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[1] Titan’s upper atmosphere produces an ionosphere at high altitudes from
photoionization and electron impact that exhibits complex chemical processes in which
hydrocarbons and nitrogen-containing molecules are produced through ion-molecule
reactions. The structure and composition of Titan’s ionosphere has been extensively
investigated by the Ion and Neutral Mass Spectrometer (INMS) onboard the Cassini
spacecraft. We present a detailed study using linear correlation analysis, 1-D
photochemical modeling, and empirical modeling of Titan’s dayside ionosphere
constrained by Cassini measurements. The 1-D photochemical model is found to reproduce
the primary photoionization products of N, and CHy4. The major ions, CHs, C,Hs, and
HCNH" are studied extensively to determine the primary processes controlling their
production and loss. To further investigate the chemistry of Titan’s ionosphere we present
an empirical model of the ion densities that calculates the ion densities using the production
and loss rates derived from the INMS data. We find that the chemistry included in our
model sufficiently reproduces the hydrocarbon species as observed by the INMS.
However, we find that the chemistry from previous models appears insufficient to
accurately reproduce the nitrogen-containing organic compound abundances observed by
the INMS. The major ion, HCNH", is found to be overproduced in both the empirical
and 1-D photochemical models. We analyze the processes producing and consuming
HCNH" in order to determine the cause of this discrepancy. We find that a significant
chemical loss process is needed. We suggest that the loss process must be with one of the

major components, namely C,H,, C,H4, or H,.
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1. Introduction

[2] Titan’s atmosphere harbors a high altitude ionosphere
in which the energy given to the major neutral molecules N,
and CH,4 through absorption of the Sun’s actinic spectrum
and through the interaction of Saturn’s magnetosphere with
Titan’s upper atmosphere is used to chemically convert these
species into complex molecules. Solar photons act to ionize
and dissociate N, and CH,4 providing energy that has been
shown to be the primary driver of Titan’s ionosphere. Day-
side ion densities are roughly a factor of 5 greater than those
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on the nightside [Agren et al., 2009]. Titan’s nightside ion-
osphere is expected to be driven by magnetospheric particle
precipitation, in which electrons likely play a major role
[Cravens et al., 2009]. The energy provided in either case
is generally sufficient to both dissociate and ionize N,
and CH,.

[3] The chain of reactions that follows the photo-
dissociation and photoionization of N, and CH4 has been
studied both in the laboratory and through photochemical
modeling. Reviews of the chemistry relevant to Titan’s ion-
osphere have identified chemical pathways through ion-
molecule reactions producing ions larger than benzene
(C¢Hg) [McEwan and Anicich, 2007; Anicich and McEwan,
1997]. Modeling approaches have shown that the ion-
molecule chemistry at Titan is significantly faster than com-
parable neutral-neutral chemistry at the ionospheric altitudes
implying that the ionosphere is intimately involved in pro-
ducing the larger molecules observed by Cassini [Vuitton
et al., 2006; Waite et al., 2007].

[4] Several authors have produced photochemical models
of Titan’s atmosphere that include ion chemistry. Fox and
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Yelle [1997] produced a 1-D photochemical model using a
complex hydrocarbon chemistry reaction set and showing
that in Titan’s reducing atmosphere that proton exchange
reactions are important. Keller et al. [1992, 1998] produced a
1-D photochemical model of Titan’s high altitude ionosphere
using as input the neutral atmosphere of Yung et al. [1984]
and a combination of solar ionization and magnetospheric
electron precipitation. It showed that the hydrocarbon
chemistry of Titan’s upper atmosphere produces several
hydrocarbon ion species with significant densities. This
model also reproduced the general structure of the ionosphere
with peak densities near 1150 km dominated by HCNH",
C,H%, and CHE. Robertson et al. [2009] and Cravens et al.
[2009] advanced the model of Keller et al. [1998] to ana-
lyze Titan’s ionosphere and study the data returned from
the Cassini INMS. Robertson et al. [2009] also included a
study of the sensitivity of photochemical models to the
minor neutral abundances used. Banaszkiewicz et al. [2000],
Wilson and Atreya [2004], De La Haye et al. [2008], and
Krasnopolsky [2009] have all produced coupled models of
Titan’s neutral atmosphere and ionosphere. For a more
complete review of the plethora of models which have been
produced for Titan’s ionosphere the reader is referred to the
reviews by Cravens et al. [2010] and Vuitton et al. [2009b].

[5] In light of the complex ion spectra obtained by the
Cassini INMS, Vuitton et al. [2006, 2007] produced a 0D
model of Titan’s ionosphere. In this model a snapshot of the
atmosphere at one altitude was obtained and spectra were
produced through balancing the localized production and
loss of ions. This work identified several nitrogen-containing
species as significant contributors to the observed spectrum.
Vuitton et al. [2008] expanded this model to study the pro-
duction of benzene in Titan’s ionosphere by calculating the
ion densities at several altitudes to produce a 1-D photo-
chemical model similar to that of Keller et al. [1992]. Their
results were then compared to the INMS data from the T17
flyby yielding in some cases suitable correspondence, but
in the hydrocarbons heavier than C,H3 good correspon-
dence was only found above 1100 km.

[6] In addition several authors have investigated the
sources and sinks of ionization in Titan’s ionosphere.
Cravens et al. [2005] calculated electron densities using a
two-stream electron transport model coupled to a photo-
chemical ionospheric model. Robertson et al. [2009] also
analyzed Titan’s ionospheric structure finding that the day-
side ionosphere above about 1100 km was well represented
by photochemical modeling utilizing Cassini data to con-
strain the model. Galand et al. [2010] utilized several data
sets from the Cassini spacecraft to determine the effective
recombination coefficient. This recombination coefficient
was found to increase with decreasing altitude due to the
changing ionospheric composition. Lavvas et al. [2011]
analyzed the primary photochemical products in the iono-
sphere yielding production rate profiles of several radical and
ionized species. Richard et al. [2011] analyzed the electron
and ion temperatures at Titan finding that, on Titan’s dayside,
solar inputs can reasonably explain ionospheric electron tem-
peratures at altitudes between about 1400 km and 1000 km.

[7] In this work we use the ion densities obtained by the
INMS to guide the modeling process. We first look for
correlations within the INMS ion data set in an attempt to
reveal growth pathways that may not have been studied in
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the laboratory. We produce a 1-D photochemical model to
study the composition and structure of the ionosphere. We
then produce an empirical model based on the INMS data to
study the production and loss of individual ions. The results
are compared to the INMS ion data and the successes and
failures of the current modeling approach are discussed.

2. Cassini INMS Data

[8] Fundamentally, ions incident on the open source of the
Cassini INMS are measured by first focusing the incident
beam, then turning it along a 90 degree bend using a quad-
rupole switching lens. The ion beam is again focused into
the mass analyzer, separated according to the mass per
charge (m/z) in the main quadrupole, and finally detected
using a channel electron multiplier. The transmission of ions
through the instrument is measured in flight by varying the
voltages on the switching lenses and determining how the
count rate varies; this is referred to as an energy scan in
INMS parlance. This measurement generally occurs at alti-
tudes below 1000 km and is performed for several mass
bins. It is from this measurement that we have determined
the response of INMS to the energy of the incoming ion
beam. In order to correct for any transmission loss due to a
difference in the predicted and actual energy of the ion
beam, we must correct for spacecraft potential and ion wind/
drift velocities. Careful analysis of the in flight calibration
(K. Mandt et al., Ion densities and composition of Titan’s
upper atmosphere derived from the Cassini ion neutral mass
spectrometer: Analysis methods and model comparison,
manuscript in preparation, 2012) and collaboration with
other Cassini instrument teams allows us to have a high level
of confidence in the ion densities obtained by the INMS
using the present set of analysis software.

[9] Several authors have displayed INMS ion densities in
the literature using various calibrations and densities [see
Cravens et al., 2010]. We utilize the calibration study of
Mandt et al. (manuscript in preparation, 2012) to determine
the ion densities measured by the INMS. This study utilizes
a cross-calibration of the obtained INMS densities with the
CAPS-IBS and Langmuir Probe electron densities. It should
be noted that the change in the newer calibrated INMS ion
densities only show a difference of about 25% versus the
majority of the previous works (Mandt et al., manuscript in
preparation, 2012). The densities reported here are consis-
tent among all three of these instruments. Furthermore, the
study of J. H. Waite et al. (In-flight and ground calibration
of the Cassini ion neutral mass spectrometer: Determination
of the calibration constant required for calculation of ion and
ambient neutral densities and related uncertainties, manu-
script in preparation, 2012) found that the INMS neutral
measurements should be corrected by a factor of 3.0 which
we adopt here.

