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Abstract

Auroral emissions from Jupiter have been observed across the photon spectrum includ-

ing ultraviolet and x-ray wavelengths. UV observations suggest an input flux power of

1013−1014 W for the aurora in each hemisphere. X-ray emissions with a total power of

about 1 GW were observed by the Einstein Observatory, the Roentgen satellite, Chan-

dra x-ray Observatory (CXO), and XMM-Newton. Previous theoretical studies have

shown that precipitating energetic sulfur and oxygen ions can produce the observed x-

rays. This study focuses on the ion precipitation of the polar region and its effects in

the ionosphere. We present the results of a hybrid Monte Carlo model for sulfur and

oxygen ion precipitation at high latitudes, look at differences with the continuous slow-

down model, and compare the results to synthetic spectra fitted to observations. We

concentrate on the effects of altitude on the observed spectrum and find that the opacity

of the atmosphere to the outgoing x-ray photons is important for incident ion energies

greater than about 1.2 MeV per nucleon for both sulfur and oxygen. Quenching of

longer-lived excited states of the oxygen ions is also found to be important. Opacity

considerably diminishes the outgoing x-ray intensity calculated, particularly when the

viewing geometry is not favorable. We estimate an emission efficiency for the x-ray

aurora of ε ≈ 7×10−5. Secondary electrons from the ion precipitation as well as pho-

toelectrons and auroral electrons also affect the polar cap atmosphere. We calculated

the secondary electron production due to the oxygen ion precipitation for the first time.
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We analyze the secondary electron fluxes due to the ion aurora and estimate their ef-

fects on the ionosphere and field aligned electrical currents. We find that the secondary

electrons affect the ionosphere similarly to auroral electrons responsible for the diffuse

UV aurora and are therefore important for the magnetospheric dynamics and our better

understanding of the ionosphere-magnetosphere coupling.
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Chapter 1

Introduction - Overview

In the present work we are interested in the auroral emissions at the polar cap of Jupiter

and the main mechanism responsible for these emissions. In particular we are interested

in the x-ray aurora mechanism at Jupiter and its effect on the Jovian ionosphere. The

main tasks of this work can be summarized as follows:

• Develop a Monte Carlo simulation to model energetic oxygen and sulfur ions that

precipitate in Jupiter’s polar cap.

• Simulate x-ray emissions due to k-shell transitions in the excited ions as they

precipitate in the atmosphere of Jupiter.

• Explore the effects of atmospheric absorption and quenching in the x-ray spec-

trum.

• Calculate the secondary electron production from the ion aurora.

• Adapt existing two-stream numerical codes to the conditions in Jupiter. This

means collecting the appropriate electron cross sections for an atmosphere com-

posed of H2, H, He and CH4.
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• Use the adapted two-stream numerical code (Jupiter version) to calculate upward

and downward electron fluxes along a magnetic field line in the ionosphere.

• Evaluate the effects of the secondary electrons in the ionosphere, estimate air-

glow emissions due to the electrons and estimate the currents carried by ions and

electrons.

• Develop a photochemical code for Jupiter that uses ion production rates calcu-

lated by the two-stream code and Monte Carlo model in order to calculate the

ionospheric densities where ion precipitation occurs.

This is a very complex subject that involves many aspects of physics. To have a bet-

ter understanding of the material and background, we first have an overview in the

present chapter to cover the subjects of magnetospheres, ionospheres, aurorae, and

mangetosphere-ionosphere coupling. Chapters 2 and 3 deal with the cross sections for

electron-neutral and ion-neutral collisions for all processes needed in our simulations.

Chapter 4 explains the ion precipitation modeled with the Monte Carlo simulation, as

well as opacity effects that exist that may affect the observed spectrum. In Chapter

5 we model electron transport in the ionosphere with a two-stream numerical model,

which we adapted for Jupiter. We compare our results to previous models in order to

verify our code. In Chapter 6 we explain the calculation of the energy distribution of

secondary electrons and their transport in the ionosphere. We calculate electron fluxes

and currents, ion production rates and airglow emissions due to the electron-neutral

collisions. Lastly, Chapter 7 concludes our work and summarizes our findings.
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1.1 Magnetospheres

Every planet in the solar system that has an intrinsic magnetic field, forces the solar

wind to be deflected around the planet like an obstacle, forming a cavity with low

density plasma. This cavity or region is known as the magnetosphere, as introduced

in 1959 by T. Gold [25] after the Earth’s magnetosphere was observed by Van Allen

and others in 1958. In his paper, Gold defined the magnetosphere as “the region above

the ionosphere in which the magnetic field of the earth has a dominant control over

the motions of gas and fast charged particles”. Today, this term has a much broader

definition, used to define the region around an object, where its intrinsic magnetic field

dominates the dynamics of the charged particles in the local medium.

In the solar system magnetospheres have been detected on Mercury, Earth, Jupiter,

Saturn, Uranus, Neptune and Jupiter’s moon Ganymede. There are three factors that are

key to the formation and maintenance of the magnetosphere: First, the intrinsic mag-

netic field of the planet must be strong enough to actually slow down the solar wind, or

other external medium, and deviate it around the planet or object. Second, an internal

or external source of plasma must populate the magnetosphere, and third, it needs a

source of energy to power it [1,26,27]. Depending on the planet, different mechanisms

may act to achieve these factors. Figure 1.1 shows the structure of the Earth’s magne-

tosphere as an example. On Earth, the solar wind plasma acts as an external source that

populates and powers the magnetosphere. On Jupiter the mechanism is different than

on Earth. It’s moon Io is an internal source of plasma and the rapid planetary rotation is

the energy source of the magnetosphere [28–30]. Saturn’s magnetosphere, on the other

hand, appears to be driven strongly by the solar wind, but with different conditions than

those seen on Earth [31, 32]. The rapid planetary rotation and some internal plasma

sources (the moon Enceladus, for example) also appear to contribute to the physics of
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Figure 1.1: Structure of the Earth’s magnetosphere

Saturn’s magnetosphere, but to a smaller extent than in Jupiter. One could say that

Saturn is an intermediate case between Jupiter’s and Earth’s magnetospheres.

There may also be cases in which the magnetic field of the object is too small to

have an effect on the external medium but where similar structures to those found in

magnetospheres are observed. Such situations are called magnetosphere-like systems

and have been observed at Venus, Mars, Jupiter’s moon Io, and Saturn’s moon Titan

[27].

With the discovery of Earth’s magnetosphere began a search for the existence of

magnetospheres in other planets. In 1955 radio emission from Jupiter attributed to

electron cyclotron radiation was observed (see references within [33]), revealing the

existence of a Jovian magnetic field and making it officially the first magnetosphere

discovered, even though the term had not been proposed yet. Unfortunately, it was

not possible to demonstrate the existence of a planetary magnetic field for Saturn by
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early remote observations as done with Jupiter. It was not until the Pioneer 11 flybys in

1979, Voyager 1 in 1980 and Voyager 2 in 1981 that the existence of a magnetosphere

at Saturn was observed. After the discovery of Jupiter’s and Saturn’s magnetospheres

it was expected for Neptune and Uranus to also have magnetospheres. In 1982 the IUE

(International Ultraviolet Explorer) observed UV emissions from Uranus and observed

Neptune [34], finding it to have an excess of internal energy, which suggested the ex-

istence of an internal energy source. These speculations were later confirmed also by

a Voyager 2 fly-by on January 24, 1986, for Uranus and August 25, 1989, for Neptune

(see [33] and references therein).

Table 1.1 summarizes important parameters on Earth, Jupiter, and Saturn as known

today. This table allows us to better grasp the differences in magnitude from the Earth’s

parameters compared to the giant planets. Jupiter’s magnetosphere is the biggest ob-

ject of the solar system. As the parameters on the table show, the magnitude of the

processes happening inside of it are very energetic compared to our own planet. Under-

standing the underlying processes in the Jovian magnetosphere has long been a topic

of research because the way this magnetosphere is powered and populated is differ-

ent than on Earth. However, the distance to the planet limits our capability of taking

measurements and making observations. The same is true for Saturn, but with latest

Cassini observations a better understanding of the physics behind this magnetosphere

has evolved [35]. In August 2011 NASA launched the JUNO mission. One of its tasks

is measuring the polar magnetosphere and particle fluxes present. We hope that with

the arrival of the Juno spacecraft to Jupiter sometime in the summer of 2016 some of

our unanswered questions regarding the magnetosphere will be addressed.
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Table 1.1: Comparative Magnetospheres (Adapted from [24])

PROPERTY EARTH JUPITER SATURN

Distance from
Sun (AU)

1 5.2 9.5

Orbital Period
(yrs)

1 11.9 29.6

Radius (km) 6,371 71,492 60,268

Inclination (°) 23.5 3.1 26.7

Main Atmo-
spheric Species

N2, O2, O H2, H, He H2, H, He

Magnetic field
(T )

3.1×10−5 4.28 ×10−4 2.2 ×10−5

Magnetic Mo-
ment (ME)

∗
1 20,000 600

Dipole tilt wrt ro-
tation axis

+11.3 ° -9.6 ° 0.0 °

Magnetosphere
size

6 – 12 RE 50 – 100 RJ 16 – 22 RS

Energy Source(s) Solar Wind Rotation Solar Wind + Rotation

Magnetospheric
Plasma source

Ionosphere,
Solar Wind

Io, Galilean
Satellites

Satellites,
Rings,
Ionosphere

Auroral Input
(relative to
Earth)†

1 103 – 104 10 – 100

∗ ME = 7.9×1015 T m3

† Auroral power input at Earth = 1010W
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1.2 Ionosphere

The ionosphere is a region in the most upper atmosphere of a planet. It is created

by the ionization of atoms and molecules forming a partially ionized plasma region.

This ionization occurs mostly due to photoionization from solar extreme ultra violet

(EUV) and soft x-ray radiation or due to energetic particle impact ionization. The latter

dominates at higher latitudes. The characteristics of the ionosphere will depend upon

the neutral composition and temperature in the upper atmosphere as well as the ion-

neutral chemistry present in the planet. For example in the terrestrial atmosphere, the

major constituents are N2, O2 and O, while in the Jovian atmosphere the predominant

species is H2 with also some He and H present to a lesser extent. Ionospheres have

been observed in every planet in the solar system and have been studied either by in-

situ measurements or by radio occultation techniques. Mercury is an exception, in that

it does not have a true ionosphere but a so-called ion exosphere, since this planet does

not have a gravitationally bound atmosphere. Comets and some planetary satellites like

Titan and Io have also been found to have ionospheres.

Ionospheres show density variations with local time and latitude, showing its de-

pendance on the UV radiation input. As ions are produced in the ionosphere (wether

by photoionization of by energetic paricle ionization) they may also undergo chemical

reactions with neutrals or recombine with electrons. These processes will be further

developed in section 5.4. These collisions can affect cooling and heating rates and are

important for the temperature estimates in the upper atmosphere. Apart from these col-

lisions, the ions may also be affected by diffusion and transport effects that may be

strongly influenced by the planet’s intrinsic magnetic field. For example, at high lati-

tudes the ions and electrons may follow magnetic field lines that extend deep into space

and maybe even escape from the ionosphere all together, especially when the field line
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along which they are being transported is an open field line. At mid-latitudes the mag-

netic field lines are closed and the plasma along the field lines just co-rotates with the

planet. However, if the ion or electron is energetic enough it may enter the conjugate

hemisphere and have a collision in the conjugate ionosphere.

1.3 Auroral Emissions

Aurorae are defined as any electromagnetic radiation at high planetary latitudes gener-

ated through the excitation of atmospheric neutrals by energetic charged particles (ions

and/or electrons) as they precipitate into the upper atmosphere [1, 33]. Auroral pro-

cesses are observed in every planet or satellite with/within a magnetosphere combined

with a collisionaly thick atmosphere. There are two ways in which an energetic charged

particle can precipitate into the upper atmosphere giving rise to two different auroral

components. The first one is referred to as diffuse aurora. The term diffuse in this

case means that this particular type of aurora has no observable internal structure. It

is generated by trapped particles in the magnetosphere that are scattered by waves into

the loss cone and form broad regions of low intensity emissions. The second kind is

the discrete aurora, which is formed by charged particles that have been accelerated by

the Birkeland (magnetic field aligned) currents and form brighter and more localized

auroral arcs [35,36]. For discrete aurora at Earth, reconnections in the magnetotail and

it is related to substorms.

Auroral emissions are a very useful tool in the understanding of the magnetospheres

and ionospheres of the outer planets and the way these two regions are linked electro-

dynamically (what is called ionosphere-magnetosphere or MI coupling). Auroral emis-

sions can be observed in different wavelengths: visible, UV, IR, x-ray, and radio. The

study of the aurora by modeling it and observing it at different wavelengths allows the

8



understanding of the underlaying mechanisms that generate it and it becomes a tool to

explore the composition, structure, energy transport, temperature, and plasma proper-

ties of the upper atmosphere and magnetosphere of the planets. Since it is not always

feasible to send probes to make in-situ measurements, observation of auroral emissions

is a good way to probe the magnetospheres and ionospheres of these distant objects.

Whenever possible, simultaneous remote observations have been scheduled with mea-

surements from in-situ probes, to further understand the correlations between certain

plasma parameters and the emissions observed [37, 38]. In the following subsections a

review of the aurorae of Earth, Jupiter and Saturn will be given, focused mostly on the

UV and x-ray emissions, which are of most interest to the present study.

1.3.1 Earth’s Aurora

Auroral emission at Earth is generated by magnetospheric high energy charged parti-

cles, particularly electrons, that precipitate along magnetic field lines into the upper

atmosphere. These charged particles are accelerated in the magnetotail region by field

aligned potentials in the topside of the ionosphere. The auroral activity on Earth is

highly related to the solar activity and specifically to solar wind conditions arriving

at Earth [39]. For an auroral storm to occur, the interplanetary magnetic field (IMF)

must be pointing southward allowing reconnection with the Earth’s magnetic field lines

to occur at the magnetopause boundary. This means that the Earth’s magnetic field

lines are topologically connected to the sun’s magnetic field lines and the solar wind

plasma is then able to precipitate into the earth’s ionosphere through these open mag-

netic field lines. Large geomagnetic storms are generally caused by coronal mass ejec-

tions (CMEs) on the Sun directed toward Earth at high speeds. The terrestrial aurora

(Figure 1.2) is normally an oval shaped pattern centered at each magnetic pole and fixed
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Figure 1.2: Model of the auroral oval (left) and aurora emission as seen from Earth
(right)

on local time (Earth rotates under the aurora). The intensity and diameter of the auroral

oval will vary upon solar wind conditions [1, 26, Ch. 8].

1.3.2 Jovian Aurora

As shown by Table 1.1, Jupiter’s magnetospheric parameters are a lot stronger than

those at Earth or Saturn, or any other planetary body in the solar system; consequently

it also exhibits the strongest and brightest aurora. However, these strong auroral emis-

sions had not been detected until a Voyager 1 flyby in 1979 [33], which first observed

the Jovian aurora in UV with the Voyager UV Spectrometer (UVS). The first x-ray au-

roral emission from Jupiter was observed by the Einstein X-ray Observatory and was

reported by [40]. The observed UV aurora is mainly due to Werner and Lyman bands

with emitted wavelengths ranging between 900 – 1600 Å and x-ray emission is ob-

served in the 20 – 40 Å range.

The Jovian aurora is composed of three auroral emission regions that are physically

separated from each other. Each of these regions vary independently in space and time,
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suggesting that the driving processes in each may be different. The first region is the

auroral oval, visible in UV (see Figure 1.3). This oval is continuously present and is

seen in both northern and southern hemispheres at about 15° magnetic co-latitude. The

auroral ovals are narrow (100 – 500 km width) and bright (∼ 100, kR – 1 MR, where

R = 1 Rayleigh = 1010 photons per m2 per column per second) ( [1] and references

therein). Based on observations, the total input power in this auroral region is about

1013 – 1014 W. This amounts to an auroral to solar radiation ratio of 20 – 50 times more

than on Earth [33].

It was originally believed that the auroral oval of Jupiter was magnetically con-

nected to the Io plasma torus. However, Hubble Space Telescope imaging studies

showed that the auroral oval maps to ∼ 30 RJ . Mapping emissions seen in the magne-

tosphere requires the knowledge of the magnetic field line path by a reliable model.

Throughout the years several models have been developed [1], but the most com-

monly used in recent years is the VIP magnetic model developed by [41]. The fact

that the magnetic footprints of Io (∼ 6 RJ), Europa (∼ 9 RJ) and Ganymede (∼ 15

RJ) are located equatorward of the oval, gives it a minimum mapping distance of ∼ 20

RJ [1, 30]. These observations suggested that the main auroral oval is connected to the

magnetosphere-ionosphere current system associated with the maintenance of corota-

tion in outwardly diffusing plasma. Consequently energetic electrons, accelerated by

upward Birkeland currents, are proposed as the main precipitating species into the oval.

The second region in the Jovian aurora consists of the satellite magnetic footprints.

Io, Europa and Ganymede have visible footprints equatorward of the oval, with Io’s

footprint being the brightest and showing a tail (see Figure 1.3 b). Callisto’s magnetic

footprint has never been observed, since it overlaps with the main auroral oval, which

is brighter and hides any emissions from the moon’s footprint.
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Io footprint
Polar emission

Ganymede and Europa footprints
Main oval

a

b

c d

Figure 1.3: Auoral images. a) Mean of all HST STIS images from Dec 2000 – Jan-
uary 2001. Image on the left shows the northern polar region and the image on the
right shows the southern region. b) HST STIS UV image of the northern aurora. c)
Comparison of UV (left) and H+

3 IR (right) images of Jupiter’s aurora. Lower panels
show the images after processing. d) Polar projections of Jupiter’s aurora from STIS
UV images. [1]
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The third region is the polar emission region. After Earth’s x-ray auroral emissions

were detected, the presence of x-ray emission from the polar regions of Jupiter was

expected by analogy. The emissions in this region are highly variable and map to the

outer magnetosphere. On Earth, polar region emissions are associated to open field

lines. On Jupiter polar cap emissions might be associated to both open and closed field

lines. The polar emissions are seen in UV, IR, and x-ray. There is a bright polar region

and a dark polar region, which form a "yin-yan"-like structure (see Figure 1.3 d.). Polar

emissions are important, since they provide a projection of the dynamics and energetics

in the distant magnetosphere, but they are not quite as well understood as the main

auroral oval emissions. They are mostly observed in x-rays and some UV, suggesting

that the same particle population could be the source of both emission types. Because

the Jovian x-ray aurora is the main topic of this study in the following subsection a

more in-depth treatment will be given.

1.3.3 Jovian X-ray Aurora

As mentioned earlier, the first observations of this x-ray auroral emissions were done

by the Einstein X-ray Observatory in 1979 and 1981 [40]. By analogy with Earth, the

source of the Jovian x-ray aurora was expected to be electron bremsstrahlung. The ob-

servations done by ROSAT [42] did not have enough spectral resolution to differentiate

between a continuous spectrum (characteristic of bremsstrahlung) and a line spectrum.

However, several observations models [42–44] discarded bremsstrahlung as the mech-

anism for this emission, since the expected flux was by up to three times smaller when

compared to the observations. Instead, the hypothesis that the x-rays were caused by a

K-shell emission mechanism caused by heavy ions (most probably oxygen and sulfur)
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precipitating into the upper atmosphere of Jupiter, as proposed by [40], was adopted as

the generating mechanism (see Figure 1.4) for the x-ray emission from high latitudes.

The proposed heavy ion precipitation model was further developed to more accu-

rately model the observed data and to investigate the acceleration and collision mech-

anisms needed to produce the x-rays [19, 45–52]. In particular, [46] explained that

electron removal collisions (i.e. stripping collisions) produce high charge state ions

(O8+, O7+, S11+, S13+, etc), which collide with the atmospheric H2 in charge transfer

collisions that leave the ions in an excited state. Consequently an x-ray photon will be

emitted as the ion decays to the ground state. The estimated incident ion energy needed

to reproduce the observed x-ray emissions, as calculated by current models, is about 1

– 2 MeV/u for oxygen and about 1 MeV/u for sulfur [19, 52].

Recently, observations done by the Chandra X-ray Observatory advanced carbon-

ate compensation depth imaging spectrometer (CXO–ACIS–S) [53,54] and by XMM–

Newton [2,55,56] indeed showed a spectrum dominated by line emission, corroborating

the adopted K-shell emission mechanism (Figure 1.4), instead of a continuum spectrum.

Interestingly, recent XMM–Newton observations [57] showed a harder x-ray spectrum

(E ≥ 1 keV) associated with the main auroral oval, but with only a few percent of the

total x-ray power emitted, which might be attributed to electron bremsstrahlung emis-

sion.

Energetic sulfur and oxygen ions were measured by the Voyager spacecraft in the

middle magnetosphere (10 – 20 RJ) [58] and the Jovian emissions were initially linked

to this ion population. However, the main auroral oval as observed in the UV is located

equatorward from the polar emissions is found to map to distances between 20 – 30

RJ [1]. This suggests that the polar cap precipitating particles had to originate from

an even further radial region. Recently, [53] reported that the northern auroral x-rays
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mapped to a hot spot in the middle magnetosphere at distances > 30 RJ as seen by

CXO observations in December 2000 and confirmed by [54].

The outer magnetospheric region where the hot spot is located did not have the nec-

essary flux of MeV per nucleon particles needed to produce the observed emissions as

required by the x-ray auroral models. Ref. [49] argued that the observed x-ray emis-

sions could be explained by either highly stripped solar wind heavy ions that precipi-

tate into the atmosphere, since they don’t need to be very energetic as they are already

highly stripped, or most likely by outer magnetospheric oxygen and sulfur ions, present

in low charged states that are accelerated by field aligned potentials before precipitating

into the atmosphere. The associated Birkeland current (i.e. field aligned) was estimated

to be 1000 MA for the solar wind case and 10 MA for the magnetospheric case.

[59] also explored the origin of these ions and why ion precipitation would originate

near the magnetopause. They proposed a pulsed reconnection mechanism operating

at the dayside magnetopause, similar to the flux transfer events observed at Earth’s

magnetosphere. This pulsed reconnection also could explain the periodic (roughly 40–

minute period) x-ray emissions that are sometimes observed [53].

Newer spectral observations by CXO–ACIS–S in 2003 clearly showed line emis-

sion from highly charged states of oxygen and possibly sulfur [54]. Lower energy

emission features were also observed in the spectrum, but the spectral resolution was

insufficient to tell the difference between sulfur lines (0.31 – 0.35 keV) and carbon lines

(0.35 – 0.37 keV) (Please refer to spectrum shown in Figure 1.4). The distinction be-

tween these lines is important for determining the origin of the heavy ions. If the lower

energy emissions are sulfur lines, the ions are most likely of magnetospheric origin.

However, if the emissions are carbon lines, it could suggest a contribution of the solar

wind. Recently, ref. [52] calculated auroral emission spectra including carbon ions and

compared their results to CXO observations, concluding that the carbon ion emission
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is negligible. However, uncertainties in the model do not allow to completely discard

the possibility of solar wind ions to be responsible for the x-ray emissions.

1.3.4 Saturn’s Aurora

Until the Cassini mission observations of Saturn in 2004 it was believed that Saturn’s

magnetosphere, the aurora and their corresponding processes were intermediate be-

tween Earth’s and Jupiter’s [32]. These observations revealed that the morphology as

well as the triggering mechanisms of the aurora are different than those of Jupiter and

Earth. For example, HST observations give evidence to believe that Saturn’s main au-

roral oval is associated with currents near the boundary between open and closed field

lines and from Voyager measurements this region has been mapped to 6 – 7 RS [32,35].

The HST–Cassini campaign observations have shown that the oval is responsive to the

solar wind [37], however, unlike the Earth, Saturn’s aurora is affected not by the orien-

tation of the IMF but by the solar wind dynamic pressure and the convection electric

field−~u×~B. It also appears that the magnetosphere response to the solar wind is driven

by solar wind shocks [31, 32, 35, 60].

The size of Saturn’s magnetosphere and rapid planetary rotation suggest that some

Jovian-like processes should occur. During quiet solar wind times, it has been ob-

served that the features that form the oval aurora still corotate with the planet [61].

This could indicate that the magnetosphere can have more than one state depending

on solar wind parameters and each state is manifested with different auroral features.

However, the auroral oval tends to be at much higher latitudes at Saturn than at Jupiter

and its morphology changes. Observations have shown a morphology evolution of the

oval at Saturn that changes from a closed loop to an open loop, showing a spiral-like

shape. The mechanism for this change is still unknown [32]. Another difference with
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Jupiter is that there are no bright satellite footprints as is the case of Io, Europa and

Ganymede. Only recently, an auroral footprint of the moon Enceladus was observed

on Saturn caused by electrodynamic coupling between the two objects [62, 63] . This

footprint was very hard to observe because it is much dimmer than the Io footprint in

Jupiter and in instances the emission might be below the observable threshold .

The most interesting feature relevant to the present study is the fact that no x-ray

aurora has been measured at Saturn, although one has been expected [24, 33, 64]. It

is speculated that these x-ray emissions are there, but that the sensitivity of current

observatories is not enough to detect them, since they are much dimmer than Jupiter’s

emissions. Late observations showed that Saturn’s x-ray emission is concentrated in

non-polar latitudes and has a large temporal variability correlated to the solar x-ray

flux [64–66] . This suggests that these disk emissions are solar x-rays scattered of the

atmosphere, just like it has been observed in Jupiter [17, 67] . While Jupiter has been

observed to produce 1 GW x-ray luminosity in the polar region [54, 56], upper limits

calculated for Saturn only reach 8 – 24 MW [68] making it hard to observe with current

observational thresholds.

Ref. [69] investigate the possibility of x-ray emission at Saturn based on mecha-

nisms analogous to Jupiter, namely, highly charged solar wind ions or a magnetospheric

ion population which is accelerated before precipitating into the atmosphere. They find

that magnetospheric ions that start inside the magnetosphere are not capable of produc-

ing a large enough x-ray flux in order to achieve the observational limits. However,

solar wind heavy ions may be able to precipitate along open magnetic field lines near

the cusp magnetopause and produce x-rays. These ions will have to be accelerated in

order to produce an observable x-ray flux, even though they are already stripped. There

are no current models for auroral x-ray emission at Saturn, only estimates on the pos-

sible emissions. This present study, although initially designed for Jovian modeling,
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could be applied to Saturn in the future in order to estimate the x-ray emissions and

explain why they are not observed yet.

1.4 Magnetosphere – Ionosphere (MI) Coupling

The study of aurorae in space objects is important because it provides a way to link

the magnetospheric dynamics and how they affect the planet and its atmosphere. The

aurora is a manifestation of the effects of the magnetosphere projected onto the atmo-

sphere like a screen. It is also a diagnostic of the electrical currents that couple this

ionosphere – magnetosphere system together. By observing the changes in the aurorae

and understanding what causes them, magnetospheres can be modeled and the currents

and other internal processes acting may be analyzed.

1.4.1 MI Coupling of the Main Auroral Oval at Jupiter

The vast study of the Jovian auroral oval emissions has led to a basic understanding of

its origins by relating the energetic electron precipitation to field aligned currents. The

middle magnetosphere of Jupiter has a massive source of plasma due to the presence of

its volcanically active moon Io at 6 RJ . This iogenic plasma (mostly sulfur, oxygen and

electrons) is confined to the equatorial region due to centrifugal forces and at the same

time diffuses radially outward forming a plasma disk. As the plasma diffuses outward,

its angular velocity (ω), which was initially close to corotation with Jupiter, decreases

slowly to conserve angular momentum. When the angular velocity falls bellow the

angular velocity of the planet (ΩJ), a differential velocity exists between the neutral

particles in the upper atmosphere that rotate with the planet, and the charged particles in

the ionosphere which rotate with the magnetospheric flux tubes. This leads to collisions

between the plasma and neutrals in what is called the Pedersen-conducting layer of the
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ionosphere [3]. The collisions produce a frictional torque on the flux tubes that tends

to bring them back up to corotation, while an opposite torque will slow down the upper

atmospheric particles.

The ionospheric torque is then related to the magnetospheric plasma in the equa-

torial region of the magnetosphere by the magnetic field, which is now distorted to a

lagging configuration (see Figure 1.5. This figure also shows the associated current sys-

tem to this magnetic field configuration based on Jovian models done by [28] and [70]).

The Pedersen current (i.e. the current component perpendicular to the magnetic field)

in the ionosphere will then balance the frictional torque with a ~j×~B force directed in

opposite direction to the rotation of the planet. At the same time, the outward radial

current in the equatorial plane will also have a ~j×~B in the same direction as the rota-

tion. This force tends to accelerate the plasma to near corotation. The current circuit is

then closed by field-aligned currents directed downward from the magnetosphere to the

ionosphere and upward from the ionosphere to the magnetosphere [36]. As mentioned

in section 1.3, the upward field aligned (i.e. Birkeland) current is the source of the

auroral oval observed in Jupiter.

1.4.2 Polar cap magnetosphere–ionosphere coupling

The current system that leads to the Jovian polar aurora is, however, not very well un-

derstood. A model for this region is described by [59] and [4]. A view of the northern

polar ionosphere with its corresponding current and flows is given in Figure 1.6 (right).

This model, considered to be in a steady state, consists of three flow regions: The first

region is the sub-corotating Hill region, which is at lower latitudes and has upward field

aligned currents (main auroral oval currents described above). The second region sur-

rounds the Hill region and is also driven by planetary rotation. Although it is faster,
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it is still sub-corotating. The field lines connecting to this region stretch out into the

dusk sector down-tail, eventually pinching off by reconnection and forming plasmoids

that bring iogenic plasma down-tail (Vasyliunas cycle). The third region describes the

flow associated to the solar wind interaction by reconnection of open magnetic field

lines with northward-directed interplanetary magnetic field lines at the dayside magne-

topause (Dungey cycle). The resulting open field lines will be carried over the poles,

flow predominantly from dusk to dawn and will pinch off through reconnection at the

tail. To complete the cycle the return flow will take place only at the dawn side region,

since the Vasyliunas cycle plasma flow already occupies the midnight to dusk sector.

The MI coupling is a complicated system with lots of dynamics involved. However,

it is still not clear if the polar ionosphere-magnetosphere coupling proposed by [3, 4]

and [59] is correct, since the link between the polar emissions and the associated solar

wind signatures has not been found yet. It is hoped that the modeling of the x-ray

aurora on this project will provide some insight on this issue. The complicated current

system shows how aurorae are important to the understanding of the physics of the MI

coupling, as they are a manifestation and diagnostic of the field aligned currents that

connect the two regions.
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Figure 1.4: Top: Smoothed XMM–Newton EPIC images of Jupiter. From top left,
clockwise: OVII, OVIII, MgXI, FeXVII. The color scale bar is in units of EPIC counts.
Bottom: Combined EPIC spectra for the North (black) and South (red) aurorae and of
the low latitude disk emission (green) [2]. The x-axis shows the photon energy and the
y-axis shows the normalized counts/sec/keV.
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Figure 1.5: Cross section of the Jovian magnetosphere. Arrowed solid lines indicate
magnetic field lines, which get distorted outward in the middle magnetosphere region
by azimuthal currents in the plasma sheet. The plasma is shown in the dotted region.
Three different velocities relevant to the processes are shown: ΩJ is the planetary an-
gular velocity, ω is the angular velocity of the field lines, and Ω∗J is the angular velocity
of the Pedersen layer in the magnetosphere. The dashed lines show the current system
responsible for the auroral oval. From [3].

Figure 1.6: Sketches of the magnetospheric flows and currents. The left figure shows an
equatorial cross section of the magnetosphere, showing the three different regions and
their cycles. The figure on the right shows the north polar ionosphere and its current
and flows. From [4].
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Chapter 2

Collision Processes – Electron Impact Cross Sections

2.1 Introduction

Collisions play a key role, when modeling the dynamics and energetics of atmospheres,

ionospheres and magnetospheres. Collisions between particles are responsible, for ex-

ample, for ionization of atmospheric constituents, energy exchange between particle

populations leading to their cooling or heating, observable emissions due to excitation

of the impacted or impacting particle, etc. Collisions can be classified as elastic or

inelastic, where the first type of collision will conserve kinetic energy and momentum

of the particles involved, while the second type will not. An inelastic collision leads to

excited or de-excited states. It is a fundamental process considered in auroral emissions

and dayglow. In general, elastic collisions will be the dominant type of collision for low

energies, while inelastic collisions become more important when the relative kinetic en-

ergy between the particles increases. There exist different types of collisions that can

be organized according to their importance: elastic, rotational, vibrational, electronic

excitation, and ionization [71].

The different collision processes are important for modeling because each process

will affect the transport of plasma, the sources and losses in the plasma equations, as
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well as momentum/energy calculations in a different way. For the present work many

types of collisions must be taken into account because of the nature of the problem.

For example, in Chapter 4 ion neutral collisions are the most important when modeling

x-ray emission at the Jovian high latitudes. Chapters 5 and 6 deal with the modeling of

electron transport. In these chapters electron collisions with neutral species, ions and

other electrons are most important. Another important process that is considered when

modeling ionospheres is the production of electrons and ions due to solar radiation, as

it will also be mentioned in several sections. In the present chapter electron impact

collisions cross sections as well as photoabsorption and photoionization cross sections

are compiled for those atmospheric species relevant to Jupiter and the Saturnian inner

magnetospheric environment. The following chapter contains all the pertinent cross

sections for ion-neutral collisions that are used in the model.

The cross sections are extremely important for the development of the proposed

model in this thesis, because they are used to calculate the transport, energy losses,

absorption, and other important parameters. Some of the cross sections were found

in the literature and are reviewed in the following sections. Other cross sections were

calculated by most up to date codes available to our collaborators from the Oak Ridge

National Laboratory and Northern Texas University. I would like to take the opportunity

to thank them for their work, making this extensive cross section compilation possible

for our work.

2.1.1 Cross Sections – Overview

Let’s first review the concept of a cross section as explained by classical scattering

theory. Consider an incident particle with energy E and impact parameter b, which then

emerges at some scattering angle θ . At the lab, for example, measurements usually use
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a beam of particles with a flux Γ that is scattered off target particles, usually a contained

gas. A single fixed-target molecule acts as a center of force, which when repulsive will

scatter away the particles from the molecule. If the incoming particles has a small

impact parameter b, it will be scattered through a bigger angle θ . The differential cross

section dσ is an important value because it determines the angular distribution of the

scattered particles and it is defined as the number of particles scattered per solid angle

dΩ per unit time, divided by the incident intensity. One can write the differential cross

section as:
dσ

dΩ
=

b
sin(θ)

∣∣∣∣ db
dθ

∣∣∣∣ (2.1)

One can calculate the number of particles scattered into a solid angle dΩ per unit time

as:

dN =
dσ

dΩ
2π sinθdθΓ. (2.2)

An important parameter that is often used in the present work is the total cross section σ

or σtot . The total cross section gives the total number of particles scattered per unit time

divided by the incident flux. That is, all the scattered particles at all possible angles. It

is defined as:

σtot =
∫ b

sin(θ)

∣∣∣∣ db
dθ

∣∣∣∣dΩ =
∫ dσ

dΩ
dΩ (2.3)

Another important cross section that is frequently used in particle scattering problems

is the momentum transfer cross section, which is defined as the total momentum trans-

ferred to the target particle per unit time divided by the incident flux. The momentum

transfer cross section can be calculated as:

σMT =
∫ dσ

dΩ
(1− cosθ)dΩ (2.4)
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Coulomb collisions, which are long-range interactions between charged particles,

are very important in the ionosphere models. In order to calculate their cross section,

one must first evaluate the differential cross section as given by equation 2.1. Let us

relate the scattering angle θ with the impact parameter b by:

tan
(

θ

2

)
=

1
4πε0

qscatqtarget

µstg2
stb

; (2.5)

where qscat and qtarget are the charges of the scattering particle and target respectively,

µst is the reduced mass of the scattering and target particles and gst is their relative

velocity. With this relation, one can calculate db/dθ and plug in the answer to the right

hand side of equation 2.1 and obtain:

dσscat

dΩ
=

4πε0µstg2
st

qscatqtarget

b3

2sincos2 (θ/2)
. (2.6)

After some manipulation we obtain the Rutherford scattering cross section for Coulomb

collisions:
dσRuther f ord

dΩ
=

(
qscatqtarget

4πε0µstg2
st

)2 1
(1− cosθ)2 (2.7)

In many cases the cross sections can be calculated analytically. The compilation

of cross sections given in the present and following chapters includes experimental

electron impact cross sections fitted by analytical functions for electron impact cross

sections and classical trajectory Monte Carlo simulations used to calculate the ion-

neutral impact cross sections. Species of interest in Jupiter are sulfur and oxygen ions,

electrons, molecular and atomic hydrogen, helium, and methane. Species of interest

in the inner magnetosphere of Saturn and the Enceladus plume are electrons, water,

carbon dioxide, and methane.
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2.2 Electron Impact Cross Sections

Electron impact cross sections are important when modeling electron precipitation in

Jupiter’s atmosphere. The electron precipitation may be primary or secondary, for ex-

ample, as a product of ion-neutral collisions. However, the cross sections and col-

lisional processes involved in both cases are the same, as it is hard to differentiate

between secondary electrons, photoelectrons, or primary electron precipitation. The

electron cross section data that is used in the codes of our model required a large com-

pilation of information. Cross sections are needed for the impact with each neutral

species. For Jupiter the most important neutral species is molecular hydrogen. We have

also compiled cross sections for electron impact with helium, atomic hydrogen and

methane. The cross sections for electron impact with molecular hydrogen are based on

a compilation by [10]. The cross sections used from this paper are recommended by

the authors as the best values under their criteria at the time it was written. The authors

included the reliability of experimental methods employed, agreement between indi-

vidual measurements, and experimental uncertainties. For the data compilation given

in the present chapter experimental data are preferred to theoretical data, as the data

measurements are constantly being improved. The theoretical data found in the litera-

ture dates from 30 – 40 years ago, when the experimental techniques were just being

developed.

