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Abstract

The Cassini mission yielded a treasure trove of information on Saturn’s largest moon Titan. With many flybys of this complex
moon Cassini revealed many aspects of Titan’s upper atmosphere and interaction with Saturn’s magnetosphere. In many
ways Cassini revealed that this moon is unique in that it sustains a dense atmosphere and ionosphere even without the
protection of an internal magnetic field. Key to the understanding of this ionosphere is understanding the ion dynamics of
Titan’s upper atmosphere, namely how these ions are created and lost either to the lower atmosphere where they fall and
can contribute to the creation of the complex hydrocarbons seen at the surface or are carried away with Saturn’s rapidly
flowing magnetospheric particles. Here we present novel measurements of the velocities of many ion species in Titan’s upper
atmosphere. We show that multiple processes must be responsible for the acceleration of these ions as there is evidence for both
mass dependent and independent acceleration. We also show that heavy, relatively complex molecular ions are accelerated and
carried into the magnetospheric flow. These ions could contribute to mass loading processes and possibly additional changes in

the magnetosphere when Titan resides in Saturn’s magnetotail.
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Ion Dynamics and Velocities in Titan’s Upper
Atmosphere

J. H. Westlake'*, V. L. Toy-Edens', A. J. McCubbin!

1Johns Hopkins University Applied Physics Laboratory, 11000 Johns Hopkins Rd. Laurel, MD 20723

Key Points:

 Cassini measurements show heavy atmospheric ions being accelerated in Titan’s
upper atmosphere

« Several Cassini flybys show a direct connection from the thermal atmospheric ions
to the suprathermal and accelerated ion components

« Multiple ion acceleration processes are likely at play with some being mass depen-

dent and some being mass independent

*11000 Johns Hopkins Rd., Laurel, MD 20723
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Abstract

The Cassini mission yielded a treasure trove of information on Saturn’s largest moon Ti-
tan. With many flybys of this complex moon Cassini revealed many aspects of Titan’s
upper atmosphere and interaction with Saturn’s magnetosphere. In many ways Cassini
revealed that this moon is unique in that it sustains a dense atmosphere and ionosphere
even without the protection of an internal magnetic field. Key to the understanding of
this ionosphere is understanding the ion dynamics of Titan’s upper atmosphere, namely
how these ions are created and lost either to the lower atmosphere where they fall and
can contribute to the creation of the complex hydrocarbons seen at the surface or are
carried away with Saturn’s rapidly flowing magnetospheric particles. Here we present
novel measurements of the velocities of many ion species in Titan’s upper atmosphere.
We show that multiple processes must be responsible for the acceleration of these ions
as there is evidence for both mass dependent and independent acceleration. We also show
that heavy, relatively complex molecular ions are accelerated and carried into the mag-
netospheric flow. These ions could contribute to mass loading processes and possibly ad-

ditional changes in the magnetosphere when Titan resides in Saturn’s magnetotail.

Plain Language Summary

Titan’s complex atmosphere produces many hydrocarbon species at high altitude.
These hydrocarbons must either sink to the lower atmosphere and eventually the sur-
face or be carried away with the particles that are trapped in Saturn’s rapidly rotating
magnetic field. We show that some of these large hydrocarbons are carried away from

Titan as ions.

1 Introduction

The moons of the giant planets in our solar system each have unique interactions
with their parent bodies’ magnetosphere. The giant planets produce expansive magne-
tospheres that rapidly rotate resulting in substantial flows of fast-moving plasma over
their moons. The interaction of Saturn’s magnetosphere with Titan’s upper atmosphere
is a complex interaction of rapidly flowing plasma that has been sourced and accelerated
closer to the planet with the complex hydrocarbon ionosphere of Titan. This interac-
tion sets up an induced magnetosphere that serves as an obstacle for the rapidly flow-

ing magnetospheric plasma. The transfer of energy from the magnetosphere into the at-
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mosphere either through acceleration or heating processes is of interest across the solar

system where many moon-magnetosphere interactions exist.

The Voyager and Cassini spacecraft have studied Titan’s moon-magnetosphere in-
teraction. Voyager flew through Titan’s tail in a single pass finding a dual lobed struc-
ture with light ions dominating one lobe and heavy ions dominating the other (Hartle
et al., 1982; Sittler et al., 2005). Cassini repeatedly visited Titan’s ionosphere, extended
atmosphere, and tail regions in a multitude of geometries revealing that the interaction
of Titan’s ionosphere with Saturn’s magnetosphere is much more complex than the sim-

ple picture from the Voyager flyby (e.g., Westlake et al. (2016)).

