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Abstract

Observations with Cassini’s Electron Spectrometer discovered negative ions in Titan’s ionosphere, at altitudes
between 1400 and 950 km. Within the broad mass distribution extending up to several thousand amu, two distinct
peaks were identified at 25.8-26.0 and 49.0-50.1 amu/q, corresponding to the carbon chain anions CN~ and/or
C,H™ for the first peak and C3N ™~ and/or C4H ™ for the second peak. In this study we present the spatial distribution
of these low-mass negative ions from 28 Titan flybys with favorable observations between 2004 October 26 and
2012 May 22. We report a trend of lower densities on the night side and increased densities up to twice as high on
the day side at small solar zenith angles. To further understand this trend, we compare the negative ion densities to
the total electron density measured by Cassini’s Langmuir Probe. We find the low-mass negative ion density and
the electron density to be proportional to each other on the day side but independent of each other on the night side.
This indicates photochemical processes and is in agreement with the primary production route for the low-mass
negative ions being initiated by dissociative reactions with suprathermal electron populations produced by
photoionisation. We also find the ratio of CN~/C,H™ to C3N~/C4H™ to be highly constrained on the day side, in
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agreement with this production channel, but notably displaying large variations on the night side.

Unified Astronomy Thesaurus concepts: Saturnian satellites (1427); Ionosphere (860)

1. Introduction

Titan possesses a dense atmosphere composed of molecular
nitrogen, methane, and hydrogen (Niemann et al. 2005;
Coustenis et al. 2007) with a column density an order of
magnitude larger than the Earth’s and an abundance of
complex organic chemistry (Waite et al. 2005; Vuitton et al.
2019). A unique characteristic is the atmosphere containing
opaque haze layers that block most visible light from the Sun,
obscuring Titan’s surface features. The Cassini mission studied
the composition of the haze and mechanisms through which it
could be produced and discovered large negatively charged
ions, hereafter described as negative ions, at altitudes above
950 km (Coates et al. 2007; Waite et al. 2007). These
surprising observations at such high altitudes indicated that
these negative ions could be precursors of the aerosols forming
the haze lower down.

Negative ions were initially detected with masses of up to
10,000 amu/q in Titan’s upper atmosphere in the altitude
region of 950-1400 km using Cassini’s Electron Spectrometer
(ELS; Linder et al. 1998), which is one of the sensors of the
Cassini Plasma Spectrometer (CAPS; Young et al. 2004). The
discovery was based on data collected during 16 Titan flybys
and was reported by Coates et al. (2007) and Waite et al.
(2007). Initial estimates showed that their density could reach
~10% of the negatively charged population, i.e., negative ions
and electrons, at the lowest altitudes studied, around 950 km
(Coates et al. 2007), with the remaining ~90% being electrons.
The altitude, latitude, and solar zenith angle (SZA) dependence
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of the negative ion mass was investigated by Coates et al.
(2009) for 23 Titan encounters and the initial observations were
summarized by Coates et al. (2010). Coates et al. (2009) also
provided the identification of larger masses up to 13,800 amu/
q and revealed a preference for these larger masses at lower
altitudes. They found that the highest detected ion mass
increases with Titan latitude—with the largest masses detected
near the north pole.

The Radio and Plasma Wave Science Langmuir Probe (LP;
Gurnett et al. 2004) was able to observe and confirm the
presence of negative ions, as well as reveal that the negative ion
densities are siagniﬁcant (/okgren et al. 2012; Shebanits et al.
2013, 2016). Agren et al. (2012) reported the detection of
negative ion concentrations down to the lowest altitude of
880 km in the deep ionosphere (880-1000 km) during the T70
encounter; ELS did not detect negative ions during this flyby as
the actuator was not pointing in the ram direction. A study
carried out by Wellbrock et al. (2013) on ELS data from 34
Titan flybys analyzed the trends of peak densities for different
negative ion mass ranges with altitude. The maximum altitude
at which negative ions of a particular mass group were detected
decreased with increasing mass, revealing an ionosphere that
becomes denser in negative ions as altitude decreases. In a
similar way, A. Wellbrock et al. (2012, 2020, in preparation)
investigate the densities of masses with the SZA. For lower-
mass negative ions, they find a preference for higher densities
on the day side but find that heavy ions reach the highest
densities on the night side. Shebanits et al. (2016) combined the
LP observations with the ELS observations and estimated a net
negative charge on the negative ions of >1. The authors also
showed that the observed electron depletions exceeded 90%,
reaching as high as 96%, which means that the negative ions
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are the main negative charge carriers, with densities almost
matching those of the positive ions.

