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Abstract The lon and Neutral Mass Spectrometer (INMS) and Cassini Plasma Spectrometer (CAPS) have
observed Titan’s ionospheric composition and structure over several targeted flybys. In this work we study
the altitude profiles of the heavy ion population observed by the Cassini Plasma Spectrometer-lon Beam
Spectrometer (CAPS-IBS) during the nightside T57 flyby. We produce altitude profiles of heavy ions from the
C6-C13 group (C; indicates the number, i, of heavy atoms in the molecule) using a CAPS-IBS/INMS cross
calibration. These altitude profiles reveal structure that indicates a region of initial formation and growth

at altitudes below 1200 km followed by a stagnation and dropoff at the lowest altitudes (1050 km). We
suggest that an ion-molecule reaction pathway could be responsible for the production of the heavy ions,
namely reactions that utilize abundant building blocks such as C;H, and C;H,4, which have been shown to be
energetically favorable and that have already been identified as ion growth patterns for the lighter ions
detected by the INMS. We contrast this growth scenario with alternative growth scenarios determining the
implications for the densities of the source heavy neutrals in each scenario. We show that the high-mass ion
density profiles are consistent with ion-molecule reactions as the primary mechanism for large ion growth.

We derive a production rate for benzene from electron recombination of C¢H,™ of 2.4 x 107 gecm 25"

and a total production rate for large molecules of 7.1 x 107" gecm 257",

1. Introduction

Titan’s reducing upper atmosphere derives its free energy for its complex chemistry from the ionization
and dissociation of the primary molecules N, and CH,, which initiate the reaction processes leading to

the formation of large hydrocarbons and nitrogen bearing molecules. Besides N, and CHy, Titan's upper
atmosphere consists of molecular hydrogen (H,), acetylene (C;H,), ethylene (C;H,4), hydrogen cyanide (HCN),
ethane (C;Hg), and a multitude of other molecules [Magee et al., 2009]. These molecules combine chemically
through neutral and ion processes to form large hydrocarbons such as benzene (CgHe) and toluene (C;Hg)
[Waite et al., 20071].

Titan's upper atmosphere and ionosphere have been sampled by the instruments on board the Cassini
spacecraft. The composition of the ions and neutrals has been determined for the most abundant species
[Waite et al., 2005, 2007; Cravens et al., 2006; Vuitton et al., 2007; Magee et al., 2009; Cui et al., 2009a]. The lon
and Neutral Mass Spectrometer (INMS) has observed the atmospheric composition down to about 950 km in
altitude. Positive ion signals were clearly observed throughout the INMS mass range of 0-8 and 12-99 amu.
The Cassini Plasma Spectrometer’s lon Beam Spectrometer (CAPS-IBS) was used as a low-mass resolution
ion mass spectrometer to observe ions with masses up to about 350 amu. [Waite et al., 2007; Crary et al.,
2009]. Complementary to this observation is that of the Electron Spectrometer (CAPS-ELS) that found
negative ions of mass up to about 10,000 amu. [Coates et al., 2007]. The chemistry and role of the large ions,
both positive and negative, in Titan's upper atmosphere is largely unknown but has been postulated to be
tightly coupled and interconnected [Waite et al., 2007; Lavvas et al., 2013].

The hydrocarbon chemistry at Titan has been shown to lead to the production of benzene (CgHg) [Wilson
et al.,, 2003; Waite et al., 2007; De La Haye et al., 2008]. There have been several attempts by the modeling
community to reproduce the INMS-observed benzene abundances including those based solely on radical
neutral and termolecular processes [Lebonnois, 2005], some ion-molecule reactions coupled with neutral
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processes [Wilson et al., 2003], and using intricately coupled ion-molecule chemical schemes [De La Haye
et al., 2008]. The globally averaged molar fraction of benzene directly measured by the INMS was found to
be (2.48+0.11) x 107 at 1050 km altitude [Magee et al,, 2009]. The study of Vuitton et al. [2008] argues
that most of the observed benzene is a product of reactions between phenyl radicals (C¢Hs) and hydrogen
within the INMS instrument’s antechamber yielding an ambient benzene abundance one third that of the
total observed peak level and implying that significant amounts of the phenyl radical are present in

Titan's upper atmosphere. Regardless of interpretation, the Cassini INMS data show that the mixing ratio of
benzene or benzene and phenyl is a few times 107° and indicating that the chemistry is efficient in
producing not only unsaturated hydrocarbons but also aromatic hydrocarbons.