In order to have the cross section information in a format compatible with the code,

all the inelastic electron cross sections are represented by an analytical function that

fits the recommended experimental data by [10]. The analytical function is adapted

from [72] and [73], and is given by:

σ(E) =
q0 f0C0

W 2

(
W
E

)Ω
[

1−
(

W
E

)β
]ν

. (2.8)

27



This analytical function has been able accurately represent large amounts of data. In

the equation, q0 = 4πa2
0R2 = 6.514× 10−14 eV2 cm2, where a0 is the Bohr radius

and R is the Rydberg energy = 13.6 eV. f0, C0, Ω, β and ν are so called Generalized

Oscillated Strength (GOS) parameters, which can be adjusted to fit the experimental

data. For each different species and each different excitation state there are a different

set of parameters used. When experimental data was available (for example the cross

sectional data recommended by [10]) the parameters in the analytical cross section were

adjusted to best fit the data. The parameters that best fit the cross sections for all the

neutral species relevant to this work are given in the Appendix. We refer the reader to

the Appendix for more useful information on the cross section calculation details.

For the ionization processes there is a different set of cross sections that is used

in the code. To represent the differential ionization cross section S(E,T ) that best fits

experimental data, [74] suggested the following form as a better approximation:

S(E,T ) = A(E)
[

Γ2

(T −T0(E))2 +Γ(E)2

]κ

(2.9)

where

A(E) = σ0
K
E

ln
(

E
J

)
(2.10)

Γ(E) = Γs
E

E +Tb
(2.11)

T0(E) = Ts−
Ta

E +Tb
(2.12)

The form adopted had already been used in other aspects of physics in connection with

damped harmonic oscillator. In nuclear physics the form of equation 2.9 with different

κ values is recognized as the Breit–Wigner formula of resonance shapes. Here E is the

primary electron energy, T is the secondary electron energy. The secondary electron is

defined as the electron with the least energy leaving an ionization event. σ0 is a unit
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cross section taken as 10−16 cm2 and κ = 1 for ionization cross sections. In the code

there is a modification of equation 2.10 and it is used as:

A(E) = σ0

(
K
E
+Kb

)
ln
(

E
J
+ Jb +

Jc

E

)
. (2.13)

The variables K, Kb, J, Jb, JC, Γs, Γb, Ts, Ta, and Tb are adjustable parameters for

different ionization states of each gas species.

In order to obtain the total ionization cross section one must use equation 2.9 with

κ = 1 and integrate over a secondary energy range Tm = 1/2(E− I). Here E is again

the primary electron energy and I is the ionization threshold. Then, the total ionization

cross section is given by:

σioniz(E) =
∫ Tm

0
S(E,T )dT

= A(E)Γ(E)
(

arctan
[

Tm−T0

Γ

])
(2.14)

2.2.1 Electron Impact Cross Sections For H2

There is a vast collection of papers with cross section information regarding electron

collisions with molecular hydrogen. For most of the cross sections I chose the refer-

ences given by [10] as the recommended experimental values. Their paper is the most

recent that I found to have such a compilation. The recommended papers have the ex-

perimental values considered to be most accurate, when the paper was written in 2008. I

fitted the experimental values for the cross sections using the analytical functions given

by equations 2.8 and 2.14 by adjusting the parameters.

There are 22 electronic state excitations that are considered in the H2 cross sections,

6 singlet states and the rest are triplet states. Please refer to Tables A.1 and A.3for a list
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of all the excitations considered and their corresponding thresholds. Table A.2 contains

a summary of the sources of the cross section values and/or the GOS parameters used

to fit the cross sections. In some cases only analytical functions were found as a source

of information. These cases are labeled as “analytical expression” in the details column

of the Appendix tables. Every state that had experimental values available was fitted

with the analytical expression given by equation 2.8.
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Figure 2.1: Cross sections for the excitation of the B1Σ+
u electronic state (Lyman Bands)

as a result of electron impact excitation on H2. Vertical bars represent a 20% experi-
mental error. Experimental data measured by [5] is illustrated by the red curve. The
analytical fit obtained by our code is shown by the blue curve.

The most important excited singlet states are the B(1Σ+
u ) and the C(1Πu) states,

which give the Lyman and Werner excitation bands respectively. [5] measured the rec-
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ommended experimental values, which were then fitted with the parameters given in

the summary table A.2. Figures 2.1 and 2.2 show the experimental values with error

bars corresponding to 20 %. The authors in [5] estimated the errors to the cross sections

to be ± (15 – 25) % for electron energies between 20 – 500 eV, ± (7 – 15)% for higher

energies and ± 30 % for energies below 20 eV. The analytical fit achieved by the code

is also shown in the figure as a comparison.
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Figure 2.2: Cross sections for the excitation of the C1Πu electronic state (Werner
Bands) as a result of electron impact excitation on H2. Vertical bars represent a 20%
experimental error. Experimental data measured by [5] is given by the blue curve. The
analytical fit obtained with the chosen parameters and calculated with our code is shown
by the red curve.

The cross section for the E,F1Σ+
g state recommended by [10] is taken from the

experimental values achieved by [6]. The experimental uncertainty is ± 25 %, as given
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by the authors. The analytical fit to the cross section calculated by the code is shown in

Figure 2.3 as a comparison.
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Figure 2.3: Cross sections for the excitation of the E,F1Σ+
g electronic state as a result

of electron impact excitation of H2. Vertical bars represent a 25 % experimental error as
measured by [6]. Their experimental data is shown by the blue curve and the analytical
fit to the cross section calculated is given by the red curve.

The cross sections for the other singlet excitation states B′(1Σ+
u ), D(1Πu), D′(1Πu),

and B′′(1Σ+
u ) are not available in the Yoon et al. compilation. Their values are adapted

from [7] Figure 4c. However, the cross sections for the D′(1Πu) and B′′(1Σ+
u ) states are

extremely similar and they were combined as a single cross section labeled D′(1Πu)B′′(1Σ+
u )

in the plots. The cross sections for these states can be seen in Figure 2.4.
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Figure 2.4: Cross sections for the excitation of the B′(1Σ+
u ), D(1Πu), and the

D′(1Πu)B′′(1Σ+
u ) electronic states as a result of electron impact excitation of H2. Verti-

cal bars represent a 25 experimental error. These cross sections were adapted from [7]
and fitted by adjusting the GOS parameters in our calculations.

Only four triplet excitation states have experimental cross section data recommended

by [10]. These are the states a(3Σ+
g ), b(3Σ+

u ), e(3Σ+
u ), and c(3Πu). Please refer to Fig-

ure 2.5 for these cross sections. All other triplet states used in our calculations are

found by analytical fits with GOS parameters adapted from [73, 75]. Please refer to

these papers for more details on the cross sections. A summary of all the excitation

cross sections is shown in Figure 2.6.
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Figure 2.5: Cross sections for the excitation of the a3Σ+
g (upper left), c3Πu (upper

right), and e3Σ+
u (bottom) electronic states as a result of electron impact excitation of

H2 molecules. The experimental cross section values are from [8] and the error bars are
taken to be 15 %. 34
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Since we are dealing with an electron impacting a molecule, the rotational and vi-

brational excitation cross sections are important in the calculations, especially for the

heating and cooling effects of the collisions. [10] also recommends a set of rotational

and vibrational excitation cross sections. In the code we consider two vibrational exci-

tation cross sections; v = 0→ v = 1 and v = 0→ v = 2. We also consider four different

rotational excitation processes: J = 0→ J = 2, J = 1→ J = 3, J = 2→ J = 4, and

J = 3→ J = 5. Please refer to the Appendix Tables A.4 and A.3 for the details on the

parameters and references on these cross sections. The vibrational and rotational cross

sections are shown in Figure 2.7.

When an electron has a collision with a hydrogen molecule it may also dissociate the

molecule, leaving it in an excited state that may lead to an emission. H Ly-α emission

by dissociative excitation of H2 is an important process that is taken into account in

our code. This emission line is the most prominent emission line in the UV airglow

and aurora in the outer planets, since their atmospheres are all dominated by H2 or H.

The reaction can be expressed as: e+H2→ H(Lyα)+H + e. The cross sections for

this process have been obtained from [9]. In their work they measure a fast and a slow

component of the H Ly-α emission. The fast data is fitted using an analytical cross

section having the modified form:

Ωi j =C0(1−1/X)(X−2)+
4

∑
k=1

Ck(X−1)exp(−kC8X)+C5+C6/X +C7 ln(X) (2.15)
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Figure 2.7: Vibrational and rotational excitation cross sections due to electron impact
on H2. Experimental data is shown if available. The other curves illustrate the calcu-
lated cross section by the code with the appropriate parameters as given in Table A.4 in
the Appendix.
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Here, Ωi j(X) is the collision strength, X is the electron energy in threshold units,

and Ck are constants given in Table A.5 in the Appendix. For more details, see [76]. To

calculate the excitation cross section, the collision strength is used as follows:

σi j = Σi j(X)(Ei jX)−1. (2.16)

Here, σi j is the cross section in atomic units and Ei j is the transition energy in

Rydberg units. The experimental data obtained by [9] showed that the fast component

of the H Ly-α emission has a contribution from two different states, which they labeled

Q1 and Q2. They also estimated an energy dependence for each state with 40% of the

cross section arising from the Q1 states and 60% of the cross section arising from the

Q2 state. Therefore, to calculate the cross section for the fast component, we use:

σ f ast = 0.4σQ1 +0.6σQ2 (2.17)

The cross section for the slow contribution was taken directly from the data shown

in Figure 4 of [9]. The data points interpolated are given in the Appendix Table A.6.

The total cross section for dissociative excitation of hydrogen molecules by electron

impact is found by adding the fast and slow cross sections. The slow and fast com-

ponents, as well as the total dissociative cross section leading to H Ly α emission are

shown in Figure 2.8.

Another very important set of cross sections that is needed for the processes in the

code is the electron impact ionization cross section for H2. The analytical function used

in the calculation of these cross sections is given by Equation 2.14 and the correspond-

ing parameters to obtain the best fit are given in Table A.11. For a list of the ionization

states please refer to Table A.10. For this cross section we use the recommended values

measured by [77]. There are two possible outcomes to this process. The first is the
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total dissociative excitation cross section is calculated by adding up the cross sections
for the two components. See text above for more details and the Appendix for the cross
section values and coefficients used to fit the cross sections as measured by [9]

ionization of the H2 molecule (H+
2 ) and the second is the production of H+ by disso-

ciation and then ionization. Both processes are considered in the calculations and their

corresponding cross sections can be found in Figure 2.9.
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2.2.2 Electron Impact Cross Sections For He

The electron impact cross sections for He that give the excitation and ionization states

are calculated in the code with the same analytical cross section expressions used for

H2. As a reminder, the analytical cross section formulations are given by Equations

2.8 and 2.14. The parameters for the data were obtained by [11] and are shown in the

Appendix Table A.7. There are no vibrational or rotational excitation cross sections for

He because being an atom and not a molecule those states do not exist. Figure 2.10

illustrates the cross sections for the electronic excited states of He considered in our

models. Figure 2.11 shows the ionization cross sections for He.
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Figure 2.10: Cross sections for the electronic excitation states used in our model for
He. The parameters for the analytical cross section fit are given by [11] and are also
shown in Table A.7.
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2.2.3 Electron Impact Cross Sections For H

The electronic excitation states of H that are considered for the calculations are given

in the Appendix Table A.8. The cross sections are calculated by two sets of parameters.

The first set is for incident electron energies below 3 keV and are taken from [12].

The cross section is calculated using Equation 2.8. The second set of parameters is

for incident electron energies higher than 3 keV. To calculate the electronic excitation

cross sections for these higher energies, we use a different analytical expression given

by [13], equation 5 in their paper. This analytical expression uses the Bethe formula for

the plane-wave Born approximation for fast, but not relativistic incident electrons. The

extended expression has the form:

σext =
4πa2

0R
T +B+E

[a ln(T/R)+b+ cR/T ] f . (2.18)

Here, a, b, and c are dimensionless constants, E is the excitation energy for each par-

ticular state, T is the incident electron energy, R is the Rydberg energy, f is a scaling

factor and B = 13.5984 eV is the experimental ionization energy used in the scaling.

The values used for each excitation state is shown in the Appendix Table A.8. There is

a small jump at E = 3 keV due to the change in the analytic formula used for the cross

sections. However, the jump can be considered small compared to the errors that the

experimental measurement of cross sections have in general (about 20%).

The excitation cross sections for H for the different states used in our work are

shown in Figure 2.12. The total ionization cross section was calculated using the ana-

lytic function given by Equation 2.14. The parameters were adjusted to fit the experi-

mental data reported by [14]. The cross section is shown in Figure 2.13.
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used to fit the data explains the observed “bump”. See text for more details.
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Figure 2.13: Total ionization cross section as a function of incident electron energy in
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are shown in Table A.11.
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2.2.4 Electron Impact Cross Sections For CH4

The cross sections for CH4 used by the codes in this work have been carefully compiled

by our group for previous works. Therefore, I will be brief on this section and refer the

reader to [15] and [78] for more details on these cross sections. The excitation states

considered (electronic, dissociative and vibrational) are given in the Appendix Table

A.9 and the ionization parameters are given in the Appendix Table A.11. All cross

sections are calculated by the analytic functions given by Equations 2.8 and 2.14. The

cross sections are shown in Figures 2.14 and 2.15.
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Figure 2.14: Excitation cross sections for CH4 (electronic, dissociative and vibrational)
as a function of incident electron energy in eV. For more details on these cross sections,
please refer to [15]. All the parameters used can be seen in the Appendix table A.9.
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2.3 Loss Function

In order to double check the cross sections and to obtain some more useful information

about the interactions between the precipitating electrons and the atmospheric neutrals,

we calculated the loss function for each species. The loss function gives the energy loss

of each species after the collision. It is given by the following equation, taken from [7]:

L(E)= (2meE/M)σmt(E)+
1

nMve

dE
dt

+Σnσn(E)∆En+Σn

∫ (E−In)/2

0
(In+ε)

dσ i
n

dε
(E,ε)dε

(2.19)

For our purpose, the loss function can be obtain by just adding the third and fourth terms

of the equation. Therefore, using the following equation we obtain the loss function for

each species as shown in Figure 2.16.

L(E) = Σnσn(E)∆En +Σn

∫ (E−In)/2

0
(In + ε)

dσ i
n

dε
(E,ε)dε (2.20)

In general, one can calculate the energy loss per unit path length x in a gas with density

n by taking:

L(E) =−1
n

dE
dx

(2.21)

The results for the energy loss function for the major species in the Jovian atmosphere

can be found in Figure 2.16.
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Figure 2.16: Energy loss functions for H2, H, He, and CH4 as a function of incident
electron energy (eV).
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2.4 Backscatter Cross Sections

For the two-stream code calculation, it is important to know the fraction of electrons

that scatters back after a collision. In order to do this, one needs the elastic and in-

elastic backscatter cross sections and probabilities. We performed this calculation for

the electron collisions with H2 using the differential elastic scattering cross sections dσ

dΩ

measured by [16]. Shyn et al. measured differential cross sections for energies ranging

from 2 – 200 eV and for angles between 6 – 168 degrees. Their measured differential

cross section as a function of angle is shown in Figure 2.17. We can obtain the total
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Figure 2.17: Differential cross section for elastic electron impact collisions on H2 as a
function of angle for different incident electron energies (eV). Data adapted from [16]
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elastic cross section by integrating:

σel =
∫

Ω

dσ

dΩ
dΩ (2.22)
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Figure 2.18: Total elastic cross section for electron impact on H2, H, He, and CH4 as a
function of incident electron energy (eV). Calculated by using equation 2.22

The elastic backscatter probability is obtained by calculating the fraction of elec-

trons that would scatter to angles greater than 90°and then dividing it by the total elastic

cross section. The backscatter probability multiplied by the elastic cross section will

give the backscatter cross section. There is no data available for the inelastic cross sec-

tions. Therefore, the elastic and inelastic backscatter probabilities are taken to be equal

in our model until new cross sections become available. Please refer to Figures 2.18 and
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2.19 for the backscatter probabilities and cross sections for the different neutral species.

The values for the cross sections of H, He and CH4 are taken from previous work done

by our group (see for example [78]). The values for the backscatter probabilities of H

and He are taken to be equal.

The differential cross sections also allow us to calculate the momentum transfer

cross sections for electron impact collisions with molecular hydrogen. This can be

done by integrating the following equation:

σMT =
∫

Ω

dσ

dΩ
(1− cosθ)dΩ. (2.23)

The resultant momentum transfer cross section calculated for electron impact on H2

can be seen in Figure 2.20.

2.5 Photoionization and Photoabsorption Cross Sections

Sunlight (photons) are the key component for the formation of a planetary ionosphere.

Solar photons will interact with the atmosphere exciting the neutral species and produc-

ing ions and secondary electrons.These, in turn, will further interact with each other and

other atmospheric constituents producing a unique atmospheric population. In particu-

lar, parts of the modeling of the Jovian aurora require photoabsorption, photoionization

and photodissociation cross sections to calculate collisions of solar photons with the

atmospheric neutrals present. All these processes involve an interaction between a pho-

ton and a neutral. Photoionization occurs when an incident photon has at least as much

energy as the binding energy needed to ionize the neutral. The ejected electron will

have a kinetic energy equal to the the photon energy minus the binding energy. If the

photon has an energy lower than the binding energy it will be absorbed or scattered by
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Figure 2.19: Backscatter probability (left) and cross section (right) for H2, H, He, and
CH4 as a function of incident electron energy (eV). The probability is calculated by
taking the fraction of particles that scatter with angles greater than 90° divided by the
total elastic cross section. The cross section is calculated by multiplying the backscatter
probability with the elastic cross section (see Figure 2.18).
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Figure 2.20: Momentum transfer cross section for H2 as a function of incident electron
energy (eV). The total elastic cross section is shown for comparison. Adapted from
[16].

the neutral. When photoabsorption occurs, an electron in a lower energy level will be

excited to a higher energy level by the absorption of the photon energy. The atoms will

absorb only those photons with the right amount of energy, since the energy levels are

quantized and an exact energy is required to jump between the levels, as explained by

quantum mechanics. Photoabsorption may also lead to heating the atmospheric neu-

trals. Photodissociation of a molecule may occur when a photon is absorbed that has

the right energy needed to dissociate a given molecule. The following equations sum-
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marize the important processes considered in the model:

M+hν →M++ e for hν binding energy (2.24)

M++hν →M+++ e (2.25)

M2 +hν →M+M dissociation (2.26)

M+hν →M∗ excited state (2.27)

When modeling planetary ionospheres all three processes are important, since solar

radiation will contribute to changes in the ionospheric composition by these photo-

processes. For instance, when we model the x-ray emission from the energetic ion

precipitation, we need the photo-absorption cross sections for the neutral species to

calculate the opacity effects that the atmosphere has on the emitted radiation. The

photoabsorption cross sections we used to calculate equation 4.13 are shown in Figure

2.21. We adopted the cross sections from [79].

Other parts of our model include absorption of solar radiation as well as the ion-

ization and dissociation of the neutral species due to solar EUV and x-ray photons. To

evaluate this, several cross sections have been compiled by [17] and will be used in

our work. Some of the sources for this cross sections include [80–82]. Please refer to

Figures 2.22 and 2.23 for the different cross sections that are used in our model.
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Figure 2.21: Photo-absorption cross sections for the neutral species H, He, and C as
a function of photon wavelength in nm. These cross sections are used to estimate the
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tion in the Jovian polar region (See Chapter 4).
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Figure 2.22: Photo-absorption and photo-ionization cross sections as a function of pho-
ton wavelength in Å. Cross sections adapted from [17].
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Figure 2.23: Photo-dissociation cross sections for H2 and CH4 as a function of photon
wavelength in Å. Cross sections adapted from [17].
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Chapter 3

Collision Processes – Ion Impact Cross Sections

3.1 Introduction

The ion cross section data that are used in our model for the Jovian atmosphere mod-

eling are part of an even larger database that our collaborators at Oak Ridge National

Laboratory and currently at Northern Texas University have been working on for sev-

eral years. 1 The database contains cross section information for collisions between

carbon, sulfur, and oxygen ions and hydrogen molecules. For each ion species one can

find the cross section information for processes like charge transfer, which includes

single charge transfer, transfer ionization, double-capture auto-ionization, q,q−1 tran-

sitions and double capture. Other cross section information is available for ionization

and stripping processes. The following subsections will show the cross sections used

to model energetic oxygen and sulfur ion precipitation at Jupiter. The calculation of

the cross sections is not the emphasis of my work. Therefore, I will just briefly explain

some of the methodology behind the cross section calculation done by our collabora-

tors.
1This is still an ongoing research project as it takes several years to compile such large cross section

information. The database can be found online at: http://www-cfadc.phy.ornl.gov/astro_
data/dave/.

58

http://www-cfadc.phy.ornl.gov/astro_data/dave/
http://www-cfadc.phy.ornl.gov/astro_data/dave/


The relevant inelastic cross sections for all ionization stages of oxygen and sulfur

colliding with molecular hydrogen over a very wide range of collision energies (10 –

1000 keV/u) have been calculated using the classical trajectory Monte Carlo (CTMC)

method [83, 84]. This method assumes that all particles obey Newtonian physics dur-

ing collisions. It calculates numerically the time evolution of a classical distribution

f (~x,~p, t) in phase space. The CTMC is preferable due to its tractability in treating this

wide range of systems and collision energies. An ab initio treatment of many different

partially stripped ions interacting with a molecular target would require the solution

of the many-electron, molecular Schrödinger equation. Approximations for this exist

for very high collision energies using perturbation theory, and at intermediate and low

energies, methods based on expansion of the many-electron, multi-center wave func-

tion spanning both bound and continuum states of the projectile and target are the most

appropriate. However, such ab initio treatments are not presently feasible for this large

range of projectiles colliding with molecular hydrogen over several orders of magni-

tude of collision energy. Therefore, CTMC, which simulates the projectile-H2 collision

by sampling classical trajectories computed from a large ensemble of configurations

chosen to mimic the correction quantum mechanical initial conditions, is rather used.

In the CTMC method the initial electronic orbits on the H2 target are prepared as

described by [85,86]. The motion of the particles (projectile ions, hydrogen nuclei, and

active electrons) is then determined by an iterative solution of Hamilton’s equations

of motion. At the end of each Monte Carlo trajectory, the relative binding energies of

the electrons to the projectile and target are calculated to determine if a reaction has

occurred. Here we focus attention on the range of inelastic channels relevant to mod-

eling the precipitating ions’ slowing down and charge evolution, namely, target ion-

ization (either single ionization or double ionization), charge transfer (single electron

capture by the projectile, charge transfer with simultaneous target ionization, double

59



capture, and double capture followed by autoionization), and projectile stripping (a sin-

gle active electron on the projectile is considered coupled with the independent electron

model [87]).

We note that for Oq+ and Sq+ (q = 0, 1, ..., 8 or q = 0, 1, ..., 16) + H2, almost

no relevant experimental data exists, especially for this huge range of ionization stages

and collision energies. The limited data for oxygen allows some benchmark of the

presently utilized data, as does comparison of CTMC results for other systems, but does

not allow a consistent and useful adjustment of the database. That is, when considering

the full range of ions, the several inelastic collision channels, and the large range of

collision energies, it is not possible to make adjustments to one collision channel for

a small number of ions over a small range of energies and maintain a self-consistent

set of inelastic cross sections. Improvements in the database must await many more

experimental measurements and ab initio calculations to allow a comprehensive and

consistent set of improved, evaluated data to be produced. For additional information

on cross section calculations see [7, 88–90].

3.2 Charge Transfer Collisions

Several processes are relevant to the energetic ion precipitation at Jupiter. Charge trans-

fer collisions are an important process that must be taken into account in an ionospheric

model. It is the controlling process due to a high rate coefficient [91]. For the case of

oxygen, charge transfer collisions are dominant for energies below 100 keV/u. When

such a collision occurs an ion and a neutral or an ion and a molecule exchange charge

between them. During a charge transfer reaction one or more electrons may be trans-

ferred. In charge exchange reactions the participating particles tend to conserve their

kinetic energy after the collision. Therefore, this process is a way to convert energetic
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ions into energetic neutral particles. Such process occurs in the magnetospheres of

Jupiter and Saturn and are the cause of mass loading.

In general a charge transfer reaction will have the outcome

X++Y → Y++X . (3.1)

In our case X represents the incoming oxygen or sulfur ion and Y the hydrogen molecule

from Jupiter’s atmosphere. There are several processes that can have the same outcome

and we consider all of them in our calculations:

Xq++H2→



X (q−1)++H+
2

Single Capture

X (q−1)++2H++ e

Transfer Ionization

X (q−2)++2H+→ X (q−1)++2H++ e

Double-Capture Auto-Ionization

(3.2)

The total charge transfer cross section is given by the sum of the individual cross

sections:

σq,q−1 = σsc +σti +σdcai (3.3)

The total charge transfer cross sections for oxygen and sulfur ions are shown in Figures

3.1 and 3.2.
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Figure 3.1: Total charge transfer cross section as a function of energy for collisions of
Oq+ and H2, given by the sum of single charge transfer, transfer ionization and double-
capture auto-ionization cross sections (Oq++H2→ O(q−1)+∗+H+

2 ). The curves cor-
respond to a different oxygen charge state q = 1−−8 [18, 19].

3.3 Electron Stripping Processes

In ionospheric studies the electron stripping process of an incident ion that collides with

an atmospheric neutral is also an important process to consider. In general, this process

can be described as:

Xq++Y → X (q+1)++Y (Σ)+ e, (3.4)

where Y (Σ) denotes all electronic states including ionized states. As an example, the

stripping process of oxygen ions will have the form:

Oq++H2→ O(q+1)+H∗2 + e. (3.5)
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Figure 3.2: Total charge transfer cross section as a function of energy for collisions of
Sq+ and H2, given by the sum of single charge transfer, transfer ionization and double-
capture auto-ionization cross sections (Sq++H2→ S(q−1)+∗+H+

2 ). The curves corre-
spond to a different sulfur charge state from q = 1−16 [18, 19].

The same stripping process occurs for the sulfur ions, replacing the oxygen ion for

sulfur in the previous reaction. Each time there is a stripping collision the ion will lose

an electron. Electron stripping is the process by which ions will reach highly charged

states. The stripping cross section calculated by the CTMC method for sulfur and

oxygen ion interacting with hydrogen molecules are shown in Figures 3.3 and 3.4.

63



Figure 3.3: Electron stripping cross sections for oxygen as a function of ion energy for
all charge states q of oxygen in molecular hydrogen (O(q−1)++H2→ Oq++H2 + e)
[18, 19].

Figure 3.4: Electron stripping cross sections for sulfur as a function of ion energy for
all charge states q of sulfur in molecular hydrogen [18, 19].
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Figure 3.5: Ionization cross section for oxygen in molecular hydrogen as a function of
energy. Each curve represents an oxygen charge state [18].

3.4 Ionization

Ionization of the neutrals is an extremely important process in ionospheric modeling.

When the incident ions reach high enough energies, they will mostly ionize the neutral

species in the atmosphere and lose energy in each ionization collision. One can describe

an ionization process by

Xq++H2→ Xq++H+
2 + e, (3.6)

where X can be either oxygen or sulfur. The corresponding cross sections can be seen

in Figures 3.5 and 3.6.
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66



3.5 Secondary Electrons from Ion–Neutral Collisions

Ionization and stripping collisions between ions and atmospheric neutrals can lead to

the production of secondary electrons as given by equations 3.4 and 3.6. This sec-

ondary electron population is important for the dynamics of the ionosphere, since they

may also create currents or further ionize the neutrals or recombine with ions present in

the atmosphere. In general, the secondary electrons are indistinguishable from primary

or photoelectrons. It is important for us to determine the secondary electron distribu-

tion that is created as a product of the energetic ion precipitation in high latitudes of

the Jovian upper atmosphere as they will also contribute in the ionospheric dynamics

essential in the models. To calculate the probability of ejecting an electron with sec-

ondary energy Es or at in a particular direction, the single or double differential cross

section of the specific process is needed. The single differential cross section (sdxs)

can be given as a function of ejected electron energy, dσ/dE, such that:

∫
∞

0

dσ

dE
dE = σtot , (3.7)

where σtot is the total cross section for the given process (ionization or stripping in our

case) for a given primary ion energy. Similarly, the single differential cross section may

be given as a function of the ejected angle to which the electron is scattered, such that:

∫ dσ

dΩ
dΩ = σtot . (3.8)

A double differential cross section would simultaneously give both angular and ener-

getic information of the ejected electron, however, it is extremely difficult to calculate
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with the current models. It must still hold that:

∫ d2σ(E,Ω)

dEdΩ
= σtot (3.9)

Both single and double differential cross sections are extremely hard to measure and the

available data in the literature is outdated and very limited (mostly for proton-neutral

collisions). This makes it very difficult for us to determine the single differential cross

section dσ/dE that we would need for oxygen and sulfur, as they may be substantially

different than those for proton collisions. The main reason being that the heavy ions

have many electrons that will affect the interaction, which are not present in the proton-

neutral collisions. With the available CTMC codes developed by our collaborators we

were able to construct a very small data set of sdxs for ionization collisions (either target

ionization or projectile ionization) for incoming oxygen ions for ion energies of 0.5, 1

and 2 MeV/u to sample the high energies and initial ion energies of 1, 10, 50 and 100

keV/u to sample the low energies. This exploratory work is by no means complete, but

given the time constraints in the calculation of a single data sets it is the best we can do

with the available models and literature. In the following subsections we presents our

results for the single differential cross sections for ionization and stripping collisions

of oxygen ions and neutral hydrogen. These cross sections will serve as a guide and

approximation for models described in Chapter 6.

3.5.1 Single Differential Cross Sections for Ionization Collisions

As shown by equation 3.6, the collision between a fast ion and a neutral (in our case H2)

leads to the production of a secondary electron. For ionization collisions, in particular,

the secondary electron is ejected from the neutral. Therefore, in our case, we have

two cases that have to be considered: 1) single ionization, where only one electron is
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Figure 3.7: Single differential cross section as a function of ejected electron energy
for a single ionization collision between an Oq+ ion and H2 as a function of ejected
electron energy (eV). The ion has an incident energy of 1 keV/u. Due to the low ion
energy, the statistics are very low. Each curve represents a different charge state from
q = 0−6. For q = 7,8 there is no cross section shown because it is too low.
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Figure 3.8: Single differential cross section as a function of ejected electron energy for a
single ionization collision between an Oq+ ion and H2 as a function of ejected electron
energy (eV). The ion has an incident energy of 10 keV/u. Each curve represents a
different charge state from q = 0−8.
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Figure 3.9: Single differential cross section as a function of ejected electron energy for a
single ionization collision between an Oq+ ion and H2 as a function of ejected electron
energy (eV). The ion has an incident energy of 50 keV/u. Each curve represents a
different charge state from q = 0−8.
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Figure 3.10: Single differential cross section as a function of ejected electron energy for
a single ionization collision between an Oq+ ion and H2 as a function of ejected electron
energy (eV). The ion has an incident energy of 100 keV/u. Each curve represents a
different charge state from q = 0−8.
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Figure 3.11: Single differential cross section as a function of ejected electron energy for
a single ionization collision between an Oq+ ion and H2 as a function of ejected electron
energy (eV). The ion has an incident energy of 500 keV/u. Each curve represents a
different charge state from q = 0−8.
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ejected and the product ion is H+
2 , or 2) double ionization, where the neutral molecule

is dissociated and ionized and two electrons will be ejected. The double ionization

process includes removal of the two electrons by direct ionization, by transfer ionization

(one electron is captured by the projectile and the other one is ionized), double capture

resulting in autoionization. We have calculated the single differential cross sections for

both (single and double) types of collision. The sdxs for single ionization as a function

of ejected electron energy for initial oxygen ion energies of 1, 10, 50, 100 and 500

keV/u, and 1.0, 2.0 MeV/u are shown in Figures 3.7 to 3.13. The “wiggles” in the

curves at high energies are due to low statistics in in the Monte Carlo simulations used

to obtain the cross section data. However, the behavior of the cross section is very clear

and rather interesting. For example, for low energies the highly charged states have

higher cross sections, but at secondary electron energies around 300 eV, this behavior

inverts, i.e., the cross section fro the highly charged states become the lowest cross

sections. Another important structure in the cross section behavior is the formation of

a secondary peak at ejected electron energies around 1 keV. This second peak is the

binary interaction. Ions with energies less than 10 keV/u have very low cross sections

for the single and double ionization processes and therefore are not included in the data

set. For low ion energies like 1 keV/u the cross sections are very low and it is hard to

build up enough statistics. This explains the behavior that is seen in figure 3.7. We tried

our best to make the shape of the curve as approximate as we could, however, some

guesses had to be made to smooth out the curves. There is no cross section calculated

for O7+ and O8+.
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Figure 3.12: Single differential cross section as a function of ejected electron energy
for a single ionization collision between an Oq+ ion and H2 as a function of ejected
electron energy (eV). The ion has an incident energy of 1 MeV/u. Each curve represents
a different charge state from q = 0−8.
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Figure 3.13: Single differential cross section as a function of ejected electron energy
for a single ionization collision between an Oq+ ion and H2 as a function of ejected
electron energy (eV). The ion has an incident energy of 2 MeV/u. Each curve represents
a different charge state from q = 0−8.
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The sdxs for the double ionization gives the cross section for the ejection of one

electron after the collision in which two electrons are produced. It is not known at the

time how the energy of the pair of electrons is distributed. After a double ionization

collision each electron will have a different energy, i.e., the energy is not necessarily

distributed equally between the two ejected electrons. However, it is not simple to cal-

culate the energy of each electron at the same time. Until this data becomes available,

for the purpose of our model, we will individually calculate the energy of each electron

in a double ionization collision independently of the other electron energy with the sdxs

for the double ionization as shown in Figures 3.14 to 3.20.
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Figure 3.14: Single differential cross section as a function of ejected electron energy
for a double ionization collision between an Oq+ ion and H2 as a function of ejected
electron energy (eV). The ion has an incident energy of 1 keV/u. Each curve represents
a different charge state from q = 0− 1. Higher charge states are not shown as their
cross section is too small.
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Figure 3.15: Single differential cross section as a function of ejected electron energy
for a double ionization collision between an Oq+ ion and H2 as a function of ejected
electron energy (eV). The ion has an incident energy of 10 keV/u. Each curve represents
a different charge state from q = 0−7. The sdxs for O8+ is too low and therefore it is
not shown.
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Figure 3.16: Single differential cross section as a function of ejected electron energy
for a double ionization collision between an Oq+ ion and H2 as a function of ejected
electron energy (eV). The ion has an incident energy of 50 keV/u. Each curve represents
a different charge state from q = 0−8.
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Figure 3.17: Single differential cross section as a function of ejected electron energy for
a double ionization collision between an Oq+ ion and H2 as a function of ejected elec-
tron energy (eV). The ion has an incident energy of 100 keV/u. Each curve represents
a different charge state from q = 0−8.
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Figure 3.18: Single differential cross section as a function of ejected electron energy for
a double ionization collision between an Oq+ ion and H2 as a function of ejected elec-
tron energy (eV). The ion has an incident energy of 500 keV/u. Each curve represents
a different charge state from q = 0−8.
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Figure 3.19: Single differential cross section as a function of ejected electron energy
for a double ionization collision between an Oq+ ion and H2 as a function of ejected
electron energy (eV). The ion has an incident energy of 1 MeV/u. Each curve represents
a different charge state from q = 0−8.
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Figure 3.20: Single differential cross section as a function of ejected electron energy
for a double ionization collision between an Oq+ ion and H2 as a function of ejected
electron energy (eV). The ion has an incident energy of 2 MeV/u. Each curve represents
a different charge state from q = 0−8.
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Figure 3.21: Single differential cross section as a function of ejected angle for a single
ionization collision between an Oq+ ion and H2 as a function of ejected electron energy
(eV). The ion has an incident energy of 1 keV/u. Each curve represents a different
charge state from q = 0−6.

As mentioned above, the angle at which the ejected electrons are scattered is also

important information that can be obtained with the single differential cross section as a

function of angle. With this sdxs, for example, we can calculate the ratio of forward to

backward scattering. We present the sdxs as a function of angle for single and double

ionization in the following figures (Figures 3.21 to 3.34). As before, the sdxs were

calculated for incoming ions with initial energies of 1, 10, 50, 100, 500 keV/u, 1 and 2

MeV/u.
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Figure 3.22: Single differential cross section as a function of ejected angle for a single
ionization collision between an Oq+ ion and H2 as a function of ejected electron energy
(eV). The ion has an incident energy of 10 keV/u. Each curve represents a different
charge state from q = 0−8.
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Figure 3.23: Single differential cross section as a function of ejected angle for a single
ionization collision between an Oq+ ion and H2 as a function of ejected electron energy
(eV). The ion has an incident energy of 50 keV/u. Each curve represents a different
charge state from q = 0−8.