The statistical identification of distinct species in the ELS
data was provided by Desai et al. (2017). This study modeled
the instrument response function to negative ions and found the
lightest negative ion detections were centered on 25.8-26.0 and
49.0-50.1 amu/q and correspond to the carbon chain anions,
CN™ and/or C,H™ for the first peak and C3N ™ and/or C4H ™
for the second peak. The logarithmic energy resolution of the
ELS prohibited carrying out these precise identifications for the
heavier species. Based on LP measurements, Shebanits et al.
(2017) suggested that more heavy negative ions form at low
solar extreme ultraviolet (EUV) conditions. This is also
consistent with the ELS measurements: more heavy negative
ions at high latitudes during winter conditions (reduced EUV)
were reported by Wellbrock et al. (2019), who studied seasonal
effects on the heaviest negative ion species and focused on the
T16 flyby that detected the heaviest negative ions of all
observations. They found that the combination of high latitudes
and winter conditions, i.e., where solar flux is restricted long-
term, created the necessary environment for the heaviest
negative ions to form. The larger negative ions might play a
role in the formation of the organic macromolecules (aerosols;
Coates et al. 2007; Waite et al. 2007; Lavvas et al. 2013)
detected at lower altitudes via building processes, which then
raises the question of how the spatial distribution and
production mechanisms of low-mass negative ions contribute
to the formation of heavier species.

In this paper, we report the spatial density variations of these
low-mass negative ions across Titan’s upper atmosphere from
data obtained by the ELS during 28 Titan flybys from 2004
October 26 to 2012 May 22. We compare these to the total
electron densities measured by LP and discuss the results in
relation to models of negative ion chemistry at Titan.

2. Method

The results presented in this study are based on data
collected by CAPS ELS during 28 Titan flybys where negative
ions were detected. The ELS measures the raw count rate of
negatively charged particles, which includes both electrons and
negative ions. The ELS takes measurements across eight
anodes that cover 160° x 5° of the 47 space, see Young et al.
(2004, Figure 7 therein) for a schematic of the ELS field of
view. Of these anodes, two typically point toward the ram
direction (often anodes 4 and 5) and the others are tilted away
from the ram direction. During Titan flybys, Cassini velocity
varies between 5.7 and 6.3kms ™' (supersonic). Negative ions
are not entirely stationary, e.g., ion winds and thermal motion
cause them to move within the atmosphere. However, since the
spacecraft velocity is much higher, we can make the
assumption that negative ions are stationary with respect to
the atmosphere/ionosphere. This means that, when measured
by ELS, they appear to only arrive from the ram direction,
which allows for the energy—mass conversion. These anodes,
however, also detect incoming electrons. Because electrons are
thermalized, the electron count rate, i.e., the average of anodes
not pointing in the spacecraft ram direction, can be subtracted
as background noise. For example, anodes 2 and 7 are selected
in this study in the majority of instances as they are tilted
enough from the ram direction to not pick up the negative ions
(anodes 3 and 6 sometimes do pick up negative ions as well)
and also have a clear field of view (anodes 1 and 8 sometimes
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have an obstructed field of view). While a different choice of
anodes might produce a different result, a consistent approach
is used throughout. The negative ion counts were converted
into density using the ion current approximation (Waite et al.
2005; Coates et al. 2007):