Crary et al. [2009] studied the CAPS-IBS spectra using a cross calibration with the INMS spectra for the
T16-T40 flybys. This study fits the spectra using the spacecraft potential, ion temperature, along-track wind,
and relative calibration coefficients as free parameters to produce a mass scale for the CAPS-IBS spectrum
and thereby determine the densities of the ions observed. The high-mass ion abundances were found to
increase exponentially with altitude down to the lowest observed Cassini altitudes. The chemical production
mechanisms studied by Wilson et al. [2003] were compared to the observed peak locations, and it was
proposed that the most probable compounds larger than benzene were aromatic in character. This analysis
further supports the supposition that aromatic chemistry is efficient in Titan’s ionosphere and that it is
likely to produce compounds more complex than benzene. The chemistry leading to molecular growth at
masses greater than benzene is largely unknown especially at the pressures and temperatures of the Titan
ionospheric environment.

In this work we study in depth the altitude profiles of the large ions during the nightside T57 flyby. The T57
flyby was special because it had the CAPS actuator fixed throughout the flyby allowing for the continuous
observation of the large ions. We utilize the cross calibration with the INMS instrument to produce altitude
profiles of the large ion groups from the C6-C13 group where the C; notation indicates the number, i, of heavy
atoms (carbon or nitrogen) included in the molecule. We analyze these altitude profiles to determine the
process responsible for the production of these large ions and further assess their fate in the atmosphere.

2. CAPS-IBS Data Reduction Method

The CAPS-IBS instrument is fundamentally a curved-electrode electrostatic analyzer with three long and narrow
(150° by 1.4°) entrance apertures each tilted 30° relative to the others [Young et al., 2004]. These three apertures
or “fans” are arranged such that high-angular resolution 3-D velocity space measurements can be obtained.
Positively charged ions enter these apertures and acquire trajectories, which are chords of conic sections
defined by the central electric force field established between the inner spherical electrode and set at a
negative potential with respect to the outer grounded spherical electrode. lons within the allowed energy range
follow the complete 178° bend and are then detected by one of the channel-electron multiplier detectors
placed at the exit of the analyzer. lons with energies or incident angles outside of the acceptable range are
lost on impact with one of the electrodes. The energy resolution of the CAPS-IBS is 0.014 (AE/E), and the
instrument sweeps over 255 adjacent energies ranging from 3 to 207 eV every 2 s [Young et al., 2004]. The
CAPS-IBS is on a rotationally actuated platform allowing for the sensor to scan through the phase space of the
plasma. During the flybys T16-T51 the rotational actuator scanned at a cadence of 52s. During the T55-T59
flybys the actuator was fixed in the ram direction, allowing for measurements at a 2 s cadence.

Theoretically, the peak flux from a given species, a, occurs at an energy

Mw?
E,=

+8 kT, (M

where m,, is the mass of species a, w is the flow speed, in this case it is primarily the spacecraft velocity of
roughly 6 km/s, and T is the ion temperature. When the flow speed is much larger than the thermal velocity
(hypersonic flow), the energy in which a peak appears provides a measure of the mass of the ion. The energy
spectra from the CAPS-IBS can then be used to produce mass spectra with a theoretical resolution of

M " otm, - 28). 2
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where wsc is the spacecraft velocity, Wying
is the along-track wind velocity, and ®sc
is the spacecraft potential. The cross-
calibration process consists of two steps:
the first is to produce an accurate m/z by
correcting for the spacecraft potential and
along-track wind velocity. In step two we
calibrate the intensity of the CAPS-IBS
data by fitting to the INMS data.
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Figure 1. The CAPS-IBS and INMS mass spectra obtained at 955 km
altitude during the T57 nightside flyby at 955 km. The CAPS-IBS densi-
ties have been calculated using the INMS/CAPS-IBS cross calibration
described in the text.

This study analyzes INMS and CAPS-IBS data from the T57 flyby (22 June 2009); we show one example of the
CAPS-IBS data from this flyby in Figure 1. The peaks observed in the masses below 100 amu have been
characterized by the Cassini INMS instrument [e.g., Waite et al., 2007]. Above 100 amu statistically significant
peaks are observed up to the C13 group, and ions are clearly present past 300 amu, though no further
peaks are evident. Crary et al. [2009] studied the peak locations of these high-mass ions and indicated that
they were most likely aromatic in character due to their primary peak location.