87



1.E-­‐19	
  

1.E-­‐18	
  

1.E-­‐17	
  

1.E-­‐16	
  

1.E-­‐15	
  

1.E-­‐14	
  

0	
   50	
   100	
   150	
  

Si
ng
le
	
  D
iff
.	
  C

ro
ss
	
  S
ec
0o

n	
  
as
	
  fc
tn
	
  o
f	
  

An
gl
e	
  
(c
m

2 /
de

g)
	
  

Ejected	
  Electron	
  Angle	
  (deg.)	
  

q=0	
  

q=1+	
  

q=2+	
  

q=3+	
  

q=4+	
  

q=5+	
  

q=6+	
  

q=7+	
  

q=8+	
  O6+	
  

Incident	
  Oxygen	
  Ion	
  
Energy=	
  100	
  keV/u	
  
Single	
  IonizaDon	
  

O5+	
  

O8+	
  

Figure 3.24: Single differential cross section as a function of ejected angle for a single
ionization collision between an Oq+ ion and H2 as a function of ejected electron energy
(eV). The ion has an incident energy of 100 keV/u. Each curve represents a different
charge state from q = 0−8.
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Figure 3.25: Single differential cross section as a function of ejected angle for a single
ionization collision between an Oq+ ion and H2 as a function of ejected electron energy
(eV). The ion has an incident energy of 500 keV/u. Each curve represents a different
charge state from q = 0−8.
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Figure 3.26: Single differential cross section as a function of ejected angle for a single
ionization collision between an Oq+ ion and H2 as a function of ejected electron energy
(eV). The ion has an incident energy of 1 MeV/u. Each curve represents a different
charge state from q = 0−8.
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Figure 3.27: Single differential cross section as a function of ejected angle for a single
ionization collision between an Oq+ ion and H2 as a function of ejected electron energy
(eV). The ion has an incident energy of 2 MeV/u. Each curve represents a different
charge state from q = 0−8.
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Figure 3.28: Single differential cross section as a function of ejected angle for a double
ionization collision between an Oq+ ion and H2 as a function of ejected electron energy
(eV). The ion has an incident energy of 1 keV/u. Each curve represents a different
charge state from q = 0−1.
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Figure 3.29: Single differential cross section as a function of ejected angle for a double
ionization collision between an Oq+ ion and H2 as a function of ejected electron energy
(eV). The ion has an incident energy of 10 keV/u. Each curve represents a different
charge state from q = 0−7.
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Figure 3.30: Single differential cross section as a function of ejected angle for a double
ionization collision between an Oq+ ion and H2 as a function of ejected electron energy
(eV). The ion has an incident energy of 50 keV/u. Each curve represents a different
charge state from q = 0−8.
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Figure 3.31: Single differential cross section as a function of ejected angle for a double
ionization collision between an Oq+ ion and H2 as a function of ejected electron energy
(eV). The ion has an incident energy of 100 keV/u. Each curve represents a different
charge state from q = 0−8.
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Figure 3.32: Single differential cross section as a function of ejected angle for a double
ionization collision between an Oq+ ion and H2 as a function of ejected electron energy
(eV). The ion has an incident energy of 500 keV/u. Each curve represents a different
charge state from q = 0−8.
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Figure 3.33: Single differential cross section as a function of ejected angle for a double
ionization collision between an Oq+ ion and H2 as a function of ejected electron energy
(eV). The ion has an incident energy of 1 MeV/u. Each curve represents a different
charge state from q = 0−8.
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Figure 3.34: Single differential cross section as a function of ejected angle for a double
ionization collision between an Oq+ ion and H2 as a function of ejected electron energy
(eV). The ion has an incident energy of 2 MeV/u. Each curve represents a different
charge state from q = 0−8.
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We have calculated the ratio of forward scattering over backward scattering with

these cross sections. To simplify this calculation, we have assumed that all the ejected

electrons with an angle smaller than 90° are considered to go forward and those with a

greater angle will scatter backward. We then integrate the cross section for all the for-

ward angles (0° to 90°) for each charge state and for each initial ion energy, and divide

by the total cross section, i.e., the integral over all angles 0° to 90°. This gives us the

fraction of electrons that will scatter forward. However, this is only an approximation

as the real scenario would use a double differential cross section, which would have the

angular and energy dependance together. For example, an electron ejected in a collision

occurring along a magnetic field line, may scatter forward and stay in the field line if its

energy is low. If that same electron has high energy, it may cross field lines and cause a

drift. Also, the ejected electron energy may affect the angle at which it is ejected, which

is not considered in the sdxs. Because of the lack of data we will assume this to be a

good approximation for our model at this time. Figures 3.35 and 3.36 show the percent

of forward scattering electrons, i.e., ejected angles less than 90°, for each charge state

and initial energy considered in both single and double ionization collisions.

In a single ionization collision, the figure shows that for ion energies of 50 keV/u

and 100 keV/u almost 100% of the electrons will be scattered forward. For 1keV/u

ions, the behavior is rather inconsistent, due to the low cross sections and statistics

achieved with the CMTC calculation. However, it appears that for low charge states (q

≤ 3) between 60% – 90% of the electrons will be scattered forward. For higher charge

states almost 100% of the electrons will be scattered forward. For the higher energy

ions (0.5 – 2 MeV/u) the curves follow a nice behavior, where the low charge states

tend to have more backward scattering the the higher charge states. At the same time,

higher ion energies appear to have a higher percentage of backward electrons at these

low charge states then the lower energy ions. However, over 70% of the electrons will
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Figure 3.35: Percent of forward scattering for each charge state after a single ionization
collision. By forward scattering we mean electron ejection angles less than 90°

still be scattered forward. The double ionization collisions exhibit the same behavior.

The 10 keV/u ion has an irregular behavior due to the low sdxs calculated.

3.5.2 Transfer Ionization

As the ions penetrate the atmosphere they loose energy mainly by ionization collisions

with the neutrals. As they slow down, charge transfer becomes the dominant process.

For these lower energies other ionization channels become important besides single

and double ionization. Transfer ionization is one of these channels and it is therefore

included in ion precipitation model (see Chapters 4 and 6) our model for ion energies
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Figure 3.36: Percent of forward scattering for each charge state after a double ionization
collision. By forward scattering we mean electron ejection angles less than 90°
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below 100 keV/u and greater than 1 keV/u. Transfer ionization is actually a type of

charge transfer, where the target (in our case H2) dissociates and ionizes. One of the

“ejected” electrons is captured or transferred to the projectile (oxygen in our case) and

the other electron remains free. For example:

Oq++H2→ O(q−1)+2H++ e (3.10)

We have calculated the single differential cross sections (sdxs) as a function of en-

ergy and angle for such process by the same CTMC methodology as mentioned above.

Figures 3.37 to 3.40 show the sdxs that will be used in the energetic ion precipitation

model seen in later chapters. We have also calculated the sdxs as a function of angle

for transfer ionization and the results are shown in Figures 3.41 to 3.44.
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Figure 3.37: Single differential cross section as a function of ejected electron energy
for a transfer ionization collision between an Oq+ ion and H2 as a function of ejected
electron energy (eV). The ion has an incident energy of 1 keV/u. Each curve represents
a different charge state from q = 1− 6. Highest charge states have a very small sdxs
and they are not shown.
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Figure 3.38: Single differential cross section as a function of ejected electron energy
for a transfer ionization collision between an Oq+ ion and H2 as a function of ejected
electron energy (eV). The ion has an incident energy of 10 keV/u. Each curve represents
a different charge state from q = 1−8.
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Figure 3.39: Single differential cross section as a function of ejected electron energy
for a transfer ionization collision between an Oq+ ion and H2 as a function of ejected
electron energy (eV). The ion has an incident energy of 50 keV/u. Each curve represents
a different charge state from q = 1−8.
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Figure 3.40: Single differential cross section as a function of ejected electron energy for
a transfer ionization collision between an Oq+ ion and H2 as a function of ejected elec-
tron energy (eV). The ion has an incident energy of 100 keV/u. Each curve represents
a different charge state from q = 1−8.
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Figure 3.41: Single differential cross section as a function of ejected angle for a transfer
ionization collision between an Oq+ ion and H2 as a function of ejected electron energy
(eV). The ion has an incident energy of 1 keV/u. Each curve represents a different
charge state from q = 1− 6. Higher charge states have a very low sdxs and are not
shown.
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Figure 3.42: Single differential cross section as a function of ejected angle for a transfer
ionization collision between an Oq+ ion and H2 as a function of ejected electron energy
(eV). The ion has an incident energy of 10 keV/u. Each curve represents a different
charge state from q = 1−8.
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Figure 3.43: Single differential cross section as a function of ejected angle for a transfer
ionization collision between an Oq+ ion and H2 as a function of ejected electron energy
(eV). The ion has an incident energy of 50 keV/u. Each curve represents a different
charge state from q = 1−8.
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Figure 3.44: Single differential cross section as a function of ejected angle for a transfer
ionization collision between an Oq+ ion and H2 as a function of ejected electron energy
(eV). The ion has an incident energy of 100 keV/u. Each curve represents a different
charge state from q = 1−8.
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Figure 3.45: Percent of forward scattering for each charge state after a transfer ioniza-
tion collision. By forward scattering we mean electron ejection angles less than 90°

As mentioned previously, an important piece for our model is to be able to deter-

mine the directionality of the ejected electron, i.e. whether it was ejected forward or

backward. We have calculated this percentage for transfer ionization, as explained pre-

viously. Please see Figure 3.45 for the results. For ion energies of 100, 50 and 10

keV/u over 90% of the electrons are scattered forward in a transfer ionization collision

for all charge states. However, for 1 keV/u it is hard to determine the behavior due to

the small cross sections. However, on average for all charge states about 70% of the

electrons will be scattered forward for this low energy.
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3.5.3 Double Capture Auto–Ionization

Another important ionization channel that is included in our model for low ion energies

(below 100 keV/u) is double capture auto-ionization or DCAI. This is also a charge

transfer process. In such a collision, the projectile first captures two electrons from the

target (H2). Often the two electrons are in an excited state, so they can auto-ionize by

having one electron drop to a lower energy level (usually the ground state) and the other

electron ionizes conserving energy. For example:

Oq++H2→ O(q−2)+2H+→ O(q−1)+2H++ e (3.11)

The ionization (or to be more specific, auto-ionization) occurs on the projectile as it

scatters away from the target. Therefore the electron that is ejected from such an inter-

action is boosted by the projectile velocity. We have calculated the single differential

cross sections for such process by the same CTMC methodology used for the other

cross sections. Figures 3.46 to 3.49 show the sdxs that will be used to determine the

ejected electron energies given such process. Only charges q = 2−8 are considered in

the model as calculating this cross section for a O+ is too complicated with the current

tools. The figures show a large peak where the energy of the electron has been boosted

by the projectile.
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Figure 3.46: Single differential cross section as a function of ejected electron energy
for a double capture auto-ionization (DCAI) collision between an Oq+ ion and H2 as
a function of ejected electron energy (eV). The ion has an incident energy of 1 keV/u.
Each curve represents a different charge state from q = 2−8.
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Figure 3.47: Single differential cross section as a function of ejected electron energy for
a DCAI collision between an Oq+ ion and H2 as a function of ejected electron energy
(eV). The ion has an incident energy of 10 keV/u. Each curve represents a different
charge state from q = 2−8.
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Figure 3.48: Single differential cross section as a function of ejected electron energy for
a DCAI collision between an Oq+ ion and H2 as a function of ejected electron energy
(eV). The ion has an incident energy of 50 keV/u. Each curve represents a different
charge state from q = 2−8.
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Figure 3.49: Single differential cross section as a function of ejected electron energy for
a DCAI collision between an Oq+ ion and H2 as a function of ejected electron energy
(eV). The ion has an incident energy of 100 keV/u. Each curve represents a different
charge state from q = 2−8.
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Just like with the other processes we have calculated the sdxs as a function of elec-

tron ejection angle for a dcai collision. These are shown in Figures 3.50 to 3.53. It is

interesting to see that the sdxs as a function of angle exhibit two small peaks around

40-50° and 130°. As we increase the charge state the cross section increases. We also

calculated the fraction of electrons that are scattered forward in a dcai collision. Figure

3.54 shows the results. The behavior for this collision is different than for the other

ionization collisions. In a DCAI collision, it appears that, in general, in a collision with

an ion with a lower charge state tend to have a higher fraction of electrons that scatter

forward. Higher charge ions have a higher fraction the is scattered backward. For ex-

ample, for a 100 keV/u ion at a low charge state (q=2) almost 90% of the electrons are

scattered forward. However, for the same ion energy, but at a high charge state (q=7 or

8) only about 65% of the electrons are scattered forward. This behavior can be under-

stood by looking at the plots of the sdxs as a function of angle. As mentioned before,

there are two peaks for these cross section curves. One of them is around 130°. This

peak is even higher for the high charge states of the ions, which explains why they are

more likely to contribute backward scattered electrons than the lower charge states do.
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Figure 3.50: Single differential cross section as a function of ejected angle for a DCAI
ionization collision between an Oq+ ion and H2 as a function of ejected electron energy
(eV). The ion has an incident energy of 1 keV/u. Each curve represents a different
charge state from q = 2− 8. Higher charge states have a very low sdxs and are not
shown.
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Figure 3.51: Single differential cross section as a function of ejected angle for a DCAI
ionization collision between an Oq+ ion and H2 as a function of ejected electron energy
(eV). The ion has an incident energy of 10 keV/u. Each curve represents a different
charge state from q = 2−8.
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Figure 3.52: Single differential cross section as a function of ejected angle for a DCAI
ionization collision between an Oq+ ion and H2 as a function of ejected electron energy
(eV). The ion has an incident energy of 50 keV/u. Each curve represents a different
charge state from q = 2−8.
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Figure 3.53: Single differential cross section as a function of ejected angle for a DCAI
ionization collision between an Oq+ ion and H2 as a function of ejected electron energy
(eV). The ion has an incident energy of 100 keV/u. Each curve represents a different
charge state from q = 2−8.
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Figure 3.54: Percent of forward scattering for each charge state after a DCAI ionization
collision. By forward scattering we mean electron ejection angles less than 90°
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3.5.4 Single Differential Cross Section for Stripping Collisions

Calculating the stripping cross sections required multi electron models because for this

type of collision the ejected electrons come from the projectile and not the target. This

required complicated the calculations and proved to be more time consuming than the

ionization cross section calculations. For example, O2+(1s22s22p2) had to be treated as

a 4-electron calculation since the outer four electrons needed to be present in order to

get not only the double stripping calculation right, but also the single stripping. The 1s

electrons could, in this case, be ignored since they would not be stripped off with any

significant probability when there were four more loosely bound electrons. The single

stripping cross section is modeled better by having the available electrons with equal

binding energies (the so called inCTMC model, “i” independent electron, “n” for n-

electrons). Another important remark on the calculation of the stripping sdxs is that the

object doing the stripping is modeled as H and not H2. With the limited experimental

data for stripping that exists, we have found this approximation to be reasonable. To

make a model taking the full H2 molecule into account would be a really big project

and the code would run so slow that the calculations would be infeasible without using

a large computer cluster. Such calculations are not feasible for the present work and

will be addressed in a future project.

The single differential cross sections for stripping are considerably smaller than

those for ionization collisions. However, they are important to the contribution of

higher energy electrons. In a stripping collision, the projectile (in our case the oxy-

gen) is ionized. Therefore, the ejected electrons will have a boost that corresponds to

the projectile energy when measured in the lab frame and their sdxs will peak at that

corresponding energy. This energy can be found by taking the initial ion energy and

then dividing it by the ion to electron mass ratio (1836). For example, the peak for the
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sdxs for a 500 keV/u oxygen ion is expected to be at an energy of 272 eV, for a 1 MeV/u

ion, the peak is expected at 545 eV, and for a 2 MeV/u ion the peak is expected at 1090

eV. Therefore, the stripping cross sections extend to much higher ejected electron ener-

gies than the ionization cross sections, due to the projectile velocity boost. Figures 3.55

to 3.57 present the calculated sdxs for single stripping of oxygen ions in H2. Similarly

to the target ionization, projectile ionization may produce two free electrons after each

collision. This is referred to a double stripping collision and is also considered in our

models. Because the specifics on the calculations go beyond the topic of this paper,

we will only present the results of the CMTC calculation for the double stripping cross

sections that are used in our model. Only the charge states q = 1− 6 will undergo

double stripping. These single differential cross sections are shown in Figures 3.58 to

3.60. The procedure to calculate these cross sections is more involved than those for

ionization, as mentioned earlier. Therefore, the number of ions needed to build enough

statistics is very high. Some of the curves obtained have a lower count of statistics

and are a little uncertain, especially for the higher charge states and for low energies.

However, we have tried our best to obtain a reasonable behavior in the curves.
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Figure 3.55: Single differential cross section as a function of ejected angle for a single
stripping collision between an Oq+ ion and H2 as a function of ejected electron energy
(eV). The ion has an incident energy of 500 keV/u. Each curve represents a different
charge state from q = 0−7.
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Figure 3.56: Single differential cross section as a function of ejected angle for a single
stripping collision between an Oq+ ion and H2 as a function of ejected electron energy
(eV). The ion has an incident energy of 1 MeV/u. Each curve represents a different
charge state from q = 0−7.
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Figure 3.57: Single differential cross section as a function of ejected angle for a single
stripping collision between an Oq+ ion and H2 as a function of ejected electron energy
(eV). The ion has an incident energy of 2 MeV/u. Each curve represents a different
charge state from q = 0−7.
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Figure 3.58: Single differential cross section as a function of ejected angle for a double
stripping collision between an Oq+ ion and H2 as a function of ejected electron energy
(eV). The ion has an incident energy of 500 keV/u. Each curve represents a different
charge state from q = 0−6.
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Figure 3.59: Single differential cross section as a function of ejected angle for a double
stripping collision between an Oq+ ion and H2 as a function of ejected electron energy
(eV). The ion has an incident energy of 1 MeV/u. Each curve represents a different
charge state from q = 0−6.

129



1.E-­‐27	
  

1.E-­‐26	
  

1.E-­‐25	
  

1.E-­‐24	
  

1.E-­‐23	
  

1.E-­‐22	
  

1.E-­‐21	
  

1.E-­‐20	
  

0.1	
   1	
   10	
   100	
   1000	
   10000	
   100000	
  

Si
ng
le
	
  D
iff
.	
  C

ro
ss
	
  S
ec
0o

n	
  
as
	
  fc
tn
	
  o
f	
  

En
er
gy
	
  (c
m

2 /
eV

)	
  

Ejected	
  Electron	
  Energy	
  (eV)	
  

q=0	
  

q=1	
  

q=2	
  

q=3	
  

q=4	
  

q=5	
  

q=6	
  

Incident	
  Oxygen	
  Ion	
  
Energy=	
  2	
  MeV/u	
  
Double	
  Stripping	
  

O0+	
  

O+	
  

O5+	
  

O6+	
  

Figure 3.60: Single differential cross section as a function of ejected angle for a double
stripping collision between an Oq+ ion and H2 as a function of ejected electron energy
(eV). The ion has an incident energy of 2 MeV/u. Each curve represents a different
charge state from q = 0−6.
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3.5.5 Electron Energy Distributions

The main purpose of calculating the single differential cross sections for the present

project is to be able to obtain the energy distribution of the secondary electrons ejected

by the ion-neutral collision between the oxygen ions and hydrogen molecules present

in the Jovian atmosphere. We calculated the probability of ejecting an electron with an

energy greater than or equal to Es by the following equation:

f = 1−
∫ Es

0 (dσ/dE)dE∫
∞

0 (dσ/dE)dE
.

Here, f is the fraction (or probability) of ejected electrons with energy Es (or greater).

dσ/dE is the single differential cross section (for single or double ionization) as a

function of ejected electron energy Es. This fraction is calculated for each charge state

and for each incoming oxygen ion energy (1, 10, 50, 100, 500 keV/u, 1 MeV/u and

2 MeV/u) as available from the data. Figures 3.61 to 3.67 show the distributions for

single ionization collisions and Figures 3.68 to 3.74 show the distributions for double

ionization collisions. The same procedure was used to calculate the distribution of

ejected electrons for all other collision processes considered in our model, where one

or more electrons are ejected after the collision (see previous section for these processes

and their cross section information). The resulting probabilities for transfer ionization

are shown in Figures 3.75 to 3.78. For DCAI the distribution is shown in Figures 3.79

to 3.82.For single stripping collisions the distributions are shown in Figures 3.83 to

3.85 and for double stripping collisions are shown in Figures 3.86 to 3.88. Since the

distributions depend on the single differential cross sections, the uncertainty in the cross

section due to low statistics carries on to the distribution. Therefore, the distributions

for 1 keV/u and sometimes even for 10 keV/u do not behave as nicely as those for

higher energies.
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Figure 3.61: Probability of ejecting a secondary electron with energy Es for an oxy-
gen ion with energy Eion = 1 keV/u, after a single ionization collision. Each curve
represents a different charge state of oxygen (Oq+, q=0-8). See Figure 3.7 for the cor-
responding single differential cross sections.
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Figure 3.62: Probability of ejecting a secondary electron with energy Es for an oxy-
gen ion with energy Eion = 10 keV/u, after a single ionization collision. Each curve
represents a different charge state of oxygen (Oq+, q=0-8). See Figure 3.8 for the cor-
responding single differential cross sections.
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Figure 3.63: Probability of ejecting a secondary electron with energy Es for an oxy-
gen ion with energy Eion = 50 keV/u, after a single ionization collision. Each curve
represents a different charge state of oxygen (Oq+, q=0-8). See Figure 3.9 for the cor-
responding single differential cross sections.
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Figure 3.64: Probability of ejecting a secondary electron with energy Es for an oxy-
gen ion with energy Eion = 100 keV/u, after a single ionization collision. Each curve
represents a different charge state of oxygen (Oq+, q=0-8). See Figure 3.10 for the
corresponding single differential cross sections.
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Figure 3.65: Probability of ejecting a secondary electron with energy Es for an oxy-
gen ion with energy Eion = 500 keV/u, after a single ionization collision. Each curve
represents a different charge state of oxygen (Oq+, q=1-8). See Figure 3.11 for the
corresponding single differential cross sections.
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Figure 3.66: Probability of ejecting a secondary electron with energy Es for an oxy-
gen ion with energy Eion = 1 MeV/u, after a single ionization collision. Each curve
represents a different charge state of oxygen (Oq+, q=0-8). See Figure 3.12 for the
corresponding single differential cross sections.
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Figure 3.67: Probability of ejecting a secondary electron with energy Es for an oxy-
gen ion with energy Eion = 2 MeV/u, after a single ionization collision. Each curve
represents a different charge state of oxygen (Oq+, q=0-8). See Figure 3.13 for the
corresponding single differential cross sections.
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Figure 3.68: Probability of ejecting a secondary electron with energy Es for an oxy-
gen ion with energy Eion = 1 keV/u, after a double ionization collision. Each curve
represents a different charge state of oxygen (Oq+, q=0-1). See Figure 3.14 for the
corresponding single differential cross sections.
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Figure 3.69: Probability of ejecting a secondary electron with energy Es for an oxy-
gen ion with energy Eion = 10 keV/u, after a double ionization collision. Each curve
represents a different charge state of oxygen (Oq+, q=0-7). See Figure 3.15 for the
corresponding single differential cross sections.
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Figure 3.70: Probability of ejecting a secondary electron with energy Es for an oxy-
gen ion with energy Eion = 50 keV/u, after a double ionization collision. Each curve
represents a different charge state of oxygen (Oq+, q=0-8). See Figure 3.16 for the
corresponding single differential cross sections.
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Figure 3.71: Probability of ejecting a secondary electron with energy Es for an oxygen
ion with energy Eion = 100 keV/u, after a double ionization collision. Each curve
represents a different charge state of oxygen (Oq+, q=0-8). See Figure 3.17 for the
corresponding single differential cross sections.
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Figure 3.72: Probability of ejecting a secondary electron with energy Es for an oxygen
ion with energy Eion = 500 keV/u, after a double ionization collision. Each curve
represents a different charge state of oxygen (Oq+, q=0-8). See Figure 3.18 for the
corresponding single differential cross sections.
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Figure 3.73: Probability of ejecting a secondary electron with energy Es for an oxygen
ion with energy Eion = 1 MeV/u, after a double ionization collision. See Figure 3.19
for the corresponding single differential cross sections.
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Figure 3.74: Probability of ejecting a secondary electron with energy Es for an oxygen
ion with energy Eion = 2 MeV/u, after a double ionization collision. See Figure 3.20
for the corresponding single differential cross sections.
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Figure 3.75: Probability of ejecting a secondary electron with energy Es for an oxy-
gen ion with energy Eion = 1 keV/u, after a transfer ionization collision. Each curve
represents a different charge state of oxygen (Oq+, q=1-8). See Figure 3.37 for the
corresponding single differential cross sections.
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Figure 3.76: Probability of ejecting a secondary electron with energy Es for an oxy-
gen ion with energy Eion = 10 keV/u, after a transfer ionization collision. Each curve
represents a different charge state of oxygen (Oq+, q=1-8). See Figure 3.38 for the
corresponding single differential cross sections.
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Figure 3.77: Probability of ejecting a secondary electron with energy Es for an oxy-
gen ion with energy Eion = 50 keV/u, after a transfer ionization collision. Each curve
represents a different charge state of oxygen (Oq+, q=1-8). See Figure 3.39 for the
corresponding single differential cross sections.

148



0	
  

0.1	
  

0.2	
  

0.3	
  

0.4	
  

0.5	
  

0.6	
  

0.7	
  

0.8	
  

0.9	
  

1	
  

0.1	
   1	
   10	
   100	
   1000	
   10000	
  

El
ec
tr
on

	
  E
je
c+
on

	
  P
ro
ba

bi
lit
y	
  

Ejected	
  Electron	
  Energy	
  (eV)	
  

q=1	
  

q=2	
  

q=3	
  

q=4	
  

q=5	
  

q=6	
  

q=7	
  

q=8	
  
Incident	
  Ion	
  
Energy=	
  100	
  keV/u	
  
Transfer	
  IonizaCon	
  

O4+	
  

O+	
  

O8+	
  

O2+	
  	
  

Figure 3.78: Probability of ejecting a secondary electron with energy Es for an oxygen
ion with energy Eion = 100 keV/u, after a transfer ionization collision. Each curve
represents a different charge state of oxygen (Oq+, q=1-8). See Figure 3.40 for the
corresponding single differential cross sections.
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Figure 3.79: Probability of ejecting a secondary electron with energy Es for an oxygen
ion with energy Eion = 10 keV/u, after a double capture auto-ionization (DCAI) colli-
sion. Each curve represents a different charge state of oxygen (Oq+, q=1-8). See Figure
3.46 for the corresponding single differential cross sections.
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Figure 3.80: Probability of ejecting a secondary electron with energy Es for an oxygen
ion with energy Eion = 10 keV/u, after a double capture auto-ionization (DCAI) colli-
sion. Each curve represents a different charge state of oxygen (Oq+, q=1-8). See Figure
3.47 for the corresponding single differential cross sections.
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Figure 3.81: Probability of ejecting a secondary electron with energy Es for an oxygen
ion with energy Eion = 50 keV/u, after a double capture auto-ionization (DCAI) colli-
sion. Each curve represents a different charge state of oxygen (Oq+, q=1-8). See Figure
3.48 for the corresponding single differential cross sections.
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Figure 3.82: Probability of ejecting a secondary electron with energy Es for an oxygen
ion with energy Eion = 100 keV/u, after a double capture auto-ionization (DCAI) colli-
sion. Each curve represents a different charge state of oxygen (Oq+, q=1-8). See Figure
3.49 for the corresponding single differential cross sections.
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Figure 3.83: Probability of ejecting a secondary electron with energy Es for an oxygen
ion with energy Eion = 500 keV/u, after a single stripping collision. See Figure 3.55 for
the corresponding single differential cross sections.
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Figure 3.84: Probability of ejecting a secondary electron with energy Es for an oxygen
ion with energy Eion = 1 MeV/u, after a single stripping collision. See Figure 3.56 for
the corresponding single differential cross sections.
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Figure 3.85: Probability of ejecting a secondary electron with energy Es for an oxygen
ion with energy Eion = 2 MeV/u, after a single stripping collision. See Figure 3.57 for
the corresponding single differential cross sections.
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Figure 3.86: Probability of ejecting a secondary electron with energy Es for an oxygen
ion with energy Eion = 500 keV/u, after a single stripping collision. See Figure 3.58
for the corresponding single differential cross sections. The higher charge states have
lower statistics, giving a different shape in the curve, which may add some uncertainty.
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Figure 3.87: Probability of ejecting a secondary electron with energy Es for an oxygen
ion with energy Eion = 1 MeV/u, after a single stripping collision. See Figure 3.59 for
the corresponding single differential cross sections.
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Figure 3.88: Probability of ejecting a secondary electron with energy Es for an oxygen
ion with energy Eion = 2 MeV/u, after a single stripping collision. See Figure 3.60 for
the corresponding single differential cross sections.
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We also compared how the distribution of ejected electrons changes for a single

charge state as we vary the energy of the ion in the collision . This allows us to estimate

the variation in the electron distribution as we change the initial ion energy, which is

helpful for our model since we only have data available for a few initial ion energies. As

the ions precipitate in the Jovian atmosphere with an initial energy, they loose energy

after every collision and we would need the distribution of the ejected electrons for

all ion energies where an ionization or stripping collision occurs. This is of course,

impossible to do at this time. However, by comparing the change in the distribution

with ion energy, we notice that the difference in the distributions is very small. We show

it for two cases in a single ionization collision in Figure 3.89. Therefore, we assume

it is appropriate to use the distribution of a 500 keV/u ion as an approximation for the

distributions of all ion energies between 250 keV/u to 750 keV/u. Also, we approximate

the distributions for ion energies between 750 keV/u to 1375 keV/u by the calculated

distribution of a 1 MeV/u ion and the distributions for ion energies between 1375 keV/u

and 2 MeV/u by the calculated distribution of a 2 MeV/u ion. For the lower energies, as

mentioned above, some of the processes become even more important. Therefore, we

also use the distribution of a 100 keV/u ion as an approximation for the distributions

of all ion energies between 75 keV/u and 250 keV/u. Also, we approximate lower

energies between 75 keV/u and 25 keV/u by the distribution given by ions with energy

of 50 keV/u and even lower energies from 25 keV/u down to 5 keV/u with ion energies

of 10 keV/u. We also attempted to calculate the single differential cross sections for

all the processes for ions with energies as low as 1 keV/u. However, the statistics were

extremely low for some cases and some uncertainty exists in these distributions. Only

DCAI collisions have a cross section that is significant enough for such low energies.

In our model we use the distribution for 1 keV/u ions to approximate processes for

energies lower than 5 keV/u.
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Figure 3.90 shows a comparison of the distributions obtained for different ion ener-

gies in a transfer ionization collision. This allows us to see how the distribution varies

to better gage how to approximate the distribution for intermediate values. The change

in the probability for the low charge state is small for energies between 1 and 10 keV/u.

However, the difference between the 10 keV/u and 50 keV/u is large. The distribution

again changes slowly for energies between 50 keV/u and 100 keV/u. On the other hand,

for the high charge state, the change between the 10 and 50 keV/u distributions is slow,

while the difference between the 50 and 100 keV/u is large. For DCAI we show the

comparison in Figure 3.91. We can see that the distributions are shifted in energy (to

the left or right), due to the energy boost that the electrons get from the projectile. A

similar behavior is seen in the stripping distributions. From the Figure we also note that

the difference between the distributions for a highly charge ion at different energies is

rather small, while the shift between the distributions is more distinct for the low charge

state.

We did the same comparison for a stripping collision. Here we notice that the shape

of the distribution remains very similar as we change the energy, but the distribution

appears shifted to higher energies. This is attributed to the shift in the cross section

peak due to the boost of the ion on the ejected electrons. The difference between the

distribution of two consecutive energies with the available data that was calculated with

the CTMC is rather large. Therefore, we had to find a way to calculate the distribution

for energies in between. To do this, we first calculated new single differential cross

sections for the stripping collisions. As we saw in the previous section, there is a peak

in the cross section given by the energy boost on the electron by the projectile, i.e. the

peak is at the electron energy corresponding to the projectile velocity. The peak energy

can be easily calculated by taking the ion energy and diving it by the ion to electron

mass ratio (1836). To calculate the cross section for an intermediate energy, we first find
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Figure 3.89: Probability of ejecting a secondary electron after a single ionization colli-
sion. Each of the curves shows the result for an ion energy of 500 keV/u, 1 MeV/u and
2 MeV/u. The top panel shows the calculated probability for a neutral oxygen (q=0)
and the bottom panel shows the probability for a fully stripped oxygen ion (q=8). The
change in the probability with ion energy is not very significant.
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Figure 3.90: Probability of ejecting a secondary electron after a transfer ionization
collision. Each of the curves shows the result for an ion energy of 1 keV/u, 10 keV/u,
50 keV/u and 100 keV/u. The top panel shows the calculated probability for a singly
charged oxygen (q=1) and the bottom panel shows the probability for a fully stripped
oxygen ion (q=8).
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Figure 3.91: Probability of ejecting a secondary electron after a transfer ionization
collision. Each of the curves shows the result for an ion energy of 1 keV/u, 10 keV/u,
50 keV/u and 100 keV/u. The top panel shows the calculated probability for a double
charged oxygen (q=2) and the bottom panel shows the probability for a fully stripped
oxygen ion (q=8).
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the new peak energy and shift the known sdxs peak to the new peak location. Then, we

normalize the curve by multiplying the known sdxs of the interpolated (or new) cross

section to the one from the original curve. With the new sdxs we were able to calculate

the distribution for several energies, reducing the gap between the curves. We show our

result for the calculated distributions for a neutral oxygen (q=0) for energies from 10

keV/u to 2 MeV/u in Figure 3.93
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Figure 3.92: Probability of ejecting a secondary electron after a single stripping colli-
sion. Each of the curves shows the result for an ion energy of 500 keV/u, 1 MeV/u and
2 MeV/u. The top panel shows the calculated probability for a neutral oxygen (q=0)
and the bottom panel shows the probability for a highly stripped oxygen ion (q=7). For
the low charge state, the shape of the distribution remains very similar with the change
of energy, but it is shifted to higher energies, due to the velocity boost that the electrons
have from the projectile.
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Figure 3.93: Probability of ejecting a secondary electron after a single stripping col-
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Chapter 4

Energetic Ion Precipitation and Auroral X-ray

Emissions at Jupiter

4.1 Introduction

Energetic ion precipitation at high latitudes in the atmosphere are the source of the

x-ray auroral emissions observed in the past decades and recently by XMM-Newton

and Chandra X-ray Observatory (CXO). Line emissions from the observations attribute

the x-ray emissions to charge exchange collisions between highly ionized sulfur and

oxygen ions. We will refer the reader to section 1.3.3 for a review of the x-ray aurora

and it’s recent development. In this chapter we discuss our model of the x-ray aurora

emissions. We compare two models that have been used in the recent years. We have

developed a hybrid Monte Carlo method that includes an altitude dependence of the x-

ray emissions, making this model the most complete to this date. We show our results in

the following sections and discuss why optical effects such as absorption of the emitted

x-rays is important for the accurate modeling, representation and understanding of the

x-ray aurora.
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4.2 Model

To calculate the emitted x-ray intensities in the Jovian polar regions, two different

methodologies have been developed: the continuous slow-down method (CSDM) [45,

46], developed for oxygen ion precipitation, and a Monte Carlo method (MCM) [21,

47, 50–52], which included oxygen and sulfur ions. Both methods start with energetic

ions that deposit energy into the atmosphere as they precipitate. However, the way in

which the ion charge state changes as the particle loses energy is tracked differently for

each method. The CSM uses the equilibrium fraction of each charge state as a function

of energy, while the MCM follows the ion charge history along its trajectory by record-

ing the charge state after each collision. A more detailed description of these methods

will follow in sections below. The previous CSDM models dealt only with oxygen ion

precipitation into the atmosphere. In the model presented for this work we arbitrarily

chose different initial ion energies to see how each would affect the x-ray spectrum

observed. For better comparison between methods as well as to improve our modeling

capabilities, this model includes sulfur ions in the CSDM model, as well as opacity and

quenching effects on the spectrum.

4.2.1 Neutral Atmosphere

The ion precipitation model requires a background neutral atmosphere in order to ac-

count for depth effects and the neutral atmosphere. The Jovian neutral atmosphere

presented by [17], based on Galileo probe data [92], [93] and remote observations [94],

is adopted for our entire work on Jupiter. The altitude scale is referenced from where

the pressure equals 1 bar (approximately the cloud tops), and the densities of methane

(CH4), helium (He) and molecular hydrogen (H2) are specified (see Figure 4.1). The

homopause is the altitude in an atmosphere where molecular and eddy coefficients
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become equal. This means that above the homopause diffusion of atmospheric con-

stituents dominates and each species has its own scale height. Below the homopause

convection dominates. For our adopted atmospheric model the homopause is located

at about 400 km (see figure) and below this altitude the density profiles of CH4, He,

and H2 have the same scale height. The methane layer located below the homopause

plays an important role in the opacity, since carbon in the CH4 has a large soft x-ray

absorption cross section. The temperature and pressure profiles are shown in Figure 4.2

as it may become important for certain parts of the model.