R.
VS/CA5 ’

ey

Npi =

where n,; is the negative ion density, R. is the negative ion
count rate, vy, is the spacecraft velocity in Titan’s reference
frame, A = 0.33 cm? (Young et al. 2004) is the effective area
of acceptance, and ¢ is the microchannel plate (MCP) ion
detection efficiency. The instrument was originally designed to
analyze electrons and the discovery of negative ions was
unexpected, thus the response of the instrument was not
calibrated for ions during laboratory tests. Hence, the efficiency
can only be estimated using nominal ion efficiencies. Studies
have shown that a value of ¢ = 0.05 is appropriate for the
largest species (Fraser 2002). However, this value is higher for
lower energies and can go up to € = 0.5 for the energy at
which these low-mass negative ions were detected (Stephen &
Peko 2000; Desai et al. 2018). Due to these uncertainties, all
the relevant plots show the negative ion densities, normalized
by the MCP efficiency, n,, - . Since the MCP efficiency
uncertainty introduces an error that is mostly systematic,
comparing the resulting densities within a mass group is
accurate. An energy—time spectrogram corresponding to a set
of negative ion signatures is shown in Figure 1, with a
normalized density shown instead of counts. Each of the spikes
corresponds to a negative ion signature detected when the ELS
look direction scans across the ram direction, with the height
being proportional to the mass of the heaviest ion detected. The
peak count rate during each scan across ram is selected
although it should be noted that the negative ion densities could
therefore be underestimated due to the instrument not precisely
aligning with the incoming distribution (Desai 2018). For this
reason, actuator-fixed flybys TS55-T59 have been omitted from
this study. The two individual peaks on the lower part of each
negative ion signature correspond to two mass groups (Well-
brock et al. 2013) that have been identified as primarily
consisting of CN~/C,H~ and C3N~/C4H~ (Vuitton et al. 2009;
Desai et al. 2017). These two signatures are the focus of the
present study.

The time stamp, subsequently used to calculate the space-
craft position, corresponds to the highest density registered
within the signature. Note that, within a negative ion signature,
the density peaks for the two mass groups do not necessarily
align vertically (Figure 1), and therefore the time stamps for the
two mass groups can be different. We therefore conducted the
studies for the two mass groups separately. For each negative
ion signature, the density and spacecraft position were
calculated to create the density distribution maps. A total of
225 data points are used and divided into four altitude ranges
(Figure 2) to generate global maps of the spatial distributions of
the density within the atmosphere, which varies significantly
with altitude. The data set could be normalized by the local
ionospheric density to account for the variations during the
different flybys but the relatively large size of the altitude layers
compared to the atmospheric scale height results in this being a
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Figure 1. Energy—time spectrogram produced by ELS during the T29 flyby, revealing negative ion signatures. The sharp vertical spikes correspond to times when the
actuator in points in the ram direction, which indicates these are negative ion signatures rather than thermal electrons. The background electron counts are removed and
the normalized negative ion densities calculated as outlined in Section 2. The two individual peaks in density on the lower part of each of the signatures (marked with
dashed white lines), correspond to the CN~/C,H™ and C3N~/C4H™ signatures considered in this study.

reasonable approximation. Note that the spatial coverage of the
ionosphere is limited and there is bias toward certain regions,
i.e., high latitudes and at night and there are fewer measure-
ments at higher altitudes.

Following this, we compare the results to the total electron
densities measured by the LP. The ELS measures both
electrons and negative ions, and the possibility of inter-anode
cross talk makes it difficult to differentiate between the two.
The LP measures the plasma currents and can derive an precise
electron density measurement although it cannot resolve
individual ion species. A combination of the ELS and LP data
sets is therefore beneficial. The ELS and LP measurements are
matched in time by linear interpolation (LP times to ELS
times). The electron densities used in this study are derived
from the ion current assuming quasineutrality, i.e.,
n, + Z_n_ = n;, where Z_ is the charge number for negative
ions/dust grains (Shebanits et al. 2013, 2016).

3. Results and Analysis

In this section, we first present the low-mass negative ion
density distribution results and compare them to the previously
observed trends of the much heavier ions. We then compare to
ionospheric electron density trends and discuss how the
observed trends could be linked to negative ion production
mechanisms. Finally, we discuss further external factors that
could influence the density distributions.

3.1. Density Maps

The results presented in Figure 3 show latitude versus local
time maps of the low-mass negative ions density. They were
created by combining the density information shown in
Figure 1 (and other flybys) and the location information shown
in Figure 2. The distributions shown in Figure 3, panels (a)-(d)
on the left column for CN~/C,H™ and in (e)—(h) on the right
column for C3N-/C4H™, show a high degree of similarity
between the two negative ion mass groups and the trends are
therefore discussed together.

The highest-density values are concentrated between —40°N
—20°N and 9:00-13:00 Titan local time (at midday). The
lowest-density values are registered in the northern hemisphere,
at 16:00-24:00 Titan local time (mostly on the night side).