Crary et al. [2009] analyzed the T16-T40 flybys using a procedure in which spectral data from the CAPS-IBS
and INMS instruments are fit to a physical model of their respective response functions. The physical
models utilize the ion temperature, spacecraft potential, and along-track winds as free parameters. This work
utilizes the same physical instrument model as Crary et al. [2009]. Converting the counts from each sensor to
fluxes directly compares the INMS ion spectra and CAPS-IBS spectra. The INMS ion densities from Mandt et al.
[2012] are inserted into the CAPS-IBS instrument response function to produce a simulated CAPS-IBS
degraded resolution spectrum of the INMS data. The INMS and CAPS-IBS fluxes are compared directly, and a
%° goodness of fit statistic is determined. An initial fit is produced by minimizing the x> through a downhill
simplex method using the spacecraft potential and amplitude correction as free parameters with a fixed
initial temperature. This initial fit is then used as a starting point for subsequent fits. The procedure was tested
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Figure 2. Shown are three panels which detail the results from the CAPS-IBS/INMS cross calibration for the T57 flyby with the inbound portion of the flyby in red
and the outbound in blue. (left) The spacecraft potential, (middle) the along-track ion wind velocity, and (right) the ion temperature. The solid lines in the ion
temperature panel are the INMS-derived neutral temperatures, which have errors of roughly 10 K in this region dependent on the upper boundary condition selected
[Snowden et al., 2013]. There are two profiles per figure representing the inbound and outbound portions of the Cassini flyby.
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using several initial temperatures to determine if the fits were in any way affected by the initial choice.

No evidence of influence of the initial temperature on the final fit parameters was found. To refine the
spacecraft potential fit and obtain the along-track wind velocity, each peak grouping is fit independently. A
peak group is selected by first locating the peaks and troughs in the data bounded by the INMS mass or
energy range. This is accomplished by locating the zero crossings of the smoothed first derivative of the INMS
flux spectrum. The peaks are then iteratively fit using the simplex method with the spacecraft potential,
amplitude correction, and temperature as free parameters. The spacecraft potential obtained for this
collection of mass peaks is mass dependent due to ion velocities along the direction of the motion of the
spacecraft, also called along-track winds. The following linear model is used to determine the spacecraft
potential and along-track wind

MWsc Wi
Dy = Osc + ¥7 (4)

where ®g; is the fit spacecraft potential, wsc is the spacecraft velocity, and wying is the along-track ambient
ion velocity. The ion temperature for the spectra is determined by averaging the individual peak temperatures
with the variance in the measurements being the standard deviation.

The mass grouping for the first carbon group is not energetic enough to be included in its entirety in the
CAPS-IBS spectrum (the energy cutoff for CAPS-IBS is 3 eV, CH, " is expected at 2.45 eV for a spacecraft velocity
of 5.97 km/s and a spacecraft potential of —0.5 eV). Figure 2 shows the spacecraft potential, ion temperature,
and along-track wind velocities of the T57 flyby used to produce the spectra and density profiles. We
interpolate the values between the CAPS-IBS/INMS calibration points to determine the intermediate
CAPS-IBS density values. We plot the INMS-derived neutral temperatures for the T57 flyby from Snowden et al.
[2013]. Since the ions are chemical products of the neutrals, it is expected that the ions and neutrals

would have similar temperature profiles. Differences in the ion and neutral temperatures would indicate a
decoupling of these populations, which is not expected in a collisional regime. The observed correlation
increases our confidence in the derived values.

The resultant densities for mass groups between the C1 and C13 are shown in Figure 3. We also show the
total electron density as observed by the Radio and Plasma Wave Science-Langmuir Probe (RPWS-LP)
[Edberg et al., 2010] and the total ion densities for the INMS and CAPS-IBS observations. The densities
observed in the CAPS-IBS and INMS have a mass-dependent sensitivity that was corrected for in these
spectra. Crary et al. [2009] corrected this mass-dependent sensitivity using a linear correction factor applied
to the CAPS-IBS data on a spectrum-by-spectrum basis. We find that a superior fit is obtained using a
power law fit given by ngroup =24.0 Ngroup ~1° where Ngroup 1S the ion density of the group and Ngoup is the
integer group number. This power law fit gives an R* value of 0.99 indicating a good fit, which can also be
seen by the excellent correspondence between the INMS and CAPS-IBS altitude profiles. We posit that the
mass-dependent sensitivity is tied to either an instrumental sensitivity in which higher-mass ions are not
detected with the same efficiency as lower mass ions, or possibly detector cross talk. Both effects are the
focus of currently ongoing studies within the CAPS team. Since we do not have INMS data past the C7 group,
we extrapolate the power spectrum fit for ion densities into the higher-mass range of the CAPS-IBS.