4.2.2 Collision Processes

Auroral x-ray line emission at Jupiter is produced by energetic oxygen and sulfur ions,

which undergo charge transfer and/or electron removal collisions as they precipitate

into the atmosphere. The product ions from charge transfer collisions are highly excited

and emit x-ray photons as part of the radiative decay to the ground state. The collision

processes relevant to the Jovian aurora are as follows:

Stripping: O(q−1)++H2→ Oq++H2 + e− (4.1)

Charge transfer: Oq++H2→ O(q−1)+∗+H+
2 (4.2)

X-ray emission: O(q−1)+∗→ O(q−1)++ γ (4.3)

Ionization: Oq++H2→ Oq++H+
2 + e− (4.4)

Excitation: Oq++H2→ Oq++H∗2 (4.5)

The same processes will also be relevant for sulfur ions. The literature provides a

further discussion of these processes [18, 45–48, 50, 51]. Direct excitation of incoming

energetic ions might also be contributing to the x-ray emission; however, we did not
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include this process in our calculations because the cross section was not available in

the literature. But if other type fast particle collision processes (e.g., electron impact

ionization and excitation) are reasonable analogies, then the excitation cross section for

fast highly-charged oxygen ions should be some fraction (∼ 25% ) of the ionization

cross section (i.e., the electron removal or stripping cross section). This fraction can

be considered as un uncertainty in our calculations. For the current model we use the

cross sections for ion-atom collisions explained in Chapter 3, which cover the above

mentioned processes (see Figures 3.1 to 3.6). The cross sections are similar to, but

not the same as, those used by [46] and also to those computed and used in [48]. In

particular, the present simulations of ion-precipitation require a substantial database of

atomic collision cross sections. These cross sections are continuously being improved

and worked on by modelers, but the calculation process for even just one of these cross

sections can be very time consuming. The data used here are part of an even larger

database that will be described in detail in forthcoming work [ [18], in preparation].

Please refer to Chapter 3 for a more details on the cross sections.
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Column density as a function of altitude for each atmospheric species.
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Figure 4.2: Top: Temperature profile for Jupiter’s upper atmosphere for altitudes be-
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4.2.3 Charge Distributions

As mentioned above, the main difference between the continuous slow-down method

and the Monte Carlo simulations is the way in which each model calculates the charge

distributions for the particles as they penetrate the atmosphere.

Equilibrium Fractions

Equilibrium fractions are used in the CSDM to calculate the population distribution of

charge states in each beam at a particular energy. It is assumed that a sufficient number

of collisions occur for the different charge states to reach equilibrium at each energy

under the condition that the density of the target species (H2) will change in a length

scale that is bigger than the collision mean free path [46]. The equilibrium fractions are

calculated using transition probabilities Pi j by

φqPq,q+1 = φq+1Pq+1,q, (4.6)

where φq is the fraction of the beam ions in charge state q at a given energy E, such

that the sum of φq over all charge states equals unity. The flux of ions in a given charge

state, q, and at a given energy E, is its equilibrium fraction, φq, multiplied by the total

ion flux regardless of charge state. Pq,q+1 is the stripping cross section at the energy of

interest, Pq+1,q is the charge transfer cross section and q is the charge state, which goes

from 0 to 8 for oxygen and from 0 to 16 for sulfur. For an example of the equilibrium

fraction for oxygen please refer to Figure 4.3 top panel. In general, for energies above

3 MeV/u oxygen is fully stripped (q = 8), while for energies between 10 keV/amu and

1.5 MeV/amu an oxygen beam has a mix of all different charge states.

Using the same method, we calculated equilibrium fractions for sulfur as shown in

Figure 4.4 bottom panel. For energies up to 100 keV/u there is a mix of charge states for
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q = 0,1,and 2. For higher energies up to 3.5 MeV/u there is a mix of all the different

charge states, and above 8 MeV/amu the sulfur ions are fully stripped (q = 16).

Monte Carlo calculation of charge distribution

As pointed out by [47], a problem arises from the equilibrium, fraction method due

to the fact that it calculates the charge distribution assuming that at a given energy E

the production and loss of a charge state q by stripping and charge transfer are the

same and it does not take into account the charge state history of the precipitating ions.

To address this issue, a Monte Carlo simulation is developed for this paper, based on

the model developed by [47, 50, 51], but we added an altitude dependence to improve

the current models. Since the spectra is not sensitive to the initial charge state of the

ions [51], charge states of O2+ and S1+ were arbitrary chosen for our model, since they

are common magnetospheric ions and as pointed out by fits done by [52] the original

sulfur population in the outer magnetosphere appears to be mainly singly charged.
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Figure 4.3: Oxygen charge state equilibrium fraction distributions as a function of
energy for all oxygen states (q = 0− 8) in molecular hydrogen as calculated by the
continuous-slow-down model (CSDM) [top], and by the Monte Carlo model (MCM)
[bottom].
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Once the ions are introduced into the atmosphere, the probability of having a colli-

sion can be found by:

P = 1− expσtot∆N (4.7)

where σtot is the total cross section given by the sum of the probable collision pro-

cesses, given in equations 4.1, 4.2, and 4.4 and N is the column density. Therefore, the

displacement that each ion will move before a collision can be found randomly by:

∆N =− ln(P)/σtot , (4.8)

where P is given by a random number between 0 and 1. Once it is established that

a collision did occur, the type of collision is also decided randomly. There are three

possible outcomes for the charge state of the ion: 1) it can remain the same {q→ q}, 2)

it can gain one electron {q→ (q−1)}, or 3) it can lose an electron {q→ (q+1)}. The

probabilities for these transitions can be calculated using the cross sections presented

earlier by:

p0 =
σionization

σtot
(4.9)

p+ =
σstripping

σtot
(4.10)

p− =
σcx

σtot
(4.11)

At each collision the ion will lose some energy calculated with the stopping power as

explained in the following section. Note that this means that the model is not fully

Monte Carlo since a stopping power is used for the energy loss. However, energy loss

via ionizing collisions is dominant which makes this a reasonable approximation yet

allows the ion charge states to vary randomly during the precipitation. This collision
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method is repeated until the ion runs out of energy and its vertical trajectory is followed

in the atmosphere by the column density displacement, which can in turn be converted

to altitude. By following the ion charge history at each collision, it is possible to build

a charge distribution as a function of energy for both oxygen and sulfur ions as shown

in Figures 4.3 and 4.4 bottom panels. To accomplish this, one must keep track of

the number of ions at each charge state for each energy, independently of the initial ion

energy or collision processes that the ions might have undergone during their trajectory.

4.2.4 Stopping Power and Energy Deposition

As the energetic ions penetrate the atmosphere they interact with neutral species by

elastic collisions and via electronic transitions and lose energy in these interactions. In

order to calculate the energy loss of each collision and be able to find the final depth of

the ions we used stopping powers for both oxygen and sulfur with H2 as a target atom.

We have assumed that the stopping power with He as a target is approximately equal to

that with H2 as a target, which leads to a few percent error. The energy loss per particle

per path length (s) increment is given by:

dE
ds

=−n(s)∗S(E(Z)) (4.12)

where dE/ds is the energy loss per unit length as the beam penetrates the atmosphere

n(z) is the total atmospheric density at that altitude z, and S(E(z)) is the empirical stop-

ping power at the energy of the beam for that specific altitude. Note that this equation is

the same as equation 2.21 rearranged. One can relate the path length s to the altitude z

by the pitch angle α , as given by: dz = ds ·cosα . We have assumed an isotropic distri-

bution of particles and have chosen the pitch angle randomly. The polar cusp magnetic

field is assumed to be radial. The empirical stopping power curves for both oxygen
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and sulfur are shown in Figure 4.5 [adapted from [20]]. One can see that the oxygen

stopping power peaks at about an energy of 300 keV/u, while the sulfur stopping power

peaks at an energy of about 550 keV/u and has a value about 3 times larger than the

oxygen stopping power.
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Figure 4.4: Sulfur charge state equilibrium fraction distributions as a function of en-
ergy for all oxygen states (q = 0− 16) in molecular hydrogen as calculated by the
continuous-slow-down model (CSDM) [top], and by the Monte Carlo model (MCM)
[bottom].
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Figure 4.5: Empirical stopping powers for sulfur and oxygen in H2 as a function of
energy. These are used to calculate the energy loss at each ion-neutral collision. Data
adapted from [20].

4.2.5 Opacity

To incorporate the opacity of the atmosphere into the model, the optical depth for outgo-

ing photons was calculated for three different path angles with respect to the polar axis

(i.e. zenith): 0 degrees, 80 degrees, and 90 degrees. These different angles will give a

range of results for the different spatial geometries that might be found in observations.

The optical depth is given by:

τ(λ ,z0) =Ch(θ ,z)∑
j

σ
abs
j (λ )

∫
∞

z0

n j(z)dz (4.13)

where τ(λ ,z0) is the optical depth as a function of wavelength (corresponding to

each outgoing photon energy) and as a function altitude (z0) where emission occurs.
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We show the optical depth for H2 for 60, 80 and 90 degrees for an wavelength λ =

34.5 Å, as shown in Figure 4.6. Ch(θ ,z) is the Chapman function for an exit angle

θ and altitude z. The sum in equation 4.13 is over all the neutral species j in the

atmosphere (H2, He and CH4). σabs
j is the photo-absorption cross section for the given

wavelength for a given species j and n j(z) is the density for species j at altitude z. The

absorption cross sections for the different species were adapted from [79] and from

NIST tabulations [95] and are shown in Figure 2.21. For example, for a 560 eV photon

the absorption cross sections of atomic hydrogen, helium and carbon are 8×10−23 cm2,

2×10−21 cm2 and 2×10−19 cm2, respectively. Since the atmospheric model used has

molecular hydrogen, its absorption cross section was approximated by multiplying the

atomic hydrogen cross section by a factor of two. We also note that Ch(θ ,z) ≈ secθ

for θ ≤ 80◦, but for θ = 90◦ the Chapman function is given by

Ch
(

π

2
,z0

)
=

√
RJ

H
π

2
(4.14)

where RJ is the Jovian equatorial radius (71,492 km) and H is the neutral scale height

(∼ 30 km for altitudes of between 370 – 380 km, which is where the ions are emit-

ting most of the x-rays). Figure 4.7 shows the different scale heights for each neutral

component considered in our atmospheric model. The scale height is determined by:

H(z) =
kT (z)

mneutrg(z)
; (4.15)

where k is the Boltzmann constant (1.38×10−23 J/K), T is the temperature at a given

altitude z, mneutr is the molecular mass of the given atom or molecule, and g(z) is the

acceleration of gravity at the given altitude. We also calculated the Chapman function

at a 90° angle for each atmospheric, see Figure 4.8.
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Figure 4.6: Optical depth for H2 as a function of altitude in the upper atmosphere,
according to our model, for a wavelength of λ = 34.5 Å. Please see equation 4.13. The
solid green line shows τ for an angle of 60◦. The blue dash-dotted line shows τ for an
angle of 80◦, and the red dash-double dot line shows τ for an angle of 90◦.
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mg for the neutral constituents of the jovian upper atmo-

sphere for each altitude
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Figure 4.8: Chapman function as a function of height z for each atmospheric neutral
considered in our model of the upper atmosphere.
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4.2.6 Quenching

Some states of the helium-like O6+ ion can have long lifetimes and it is possible for

a collision to occur before these ions de-excite. The quenching rate used in the model

was estimated by assuming that any collision that changes the charge state of the ion

(e.g. charge transfer, stripping, transfer ionization) will prevent the ion from radiating.

To calculate how much emission would be lost, the total charge transfer and stripping

cross sections for O6+ were used as an approximation for the quenching cross section.

The quenching rate was calculated as:

R(z) = ν ·σquench(z) ·n(z), (4.16)

where R(z) is the quenching rate in units of sec−1 at a given altitude z, ν =
√

2E(z)/M

is the speed of the particle, and n(z) is the neutral density at a given altitude z. σquench(z)

is the quenching cross section approximated by the O6+ total charge transfer cross sec-

tion (σq,q−1(E(z))) added to the O6+ stripping cross section (σstrip(E(z))) for the en-

ergy E at the altitude z. This approximation gives a lower limit estimate for the quench-

ing cross section, which is presently unknown, and it compares in order of magnitude

to quenching cross sections reported by [96].

4.3 Results

4.3.1 Charge Distribution Differences Across Methods

The charge distribution as a function of energy determined with both methods was

found to be almost identical for oxygen ions. The largest difference found was about

8% difference in the fraction for the O1+ charge state (see Figure 4.3 and Figure 4.10.
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However, since the x-ray emission comes from the higher charge states O7+ and O6+

the difference between the two methods should not affect the oxygen x-ray spectra.

Figure 4.9: Difference in the equilibrium fraction calculated by each method (CSDM
or MCM) for each charge state of oxygen.

The same comparison was carried out for sulfur and a bigger difference was found

between the two methods especially for the higher charge states (see Figure 4.4). The

biggest discrepancy between the two methods was found for S14+, which has a 20%

difference in the charge distribution, having a smaller value in the MC methodology.

A difference of about 8% was also found for the S15+ charge state as well. These

discrepancies between the methods can be attributed to a bottleneck in the charge states,

where the smallest stripping or charge transfer cross sections, as explained by [47].

Since the differences occur at high charge states that produce x-rays, some differences

between modeled spectra calculated with each method would be expected.
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Figure 4.10: Difference in the equilibrium fraction calculated by each method (CSDM
or MCM) for each charge state of sulfur.

4.3.2 Ion Production Rate

In general,the production rate P(z) of a given charge state q− 1 can be calculated for

the ECM method using the cross sections described earlier by:

P(z) =
∫

∞

z
n(z′)

{
σq,q−1(E(z′))

}
φq(E(z′))Φbeamdz′ (4.17)

for the product ion species (O7+ or O6+ for example) at altitude z′, and n(z′) is the

atmospheric density at that altitude. σq,q−1 is the total charge transfer cross section for

the energy E that the beam has at the specified altitude z′ and is given by adding the

cross sections for single charge transfer, transfer ionization and double-capture autoion-

ization for an initial state q into a state q−1. φq(E(z′)) is the equilibrium fraction of the
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initial charge state q (O8+ or O7+ for example) and Φbeam is the total flux of the beam.

But for the Monte Carlo method we keep track for each ion of the charge exchange

collisions in a set of altitude bins and determine the production rate of a given charge

state from a large number of incident ions. We normalize the results by the number

of incident ions chosen. For the altitude bin with the maximum production rate the

statistical error was calculated. For O7+ production and energies below 1 MeV/u the

statistical error is large (between 10 – 20%), due to the small production rate for these

low energies. However, for energies equal and above 1 MeV/u the error decreased to

values between 0.5 – 2% dependent on the initial beam energy. For O6+ and S8+ the

production rates are much larger and the statistical error calculated is less than 2% for

all initial energies at the altitude where maximum production occurs.

Figure 4.11: O7+ production rates. The curves represent the production rate for differ-
ent incident ion energies (E0 = 1.0, 1.2, 1.5, 2.0, 2.5, 3.0, and 5.0 MeV/u) as a function
of altitude in km.
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The product ion species O7+ and O6+ created by charge transfer emit x-ray photons

as the excited ions de-excite via radiative cascading to the ground level [2,21,46,47,50–

52, 54, 56]. Using our hybrid Monte Carlo method for a number of incident ions (N>

10,000 for each initial energy) with different initial energies (0.75, 0.85, 1.0, 1.2, 1.5,

2.0, 2.5, 3.0, 5.0 MeV/u chosen arbitrarily) we track the number of O7+ and O6+ ions

that are produced by charge transfer collisions at each altitude in the atmosphere. The

production rates for different incident energetic oxygen ions are shown in Figures 4.11

and 4.12, and Figure 4.13 shows the S8+ production rate calculated for the initial ion

energies shown in the figures in units of MeV/u. This sulfur charge state was chosen as

an example because it has the highest intensity of all charge states.

Figure 4.12: O6+ production rates. The curves represent the production rate for differ-
ent incident ion energies (E0 = 1.0, 1.2, 1.5, 2.0, 2.5, 3.0, and 5.0 MeV/u) as a function
of altitude in km.

190



We assume an isotropic downward distribution of ions (in pitch-angle) at the top

of the atmosphere and choose an individual ion’s pitch-angle randomly. Pitch-angle

affects the depth of ion penetration and energy deposition. Having a range of pitch-

angles widens the altitude width of the energy deposition profiles or production rate

profiles. As expected, with higher incident ion energies the ions reach deeper into the

atmosphere. For example, the peak production rate for O6+ is at an altitude z = 380 km

for a 1 MeV/u ion, and it is at z = 356 km for a 2 MeV/u ion. Table 4.1 shows a summary

of the altitudes and neutral densities for which the O7+, O6+, and S8+ production rates

peak.

Figure 4.13: S8+ production rates. The curves represent the production rate for different
incident ion energies (E0 = 0.75, 0.85, 1.0, 1.5, 2.0, 2.5, 3.0, 5.0, 7.5, and 10.0 MeV/u)
as a function of altitude in km.
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Table 4.1: Altitude and Corresponding Atmospheric Neutral Density for Peak Ion Pro-
duction. Numbers in parenthesis correspond to powers of ten.

Initial Ion Energy (MeV/u) Altitude (km) Neutral Density (cm−3) Statistical Error
Transition: O8+→ O7+

0.75 445 1.89 (12) 18%
0.85 410 5.58 (12) 10%
1.0 410 5.58 (12) 5%
1.2 398 1.09 (13) 3%
1.5 386 1.99 (13) 2%
2.0 360 3.88 (13) 1%
3.0 338 1.54 (14) 1%
5.0 310 4.02 (14) 0.5%

Transition: O7+→ O6+

0.75 425 3.09(12) 2%
0.85 398 1.09 (13) 2%
1.0 390 1.66 (13) 2%
1.2 388 3.81 (13) 1%
1.5 372 3.61 (13) 1%
2.0 354 8.20 (13) 0.6%
3.0 334 1.73 (14) 0.4%
5.0 308 4.34 (14) 0.3%

Transition: S9+→ S8+

0.75 475 1.09 (12) 2%
0.85 465 1.30 (12) 1.5%
1.0 410 5.58 (12) 1%
1.5 380 2.58 (13) 1%
2.0 366 4.49 (13) 0.6%
3.0 346 1.13 (14) 0.4%
5.0 322 2.54 (14) 0.3%
7.5 304 5.09 (14) 0.3%

10.0 294 1.10 (15) 0.3%
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The production rates computed with the MC methodology are very similar to those

calculated with the CSDM, especially for oxygen but a stopping power is used for the

energy loss so this is not entirely surprising (see Figure 4.14). The same figure shows

the difference that the choice of pitch angle has for the production rate. For example,

a beam with a pitch angle of 0°goes deeper and has a higher production rate peak than

a beam of the same initial energy with an average pitch angle of 60°. One can also see

that the Monte Carlo method with a random pitch angle distribution has a production

rate that is somewhere in between.
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Figure 4.14: O6+ production rate for a beam with initial energy of 2.0 MeV/u for
different initial pitch angles. The solid line gives the production rate as calculated by
the MCM for a 0° pitch angle. The long dashed line represent the same production rate
but with random pitch angles. The short dashed line gives the production rate calculated
with the MCM for a pitch angle of 60°. The dotted line gives the production rate
calculated with the CSDM. Notice how this line is almost identical to the production
rate calculated by the MCM with a 60° pitch angle.
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The production rate for each of these ions can be used to obtain the emitted photon

flux as given by:

4π · I =
∫

∞

z0

P(z) · exp−τ(z) dz (4.18)

where I is the intensity in units of cm−2s−1sr−1, 4πI is the emitted photon flux in

units of cm−2s−1, z0 is the deepest altitude the beam reaches in the atmosphere before

running out of energy, z is the altitude of the ion beam, P(z) is the production rate

that was previously calculated, and τ is the optical length at a specific altitude for a

particular photon energy. The calculated photon flux rapidly increases for ion energies

less than 2 MeV/u, but grows almost at a constant rate for higher energies.

Figure 4.15: Outgoing x-ray photon flux efficiency as a function of initial ion energy
for O6+ production. The solid line shows the efficiency without any opacity effects.
Opacity effects are represented by the other curves. The dot-dashed line shows the
photon flux efficiency if opacity if considered for a 0° angle. The dashed line shows the
photon flux efficiency for an exit angle of 80° with respect to the pole. The dotted line
shows the photon flux efficiency for an exit angle of 90° with respect to the pole.
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An emission efficiency was found by dividing 4πI by the value of the initial ion

energy. The efficiency for each oxygen charge state (O6+ and O7+) is shown in Figures

4.15 and 4.16 (solid line, no opacity effects considered), and the S8+ efficiency is shown

in Figure 4.17.

Figure 4.16: Outgoing x-ray photon flux efficiency as a function of initial ion energy
for O7+ production. The solid line shows the efficiency without any opacity effects.
Opacity effects are represented by the other curves. The dot-dashed line shows the
photon flux efficiency if opacity if considered for a 0° angle. The dashed line shows the
photon flux efficiency for an exit angle of 80° with respect to the pole. The dotted line
shows the photon flux efficiency for an exit angle of 90° with respect to the pole.

The most efficient x-ray production from O6+ ions occurs for incident ions with

energies of about 1.5 MeV/u and from O7+ ions for incident ions with initial energies

of 2.5 MeV/u.For incident sulfur ions with energies of about 1 MeV/u are the most

efficient in producing S8+. The maximum production efficiency of O6+ ions is about
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three times greater than the production efficiency of O7+ ions. However, the maximum

production efficiency of S8+ ions is about 1.5 times that of the O6+ ions.

Figure 4.17: Outgoing x-ray photon flux efficiency as a function of initial ion energy
for S8+ production. The solid line shows the efficiency without any opacity effects.
Opacity effects are represented by the other curves. The dot-dashed line shows the
photon flux efficiency if opacity if considered for a 0° angle. The dashed line shows the
photon flux efficiency for an exit angle of 80° with respect to the pole. The dotted line
shows the photon flux efficiency for an exit angle of 90° with respect to the pole.

4.3.3 Opacity Effects

Opacity effects due to atmospheric absorption of outgoing photons should be taken

into account. The optical depths were calculated with equation 4.13, as explained in

section 4.2.5, and then used in equation 4.18 to calculate a new photon flux for O6+,

O7+ ions and S8+ ions. As an approximation, equation 4.18 was calculated by using

the outgoing photon energies of 560.984 eV, 652.723 eV, and 223.218 eV for O6+,
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O7+, and S8+ ions respectively, which are the photon energies for the most intense

emission lines. The results are plotted in Figures 4.15, 4.16, 4.17, where the calculated

photon emission efficiency without any opacity effects is shown (solid line) and can

be compared to the opacity effects given by 0◦ (dash-dotted line), 80◦ (dashed line)

and 90◦ (dotted line) exit angles. Opacity effects become significant for incident ion

energies higher than 2 MeV/u for O7+ ions, 1.2 MeV/u for O6+ ions and 1 MeV/u for

S8+ ions, especially for angles greater than 80◦. For energies higher than 5 MeV/u the

atmosphere becomes almost opaque to outgoing x-rays for these greater angles.

4.3.4 X-ray Spectra

To simulate a prototypical spectrum the branching ratios for each spectral line (photon

energy) were calculated based on the relative photon yields for each ion species and

charge state (e.g., Oq+) given by [21], which is the most complete spectra available

to date. We have used a total of 354 emission lines that correspond to photon ener-

gies above 200 eV to fit the x-ray spectra and which include both sulfur and oxygen

charge states. See the Appendix tables A.15 to A.19 for the photon count per incident

ion obtained by [21] that is used as the compared synthetic spectra. Here we use our

calculations to provide the production rate of a given ion species and charge state. In

their paper, Hui et al. fit their calculated spectra to Chandra X-ray Observatory (CXO)

observations made by [54] for both north and south auroral emissions. We have chosen

the best fits achieved by Hui et al. for the CXO observation ID 3726 reported and we

used their parameters in our model. For the north auroral observation, initial energies of

1.2 MeV/u for oxygen and 501 keV/u for sulfur were taken as optimal fits [Hui private

conversation]. For the south auroral observation, initial energies of 2 MeV/u for oxygen

and 1.860 MeV/u for sulfur were taken as optimal for the fit. We then calculated the

197



emitted photon flux for all 354 energies by using our Monte Carlo methodology and

combined them with the corresponding branching ratios given by [21].

For the northern spectrum a sulfur to oxygen ratio of 204 was used for the calcula-

tion, as suggested by [21] Table 2, for the best fit. The emissions were then smoothed

with Gaussian line profiles with a half-width of 24.5 eV to match those used by models

developed, like [51] and [52]. We must note that [21] uses half-widths of 55 eV in or-

der to match instrumental response functions and to speed up the fitting procedure. Our

spectra (solid line in Figure 4.18) matched the calculated one by Hui et al. reasonably

well (excellent in shape of the spectrum but differences in absolute intensity). How-

ever, the absolute intensity of the observations was not considered by Hui et al., just the

relative intensity versus photon energy. Our model, which differs from the Hui et al.

energy deposition methods, might be expected to have different absolute intensities for

an ion species overall (but not the relative line strength within an ion species which we

took from Hui et al.).

Opacity effects depend on the viewing geometry which is different for different

observations and for the North and South aurora. We used equation 4.18 and calculated

the optical depth for each different line (photon energy) separately. Considering the

polar cap x-ray emission area for the North aurora observations of [54] (see his image

of the auroral emission – Figure 2 of that paper), the exit angle of a path from the

emission region to the Earth is 80◦ with respect to the vertical (zenith). For the South

the emission appears to be on the limb or an emission angle of about 90◦. Since the

initial energy chosen for sulfur in this fit is less than 1 MeV/u, its contribution to the

spectrum is a lot smaller than that of oxygen.

For the southern spectrum a sulfur to oxygen ratio of 0.94 was chosen, again to

follow the modeled observations by [21]. This result is shown in Figure 4.19 by the

solid line, which does not consider any opacity or quenching effects. The viewing
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Figure 4.18: Spectra calculated for the north aurora by using [21] as a proxy to the
observational data. Initial energies considered for this calculation are 1.2 MeV/u for
oxygen and 0.51 MeV/u for sulfur. A sulfur to oxygen ratio of 204 was taken. The long
dashed curve shows the proxy data from [21] as a comparison. The solid line shows our
current model without any opacity or quenching effects. The small dashed line shows
the current model with opacity effects. Note that it is almost overlapping the current
model line (solid line). The dashed-dotted line shows the current model with opacity
and quenching effects.

geometry for the southern auroral oval is different than the northern one and an exit

angle of 90◦ is chosen for the calculations. As shown in Figure 4.19 by the dotted line,

this opacity effect is quite large on the spectrum. This is to be expected, since the initial

energies chosen for this fit are well above the point where opacity has a large effect, as

shown by the efficiency calculations (Figures 4.15, 4.16, 4.17).
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Figure 4.19: Spectra calculated for the north aurora by using [21] as a proxy to the
observational data. Initial energies considered for this calculation are 2.0 MeV/u for
oxygen and 1.86 MeV/u for sulfur. A sulfur to oxygen ratio of 0.94 was taken. The
long dashed curve shows the proxy data from [21] as a comparison. The solid line
shows our current model without any opacity or quenching effects. The small dashed
line shows the current model with opacity effects. Note that it is almost overlapping the
current model line (solid line). The dashed-dotted line shows the current model with
opacity and quenching effects.

4.3.5 Quenching Effects

Quenching of some long-lived O6+ states also affects x-ray production and the spec-

trum. For an O6+ ion there are two transitions of interest to us: the 1s2s − 1s2

(3S − 1S) transition (forbidden) and the 1s2p − 1s2 (3P0 − 1S) transition (inter-

combination), with Einstein A coefficients equal to 1.04×103 s−1 and 3.31×105 s−1

respectively [97]. Once the quenching rate was found with equation 4.16, the corre-

sponding quenched photon flux emitted (for the transition in question) was calculated
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by modifying equation 4.18, as described by the following equation:

4π · I =
∫

∞

s0

P(z) · exp−τ(z) A
A+R(z)

dz (4.19)

where P(z) is the production rate for O6+ ions in this case multiplied by the frac-

tion ending up in the metastable state (i.e., 3S or 3P0) in question, A is the Einstein

A-coefficient for the specific forbidden transition, and R(z(s)) is the quenching rate.

The opacity factor was calculated for each of the 354 photon energies as explained in

the previous section and the production rate of the O6+ quenched ions is normalized to

that of the unquenched.

This quenching effect was included in the north and south spectra for these two

emission features. The results are shown by the dash-dotted line shown in Figures 4.18

and 4.19. It can be seen that the effect in the spectrum is considerable, especially in

the north. In the south the opacity effect is already quite large, so in comparison, the

quenching effect is smaller.

4.4 Discussion

The calculations carried out here demonstrate that most x-ray photons are produced

by 1.5 – 2 MeV/u oxygen ions and 1 – 2 MeV/u sulfur ions, which is consistent with

recent model spectrum comparisons with observations [21,50–52]. Higher energy ions

can contribute to the x-ray auroral emissions but with lower efficiency. These ions are

mainly ionizing the atmosphere.

Our calculations demonstrate that opacity effects do not significantly impact the

emitted x-ray spectrum for initial ion energies below ∼ 1 MeV/u, but for larger ion

energies opacity should be taken into account, especially for exit angles with respect
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to the zenith greater than about 80◦. For such emission geometries opacity becomes

important for those ion energies most efficient in producing x-rays. The effects of

opacity depend somewhat on the atmospheric model used and, in particular, on the ho-

mopause altitude because the methane abundance falls off rapidly above this transition

altitude and because methane’s photoabsorption cross section for soft x-rays is quite

large [98], [99]. Unfortunately, the structure of the polar thermosphere and ionosphere

is not well known (the Galileo probe entered the equatorial atmosphere).

We estimated the effects on auroral x-ray emission of the quenching of the metastable

n=2 states of O6+. Significant quenching effects were found for the 3P0−1 S and 3S−1 S

n=2 transitions (i.e., the intercombination and forbidden transitions, respectively), and

particularly for the 3S−1 S transition. The forbidden line is almost completely quenched

for energies greater than about 1 MeV/u, as earlier recognized by [51]. Quenching is

not strongly sensitive to the details of the atmospheric model used.

When comparing our synthetic spectrum with that of [21], it was evident that the

opacity effects are very important for the south aurora where the observation angle is

roughly 90◦ and not so important for the north. For the southern auroral emissions

the opacity/geometry becomes the dominating factor in diminishing the intensity of

the emissions. In fact, the geometry could be such that much of the x-ray emitting

region might not be visible to the Earth due to the planetary tilt and location of the

magnetic polar cap. After considering how opacity and quenching effects diminish

the spectrum, one might have to consider a much larger flux of incoming oxygen and

sulfur ions (but Hui et al. did not model the absolute intensities of the observed aurora)

and different sulfur to oxygen ratios to actually match the observations. The Hui et

al. spectrum, when altered with the CXO instrument response function, gives a good

fit to the observed spectrum both in the north and south polar regions. For our spectra

to match the observations (i.e., the Hui et al. spectra) a larger sulfur to oxygen ratio
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would be required. In particular, for the north this ratio should be ≈ 1.25, although the

quenched lines would still show a smaller intensity. The south opacity has such a large

effect on sulfur that it distorts the spectrum. An exact sulfur to oxygen ratio is hard

to estimate, but an increase in sulfur to oxygen ratio of ∼10 times would be sufficient

to match Hui et al. The difference in the intensities between those given by Hui et al.

and our model shows that our model is less efficient in producing x-rays mostly due to

quenching as well as the difference in the energy deposition methods used.

We also estimate a "global" efficiency for Jovian x-ray emission, which we define

as the total x-ray luminosity divided by the total incoming power of precipitating ions.

This can be determined by dividing the outgoing power per unit area (integrated over

all x-ray energies) by the net incoming power per unit area for the incident ions. We

neglect opacity and quenching effects for this estimate, since we are assuming the total

luminosity emitted from the planet (including radially outgoing photons) and not just

the observed luminosity. For the north aurora, as discussed above, the best fit was found

for initial oxygen ion energies of 1.2 MeV/u and initial sulfur energies of 0.51 MeV/u

(based on [21]), as well as a sulfur to oxygen ratio of 204. For a net downward oxygen

flux of 1/cm2/s and a net downward sulfur flux 204 times that, we obtain outward

photon intensities assumed to be over 2π steridians and estimate an outgoing energy

flux of about 3 keV/(cm2s) for combined sulfur and oxygen emissions. Considering

the sulfur to oxygen ratio mentioned above, the downward/incoming energy flux for

all ions is 6.7 GeV/(cm2s), giving the north aurora an efficiency of ε ≈ 4.7× 10−7.

A typical observed total x-ray luminosity is ≈ 1 GW [53], [42]. Using the estimated

efficiency for the north aurora this observed x-ray luminosity implies an auroral ion

input power of ∼ 2× 1015 W, which is about 10 times larger than the total auroral

input for electrons as estimated from the observed UV aurora [100], [101], [1]. Such

a large input power from ion precipitation seems unlikely and we note that this is due
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to the low initial energy of the sulfur ions (510 keV/u), which as a consequence also

required a very high sulfur to oxygen ratio to match the observations. Such low initial

energy sulfur ions are not very efficient in x-ray production (please refer to Figure 4.17)

and this lack of emission must be compensated by a high ratio with respect to oxygen.

If a higher initial energy for sulfur were considered (e.g., 1.0 – 1.5 MeV/u) a much

lower sulfur to oxygen ratio would be required, which in turn would increase the global

efficiency and decrease the input power needed.

For the south aurora the best fit values were found for an initial oxygen energy of 2

MeV/u and an initial sulfur energy of 1.86 MeV/u and a sulfur to oxygen ratio of 0.94.

For these higher energies the opacity effect for a 0◦ angle has some effect (refer to

Figures 4.15, 4.16 and 4.17) and was considered in the calculations. The net outgoing

energy flux for both ion species is ≈ 12.5 keV/cm2/s) and the downward/incoming

energy flux is≈ 175 MeV/cm2/s). These values give the south aurora a global efficiency

of ε ≈ 7.13×10−5, which is much larger than the one found for the north. Again, if we

consider a typical observed luminosity of about 1 GW, the required auroral ion input

power is 1.4×1013 W, which is about a factor of 5 – 10 less than expected UV emission

observed from electron precipitation [101]. This result also supports the possibility that

for the northern aurora higher initial sulfur energies and a lower sulfur to oxygen ratio

would give a more reasonable global x-ray emission efficiency.
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Chapter 5

Primary Electron Precipitation and Photoelectrons in

the Auroral Region

5.1 Primary Electron Precipitation

As we have mentioned in previous chapters, the precipitation of energetic charged par-

ticles in a planetary atmosphere (in our case Jupiter) produces aurora. These auroral

emissions are the product of collisions between these charged particles and the neutrals

in the atmosphere. Although our study concentrates on the energetic ion precipitation in

the Jovian atmosphere, energetic electron precipitation at Jupiter is also a very impor-

tant process. The electron precipitation originates with the coronation breakdown that

occurs in the middle magnetosphere due to mass loading (see section 1.4.1 for a review

on this topic). This torque creates a current system that couples the mid-magnetosphere

to the ionosphere of the planet (MI-coupling system). The Birkeland currents in this

MI-coupling accelerate the electrons to high energies ( ≥ 100 keV in some cases). The

bulk of the observed electrons have energies ranging between 1 – 30 keV. The energetic

electrons are the source of the UV emissions that are observed as the auroral oval (for

a review on the UV aurora and the auroral oval at Jupiter we refer the reader to [1]).

205



Spectroscopic observations of the UV emissions suggest a total auroral particle input

flux of the order of 1013− 1014 W in each hemisphere, which is about three orders of

magnitude stronger than the particle input flux for Earth [101]. Models assume that

most of this energy input is due to electrons, instead of protons or heavy ions. The

reason is that so far, there is no evidence for strong proton precipitation in the Ly-α

profiles and the oval spectrum also shows no indication of the line emission expected

for the oxygen and sulfur ion precipitation, as observed in the x-ray aurora.