[10] In this work we use data from fourteen Titan flybys
between T5 and T59, but focus on the T40 flyby that
occurred on January 5, 2008. This flyby has a closest
approach altitude of 1010 km that occurred at latitude of
11.7 S, west longitude of 130.4, local solar time of 13.0 hours
and a solar zenith angle of 37.6 degrees. This flyby takes
place completely on the dayside of Titan and is therefore
expected to have a majority of its ions produced through solar
photoionization. The neutral atmosphere during this flyby
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Figure 1. The mass spectrum obtained using the open
source ion mode of the Cassini INMS during the inbound
leg of the T40 flyby at 1079 km altitude. The spectrum is
shown as a histogram with bins of 1 Da. resolution. The thin
vertical lines in the middle of each bin correspond to the sta-
tistical uncertainty in the measurement.

has an average thermospheric temperature of 141 K as mea-
sured by the nitrogen scale height [ Westlake et al., 2011]. The
T40 flyby is chosen because it is a dayside flyby in which
high quality INMS ion data was retrieved. The flyby was
classified by Rymer et al. [2009] to be bi-modal and found to
have a neutral temperature of 141 K [Westlake et al., 2011].
Shown in Figure 1 is an example of a mass spectrum obtained
by the Cassini INMS during the inbound leg of the T40 flyby
at 1079 km altitude. Notice in this spectrum that there are
seven distinct mass groupings that are separated by roughly
12—14 Da. The mass groupings will be referred to throughout
this paper as group 1, 2, 3, etc. indicating that the ions within
that group contain 1, 2, 3, or more carbon or nitrogen atoms.

[11] In this study we also utilize neutral data from the
INMS closed source measurements. The methodology of
Magee et al. [2009] is used to reduce the neutral data
yielding high time resolution measurements of N,, CHy,
and H,. The deconvolution process restricts the usage of
the direct measurements of the minor neutral densities to
globally averaged values at selected altitudes. These values
have been produced through the study of Magee et al. [2009]
yielding minor species densities at altitudes near 1050 km.
Table 1 shows a comparison of the minor neutral species
mixing ratios obtained through the Magee et al. [2009]
method compared to those obtained through the method of
Cui et al. [2009]. For C,H, and C,H, the values are signifi-
cantly different because the study of Cui et al. [2009] assumes
a fixed ratio between the two molecules while the study of
Magee et al. [2009] produces independent fits for each
species. We choose the Magee et al. [2009] method over the
Cui et al. [2009] method because it provides HCN densities
and independent C,H, and C,H, densities.

3. Study of Correlations Within the INMS Data

[12] The goal of'this study is to probe the primary chemical
processes of the ions observed by the Cassini INMS. The rate
at which an ion-molecule reaction takes place is quantified
by a rate constant that can be used in conjunction with the
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reacting ion and neutral density to determine the production
or loss rate of the ion in question. If the observed ion
density is primarily controlled by a specific production
process, this connection between the reactant ion and the
product ion will be apparent. We can express this connection
through an analysis of the correlations between the densities
observed by the various mass bins in the Cassini INMS data.

[13] We utilize the Pearson product-moment correlation
coefficient to measure the linear dependence between the
densities observed in two mass bins. Pearson’s product—
moment correlation coefficient is defined as

(M1, — M) (M2, — M12)

- VS 00w 5 ez a2

(1)

where M1 and M2 are the densities recorded for mass 1 and
2 in the comparison. There exist other methods to determine
the correlation including the model independent rank corre-
lations such as the Kendall-tau or Spearman rank correlation
coefficients. We find that there is little difference in the
derived correlations when using these various methods and
therefore stay with the simple Pearson correlation. In this
framework the correlation coefficient is given by the
covariance of the two mass bins divided by their standard
deviations.

[14] We collect data from the fourteen Titan flybys and
calculate the Pearson correlation coefficient between two
different mass bins within the same spectrum. We calculate a
single correlation coefficient that covers all measurements
within the chosen altitude range from all of the chosen
flybys. We isolate the region over which the correlation
coefficient is calculated to be above the photoionization
peak. This allows for the determination of mass bins that are
most likely to contain ions produced through reactions with
the major ions CHs, C,Hs, and HCNH". The photoioniza-
tion peak occurs roughly below 1150 km in general. We
therefore use only the INMS ion data above 1200 km and
below 2000 km to be sure that the ionization peak is not
included and calculate the correlation coefficients.

[15] Figure 2 shows the calculated correlation coefficients
for all of the mass bins 12-99 in the INMS data taken over
the entirety of the fourteen flybys studied. Each pixel in the

Table 1. Neutral Mixing Ratios Obtained by Various Methods
From the INMS Closed Source

Magee et al. [2009] Cui et al. [2009] Difference

Species (1050 km) (1025 km) (%)
CH, (342 +0.14) x 107*  (1.68 £ 0.01) x 107* 51
C,H, (391 £0.16) x 107*  (5.04 & 0.04) x 10~* 29
C,Hg (457 +£0.74) x 107°  (4.05+0.19) x 107> 11
HCN (244 £ 0.10) x 107*

C;H, (920 + 0.46) x 107°  (9.02 + 0.22) x 10~° 2
C3H, (233 +£0.18) x 10°°

C3Hg (2.87 £ 0.26) x 107° <1.84 x 107 36
C4H, (5.55+£025) x 107®  (4.92 £ 0.10) x 10°° 11
N, (2.14 £0.12) x 107¢  (1.70 £ 0.07) x 107° 21
HC;N (1.48 + 0.09) x 107®  (1.43 + 0.06) x 10~° 3
C,H;CN  (3.46 +0.51) x 107 <4.00 x 1077 16
C,HsCN  (1.54 £ 0.48) x 107/

CeHg (248 £ 0.11) x 107®  (2.42 4+ 0.05) x 10°° 2
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Figure 2. This map shows the mass bin to mass bin Pearson r correlation coefficient for the INMS ions as

recorded through the T5-T59 flybys.

figure represents a correlation coefficient between different
masses. The main diagonal establishes the one-to-one cor-
relation of a mass bin to itself. The triangles that come off of
the main diagonal represent each mass grouping in the
INMS spectrum. These correlations are high for most of the
groups. The clusters that roughly make up squares observed
to the right of the triangles represent the correlation between
adjacent mass groups. In general these correlations represent
the addition of one carbon or nitrogen. Further square group-
ings to the right represent correlations to mass groupings
which are two, three, or more mass groups away representing
the addition of more than one carbon or nitrogen.

[16] Several patterns emerge from this correlation study.
The clearest macro scale structure is the clustering of groups
of high correlation corresponding to the hydrocarbon chem-
istry of Titan’s ionosphere. Some of the most efficient ion-
molecule reactions for the pure hydrocarbons are those with
methane, acetylene, and ethylene, therefore each carbon
group appears to be highly correlated with its adjacent group
as well as those that are two groups away. This emphasizes
the importance of chemical pathways that utilize small
hydrocarbon building blocks such as methane, acetylene, and
ethylene. These processes are favored due to the high abun-
dance of these building blocks. Given the multitude of pro-
cesses that are suggested to contribute to the production and
loss of these ions it is difficult to isolate individual para-
meters through these comparisons.

[17] Missing in the correlations are the jumps of more than
two carbon groups that would be indicative of large neutrals
being the primary source of growth to large ions. If neutral
species such as C¢Hg or C4H, are responsible for the pro-
duction of the large ions then one would expect to see higher
correlation between specific masses that are separated by
78 or 50 amu (the mass of benzene and diacetylene). This
is important, as the mechanism proposed for producing sev-
eral larger ions is the proton exchange of CHs:, C,H3, and
HCNH" with larger neutral molecules. The correlations
within the INMS data seem to indicate that these ions may be
built from small ion and neutral building blocks instead of
being solely produced through small ions proton transferring
to large neutrals.

[18] We note that correlation does not imply causality and
that it is possible to have correlations between ions that are
produced at similar altitudes. However, the relations that
have the greatest correlation (generally correlation coefficients
greater than 0.8 or in the red in Figure 2) appear to be linked
through chemical reactions. The lower values of the correla-
tion coefficient may imply some link through the chemistry,
but these are generally not the most important reactions.

4. One-Dimensional Photochemical Model

[19] The 1-D photochemical model builds on several pre-
vious models [Keller et al., 1992, 1998; Vuitton et al., 2007,
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Figure 3. Shown are two model runs using the T-GITM
model of Bell et al. [2010a]. The solid profile gives the
model results without ion advection while the dashed profile
includes ion advection. The black profile shows the total
electron content in the model, the dark grey shows the
HCNH" density and the light grey gives the C,Hs density.