Many simulations of the interaction of Titan’s extended atmosphere with Saturn’s
magnetosphere have been produced for various studies. Of note for this investigation are
the models which include not just the photochemical production and loss of ionospheric
particles within the main ionosphere, but models that look at the transport of ions. Early
MHD modeling of the interaction along with simple photochemistry showed that above
about 1400 km in altitude the photochemical lifetimes of the ions became long with re-
spect to the transport timelines (Cravens et al., 1998; Ma et al., 2004). At this crucial
and complex transition from a photochemically dominated ionosphere to a transport dom-
inated exosphere the composition of the ions becomes much more static. The low den-
sities reduce the incidence of ion-neutral reactions and electron recombination. However,
transport processes tend to favor light ions because momentum transfer can be much more
efficient. Therefore, in assessing the global atmospheric escape the question has always
been over how light species like molecular hydrogen and methane escape (Bell et al., 2014;

Strobel, 2009).

With charged particles from the ionosphere however it is possible to lift much heav-
ier particles and propel them into Saturn’s magnetosphere due to the many additional
electromagnetic forces at play. The relative quantities of material that can be expelled
into space is dominated by the neutral atmosphere. However, the ionosphere may be the
place where complex hydrocarbons can be sourced and eventually transported further
in the Saturn system having implications for chemistry throughout the system. Many
studies have attempted to attain an estimate of the escape rate of ions from Titan yield-
ing estimates in the 102451 to 102°s~! range (Jiang et al., 2019; Regoli et al., 2016; Ro-

manelli et al., 2014) and while the quantity of ions escaping from Titan is important,
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it is also important whether these ions are compositionally complex or simple photochem-

ical products of the primary neutral molecules Hs, C Hy, and Ns.

In this study we detail multiple specially planned observations of the Cassini Ion
and Neutral Mass Spectrometer (INMS) instrument (Waite et al., 2004) and derive ion
velocities using the Cassini Plasma Spectrometer Ion Beam Sensor (CAPS-IBS) instru-
ment (Young et al., 1996) to observe the first steps in acceleration of ions from Titan’s
ionosphere. Specifically, we show that both mass-dependent and mass-independent ac-
celeration is observed indicating that the outflow of ions likely has multiple processes at
work, some of which are capable of propelling heavy ions from Titan’s ionosphere into

Saturn’s magnetosphere.

2 Observations

In this study we make use of observations made on different Titan flybys from the
Cassini INMS and CAPS-IBS instruments. Both instruments produced a plethora of mea-
surements throughout the Cassini mission, however due to the nature of the mission and
the pointing requirements to get quality ion measurements only a few flybys were ded-
icated to INMS or CAPS measurements and even fewer were dedicated to producing the
ion measurements which required dedicated pointing for INMS and CAPS. In this sec-

tion we detail the measurement techniques and datasets that we utilize for this study.

2.1 INMS Ion Velocity Measurements

The INMS instrument can only measure velocities along the direction of motion
of the spacecraft. For the study of along-track velocities as measured by INMS we fo-
cus on a trio of special observations made during the T95 (14 October 2013), T00 (7 April
2014), and T113 (28 September 2015) Titan flybys with geometries shown in Figure 1.
The INMS instrument measures ionized and neutral particles using a quadrupole mass
spectrometer. Ions and neutrals with thermal velocities significantly less than the space-
craft velocity (6 km/s) form a high-Mach beam into the INMS open source. Ions enter
the instrument through the quadrupole switching lens (QSL) that focus the beam and
bends it through 90° into the quadrupole mass analyzer. The voltages on the QSL are
tuned to specific velocities of incoming ions using both on the ground calibrations (Waite

et al., 2004) and in-space calibrations (Mandt et al., 2012). The QSL acts as an electro-
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static analyzer for the incoming ions, and while not originally intended for this purpose,
we were able to produce, late in the Cassini mission, an operational mode that scanned
the QSL voltages to retrieve a representative velocity distribution of the thermal ions.

The ability to use the QSL as an electrostatic analyzer was intended to be able to tune
the incoming beam to maximize the sensitivity of INMS, however during the prime mis-

sion it was used more of a check to determine the rough sensitivity of the instrument.