The energy flux being input by the electrons in the atmospheric auroral region is

about 100 times that of the global extreme ultraviolet due to solar radiation. This large

energy input from the electrons has major consequences in the upper atmosphere due

to ionization of the neutral species present, radiation, and particle heating. This heating

is capable of maintaining large exospheric temperatures that are observed at the mid-

and high latitudes of the planet [101]. According to models, about 50% of the electron

energy is converted to heat in the neutral atmosphere [22, 101]. The excitation to the

b3Σ+
u state and the ionization of H2 (see Chapter 2 for the cross section information) are

among the most important processes for heating the atmosphere. Rotational and vibra-

tional excitation of H2 are, very efficient for cooling the thermal electrons, ultimately

heating the atmospheric neutrals via collisions. In order to model the primary electron

transport in an atmosphere (in our case for Jupiter), energy degradation models have

been developed in the past 30 years. A commonly used model assumes a mean pitch

angle for the transported electrons, which allow to approximate their distribution by an

upward and downward flux. This method is called the two-stream approach and will be

explained in the next section.
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5.1.1 Suprathermal Electron Transport

Suprathermal electrons (1 eV < E < 200 eV) in a magnetic field will follow helical

trajectories along the field line consisting of gyration around a so called gyro-center as

well as a motion of the gyro-center parallel to the field line [26, 71]. If these electrons

are moving in a non-uniform magnetic field that varies slowly compared to the gyro-

frequency or at long scales compared to the gyroradius and are moving in a parallel

magnetic field, one may write their Boltzmann equation as:

∂ f
∂ t

+ vz
∂ f
∂ z
− e/m ·E‖

{
µ

∂ f
∂v

+
1+µ2

v
∂ f
∂ µ

}
− v(1−µ2)

2B
∂B
∂ z

∂ f
∂ µ

= (
δ f
δ t

)coll. (5.1)

In equation 5.1, the distribution function in phase space is f = f (~x,~v, t) = f (z,v,µ, t).

Here µ = cosθ , where θ is the pitch angle for the electron. z is the distance along the

field line, i.e, parallel to the field, and v is the velocity component along the field line.

From this equation, we can also notice that the only effect of the magnetic field on the

distribution is on the pitch angle distribution. The parallel electric field, E‖, changes the

pitch angle distribution and accelerates the electrons. If the magnitude of the magnetic

field is roughly constant along the field line, the divergence term ∂B
∂ z on equation 5.1

may be neglected.

The flux up (Φ+) or down (Φ−) a field line, in units of cm−2s−1eV−1 at a distance

s for a particular energy ε = 1/2mev2 is defined by [102] as:

Φ
+(s,ε) =

∫
π

0

2πv2

me
f (s,v,θ)sinθdθ (5.2)

Φ
−(s,ε) =

∫
π

π/2

2πv2

me
f (s,v,θ)sinθdθ (5.3)
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Now, let Φ= 2ε/m2 f , where ε is the kinetic energy of the particle. Then we can rewrite

the transport equation as:

√
m/(2ε)

∂Φ

∂ t
+µ

∂Φ

∂ r
+e/mE‖εµ

∂

∂ε
(
Φ

ε
)+(

eE‖
E
− 1

B
∂B
∂ r

)
1−µ2

2
∂Φ

∂ µ
=
√

m/(2ε)
δΦ

δ t
(5.4)

If we assume steady state (∂Φ/∂ t = 0), neglect external electric fields E, and assume

that the change in B is negligible, then the previous equation simplifies to:

µ
∂Φ

∂ r
=
√

m/(2ε)
δΦ

δ t
(5.5)

These sets of equations were originally solved by [103] and [104] for transport of pho-

toelectrons in Earth’s ionosphere. The solution is known as the two-stream approach

(or two-stream equations), since they approximate the electron transport along the field

line in two directions (or streams): upward and downward. The two-stream equations

are [71]:

〈µ〉∂Φ+

∂ r
=−nkσ

t
sΦ

++
nsσ

e
s

2
(Φ++Φ

−)+
Q0

2
(5.6)

for the upward flux, and:

〈µ〉∂Φ−

∂ r
=−nkσ

t
sΦ
−+

nsσ
e
s

2
(Φ++Φ

−)+
Q0

2
(5.7)

for the downward flux. Here, nk is the neutral density for a given species k, σ t
s is the

total cross section and σ e
s is the elastic scattering cross section. As previously shown,

the upward and downward fluxes (Φ+ and Φ−) may be calculated by integrating the

distribution function as function of angle and position (r,µφ). In the previous equations
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the last term is given by the supra-thermal electron production:

Q0(r) =
∫ 2π

0
dφ

∫ 1

−1
Pe(φ ,µ,r)dµ (5.8)

where Pe is the electron production rate. In our model, we solve the set of transformed

Boltzmann equations to a steady state. After some manipulation, the two-stream equa-

tions solved by the code are:

dΦ∓

ds
=−∑

k
nk(s)(σ k

a + pk
sσ

k
s )Φ

∓(ε,s)+∑
k

nk(s)pk
eσ

k
e Φ
±(ε,s)+

q(ε,s)
2

+q∓(ε,s).

(5.9)

Here, σ k
a is the total inelastic cross section for a neutral species k, pk

s and σ k
s are the

electron backscatter probability and cross section, respectively. Therefore, the first

term of the equation accounts for the loss of electrons from the flux in a given direction

due to absorption or backscatter (change in the direction, therefore showing up in the

opposite flux). In the second term, pk
e and σ k

e are the elastic probability and cross

section, respectively. The third term accounts for the photoelectron production rate

due to direct photoionization, and the last term gives the electron production due to

cascading and is given by:

q∓(ε,s)=∑
k

nk(s) ∑
i,E>ε

{pk
a j(E)σ

k
a j(E→ ε)Φ±(E,s)+(1− pk

a j(E))σ
k
a j(E→ ε)Φ∓(E,s)}.

(5.10)

The cascading terms involve book-keeping the electrons as they move from one en-

ergy bin to another bin. This may happen for the flux in one direction (either up- or

downward) or it may also occur between the fluxes (an electron may cascade from the

upward flux to the downward flux via backscatter collision).
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5.1.2 Our Two–Stream Code: Validation of the Code

All the cross sections that we use to solve the two-stream equations for our model are

found in Chapter 2. Without an extensive compilation of the appropriate cross sections

it would not be possible to solve the two-stream equations. As the electrons travel

along the field line, they undergo elastic and inelastic collisions with the atmospheric

neutrals (H2, H, He, and CH4). One can see that the two-stream calculation takes into

account electron-electron collisions, electron neutral collisions, as well as the produc-

tion and loss of electrons along the field line. The total flux calculated at each energy

bin includes the primary production from photoionization, the production of electrons

by inelastic collisions with neutrals and the cascade of electrons by energy degradation

due to inelastic collisions from higher energy electrons. The two-stream code that we

use calculates the evolution of the electron energy as a function of altitude (i.e., the

transport of the electrons and their energy) by using a set of discrete energy bins. The

energy bins have widths ranging from 0.5 eV for low energies (less than 10 eV) and

increase to 200 eV widths for the highest energies (reaching 200 keV).

In order to validate our code and make sure that the results are reasonable, we tested

it by inputing electron beams of a given flux and initial energy used in the models

of [22] and compared our results. The main differences between the two models are

the updated cross sections and the atmospheric model that we are using. Both models

use the two-stream approach implemented for the electron transport. In their paper,

Waite et al. present calculations by injecting electron beams of initial energy of 1 and

10 keV, which correspond to 950 and 9800 eV on their energy grid, and with an initial

flux of 10 ergs/cm2/s. In our code, due to the difference in energy bins between the two

modes, the corresponding energies are 975 eV and 9900 eV, respectively. A good way

to compare the two models is by looking at the ion production rates calculated. We
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look at the ion production of H+
2 and H+ due to each auroral electron beam (one with 1

keV electrons and another with 10 keV electrons). The ion production rate of any ion

species at a given altitude is calculated in the two-stream code by:

Pnk(s) = ∑
E

σ
nk
ion · (Φ

+(s)+Φ
−(s))∆E; (5.11)

where σ
nk
ion is the ionization cross section for a given ion species nk, at a given electron

energy E and Φ± is the upward/downward electron flux at the given altitude s along the

field line.

Our results for a mono-energetic beam with initial energy of 1 keV (975 eV) are

shown in Figure 5.1 and for a beam with initial energy of 10 keV (9900 eV) are shown

in Figure 5.2. As a comparison, we show the calculated production rates for H+
2 and

H+ from [22] in Figure 5.3. We can see that our production rate is not identical to

that shown by [22]. This was to be expected because, as mentioned earlier, our cross

sections and atmosphere are not the same. However, the location and value of the peak

production rate for both ions (H+
2 and H+) in both models is at a very similar value

for the 10 keV electron beam. For the 1 keV beam our model has a larger production

rate, but the peak is located at the same altitude. This validates the energy deposition

process, as it appears that the electrons are loosing most of their energy in the same

region of the atmosphere.

As reviewed in Chapter 2 there is no data available for inelastic backscatter cross

sections. Therefore, in our model we assume that they are equal to the elastic backscat-

ter cross sections. Also, the backscatter probabilities of H and He are taken to be equal.

In order to see what kind of effect this would have in our calculations, we have com-

puted the ion production rate as explained in the previous paragraph, but without any

backscatter probability, i.e., pk
s = 0. The result is shown in Figure 5.4. From the figure
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we can see that the difference in the production rate by ignoring backscatter of electrons

is less than 10 %. This is a very small effect considering the uncertainties in the other

cross sections.

We calculate the average energy for the creation of an ion pair, which allows us

to check that the code is calculating the electron fluxes, energy degradation and ion

production rates properly. It is known from the literature that the average energy for

ion pair production is ∼ 35 – 40 eV [26, 71, 105]. We calculate the average ion pair

energy by introducing mono-energetic electron beams with energies ranging from 25 –

180,000 eV with a flux of 1000 cm2s−1eV−1. We then calculate the electron density ne

by adding the total ion production for all possible ion species considered. The average

energy per pair is given by:

〈Epair〉= Φinit〈µavg〉Einitn−1
e dE. (5.12)

For incident electron energies greater than 50 eV the average energy needed for an ion

pair is ≈ 35 eV. However, as the input energy decreases, this energy rapidly increases,

showing an asymptotic behavior as the energy approaches the threshold energy. Our

results for the average energy per ion pair as a function of incoming electron energy are

shown in Figure 5.5.
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Figure 5.1: A mono-energetic beam of electrons with a flux of 1 erg/cm2/s and energy
of ∼ 1 keV is injected at the top of the atmosphere. As a consequence, the neutral
species may become ionized. Here we show the ion production rate [cm−3s−1] for H2+

and H+ production by electron impact ionization of H2.
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Figure 5.2: A mono-energetic beam of electrons with a flux of 1 erg/cm2/s and energy
of ∼ 10 keV is injected at the top of the atmosphere. As a consequence, the neutral
species may become ionized. Here we show the ion production rate [cm−3s−1] for H2+

and H+ production by electron impact ionization of H2.
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Figure 5.3: H+ production rates as a function of altitude for a 1keV and a 10 keV
electron beam as calculated by [22]. Taken from Figure 8 in [22].
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Figure 5.4: A mono-energetic beam of electrons with a flux of 1 erg/cm2/s and energy
of ∼ 1 keV is injected at the top of the atmosphere. Here we show the ion production
rate [cm−3s−1] for H2+ and H+ production by electron impact ionization of H2. We
have calculated the production rate with and without backscatter collisions as labeled
in the plot. No significant difference was found.
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Figure 5.5: Average energy per ion pair produced by the precipitation of mono energetic
electrons with a flux of 1000 cm−2s−1eV−1.
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5.1.3 Primary Electron Precipitation

With the two stream code we calculate the electron fluxes along the field line for mo-

noenergetic auroral electron beams with energies of 20 and 50 keV with a total energy

input each of 10 ergs/cm2/s. This electron flux is “injected” at the top of the atmosphere

(z = 3000 km) in order to simulate the effect of an electron aurora. We show the up-

ward and downward electron fluxes at different altitudes for each beam in Figures 5.6

and 5.7. For the downward flux, we can see that for high altitudes, the highest flux is at

the beam energy. This is to be expected, since all the electrons injected at the top of the

atmosphere have such high energy. However, as the electrons penetrate deeper in the

atmosphere, they will collide with the neutrals and cascade down to lower energies as

well as produce secondary electrons at lower energies. Therefore, the flux for electron

energies between 20 – 1000 eV starts to increase as we go deeper in the atmosphere.

It is also interesting to see that in the vicinity of the ion production peak, the behavior

of the flux curve is rather different than that for the higher altitudes, in that it increases

for energies greater than 1 keV, while the other curves decreased. From the figures we

can also see that the flux for electron energies between 20 – 1000 eV is established at

altitudes around 750 km and varies very little for lower altitudes until the ion produc-

tion peak is reached, where the electron beam loses most of his energy. The upward

flux figures show that the flux for high energies doesn’t re-establish. This means that

the energetic electron beam thermalizes as it penetrates the atmosphere and there are no

sources in the atmosphere to replenish such high energy electrons. The upward flux for

energies greater than 25 eV also remains almost unchanged as we change altitude. The

thermal electron flux increases as we go lower in altitude as more and more electrons

thermalize by Coulomb collisions. The same characteristic behaviors are seen in both

auroral beams.
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We also show the flux for specific energies as a function of altitude in Figures 5.8

and 5.9. This figures show the buildup of electron fluxes for energies much lower than

the beam energy. For example, for the suprathermal energies chosen in the figures, the

downward flux is very low at the highest altitudes. However, as the electron beam is

transported deeper in the atmosphere, it loses energy due to collisions and produces

secondary electrons. We can see how the flux for the lower energies rapidly increases

for altitudes between 3000 – 1000 km. Around 1000 km the flux becomes almost

constant for energies between 20 – 100 eV, where a balance between production and

loss is reached. However, at the lower energies (9.75 eV in our case) the flux continues

to increase as the electrons continue to themalize due to electron-electron collisions.

We can see a peak in the fluxes at a deeper altitude where the beam penetrates and

where the ion production peaks occur. This peak occurs around 350 km (or neutral

density of 8×1013 cm−3) for the 20 keV electron beam and around 300 km (or neutral

density of 1015 cm−3) for the 50 keV electron beam. The upward electron fluxes show

a similar behavior as the downward fluxes at low altitudes, i.e., they also have a small

peak in the flux. In fact, for these low altitude the flux is isotropic, i.e., the upward and

downward fluxes are approximately equal to each other. However, as the flux moves

upward in the atmosphere it remains almost constant for energies greater than 50 eV.

This tells us that the flux and loss processes for these energies are in equilibrium and the

electrons are able to escape the atmosphere. For lower energies there is a slow decrease

up to altitudes of around 2000 km before the flux remains constant.
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Figure 5.6: Downward (top) and upward (bottom) electron fluxes due to a monoener-
getic beam of 20 keV electrons with a total input of 10 ergs/cm2/s at different altitudes
along the field line. No photoelectrons are considered in the calculations.
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Figure 5.7: Downward (top) and upward (bottom) electron fluxes due to a monoener-
getic beam of 50 keV electrons with a total input of 10 ergs/cm2/s at different altitudes
along the field line.No photoelectrons are considered in the calculations.
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Figure 5.8: Downward (top) and upward (bottom) electron fluxes due to a monoener-
getic beam of 20 keV electrons with a total input of 10 ergs/cm2/s for different electron
energies as a function of altitude along the field line.No photoelectrons are considered
in the calculations.
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Figure 5.9: Downward (top) and upward (bottom) electron fluxes due to a monoener-
getic beam of 20 keV electrons with a total input of 10 ergs/cm2/s for different electron
energies as a function of altitude along the field line. No photoelectrons are considered
in the calculations.
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We also calculate the ion production rates for the different ion species due to the

electron aurora. We choose monoenergetic beams with electron energies of 1, 20 and

50 keV. The ion production due to the primary beam and the subsequent secondary

electrons is calculated by equation 5.11 in the two-stream code. We don’t include any

photoelectrons in the calculation. The ion production due to each monoenergetic beam

is shown in Figures 5.10 to 5.12. The figures label this production rate as secondary

production. This means that this is the ion production rate due to the monoenergetic

electron beam its secondary electrons as they collide with the neutrals, ionizing them.

We label primary ion production rate the ion production rate due to the photoionization

of the neutrals, as it will be explain in a later section.

From the figures we can see that the higher the electron energy of the beam the

further in the atmosphere it will penetrate, as it is to be expected. The same behavior

occurred with the energetic ion precipitation in the atmosphere. In the cases where the

electron beam stops above the homopause, for example with the 1 keV electron beam,

there are very little hydrocarbon ions produced. Since the electrons do not penetrate

very deep in the atmosphere, they only interact with the neutrals in the region where

the CH4 density is very low (see Figure 4.1 for the neutral densities). The other two

beams that we have considered are energetic enough to reach below the homopause and

production of hydrocarbon ions is observed at altitudes below 400 km.

Table 5.1 summarizes the column production rates of the different ions for each

electron beam considered in our calculation. We can see that the column production

rate of the hydrocarbons is extremely low for the 1 keV electron beam as compared to

the other two beams. However, the 1 keV electron beam and the 50 keV electron beam

have the same column production rate of H+
2 . Higher energy electrons have much

lower ionization cross sections, as the tail of the cross section decreases rapidly at

higher energies (see Figure 2.9). So increasing the electron energy does not necessarily
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Figure 5.10: Ion production rate due to the precipitation of 1 keV electrons with a flux
of 10 erg/cm2/s in the jovian atmosphere due to secondary electrons. No solar input is
considered in the calculations. The ionization is solely produced by the electron-neutral
collisions as electrons penetrate the atmosphere.
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Figure 5.11: Ion production rate due to the precipitation of 20 keV electrons with a flux
of 10 erg/cm2/s in the jovian atmosphere due to secondary electrons. No solar input is
considered in the calculations. The ionization is solely produced by the electron-neutral
collisions as electrons penetrate the atmosphere.
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Figure 5.12: Ion production rate due to the precipitation of 50 keV electrons with a flux
of 10 erg/cm2/s in the jovian atmosphere due to secondary electrons. No solar input is
considered in the calculations. The ionization is solely produced by the electron-neutral
collisions as electrons penetrate the atmosphere.
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Table 5.1: Column ion production rates due to a 1, 20 and 50 keV electron beams each
with an energy input of 10 erg/cm2/s. The table shows our results for the main ions
produced in a column of the atmosphere by electron-neutral collisions.

Ion Produced 1 keV 20 keV 50 keV
Column production rate (cm−2s−1) (cm−2s−1) (cm−2s−1)

H+
2 1.69×1011 1.92×1011 1.68×1011

H+ 1.56×1010 1.13×1010 9.76×109

He+ 1.28×108 1.48×1010 1.49×1010

CH+
4 1.21×10−3 6.82×108 7.57×108

CH+
3 9.36×10−4 5.56×108 6.19×108

increase the ionization production. On the other hand, the 50 keV electron beam has

the highest column production rate of hydrocarbon ions because it is able to penetrate

deeper in the atmosphere, where the hydrocarbon neutral density is highest.
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5.1.4 Airglow Emission due to Electron Precipitation

Energetic precipitation in the Jovian upper atmosphere leads to the excitation of the

neutrals by inelastic collisions. Airglow emissions in Jupiter are in the UV, composed

of Ly-α lines and bands as well as Werner bands. Some of the processes leading to

these airglow emissions are:

H2(B,C)→ H2(X)+hν(Ly,W ) (5.13)

e+H2(X)→ H(2p)+H(n, l)+ e (5.14)

H2(2p)→ H(1s)+hν(H Ly−α)[1215.67nm] (5.15)

The last process shows the dissociation of H2, which leaves it in an excited state, which

then produces H Ly-α emission when it de-excites to the ground state (dissociative ex-

citation of H2). The dissociative excitation process of H2 is the dominating contributor

for Ly-α line emission. CH4 may also undergo dissociative excitation to produce Ly-

α emissions. However, its contribution is negligible [23] and we exclude it from our

calculations.

Another important contribution to the airglow originates from cascading processes

from higher to lower states. For example, the B1Σ+
u state has a large cascade contribu-

tion. It is mostly populated by cascading from the E,F1Σ+
g . It is estimated that about

∼95% of the H2 that is in the v j = 0 level of the B1Σ+
u state arises from the E,F1Σ+

g

cascade [106]. The C1Πu state cascade doesn’t appear to be very important (< 10%

effect) [107].

Measurements of the cascading cross sections are very hard to develop. Emission

that is attributed to both, direct and cascade, excitation is observed, however, it cannot

be differentiated [106]. According to experimental work by [107] the E,F1Σ+
g → B1Σ+

u
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Table 5.2: Column production rate of Lyman band emission due to cascading from
the E,F1Σ+

g → B1Σ+
u state and then to the ground state. This is calculated for three

different electron beam energies that are injected at the top of the atmosphere. The
percent emission indicates the percent of the band emission that is due to the cascade.

Electron Energy Column rate (cm−2s−1) Percent of Ly band emission
1keV 5.82×109 9.25%

20 keV 6.18×109 8.56%
50 keV 5.43×109 8.85%

cascade contributes 24%± 10% of the total Lyman band emission intensities at high en-

ergies (100 – 300 eV) and 50%± 20% at 20 eV. Because there are no concrete calcula-

tions or measurements available in the literature for the cascading processes implicated

in the airglow emissions, we have estimated the cross section of the E,F1Σ+
g → B1Σ+

u

cascade to be 0.95 times the cross section for the E,F1Σ+
g → X1Σg transition. The cross

sections for other transitions pertinent to the airglow emissions are reviewed in Chapter

2. One may calculate the airglow production rate as a function of altitude P(s) by:

Pi(s) = ∑
E

σ
i
airglow · (Φ

+(s)+Φ
−(s))∆E; (5.16)

where, σ i
airglow is the airglow cross section for a specific process or outcome i (H-Ly

α , H2 Lyman and Werner, dissociative excitation of H2, and cascading processes). For

the H2 Lyman band due to cascading we have considered only 95% of the production,

because of arguments explained above. We have calculated the airglow production as

a function of altitude for monoenergetic electron beams with initial energies of 1 keV,

20 keV and 50 keV and a flux of 10 erg/cm2/s. No solar input was considered in the

calculation. The results are shown in Figures 5.13 to 5.15. For each of the beams, the

column production rate of Lyman bands is shown in Table 5.2.
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Figure 5.13: Production rate of airglow emissions due to different production mech-
anisms due to the precipitation of 1 keV electrons with a flux of 10 erg/cm2/s in the
jovian atmosphere. No solar input is considered in the calculations. The emissions are
solely produced by the electron-neutral collisions as they penetrate the atmosphere.

We compare our results from the airglow calculations to similar results done by [22]

(see Table 6.7). A summary of the airglow emissions results from our calculations for

the three beams (energies 1, 20 and 50 keV) are shown in Table 5.4. For most pro-

cesses the emission rate appears to be somewhat constant with the increase in electron

energy. However, the emission of Lyman alpha by direct excitation of H increases as

the electron beam energy decreases. This may be explained by the fact that a higher en-

ergy electron beam will penetrate lower in the atmosphere, where the hydrogen density

dramatically decreases (see Figure 4.1).
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Figure 5.14: Production rate of airglow emissions due to different production mecha-
nisms due to the precipitation of 20 keV electrons with a flux of 10 erg/cm2/s in the
jovian atmosphere. No solar input is considered in the calculations. The emissions are
solely produced by the electron-neutral collisions as they penetrate the atmosphere.

Table 5.3: Airglow emissions for a 1 keV electron beam with an energy input of 10
erg/cm2/s. The table shows our results for a column rate (cm−2s−1) compared to those
in [22] Table 4b in their paper.

Process This paper Waite et al. 1983
Lyman bands 6.29×1010 1.91×1010

Werner bands 1.52×1010 5.17×1010

Lyman alpha 1.94×1010 3.25×1010
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Figure 5.15: Production rate of airglow emissions due to different production mecha-
nisms due to the precipitation of 50 keV electrons with a flux of 10 erg/cm2/s in the
jovian atmosphere. No solar input is considered in the calculations. The emissions are
solely produced by the electron-neutral collisions as they penetrate the atmosphere.

Table 5.4: Airglow emissions for a 1, 20 and 50 keV electron beams each with an
energy input of 10 erg/cm2/s. The table shows our results for the different emissions in
a column of the atmosphere.

Process 1 keV 20 keV 50 keV
Column rate (cm−2s−1) (cm−2s−1) (cm−2s−1)

Lyman bands (direct excit.) 5.70×1010 6.60×1010 5.59×1010

Lyman bands (cascade) 5.82×109 6.18×109 5.43×109

Werner bands 5.17×1010 6.36×1010 5.62×1010

Lyman alpha (from H2 diss.) 1.21×1010 1.29×1010 1.13×1010

Lyman alpha (from H) 7.27×109 1.30×108 1.94×107
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5.2 Photoelectrons in the Jovian Ionosphere

Photoelectrons are important in the dynamics of the ionosphere. Just like the primary

electrons, they will have collisions with the neutrals leading to excitation and emission

of radiation, they may recombine with the ions present, or they may undergo election-

electron Coulomb collisions. In general, if a primary electron and a photoelectron have

the same energy, it is not possible to tell the difference between them, as they will not

hold any information on how they were created. However, we know that the primary

electron population that is responsible for the UV aurora is more energetic than the sec-

ondary electron population. In our work, we concentrate in a three electron populations

that will affect the ionosphere in Jupiter. The one of them is populated by photoelec-

trons created by photoionization of the atmospheric neutrals by solar EUV and x-ray

photons. We will review the photoelectrons in this section by analyzing the photoelec-

tron transport and energy deposition using the two-stream approach, explained in detail

in section 5.1.1.

When solar radiation interacts with an atmosphere it creates an ionosphere or mod-

ifies an existing one. Observations have shown that the day- and night sides of a plan-

etary atmosphere have different structures. The solar photons interact with the neutrals

present and will create new ions, electrons, atoms (by photodissociation) and excited

neutrals. This will change the density or vertical profiles of the ion and neutral species

present. Jupiter is no exception. Therefore we have included the effect of the solar

photons by calculating the photoelectron production due to the solar EUV and x-ray

radiation that reaches Jupiter. This is handled by our photoelectron code.

To calculate the photoelectron production in the Jovian ionosphere, we first obtain

the solar photon fluxes from the solar irradiance proxy code EUV97 from [108]. This

solar flux is then scaled using the 10.7 cm radio flux proxy (F10.7) measured in 1022 W
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Figure 5.16: Solar flux adapted

m−2 Hz−1 to obtain the solar minimum conditions at the time of the Galileo encounter

(see [109] for more details). The solar flux adopted in our code for all solar input

calculations is shown in Figure 5.16 and takes a value of F10.7= 75. The solar spectrum

and the cross sections are used in 950 wavelength bins. We calculate photoionization

production rates by:

P(z) = n(z) ·σph.ion ·Φsolar exp−τ ; (5.17)

where σph.ion is the photoionization cross section, Φsolar is the solar flux at ∼ 5 A.U.

and τ is the optical depth as given by equation 4.13. All the photoionization and pho-

toabsorption cross sections needed for our calculations are given in Section 2.5. We

calculate the ion production rate due to each neutral species considered in our model
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(H2, H, He and CH4). Because the amount of solar light that reaches the atmosphere

depends on the solar zenith angle, we have chosen to calculate the ion production rate

for three angles: 0°, 60° and 90°. We show two types of results. Figures 5.17 to 5.18

show the production rate for each individual ion species that is a product of photoion-

ization. Figures 5.19 to 5.20 show the total ion production rate that results from each

neutral species. In the figures we can see that as we increase the solar zenith angle, the

ion production rate decreases. This is to be expected, since a larger solar zenith angle

means a larger absorption of the solar flux by the atmosphere due to the opacity effect,

i.e., there are less photons available to ionize the neutral atmosphere. In Figure 5.17

we compare our model results for a solar zenith angle of 0° with a model developed

by [23]. Their model also calculates photoionization rates in the upper atmosphere of

Jupiter. Although the atmospheric model, the cross sections and the solar activity in-

dex used in the models are not the same, the production rate values and peak altitudes

calculated are very similar (please refer to the figure) for H+
2 and CH+

4 but are different

for H+ and He+. The difference in the H+ production is attributed to our differences

in the atmospheric profiles, as the H density in their model is higher than in our model,

especially at low altitudes, where the ion production peaks. The smaller difference in

the He+ ion production rate may be attributed to the difference in the cross sections

used in our models.

The photoelectrons produced by the photoionization of the neutrals will in turn have

further collisions in the atmosphere. Our photoelectron code calculates the photoelec-

tron production rate at each altitude, binned by electron energy. This output is then

input in the two-stream code (see sections 5.1.1 and 5.1.2 for details) which then calcu-

lates the electron transport in the atmosphere, considering collisions between electrons

and neutrals or other electrons present in the ionosphere. Figures 5.21 to 5.22 show

the ion production rates due to the photoelectron collisions for four solar zenith angles
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Figure 5.17: Photoionization production rate for each ion species considered in our
model (top) are compared to those calculated by [23] (bottom) for F10.7=100. The
solar flux for both cases is coming at a solar zenith angle of 0°. Species in parenthesis
denote parent species.
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Figure 5.18: Photoionization production rate for each ion species considered in our
model. The solar flux is coming at a solar zenith angle of 60°(top) and 90°(bottom).
Species in parenthesis denote parent species.
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Figure 5.19: Total photoionization production rate for each neutral species consid-
ered in our model. The solar flux is coming at a solar zenith angle of 0°(top) and
60°(bottom). Each line represents the parent species.
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Figure 5.20: Total photoionization production rate for each neutral species considered
in our model. The solar flux is coming at a solar zenith angle of 90°. Each line repre-
sents the parent species.
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Table 5.5: Column production rates for a solar case. All cases are for solar minimum
conditions. The table shows our results for the main ions produced in a column of the
atmosphere. It includes photoionization and electron-neutral ionization collisions

Ion Produced 0° 60° 80° 90°
Column production rate (cm−2s−1) (cm−2s−1) (cm−2s−1) (cm−2s−1)

H+
2 1.17×109 5.89×108 2.05×108 4.34×107

H+ 1.88×108 1.31×108 6.33×107 2.00×107

He+ 4.00×107 1.43×107 2.93×106 1.80×105

CH+
4 1.06×108 3.77×107 6.09×106 2.74×105

CH+
3 5.70×106 1.91×106 1.85×105 1.55×103

of interest: 0°, 60°, 80° and 90°. This ion production rate is due to the photoelectron

transport along the field line and their interactions with the neutrals. The total (primary

and secondary) ion production rates calculated by the two-stream code due to the pho-

toelectron transport are shown in Figures 5.23 to 5.24. In agreement with the previous

figures, the production rate at higher solar zenith angle decreases. The figures also

show a secondary production peak at lower altitudes for each ion species. This peak

is created by the photoelectrons created deep in the atmosphere by high energy solar

photons. These photons create higher energy photoelectrons, which ionize the neutrals

in the lower atmosphere producing a secondary peak at lower altitudes. Table 5.5 sum-

marizes the total column production rate for the main ions due to the photoelectrons

produced at different solar zenith angles. As observed earlier, higher solar zenith angle

has a lower ion production rate, especially for hydrocarbon species located deep in the

atmosphere, where not many solar photons are able to reach.
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Figure 5.21: Secondary ionization production rate for each ion species considered in
our model due to photoelectrons and secondary electrons produced in the atmosphere.
The solar flux is coming at a solar zenith angle of 0°(top) and 60°(bottom). Each line
represents the total ion production, no matter the parent species.
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Figure 5.22: Secondary ionization production rate for each ion species considered in
our model due to photoelectrons and secondary electrons produced in the atmosphere.
The solar flux is coming at a solar zenith angle of 80°(top) and 90°(bottom). Each line
represents the total ion production, no matter the parent species.
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Figure 5.23: Total ion production rate for each ion species considered in our model due
to photoionization, photoelectrons and secondary electrons produced in the atmosphere.
The solar flux is coming at a solar zenith angle of 0°(top) and 60°(bottom). Each line
represents the total ion production, no matter the parent species.

244



0	
  

500	
  

1,000	
  

1,500	
  

2,000	
  

2,500	
  

3,000	
  

1.E-­‐05	
   1.E-­‐04	
   1.E-­‐03	
   1.E-­‐02	
   1.E-­‐01	
   1.E+00	
   1.E+01	
   1.E+02	
  

Al
#t
ud

e	
  
(k
m
)	
  

Produc#on	
  Rate	
  (cm-­‐3	
  sec-­‐1)	
  

H+	
  

He+	
  

H2+	
  

CH4+	
  

CH3+	
  

CH2+	
  

CH+	
  

C+	
  

H2
+	
  

H+	
  

He+	
  

CH4
+	
  

CH3
+	
  

CH2
+	
  

CH+	
  

C+	
  

Total	
  Produc#on	
  Rate	
  
from	
  primary	
  (photoe-­‐)	
  
and	
  secondary	
  
produc#on	
  	
  
SZA	
  =	
  80o	
  

0	
  

500	
  

1,000	
  

1,500	
  

2,000	
  

2,500	
  

3,000	
  

1.E-­‐07	
   1.E-­‐06	
   1.E-­‐05	
   1.E-­‐04	
   1.E-­‐03	
   1.E-­‐02	
   1.E-­‐01	
   1.E+00	
  

Al
#t
ud

e	
  
(k
m
)	
  

Produc#on	
  Rate	
  (cm-­‐3	
  sec-­‐1)	
  

H+	
  

He+	
  

H2+	
  

CH4+	
  

CH3+	
  

CH2+	
  

CH+	
  

C+	
  

H2
+	
  

H+	
  

He+	
  

CH4
+	
  

CH3
+	
  CH2

+	
  

CH+	
  

C+	
  

Total	
  Produc#on	
  Rate	
  
from	
  primary	
  (photoe-­‐)	
  
and	
  secondary	
  
produc#on	
  	
  
SZA	
  =	
  90o	
  

Figure 5.24: Total ion production rate for each ion species considered in our model due
to photoionization, photoelectrons and secondary electrons produced in the atmosphere.
The solar flux is coming at a solar zenith angle of 80°(top) and 90°(bottom). Each line
represents the total ion production, no matter the parent species.
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With the two-stream equations we calculate the transport of the photoelectrons

along the magnetic field line, taking into account cascading and secondary electrons

produced by photoelectron collisions with neutrals. The electron fluxes are calculated

for each solar zenith angle of 0°, 60°, 80°and 90°at altitude bins of 10 km from 200 –

3000 km above the cloud tops. We have chosen three important altitudes to illustrate

the fluxes:

• 3000 km (the top of the atmosphere) (Figure 5.25): this altitude is important for

the escape of electrons from the atmosphere (upward fluxes), as well as the input

electron fluxes that may penetrate the atmosphere (downward fluxes).

• 1000 km (Figure 5.26): we chose this altitude because it is the approximate loca-

tion of the main ion production peak, as shown in Figures 5.17 to 5.24.

• 350 km (Figure 5.26): we chose this altitude because this is the approximate

location of the secondary ion production rate peak, as shown in Figures 5.21 to

5.24.

Figure 5.25 shows the difference in the downward and upward electron fluxes at the

top of the atmosphere. The downward fluxes are very small, since we are just assuming

photoelectrons as our input. Because the atmosphere is tenuous at high altitudes, the

photoelectron production is low and the solar zenith angle has almost no effect in the

electron production. However, the upward fluxes are much higher, as they include

electrons produced in the lower parts of the atmosphere that have been transported

upward by collisions. The escaping energy flux in an atmospheric column is ∼ 1.27×

107 eVcm−2s−1.

As the electrons are transported further along the field line toward the planet, we

begin to see more differences in the photoionization. As we look further down the
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Figure 5.25: Upward (top) and downward (bottom) electron fluxes calculated with the
two-stream transport equations at the top of the atmosphere (z=3000 km) for three
different SZA (0°, 60°, 80°and 90°). There is no external input of electrons, i.e., no
magnetospheric electron beams are considered here. The fluxes for the different angles
overlap because the atmosphere is very tenuous at this altitude and no considerable
effects due to geometry are seen.
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Figure 5.26: Upward electron fluxes calculated with the two-stream transport equations
for three different SZA (0°, 60°, 80°and 90°). The fluxes shown are for an altitude of
1000 km (top) and 350 km (bottom) along a vertical field line. There is no external
input of electrons, i.e., no magnetospheric electron beams are considered here. The
difference in the curves shows the effect of atmospheric opacity to the solar photons
depending on the solar zenith angle. The downward fluxes are not shown because they
are almost identical to the upward fluxes in all cases.
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magnetic field line at lower altitudes, the atmosphere becomes denser and the photo-

electron population begins to form. If we continue to lower altitudes, it becomes much

denser and at the same time more opaque to the incoming solar photons. Therefore,

less photoelectrons will be produced and the fluxes up and down the field line will also

be smaller. Figure 5.26 clearly shows this effects. For example, the fluxes are much

higher at 1000 km compared to the fluxes at the top of the atmosphere. This shows

the buildup of photoelectrons as we penetrate down the atmosphere. However, the bot-

tom panel shows that at altitudes of 350 km the fluxes are again lower. As explained

above, this is due to the opacity to the solar photons as we increase the atmospheric

density in the lower altitudes. Another important observation is that once we penetrate

the atmosphere, the fluxes become isotropic, i.e., the upward and downward fluxes are

identical. We can conclude that the electron population seen at these lower altitudes is

mostly created locally. Another important feature shown in these figures are the peaks

that appear in the flux at about 25 and 35 eV. These can be seen for the upward fluxes

at the top of the atmosphere and 1000 km, but are lost at the 350 km fluxes. The peaks

are characteristic for photoionization and have been seen in planetary atmospheres [71]

and are due to photionization of the atmospheric neutrals by the solar HeII resonance

line at 30.4 nm [110] . This can be considered a “fingerprint” of the photoelectron pro-

duction. The peaks are not observed are lower altitudes, where the solar photons are

mostly absorbed and photoionization becomes inefficient.