Titan changed seasons in 2009, from southern summer/
northern winter to southern fall /northern spring. The majority
of the measurements, i.e., flybys TA (2004 October 26) to T51
(2009 March 27), were taken before the 2009 equinox, when
Titan was in southern summer. Measurements from flybys T65
(2010 January 12) to T83 (2012 May 22) were taken during
southern fall (see Figure 2(a)). The overall trend is for lower
densities to be on the night side and close to the poles and for
high densities to be close to midday and around the equator.
This trend is most visible in the lowest altitude layer
(950-1050km), where the data coverage is highest (see
Figure 3 panel (d) for CN~/C,H™ and (h) for C3N-/C4H").
Going to higher altitudes (see Figure 3 panels (a)—(c) and (e)-
(g)), this appears to still be true although less obvious. It is also
unclear whether this SZA trend is predominantly a latitude or
Titan local time effect due to the limited coverage of the
ionosphere and bias toward certain regions, i.e., high latitudes
at night.

The densities increase with decreasing altitude, but the
overall variations between altitude layers for both mass groups
are not obvious here. Wellbrock et al. (2013) found that, for the
first two mass groups, density decreases with altitude at a
slower rate compared to the heavier mass groups. It is thus not
surprising that we do not see obvious variations between
altitude layers here. There are low and high negative ion
densities at small SZAs, especially at higher altitudes. This is
an effect of binning large altitude ranges but could also be due
to variabilities of Titan’s ionosphere during different flybys.

The low-mass negative ions appear most abundant at small
SZAs. In contrast, the highest negative ion masses were
preferentially found at high latitudes (Coates et al. 2009) and in
winter conditions (Wellbrock et al. 2019), while Desai et al.
(2017) found a correlation between the low-mass negative ions
considered here and the larger negative ions below the
ionospheric peak. These results, therefore, raise the question
of what production and loss mechanisms link the small and
large species.

3.2. Relation to Production Mechanisms

To further understand the trends in Figure 3, we compare our
results to the total electron density distribution measured by LP
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Figure 2. Coverage of the data set used. The top plot shows the altitude distribution and the dashed black lines indicate the delimitation of the different altitude layers
considered. Flybys TA-T51 took place when Titan was in southern summer and T65-T83 when Titan was in southern fall. The bottom plot shows the spatial
coverage, the dashed lines indicate the separation between day side and night side, and the dotted lines show the delimitation of dusk/dawn (see Section 3.2).

in Figure 4. All the data are included in the same figure, which
effectively removes inherent altitude density variations
between the measurements.

In the upper two panels, two distinct distributions are present
above and below an electron density of ~1000 cm~3. Above
~1000 cm~3 the negative ion density increases with electron
density while below there is no obvious dependence. The same
data are then shown in the lower panels but differentiated
according to Titan Local Time, divided into measurements
taken on the day side and the night side. Titan’s atmosphere
extends to an altitude of 1450km, which is almost half
compared to its 2575 km radius. This leaves large dawn and
dusk regions at high altitudes where the solar photon flux is
attenuated by the thick atmosphere. These dusk and dawn
measurements are, therefore, marked separately in addition to
the day and night measurements.

The densities appear proportional to each other on the day
side and independent of each other on the night side. The dusk
and dawn “transition” regions fall in between the two
distributions. The fits to these distributions shown in Figure 4
show that the negative ion density is approximately linearly
proportional to the electron density on the day side according to

the relation:

nyie = (3.0 £02) x 10731, — (1.8 £ 0.5) [em~ %], (2)
for CN-/C,H™, and
e = (2.8 £0.3) x 10731, — (2.1 £ 0.5) [em %], (3)

for C3N~/C4H™. There is, however, sufficient spread in the
data, which might be explained by further controlling factors.
The fitted trend lines through the night side negative ion
densities, however, have very shallow gradients and the data
spread is large, therefore indicating they are not related.

Titan’s thermal ionospheric plasma has been measured to be
cold, ~0.1eV (Crary et al. 2009); although, on Titan’s day
side, suprathermal electron populations are produced via
photoionization processes (Haider 1986; Galand et al. 2006;
Coates et al. 2011). Vuitton et al. (2009) produced the first
negative ion chemistry model of Titan’s ionosphere and
identified that these suprathermal electrons are able to
efficiently break the bonds within neutral species such as
HCN, which results in the dissociative reaction:

AB +e; — A+ B. )
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Figure 3. Spatial density distribution of the lowest mass negative ion species, identified as CN~/C,H™~ (column of panels a—d on the left) and the second lowest mass
negative ion species, identified as C3N~/C4H™ (column of panels e~h on the right), across Titan’s upper atmosphere. Observations are divided into 4 altitude layers of
100 km in thickness. Note that the x-axis is Titan local time—this was chosen instead of longitude because Titan’s atmosphere is photochemically induced. The
dashed lines indicate the separation between day side and night side, and the dotted lines shows the delimitation of dusk/dawn (see Section 3.2).