Westlake et al. (2012) discovered that when there is a mismatch in the settings of
the intended QSL voltages and the spacecraft velocity along with an abundance of suprather-
mal or accelerated ions the INMS instrument can directly observe ions that are flowing
away from Titan. The special QSL operation step over several voltage values to scan the
incoming beam keeping the selected mass in the quadrupole mass analyzer constant to
obtain velocity distributions for several ion species, specifically we chose to look for ions
with masses of 2, 15, 16, 17, 28, 29, and 39. The choice of ion masses contains contri-
butions from very light ions (H; ) as well those in the first, second, and third hydrocar-
bon group with the goal of being able to assess the acceleration processes at work us-

ing the differences in the velocity distributions for these masses.

The first attempted custom QSL table observation from the INMS occurred dur-
ing the T86 flyby (26 September 2012). During this flyby the INMS voltages were swept
across a wide range in an exploratory fashion. This flyby retrieved data indicating that
there are cold beams that are accelerated away from Titan, however the settings didn’t
retrieve useful or complete velocity distributions. The T86 experience was used to re-
fine the QSL voltage tables for future flybys and will not be discussed further in this work
other than to note that mass 2 was not observed in any substantial quantities even though
it was swept over a much larger energy range during this flyby. We note that the lack
of mass 2 in the observations is not likely due to the lack of substantial quantities of H;r
in Titan’s exosphere but due to the instruments’ inability to observe these ions due to
lack of velocity space coverage in the INMS power supply capabilities. In general, pre-
vious studies of ions in Titan’s upper atmosphere have strayed from making conclusions
on light ions due to this concern, which we will revisit when discussing the CAPS-IBS
measurements which have a much broader energy range. With the data from the T86
flyby the INMS team revised the INMS voltage settings to narrow in on the expected

ion velocities resulting in the parameters shown in Figure 2.
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Figure 1. The geometry of the T95, T100, and T113 flybys in Titan interaction system
(TIIS) coordinates. The red indicates the ingress portion of the flyby, and the blue is the egress
portion of the flyby. Also plotted is a notional shape for the Titan interaction that is simply

placed to indicate the magnetospheric flow direction as from the negative TIIS X to positive TIIS

X direction. Saturn is in the negative Y direction and Z completes the right-handed system.
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Figure 2. The stepping sequence used by the INMS during ionospheric observations. The se-
quence consisted of four scans containing internal voltages that produce the velocity scans shown
above. The mass numbers shown represent the settings of the mass selecting quadrupole during
that portion of the sweep. The velocities given are the nominal ram velocities assuming no space-
craft potential and velocities direct into the ram direction. The masses were selected to capture
many of the primary ions from Titan’s ionosphere as well as some trace ions that are produced

lower in the ionosphere.
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The T95 (ingress and egress), T100 (ingress), and T113 (egress) flybys showed unique
features in their velocity distributions for these ions. The velocity distributions are shown
in Figures 3, 4, and 5. For each figure we show the ion velocity that is derived from the
quadrupole lens voltage settings in the same way as was done by Mandt et al. (2012).
These figures display for each mass a velocity distribution plotted versus the counts ob-
served in the instrument. Each measurement is obtained with the same sampling time,
so pure counts is acceptable. We note that because this mode was never planned for the
INMS the retrieval of densities or even fluxes into the instrument was not attempted due
to a lack of calibration for this mode, however comparing the relative counts at each volt-
age setting does give a rough idea of the velocity distribution for each mass. Each point
and line are colored with the mean altitude of the scan and generally ranges from about

1400 km to nearly 2500 km.

As expected for Titan’s ionosphere the density of ions is generally observed to in-
crease with decreasing altitude for the altitudes sampled here. The velocity measurement
presented here is purely the along-track component of the velocity and gives no indica-
tion of what the cross-track velocity is. For the INMS observations we have no additional
information about the direction of the ion flows so we utilize the Gaussian nature of the
velocity distribution to obtain useful fiduciaries, namely the mean velocity and distri-
bution width, which could be associated with the temperature of the distribution. We
do this for masses 15, 16, 17, 28, 29, and 30. Due to constraints on the observations the
number of measurements within the velocity distributions for mass 30 and mass 39 were
reduced in favor of higher resolution velocity distributions for the lower mass ions. The
central velocities have the spacecraft velocity subtracted such that they give the ambi-

ent measured velocity along the direction of travel of Cassini.