Carrasco et al., 2008b; De La Haye et al., 2008; Cravens
et al., 2005; Robertson et al., 2009]. This model solves the
continuity equation for each ion species using Newton’s
method for each altitude independently. The continuity
equation is given by
dn,'

E—P,-—Lin,-, (2)
where #»; is the density of the ion species, P; and L; are the
production and loss rates of the ion species i. In this model
ion production is primarily due to photoionization and ion-
neutral reactions while ion loss is due to ion-neutral reactions
and electron recombination. We have neglected the transport
term of the more generalized continuity equation as Cravens
et al. [2009] showed that below 1400 km chemical time
constants were significantly greater than transport time con-
stants. Furthermore, comparisons between the Kansas pho-
tochemical model and the MHD model of Ma et al. [2006]
showed that in neglecting the transport terms the photo-
chemical model matched the MHD model for altitudes below
about 1400 km. We also note that the MHD calculations
produced lesser densities at the higher altitudes, indicating
that the transport terms in the MHD model are removing ions
from the system.

[20] We have considered ion advection using the Titan
Global Ionosphere Thermosphere Model (T-GITM) of Bell
et al. [2010a). We emphasize that we are not attempting to
reproduce the exact ionospheric densities, but instead we are
merely using T-GITM to test whether or not ion advection
will significantly influence the calculated ion densities in the
1-D photochemical model. In order to accomplish this, we
employ the three-dimensional (3-D) T-GITM framework,
which calculates the coupled energetics, dynamics, and
composition of Titan’s upper atmosphere. Bell et al. [2010a,
2010b, 2011] validated the 1-D model by self-consistently
reproducing the average INMS major neutral densities and
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mixing ratios between TA and T40. T-GITM itself is a non-
hydrostatic 3-D Navier—Stokes Global model for the
Ionosphere-Thermosphere region of Titan’s atmosphere,
based upon the Earth Global Ionosphere-Thermosphere
Model (GITM) of Ridley et al. [2006]. To investigate the case
of maximum vertical transport, we omitted the draped mag-
netic fields expected in Titan’s ionosphere, which would
reduce the total vertical transport by deflecting the ions hor-
izontally due to Lorentzian forces. Shown in Figure 3 are the
results of this study. We find that, in allowing the ions to
vertically advect with the neutral gas in T-GITM, that this
process had little or no effect on the derived densities over a
purely photochemical ionosphere that is represented by the
no advection case.

[21] The photon flux is simulated using the EUVAC
model [Richards et al., 1994] in which the method of
Tobiska and Barth [1990] is used with additional bins for
lower wavelength photons using the same method as
Robertson et al. [2009]. For the T40 flyby we use a F10.7
value of 77.1 and the F,,10.7 value of 69.4 in the EUVAC
calculation (the values were obtained from the National
Geophysical Data Center at www.ngdc.noaa.gov). We use
the cross sections compiled by De La Haye et al. [2008].
The production rate due to photoionization is described by

Pphola = Z Q)/,()\)O’Z()\)@(Z, )‘)[nkL (3)
k

where ®(z,)\) is the photon flux calculated using the F10.7
solar radio flux values and attenuated by the atmosphere
above the measurement point, o%()\) is the photoabsorption
cross section for the neutral species at wavelength A, and
Oyi(A) is the quantum yield. Photoionization is included for
the Species H, Hz, CH4, C2H2, C2H4, C2H6,C4H2, N, N2,
HCN, and C4Hg. We utilize the same cross sections and
quantum yields as were used by De La Haye et al. [2008].
The optical depth of the atmosphere is calculated for each
point using the INMS neutral data in which N,, and CH, are
considered the main absorbers. We find that the T40 flyby the
majority of the ionization results from photoionization and
that no additional magnetospheric electron inputs are
required to reproduce the altitude profiles. We include some
amount of electron precipitation at the highest altitudes. The
altitude profile of magnetospheric electrons available was
calculated by a two-stream electron precipitation model for
the conditions of the TA flyby as calculated by De La Haye
et al. [2008] and scaled to obtain the best fit for the primary
ionization products.

[22] The neutral atmosphere shown in Figure 4 is pro-
duced using the INMS T40 neutral data for N,, CHy, and H,.
The mixing ratios of the minor molecules C,H,, C,Hy,
C2H6, HCN, CH3C2H, C3H6, C3Hg, C4H2, C2N2, HC3N,
C,H;CN, C,HsCN, and C¢Hg are constrained at an altitude
of 1050 km from the global composition analysis of Magee
et al. [2009]. For the minor species H, N(*S), CH, 'CH.,,
3CH,, CH;, and HCNH we use the density profiles from
De La Haye et al. [2008]. Shown in Figure 4 are the densities
of the main species of the neutral background atmosphere.

[23] The work of Cui et al. [2009] also gives averaged
minor neutral mixing ratios from the INMS using a different
method. For a detailed discussion of the two methods and
the differences in the results the reader is referred to Magee
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Figure 4. Shown are the densities of the neutrals used to
calculate the altitude profiles of the ions. The points corre-
spond to the INMS observations taken during the T40 flyby
on the ingress portion of the flyby. The statistical error of
these points is roughly equal to the width of the points. The
density profiles of the minor neutrals correspond to the scale
height of each species considering that their mixing ratio is
fixed at 1050 km using the values of Magee et al. [2009]
and an atmospheric temperature of 141 K.

et al. [2009]. Here we note that the study of Cui et al. [2009]
gives averaged altitude profiles from about 980 km to
1150 km for C,H,/C,Hy (Cui et al. [2009] treated these as a
combined species), C4H,, C,N,, HC3N, C,H3CN, and C¢Hg.
We do not use these altitude profiles directly as these com-
pounds are expected to be under the control of diffusive
processes in this region and will hence follow their diffusive
scale height. The scale height is dependent on the tempera-
ture that has been shown to be highly variable from pass to
pass [Westlake et al., 2011]. Thus the density profile will
correspond to the average flyby temperature that is 12 K
hotter than the T40 flyby. Ideally we would use the INMS
minor neutrals from the same flyby, however this data is not
currently available. We utilize the Magee et al. [2009] values
because they separate the C,H, from the C,H, while Cui
et al. [2009] treat these as a combined species and the
Magee et al. [2009] analysis includes HCN that, as will be
discussed below, is crucial to evaluating the HCNH " density.
Furthermore, Robertson et al. [2009] investigated the effects
of using the Magee et al. [2009] versus the Cui et al. [2009]
mixing ratios and found that the differences are small.

[24] The ion-neutral reaction production and loss is given

by

PV =Y k(1] o) @

L =3 klm], (5)

J

where k; is the ion neutral reaction rate, /; is the reactant ion
density, and #; is the reactant neutral density. The reactions
used come from the model of Vuitton et al. [2007] with the
additional reactions of methylenimine (CH,NH), propionitrile
(C,HsCN), and benzene measured by Edwards et al. [2008]
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and Zabka et al. [2009]. A diagram of the primary chemical
processes is shown in Figure 5.
[25] Loss due to electron recombination is given by

o () ) (©)

LER —
! Te

where «a; and (; are parameters of the reaction rate, 7, is the
electron temperature and n, is the electron density. The
values of «; and ; are from the list compiled by Vuitton et al.
[2007] with updated recombination coefficients for tem-
peratures between 180 K and 600 K for HCNH", CH;CNH",
and CsHsNH' [McLain and Adams, 2009], updated con-
stants for CHs, C,Hs, and C¢Hy [McLain et al., 2004], and
new values for CsH;NH" [Vigren et al., 2009].

5. Empirical Model

[26] One-dimensional photochemical models have been
shown, especially in the case of Titan where the chemistry is
particularly complex, to have a rather large range of poten-
tial solutions depending on the uncertainties in the reaction
rates [Carrasco et al., 2008a], branching ratios [Carrasco
and Pernot, 2007], the neutral densities [Carrasco et al.,
2007], and various other uncertainties in the model. These
uncertainties generally propagate through the calculation in a
non-linear fashion. We maintain that the 1-D photochemical
model is the only way to approach self-consistency in the
modeling, however we find that the propagated errors in the
calculations are prohibitive in exploring the causes of dis-
crepancies. It is possible to isolate the chemical processes by
decoupling the chemistry and relying on an empirical mod-
eling approach based on the INMS data. We produce the
empirical model by setting the left hand side of equation (2)
to zero, implying that the system is in chemical equilib-
rium, and solving for the ion density. This results in the fol-
lowing equation:

_ Y h[PN]
" = alb] + SN v

where n,,, is the density of the ion to be calculated, &, ; are
the reaction rate coefficients with the subscript p denoting
the production and 1 denoting the loss, P" is the density of the
ion involved in the production reaction, « is the electron
recombination rate coefficient, N, is the electron density, and
N,,; are the densities of the neutrals controlling the produc-
tion or loss of the ion species. The ion densities used in the
calculations are obtained from the INMS open source and
CAPS-IBS measurements and used directly to calculate the
densities. The value of #n;,, is then calculated at each INMS
altitude point and compared to the measured INMS densities.
This calculation has been used to determine rate constants for
several reactions in Earth’s ionosphere [see, e.g., Torr et al.,
1980].

