam as charge exchange was followed by pickup. These
pickup ions were accompanied by ions resulting from the photoionization of coma neutral particles (Nicolau
et al., 2017), which undergo the same pickup process but do not remove energetic ions from the flow. The tran-
sition out of the density enhancement was simpler since a new stream of ions in the keV range did not encounter
the higher neutral densities.

Analysis of the evolution of ion energy with increased neutral gas density within the density enhancement allowed
us to make estimates of the comet's gas production rate and the mean free path for charge exchange. We found
that, while the mean free path decreased with increasing gas density, it still remained larger than the Larmor
radius, which would allow the ion pickup process to work even at the highest densities.
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