We show the derived central velocities versus altitude along with the Langmuir Probe
derived spacecraft potential for the T95, T100, and T113 flybys in Figure 6. We plot the
spacecraft potential to look for periods where significant offsets in the measured veloc-
ity would be expected from acceleration to a charged spacecraft. We note that Cassini
regularly became charged in Titan’s upper atmosphere and exosphere, however below
about 2000 km Cassini would generally charge to about -1 V. We note that none of the
spacecraft potentials shown in Figure 6 show clear relations with the accelerations ob-

served.
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correspond to masses 15, 16, 17, 28, and 29. The coloring of each point corresponds to the alti-

tude that the measurement was taken.
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All three flybys show relatively benign velocities of a few hundred m/s up to about
3 km/s with some fairly significant changes versus altitude. Because of the nature of the
INMS observation we cannot tell whether these changes are pure accelerations or changes
in direction of the flow, however because we are measuring multiple species at the same

time we can see how these changes in velocity affect the different species.

During the T95 flyby, which is a north to south flyby the inbound portion shows
a distinct increase in velocity from 1650 km to 1550 km with the lighter species having
a greater velocity change than the heavier ions. On the outbound portion the results are
much more mixed with a wider range of velocities and no clear mass dependence. Al-
though if we interpret mass 16 and 17 as being distinct from mass 28 and 30 they clearly
show differences in velocities while masses 15 and 29 appear to have the same velocity
throughout. Mass 15 is generally associated with C H; and mass 29 is associated with
CoH (e.g. Vuitton et al. (2008)) both of which are rapidly produced byproducts of pho-

tolysis of methane.

The T100 flyby shows clear acceleration at the higher altitudes with a distinct sep-
aration in mass. Below 1850 km the velocities between the light and heavy ions is nearly
identical with the lighter species showing slightly greater velocities than the heavier ones.
Above 1850 km there is a clear and distinct increase in observed velocity with the group
of light ions showing velocities up to 3 km/s above 2300 km. T100 has a similar flyby

geometry to T95 in that it is primarily a north to south flyby.

T113 shows a different picture altogether. During this flyby, which is an equato-
rial flyby across Titan’s tail we see a more collective, bulk behavior of the ions with both
heavy and light ions showing nearly identical velocities throughout. We see a change in
velocity at 1600 km that goes up to 1.3 km/s. In this change in velocity there is a slight
difference in the velocities of the light and heavy species that appears to persist to higher

altitudes. Perhaps within this region of the interaction there are multiple forces in play.

Another point of interest is the comparison of the width of the velocity distribu-
tion retrieved for each species. In general the lower mass species show wider peaks and
the higher mass species showing narrower peaks. For an ideal gas lower mass particles
will have a greater thermal velocity compared to heavier particles at the same temper-
ature. We expect this to be true in Titan’s extended ionosphere as well, however as par-

ticles are accelerated from this ideal gas distribution additional forces must be accounted
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for. For most of these flybys we can see not just a change in the center of the velocity
distribution but also some narrowing in the width of the peak with greater altitudes. The
narrowing of the peak width isn’t significant and may be consistent with a reduced peak
width as the signal decreases. This indicates that most of the distribution is being ac-

celerated.

2.2 CAPS-IBS Ion Velocity Measurements

Details of the CAPS instrument suite and the CAPS-IBS can be found in Young
et al. (1996). The Cassini Plasma Spectrometer (CAPS) onboard Cassini has measured
large positive and negative ions through several flybys of Titan’s ionosphere (Coates et
al., 2007; Waite et al., 2007; Crary et al., 2009) (Coates et al. 2007, Waite et al. 2007,
Crary et al. 2009). The CAPS suite of instruments consists of the Ton Mass Spectrom-
eter (CAPS-IMS), the Ton Beam Spectrometer (CAPS-IBS), and the Electron Spectrom-
eter (CAPS-ELS). The CAPS-IBS has been used for its high energy resolution (0.014AE/FE)
as a rudimentary mass spectrometer to measure heavy ions with masses reported above
250 Da. The CAPS-ELS and CAPS-IMS can be used in the same way with a more crude
energy resolution. These two curved plate electrostatic analyzers function as mass spec-
trometers in the environment of Titan’s ionsophere because of the large Mach number
of the cold ionospheric ions rammed into the instrument during a pass (Cassini is gen-
erally moving around 6 km/s with respect to Titan’s atmosphere resulting in a Mach num-

ber around 14 for a mass of 100 Da.).