[27] The utility of the empirical model is to isolate ions
that are produced several chemical steps after the initial
ionization of N, and CH,. For example C¢Hs is expected to
be produced primarily through a reaction of C4H; and C,H,.
However, the chemistry presented by Vuitton et al. [2007] in
the current photochemical implementation cannot produce
sufficient C4H5 to match the INMS observations. This was
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Figure 5. Shown are the primary ion-molecule reactions which take place in Titan’s ionosphere. Neutral
molecules are shown in orange, while ions are shown in blue. Reactions proceed following the arrows.
From the ionization and dissociation of N, and CH,4 a host of hydrocarbons and nitrogen containing
hydrocarbons are produced. The primary ionospheric ions CHS, HCNH", and C,Hs are shown in black.
Two branches flow from the primary ions with the upper branch corresponding to the chemistry of
Keller et al. [1998] and the lower branch corresponding to that of Vuitton et al. [2007].

noted by Vuitton et al. [2008] and dealt with by increasing
the production rate of C4H; ten fold. Using our empirical
model we can utilize the INMS observed densities for C4H;
to determine if the observed density is sufficient to produce
CgHs:. The ions that are produced using the 1-D photo-
chemical model are subject to the errors of all of the previous
ions in the chemical chain. To isolate the chemistry of a
single ion without the propagated errors we use the empirical
model.

6. Results

[28] In the following sections we compare both the pho-
tochemical model results and the empirical model results
with the INMS ion data taken on the inbound leg of the T40
flyby. We display four versions of the models in the fol-
lowing sections, these different models are identified by the
version of the electron temperature used and whether an
additional HCNH' loss is included; these models are

identified in Table 2. We begin by analyzing the products of
the solar photoionization and follow the chemistry through
the INMS ion spectrum.

[29] To quantify the quality of the fitting to the INMS data
we calculate a mean model-to-INMS ratio in the same way
as Krasnopolsky [2009]. This ratio is calculated as

N
F =exp (%VZ |In(Rmoder /ninms) |)7 (8)

i=1

Table 2. The Major Differences in the Four Different Model Runs
Referred to in the Text

T. HCNH" Loss Process
Model 1 RPWS-LP No
Model 2 Richard et al. [2011] No
Model 3 RPWS-LP Yes
Model 4 Richard et al. [2011] Yes
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Figure 6. Shown are the results from the 1-D photochemical model compared to the INMS ion data.
Model profiles are shown for the four different runs. The points show the INMS data from the mass 14,
15, 16, 17, 28, and 29 bins. The blue vertical bars show the model results of Vuitton et al. [2009a].

where 7,,,40; and nps are the modeled and observed ion
densities and N is the number of data points. F = 1 corre-
sponds to a perfect fit to the data.

6.1. Direct Products of the Photoionization of CH,
and N,

[30] Methane and nitrogen in Titan’s atmosphere are
directly photoionized yielding N5, N*, CHj4, CH3, CH3,
CH', H;, and H'. In the INMS ion data the most accessible
tracers of direct ionization come from masses 14, 15, and 16
which correspond primarily to N*, CHz, and CHy respec-
tively. The densities (points) obtained for mass 14, 15, and
16 are shown with the photochemically modeled profiles
(lines) in Figure 6.

[31] The modeled N* and CHj3 profile is similar in shape
to the mass 14 densities but overestimates the magnitude by
24% on average (F = 1.27). The CH3 and CHj profiles
deviate from the INMS ion density measurements by 13%
(F=1.17) and 1% (F = 1.10), respectively. CH} is largely
produced through photoionization of CHy (73%) while
CHj is primarily produced through the fast reactions

Ny +hv— N +e 9)

(10)

CHj is therefore the best tracer of N3 photoionization
[Cravens et al., 2009]. The production rates for N;, N*,
CH3, and CHy are shown in Figure 7. The photoionization
production rates obtained by this model are very similar to
the rates reported by Lavvas et al. [2011] and Robertson
et al. [2009].

[32] N, CH3, CH3, and CHy are lost primarily through
ion-molecule reactions with methane. In general these

N + CHy — CHy” + N, + H.

profiles correspond well to the INMS data indicating that the
primary ion production from the photoionization of N, and
CH, is well understood and accurately simulated in the
model. At altitudes above about 1300 km ion transport is
expected to become important [Cravens et al., 2006] and
thus this model is not expected to accurately simulate the ion
densities in this region, though for this particular flyby the
1-D photochemical model is reasonably accurate past this
point. The simulated densities are in agreement with the
measurements well above 1300 km indicating that transport
may not be important for these species in this altitude range.
This is expected as the ion-neutral reaction timescale is sig-
nificantly faster than the transport timescale for these ions
[Cravens et al., 2009]. From this we have a firm foundation
that we can build upon for the production of the remainder
of the ions simulated in the model.

[33] It is important to note that since these ions are lost
primarily through ion-molecule reactions they are not
dependent upon the electron recombination parameters such
as the electron temperature and density. Therefore, the
results from the four different versions of the photochemical
model do not differ. The accurate production of these profiles
indicates several pieces of the model are correctly imple-
mented including the methane, acetylene, and ethylene den-
sities that then contribute to the production of the major ions
CHZ, C,HZ, and HCNH™. Also, the attenuation of the solar
flux in the upper atmosphere is accurately represented in this
model.

6.2. The Major Ions CHZ, C,Hz, and HCNH"

[34] These three ions are generally referred to as the major
ions in Titan’s ionosphere primarily due to their high abun-
dances, but also due to their influence on the chemistry of
the other ions. During the T40 flyby at the peak ionospheric
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Figure 7. Shown are the modeled photoionization produc-
tion rates for N3, N*, CH3, and CHj.

altitude near 1150 km these ions make up 65% of the total
ion signal measured by the INMS, with roughly 2% from
mass 17 (mostly CH3), 14% from mass 29 (mostly C,H3),
and 50% from mass 28 (mostly HCNH"). We study these
ions as a group because their densities are tightly intertwined

WESTLAKE ET AL.: TITAN’S ION COMPOSITION AND STRUCTURE

E01003

these three ions are the electron recombination parameters,
minor neutral densities (primarily HCN and to a lesser
extent C,H, and C,Hy), and the ion-molecule reaction
scheme. In the following analysis we attempt to determine
the major processes controlling the production and loss of
these three major ions.

[35] Table 3 shows the primary production and loss pro-
cesses for HCNH". This ion is completely produced through
ion-molecule reactions and is lost through a combination of
ion-molecule and electron recombination reactions. There are
a limited set of potential culprits for the model overestimation
which we identify as (1) errors in the neutral atmospheric
densities, (2) errors in the electron density, (3) errors in the
electron temperature, (4) incorrect electron recombination
coefficients, (5) incorrect reaction rate coefficients, and
(6) missing loss processes. In the following analysis we will
isolate each of these potential issues and determine to what
extent they can contribute to the overestimation of HCNH".

[36] Uncertainties in the neutral atmosphere can contribute
greatly to the uncertainty in the model. Reactions with HCN
are responsible for the majority of the production, hence the
HCN mixing ratio is of great importance. The HCN mixing
ratio of (2.44 + 0.10) x 107* given by Magee et al. [2009]

through the sequence of reactions

C[‘ISJr +C2[‘[4—>C21’]5Jr + CHy, (11)
CH; + HCN — HCNH' + CH;4,

CHY + HCN — HCNH ™" + CyHj. (13)

Hence, any errors in the calculation of the CH3 densities
will influence the calculated density of C,Hs and HCNH"
and vice versa. The primary controls on the densities of

at 1050 km has a statistical error of 4%. Changing the HCN
mixing ratio within this 4% error bar has the effect of
changing the resultant HCNH" density by up to 3.6%, a result
which is far too small to explain the nearly 50% over-
(12) estimation in the model. De La Haye et al. [2008] calculates

diurnal HCN variations significantly greater than the statis-
tical errors quoted by Magee et al. [2009]. For TA conditions
the HCN mixing ratio is expected to range from 3 x 10~ to
7 x 10~* and for the T5 conditions it is expected to range
from 8 x 107* to 3 x 107> allowing for a large range of
acceptable values. However, increasing the HCN mixing
ratio has the effect of increasing the HCNH" density while

Table 3. The Processes Responsible for the Production and Loss of HCNH"

Reaction

Contribution
(Models 3 and 4) (%)

Contribution

Rate Constant (cm > s~ ') (Models 1 and 2) (%)