3. CAPS-IBS Data During the T57 Flyby

For the T57 flyby it is possible to obtain detailed ionospheric density structure information due to the
continuous sampling during the flyby. Previous Cassini flybys have actuated the CAPS instrument to
obtaining various look directions throughout the flyby. Shown in Figure 3 are the total densities of the carbon
groups C8-C13 versus altitude. The group density was obtained by integrating under the spectrum between
the troughs in the spectrum. The interrelationship of the altitude structure of the various group densities
holds clues to the processes controlling the production and loss of these ions. These ions show a region of
initiation and density increase with decreasing altitude beginning at roughly 1100 km and stagnating

near 1000 km. The stagnation occurs roughly 125 km below the location of the peak ionization (see, for
example, Lavvas et al. [2011a, 2011b] and consistent with the electron density profile shown in Figure 3),
which for T57 is located near 1125 km. The decline in total ion density may be indicative of the overall level of
primary electron ionization declining in the ionosphere. The lighter ion groups show a Chapman layer-like
behavior with a peak density coincident with the peak photoionization rate, while the heavier ion groups
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Figure 3. We present the group densities from the C1 to the C13 groups for the T57 flyby. A group density is simply the integrated density between the minima in the
mass spectrum. The labeling using C number indicates the number of heavy atoms (carbon, nitrogen, oxygen, etc.) expected within this mass grouping. The
black points represent CAPS-IBS data, the red gives the INMS data, and the blue gives the RPWS-LP total electron density. The CAPS-IBS data are both summed within
carbon groups and 10 km height bins. The error bars in the CAPS-IBS and INMS data represent the counting statistical counting errors.

appear to increase in density until about 1000 km where a stagnation in the density profiles is evident. This
trend points to the peak production altitude falling with ion mass where the C1-C3 peak density occurs
above 1100 km, the C5-C7 peak is near 1000 km, and the heavier ions possibly peaking at 960 km or lower.

The T57 density profiles are similar in structure to those presented for the T17 flyby by Vuitton et al. [2008].
These authors attribute the decline in observed densities compared to their model results at the lowest
altitudes to incomplete coverage of the ion distribution function related to instrumental tuning issues or
wind anomalies. Shown in Figure 4 are the density profiles of the total C6 group densities observed by

the CAPS-IBS and INMS as well as the mass 77 and 79 signals observed by the INMS during the T57 flyby. If the
decline in densities at the lowest altitudes were due to an instrumental mistuning of the INMS, then the
CAPS-IBS measurements (both in cross-calibrated densities and in counting rates) should deviate from

the INMS measurements. However, we find a very good correspondence in structure between the two profiles.

Furthermore, given the much wider acceptance angle of the CAPS-IBS, it is unlikely that winds are producing
these falloffs in density. Lastly, there is a gap in the INMS data at the lowest altitudes where the quadrupole
switching lens is scanned to verify the location of the measurement on the transmission curve shown in
the inset of Figure 4. The INMS densities are corrected to the measured maximum transmission [Mandt et al.,
2012]. This effect was observed but not yet corrected for during the T17 flyby by Vuitton et al. [2008], and
we report this effect as being present for the T57 flyby as well. We note here that in assessing the entirety
of the data from the T16 through T59 flybys, Westlake et al. [2012] report that this effect is present in nearly
all flybys indicating that the dropoff in density at low altitudes cannot be attributed to a single flyby

WESTLAKE ET AL. ©2014. American Geophysical Union. All Rights Reserved. 5955



@AG U Journal of Geophysical Research: Space Physics 10.1002/2014JA020208

N e In-Flight
. Lens Voltage
> b
£ o8 N .
5 {
1200 T T T e e £ °
L o T 06 ° o
_ o % . .
L @
- ® 2 0s . .
————— 5 . .
L ] o
—— « .
1150 [— —o—ig 02 - .
.
—— — et Sl
I @ m m om e w6 s
B —e—i —&- @ Lens Voltage (V)
L =
1100 [— —e— g —
z | 1@ i
£ —o— il
3 L o Re i
2 o
2 - —o— ey g
1050 [— —o— Y] —
L |
r e+ CAPS-IBS C6 Group ° rY . ]
B o+ INMS C6 Group P [P B
B INMS Mass 79 o e T
1000~ | +e+ INMS Mass 77 o o1 1@ ]
L o HH .
e~ e
INMS Data Gap For Transmission Curve Medsurement
L w gl
950 L L i U Her L L
1 10 100

Density (cm's)

Figure 4. Densities of ions within the C6 group. Shown in red is the CAPS-IBS total group density and in black is the INMS
total group density. In light blue are the INMS data from mass 79 which is attributed to CeH5*, and in blue are the mass
77 data which are attributed to CgHs *. The inset figure shows the INMS instrument tuning scan taken during the data gap
near 975 km. This procedure scans the instrument ion transmission lens to determine whether the velocity filter is set
appropriately. The vertical line shows the lens voltage setting used during this flyby; the INMS densities are then corrected
to this peak value.

anomaly such as a cross-track wind or spacecraft potential. Therefore, we confirm through the CAPS-IBS
data that the ion densities drop off below 1000 km consistent with the electron density, as previously
observed in the INMS data [Westlake et al., 2012].