Another way to look at our results is by looking at the flux of a given energy as a

function of altitude. We chose to display the results for 25 eV, as it is a characteristic

photoelectron energy and as seen in Figures 5.25 and 5.26 the flux due to photoelectron

is higher for lower energies. The downward flux as a function of altitude for a 25 eV

electron is shown in Figure 5.27. This was calculated for the different solar zenith

angles, as explained earlier. The figure shows how the electron flux builds up as we go
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down in the atmosphere peaking at altitudes between 1500 km (SZA=90°) and 1000

km (SZA=0°). This coincides with the ion production rate peaks shown in Figures 5.17

and 5.18. Below these altitudes, the fluxes rapidly drop as the atmosphere becomes

denser and more opaque and less photoelectrons are being produced.

Figure 5.28 shows the upward electron fluxes as a function of altitude also for 25 eV

electrons. As with the downward electrons, the upward electron flux peaks at altitudes

between 1000 – 1500 km depending on the solar zenith angle used. However, as we

go to higher altitudes, the upward fluxes decrease a little and then remain constant and

escape the atmosphere. We tried a special case where we assumed an electron density

of 104 cm−3 at the top of the atmosphere for a solar zenith angle of 0° to see the

effect that a high electron density would have in the flux. We chose this value as it was

speculated that such electron densities would be observed in the upper atmosphere of

Jupiter [29]. However, this density is too low to have any observable effect in the flux

as is shown in the figure.

Figures 5.29 to 5.32 show the upward and downward fluxes as a function of altitude

for different electron energies. Each figure shows the electron fluxes obtained for the

different solar zenith angles. As we go deeper in the atmosphere the neutral density

increases and the downward electron fluxes increase as there are more neutrals that are

being ionized. However, once the atmosphere becomes opaque to the solar photons

there is no further photoionization and the electron fluxes rapidly drop at low altitudes.

As expected and seen above, lower energy electrons have higher fluxes. When the solar

zenith angle is increased, the peak of the electron flux occurs at higher altitudes, as the

photons are not able to reach as far down in the atmosphere before being absorbed. Also

they are less efficient in producing electrons. Therefore, the electron fluxes at higher

solar zenith angles are also lower. For high solar zenith angles there is a secondary

peak that is observable at lower energies. This is due to the secondary electron process
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Figure 5.27: Downward electron flux as a function of altitude for 25 eV electrons.
Each curve represents a different solar zenith angle (0°, 60°, 80°and 90°). No external
electron input in considered, i.e., only photoelectrons and their secondary electrons are
considered in the flux.

that occur lower in the atmosphere, as there is very little, if any, photoionization in this

region.
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Figure 5.28: Upward electron flux as a function of altitude for 25 eV electrons. Each
curve represents a different solar zenith angle (0°, 60°, 80°and 90°). No external elec-
tron input in considered, i.e., only photoelectrons and their secondary electrons are
considered in the flux. A special case was tried out with an electron density of 104

cm−3 at the top of the atmosphere. However, this density is too low to have an effect
on the flux.
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Figure 5.29: Downward (top) and upward (bottom) electron fluxes as a function of
altitude calculated with the two-stream transport equations for specific electron energies
as labeled in the figure. This figure shows the fluxes due to photoelectrons at a 0° solar
zenith angle. There is no external input of electrons, i.e., no magnetospheric electron
beams are considered here.
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Figure 5.30: Downward (top) and upward (bottom) electron fluxes as a function of
altitude calculated with the two-stream transport equations for specific electron energies
as labeled in the figure. This figure shows the fluxes due to photoelectrons at a 60° solar
zenith angle. There is no external input of electrons, i.e., no magnetospheric electron
beams are considered here.
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Figure 5.31: Downward (top) and upward (bottom) electron fluxes as a function of
altitude calculated with the two-stream transport equations for specific electron energies
as labeled in the figure. This figure shows the fluxes due to photoelectrons at a 80° solar
zenith angle. There is no external input of electrons, i.e., no magnetospheric electron
beams are considered here.
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Figure 5.32: Downward (top) and upward (bottom) electron fluxes as a function of
altitude calculated with the two-stream transport equations for specific electron energies
as labeled in the figure. This figure shows the fluxes due to photoelectrons at a 90° solar
zenith angle. There is no external input of electrons, i.e., no magnetospheric electron
beams are considered here.
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5.2.1 Airglow Emissions in the Daytime Ionosphere

When only photoelectrons are considered, there are still airglow emissions produced

as the photoelectrons collide with the neutrals in the atmosphere while they are trans-

ported up and down a magnetic field line. Please see section 5.1.4 for a review of

the processes that give rise to airglow emissions and Chapter 2 for the needed cross

sections. We calculate the airglow emissions using equation 5.16 and the upward and

downward fluxes calculated by the two-stream code and shown in the previous section.

We calculate the airglow production rates for the different solar zenith angles to ob-

serve the effect that the photoelectron fluxes will have in these observable emissions.

Our results are shown in Figures 5.33 to 5.34. The figures show also a double peak in

the emissions just like the one seen for the ion production rates. Harder solar photons

are able to penetrate deeper in the atmosphere and photo ionize the neutrals present, a

second population of photoelectrons are produced that will give rise to the secondary

peak observed in the airglow emissions. Only H Ly-α emissions don’t show this dou-

ble peak. This emissions originate from H atoms, which are less abundant in the lower

atmosphere and not enough to create any significant emissions. We can also see how

as the solar zenith angle increases the primary airglow emission peak altitude rises in

the atmosphere, as the photons are absorbed at higher altitudes. The secondary peak

also becomes smoother broader as the solar zenith angle increases. It is also important

to notice that the secondary peak in the airglow emissions for all energies is larger than

the primary peak. We summarize our results in Table 5.6 by calculating the column

emission rates.
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Figure 5.33: Production rate for airglow emissions due to the transport of photoelec-
trons in the ionosphere. The solar flux is coming at a solar zenith angle of 0°(top) and
60°(bottom).
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Figure 5.34: Production rate for airglow emissions due to the transport of photoelec-
trons in the ionosphere. The solar flux is coming at a solar zenith angle of 80°(top) and
90°(bottom).
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Table 5.6: Airglow emissions due to photoelectrons for different solar zenith angles.
The table shows our results for the different emissions in a column of the atmosphere.

SZA 0° 60° 80° 90°
Process (cm−2s−1) (cm−2s−1) (cm−2s−1) (cm−2s−1)

Lyman bands (direct excit.) 1.55×108 7.80×107 2.71×107 5.37×106

Lyman bands (cascade) 2.13×107 1.07×107 3.72×106 7.45×105

Werner bands 1.31×108 6.58×107 2.29×107 4.54×106

Lyman alpha (from H2 diss.) 3.43×107 1.73×107 6.02×106 1.19×106

Lyman alpha (from H) 1.11×107 7.35×106 3.96×106 1.49×106
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5.3 Auroral Electrons in a Daytime Ionosphere

The same codes can be used to calculate the ion production rates and electron fluxes

for an electron aurora in a daytime ionosphere. We chose a solar zenith angle of 60° to

calculate the ionosphere densities (see Section 5.4). We use three monoenergetic beams

each with 1, 20 and 50 keV electrons, which are injected at the top of the ionosphere

(that is z = 3000 km) with a total energy input of 10 ergs/cm2/s as done for the auroral

electron calculations seen above. In this case we also include photoelectrons produced

for a solar zenith angle of 60° as were calculated in the previous section. We calculate

the total ion production rates that are obtained in this case due to the monoenergetic

beam and the photoelectrons as they will be important in order to determine the iono-

spheric densities in the next section. The calculated ion production rates are shown

in Figures 5.35 to 5.37. From the figures it is clear the the ion production due to the

monoenergetic beams dominates. However, at lower altitudes, where the beam does

not penetrate, the photoelectrons are still ionizing the neutrals creating a secondary ion

production peak at lower altitudes that only very energetic electrons would be able to

reach. Table 5.7 summarizes the ion production rate in a column of the atmosphere.

Comparing this results to those shown in Table 5.1, which contains the column produc-

tion rate due to the auroral beams without including photoelectrons, we can see that

the only noticeable increase is for the hydrocarbon production rate for the 1 keV beam.

This means that for beams energetic enough to reach altitudes below the homopause,

their effect in the ionosphere dominates over the photoelectrons. However, for less en-

ergetic electron beams the photoelectrons have have a greater effect. We calculate the

UV airglow emissions due to ion precipitation in Chapter 6.
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Table 5.7: Column production rates for a 1, 20 and 50 keV electron beams each with
an energy input of 10 erg/cm2/s and photoelectrons produced for a daytime ionosphere
(SZA = 60° ). The table shows our results for the main ions produced in a column of
the atmosphere.

Ion Produced 1 keV 20 keV 50 keV
Column production rate (cm−2s−1) (cm−2s−1) (cm−2s−1)

H+
2 1.69×1011 1.93×1011 1.68×1011

H+ 1.56×1010 1.13×1010 9.77×109

He+ 7.17×108 1.54×1010 1.55×1010

CH+
4 3.77×107 7.20×108 7.95×108

CH+
3 1.91×106 5.58×108 6.21×108
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Figure 5.35: Total ion production rates due to photoionization and a monoenergetic
beam with 10 ergs/cm2/s energy input of 1 keV electrons. The solar flux is coming at a
solar zenith angle of 60°, to simulate a daytime ionosphere. The production rate due to
the monoenergetic electron dominates.

263



0	
  

500	
  

1,000	
  

1,500	
  

2,000	
  

2,500	
  

3,000	
  

1.E-­‐04	
   1.E-­‐03	
   1.E-­‐02	
   1.E-­‐01	
   1.E+00	
   1.E+01	
   1.E+02	
   1.E+03	
   1.E+04	
   1.E+05	
  

Al
#t
ud

e	
  
(k
m
)	
  

Produc#on	
  Rate	
  (cm-­‐3	
  sec-­‐1)	
  

H+	
  

He+	
  

H2+	
  

CH4+	
  

CH3+	
  

CH2+	
  

CH+	
  

C+	
  

H2
+	
  

H+	
  

He+	
  

CH4
+	
  

CH3
+	
  

CH2
+	
  

CH+	
  

C+	
  

Total	
  Produc#on	
  Rate	
  
from	
  primary	
  (photoe-­‐)	
  
and	
  secondary	
  produc#on	
  	
  
SZA	
  =	
  60o	
  
Including	
  10	
  ergs/cm2/s	
  
energy	
  input	
  with	
  20keV	
  
electrons	
  
	
  

Figure 5.36: Total ion production rates due to photoionization and a monoenergetic
beam with 10 ergs/cm2/s energy input of 20 keV electrons. The solar flux is coming at
a solar zenith angle of 60°, to simulate a daytime ionosphere. The production rate due
to the monoenergetic electron dominates.
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Figure 5.37: Total ion production rates due to photoionization and a monoenergetic
beam with 10 ergs/cm2/s energy input of 50 keV electrons. The solar flux is coming at
a solar zenith angle of 60°, to simulate a daytime ionosphere. The production rate due
to the monoenergetic electron dominates.
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5.4 Ionospheric Effects

In this section we calculate the ion densities and the effects that different ionospheric

conditions present to the ion profiles. For example, for a daytime ionosphere, the effect

of solar zenith angle is important for photoionization and will affect the resultant equi-

librium in the ion densities. In an auroral region, where electron beams are injected at

the top or when secondary electrons created at different altitudes in the ionosphere are

taken into account, the ion density profiles will be modified as the electrons have col-

lisions and chemical reactions while they are transported in the ionosphere. We use a

photochemical model in order to calculate the ion densities for a steady state ionosphere

(∂n/∂ t = 0), by solving the continuity equations:

∂ne

∂ t
+

∂φe

∂ z
= Pe−αn2

e (5.18)

for the electrons, and
∂ni

∂ t
+

∂φi

∂ z
= Pi−Lin2

i (5.19)

for the ions. Since the ionosphere is electrically neutral, the condition that ne = ∑i ni

must be true. The second term on the left hand in the equations is due to vertical

transport by molecular diffusion and is neglected in our model, as we are assuming hy-

drostatic equilibrium. The loss mechanism for the electrons is electron recombination.

There are 35 electron recombination reactions that we consider in our model. They

are listed in the Appendix Table A.20 with the corresponding recombination coefficient

α , where τ = (αne)
−1 gives the chemical time constant due to electron recombination

processes. The loss mechanism for the ions include the ion-electron recombination, as

well as ion neutral reactions. We have included 163 ion-neutral reactions in our model,

which are listed in the Appendix Table A.21 with their reaction rates, ki. The char-
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acteristic time constant for the reaction is given by τ = (kin)−1. The photochemical

code calculates the densities for 27 ions that we chose: H+, He+, H+
2 , H+

3 , HeH+,

CH+
5 , CH+

4 , CH+
3 , CH+

2 , CH+, C+, C2H+
5 , C2H+

4 , C2H+
3 , C2H+

2 , C3H+
7 , C3H+

5 , C3H+
4 ,

C3H+
2 , C3H+, C3H+

3 , C2H+
6 , C2H+

7 , CnH+
m , C3H+

6 , H2C3H+ and C2H+. We use the

ion production rates due to photoionization (shown in Figures 5.23 to 5.24) for solar

zenith angles of 0°, 60°, 80°and 90°. These will determine the production term for the

equations. Please refer to section 2.5 for the relevant photoionization cross sections

and to section 5.2 for the details on the ion production rate calculation. Our code solves

the coupled equations for each altitude on the grid, starting at 200 km increasing by

10 km until an altitude of 3000 km, using a Newton-Raphson iterative technique, until

chemical equilibrium is achieved.

For our photochemical model we have included C2H2, C2H4, C2H6, C4H6 and

H2(vib>4) in the neutral density profiles, in addition to H2, He, H, and CH4, because

these hydrocarbon species are important for the ion-neutral chemistry in the lower at-

mosphere. We calculated the neutral density of the hydrocarbons for altitudes above

the homopause (350 km in our model) by assuming hydrostatic equilibrium:

ni(z) = n0,i exp−z/H (5.20)

where H = kBT/mig is the scale height for each species and n0,i is the density at

height z0=350 km (see Figure 4.7 for the scale heights). For the altitudes below the

homopause, we have calculated the neutral densities for the hydrocarbons based on
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mixing ratios between the hydrocarbon and H2. The following values were used:

nC2H2(z) = nH2(z) · (3×10−5)from ref. [111] (5.21)

nC2H4(z) = nH2(z) · (2×10−6)from ref. [111] (5.22)

nC2H6(z) = nH2(z) · (1×10−6)from ref. [112] (5.23)

Figure 5.38 shows the neutral profiles used in the photochemical model.

A common issue when modeling the Jovian ionosphere is determining the density

of H+ ions. An effective loss mechanism for the H+ ions is by charge transfer with a

vibrationally excited H2 molecule via the reaction:

H++H2(vib)→ H+
2 +H (5.24)

Therefore, in the model, we try different vibrational temperatures to calculate the H2(vib)

density and see the effect on the H+ production. By varying the vibrational temperature

we attempt to bring the electron density in agreement to other models and observations,

for example, [29,111,113]. We calculate the density of vibrationally excited H2(vib) by:

nH2(vib)(z) = nH(z) · exp−21960/Tvib (5.25)

In auroral regions, the electron-neutral collisions may increase the vibrational temper-

ature considerably [113]. We vary the vibrational temperature Tvib in equation 5.25 to

obtain different profiles until one is reached that is closest to the measurements or other

models based on measurements. We calculated the density profiles by setting Tvib =

T(z), 1.5T(z), 2T(z) or 3T(z), where T(z) is the temperature as a function of altitude

in our atmospheric model as shown in Figure 4.2. The results for the H2(vib) density
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profiles (Figure 5.39) show that as we increase the vibrational temperature, the H2(vib)

peak density rapidly increases by several orders of magnitude, from 0.2 cm−3 for Tvib

= T(z) to almost 107 cm−3 for Tviib = 3T(z). The peak density also occurs at lower

altitudes in the atmosphere. For Tvib = T(z) the peak altitude is about 800 km, while for

Tvib = 3T(z) the peak density is at about 550 km. Therefore, the vibrational temperature

for H2 is a very sensitive parameter in the model and it is also not exactly known.

As we increase the H2(vib) density in the atmosphere, H+ losses will also increase

by the reaction shown in equation 5.24, which is a very efficient sink mechanism for

these ions. This same reaction will increasingly produce H+
2 which in turn undergoes

the reaction:

H+
2 +H2→ H+

3 +H. (5.26)

This reaction is very important in the jovian ionosphere, as it has a very small time

constant and is a dominant chemistry process. It also explains why H+
3 is the main

ion species in regions of the ionosphere. Figures 5.40 to 5.41 show the effect that the

change in H2(vib) density with vibrational temperature has on the ion densities of H+,

H+
2 and H+

3 .
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Figure 5.38: Neutral atmosphere profiles used in the photochemical model. Extra hy-
drocarbons were added because they become important for the chemical reactions oc-
curring at low altitudes.
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Figure 5.39: H2(vib) density profiles for Tvib(z) = T(z), 2T(z) and 3T(z).
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Figure 5.40: Ion densities calculated by our photochemical model. The density of
H2(vib) is modified by setting the vibrational temperature Tvib(z)= T(z).
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Figure 5.41: Ion densities calculated by our photochemical model. The density of
H2(vib) is modified by setting the vibrational temperature Tvib(z)= 2T(z) (top) and
Tvib(z)= 3T(z).
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The figures show, as it was expected, that the H+ and H+
2 densities decrease for

altitudes below 1500 km when the vibrational temperature is increased. At the same

time, the H+
3 peak density also increases from 4×102 to ∼ 2×104 cm−3. It becomes

the main ion for altitudes below 1500 km, where both the electron and ion precipitation

that causes the UV and x-ray aurora deposit their energy. Measurements of ionospheric

densities by Pioneer [29], as well as other model results [22, 114] show the electron

densities that generally peak for values of 105 cm−3. We therefore chose our results

with a vibrational temperature of Tvib(z) = 2T(z) to be the most appropriate to match

the expected results, as the other two temperatures give densities that are either too high

or too low to match the observations.

We have also calculated the ion densities at equilibrium for the species of interest as

we change the solar zenith angle. The increase in the solar zenith angle has most effect

at lower altitudes, which means the hydrocarbon ion species are most affected. At large

solar zenith angle the photons are absorbed in the atmosphere at higher altitudes and

don’t have a chance to reach the lower altitudes and photoionize the neutrals present.

The dominant hydrocarbon ion species is CH+
5 , due to the major production reaction:

CH+
4 +H2→CH+

5 +H. (5.27)

For example, the density of CH+
5 ions (the dominant hydrocarbon ion) decreases from

3×103 cm−3 at SZA = 0° to 4×102 cm−3 at SZA = 90°. We use a value of Tvib(z) =

2T(z) for all the cases. The results are shown in Figures 5.42 and 5.43.

Ref. [114] uses a vibrational temperature of 1470 K, which gives a constant gas ki-

netic coefficient of 2×10−9 cm3s−1. It gives results very close to our choice of Tvib(z)=

2T(z) and it is also in accordance with [22] and [113]. Therefore, we have chosen this

temperature to calculate the ionospheric model for an incoming electron beam with an
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Figure 5.42: Ion densities calculated by our photochemical model. The density of
H2(vib) is calculated by setting the vibrational temperature Tvib(z)= 2T(z). We calculate
the densities for a solar zenith angle of 0° (top) and 60° (bottom).
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Figure 5.43: Ion densities calculated by our photochemical model. The density of
H2(vib) is calculated by setting the vibrational temperature Tvib(z)= 2T(z). We calculate
the densities for a solar zenith angle of 80° (top) and 90° (bottom).
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energy flux of 10 ergs with electrons of energies of 20 keV and 50 keV. The ion densi-

ties are shown in Figures 5.44 to 5.47. Because the chemistry in the lower atmosphere

is more complicated due to the hydrocarbons present, the code requires more iterations

to achieve equilibrium. To speed up the process, we divided the altitude grid and did

the calculations for altitudes greater than 500 km separately. This is possible, because

the equilibrium calculation of one altitude grid does not depend on the other ones and

it allows the code to converge faster.

The ion density at higher altitudes is not very affected by the increase in the elec-

tron energy. However, the hydrocarbon ion densities increase in the lower atmosphere,

especially the minor species.
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Figure 5.44: Ionospheric profiles for a night time auroral case with a 20 keV electron
beam with a flux of 10 ergs. The density of H2(vib) is modified by setting the vibrational
temperature Tvib(z)= 1470 K.
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Figure 5.45: Ionospheric profiles for a night time auroral case with a 20 keV electron
beam with a flux of 10 ergs, as shown in Figure 5.44. Here we emphasize the lower
altitude to better show the hydrocarbon ions.
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Figure 5.46: Ionospheric profiles for a night time auroral case with a 50 keV electron
beam with a flux of 10 ergs. The density of H2(vib) is modified by setting the vibrational
temperature Tvib(z)= 1470 K.
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Figure 5.47: Ionospheric profiles for a night time auroral case with a 50 keV electron
beam with a flux of 10 ergs, as shown in Figure 5.46. Here we emphasize the lower
altitude to better show the hydrocarbon ions.
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Chapter 6

Effects of Auroral Ion Precipitation

6.1 Secondary Electrons from Energetic Ion Precipita-

tion

In the previous chapter, we have calculated the ion production rates and electron fluxes

due to primary electron beams penetrating the atmosphere and for photoelectrons pro-

duced in the atmosphere. These calculations were done with a two-stream model of

electron transport along the magnetic field lines (see section 5.1.1). We have compared

our model results with those obtained by [22] and [23] in order to validate our calcu-

lations. Considering the use of new cross section information and atmospheric model

in our calculations, we are within a reasonable difference with the previous models and

our model is suitable to handle the transport of electrons along a magnetic file line in

the atmosphere.

In the past decade a lot of work has been done to improve the modeling of the

primary electron precipitation and the UV aurora. For example, the work of [22] has

been further developed for the primary UV aurora by [101] to include thermal effects

in the upper atmosphere. However, not much work has been done to model the sec-
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ondary electrons resulting from the ion precipitation that leads to the x-ray aurora. [45]

did some estimates regarding the secondary electron distributions resulting from low

oxygen charge states precipitating into the upper atmosphere. This model is not very

accurate, as it approximates the secondary electron ejection cross section to those of

secondary electrons in proton-neutral collisions. Due to the lack of cross section data

available tho model was (and still is) the most accurate model available for secondary

electrons ejected by the precipitating ions. With the present work we make an enormous

contribution to this research area by calculating for the first time the secondary electron

distributions due to the precipitation of oxygen ions in the jovian upper atmosphere. We

use the most up-to-date single differential cross sections that are available (see Chapter

3) and combine them with the most complete ion precipitation model (see Chapter 4)

to obtain secondary electron distributions at different altitudes in the atmosphere. This

chapter will review secondary electron production model and show the electron fluxes

in the ionosphere obtained by applying the two-stream model that was covered in the

previous chapter (see sections 5.1.1 and 5.1.2). We also calculate the ion production

rates and airglow production due to the secondary electrons from the ion aurora.

6.2 Model Description

In order to model the production rates of secondary electrons from the energetic ion

precipitation, we adapt our existing ion Monte Carlo model (see Chapter 4) to handle

the ejected electrons. We use the same neutral atmosphere (see Figure 4.1) as well as the

same ion neutral cross sections for ionization, stripping and charge transfer collisions

that are used in the ion Monte Carlo model (see Chapter 3 for the cross sections used and

Section 4.2.2 for a review of the collision processes considered in the ion precipitation

model). We then incorporate all the processes that involve the ejection of a secondary
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electron by using the single differential cross sections and processes given in Chapter

3.

Let’s describe the process in a little more detail. We have selected three initial ion

energies 1 MeV/u, 1.5 MeV/u and 2 MeV/u for our sampling model. We chose these

energies based on the fact that they are the energies that are most effective in producing

the x-ray auroral emissions observed in the polar cap (see Chapter 4). We use only

oxygen ions for this model, as the single differential cross sections available at the

time are only for oxygen and none are available for sulfur. We start at the top of the

atmosphere (3000 km over the cloud tops) with a low charge state (q=2) and let the

ion precipitate along a radial field line at the polar cap, i.e., with zero inclination. The

ion will penetrate a random distance or depth in the atmosphere measured in column

density, dN, as shown in equation 4.8. At that point it will have a collision, also chosen

at random by the probabilities shown in equaltions 4.9 to 4.11. There are three types

of collisions that are possible: 1. Ionization, 2. Stripping and 3. Charge transfer (see

section 4.2.2 for a review of these collisions). In this new model, we have added more

possible collision outcomes, as they are important for the secondary electrons. For

instance, if we have an ionization collision, the code randomly decides weather it is a

single or double ionization collision. This is done by calculating a probability for each

process with the total cross sections at the collision energy for the processes involved,

in this case single or double ionization, just as it is done in equaltions 4.9 to 4.11. If

the ion has a stripping collision, the code randomly decides wether it was a single or

a double striping collision. And last, if we have a charge transfer collision, the code

will randomly decide between three different outcomes: transfer ionization, double

capture auto-ionization or charge transfer (which does not have an ejected electron). A

summary of the decision process can be seen in a flow chart on Figure 6.1.
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Figure 6.1: Representation of the ion precipitation model and the possible outcomes
that it may have after a collision with a neutral hydrogen molecule in the atmosphere.
Each collision is chosen randomly by the code using the appropriate cross sections. The
product ions and electrons after each collision are shown.
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In Figure 6.1 we can see that the different collisions will give different products

which are important for our model. For example, double ionization and double strip-

ping collisions will produce two electrons, single ionization and stripping as well as

transfer ionization and double capture auto-ionization will produce a single electron

and charge exchange collisions will produce no electrons. For the ionospheric effects

of the ion precipitation we are also interested in the H+
2 and H+ ions that are produced

in these collisions, since they are important for the atmospheric chemistry, as we review

in Section 5.4. The code in our numerical model keeps track of the altitude where the

collisions occur and therefore, we are also able to track the production rate of electrons

and ions at each altitude bin. There are 150 altitude bins in this code, which vary in size

from 100 km for very high altitudes (3000 km – 1100 km) down to 2 km for the low

altitudes (400 km – 250 km), where the ions deposit most of their energy. In this section

we will concentrate on the secondary electrons that are ejected in the above mentioned

collisions and we will discuss their effects in the ionosphere.

When a collision occurs, we calculate the energy of the ejected electron by using

the ejected electron probability distributions given in Section 3.5.5. At each collision,

the code finds the appropriate ejected electron probability distribution for the given

energy of the ion, the charge state at the time of the collision and the type of collision

that occurred. Because we don’t have a way to calculate the distribution of the ejected

electron for all possible ion energies we approximate the distribution to that of the

closest available ion energy, as explained in Chapter 3. At each collision we find the

energy of the ejected electron randomly from the distribution. To do this, first, we

calculate the ejection probability for the highest and lowest energies that make up each

energy bin in our two-stream code. Then, we take a random number between 0 and 1

and find the distribution values in which the random number lies between. This will
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give us the energy bin to which the ejected electron corresponds to, i.e., the energy of

the secondary electron.

As a test of this procedure before utilizing it in the ion precipitation model, we have

used the ejected electron probability for all initial ion energies available from the data

for all processes and charge states (see Chapter 3) and have used 105 random numbers

for each case to find the corresponding energy of the ejected electron. The code keeps

track of the number of electrons produced at each energy bin. This number is normal-

ized by dividing the total counts at each bin by the total number of electrons, 105, and

the size of the energy bin, dE. The normalized counts correspond to the production rate

of electrons for a particular collision type and initial ion energy and charge state and

the resulting shape should model the shape of the single differential cross section used

to calculate the probability distribution. The magnitude of the normalized counts vary

from the single differential cross sections because of the different energy bin sizes by

which we are dividing. For example, at higher energies the bin size is bigger and the

resulting normalized production rate is smaller than for the low energies, where the bin

sizes are small (e.g. 0.5 eV). Figures 6.2 to 6.14 show the resulting production rates

or normalized counts for the different collision processes for 105 ejected electrons in

each case. We chose to show only the charge states with the highest cross sections to

represent the results.
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Figure 6.2: Normalized counts of secondary electrons ejected calculated randomly by
using the distributions given in Section 3.5.5. The collision type is single ionization
and the initial ion energies are 1 keV/u (top) and 10 keV/u (bottom).
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Figure 6.3: Normalized counts of secondary electrons ejected calculated randomly by
using the distributions given in Section 3.5.5. The collision type is single ionization
and the initial ion energies are 50 keV/u (top) and 100 keV/u (bottom).
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Figure 6.4: Normalized counts of secondary electrons ejected calculated randomly by
using the distributions given in Section 3.5.5. The collision type is single ionization
and the initial ion energies are 500 keV/u (top) and 1 MeV/u (center) and 2 MeV/u
(bottom).
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Figure 6.5: Normalized counts of secondary electrons ejected calculated randomly by
using the distributions given in Section 3.5.5. The collision type is double ionization
and the initial ion energies are 1 keV/u (top) and 10 keV/u (bottom).

291



0.00E+00	
  

2.00E-­‐03	
  

4.00E-­‐03	
  

6.00E-­‐03	
  

8.00E-­‐03	
  

1.00E-­‐02	
  

1.20E-­‐02	
  

1.40E-­‐02	
  

1.60E-­‐02	
  

1.80E-­‐02	
  

2.00E-­‐02	
  

N
or
m
al
iz
ed

	
  C
ou

nt
s	
  

Secondary	
  Electron	
  Energies	
  (eV)	
  

50	
  keV/u	
  incident	
  ion	
  
Double	
  IonizaIon	
  collisions	
  

q=0	
  

0.00E+00	
  

2.00E-­‐03	
  

4.00E-­‐03	
  

6.00E-­‐03	
  

8.00E-­‐03	
  

1.00E-­‐02	
  

1.20E-­‐02	
  

1.40E-­‐02	
  

1.60E-­‐02	
  

1.80E-­‐02	
  

N
or
m
al
iz
ed

	
  C
ou

nt
s	
  

Secondary	
  Electron	
  Energies	
  (eV)	
  

100	
  keV/u	
  incident	
  ion	
  
Double	
  IonizaHon	
  collisions	
  

q=0	
  

Figure 6.6: Normalized counts of secondary electrons ejected calculated randomly by
using the distributions given in Section 3.5.5. The collision type is double ionization
and the initial ion energies are 50 keV/u (top) and 100 keV/u (bottom).
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Figure 6.7: Normalized counts of secondary electrons ejected calculated randomly by
using the distributions given in Section 3.5.5. The collision type is double ionization
and the initial ion energies are 500 keV/u (top) and 1 MeV/u (center) and 2 MeV/u
(bottom).
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Figure 6.8: Normalized counts of secondary electrons ejected calculated randomly by
using the distributions given in Section 3.5.5. The collision type is single stripping and
the initial ion energies are 500 keV/u (top) and 1 MeV/u (bottom). Note that the peak of
the produced electrons is at the boosted electron energy, due to the fact that the electron
is ejected from the projectile and not the target.
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Figure 6.9: Normalized counts of secondary electrons ejected calculated randomly by
using the distributions given in Section 3.5.5. The collision type is single stripping with
an initial ion energy of 2 MeV/u (top) and a double stripping collision for a 500 keV/u
ion (bottom). Note that the peak of the produced electrons is at the boosted electron
energy, due to the fact that the electron is ejected from the projectile and not the target.
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Figure 6.10: Normalized counts of secondary electrons ejected calculated randomly by
using the distributions given in Section 3.5.5. The collision type is double stripping and
the initial ion energies are 1 MeV/u (top) and 2 MeV/u (bottom). Note that the peak of
the produced electrons is at the boosted electron energy, due to the fact that the electron
is ejected from the projectile and not the target.
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Figure 6.11: Normalized counts of secondary electrons ejected calculated randomly by
using the distributions given in Section 3.5.5. The collision type is transfer ionization
and the initial ion energies are 1 keV/u (top) and 10 keV/u (bottom).
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Figure 6.12: Normalized counts of secondary electrons ejected calculated randomly by
using the distributions given in Section 3.5.5. The collision type is transfer ionization
and the initial ion energies are 50 keV/u (top) and 100 keV/u (bottom).
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Figure 6.13: Normalized counts of secondary electrons ejected calculated randomly
by using the distributions given in Section 3.5.5. The collision type is double capture
auto-ionization and the initial ion energies are 1 keV/u (top) and 10 keV/u (bottom).
The peaks on the counts are due to an energy boost to the electrons as they are emitted
from the projectile.
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Figure 6.14: Normalized counts of secondary electrons ejected calculated randomly
by using the distributions given in Section 3.5.5. The collision type is double capture
auto-ionization and the initial ion energies are 50 keV/u (top) and 100 keV/u (bottom).
The peaks on the counts are due to an energy boost to the electrons as they are emitted
from the projectile.
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We implement this procedure in the ion precipitation model to determine the energy

of the ejected electrons. After the collision type is determined, the ejected electron en-

ergy is picked at random from the ejection probability for the given process as explained

above. In Chapter 3 we also calculated the angular dependence of the ejected electrons.

We have used the precent forward scattering calculated and shown in Figures 3.35,

3.36, 3.45, and 3.54 to randomly decide if the electron will scatter forward or backward

after the collision. All the electrons ejected from a stripping collision are assumed to

scatter forward, due to the high cross section for the forward scattering angles in this

collision type.

In order to build enough statistics we use 10,000 - 15,000 incident ions at each

initial energy chosen (1 MeV/u, 1.5 MeV/u or 2 MeV/u) and collect the production

rates of forward and backward scattered secondary electrons independently as well as

the product H+ and H+
2 at each altitude bin. The electron production rates at each

altitude that we obtain from the ion Monte Carlo model are used as an input in the

two-stream code. The two-stream code uses altitude bins of 10 km in size. Therefore,

we must adjust our results from the ion precipitation model to match the altitudes in the

two-stream code. For example, if we have an altitude bin with a size of 100 km in the

ion precipitation model, we divide the production rates for this altitude by 10 and put

the result in each of the corresponding 10 altitude bins in the two-stream code. If the

altitude bin in the ion precipitation model is only 2 km, we add the production rate of

five consecutive bins an match them to the corresponding altitude bin in the two-stream

code.
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6.3 Results

6.3.1 Secondary Electron Production and Fluxes

Our first important result in this model is the production rate of secondary electrons due

to the ion precipitation. Figures 6.15 to 6.17 show the forward and backward electron

production rates at different altitudes in the atmosphere due to the precipitation of a

single oxygen ion with an initial energy at the top of the atmosphere of either 1, 1.5 or

2 MeV/u, respectively. From the figures we can see that as we go deeper in the atmo-

sphere the electron production increases. The peak electron production occurs where

the ion beam reaches a maximum depth. The majority of the electrons are produced in

ionization collisions. Therefore, the shape of the production rate resembles the single

differential ionization cross section. There is a drop in the production around 2 MeV,

just as seen in the cross section. Some of the electrons come from the stripping colli-

sions. These electron production gives rise to a secondary peak seen in the production

rate at lower altitudes around 1 MeV.

We also show the production rate as a function of altitude for certain electron en-

ergies of interest. These are shown in Figures 6.18 to 6.20 for forward and backward

scattered electrons. In these figures we can clearly see that the production rate peak for

all the different electron energies occurs at the same altitude. For the 1 MeV/u oxygen

ion the peak electron production rate occurs at an altitude between 330 – 340 km as seen

in the figure. The highest electron production is for low energy electrons, as expected

from the cross sections. The production rate for low energy electrons scattered forward

is about 50 times larger than for those scattered backward. For higher electron energies

(∼1 keV) the production rate of forward scattered electrons is about 25 times larger

than those scattered backward. For a 2 MeV/u oxygen ion the peak electron rate occurs

at an altitude between 300 – 310 km. As it is to be expected, the 2 MeV/u oxygen ions
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reach deeper in the atmosphere than the lower energy ions, depositing most of their

energy low in the atmosphere.The forward electron production rate is 12.5 times larger

than the backward electron production for low energy electrons and 20 times larger for

the high energy electrons and overall it is larger than the electron production rate of the

1 MeV/u ion.
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Figure 6.15: Secondary electron production rates at different altitudes in the atmosphere
due to the precipitation of an oxygen single ion with an initial energy of 1 MeV/u
at the top of the atmosphere (energy flux = 16 MeV/cm2/s). The top figure shows
the forward scattered electron production and the bottom figure shows the backward
scattered electron production.
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Figure 6.16: Secondary electron production rates at different altitudes in the atmosphere
due to the precipitation of an oxygen single ion with an initial energy of 1.5 MeV/u
at the top of the atmosphere (energy flux = 24 MeV/cm2/s). The top figure shows
the forward scattered electron production and the bottom figure shows the backward
scattered electron production.
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Figure 6.17: Secondary electron production rates at different altitudes in the atmosphere
due to the precipitation of an oxygen single ion with an initial energy of 2 MeV/u
at the top of the atmosphere (energy flux = 32 MeV/cm2/s). The top figure shows
the forward scattered electron production and the bottom figure shows the backward
scattered electron production.
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Figure 6.18: Secondary electron production rates as a function of altitude for different
secondary electron energies due to the precipitation of an oxygen ion with an initial
energy of single 1 MeV/u at the top of the atmosphere (energy flux = 16 MeV/cm2/s).
The top figure shows the forward scattered electron production rate and the bottom
figure shows the backward scattered electron production rate.
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Figure 6.19: Secondary electron production rates as a function of altitude for different
secondary electron energies due to the precipitation of an oxygen ion with an initial
energy of single 1.5 MeV/u at the top of the atmosphere (energy flux = 24 MeV/cm2/s).
The top figure shows the forward scattered electron production rate and the bottom
figure shows the backward scattered electron production rate.
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Figure 6.20: Secondary electron production rates as a function of altitude for different
secondary electron energies due to the precipitation of an oxygen ion with an initial
energy of single 2 MeV/u at the top of the atmosphere (energy flux = 32 MeV/cm2/s).
The top figure shows the forward scattered electron production rate and the bottom
figure shows the backward scattered electron production rate.
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The forward scattered electrons are included as a production term in the two-stream

equations for the downward flux and similarly the backward electron production is in-

cluded as a production term for the upward electron flux. This is done by changing

the third term on the right hand side of equation 5.9. In the previous chapter, this term

included half of the photoelectron production calculated, as it was assumed that these

photoelectrons were isotropic. However, the ion Monte Carlo precipitation model cal-

culates upward and downward electron production rates separately. Therefore, the for-

ward scattered electron production is used in the third term of the two-stream equation

to calculate the downward flux and similarly the backward scattered electron produc-

tion is used to calculate the upward fluxes. We solve the equations for the fluxes along

the field line as explained in the above sections and show the results in Figures 6.22 to

6.23. We use an initial electron density in the ionosphere calculated for a solar zenith

angle of 80°, as shown in section 5.4 Figure 5.43, and an electron temperature equal to

the neutral density temperature as shown in Figure 4.2.