CH; + HCN — HCNH' + CHx
CH% + HCN — HCNH' + CH,
C,Hy + HCN — HCNH' + C,H,
C,H% + HCN — HCNH' + C,H,
N'+ CH, — HCNH' + H,
N>H" + HCN — HCNH' + N,
HCN' + CHy; — HCNH" + CH;
HNC" + CH, — HCNH' + CH,

HCNH' + C4H, — C,H; + HCN
HCNH" + C¢H, — CeH; + HCN
HCNH' + c¢C¢Hg — C¢Hy + HCN
HCNH' + CgH, — CgHj + HCN
HCNH' + NHy — NH; + HCN
HCNH' + CH,NH — CH,NHj + HCN
HCNH' + C3H3N — C3H3NH' + HCN
HCNH" + HC3N — HCsNH' + HCN
HCNH' + C4,H;N — C4HsNH ™ + HCN
HCNH' + HCsN — HCsNH™ + HCN
HCNH' + CsHsN — CsHsNH™ + HCN
HCNH' + C¢H3N — CeHsNH™ + HCN
HCNH' + Unknown— Unknown
HCNH' + e~ — products

Production Processes

k=32 %107 cm’s™! 1 1
k=3.0 x 107° cm®s™! 14 14
k=23 x 1072 cm®s™! 6 6
k=27 % 107° cm®s! 61 61
k=82 x 107" cm’s™! 2 2
k=32 x 107 cm’s™! 7 7
k=1.1x 10"° cm® ! 3 3
k=1.1x 107° cm®s™! 3 3
Loss Processes
k=18 x 107" cm’s~! 9 3
k=3.0x10"° cm®s ! 3 1
k=1.1x 107° cm®s™! 4 1
k=3.0 x 107 cm’s™! 1 0.3
k=23 x 107 em’s™! 1 0.4
k=27 x 107° cm®s! 7 2
k=45 % 107° cm’®s™! 2 0.5
k=34 x10"° cm® ! 5 2
k=3.0 x 107° cm®s™! 13 4
k=3.0x10"° cm®s! 4 1
k=3.0 x 107° cm®s! 2 0.5
k=3.0 x 107° cm®s! 1 0.5
k = Unknown ¢m3s ™! 0 67
3.5 x 10*73%31-38[;18] 47 15
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Figure 8. The total electron and ion density observed by
the LP, INMS, and CAPS-IBS during the inbound leg of
the T40 flyby. The model profiles represent four model runs
with different total electron densities and electron tempera-
tures. The dashed profiles are produced by the 1-D photo-
chemical model using the LP total electron density while
the solid profiles use the INMS ion density as equal to the
total electron density. The colors correspond to the four dif-
ferent models identified in Table 2.

decreasing the CHS and C,H3 densities and decreasing the
HCN mixing ratio has the inverse effect. Therefore, decreasing
the HCN mixing ratio will improve the HCNH" density
profile at the expense of the CHs and C,H3 density profiles.
We conclude that this cannot be the solution to the HCNH"
overestimation as improvements in the HCNH" density pro-
files come at the cost of the other major ion profiles. Reactions
with methane contribute to 8% of the HCNH" production
and are unlikely to yield significant enough effects to reduce
the overestimation. We therefore conclude that the neutral
atmosphere used in the model is not at the root of the
HCNH' overestimation.

[37] Electron recombination contributes to 47% of the
overall loss of HCNH. Equation (6) shows that the electron
recombination rate is dependent on the electron temperature
and density. In general it is assumed that the electron density
is equal to the ion density throughout this region of the
ionosphere, implying that no significant currents or flows are
present. This has been confirmed by Wahlund et al. [2009]
through a multi-instrument analysis of several Cassini
flybys. In general below 1400 km and above about 1100 km
the total ion density measured by the Cassini INMS is equal
to the total electron density measured by the Cassini Radio
and Wave Plasma Science Langmuir Probe (LP). Above this
region the ions and electrons exhibit significant flows that
will negatively affect the ability of the INMS to observe the
ions [Cravens et al., 2005], while below this region ions
beyond the INMS mass range become important [Wahlund
et al., 2009; Waite et al., 2007]. The total electron and ion
densities observed by the LP, INMS, and CAPS-IBS are
presented in Figure 8. The total ion and electron densities
observed during this flyby are nearly equal over the altitude
range of 1150 to 1500 km. Below this the densities diverge
with the total electron density being up to 27% greater than
the total ion density. We have also plotted the total ion
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density observed by the CAPS-IBS during the flyby. There
is a significant deviation from the CAPS-IBS and the INMS
densities, most of which can be attributed to large ions past
the mass range of the INMS. Also shown are model runs
using different total electron densities. The dashed profiles
correspond to the model runs using the LP total electron
density in equation (6) while the solid profiles are calculated
assuming that the total observed ion density by the INMS is
equal to the total electron density. The use of different total
electron densities has a substantial effect on the modeled
densities.

[38] The other variable in the electron recombination rate
is the electron temperature (7). The LP retrieved electron
temperatures are shown beside the modeled electron tem-
peratures of Richard et al. [2011] for conditions similar to
those observed for T40 in Figure 9. These electron tem-
peratures are similar at altitudes above about 1200 km,
however below 1200 km they differ by about a factor of 3.
As the electron temperature decreases the loss rate will
increase resulting in less HCNH", therefore the temperatures
of Richard et al. [2011] result in less HCNH™ than the LP
derived values especially at the lowest altitudes. The total
photochemically modeled densities are shown in Figure 8
using the LP electron temperatures and using electron tem-
peratures from Richard et al. [2011]. The different electron
temperatures produce a 66% difference between the two
models at 1050 km. This difference is significantly greater
than the difference observed when changing the electron
densities. The electron temperature is highly dependent on
the photoelectron spectrum, incident energy fluxes, and the
magnetic field configuration. Studies of these influences are
beyond the scope of this work, however the electron tem-
peratures are of great importance for modeling the iono-
spheric densities.

[39] Also important when considering the electron recom-
bination process are the laboratory measured rate coeffi-
cients. There have been two laboratory measurements of the
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[
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Figure 9. The electron temperatures used for this model.
The LP values are shown in the black points with the lines
connecting the points while the calculated electron tempera-
tures of Richard et al. [2011] are shown in grey. The modeled
electron temperatures of Richard et al. [2011] are lower than
the LP values below about 1200 km and approach the neutral
temperature at the lowest altitudes.
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Figure 10. The calculated HCNH" densities using various
measured electron recombination rates. Two groups of profiles
are shown, the solid profiles reflect densities obtained using
the RPWS-LP T, while the dashed profiles give the densities
obtained using the Richard et al. [2011] T,. The combination
profiles are obtained using the McLain and Adams [2009]
recombination rate for T, less than 300 K and the Semaniak
et al. [2001] rate for T, greater than 300 K.

electron recombination rate for HCNH'. Semaniak et al.
[2001] gives a value for & of 2.8 x 1077 em® s™' and 0.65
for 8 in equation (6) applicable for electron temperatures
below 1000 K. McLain and Adams [2009] gives an « coef-
ficient of 3.5 x 1077 and a temperature coefficient (3) of
1.38 for electron temperatures between 150 K and 600 K.
This modification produces a greater electron recombination
rate at electron temperatures less than about 400 K, and a
lower rate at greater electron temperatures. For example at
150 K the electron recombination coefficient calculated from
the work of Semamak et al. [2001] yields a rate coefficient of
439 x 10”7 cm® s while the rate from the work of McLain
and Adams [2009] yields a rate of 9.11 x 1077 cm® s !
which is more than a factor of two difference. This means
that for the lowest altitudes, where the electron temperature
declines, the loss rate for HCNH' will be greater than pre-
viously expected. We incorporate the McLain and Adams
[2009] values up to 300 K where they diverge from the
Semaniak et al. [2001] values. The difference between
adopting either of the individual measurements versus making
the transition between the two measurements at 300 K is
substantial as evidenced by Figure 10.