Crary et al. (2009) performed the first study of the CAPS-IBS data within Titan’s
ionosphere. By comparing the composition observed by CAPS-IBS with that observed
by INMS and the energy per charge that each ion group appeared at they were able to
determine the excess velocity along the track of the Cassini flybys. The magnitude of
the measured along-track velocity component was shown for 14 flybys in this study showed
that they vary from about 50-260 m/s but didn’t show any clear trends. The measure-
ment of along-track ion velocity is only one component of the true velocity vector of the
ions. The CAPS-IBS is also able to determine the 3D characteristics of an ion beam through
its three-fan technique. For the case of Titan the spacecraft motion through the iono-

spheric plasma produces the ion beam.
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Figure 7. CAPS-IBS Observations from the T26 Titan flyby. The plots show time versus
total normalized counts in each fan in the top panel and for the lower three panel energy spectro-
grams observed by the CAPS-IBS. The CAPS instrument suite is actuating throughout the flyby
and observes the signal increase when the field-of-view coincides with the spacecraft ram. The
asymmetry in the total count peaks (top panel) about the ram direction indicates a preferred

direction of the incoming ions due to ion velocities perpendicular to the spacecraft ram direction.
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Figure 8. CAPS-IBS Observations from the T40 Titan flyby (5 January 2008). Each panel
shows one of the three CAPS-IBS fan’s measurements during the flyby. The horizontal axis is the
energy step in the instrument and the vertical is a simple time index with the Titan closest ap-
proach occurring between time step 200 and 300. Darker colors indicate greater intensities. The
green dots show locations where the peak search found local maxima that were used to determine

the ion flow velocities.

To obtain the flow direction of an ion beam we utilize the three crossed fan aper-
tures of the CAPS-IBS using a technique used for measuring the solar wind beam de-
scribed by Bame et al. (1978). Figure 7 shows an example of the data obtained from the
CAPS-IBS during the T26 flyby. The CAPS actuator is crucial to this measurement as
it sweeps the fans’ field of view across the beam and if the actuator angle includes the
ram direction of the spacecraft offset by the small velocity change of the ambient ion wind
we can measure the direction of that beam. The beam velocity is expected to be com-
posed of two elements, the spacecraft velocity (6 km/s) through the ionosphere and the

ion velocities which are expected to be a few 10’s to 100’s of m/s.

To determine the ion velocities we first determine the actuator angles, oy, as, and
as that the peak flux is detected in fans 1, 2, and 3 respectively. Because there are sev-
eral ions with varying masses we expect that lighter components could have different ve-
locities than the heavier components. We produced a peak searching routine for each flyby
to look for the local maxima for each mass grouping. An example of this peak search re-

sult is shown in Figure 8.
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With the local maxima found in time we can then determine the look direction of
each fan from the actuator kernels and from that compose the following vectors normal

to the IBS fan-planes

fiy = [—cos(30°)cos(ay ), cos(30°)sin(ay), —sin(30°)] (1)
fig = [cos(aw), sin(az), 0] (2)
fig = [—cos(—30°)cos(as), cos(—30°)sin(asz), —sin(—30°)] (3)

The flow vectors of the ions are then given by taking the cross products between

pairs of these vectors.

~ ’le Xﬁz ~ ﬁgXﬁg, o ﬁ1><’fl3
T~ 023 = 7~ 413 = 7~
|Tl1 X n2| |’/l2 X n3| |TL1 X Tl3|

Additionally, the flow vectors can be derived using only two of the three fans for
the case that one of the fans does not see the peak. Because of the nature of the Titan
observations it is common to utilize only two of the three fans for the measurements pre-
sented here. This is primarily due to sub-optimal pointing of Cassini for this measure-

ment due to the complex nature of the shared operations across the Cassini payload.

When considering the similar CAPS-IBS measurements of the cross-track ion ve-
locities we see similar features in both the ion velocities and in the relative velocities of
the light and heavy ions. Figure 9 shows the cross-track ion velocities using the process

described above from several Titan flybys versus altitude as measured by CAPS-IBS.