The downward electron fluxes build up as we go further in the atmosphere. There is

very little electron production due to the ion collisions at high altitudes because of the

low neutral density. However, the flux builds up at lower altitudes, as more secondary

electrons are produced. However, at very low altitudes, the electron flux drops quickly

again, since the ion beam that produces the secondary electrons doesn’t penetrate such

low altitudes. The upward and downward electron fluxes are very comparable and

almost equal for altitudes close to the production peak location. The fluxes for electron

energies between 20 – 1000 eV remain almost constant at high altitudes and there is

not a high loss of these electrons once they are produced lower in the atmosphere,

allowing them to escape the ionosphere. The same behavior is observed for the three

cases explore. However, as we increase the ion energy, the variation in the fluxes close

to the peak altitude becomes smaller.
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In Figures 6.24 to 6.26 we can see how the downward electron fluxes build up as we

go to lower altitudes. There is very little difference between the upward and downward

electron fluxes for 10 eV electrons for altitudes below 1000 km, suggesting that the flux

for this low energy becomes isotropic below this altitude. However, for 20 eV electrons

the upward flux is larger than the downward flux at these lower altitudes. This can

be explained by production of upward electrons by backscatter collisions that occur

locally due to the electron transport. For higher energies the downward electron fluxes

are a larger. Fewer electrons are able to backscatter at these higher electron energies

and the electron production in the upward direction is initially low. For all energies

we can see that the electron flux reaches a steady value at altitudes above 1500 – 2000

km, depending on the electron energy. This indicates that there is a balance in their

production and loss of electrons at high altitudes where the neutral density is low. For

high energies this equilibrium is reach low in the atmosphere and the electrons are able

to escape. For lower energy electrons this equilibrium is only reached at altitudes higher

than 2000 km. In the previous chapter we saw a similar behavior in the fluxes of auroral

electrons and photoelectrons.

At the top of the atmosphere (z = 3000 km) we can use the flux calculated by the

two-stream code to identify the upward and downward energy flux and electron flux.

The upward flux at the top of the atmosphere is very important, as it gives us informa-

tion regarding the escaping energy flux and/or electrons, which in turn contribute to the

downward current. This current is very important for the ionosphere-magnetosphere

coupling mechanism. Table 6.1 summarizes the upward and downward electron and

energy fluxes at the top of the atmosphere due to a single oxygen ion with an initial

energy of either 1, 1.5 or 2 MeV/u.
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Figure 6.21: Downward (top) and upward (bottom) electron fluxes at different alti-
tudes in the atmosphere calculated with the two-stream transport equations for specific
electron energies as labeled in the figure. This figure shows the fluxes due to secondary
electron fluxes from a single 1 MeV/u oxygen ion (energy flux = 16 MeV/cm2/s). There
is no other external input of electrons, i.e., no magnetospheric electron beams or pho-
toelectrons are considered here.
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Figure 6.22: Downward (top) and upward (bottom) electron fluxes at different altitudes
in the atmosphere calculated with the two-stream transport equations for specific elec-
tron energies as labeled in the figure. This figure shows the fluxes due to secondary
electron fluxes from a single 1.5 MeV/u oxygen ion (energy flux = 24 MeV/cm2/s).
There is no other external input of electrons, i.e., no magnetospheric electron beams or
photoelectrons are considered here.
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Figure 6.23: Downward (top) and upward (bottom) electron fluxes at different alti-
tudes in the atmosphere calculated with the two-stream transport equations for specific
electron energies as labeled in the figure. This figure shows the fluxes due to secondary
electron fluxes from a single 2 MeV/u oxygen ion (energy flux = 32 MeV/cm2/s). There
is no other external input of electrons, i.e., no magnetospheric electron beams or pho-
toelectrons are considered here.
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Figure 6.24: Downward (top) and upward (bottom) electron fluxes as a function of
altitude calculated with the two-stream transport equations for specific electron energies
as labeled in the figure. This figure shows the fluxes due to secondary electron fluxes
from a single 1 MeV/u oxygen ion (energy flux = 16 MeV/cm2/s). There is no other
external input of electrons, i.e., no magnetospheric electron beams or photoelectrons
are considered here.
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Figure 6.25: Downward (top) and upward (bottom) electron fluxes as a function of
altitude calculated with the two-stream transport equations for specific electron energies
as labeled in the figure. This figure shows the fluxes due to secondary electron fluxes
from a single 1.5 MeV/u oxygen ion (energy flux = 24 MeV/cm2/s). There is no other
external input of electrons, i.e., no magnetospheric electron beams or photoelectrons
are considered here.
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Figure 6.26: Downward (top) and upward (bottom) electron fluxes as a function of
altitude calculated with the two-stream transport equations for specific electron energies
as labeled in the figure. This figure shows the fluxes due to secondary electron fluxes
from a single 2 MeV/u oxygen ion (energy flux = 32 MeV/cm2/s). There is no other
external input of electrons, i.e., no magnetospheric electron beams or photoelectrons
are considered here.
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Figure 6.27: Upward and downward electron fluxes at the top of the atmosphere (z =
3000 km) due to a single oxygen ion precipitating in the atmosphere with an initial
energy of 1 MeV/u (top) and 2 MeV/u (bottom).

318



Table 6.1: Secondary electron fluxes and their energy flux carried upward or downward
at the top of the atmosphere. Each case shows our calculation due to the secondary
electrons produced by a single oxygen ion precipitating in the atmosphere with an
initial energy or 1, 1.5 or 2 MeV/u.

Ion Energy (eV/cm2/s) (eV/cm2/s) (elect/cm2/s) (elect/cm2/s)
MeV/u upward downward upward downward

1.0 1.71×103 1.71×10−1 1.20 2.91×10−4

1.5 2.82×103 1.38×10−1 1.77 1.97×10−4

2.0 2.24×103 1.19×10−1 1.44 1.06×10−4
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Table 6.2: Airglow emissions due to secondary electrons produced by a single oxygen
ion precipitating in the atmosphere with an initial energy or 1, 1.5 or 2 MeV/u. The
table shows our results for the different emissions in a column of the atmosphere.

Process 1 MeV/u 1.5 MeV 2 MeV/u
Column rate (cm−2s−1) (cm−2s−1) (cm−2s−1)

Lyman bands (direct excit.) 3.91×104 5.59×104 7.17×104

Lyman bands (cascade) 4.44×103 6.40×103 8.23×103

Werner bands 3.5×104 5.0×104 6.38×104

Lyman alpha (from H2 diss.) 8.64×103 1.24×104 1.58×104

Lyman alpha (from H) 7.69×101 5.90×101 4.77×101

6.3.2 Airglow Emission due Secondary Electrons

We have used equation 5.16 to calculate the airglow production rates due to the sec-

ondary electrons, just as it was done for the primary auroral electrons. Please see sec-

tion 5.1.4 for a review of the processes that give rise to airglow emissions and Chapter

2 for the needed cross sections. The results are shown in Figures 6.28 to 6.30 and the

column production rates are summarized in Table 6.2. We note that these production

rates are due to a single ion precipitating in the atmosphere. In general, the Lyman

bands have the largest production rate in a column of atmosphere. As we increase the

ion energy at the top of the atmosphere the production of Lyman and Werner bands

increases. As the ion energy increases, it is able to penetrate deeper in the atmosphere

where the H2 density is larger. Since this molecule is the source of such emission, we

expect to see higher emissions with larger density. On the other hand, the Ly-α emis-

sions decrease as we increase the ion energy. We observed the same behavior when

we calculated their production rate due to the auroral electrons. We can explain this

observation also by noticing that as the ion reaches lower altitudes in the atmosphere,

the H density decreases deeper in the atmosphere below the homopause. Therefore, as

the ions reach such low regions, there is less H to produce the Ly-α emissions.
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Figure 6.28: Production rate of airglow emissions due secondary electrons from a single
1 MeV/u ion precipitation in the jovian atmosphere (energy flux = 16 MeV/cm2/s). No
photoelectrons are considered in the calculations. The emissions are solely produced
by the secondary electron collisions as they penetrate the atmosphere.
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Figure 6.29: Production rate of airglow emissions due secondary electrons from a single
1.5 MeV/u ion precipitation in the jovian atmosphere (energy flux = 24 MeV/cm2/s).
No photoelectrons are considered in the calculations. The emissions are solely pro-
duced by the secondary electron collisions as they penetrate the atmosphere.
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Figure 6.30: Production rate of airglow emissions due secondary electrons from a single
2 MeV/u ion precipitation in the jovian atmosphere (energy flux = 32 MeV/cm2/s). No
photoelectrons are considered in the calculations. The emissions are solely produced
by the secondary electron collisions as they penetrate the atmosphere.
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Table 6.3: H+ and H+
2 production rate in a column due to the precipitation of a single

oxygen ion precipitating in the atmosphere with an initial energy or 1, 1.5 or 2 MeV/u.
Ion Energy H+

2 H+

MeV/u cm2/s cm2/s
1.0 3.17×104 2.00×104

1.5 5.27×104 3.30×104

2.0 7.68×104 6.00×104

6.3.3 Ion Production Rates

The ion precipitation in the atmosphere creates new H+ and H+
2 ions due to ionization

and charge transfer collisions as can be seen in Figure 6.1. In the Monte Carlo precip-

itation model we collect the number of H+ and H+
2 that are produced at each altitude

bin as a product of the collision, which allows us to calculate an ion production rate

due to the primary ion precipitation. This was done for each ion energy case (1, 1.5

and 2 MeV/u) and the results are shown in Figure 6.31. As we have seen in other re-

sults, the ion production rates due to higher energy ions occur deeper in the atmosphere.

Also, the ion production rate increases as the initial oxygen ion energy increases. Ta-

ble 6.3 summarizes the column production rates due to each ion energy for a flux of 1

ion/cm2/s. For all three cases the H+
2 production rate is higher than the H+ production

rate.

As we saw in the previous section, the energetic ion precipitation in the auroral

region generates a large population of secondary electrons that also affects the iono-

spheric densities as the electrons are transported along the magnetic field lines. We use

the secondary electron production and the fluxes calculated by the two-stream equa-

tions to calculate the ion production rate using equation 5.11. As a reminder, these

production rates are calculated for a flux of 1 ion/cm2/s. We expect the ion flux in

the polar region to be significantly larger and therefore, the effects in the ionospheric
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Figure 6.31: H+
2 (top) and H+ (bottom) ion production rates due to a single ion precip-

itating at the top of the atmosphere with an initial energy of 1, 1.5 or 2 MeV/u.
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Table 6.4: Ion production rates due secondary electrons from oxygen ion precipitation.
There are three initial ion energies considered at the top of the atmosphere: 1, 1.5 and
2 MeV/u. The table shows our results for the main ions produced in a column of the
atmosphere for a flux of 1 ion/cm2/s .

Ion Produced 1 MeV/u 1.5 MeV/u 2 MeV/u
Column production rate (cm−2s−1) (cm−2s−1) (cm−2s−1)

H+
2 1.07×105 1.51×105 1.93×105

H+ 6.63×103 9.31×103 1.18×104

He+ 6.46×103 9.29×103 1.20×104

CH+
4 4.53×102 6.91×102 9.13×102

CH+
3 4.43×102 6.74×102 8.90×102

densities due to the secondary electrons should be important. Our results are shown in

Figures 6.32 to 6.34 and the column production rates due to a single oxygen ion are

summarized in Table 6.4. From the figures we can see that H+
2 has the highest pro-

duction rate, which increases with increasing ion energy. It is interesting to notice that

the ion production rates for He+ and H+ become almost equal at low altitudes close

to the peak production rate. The same behavior was observed for the photoelectrons

in the secondary ion production peak as well as in the ion production rate for the same

ions due to electron auroral beams. In all cases the peak production rate as well as the

column production rate of CH+
4 and CH+

3 are almost identical.
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Figure 6.32: Ion production rates due to secondary electrons from a 1 MeV/u oxygen
ion precipitating at the top of the atmosphere. No photoelectrons or magnetospheric
electrons are included.
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Figure 6.33: Ion production rates due to secondary electrons from a 1.5 MeV/u oxygen
ion precipitating at the top of the atmosphere. No photoelectrons or magnetospheric
electrons are included.
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Figure 6.34: Ion production rates due to secondary electrons from a 2 MeV/u oxygen
ion precipitating at the top of the atmosphere. No photoelectrons or magnetospheric
electrons are included.
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6.4 Implications of Auroral Ion Precipitation

In order to see the global effect that the auroral ion precipitation will have in the polar

region we need to first estimate the total ion flux that is input in the ionosphere. Obser-

vations of the north and south x-ray aurora show a difference in the emission patterns.

While the north x-ray aurora emissions appear to be concentrated in a so-called “hot

spot”, the south aurora is more diffused over a larger region. We estimate the emis-

sion are from observations done by CXO in 2003 reported by [54]. We use Figure 7

in their paper, which we show in Figure 6.35 for illustration purposes. In their figure

the oval shows the north aurora emissions, which we have estimated to come from an

area of ∼ 2×1018 cm2. Similarly in the south the rectangle encloses the south auroral

emissions, which we have estimated to have an area of ∼ 1×1019 cm2. [54] derive an

x-ray power emitted from the northern hot spot of 0.68 GW. We approximate the total

emitted power at each polar region (north and south) to be ∼ 1 GW. For a 2 MeV/u

oxygen ion [19] estimated an x-ray efficiency of 7× 10−5 (see Chapter 4 for details).

However, this efficiency might be a little low, so we prefer to use a value of 10−4 for

the following estimates.

Given an efficiency of 10−4 we require an ion input power of 1013 W to get the

required GW of x-ray power observed. For 2 MeV/u oxygen ions (the highest of our

test initial ion energies and one of the most efficient x-ray producing energies) we

would require an input flux of 2× 1024 ion/s to match the observations. This means

that for the north auroral region the ion flux is about 106 ions/cm2/s and for the south

it is about 2× 105 ions/cm2/s. As a reminder, all of our results given in the previous

section were calculated for an ion flux of 1 ion/cm2/s. We use this estimated total flux

for the north and south aurora to calculate ion densities, airglow emissions, and energy

outputs and compare them to the electron aurora cases as well as the photoelectron
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results in order to put into perspective the effect of the ion aurora precipitation in the

ionosphere. Our results are summarized in Tables 6.5 and 6.7. This results are very

interesting, as they indicate that the integrated ion production for the main ion species

in the atmosphere due to the ion aurora precipitation is very comparable to that of a

20 keV auroral electron beam with a 10 erg/cm2/s input flux. This electron flux makes

the bulk of the electrons that are responsible for the UV diffuse aurora in the polar

cap [101]. The ion production due to the ion aurora is also much greater (by two orders

of magnitude) than the ion production due to photoelectrons.

When we compare the airglow emissions, we see that the north aurora emissions

are very comparable to those emissions due to the electron aurora! This means that just

as the electron aurora is observable in the UV in the polar cap regions, there should be

also observable UV emissions due to the ion aurora. It might be possible to compare

x-ray and UV observations to look for such correlations, as the ion precipitation gives

rise to the x-ray aurora as well. There is some concern regarding opacity effects of these

airglow emissions due to the secondary electrons in the ion aurora as they originate very

deep in the atmosphere below the homopause, which absorbs a lot of the emissions due

to the hydrocarbons present. However, if we compare the peak emission for the 20 keV

electron beam as calculated in the previous chapter we can see that this occurs at an

altitude around 400 km. For a 2 MeV/u ion the peak airglow emission occurs at a lower

altitude of about 340 km. Although we expect a higher absorption of the UV photons

emitted, some of the emission should still be observed. Careful calculations must be

done in the future to estimate this opacity effect.

Another important effect that is caused by the ion precipitation is the electrical cur-

rent carried by the upward or escaping secondary electrons. For a flux of 1 MeV/u

ion/cm2/s precipitating in the atmosphere we calculate with the two-stream equations

that only one electron/cm2/s escapes the atmosphere. As we increase the initial ion
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Figure 6.35: Soft x-ray emission (250 – 2000 eV) data map taken by CXO during 24
– 26 February 2003. The map shows System III coordinates. In the north, the oval
represents a circle centered at 67°N latitude and 170°longitude with a radius of 6.5 °,
which contains the x-ray aurora emissions. In the south, a rectangle between -67°S and
-83°S latitude and 306°– 360° and 0°– 116° System III longitude.

Table 6.5: Comparison of integrated ion production rates due secondary electrons from
auroral oxygen ion precipitation, a 20 keV electron auroral beam and photoionization
and photoelectrons (solar case). We show the results for our north and south ion flux
inputs separately for a 2 MeV/u oxygen ion. The solar case column shows our results
for a solar zenith angle of 0°and the photoionization shows the primary ion production
due to only solar photons. The integrated ion production rate due to the primary ions is
shown in Table 6.6

Ion Produced 2 MeV/u 2 MeV/u 20 keV solar case Photoionization 0°
(North) (South) electron

Production rate (cm−2s−1) (cm−2s−1) (cm−2s−1) (cm−2s−1) (cm−2s−1)
H+

2 3×1011 5×1010 2×1011 1×109 8×108

H+ 7×1010 1×1010 1×1010 2 ×108 1×108

He+ 1×1010 2×109 1×1010 4 ×107 3×107

CH+
4 9×108 2×108 7×108 1×108 1×108
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Table 6.6: Comparison of integrated ion production rates auroral oxygen ion precipita-
tion with an initial energy of 1, 1.5 and 2 MeV/u. We have used a flux of 106 ions/cm2/s
for the north aurora and 2×105 ions/cm2/s for the south aurora. The integrated ion pro-
duction rate due to the secondary electrons from the ion precipitation is shown in Table
6.5

Ion Produced H+
2 H+

2 H+ H+

(North) (South) (North) (South)
Production rate (cm−2s−1) (cm−2s−1) (cm−2s−1) (cm−2s−1)

1.0 MeV/u 3×1010 6×109 2×1010 4×109

1.5 MeV/u 5×1010 1×1010 3×1010 7 ×109

2.0 MeV/u 8×1010 2×1010 6×1010 1 ×109

energy at the top of the atmosphere to 2 MeV/u, we only increase the number of es-

caping electrons to 1.5 electrons/cm2/s. For a 2 MeV/u oxygen ion the total number

of secondary electrons produced is ∼5000 electrons/cm2/s. However, only about 1.5

electrons/cm2/s manage to escape. This means that most of the secondary electrons are

lost in the atmosphere through collisions (probably thermalizing) and are unable to es-

cape. Nevertheless, if we consider an input ion flux of 106 ions/cm2/s, we would have

∼ 1.5×106 electrons/cm2/s escaping the top of the atmosphere creating a current den-

sity of∼ 3×10−13A/cm2. Using the estimated areas for the x-ray aurora emission, this

would imply an electron carried downward current 0.6 MA for the north and 0.5 MA

for the south. Considering our estimates for the ion flux (2×1024 ions/s) we estimate a

downward current of about 0.7 MA. Together we have an downward field aligned cur-

rent carried by downward moving ions and upward moving electrons of about 1 MA.

This lies within the order of magnitude of the current estimated by [49], 8 MA.
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Table 6.7: Comparison of airglow emission rates due secondary electrons from auroral
oxygen ion precipitation, a 20 keV electron auroral beam and photoelectrons. We show
the results for our north and south ion flux inputs separately for a 2 MeV/u oxygen ion.
The solar case column shows our results for a solar zenith angle of 0°. The table shows
our results for the different emissions in a column of the atmosphere.

Process 2 MeV/u 2 MeV/u 20 keV solar case
(North) (South) electron

Column rate (cm−2s−1) (cm−2s−1) (cm−2s−1) (cm−2s−1)
Lyman bands (direct excit.) 7×1010 1×1010 7×1010 2×108

Lyman bands (cascade) 8×109 2×109 6×109 2×107

Werner bands 6×1010 1×1010 6×1010 1×108

Lyman alpha (from H2 diss.) 2×1010 2×109 1×1010 3×107

Lyman alpha (from H) 5×107 1×107 1×108 1×107
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Chapter 7

Summary and Conclusions

7.1 Conclusions

We have learned the following main results from this work:

• X-ray aurora emissions at Jupiter’s polar caps are produced by 1 – 2 MeV/u

oxygen and sulfur ions. Higher energy ions can contribute to the x-ray emissions

but with lower efficiency.

• Opacity effects to the emitted x-ray photons are important and need to be taken

into account when modeling x-ray aurora observations. In particular, the opacity

effect becomes more significant for initial ion energies above 1 MeV/u and for

exit angles with respect to the zenith greater than about 80° , which is in general

the viewing angle of the aurora from earth. It is important to note that the specifics

of the absorption effects are highly dependent on the atmospheric model used.

• We found that quenching of the metastable n = 2 states of O6+ is significant for

the inter combination and forbidden transitions. For initial ion energies greater

than 1 MeV/u, i. e., those most efficient in x-ray production, the forbidden line is

almost completely quenched in the observed spectrum.
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• Energetic ion precipitation in the polar cap produces a large population of sec-

ondary electrons due to ionization and stripping collisions. We find that most

secondary electrons are produced in ionization collisions between the neutral

constituents (in our case H2) and the ion. Therefore, the bulk of the electrons

produced has energies bellow 100 eV.

• We model the secondary electron transport in the ionosphere and determine that

their effect in the ionosphere is comparable to that of primary auroral electrons for

a diffuse aurora case. Lyman and Werner band emissions in a column due to the

secondary electrons have an intensity of 60 – 80 kR in the north and 10 – 20 kR

in the south. These emissions are significant and in fact comparable to observed

UV emissions from primary electron precipitation estimated to be 25 – 130 kR

for faint regions and 250 kR for bright regions [115]. Auroral oval emissions

are much brighter, ranging from 50 – 500 kR and reaching 1 MR at its brightest

[116]. However, the airglow emissions due to the secondary electrons occur deep

in the atmosphere and some percentage might be absorbed. Nonetheless, we

expect that some of these emissions would escape and be observable by the UV

observatories. In the future opacity effects should be calculated to estimate the

brightness of the Lyman and Werner emissions due to the secondary electrons

from the ion aurora.

• We have derived electron density profiles for the ion precipitation region due to

the effect of the secondary electrons. We find the that the peak electron density is

on the order of 105 cm−3 for the south aurora ion fluxes and about 5×105 cm−3

for the north. These electron profiles are very comparable to the effect caused

by the energetic electron aurora and should be useful for comparison in radio

occultation experiments.
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• Another useful quantity derived in our model is the H+
3 column density. Our

calculated values are ∼ 5×1011 cm−2 for the north aurora and ∼ 2×1011 cm−2

for the south.

• The escaping electrons from each hemisphere contribute to downward currents

that are part of the current system that gives rise to the ionosphere-magnetosphere

coupling. We estimate that about a current of about 1 MA or slightly larger is car-

ried by downward moving ions and upward moving electrons. As a comparison,

the total upward Birkeland current that is related to the main auroral oval carried

by electrons is estimated to be 100 MA [117].

7.2 Final Discussion

The plasma environment in a magnetosphere is a complex very complex. The au-

rora is an important tool for the understanding of the magnetosphere, the ionosphere

and the electromagnetic coupling between the two. By understanding the underlaying

mechanism that generates the auroral emissions we observe, we hope to understand the

complex system that drives the magnetospheric dynamics, its structure, the ionospheric

effects it may bring and to diagnose the complex electrical current system that exists

within it.

In the past couple of decades we have learned a lot about the jovian magnetospheric

system. For intense, we know that auroral emissions at Jupiter are caused by two dif-

ferent sources: the UV aurora is due to high energy electrons that precipitate in the

atmosphere, while the x-ray aurora emission is due to energetic ion precipitation in the

polar cap. The mechanism for the UV appears to be well understood and it is attributed

to the break or lag in corotation by the plasma in the middle magnetosphere (∼20 –
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60 RJ) due to mass loading by iogenic plasma . The outward transfer of angular mo-

mentum translates to a radially outward magnetospheric current and an equatorward

ionospheric current, which try to balance the centrifugal force of the rotating iogenic

plasma with a ~j× ~B force. Birkeland currents are then required to close the current

system. A downward current from the magnetosphere to the ionosphere and an up-

ward current from the ionosphere to the magnetosphere complete the current loop (see

Figure 1.5. In analogy to earth, the upward Birkeland current is carried by accelerated

electrons that give rise to the UV aural oval in Jupiter. The downward current may

be carried by upward low energy electrons and by downward moving ions, which we

believe to produce the polar emissions.

The mechanism that produces the x-ray emissions is not yet completely understood.

In this work, we have shown that oxygen and sulfur ions give rise to the line emissions

observed at high latitudes by x-ray observatories. We have also found that if the ions

are of magnetospheric origin, i.e., of low charge state, they need to be accelerated to

high energies in order to produce the observed x-rays. However, no such mechanism

is known to exist at this time. We have also modeled the secondary electrons produced

by the ion precipitation at high latitudes and have found that indeed these secondary

electrons are able to escape the ionosphere contributing to the downward Birkeland

current mentioned above. We estimate that an electrical current of ∼ 1.5 MA may be

carried by these ions and electrons in the polar cap. However, it is still not entirely clear

where the ions come from and how the would be accelerated.

Recently, HST UV images showed a polar spot of aurora, which appears to be collo-

cated with the jovian x-ray aurora and has a characteristic pulsation period of∼ 45 min.

Current models suggest that these emissions correspond to the cusp region and are as-

sociated with pulsed reconnection at the dayside magnetopause [59]. According to this

latter model reconnection occurs between the planetary and magnetosheath field lines
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at the magnetopause, resulting in the transfer of field lines across the open-closed field

line boundary. When the magnetosheath plasma crosses to the magnetosphere on the

open field lines, it is then expected to precipitate into the ionosphere forming a region of

cusp plasma precipitation similar to that seen on earth. However, the models emphasize

that this precipitation cannot be directly responsible for the observed polar emissions as

the particle fluxes found in the magnetosheath cannot produce the observed emissions.

Heavy ions (oxygen and sulfur) are present in the outer magnetosphere, but only in

low charge states (O+ or O2+). We have shown that highly charge states are required for

x-ray production, implying highly energetic ions. Therefore, if the observed polar au-

rora is indeed related with the cusp, the magnetospheric and/or magnetosheath plasma

must be somehow accelerated. In their model, [59] estimate accelerating voltages of

10 – 100 kV above regions of upward current and 0.5 – 5 MV above regions of down-

ward current on the magnetospheric side of the open/close field line boundary. Their

estimated voltage would be in agreement with the accelerating potential required to

produce the x-ray emissions observed at the polar cap, as calculated by our model. See

Figure 7.1 for a rough schematic of our understanding of the magnetospheric dynamics

involved in the polar aurora.

There has been a vast improvement in the jovian auroral observations in the past

few decades thanks to the state of the art observatories like HST, CXO and XMM-

Newton. Although these observatories allowed the better understanding of the mag-

netospheric dynamics, there are still many unknowns. Last summer NASA launched

the JUNO spacecraft hoping to answer some of these questions. Of special interest for

this work are the planned polar orbits of the probe with the intension of mapping the

magnetic field and exploring the three dimensional structure of the magnetosphere in

the polar regions and the auroral emissions. The spacecraft is equipped with a so-called

“Polar Magnetic Suite” instrument set that has the objective of measuring electric cur-
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Accelera'on	
  
Regions	
  

Figure 7.1: Rough schematic of magnetospheric dynamics that may lead to the polar
auroral emissions. Periodic reconnection at the dayside magnetopause may be respon-
sible for observed polar emissions. Above the pole, possible acceleration regions are
expected at a distance of about 5 RJ . Downward moving electrons along the field line
are accelerated to high energies and are responsible for the observed auroral oval emis-
sions. Magnetosheath and/or magnetospheric ions follow downward Birkeland currents
and are also accelerated to high energies, producing x-ray emissions in the polar cap.
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rents along the polar magnetic field lines, emissions associated with aurora and electro-

static waves, the distribution of energetic particles and of auroral and magnetospheric

plasma as well as measuring UV auroral emissions. The instruments for this purpose in-

clude plasma and energetic particle detectors (Jovian Auroral Distribution Experiment

(JADE) and Jovian Energetic Particle Detector Instrument (JEDI)) which will measure

the angular and energy distributions of polar particles and ions in the polar magneto-

sphere. A radio/plasma wave sensor (WAVES) will measure radio and plasma waves

in the auroral region the regions of auroral emission and acceleration. And last, the

Ultraviolet Imaging Spectrograph (UVS) will provide wavelength, position and time of

UV auroral emissions at the poles.

We hope that the findings of Juno will help identify the origin of the acceleration

regions that would bring the magnetospheric ions to high energies responsible for the

x-ray aurora. If the orbit of the spacecraft is below this acceleration region, it should

measure the accelerated ions that precipitate into the ionosphere and the upward moving

electrons that escape with low energies. On the other hand, if the spacecraft is above

the acceleration region, the ion energies observed would be lower than needed for the

x-ray emission, but the upward moving electrons would have high energies after being

accelerated by the MV potential. The energy distribution of the electrons and ions

will be measured with the JADE and JEDI detectors. Considering the location of the

spacecraft and the energy distributions of electrons and ions measured, we should be

able to locate the acceleration region.

Our estimates on the upward electron fluxes escaping from the ionosphere as well

as the downward ion flux estimates performed by our calculations should provide some

clues on the observations. From our work, useful results like electron and ion densities,

as well as electron fluxes and electrical currents will be of interest to other scientists

and can used to find possible explanations to the observations. We hope that the UVS
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on Juno will have optimal conditions to observe the UV emissions that will arise from

the ion precipitation. We have calculated airglow emissions due to secondary electrons

with an intensity of 10 – 20 kR. However, opacity effects will have to be taken into

account as they were not included in our calculations. There may also be UV line

emissions from the lower charge states of oxygen and sulfur as they become excited

in the ionosphere. Observations from the UVS might give a better mapping on these

emissions and provide a better understanding on where the ion precipitation occurs.

The mapping will be complemented by the magnetometer on board Jupiter, which will

concentrate on the polar regions, which have been difficult to map in the past. The Jo-

vian Infrared Auroral Mapper (JIRAM) will study the auroral region as well. We have

modeled the changes in the ionosphere due to ion precipitation and have calculated cor-

responding H+
3 densities. We hope that the JIRAM instrument will be able to identify

the regions in the ionosphere whose H+
3 density matches our model. In that case, we

should be able to compare to UVS measurements and see if the regions of emission

identified as caused by ion precipitation by both instruments overlap.

Our results may also be used to calculate thermal profiles in the ionosphere of

Jupiter and see the thermal effect or heating that the ion precipitation may cause.

These heating profiles may be used in wind models, important for the ionosphere-

thermosphere dynamics of the planet. The electron fluxes and electrical current esti-

mates should be used to calculate the electrical conductivity changes that the ion aurora

may present to the ionosphere. Our ion precipitation model may also be used to ex-

plore the possibility of x-ray emission due to solar wind ions, by starting the model

with already high charge state ions and comparing the results to those obtained with

magnetospheric ions.

Last, the set of codes developed in this work may be used to model ion precipita-

tion in Saturn. Although no x-ray emission is observed in Saturn’s auroral emissions,
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there are observable UV emissions in the polar cap which may be produced by pre-

cipitating magnetospheric oxygen ions. The model that we developed for Jupiter can

be implemented to model Saturn’s ion precipitation. The precipitating ions would still

be oxygen, as the largest magnetospheric ion population comes from the water group.

Because the same atmospheric neutrals present at Jupiter are present at Saturn, the cal-

culated and compiled set of cross sections may still be used. Our Monte Carlo code can

model the ion precipitation in Saturn’s ionosphere by adapting a Saturnian atmospheric

model. However in Saturn the emissions produced due to ion precipitation are expected

to originate from lower charge states, e.g., O5+, O4+ and produce UV emissions. One

may also calculate x-ray emissions from the oxygen ions, if any, and establish an upper

limit in order to compare it with the observational limits that exist at the time.
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Table A.1: Excitation Cross Sections for H2

STATE THRESHOLD SOURCE DETAILS

E (eV)

B (1Σ+
u ) 13.01 [5] Experimental data, recom-

mended by [10]

C (1Πu) 12.46 [5] Experimental data, recom-

mended by [10]

E,F(1Σ+
g ) 12.40 [6] Experimental data, recom-

mended by [10]

B’ (1Σ+
u ) 14.4 (guess) [7] Adapted from Figure 4c in [7]

D (1Πu) 15.5 (guess) [7] Adapted from Figure 4c in [7]

D’ (1Πu)B” (1Σ+
u ) 20.0 (guess) [7] Adapted from Figure 4c in [7]

a(3Σ+
u ) 11.89 [8] Experimental data, recom-

mended by [10]

h(3Σ+
g ) 13.98 [73, 75] Analytical expression

(4sσ )(3Σ+
g ) 14.50 [73, 75] Analytical expression

b(3Σ+
u ) 10.0 [118, 119] Experimental data, recom-

mended by [10]

e (3Σ+
u ) 13.36 [8] Experimental data, recom-

mended by [10]

f (3Σ+
u ) 14.47 [73, 75] Analytical expression

c (3Πu) 11.87 [8] Experimental data, recom-

mended by [10]

d (3Πu) 13.97 [73, 75] Analytical expression
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Table A.1: Excitation Cross Sections for H2 (continued)

STATE THRESHOLD SOURCE DETAILS

E (eV)

k (3Πu) 14.68 [73, 75] Analytical expression

g (3Σ+
u ) 13.98 [73, 75] Analytical expression

p (3Σ+
g ) 14.69 [73, 75] Analytical expression

i (3Πg) 14.01 [73, 75] Analytical expression

r (3Πg) 14.70 [73, 75] Analytical expression

j (3∆g) 14.03 [73, 75] Analytical expression

s (3∆g) 14.69 [73, 75] Analytical expression

v (3Πg) 14.67 [73, 75] Analytical expression

Table A.2: Parameters for Excitation Cross Sections of H2

STATE ν Ω W f0C0 β Pauto

B (1Σ+
u ) 2.000 0.750 11.370 3.50×10−1 1.000 0.000

C (1Πu) 2.000 0.750 12.460 3.50×10−1 1.000 0.000

E,F(1Σ+
g ) 1.000 0.850 12.400 5.50×10−2 0.600 0.000

B’ (1Σ+
u ) 11.900 0.600 14.400 5.55×10−2 3.700 0.000

D (1Πu) 4.800 0.600 15.500 5.55×10−2 2.400 0.000
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Table A.2: Parameters for Excitation Cross Sections of H2

(continued)

STATE ν Ω W f0C0 β Pauto

D’ (1Πu)B” (1Σ+
u ) 2.200 0.800 20.000 5.55×10−2 1.300 0.000

a(3Σ+
u ) 13.300 7.100 11.890 3.50 4.400 0.000

h(3Σ+
g ) 1.000 3.000 13.980 5.00×10−4 3.000 0.000

(4sσ )(3Σ+
g ) 1.000 3.000 14.500 3.00×10−4 3.000 0.000

b(3Σ+
u ) 15.400 5.000 10.000 6.00 5.400 0.000

e (3Σ+
u 8.700 3.300 13.360 5.20×10−2 6.100 0.000

f (3Σ+
u ) 1.000 5.000 14.470 2.60 ×10−3 3.000 0.000

c (3Πu) 18.700 5.500 11.870 3.50 5.100 0.000

d (3Πu) 1.000 3.000 13.970 6.50×10−3 3.000 0.000

k (3Πu) 1.000 3.000 14.680 5.00×10−4 3.000 0.000

g (3Σ+
u ) 1.000 3.000 13.980 7.00×10−4 3.000 0.000

p (3Σ+
g ) 1.000 3.000 14.690 3.00×10−4 3.000 0.000

i (3Πg) 1.000 3.000 14.010 5.00×10−4 3.000 0.000
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Table A.2: Parameters for Excitation Cross Sections of H2

(continued)

STATE ν Ω W f0C0 β Pauto

r (3Πg) 1.000 3.000 14.700 1.30×10−3 3.000 0.000

j (3∆g) 1.000 3.000 14.030 3.90×10−3 3.000 0.000

s (3∆g) 1.000 3.000 14.690 2.00×10−4 3.000 0.000

v (3Πg) 1.000 3.000 14.670 4.70×10−3 3.000 0.000

Table A.3: Vibrational and Rotational Cross Sections of H2

STATE THRESHOLD SOURCE DETAILS

E (eV)

v = 0→ v = 1 0.516 [10] Experimental data combined
from [120] and [121]

v = 0→ v = 2 1.800 [73] Analytical expression

J = 0→ J = 2 0.044 [10] Experimental data combined
from [122], [123] and [120]

J = 1→ J = 3 0.073 [120] Experimental data recom-
mended by [10]

J = 2→ J = 4 0.101 [120] Experimental data

J = 3→ J = 5 0.128 [120] Experimental data
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Table A.4: Parameters for Vibrational and Rotational Cross Sections for H2

STATE ν Ω W f0C0 β Pauto

v = 0 → v = 1 -1.000 1.000 0.516 0.00 0.000 100.000

v = 0 → v = 2 3.000 2.000 1.800 0.013 1.000 0.000

J = 0 → J = 2 -1.000 2.000 0.044 0.00 0.000 16.000

J = 1 → J = 3 -1.000 13.000 0.073 0.00 0.000 16.000

J = 2 → J = 4 -1.000 14.000 0.101 0.00 0.000 11.000

J = 3 → J = 5 -1.000 15.000 0.128 0.00 0.000 11.000

Table A.5: Collision strength coefficients for electron impact dissociation cross sections
of H2 leading to the fast component of H Ly-α emission. Parameters obtained from
Table 1 in [9].