[40] We have now discussed items 1-5 on our list of
possible contributors to the HCNH" overestimation finding
that the electron temperature has the greatest effect so far,
but cannot completely solve the problem. We therefore turn
to missing loss processes in the chemistry. The reactions of
HCNH" with H,, C,H,, C,Ha, CoHg, C4H,, NH;, HC3N,
H,O, CH;NH,, CH,NH, C,HsCN have been studied in the
laboratory [Anicich and McEwan, 1997; Edwards et al.,
2008]. The most likely reaction type found was the proton
exchange channel. However, in one case an association
product was found which is identified at Titan, namely the
reaction of HCNH' with C,H, produced C,HsNCH"
[Wilson et al., 1993]. The studies of the reactions of HCNH"
with the other C2 hydrocarbons were performed at high
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pressures where termolecular processes dominate [Herbst
et al., 1989]. We have no laboratory data about the pro-
pensity of HCNH" to react with H,, C,H,, or C,H, at
pressures and temperatures relevant to Titan’s ionosphere.
We therefore consider each possibility. We neglect other
hydrocarbons and nitrogen containing hydrocarbons as their
densities are too small to be effective reactants. In consid-
ering these reactions we pose an alternate hypothesis to that
of Vuitton et al. [2006], namely that the nitrogen containing
hydrocarbons CH,NH,, C3H,;N", and C3HgN" are not pro-
duced through proton exchange reactions but through the
following ion-molecule reactions:

HCNH* + H, — CH,NH;", (14)

HCNH* + CyH, — HC3NH™ + Hy, (15)

HCNH™ + CyHy — C3H;NH™ + Hs. (16)
These reactions could be stabilized either through radiative
or collisional processes. At the temperatures and pressures of
Titan’s ionosphere it is more likely to find radiative stabili-
zation. Reaction 14 was studied theoretically by Herbst
[1976] who calculated a range of rate coefficients for the
production of a long—lived complex (CH,NH3)*  from
50x 107" em’ s t0 1.5 x 1077 em® s, andarange of
total rate coefﬁ01ents for the product10n of CH,NH; of
9.1 x10 " em*s 1027 x 1072 em® s

[41] Figure 11 shows in grey the resulting profiles when
reactions of HCNH" with H,, CH,, C,H,, and C,H, are
individually inserted with reaction rates of 6 x 10~ '

1500 f ]
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£ 1300F 3
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= F —— No Loss, Richard et al. (2011) T, e 4
g 1200 F ——— Combination Of Loss Processes . E
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Figure 11. Shown are the density profiles for HCNH"

obtained using the empirical model with a theoretical loss pro-
cess. The loss process is an ion-molecule reaction with the
indicated neutral. The rate coefficients used are 6 x 107!},
1 x 107" 2 x 1071° 2 x 107'° for H,, CH,, C,H,, and
C,H, respectively and the resulting density profiles are
shown in grey. We also show the HCNH" profile calculated
with no loss processes and the LP T, (black profile), no loss
processes and the Richard et al. [2011] T, (red profile), and
a combination of H,, C,H,, and C,H, reactions and the LP
electron temperatures or the Richard et al. [2011] electron
temperatures.
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Table 4. The Mixing Ratios at 1050 km Used for the 1-D
Photochemical Model Runs

Species Models 1 and 2 Models 3 and 4 Vuitton et al. [2009a]”
C,H, 342 x 107* 342 %x 1074 9.9 x 107*
C,H, 391 x 107* 391 x 107*

C;H, 920 x 107° 9.20 x 107°

C4H, 555 %x 107¢ 555 x 107¢ 1.1 x 1073
CeHg 248 x 107° 248 x 107°

NH, 3.0 x 1077 5.0 x 1077

HCN 244 x 107* 244 x 107* 1.9 x 107*
CH,NH 1.5 x 107¢ 3.0 x 107°

CH;CN 2.0 x 1077 2.0 x 1077 9.9 x 1077
HCsN 1.48 x 107° 1.48 x 107° 3.4 x 1073
C,H;CN 3.46 x 1077 3.46 x 1077 22x107°

“The values used by Vuitton et al. [2009a] scaled to 1050 km.

1 % 10*“, 2 X 10*10, and 2 x 1071° respectively. As can
be seen in the figure, the profiles are nearly identical. We
also draw attention to the products of these reactions as they
give a second independent measure of the appropriate reac-
tion rate. The ultimate solution is likely to be some combi-
nation of these reactions resulting in lowered reaction rate
coefficients. These reactions are not likely to be proton
exchange reactions as HCN has a greater proton affinity than
any of the proposed neutrals. Associative reaction channels
would lead to the production of specific ions that we can test
against the INMS data. If we consider that an association
reaction occurs with H,, C,H,, and C,H; producing
CH,NH;, HC;NH™, and C3H;NH' we obtain the maximum
rate constants of 2 x 107", 5 x 107!, and 6 x 10713
respectively. We obtain these maximum reaction rate coeffi-
cients by comparing the densities obtained from the empirical
model using a range of rate coefficients and determining
which rate coefficient best fits the measured CH,NH;,
HC;NH", and C;H;NH" densities. We note that these rate
constants could be larger if other loss processes are found for
the product ions. Using these three loss processes we obtain
the combination loss profile shown in blue in Figure 11.
These three processes taken together can account for a sub-
stantial loss of the HCNH" ion and result in sufficient pro-
duction of CH,NHy, HC;NH", and C;H;NH™ to match the
INMS data.

[42] Loss processes other than first order ion-molecule
reactions are also possible. For example, it is likely that
substantial densities of large hydrocarbon and nitrogen-
containing hydrocarbon molecules exist below 1200 km.
These molecules are likely to be unsaturated in nature and
will definitely have large proton affinities [Crary et al.,
2009]. The assumed density of these molecules and their
deviation with altitude is discussed in the companion paper
(J. H. Westlake et al., Titan’s ionospheric composition and
structure: Large ion composition and growth, submitted to
Journal of Geophysical Research, 2011). Here we note that
significant amounts of large molecules are available for
proton exchange reactions with these major ions and may
produce the low altitude decrease in density needed to
account for the excess density. However, due to the small
expected scale height of the high mass neutrals it is not
possible for this process to account for the missing high
altitude loss process.

[43] Negative ions such as those observed by the
CAPS-ELS [Coates et al., 2007] could act as a sink of
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the positive ions observed here. The rate coefficients are
expected to be between 107 to 1077 em® s™!. However, the
density of these ions, which is at most 20% of the electron
density [Coates et al., 2007], does not compare with the
neutral densities used to calculate the ion-molecule reaction
losses. For example, a loss process in which an ion reacts
with methane at a rate coefficient of 10~'° cm® s~ would
have a loss rate of roughly 0.1 s™' assuming a methane
density of 10° cm™>. On the other hand the loss rate for a
negative ion of density 200 cm  reacting with a positive ion
at a rate of 1077 cm® s~' would result in a loss rate of
2 x 10~* s~ This loss rate is far too small to be of impor-
tance for any ion and is thus neglected. We do note however
that the negative ions may be contributing to loss processes
other than the positive ion-negative ion recombination.

[44] Modeling the major ions with appropriate densities
allows for the accurate determination of the larger hydro-
carbons and the further investigation of potential reaction
pathways in the nitrogen-containing hydrocarbons. We now
split the pathways into those consisting solely of hydro-
carbons and those that contain nitrogen. While it is likely true
that there is significant crossover between the two pathways
through reactions of hydrocarbons with N, CN, and HCN,
this division provides a logical split that makes the chemical
processes simpler to understand.

6.3. The Major Hydrocarbon Pathways

[45] The mixing ratios shown in Table 4 were used for the
four models we have presented. The mixing ratios that are
constant for all three models are those determined by the
INMS neutral data from the study of Magee et al. [2009].
The others are varied such that the modeled density profile
produces the best fit to the data.

[46] Figure 12 displays the results of Model 1 (dashed
profiles) and Model 2 (solid profiles) for the minor hydro-
carbons C,Hj, C,Hi, C;H3, C;Hi, C,H;, C,H:, CsHE,
CsH7, CgHS, and C¢Hy. The dashed profiles in the figure
show the calculations made with the LP electron tempera-
tures, while the solid profiles use the Richard et al. [2011]
electron temperatures. In general, the profiles are in good
correspondence with the data indicating that the major
chemical processes are in place in the model. The LP electron
temperatures generally overestimate the ion densities below
1100 km, while the electron temperatures of Richard et al.
[2011] tend to improve the correspondence. The calculated
profiles for Models 3 and 4 are identical for most of these
minor hydrocarbons as there are few major reactions tying
HCNH" to these ions. The exception is CH7 which will be
affected by the proton exchange reaction of HCNH" with
C(,Hé.

[47] We consider the methane density to be a fixed con-
straint on the calculations because the densities come directly
from INMS measurements with small uncertainties. Acetylene
and ethylene on the other hand are only constrained at
1050 km by the analysis of Magee et al. [2009] in which
the quoted uncertainties correspond to the uncertainty in the
measurement and do not reflect any variation in the atmo-
sphere. There has not been a global study of how the minor
components vary in Titan’s atmosphere, however the study
of Cui et al. [2009] found some dependence of the acetylene
and ethylene mixing ratios on latitude in the northern hemi-
sphere. Any deviation in the neutral density profiles from the
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Table 5. The Processes Controlling the Production and Loss of the Minor Hydrocarbon Ions (%)

CH; 1-C3H3 c-C3H3 C;Hs C,H; C,Hs CsHs CsHy CeHs CeHy

Production Processes
Primary Ion Reaction 49 100 27 13 1 1 0 0 0 1
Major Ion Reaction 35 0 22 34 67 80 0 0 0 77
Other Ion Reaction 16 0 51 53 32 19 100 100 100 22
Loss Processes

Ion-Molecule Reaction 96 97 0 49 59 43 25 2 73 1
Electron Recombination 4 3 100 51 41 57 75 98 27 99

background neutral model will significantly influence the
derived ion profiles.