4. High-Mass lon Structure and Growth

The density profile of each ion is dependent upon the production, loss, and transport processes acting on the
ions. lon production results from photoionization, electron-impact ionization, or ion-neutral chemistry. In
this study we will separate each of these production processes and assess their viability as the process
responsible for the production of the high-mass ions. Because we do not have accurate assessments of the
composition due to the low-mass resolution of the CAPS-IBS and little experimental data exists for these large
ions, we must make several educated assumptions about these processes. In this study we compare the
following hypotheses: (1) they are produced via electron-impact ionization of ambient neutrals; (2) they are
produced via proton exchange reactions of ambient neutrals with CHs*, C,H5*, and HCNH™; and (3) they
are produced via ion-molecule growth processes utilizing suitable hydrocarbon building blocks such as C;H,
and CyH,. For each of these possibilities we assume that the primary loss of ions is through electron
recombination and that transport plays a negligible role. We then discuss the implications for each possibility
on the relevant observables from Cassini.

For each case presented below we assume photochemical equilibrium since the chemical lifetimes are
significantly shorter than the dynamical lifetimes [Cravens et al., 2009; Ma et al., 2006]. For photochemical
equilibrium the continuity equation is given by the following formula:

dn;
d_t’ + V- (nju;) = P — Lin;, (5)

where n; is the density, P; is the production rate, and L; is the loss rate, all for the ion species i. We utilize
the INMS-derived neutral densities for the T57 flyby [Westlake et al., 2011]. For the photochemical
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equilibrium assumption we set dn;/dt equal to zero. In each case we include electron recombination
defined by the equation

300\ %
LR = a,-( - ) Ne, ©6)
e

where ¢; and f; are parameters determined in the laboratory, T, is the electron temperature, and n, is the
electron density. In the absence of laboratory data, we assume an ¢; of 1.0 x 10"®cm?®s™" and a g; of 0.7 for
the high-mass ions, which is similar to the measured recombination rate for CsHg" and CgH, ™" [e.g., Abouelaziz
et al., 1993; Rebrion-Rowe et al., 1998].

Additional losses of the high-mass ions could come from ion-ion recombination of negative ions with these
ions. A common formulation for this rate coefficient is that developed by Hickman [1979] that utilizes a
complex potential model of the mutual neutralization reaction given by

T —0.5
k = 5.34x% 10’7EA’°'4m,-]’-°'5 (3?;‘5) cm3s7. 7)

Rate coefficients for this process range from about 5x 1078 cm®s™' to 1x 1077 cm® s™". Therefore, for a
negative ion density of about 1000 cm?® [Wellbrock et al., 2013] we retrieve a loss rate of about 5x 107 >s~"
to 1x107%s™", which is very small compared to the electron recombination loss rate of about 10%s™" for this
flyby. We therefore neglect this process in our calculations.

4.1. Case 1: Direct lonization of Ambient Neutrals

We calculate the production of high-mass ions from the electron-impact ionization process using the two-
stream calculations of M. S. Richard et al. (An empirical approach to modeling ion production rates in Titan's
ionosphere II: lon production rates on the nightside, submitted to Journal of Geophysical Research, 2014) for
the nightside electron fluxes. Since we do not know the chemical composition of these ions, we can only
suggest an analog for their electron-impact ionization behavior. We utilize the electron-impact ionization
cross sections for benzene (CgHg) for this, which assumes that the heavier neutrals would have a similar cross
section and that the composition of the large neutrals is represented by an aromatic hydrocarbon. Benzene
has a relatively large cross section for electron-impact ionization (a peak of 1.5x 107> cm? near 75eV
compared to say acetylene which has a peak cross section of 5x 10" cm?), so this can be considered a best
case scenario for the production of heavy ions through electron-impact ionization. The benzene cross
sections are given from the National Institute of Standards and Technology database for electron-impact
ionization and excitation, which are calculated using the Binary-Encounter-Bethe model. We assume that the
only loss comes from electron recombination with a coefficient of o= 1.0 x 107° x (300/T,)°”.

We show the resulting neutral densities required to produce the high-mass ions purely through electron-
impact ionization in Figure 5. We find that for this case the neutral densities required to produce the
observed high-mass ions are several orders of magnitude greater than any observed minor atmospheric
constituent at Titan. It is clear that electron-impact ionization of the high-mass neutrals is an inefficient
process and is not likely to contribute significantly to the high-mass ions observed. We note that it is likely
that the higher-mass neutrals will have a larger cross section than benzene for electron-impact ionization;
however, the cross sections are not expected to be several orders of magnitude larger than benzene, which is
required to yield production rates sufficient to yield the required neutral densities.