In analyzing this data we find a similar situation that has plagued the research at
Titan from Cassini - the data is very complex without clear structure. The multitude
of flybys shown cover a very wide range of conditions at Titan and could indicate any
number of different processes at play. However, we can point out a few general trends
in the cross-track wind component. First, the cross-track wind component isn’t very large
with an amplitude of up to 1000 km/s for some rather light species on a few limited ob-
servations. Most observations are in the 0-400 m/s range. Therefore, previous observa-
tions of along-track winds are consistent with some fairly standard heating processes.

Second, the cross-track winds appear to be greater in magnitude for lighter species. This
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Figure 9. Derived cross-track ion velocities from the crossed-fan technique and the CAPS-IBS
ion measurements. Each mass group is labeled with a mass number in the middle of the grouping

in Daltons and several flybys are shown.
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is likely simply due to the lighter masses being easier to accelerate in the upper atmo-

sphere.

2.3 CAPS-IBS Ion Acceleration Measurements

In addition to the crossed-fan CAPS-IBS measurements and INMS low-energy ion
velocity measurements we also look to unique measurements of ion velocity changes dur-
ing the inbound and outbound legs of a few Cassini flybys that show clear signs of ion

acceleration.

Figure 10 shows the direct connection of multiple ion species from a thermal dis-
tribution dominated by the velocity of the Cassini spacecraft (6 km/s) through the iono-
sphere to an accelerated flow with a velocity over 20 km/s or roughly 20% of the coro-
tational velocity of 100 km/s. This observation is crucial as it shows the direct link be-
tween the thermal ions in the ionosphere and their accelerated counterparts further down-
stream and also show that some of Titan’s complex chemistry will be accelerated away

from the ionosphere.

One key observation pointed out in Figure 10 is that the acceleration is mass de-
pendent with lighter masses being accelerated to greater velocities than heavier masses.
In the figure we see that the peak for a group of ions roughly of mass 16 is accelerated
from roughly 7 km/s to 20.5 km/s from 1400 km to 2100 km altitude. The ions that are
roughly mass 28 are clearly seen with the same 7 km/s velocity near 1400 km, but at the
2100 km their peak energy is roughly 42 eV indicating a velocity of 17 km/s which is sig-
nificantly less than the lighter components (note that if they had the same velocity the

peak would appear at 61 eV).

3 Discussion and Conclusions

Here we presented several unique measurements of Titan’s upper atmospheric ions
and their velocities as observed by the Cassini INMS and CAPS instruments. These unique
observations show a complex picture of the messy interaction of Saturn’s magnetosphere
with Titan’s ionosphere. As has been simulated by many authors, this exposed ionosphere
clearly has a complex interaction resulting in the acceleration of ionospheric components

into the broader magnetosphere.
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where they would appear at 2100 km if the acceleration were mass independent.
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Our INMS and CAPS observations showed that heavy ions are being accelerated
from Titan’s ionosphere and that there are likely multiple processes responsible for this
acceleration. The mass dependence of the observations of ion acceleration and the cross-
track ion velocities seem to indicate some thermal process that has a mass-dependent
term. However, a few observations shows mass independent acceleration likely due to
the exposure to an electric field such as the convection electric field that would be present

for the flowing plasma over Titan’s exposed ionosphere.

These heavy ions appear to come from the second and third mass groupings in Ti-
tan’s ionosphere containing complex hydrocarbons such as protonated methane (CHy)
and hydrogen cyanide (HC N H™). These ions, once accelerated could escape the inter-
action and become a part of the magnetospheric flow. With this heavy flow, these ions
likely don’t remain in Saturn’s magnetosphere for long and haven’t been a major con-
tributor to the ions seen in the inner magnetosphere. These are likely lost to interplan-
etary space due to the continual exposure of Titan’s orbit to Saturn’s magnetosheath

and the solar wind.

4 Open Research

All data used in this paper is available from the Planetary Data System and is archived
along with the Cassini archive. Note to reviewer - we are working the process to gain
release approval to place the codes and data on GitHub as well as to put in place a Zen-
odo record of the data as well as the DOI of this data. We expect this process to com-
plete before the review timeline and are therefore submitting this paper and will add in

the open research details during the review cycle.
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Figure 4.
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Figure 5.
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Figure 6.
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Figure 7.
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Figure 8.
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