[48] Table 5 shows the processes controlling the produc-
tion and loss of the minor hydrocarbons. The production of
these ions comes entirely from ion-molecule reactions. For
the smaller ions such as C,H3 a majority of the production
comes from the reactions with the primary ions CH3, CHj,
N*, N3, and N,H". For these smaller ions their direct tie to
the primary ions results in better photochemical model
results. The higher mass ions are dependent more on the
major ions and their products (represented by the other ion
reaction row). The propagated error in the densities of the
major ions and their products negatively influences the
model results. For many of these ions their primary losses
come from ion-molecule reactions. The ions c-C5H3, C,HS,
CsH3, CsHy, and C¢H7 are primarily lost through electron
recombination and are therefore more influenced by the
various electron temperatures used. These ions are also pri-
marily produced through reactions with the major ions and
their products resulting in enhanced propagated errors.

[49] Figure 13 shows the calculated density profiles from
the empirical model that decouples the chemistry, effectively
removing the propagated errors of the 1-D photochemical
model. It is clear that the ions which are highly dependent on
electron recombination have larger differences between the
models presented, however, because the propagated errors
are removed the densities of the ions which are controlled by
ion-molecule reaction processes all match the measured
densities better than the 1-D photochemical model results.
This indicates that the chemical processes which produce
these minor hydrocarbon ions are in place and that the issues
with the 1-D photochemical model result primarily from
propagated errors.

[50] We find from this study that the densities of the minor
hydrocarbon ions C;H3, C3Hy, C3Hs, C4H3, C4Hs, CsHs,
CsH7, C¢Hs, and C¢H5 are reproduced by the chemistry and
composition represented in this model. The processes pro-
ducing and consuming hydrocarbons larger than the C6
group are discussed in the companion paper (Westlake et al.,
submitted manuscript, 2011). The implications of this are
that the chemistry compiled by Anicich and McEwan [1997]
and McEwan and Anicich [2007] have captured the major
hydrocarbon production and loss processes. In using the data
from Magee et al. [2009] to constrain the ion model we
obtain a model that is consistent with the observed neutral
spectrum.

[s1] For the ions C3;H:, CsHS, and CsH5 no measured
electron recombination rates exist in the literature. We note
that, in general, these ions are overestimated at the high
altitudes where recombination is likely to play a role and

note that our estimated rate coefficients of 1.5 x 10~ for o
and 0.7 for the high temperature 3 and 1.4 for the low
temperature 3 may not be the best choice for these ions.
Furthermore, the C5 hydrocarbons in particular are chemical
end-members with very few ion-molecule loss processes and
are therefore more susceptible to electron recombination
than the other hydrocarbons that are active participants in the
ion-molecule growth processes.

[52] Vuitton et al. [2008] noted that the ion densities
below about 1100 km altitude deviated significantly from
the model predictions. At the lowest altitudes the large ions
decline in density while the model predictions show a steady
increase down to nearly 800 km. These authors attribute
this to observational effects manifest in a mistuning of the
instrument, as a result of strong atmospheric winds. Figure 14
shows an example of the decline in density versus altitude
observed for the T40 flyby (this is similar to the T17 flyby
reported by Vuitton et al. [2008]). The region shown in grey
is highlighted as the location in which a transmission mea-
surement is taken that can indicate if strong winds have
affected the transmission and thereby the derived density.
The inset of this figure shows the transmission measurement
in which the in-flight selected voltage value for this flyby is
slightly off of the center of the curve. The densities shown in
Figure 14 are corrected for the decrease in transmission.
Furthermore, there is no indication of strong winds. Also
plotted is the CAPS-IBS measurement of the total C6 group
density (for a description of the procedure see the companion
paper (Westlake et al., submitted manuscript, 2011)). Both
instruments observe a decline in densities versus altitude, an
effect that we find to be physical. This is further supported by
the decline in raw fluxes observed by the CAPS-IBS which
has a much greater acceptance angle and therefore doesn’t
suffer from this transmission issues associated with winds or
changes in spacecraft charge.

[53] We also mention the issue discussed by Vuitton et al.
[2008] in the mass 50 bin. Even with the inclusion of pho-
toionization of C4H, Vuitton et al. [2008] found that mass 50
was significantly underestimated in the model. In response
to this underestimation Vuitton et al. [2008] increased the
production rate of C4Hy by a factor of 10. This increased
production rate resulted in overestimates at the lowest alti-
tudes of the C4, C5, and C6 hydrocarbons. The overestimate
was attributed not to a deficiency in the model but to
instrumental issues. We find that the empirical model shows
good correlation with the INMS ion data of the other C4, C5,
and C6 hydrocarbons without this increased production
process. This indicates that the missing mass 50 density is
likely missing C,H3 produced through some unknown pro-
cess. Possibilities include the production of C4H; through
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Figure 13. The empirical results calculated from equation (7) for the major hydrocarbon ions from the C2 to the C6 group.
The solid lines show the densities calculated using the Richard et al. [2011] electron temperatures and the dashed profiles

show the profiles calculated with the LP electron temperatures.
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attributed to C¢H and in blue is the mass 77 data which is attributed to C¢Hz.

ion-molecule reactions or C3N" which also is not explained
in the current chemistry. CsN is expected to be rapidly
produced through the photodissociation of HC3N and could
be photoionized by photons with wavelengths shorter than
about 100 nm that are available in Titan’s upper atmosphere.
However, it would not be expected that this process would
be more efficient than the photoionization of C4H,. There-
fore, the mass 50 channel remains a mystery.

[s4] The derived profiles also point out one of the major
issues in producing photochemical models of Titan’s iono-
sphere, namely that one cannot isolate and investigate the
chemistry of one ion without, by necessity, including the
chemistry of all of the ions that came before it. Therefore
errors made in the first and second ions produced after the
primary photoionization will propagate through the model
and influence the ions produced later. This becomes espe-
cially problematic in the calculation of high mass ions, as
small errors in the major ion profiles produce large errors in
the minor ion profiles. In the accompanying paper we move
past this issue by decoupling the chemistry and simply cal-
culating the implied ion density through the production and
loss rates. We do, however, note that the coupled chemical
model is the only way to approach a self-consistent model of
the ionosphere.

6.4. Nitrogen-Containing Hydrocarbons

[s5s] Nitrogen-containing hydrocarbons have been sug-
gested to exist within the INMS spectrum and are evident in
the even numbered mass bins [Vuitton et al., 2007]. The ions
that have been suggested to occupy a large portion of the
spectrum for the most part have not been investigated in the
laboratory. Because of this the reactions producing these
ions are largely unknown.

[56] Vuitton et al. [2007] used proton exchange reactions
with a host of suggested nitrogen-containing hydrocarbons
to replicate a single mass spectrum at 1050 km during the T5
flyby. We intend to use the additional information provided
by the altitude structure of the ions to test this hypothesis and
identify potential pathways for ionic growth of the nitrogen-
containing hydrocarbons.

[57] The lowest mass nitrogen-containing ion observed
with significant densities is NH; which is primarily pro-
duced through various proton exchange reactions with neutral
ammonia (NH3). Yelle et al. [2010] studied the chemical
connection between ammonia and CH,NH in Titan’s atmo-
sphere. Through coupled ion and neutral chemistry it was
found that these neutrals are closely linked. From this study
densities of NH; and CH,NH were found at 1050 km to be
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Figure 16. The correlation between the observed densities in mass 28 (HCNH") and mass 30 (CH,NH3),
mass 52 (HC;NH"), and mass 54 (C,H;CNH"). The colors indicate the altitude of the measurement.

about 5 x 10° cm™ and 7 x 10* em ™, respectively, corre-
sponding to a mixing ratio of about 5 x 10~" and 7 x 10~°
respectively. Interestingly, the calculated altitude profiles of
NH; and CH,NH3 in that work matched at the lowest alti-
tudes but deviated at higher altitudes indicating either a
missing ion production process or some issue with the elec-
tron recombination at higher altitudes. In this work we find
the best fits to the mass 18 and 30 bins are obtained with
mixing ratios ranging from 3 x 10" to 5 x 10~ for NH; and
3 % 107 °to 7 x 10~° for CH,NH at 1050 km resulting in the
profiles shown in Figure 15. We give a range of values
because different values are used in Models 1 and 2 versus
Models 3 and 4, with the models including the additional loss
of HCNH requiring larger mixing ratios. We were unable to
locate a mass spectrum for CH,NH in the literature and are
therefore unable to definitively determine if the given mixing
ratios are consistent with the neutral spectrum. However, we
can give an upper limit as to what could be accommodated
by the INMS neutral spectrum. Assuming that at a maxi-
mum 100% of the CH,NH would be ionized and appear at
mass 30 in the ion spectrum, we find that a mixing ratio of
1 x 107> can be accommodated, which is consistent with
the calculated profiles of Yelle et al. [2010] and the mixing
ratios presented here.