STATE PERCENT Ei j C0 C1 C2 C3 C4 C5 C6 C7 C8

Q1 40 23.0 -0.67184 0.034857 -0.099768 0.50682 -0.92647 0.20852 -0.20852 0.0 0.25704

Q2 60 30.2 -0.67184 0.034857 -0.099768 0.50682 -0.92647 0.20852 -0.20852 0.0 0.25704
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Table A.6: Cross section for the slow component of H Ly-α emission. Data obtained
from [9].

ENERGY CROSS SECTION (cm2)

14.00 0.100E-18

15.00 0.500E-18

17.50 4.000E-18

20.00 5.000E-18

22.50 6.000E-18

25.00 6.100E-18

37.50 6.350E-18

50.00 6.500E-18

62.50 6.350E-18

75.00 6.000E-18

87.50 5.670E-18

100.00 5.300E-18

112.50 5.100E-18

125.00 4.900E-18

137.50 4.650E-18

150.00 4.400E-18

162.50 4.200E-18

175.00 4.050E-18

187.50 3.900E-18

200.00 3.800E-18
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Table A.7: Parameters for Excitation Cross Sections of He. These parameters are taken
from [11].

STATE ν Ω W f0C0 β Pauto

2→1 P 2.100 0.750 21.220 4.05×10−1 1.000 0.000

3→1 P 2.000 0.750 23.090 1.15×10−1 1.000 0.000

4→1 P 1.850 0.750 23.740 4.58×10−2 1.000 0.000

n > 4→1 P 1.850 0.750 23.900 7.20×10−2 1.000 0.000

2→1 S 3.000 1.000 9.500 3.24×10−2 1.000 0.000

3→1 S 3.000 1.000 9.500 7.32×10−3 1.000 0.000

4→1 S 3.000 1.000 9.510 2.83×10−3 1.000 0.000

5→1 S 3.000 1.000 9.630 1.45×10−3 1.000 0.000

n > 5→1 S 3.000 1.000 9.630 3.10×10−3 1.000 0.000

3→1 D 1.000 1.000 21.000 3.77×10−3 2.000 0.000

4→1 D 1.000 1.000 21.590 1.63×10−3 2.000 0.000

5→1 D 1.000 1.000 22.200 8.62×10−4 2.000 0.000

n > 5→1 D 1.000 1.000 24.130 1.78×10−3 2.000 0.000

2→3 S 1.000 3.000 19.820 1.37×10−1 0.785 0.000

3→3 S 1.000 3.000 20.100 3.87×10−2 1.060 0.000

4→3 S 1.000 3.000 20.460 1.63×10−2 1.280 0.000

n > 4→3 S 1.000 3.000 23.910 2.58×10−2 1.280 0.000

2→3 P 1.000 3.000 20.960 1.20 0.124 0.000

3→3 P 1.000 3.000 23.010 3.17×10−1 0.133 0.000

4→3 P 1.000 3.000 23.710 1.34×10−1 0.133 0.000

n > 4→ 3P 1.000 3.000 23.910 2.12×10−1 0.133 0.000
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Table A.8: Parameters for Excitation Cross Sections of H. The first set is for electron
impact energies less than 3 keV. The parameters for the analytical function are taken
from [12]. The second set of parameters is for energies greater than 3 keV. These
parameters were obtained by fitting the data reported by [13].

For E < 3 keV ν Ω W f0C0 β Pauto

1s→ 2p 1.300 0.750 10.204 6.60×10−1 0.600 0.000

1s→ 3p 1.200 0.750 12.094 1.29×10−1 0.700 0.000

1s→ 4p 1.100 0.750 12.755 5.30×10−2 0.600 0.000

1s→ 5p 1.000 0.750 13.061 2.43×10−2 0.600 0.000

1s→ 6p 1.100 0.750 13.228 1.43×10−2 0.600 0.000

For E > 3 keV B a E f b c

1s→ 2P 13.598 0.556 10.204 4.16×10−1 0.272 0.000

1s→ 3p 13.598 0.089 12.094 7.91×10−2 0.060 -0.019

1s→ 4p 13.598 0.031 12.755 2.90×10−2 0.023 -0.009

1s→ 5p 13.598 0.014 13.061 1.39×10−2 0.011 -0.005

1s→ 6p 13.598 0.008 13.228 0.78×10−2 0.006 -0.003
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Table A.9: Parameters for Excitation Cross Sections of CH4, modeled after [15]

STATE ν Ω W f0C0 β Pauto

Channel 1 0.641 1.129 8.200 5.87×10−3 1.000 0.000

Ch2 1.549 0.838 9.700 1.79×10−1 1.000 0.000

Ch3 0.880 0.807 11.200 2.80×10−1 1.000 0.000

Ch4 0.835 0.620 12.700 4.32×10−1 1.000 0.000

Ch5 0.835 0.620 12.700 4.32×10−1 1.000 0.000

Diss. Excit. Ly-α 2.426 1.123 21.900 7.61×10−1 1.000 0.000

Diss. Excit. Balmer α 2.721 1.176 21.900 2.34×10−1 1.000 0.000

H(2s)-H(1s) 4.083 1.169 15.560 4.99×10−2 1.000 0.000

CI(1657A) 1.568 1.364 41.200 1.35×10−2 1.000 0.000

v=1→ v=3 -1.000 1.000 0.367 0.000 0.367 99.000

v=2→ v=4 -1.000 2.000 0.175 0.000 0.175 99.000
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Table A.10: Ionization Cross Sections

STATE THRESHOLD SOURCE DETAILS

E (eV)

H+
2 15.426 [77] Experimental data recom-

mended by [10] and analytical
function by [74]

H2→ H+ 18.1 [77] Experimental data recom-
mended by [10]

He+ 24.58 [11] Analytical function

H+ 13.303 [13, 14] Analytical function

CH+
4 12.60 [15] Analytical function

CH+
3 14.000 [15] Analytical function

CH+
2 15.100 [15] Analytical function

CH4→ H+ 20.000 [15] Analytical function

CH+ 20.000 [15] Analytical function

C+ 19.600 [15] Analytical function
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Table A.12: Total Eleastic Cross Sections and Backscatter Probability for H2

ENERGY CROSS SECTION [cm2] BACK SCATT. PROB

2.000 1.43E-15 0.65

3.000 1.53E-15 0.58

5.000 1.61E-15 0.42

7.000 1.37E-15 0.33

10.000 1.14E-15 0.24

15.000 7.57E-16 0.14

20.000 5.65E-16 0.11

30.000 3.28E-16 8.36E-02

40.000 2.40E-16 6.47E-02

60.000 1.34E-16 5.23E-02

100.000 8.08E-17 4.44E-02

150.000 5.67E-17 3.19E-02

200.000 4.10E-17 2.81E-02
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Table A.13: Total Elastic Cross Sections for He and H
ENERGY CROSS SECTION [cm2] BACK SCATT. PROB

2.000 5.800E-16 0.570

4.000 5.300E-16 0.570

5.000 5.100E-16 0.570

6.000 5.000E-16 0.565

7.000 4.800E-16 0.555

9.000 4.400E-16 0.540

10.000 4.200E-16 0.530

12.000 3.800E-16 0.500

20.000 3.000E-16 0.420

30.000 2.300E-16 0.340

40.000 1.700E-16 0.300

50.000 1.400E-16 0.270

60.000 1.200E-16 0.250

70.000 1.050E-16 0.230

80.000 9.000E-17 0.215

90.000 7.600E-17 0.205

100.000 6.600E-17 0.195

120.000 5.000E-17 0.180

150.000 4.000E-17 0.155

200.000 2.900E-17 0.130

270.000 2.000E-17 0.125

300.000 1.700E-17 0.120

350.000 1.400E-17 0.100

400.000 1.200E-17 0.086
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Table A.14: Total Eleastic Cross Sections for CH4

ENERGY CROSS SECTION [cm2] BACK SCATT. PROB

0.100 4.48E-16 0.282

0.300 1.25E-16 0.095

0.400 1.03E-16 0.184

0.500 1.04E-16 0.314

0.700 1.32E-16 0.470

1.000 1.72E-16 0.511

2.500 5.55E-16 0.354

5.000 1.87E-15 0.464

7.500 2.52E-15 0.432

10.000 2.55E-15 0.383

12.500 2.39E-15 0.337

15.000 2.21E-15 0.300

20.000 1.89E-15 0.244

30.000 1.47E-15 0.185

50.000 1.02E-15 0.139

60.000 8.85E-16 0.126

80.000 7.12E-16 0.105

100.000 6.03E-16 0.090

200.000 3.55E-16 0.056

300.000 2.62E-16 0.041

400.000 2.11E-16 0.031
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Table A.15: Emission line from synthetic spectra calculated by [21] for O6+ emissions
due to initial ion energies of 1.2 MeV/u and 2.0 MeV/u

Photon Energy (eV) # of photons per incident ion # of photons per incident ion
1.2 MeV/u 2.0 MeV/u

560.984 10.3676 12.7024
568.474 3.11866 3.75367
574.001 4.37678 5.26414
663.94 0.0032977 0.0040136
665.616 1.36027 1.65589
697.01 0.0010145 0.0012361
697.834 0.588438 0.716518
712.266 4.86×10−4 5.90×10−4

712.758 0.320427 0.388738
720.503 3.01×10−4 3.64×10−4

720.88 0.18583 0.224806
725.743 0.110591 0.132973
728.925 0.0825089 0.100825
731.107 0.0562837 0.0677169
732.668 0.0434614 0.0522632
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Table A.16: Emission line from synthetic spectra calculated by [21] for O7+ emissions
due to an initial energy of 1.2 MeV/u and 2.0 MeV/u

Photon Energy (eV) # of photons per incident ion # of photons per incident ion
1.2 MeV/u 2.0 MeV/u

203.976 0.0358204 0.100531
203.976 0.0035684 0.011333
203.976 0.0051192 0.0162146
206.83 0.0036384 0.0115613
206.83 0.002217 0.0069782
206.83 0.0266678 0.0759532
208.871 0.0018637 0.0062368
208.871 0.0027763 0.0088512
208.871 0.0204592 0.059518
652.723 2.47014 7.92792
773.598 0.656434 2.20839
815.904 0.274857 0.917642
835.486 0.138007 0.443276
846.123 0.0829386 0.265669
852.536 0.0530491 0.171742
856.699 0.0351408 0.111305
859.553 0.024943 0.0792583
861.595 0.0190154 0.0606236
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Table A.19: Emission line from synthetic spectra calculated by [21] for sulfur emissions
due to an initial energy of 1.86 MeV/u.

Photon Energy # of photons per incident ion Photon Energy # of photons per incident ion
(eV) S14+ (eV) S14+

216.624 2.90×10−5 700.388 1.60×10−5

217.343 2.15×10−4 707.971 1.10×10−4

217.381 2.86×10−6 713.127 1.32×10−5

217.817 7.33×10−7 713.176 9.88×10−6

218.016 9.19×10−4 715.125 1.64×10−5

219.26 2.87×10−5 725.221 8.04×10−6

220.78 1.98×10−4 727.818 7.29×10−6

221.054 8.22×10−6 727.977 1.27×10−5

225.012 6.79×10−5 730.687 7.39×10−5

254.364 1.44×10−5 732.439 7.24×10−6

254.78 1.21×10−4 737.856 4.49×10−6

255.093 1.33×10−6 738.141 6.15×10−6

255.221 3.69×10−7 745.037 4.15×10−6

255.445 3.70×10−4 745.402 5.30×10−6

257.403 1.32×10−5 745.418 5.37×10−5

258.24 8.77×10−5 755.51 3.28×10−5

258.458 4.59×10−6 762.725 2.99×10−5

262.733 3.53×10−5 2445.94 0.0107874
277.09 1.05×10−5 2459.72 0.0079796

277.778 2.45×10−7 2878.97 2.16×10−4

277.805 8.43×10−7 2882.78 0.0014778
280.333 8.82×10−6 3032.51 7.11×10−4

281.015 3.25×10−6 3101.34 3.87×10−4

285.449 2.39×10−5 3138.75 2.12×10−4

291.827 1.07×10−5 3161.3 1.49×10−4

292.42 1.73×10−7 3175.94 1.10×10−4

292.533 5.89×10−7 3185.98 6.77×10−5

295.183 8.42×10−6 3193.16 6.26×10−5

295.657 2.41×10−6

300.18 1.73×10−5

301.923 5.23×10−6

302.458 1.04×10−7

302.623 3.50×10−7

305.347 4.05×10−6

305.695 1.48×10−6

309.141 4.71×10−6

309.639 9.49×10−8

309.837 3.13×10−7

310.272 1.06×10−5

312.608 3.50×10−6

312.876 1.38×10−6

317.487 9.69×10−6

414.675 4.07×10−6

419.328 2.19×10−4

422.185 3.53×10−5

422.511 0.0029547
428.053 4.37×10−4

431.967 1.29×10−5

433.11 1.55×10−6

434.689 1.72×10−4

435.283 0.0059438
435.763 8.22×10−5

436.294 3.20×10−4

449.827 0.0012801
453.519 6.86×10−7

570.346 8.30×10−5

571.727 0.0010674
581.523 1.01×10−4

584.383 4.58×10−5

584.393 0.0016603
600.691 4.54×10−4

639.922 4.26×10−5

640.642 5.83×10−4

652.054 4.18×10−5

653.215 2.53×10−5

653.361 5.72×10−4

670.25 2.13×10−4

677.662 2.16×10−5

678.079 3.24×10−4

690.197 1.96×10−5

690.619 1.40×10−5

690.821 2.48×10−4
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Table A.20: Electron Recombination for the Selected Reac-

tions

Reaction Rate Coefficient cm3s−1 Reference

H+ + e−→ H + hν 4.00×10−12(300/Te)
0.64 [98]

He+ + e−→ He + hν 4.60×10−12(300/Te)
0.64 [98]

H+
2 + e−→ H + H 2.30×10−7(300/Te)

0.4 [98]

H+
3 + e−→ H2 + H 4.4×10−8(300/Te)

0.5 [124]

H+
3 + e−→ H + H + H 5.6×10−8(300/Te)

0.5 [114]

HeH+ + e−→ He + H 1.00×10−8(300/Te)
0.6 [98]

CH+ + e−→ C + H 1.50×10−7(300/Te)
0.42 [124]

CH+
2 + e−→ C + H2 7.68×10−8(300/Te)

0.6 [124]

CH+
2 + e−→ C + H + H 4.03×10−7(300/Te)

0.6 [124]

CH+
2 + e−→ CH + H 1.60×10−7(300/Te)

0.6 [124]

CH+
3 + e−→ CH + H2 8.00×10−7(300/Te)

0.5 [111]

CH+
4 + e−→ CH3 + H 1.75×10−7(300/Te)

0.5 [124]

CH+
4 + e−→ CH2 + H + H 1.75×10−7(300/Te)

0.5 [124]

CH+
5 + e−→ CH3 + H + H 1.96×10−7(300/Te)

0.52 [124]

CH+
5 +e−→ CH + H2 + H2 8.40×10−9(300/Te)

0.52 [124]

CH+
5 +e−→ CH4 + H 1.40×10−8(300/Te)

0.52 [124]

CH+
5 +e−→ CH2 + H2 + H 4.76×10−8(300/Te)

0.52 [124]

CH+
5 +e−→ CH3 + H2 1.40×10−8(300/Te)

0.52 [124]

C2H+ + e−→ C2 + H 1.16×10−7(300/Te)
0.76 [124]

C2H+ + e−→ CH + C 1.53×10−7(300/Te)
0.76 [124]

C2H+
3 + e−→ C2H2 + H 5.00×10−7(300/Te)

0.84 [125]

364



Table A.20: Electron Dissociative Recombination (contin-

ued)

Reaction Rate Coefficient cm3s−1 Reference

C2H+
4 + e−→ C2H3 + H 5.60×10−7(300/Te)

0.78 [125]

C2H+
5 + e−→ C2H4 + H 1.20×10−6(300/Te)

0.8 [125]

C2H+
6 + e−→ C3H3 + H2 + H 1.00×10−6(300/Te)

0.7 [125]

C2H+
7 + e−→ C3H3 + H2 + H2 3.00×10−7(300/Te)

0.5 [124]

C3H+ + e−→ C3 + H 2.00×10−7(300/Te)
0.7 [125]

C3H+ + e−→ C2H + C 2.00×10−7(300/Te)
0.7 [125]

C3H+
2 + e−→ C3H + H 4.00×10−7(300/Te)

0.7 [125]

C3H+
3 + e−→ C3H2 + H 7.00×10−7(300/Te)

0.5 [124]

C3H+
4 + e−→ C3H3 + H 2.95×10−6(300/Te)

0.67 [125]

C3H+
5 + e−→ C3H3 + H2 2.00×10−6(300/Te)

0.7 [125]

C3H+
6 + e−→ C3H3 + H2 + H 1.00×10−6(300/Te)

0.7 [125]

C3H+
7 + e−→ C3H3 + H2 + H2 1.90×10−6(300/Te)

0.67 [125]

CnH+
m + e−→ CnHm 3.50×10−7(300/Te)

0.5 [125]

H2C3H++ e−→ C2H2 + CH 8.00×10−7(300/Te)
1.0 [125]
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Table A.21: Selected Ion-Molecule Reactions in the Jovian

Ionosphere

Reaction Rate Coefficient [cm3s−1] Reference React. Number

H2 + He+→ H+ + HeH 1.00×10−10 [114] R1

H2 + He+→ H+
2 + He 9.35×10−15 [114] R2

H2 + He+→ HeH+ + H 4.21×10−13 [111] R3

H2 + H+
2 → H+

3 + H 2.08×10−9 [98, 111] R4

H2 + HeH+→ H+
3 + He 1.05×10−9 [98] R5

H2 + CH+
4 → CH+

5 + H 3.30×10−11 [124] R6

H2 + CH+
3 → CH+

4 + H 1.30×10−14 [124] R7

H2 + CH+
2 → CH+

3 + H 1.60×10−9 [124] R8

H2 + CH+→ CH+
2 + H 1.20×10−9 [124] R9

H2 + C+→ CH+ + H 1.00×10−10 [124] R10

H2 + C2H+
2 → C2H+

3 + H 1.00×10−11 [124] R12

H2 + C2H+→ C2H+
2 + H 1.70×10−9 [124] R13

He + H+
2 → HeH+ + H 1.40×10−10 [114] R14

H + H+
2 → H+ + H2 6.40×1010 [98, 111] R15

H + H+
3 → H+

2 + H2 1.00×10−20 estimate R16

H + HeH+→ H+
2 + He 9.10×10−10 [98, 111] R17

H + CH+
5 → CH+

4 + H2 1.50×10−10 [124] R18

H + CH+→ C+ + H2 7.50×10−10 [124] R19

H + C2H+
6 → C2H+

5 + H2 1.00×10−10 [114] R20

H + C2H+
5 → C2H+

4 + H2 1.00×10−11 [124] R21

H + C2H+
4 → C2H+

3 + H2 3.00×10−10 [124] R22
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Table A.21: Ion-Molecule Reactions (continued)

Reaction Rate Coefficient [cm3s−1] Reference React. Number

H + C2H+
3 → C2H+

2 + H2 6.80×10−11 [124] R23

H + C3H+
5 → C2H+

3 + CH3 9.50×10−12 [125] R24

H + C3H+
5 → C2H+

2 + CH4 5.00×10−13 [125] R25

H + C3H+
2 → C3H+ + H2 6.00×10−11 [125] R26

H + C2H+
6 → C2H+

5 + H2 1.00×10−10 [114] R27

CH4 + H+→ CH+
4 + H 2.30×10−9 [124] R28

CH4 + H+→ CH+
3 + H2 1.50×10−9 [124] R29

CH4 + He+→ H+ + CH3 + He 4.80×10−10 [124] R30

CH4 + He+→ CH+
4 + He 5.10×10−11 [124] R31

CH4 + He+→ CH+
3 + He + H 8.50×10−11 [124] R32

CH4 + He+→ CH+
2 + He + H2 9.50×10−10 [124] R33

CH4 + He+→ CH+ + He + H2 + H 2.40×10−10 [124] R34

CH4 + H+
2 → CH+

5 + H 1.14×10−10 [124] R35

CH4 + H+
2 → CH+

4 + H2 1.40×10−9 [124] R36

CH4 + H+
2 → CH+

3 + H2 + H 2.30×10−9 [124] R37

CH4 + H+
3 → CH+

5 + H2 2.40×10−9 [125] R38

CH4 + CH+
4 → CH+

5 + CH3 1.50×10−9 [124] R39

CH4 + CH+
3 → C2H+

5 + H2 1.20×10−9 [124] R40

CH4 + CH+
2 → C2H+

5 + H 3.60×10−10 [124] R41

CH4 + CH+
2 → C2H+

4 + H2 8.40×10−10 [124] R42

CH4 + CH+→ C2H+
4 + H 6.50×10−11 [124] R43

CH4 + CH+→ C2H+
3 + H2 1.09×10−9 [124] R44
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Table A.21: Ion-Molecule Reactions (continued)

Reaction Rate Coefficient [cm3s−1] Reference React. Number

CH4 + CH+→ C2H+
2 + H2 + H 1.43×10−10 [124] R45

CH4 + C+→ C2H+
3 + H 1.10×10−9 [124] R46

CH4 + C+→ C2H+
2 + H2 4.00×10−10 [124] R47

CH4 + C2H+
5 → C3H+

7 + H2 9.00×10−14 [124] R48

CH4 + C2H+
3 → C3H+

5 + H2 2.00×10−10 [124] R49

CH4 + C2H+
2 → C3H+

5 + H 6.64×10−10 [124] R50

CH4 + C2H+
2 → C3H+

4 + H2 1.76×10−10 [124] R51

CH4 + C2H+→ C2H+
2 + CH3 3.74×10−10 [124] R52

CH4 + C2H+→ C3H+
4 + H 1.32×10−10 [124] R53

CH4 + C2H+→ H2C3H+ + H2 3.74×10−10 [124] R54

C2H2 + He+→ CH+ + CH + He 7.70×10−10 [124] R55

C2H2 + He+→ C2H+ + H + He 8.75×10−10 [114] R56

C2H2 + He+→ C2H+
2 + He 2.54×10−10 [124] R57

C2H2 + H+
2 → C2H+

3 + H 4.80×10−10 [124] R58

C2H2 + H+
2 → C2H+

2 + H2 4.82×10−9 [124] R59

C2H2 + H+
3 → C2H+

3 + H2 3.50×10−9 [124] R60

C2H2 + CH+
5 → C2H+

3 + CH4 1.60×10−9 [124] R61

C2H2 + CH+
4 → C2H+

3 + CH3 1.23×10−9 [124] R62

C2H2 + CH+
4 → C2H+

2 + CH4 1.13×10−9 [124] R63

C2H2 + CH+
4 → H2C3H+ + H2 + H 1.51×10−10 [124] R64

C2H2 + CH+
3 → H2C3H+ + H2 1.20×10−9 [124] R65

C2H2 + CH+
2 → H2C3H+ + H 2.50×10−9 [124] R66
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Table A.21: Ion-Molecule Reactions (continued)

Reaction Rate Coefficient [cm3s−1] Reference React. Number

C2H2 + CH+→ C3H+
2 + H 2.40×10−9 [124] R67

C2H2 + C+→ C3H+ + H 2.80×10−9 [124] R68

C2H2 + C2H+
5 → C3H+

3 + CH4 6.84×10−11 [124] R69

C2H2 + C2H+
4 → C3H+

3 + CH3 6.45×10−10 [124] R70

C2H2 + C2H+
4 → C4H+

5 + H 1.93×10−10 [124] R71

C2H2 + C2H+
3 → C4H+

3 + H2 7.20×10−10 [124] R72

C2H2 + C2H+
2 → C4H+

3 + H 9.10×10−10 [124] R73

C2H2 + C3H+
5 → C5H+

5 + H2 3.80×10−10 [124] R74

C2H2 + C3H+
3 → C5H+

3 + H2 1.10×10−9 [124] R75

C2H2 + C2H+
6 → C2H+

5 + C3H3 2.20×10−10 [114] R76

C2H2 + C2H+
6 → C3H+

5 + CH3 8.19×10−10 [114] R77

C2H2 + C2H+
6 → C4H+

7 + H3 1.29×10−10 [114] R78

C2H2 + C2H+
7 → C2H+

3 + C2H6 1.00×10−9 [114] R79

C2H2 + H2C3H+→ C3H+
3 + C2H2 2.50×10−10 [114] R80

C2H2 + C2H+→ C4H+
2 + H 1.20×10−9 [114] R81

C2H4 + He+→ CH+
2 + CH2 + He 4.80×10−10 [124] R82

C2H4 + He+→ CH2H+
4 + He 2.40×10−10 [124] R83

C2H4 + He+→ C2H+
3 + He + H 1.70×10−10 [124] R84

C2H4 + He+→ C2H+
2 + He + H2 2.20×10−9 [124] R85

C2H4 + He+→ C2H++ He + H2 + H 4.42×10−10 [114] R86

C2H4 + H+
2 → C2H+

4 + H2 2.21×10−9 [124] R87

C2H4 + H+
2 → C2H+

3 + H2 + H 1.81×10−9 [124] R88
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Table A.21: Ion-Molecule Reactions (continued)

Reaction Rate Coefficient [cm3s−1] Reference React. Number

C2H4 + H+
2 → C2H+

2 + H2 + H2 8.82×10−10 [124] R89

C2H4 + H+
3 → C2H+

5 + H2 6.90×10−10 [114] R90

C2H4 + H+
3 → C2H+

3 + H2 + H2 1.15×10−9 [124] R91

C2H4 + HeH+→ C2H+
4 + H + He 7.00×10−10 [114] R92

C2H4 + HeH+→ C2H+
3 + H2 + He 2.10×10−9 [114] R93

C2H4 + CH+
5 → C2H+

5 + CH4 1.50×10−9 [124] R94

C2H4 + CH+
4 → C2H+

5 + CH3 4.23×10−10 [124] R95

C2H4 + CH+
4 → C2H+

4 + CH4 1.38×10−9 [124] R96

C2H4 + CH+
3 → C2H+

3 + CH4 3.50×10−10 [124] R97

C2H4 + CH+
3 → C3H+

5 + H2 5.24×10−10 [124] R98

C2H4 + CH+
3 → H2C3H++ H2 + H2 4.60×10−11 [124] R99

C2H4 + C+→ C2H+
4 + C 1.70×10−10 [124] R100

C2H4 + C+→ C2H+
3 + CH 8.50×10−11 [124] R101

C2H4 + C+→ C3H+
2 + H2 3.40×10−10 [124] R102

C2H4 + C+→ C3H++ H + H2 8.50×10−11 [124] R103

C2H4 + C+→ H2C3H++ H 1.02×10−9 [124] R104

C2H4 + C2H+
5 → C3H+

5 + CH4 3.90×10−10 [124] R105

C2H4 + C2H+
4 → C3H+

5 + CH3 7.11×10−10 [124] R106

C2H4 + C2H+
4 → C4H+

7 + H 7.90×10−11 [124] R107

C2H4 + C2H+
3 → C2H+

5 + C2H2 8.90×10−10 [124] R108

C2H4 + C2H+
2 → C2H+

4 + C2H2 4.14×10−10 [124] R109

C2H4 + C2H+
2 → C4H+

5 + H 3.17×10−10 [124] R110
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Table A.21: Ion-Molecule Reactions (continued)

Reaction Rate Coefficient [cm3s−1] Reference React. Number

C2H4 + C2H+
2 → H2C3H++ CH3 6.62×10−10 [124] R111

C2H4 + C2H+
6 → C2H+

4 + C2H6 1.15×10−9 [124] R112

C2H4 + C2H+
7 → C2H+

5 + C2H6 1.00×10−9 [114] R113

C2H4 + C2H+→ CnH+
m products 1.71×10−9 [114] R114

C2H6 + H+→ C2H+
5 + H2 1.30×10−9 [124] R115

C2H6 + H+→ C2H+
4 + H2 + H 1.40×10−9 [124] R116

C2H6 + H+→ C2H+
3 + H2 + H2 2.80×10−9 [124] R117

C2H6 + He+→ C2H+
4 + He + H2 4.20×10−10 [124] R118

C2H6 + He+→ C2H+
3 + He + H2 + H 1.80×10−9 [124] R119

C2H6 + He+→ C2H+
2 + He + H2 + H2 8.40×10−10 [124] R120

C2H6 + H+
2 → C2H+

6 +H2 2.94×10−10 [124] R121

C2H6 + H+
2 → C2H+

5 +H2 + H 1.37×10−9 [124] R122

C2H6 + H+
2 → C2H+

4 +H2 + H2 2.35×10−9 [124] R123

C2H6 + H+
2 → C2H+

3 +H2 + H2 + H 6.86×10−10 [114] R124

C2H6 + H+
2 → C2H+

2 +H2 + H2 + H2 1.96×10−10 [114] R125

C2H6 + H+
3 → C2H+

7 + H2 2.90×10−11 [111] R126

C2H6 + H+
3 → C2H+

5 +H2 + H2 2.40×10−9 [124] R127

C2H6 + HeH+→ C2H+
5 +He +H2 1.05×10−9 [114] R128

C2H6 + HeH+→ C2H+
3 +He +H2 + H2 1.05×10−9 [114] R129

C2H6 + CH+
5 → C2H+

7 + CH4 1.15×10−9 [111] R130

C2H6 + CH+
5 → C2H+

5 + CH4+H2 2.03×10−10 [111] R131

C2H6 + CH+
4 → C2H+

4 + CH4+H2 1.91×10−9 [114] R132
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Table A.21: Ion-Molecule Reactions (continued)

Reaction Rate Coefficient [cm3s−1] Reference React. Number

C2H6 + CH+
3 → C2H+

5 + CH4 1.48×10−9 [124] R133

C2H6 + CH+
3 → C3H+

7 + H2 1.00×10−10 [114] R134

C2H6 + CH+
3 → C3H+

5 + H2 + H2 1.57×10−10 [124] R135

C2H6 + C+→ C2H+
5 + CH 2.31×10−10 [124] R136

C2H6 + C+→ C2H+
4 + CH2 1.16×10−10 [124] R137

C2H6 + C+→ C2H+
3 + CH3 4.95×10−10 [124] R138

C2H6 + C+→ C2H+
2 + CH4 8.25×10−11 [124] R139

C2H6 + C+→ C3H+
2 + H2 + H2 1.65×10−11 [124] R140

C2H6 + C+→ C3H+
3 + H2 + H 7.10×10−10 [124] R141

C2H6 + C2H+
6 → C3H+

8 + CH4 7.98×10−12 [114] R142a

C2H6 + C2H+
6 → C3H+

9 + CH3 1.10×10−11 [114] R142b

C2H6 + C2H+
5 → C3H+

7 + CH4 5.46×10−12 [125] R143

C2H6 + C2H+
5 → C4H+

9 + H2 4.00×10−11 [114] R144

C2H6 + C2H+
4 → C3H+

7 + CH3 4.62×10−12 [124] R145

C2H6 + C2H+
4 → C3H+

6 + CH4 5.15×10−13 [124] R146

C2H6 + C2H+
3 → C2H+

5 + C2H4 2.91×10−10 [124] R147

C2H6 + C2H+
3 → C3H+

5 + CH4 2.48×10−10 [124] R148

C2H6 + C2H+
3 → C4H+

7 + H2 8.06×10−11 [114] R149

C2H6 + C2H+
2 → C2H+

5 + C2H3 1.31×10−10 [114] R150

C2H6 + C2H+
2 → C2H+

4 + C2H4 2.48×10−10 [124] R151

C2H6 + C2H+
2 → C3H+

5 + CH3 7.45×10−10 [124] R152

C4H2 + H+→ C4H+
2 + H 2.00×10−9 [124] R153
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Table A.21: Ion-Molecule Reactions (continued)

Reaction Rate Coefficient [cm3s−1] Reference React. Number

C4H2 + H+
3 → C4H+

3 + H2 2.60×10−9 [124] R154

C4H2 + CH+
3 → C5H+

3 + H2 1.30×10−10 [124] R155

C4H2 + CH+
3 → H2C3H+ + C2H2 1.27×10−9 [124] R156

C4H2 + C+→ C3H+ + C2H 1.45×10−10 [124] R157

C4H2 + C+→ C5H+ + H 1.45×10−9 [124] R158a

C4H2 + C+→ C4H+
2 + C 1.31×10−9 [124] R158b

C4H2 + C2H+
5 → C4H+

3 + C2H4 3.00×10−10 [125] R159

C4H2 + C2H+
2 → C4H+

2 + C2H2 1.26×10−9 [124] R160

C4H2 + C2H+
2 → C6H+

3 + H 1.40×10−10 [124] R161

C4H2 + C3H+
2 → C7H+

3 + H 3.00×10−10 [124] R162a

C4H2 + C3H+
2 → C7H+

2 + H2 3.00×10−10 [124] R162b

H2vib + H+→ H+
2 + H 1.00×10−9 [98] est. R163

A.1 Glossary

• Birkeland current: current aligned with the magnetic field.

• bow shock: When the supersonic solar wind encounters an obstacle (magneto-

sphere or planet), it must first become subsonic to be able to flow around it form-

ing a shock.
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• Chapman function: is a consequence of approximating planet surfaces as flat

surfaces. It is defined as:

Ch(χ) =
∫

∞

s n(s)ds∫
∞

h n(h)dh

where n is the atmospheric density, s is the line of sight to the Sun and h is the

vertical distance. χ is the solar zenith angle.

• Collision mean free path: λ = (σ n)−1

• Coronal Mass Ejection (CME): massive explosion at the sun’s atmosphere that

ejects material from the solar corona into the interplanetary medium.

• EPIC: European photon imaging camera.

• flux tube: a flux tube can be represented by a bundle of magnetic field lines.

When several flux tubes become twisted they form what is called a flux rope.

• homopause: the altitude level in the atmosphere, above which diffusion rather

than turbulent mixing becomes the controlling process.

• Interplanetary Magnetic Field (IMF): Magnetic field originating in the sun and

carried by the solar wind along the interplanetary medium.

• iogenic: generated in Jupiter’s moon Io.

• loss cone: missing portion of a distribution of particles that arises as particles

manage to escape the magnetic field that is "trapping" them. The shaped of the

missing particles takes the shape of a cone in velocity distribution.

• magnetopause: Boundary surface that separates the magnetosphere from the so-

lar wind. At the magnetopause the magnetic field is discontinued, since it changes

directions.
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• plasmasphere: region in the inner magnetosphere when cold plasma and ener-

getic particle populations coexist.

• plasma mantle: when the magnetosphere is open, plasma from the solar wind can

flow along the open magnetic field lines directly into the magnetotail, forming the

plasma mantle

• pitch angle: angle between the velocity vector of a charged particle and the mag-

netic field line around which it gyrates.

• reconnection: in general, magnetic reconnection occurs at an X-point, where two

pairs of separatrices meet. During this process, pairs of magnetic field lines are

disconnected and reconnected [27].

• solar wind: outward plasma flow that originates in the solar corona and extends

throughout the solar system. It carries the coronal field lines with it.
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