This was identified as the dominant production route for low-
mass negative ions such as CN~ and C,H™ (Vuitton et al. 2009;
Dobrijevic et al. 2016), the main constituent species of the first
mass group. The negative charge was then identified as being
transferred via proton transfer reactions such as

AH + B~ — BH + A, )

onto heavier species and produce negative ions such as C3N™
and C4H™, the main constituent species of the second mass

group. Vuitton et al. (2009) also found that the main loss
process is associative detachment with radicals (H and CH3).
The results presented in Figure 4, showing the negative ion and
electron densities being proportional to each other on the day
side, are in agreement with this proposed production channel.
Dobrijevic et al. (2016), with an updated photochemical model
coupling negative and positive ions with neutral molecules,
also found that the most abundant negative ions are CN~ and
C5N7, consistent with Vuitton et al. (2009). Dobrijevic et al.
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Figure 4. Negative ion density as a function of electron density for the two species: CN~/C,H~ (left) and C3N~/C4H™ (right). Colors show the flyby during which the
measurement was taken (top panel) and the location in Titan’s atmosphere (bottom panel).

(2016) used more recent cross section values for the
dissociative electron attachment of CH, and HCN, however,
which led them to conclude not only that the H™ production
rate is higher than CN™ but also that H™ is quickly transformed
into CbH™ and CN™ via a proton transfer with HCN. The
calculated densities of the low-mass negative ions in these
chemical models (Vuitton et al. 2009; Dobrijevic et al. 2016),
and also the recent modeling study of Mukundan & Bhardwaj
(2018) are, however, notably smaller than those measured by
ELS. What is yet not clear from Figure 4 is whether the
negative ions present on the night side are locally produced via
an additional production mechanism or are remnants of the
higher densities produced on the day side (Agren et al. 2007;
Cravens et al. 2009; Vigren et al. 2015), possibly transported
from day to night (Miiller-Wodarg et al. 2008; Cui et al. 2010).

The spatial distribution of the low-mass negative ions we
present here is different from the distribution of the heavy
negative ions, which were found preferentially where sunlight
is attenuated or even absent (Coates et al. 2009). This is
believed to be due to the combination of high latitude and
winter conditions (Wellbrock et al. 2019). This appears in
agreement with a large fraction of macromolecules being
negative on the night side but becoming neutral on the day side
as they are not stable against photodetachment (Bakes et al.

2002).

To quantitatively study the relationship between these low-
mass ions, Figure 5 shows the density ratio of CN~/C,H™ to
C3N-/C4H™ as a function of the electron density. The results
are normalized by the unknown MCP efficiencies. The MCP
efficiency is, however, energy dependent (Stephen &
Peko 2000; Fraser 2002) , with higher energy particles, i.e.
more massive particles (assuming all negative ions arrive at the
flyby velocity in the spacecraft frame), being detected more
efficiently. The ratios presented here can, therefore, be treated
as a reasonable lower bound.
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Figure 5. Density ratio between CN~/C,H~ (left) and C3N~/C4H™ plotted as a
function of electron density. CN~/C,H™ is normalized by the MCP efficiency
of 26 amu, 56 and C3N~/C4H™ are normalized by the MCP efficiency of 50
amu. €50. Colors show the flyby during which the measurement was taken (top
panel) and the location in Titan’s atmosphere (bottom panel).

The ratio appears approximately constant on day side, which
indicates that the production and loss processes are highly
correlated, as described in reactions (4) and (5). The constraints
on this ratio across a wide range of electron densities also
highlights the steady driving of Titan’s ionospheric photo-
chemistry. The ratios for nearly all data points are, however,
greater than 1. This indicates that the lower-mass negative ions,
CN~/C,H, are produced more efficiently or that C3N~/C,H~
are preferentially lost. There is also a slight gradient to the day



THE PLANETARY SCIENCE JOURNAL, 1:50 (8pp), 2020 September

side ratios with larger ratios observed at higher altitudes. This is
likely due to the lower masses possessing greater scale heights.