[58] We also note here that Smith and Adams [1977]
suggested that an associative reaction between HCNH" and
H, may be possible that produces CH,NH3. This reaction
could possibly be the high altitude sink of HCNH" required
for the higher electron temperature models. Furthermore,
this reaction may be the high altitude production process
missing from the calculations of Yelle et al. [2010]. This
reaction has not been investigated in the laboratory at
pressures relevant to Titan’s ionosphere and we therefore
cannot make any conclusions about whether this process
actually takes place in Titan’s ionosphere. Shown as an
alternate profile in Figure 15 is the density of CH,NH; cal-
culated using the electron temperatures of Richard et al.
[2011] when this assumed reaction takes place with a rate
coefficient of 5 x 10~'? cm® s™'. Furthermore, the correla-
tion coefficient between the densities observed in mass
28 versus mass 30 is 0.92 indicating that these ions are
highly linked. This correlation is shown in Figure 16 (left).
It is not possible to differentiate the suggested reaction with
H, and a proton exchange reaction with CH,NH in the

correlation analysis as they will likely show very similar
patterns, however it is clear that these two ions are related
through the ionospheric chemistry.

[59] In the grouping from mass 36 to 45 we find that the
most prevalent nitrogen-containing ions are HC,NH' and
CH;CNH". These ions are well represented by the chemistry
of Vuitton et al. [2007] and are plotted in Figure 15. Magee
et al. [2009] does not give a mixing ratio for CH;CN which
is required to produce CH;CNH'. The mixing ratio of
CH;CN required to produce the profiles shown in Figure 15
range from 2 x 1077 to 2 x 107° A reanalysis of the
globally averaged spectrum of Magee et al. [2009] shows
that a mixing ratio of 2.17 x 107" can be accommodated,
which is within the range of values indicated by the model.

[60] The next group consists primarily of HC;NH" and
C,H;CNH" at masses 52 and 54, respectively. HC;NH" is
primarily thought to be produced through proton exchange
with HC;N. Given the INMS neutral observation of the
globally averaged HC;N mixing ratio at 1050 km of
(1.48 £ 0.09) x 10™° [Magee et al., 2009] we find that this
process is insufficient to produce all of the observed ion
density at mass 52 as can be seen in Figure 15. Vuitton et al.
[2007] produced higher HC;NH™ densities using a mixing
ratio of HC;N at 1100 km of 4.0 x 10> which is substan-
tially greater than that measured by the INMS and cannot be
accommodated in the neutral spectrum. Given the current
knowledge of the reactions producing HC;NH', we cannot
show that any reactions are missing in the model of Vuitton
et al. [2007]. We also do not expect C4H; or C,N5 to show
significantly greater densities in this mass bin. It is therefore
likely that reactions producing HC;NH" are missing, further
supporting the assertion made earlier that a production
reaction through HCNH" is needed to accurately replicate
the HC;NH" density.

[61] The density of CsH;3N is also constrained by the
INMS neutral spectrum. Using the Magee et al. [2009] value
of (3.46 + 0.51) x 10~ we obtain the profile for the pro-
tonated C,H3;CNH" ion shown in Figure 15. Similar to the
HC;NH' profile, we note that Vuitton et al. [2007] utilized
much greater mixing ratios, in this case 1 x 107>, to produce
the protonated ion. This suggests that reactions that produce
this ion are missing. Furthermore, the missing production
process must be very efficient or be produced through a
major ion as the density underestimation is roughly 70 to
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90 cm . It may be possible that the missing loss reactions
for the HCNH" ion occur through acetylene or ethylene
producing the HC;NH" and C,H;CNH" ions. Processes in
the termolecular pressure regime between HCNH'™ and
acetylene and ethylene have been identified that produce
C3HN" and C3HN" [Milligan et al., 2001]. We note that
studies have also shown that these are not the protonated
versions of the ions but are more likely to be four membered
cyclic-like structures. This is because there exists a signifi-
cant barrier between the initial reaction and the production of
the protonated version of the ions [Milligan et al., 2001].

[62] Shown as alternative profiles in Figure 15 are profiles
calculated when a reaction between HCNH' and a C2
hydrocarbon produces HC;NH" or C,H;CNH" with a rate
coefficient of 5 x 10! cm® s™'. We find that it is possible
to reproduce the altitude profiles of these ions using this
process. Shown in Figure 16 are the correlations between
mass 28 and masses 52 and 54 as observed by the INMS.
The correlation coefficients are 0.66 and 0.70, respectively,
for mass 52 and mass 54. The correlation coefficient is
reduced as the curve in the profile effects the calculation of
the Pearson correlation coefficient. These ions are clearly
related although their linear correlation is relatively low.
This does not absolutely determine whether this reaction
takes place in Titan’s ionosphere, but it does suggest that
these ions are related through the ionospheric chemistry.

[63] The nitrogen-containing hydrocarbons past the fourth
mass grouping are for the most part unknown. Vuitton et al.
[2007] suggested several ions exist with a single nitrogen in
the spectrum. We note, however, that all of these ions are
produced through the proton exchange of a major ion with a
neutral that we do not currently know how to produce photo-
chemically. We maintain this chemistry in the model as it
does produce good fits to the altitude profiles, however we
cannot definitively discuss the chemistry of these ions with-
out further measurements of the reactions of these ions.
Furthermore, it is likely that some of these ions have two or
more nitrogens incorporated as has been indicated by the
laboratory simulations of Titan’s tholins [see, e.g., Carrasco
et al., 2009].

7. Conclusions

[64] We have introduced two new techniques for analyzing
Titan’s ionospheric data from the INMS. We have calculated
the mass-to-mass correlation within the INMS ion spectrum.
This correlation displays links between ion species and
groups. These links hold the clues to any missing chemical
processes and could be useful to motivate specific laboratory
studies. We have also presented the empirical model that uses
the INMS data as the basis for calculating specific ion den-
sities. This tool is useful for probing single reactions and for
determining which processes are most important. We utilized
this tool to determine the processes responsible for the pro-
duction and loss of HCNH" as well as to probe potential loss
processes.

[65] Instudying Titan’s ionosphere using the data retrieved
from the INMS instrument and a 1-D photochemical model,
several observations were apparent. We find that the densi-
ties of the primary ions produced from the ionization of CHy4
and N, are well described by a 1-D photochemical model.
The primary production processes and the ion-molecule

WESTLAKE ET AL.: TITAN’S ION COMPOSITION AND STRUCTURE

E01003

chemistry mainly control these ions. We find that past these
initial ions several processes, many that are uncertain, are
responsible for the observed ion densities.

[66] In this work we focused on how the electron tem-
peratures influenced the density profiles of the major ions
CH:, C,H3, and HCNH'. We found that electron tempera-
tures that converge to the neutral temperature at the lowest
altitudes better represent these ions. Further improvements
of these profiles could be achieved through investigating the
chemistry of HCNH" and further investigation of the elec-
tron temperature profiles. We found that the HCNH" density
could be reproduced by introducing first order ion-molecule
reactions with H,, C,H,, and C,H,4. We also found that these
processes may be responsible for the production of the ions
CH,NH;, C;H,N", and C3HgN™.

[67] The major hydrocarbon densities are reproduced by
the chemistry of Anicich and McEwan [1997] with the
additions of McEwan and Anicich [2007] and Vuitton et al.
[2007]. These ions are produced primarily through ion-
molecule addition reactions with the abundant minor
hydrocarbons acetylene and ethylene. Further investigations
of the recombination rates of the C5 hydrocarbons are
needed to improve the calculated spectra.

[68] The nitrogen-containing hydrocarbons are much more
uncertain than their pure hydrocarbon counterparts. We find
that the proton exchange theory presented by Vuitton et al.
[2007] can reproduce spectra at single altitudes given a suf-
ficient density of the minor neutral. However, these densities
should be observed in the neutral spectrum and in some cases
have been calculated by Magee et al. [2009]. The INMS
observations constrain the amount of these neutrals to be
expected. In using these constraints we find that several ions
are not well represented by the model. It is likely that the
underestimation of these densities results from a lack of
sufficient knowledge of the chemistry of these ions. We find
that there is a high correlation between HCNH" and these
ions indicating that some of the missing chemistry may be
related to association reactions between HCN or HCNH™ and
various other species.
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