An alternative hypothesis is that the ions were produced through photoionization on the dayside or the
flanks and transported to the nightside. The studies of Cui et al. [2009b, 2010] have proposed that the long
lifetime of the complex hydrocarbon ions in Titan’s ionosphere and horizontal motion of the ions could lead
to substantial densities of these ions on the nightside and would appear as density enhancements with
respect to the primary ionization products on the nightside. We note that in order for transport to provide
substantial densities of long-lived ions on Titan’s nightside without a primary ionization source requires large
horizontal ion velocities that would result in breakdown of the assumption of photochemical equilibrium, an
assumption that has proven valid for several models (e.g., Cravens et al. [2006], De La Haye et al. [2008],
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Figure 5. Shown are the calculated neutral density profiles required to
produce the ions observed for the C8-C13 groups using only electron-
impact ionization processes. The dashed line shows one example profile
for the C8 group, and the solid line gives the total C8-C13 neutrals
required to produce the high-mass ion signal solely through electron-
impact ionization. For comparison we also show the INMS-observed
benzene density multiplied by 1000 from Waite et al. [2007].

Westlake et al. [2012], and MHD
comparisons with photochemical model
assumptions in Ma et al. [2006]).
Additionally, the neutral wind velocities
produced by global circulation models
have not indicated that winds of this
magnitude are present in Titan’s
ionosphere [Bell et al., 2010]

4.2. Case 2: Proton Exchange of CH;s",
C,Hs*, and HCNH™ With
Ambient Neutrals

If we consider that the ions are produced
through proton exchange with the major
ions, we can derive a relation that gives
the required large neutral density for this
model. To do this we solve equation (5)
assuming that the ion production comes
solely from three ion-molecule reactions
(one for each of the major ions) at a
fixed, roughly collisional rate coefficient
of 1x1072cm™3s™". This gives the
following relation:

kpnneutralr'CH;r + kpr'neutralnczH;r + kpr'neutralr’HCN}-Fr - nionaNE7 (8)

which we solve for npeural giving the required neutral density to produce the observed ion density. We calculate
this value for two cases, the minimum density case that utilizes both the collisional reaction rate and the
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Figure 6. Shown are the calculated neutral density profiles required to
produce the ions observed in the C8-C13 groups using only proton
exchange of CHs*, CoHs*, and HCNH* with ambient high-mass neutrals.
The solid lines give the total high-mass neutral density required for each
group, and the dashed line gives the total for the C8-C11 groups com-
bined. The black curves show the minimum density case for an efficient
proton exchange reaction, while the red curves show the maximum
density for a less efficient reaction rate. Plotted for comparison are the
benzene densities observed by the INMS instrument [Waite et al., 2007]
and the quantity of polycyclic aromatic hydrocarbons or PAHs and larger
aerosol particles derived from the Lavvas et al. [2011a, 2011b] aerosol

growth model.

electron recombination rate coefficient
of a=1.0x107% * (300/7,)°7; for

the maximum density case we
consider a less efficient reaction rate

of 1x107%cm 357", The resulting
neutral density profiles required to
produce these large ions in this case are
shown in Figure 6. The minimum
densities required are larger than the
INMS-measured density of benzene.

We compare the required neutral
densities with the aerosol production
model of Lavvas et al. [2011a, 2011b].
This model follows a stochastic
approach building from the
thermospheric benzene to produce
polycyclic aromatic hydrocarbons
(PAHSs) and particles (aerosols). The
densities of large neutrals predicted
from this model are insufficient to
produce these ions through proton
exchange reactions. We are therefore
compelled to reject this hypothesis as
being the sole process responsible for
producing the large ions. We further
note that the scale height of these
neutrals would be expected to be
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Table 1. The Reactions Producing and Consuming C8 and Larger lons

Reaction Number Reaction kem3s™") Reference

Ky CsHy " + CH3CoH — CgHyq ™ 70x1071° Anicich et al. [2006]
ko CeHs ' + CoHy — CgHst + H 23x10'° Anicich et al. [2006]
ks CeHa™ + CoHy — CgHg™ + H 29x101° Anicich et al. [2006]
ky CeHst + CoHy — CgHot + hy 1.7x 1010 Anicich et al. [2006]
ks CeHs ' + CoHy — CgHot + Hy 48x10 " Anicich et al. [2006]
ke C3Hs™ + CyHg — CgHo™ + CoHa 1.0x107° Houriet et al. [1978]
ky CsHyt + C3Hy — CgHat + Hy 87x10'° osu?