The night side ratios notably have a much greater spread
with ratios extending up to 5 and to lower values too. The
highest ratios are observed during T25, T46, T50, and T65,
which all occur in the early morning, both within darkness and
within the attenuated dawn atmosphere. There is, however, not
enough coverage to constrain any latitudinal variations. As the
CN/C,H™ and C3N~/C4H™ densities are highest during the
day, where they primarily appear to be produced (Figure 4),
this trend in Titan local time suggests that C3N~/C4H™ is
preferentially lost during the night or that CN—/C,H™ is
preferentially transported from day to night. Carbon chain
anions can react with neutral molecules and polymerize into
larger negative ions (Deschenaux et al. 1999); although, the
rate coefficients for these reactions are unknown (Vuitton et al.
2009). Bakes et al. (2002) suggest building processes occur
during the night when solar flux is absent and it is possible that
C3N~/C4H™ preferentially contribute to the building processes
(Lavvas et al. 2013; Desai et al. 2017).

3.3. Relation to Other Parameters

The observed variation in density could also be influenced
by a series of other factors. External factors include the
magnetospheric electron flux (e.g., Galand et al. 2009), which
is modulated by Titan’s location with respect to the ambient
plasma. Based on this, Rymer et al. (2009) classified the Titan
flybys into four distinct groups: plasma-sheet (high energy and
density electrons), lobe-like (high-energy but lower-density
electrons), magnetosheath (outside the magnetopause, within
the shocked solar wind—first observation of this reported by
Bertucci et al. 2008), and bimodal (two distinct electron
populations). They provide typical electron properties for these
regimes that might have an effect on the measured negative ion
densities. EUV variability was also studied using the LP
measurements of electrons by Edberg et al. (2013) and of ions
by Shebanits et al. (2017), and, using the ELS measurements of
negative ions, by Wellbrock et al. (2019). A comparison
between negative ion densities and specific parts of the electron
spectra might also offer insight into which electrons are
initiating the negative ion production and loss reactions. The
relation to ion and neutral spatial distributions might also
provide information into coupled ion-neutral chemical pro-
cesses. The finite number of measurements across this multi-
dimensional parameter space prohibits the simple analysis of
these variables, which are left for a further study.

Dubois et al. (2019) also reported the presence a number of
other species such as CNN~ and CHNN™ in laboratory
experiments of aerosol growth and a corresponding peak in the
ELS spectra. The identification and distributions of further such
negative ion species in the ELS data, and also produced in
laboratory experiments of Titan’s atmospheric chemistry (e.g.,
Horst et al. 2012; Trainer et al. 2013; Dubois et al. 2019), could
also help unravel the various controlling factors involved in
negative ion production and loss processes.

4. Summary

We studied the spatial density variation of the two lightest
negative ion mass groups detected in Titan’s upper atmosphere,
previously identified as primarily consisting of CN~/C,H~ and
C3N-/C4H™ (Desai et al. 2017). The study revealed similar
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trends for the two mass groups: increased density at small
SZAs, i.e., on the day side and around the equator. This trend
was observed mainly in the 950-1050 km altitude region,
where there were more data points. The trends seemed to carry
on at higher altitudes although they are less obvious. The high
negative ion densities at midday appeared to suggest a
dependency on photoionization. Comparison with LP measure-
ments revealed a linear dependence of negative ion density to
electron density on the day side and no dependence on the
night side, for both species. This trend indicates that the low-
mass negative ions are produced as a result of photochemical
processes and provides evidence for the dominant production
pathways of dissociative reactions involving suprathermal
electron populations, as outlined by Vuitton et al. (2009),
which only exist on Titan’s day side. The spatial distributions
of CN=/C,H™ and C3N~/C4H™ appeared similar and the ratio
of the two appeared highly constrained on the day side
therefore further supporting similar and inter-related production
pathways. On the night side, however, the ratio displayed large
variations extending up to much greater than 1. This is
suggested to have resulted from preferential loss or day-to-
night transport. In contrast to the spatial distributions of the
low-mass negative ions, the highest-mass negative ions have
been preferentially observed at high latitudes (Coates et al.
2009). This raises interesting questions about how the
production and loss processes of the low-mass negative ions
are related to those of the heavier negative ions.
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