kg CHy" + CoHa — CgH5t + Hy 10x107° McElroy et al. [2013]
kg CeHs ' + CoHy — CgHst + hv 23%x101° Anicich et al. [2006]
kio CeHat + CoHy — CgHg ' + hv 29x1071° Anicich et al. [2006]
ki1 CoHyt + CHy— CgHa™ + Hy 10x107° osu

k12 CoH," + CHg — CgHot + CgHg 16x 1010 Bartmess [1982]
ki3 I-C3Hs " + CgHg — CoHo ™+ 70x1071° Smyth et al. [1982]
leva CsHst + C4Hy — CoH5 ™ 22x10°1° Ozturk et al. [1989]
kis CeHs™ + CH3CoH — CoHy ™ + Hy 1.8x 1010 Anicich [2003]
kis CeHs ' + CH3CoH — CoHg ™ + H 12x10° " Anicich [2003]
P CoHy " + CoHy— CoHqq ™ 20x10°'° Anicich et al. [2006]
kig CeHa™ + CgHg — CqoHg™ + Hay 10x10°° Anicich et al. [2006]
kqo CoHy " + CH3CoH — CqaHpp ™ 28x%107° Anicich et al. [2006]

30SU, Ohio State University database (http://www.physics.ohio-state.edu/~eric/research.html, version osu_01_2009).

smaller than that of benzene given their larger mass; however, the derived profiles show a larger scale
height than benzene.

4.3. Case 3: lon-Molecule Reactions

We propose that an alternate hypothesis by utilizing abundant hydrocarbon building blocks such as
acetylene, ethylene, and hydrogen cyanide can reproduce the implied altitude-dependent growth rates
through ion-molecule reactions. We suggest this process because it has been shown to be efficient in the
lighter ions [Carrasco et al. 2008; Westlake et al., 2012], and recent calculations have shown that this process
is energetically favorable [Ghesquiére et al., 2014]. This ion-molecule building of multiringed PAHs has also
been suggested to be present in various flame chemistries [e.g., Calcote, 1981]. To test this hypothesis we
solve the continuity equation for the C8 and heavier ions assuming photochemical equilibrium as was done
for the previous two cases. We utilize only known reactions, listed in Table 1, to produce the C8 and C9
species, and we also include the known reactions for the production of C12 ions. We then insert a chemical
scheme that utilizes acetylene and ethylene as building blocks for producing and consuming the ion species
within the group. Our analysis leads us to suggest the following general chemical scheme to address the
large molecular ion chemistry.

CXH;r + C2 H2 — CX+2H;r+1 + H

G Hy+ + GHy = Gy H;.z 9)

CH + GHa — oMy, + Ha

A recent study by Ghesquiére et al. [2014] showed that the reactions of the benzene cation with acetylene
produce a fused ring PAHs such as naphthalene and that this reaction is energetically favorable. Additionally,
the calculations of Vuitton et al. [2012] have shown that radiative association reactions could be an important
source of these large ions as well (e.g., reaction k4 in Table 1). In the absence of laboratory data we

assume that these processes proceed with a rate coefficient equal to or less than the measured reaction

of CgHs* with methane, acetylene, and ethylene. We model the high-mass ion densities using three fixed
ion-molecule reaction rate coefficients between the high-mass ions and C;H, and C,H,4 (1 X 107", 5x10°",
and 1x107'° cm®s™"). We note that it is possible that nitrogen is incorporated into the high-mass ions with
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Figure 7. Shown are the results of the study on the C8 through the C13 group ions. The points are the summed CAPS-IBS group densities from the T57 flyby while the

solid line shows the modeled ion profiles. We show three cases of fixed reaction rate coefficients ranging from 1x10

Mem3s T t01x107 % em? s,

HCN substituted for acetylene and ethylene in our suggested chemical process [e.g., Ricca et al., 2001]. This
is understandably an oversimplification of the processes producing these ions; however, it demonstrates
that the reservoir of hydrocarbon building blocks such as acetylene and ethylene are a sufficient resource

1200

1150

1100~

Altitude (km)

1050

1000 n PR | P
0.0001 0.0010 0.0100
Production Rate (cm™s™")

Figure 8. The implied production rate of large molecules in Titan’s iono-
sphere through electron recombination of the ions with masses greater
than 100 amu. For comparison the production of benzene through
electron recombination of CgH;* is shown.

for the building of the observed high-
mass ions.

Shown in Figure 7 are the high-mass ion
model results utilizing three fixed rate
coefficients for the proposed reactions,
1x107 "M em3s77, 5x107"M em3s7,
and 1x107'° cm® 57", These rate
coefficients are all below the collisional
rate and would represent an average
rate coefficient of the ion species

with CoH, and CyH,. Since these
reactions have not been measured in
the laboratory, we imply that these
processes are plausible to produce the
high-mass ions with reasonable
reaction rates. We note that the C12
and C13 loss rates are elevated from
their predecessor ions; this is because
we have not extended the chemistry
past the C13 group, and thus, this loss
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rate has the additional loss rates of the ions that are larger contained within it. The calculated density profiles
show good correspondence to the measured profiles over the entire altitude range indicating that the skeletal
processes are implemented with the correct neutrals and are of the magnitude required to match the data.

From the production and loss calculations performed above it is possible to calculate the implied high-mass
neutral molecule production rate from electron recombination. For the large ions we assume a recombination
rate with an « value of 1.0x 107 and a  value of 0.7. Shown in Figure 8 is the production rate of large
molecular neutrals implied from the density of ions and the recombination rate coefficients. This production
rate is comparable to that of benzene from the dissociative recombination of CsH;*, shown in the grey profiles
in Figure 8, and is likely to produce substantial amounts of large molecules. Integrating under the curves allows

us to derive a production rate for benzene from electron recombination of CgH,* of 2.4 x 10~ '®*gcm™2s™"

and a production rate for large molecules of 7.1 x 107 "®gem™2s~".

5. Conclusions

Both the Cassini INMS and CAPS-IBS instruments reveal immense chemical complexity in ion structure during
the nightside T57 flyby. Peaks are identifiable in the CAPS-IBS spectra up to the C13 group. The use of the
CAPS-IBS instrument as a rudimentary mass spectrometer has yielded enhanced scientific return beyond the
mass range of the INMS. Furthermore, the cross calibration of the CAPS-IBS with the INMS has produced
secondary results such as the spacecraft potential, cross-calibration factor, and along-track ion wind velocities
that can be further compared to data obtained by the Langmuir probe on Cassini and used for modeling
efforts of Titan.

The density profiles of the large ions in Titan’s atmosphere were presented for the C6-C13 ions. With special
attention paid to the high time-resolution measurements of the T57 flyby, we found that the ion density
profiles show a region of initiation and growth followed by a stagnation region below about 1000 km. We
attribute this turnover not to instrumental effects but to the decreasing ionization in the upper atmosphere.
Furthermore, within these altitude profiles lie clues as to the processes are responsible for the production and
loss of these ions.

We test three hypotheses for the production of the large ions: (1) production via electron-impact ionization
of ambient neutrals; (2) production via proton exchange reactions of ambient neutrals with CHs*, C,H5™,
and HCNH™; and (3) production via ion-molecule growth processes utilizing suitable hydrocarbon building
blocks such as C;H, and C;H,4. The neutral densities required to satisfy hypotheses (1) and (2) are found to be
large in comparison to observed large molecule densities measured by INMS given the quantities expected
from models and from the effectiveness of termolecular reaction processes in the upper atmosphere to
produce large molecules. lon-molecule reaction processes are therefore the most likely process as they are
energetically favorable, utilize observed and abundant molecular building blocks, and do not require large
quantities of ambient high-mass neutrals.

From the observed ion densities and an assumed electron recombination rate, we derive a production
rate for the large neutrals and benzene. We derive a production rate for benzene from electron
recombination of CgH,* of 2.4 x 107 gem™2 s~ and a production rate for large hydrocarbon molecules
of 7.1 x 107 "®gcm 257", The rate for the production of benzene is larger than but comparable to the
production rate derived by Vuitton et al. [2008] of 107> gcm™2s™". Waite et al. [2007] estimated a
production rate for large neutral molecules of 10~ gcm ™25~ from benzene. Their assumption was that
the condensation of the large molecules was one tenth that of chemical processes. We note that the
production rate of the large molecules contributes a substantial source population of large molecules
for the middle and lower atmosphere and surface of Titan.

This work highlights the need for laboratory measurements of the reactions of large hydrocarbon and
nitrogen containing hydrocarbon ions in environments representative of Titan's ionosphere. The discovery of
currently unidentified reaction pathways and the reactions of ions that have not been extensively studied
such as those in the C8-C13 groups are required to further analyze the wealth of compositional information
returned by the Cassini observations. Furthermore, systematic studies of the deviation of the minor

neutral and ion composition observed by the INMS would add to the accuracy of such modeling as it will
remove several free parameters such as the densities of CH4, HCN, C,H,, and CoH,.
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