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Srimoyee Samaddar

ABSTRACT

The soft x-rays (wavelengths less than 30 nm) emitted by the sun are responsible for the

production of high energy photoelectrons in the D and E regions of the ionosphere, where

they deposit most of their energy. The photoelectrons created by this process are the main

drivers for dissociation of nitrogen (N2) molecules in the altitude range below 200 km. The

dissociation of N2 is one of main mechanisms responsible for the production of nitric oxide

(NO) at these altitudes. These processes are important to understand because NO plays a

critical role in controlling the temperatures of various regions of Earth’s atmosphere.

In order to estimate the dissociation rate of N2 we need its dissociation cross-sections. The

dissociation cross-sections of N2 due to inelastic collisions with electrons is primarily es-

timated from the cross-sections of its excitation states (using predissociation factors) and

dissociative ionization channels. Predissociation is the transition without emission of radi-

ation from a stable excited state to an unstable excited state of a molecule that leads to

dissociation. Unfortunately, the lack of cross-section data, particularly at high electron en-

ergies and of higher excited states of N2 and N2
+, introduces uncertainty in the dissociation

cross-section and subsequently the dissociation rate calculation, which leads to uncertainties

in the NO production rate.

We have updated a photoelectron model with thoroughly-revised electron impact cross-

section data of all major species and experimentally determined predissociation factors.

The dissociation rates of N2 using this model are compared to the dissociation rates ob-



tained using another existing (Solomon and Qian [2005]) model. A parameterized version of

the updated dissociation rates are used in a one-dimensional global average thermospheric/

ionospheric model, ACE1D (Atmospheric Chemistry and Energetics), to obtain the updated

production rates of NO.

In the final chapter, we use the ACE1D model to show that the energies deposited by the

solar soft x-rays in the lower thermosphere at altitudes between 100 -150 km affect the

temperature of the Earth’s thermosphere at altitudes well above 300 km. By turning off

the input solar flux in the different wavelength bins of the model iteratively, we are able

to demonstrate that the maximum change in exospheric temperature is due to changes in

the soft solar x-ray bins. We also show, using the thermodynamic heat equation, that the

molecular diffusion via non-thermal photoelectrons is the main source of heat transfer to the

upper ionosphere/thermosphere. Moreover, these temperature changes and heating effects

of the solar soft x-rays are comparable to that of the much stronger He II 30.4nm emission.

Finally, we show that the uncertainties in the solar flux irradiance at these soft x-rays

wavelengths result in corresponding uncertainties in the modeled exospheric temperature,

and these uncertainties increase substantially with increased solar activity.
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GENERAL AUDIENCE ABSTRACT

The radiation from the sun covers a wide range of the electromagnetic spectrum. The soft

x-rays with wavelengths less than 30 nm are the most energetic and variable part of the

spectrum, and would have detrimental effects on humans were they not absorbed by the

atmosphere. The absorption of soft x-rays by the Earth’s atmosphere at altitudes near 100-

150 km creates ionized and energized particles. These energetic changes can affect and even

damage the satellites in low Earth orbit, and can cause radio communication blackouts and

radiation storms (large quantities of energetic particles, protons and electrons accelerated by

processes at and near the Sun). Therefore, we need to have good models that can quantify

these changes in order to correctly predict their effects on our atmosphere, and help to

mitigate any harmful effects.

The soft x-rays and the extreme ultraviolet (EUV) are responsible for ionization of the major

neutral species, N2, O2 and O, in the Earth’s atmosphere, which leads to the production of

ions and energetic photoelectrons. These high energy photoelectrons can cause further ion-

ization, excitation and dissociation. We study the dissociation of N2 by these photoelectrons

to create neutral N atoms. The N atoms created via this process combine with the O2 in

the atmosphere to produce nitric oxide (NO), which is one of the most important minor

constituents because of its role in regulating atmospheric heating/cooling. The production

of NO peaks near 106 km altitude, where most of the energy of the soft x-rays are deposited.

However, they also affect the temperature of the upper atmosphere well above this altitude.

This is because the energy of the photoelectrons is conducted to the upper atmosphere by



collisions of electrons and ions with ambient neutral atoms and molecules, thus increasing

their temperature.

In this study, we use modeling of soft x-ray irradiance, photoelectron ionization, excitation

and dissociation rates and atmospheric neutral temperature to quantify the effects of soft

x-rays on the Earth’s atmosphere.
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Chapter 1

Introduction

This chapter gives an introduction to the some key concepts about the Sun and the Earth’s

atmosphere. In Section 1.1, we describe the various regions of the Earth’s atmosphere and

the process of absorption of the Sun’s radiation and production of energetic particles. In

Section 1.2, we provide a description of the solar radiation spectrum and Section 1.3 describes

the energetic particle spectrum that are created as a result of this solar radiation. Finally,

Section 1.4, describes the energy flow from the sun through the Earth’s atmosphere and how

the atmosphere reacts to this energy flow.

1.1 Thermosphere - Ionosphere System

The Earth’s atmosphere can be broadly divided into four main regions, as shown in Figure

1.1a, depending on the slope of the vertical temperature distribution: the troposphere,

stratosphere, mesosphere and thermosphere. The troposphere is the lowest region beginning

at the Earth’s surface and extending up to about 17 km in height. Most of the heating from

the sun occurs at the Earth’s surface due to the absorption of visible light. The temperature

in the troposphere decreases as one goes higher in altitude.

The stratosphere lies above the troposphere and extends up to approximately 50 km. The

transition layer from the troposphere to the stratosphere is called the tropopause. The ozone

layer is found within the stratosphere which absorbs the Ultraviolet (UV) radiation and heats

1
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this region. Therefore the temperature increases with altitude in this layer. The layer above

the stratosphere is called the mesosphere and it extends as high as 95 km. The transition

layer between the stratosphere and mesosphere is called the stratopause. The temperature

decreases with increase in altitude in the mesosphere. In these three lowest layers the ma-

jor constituents (N2, O2, Ar, and CO2) are roughly well mixed and the mean molecular

mass does not change significantly. Therefore, these three layers constitute the homosphere.

The layer above the mesosphere, extending above 95 km, is called the thermosphere and

the transition between these two regions is called the mesopause. The temperature in the

thermosphere increases up to about 250 km and then levels off. The asymptotic temper-

ature above this height is called exospheric temperature. Most of the soft X-ray (XUV)

and EUV radiation (wavelength less than 100 nm) from the sun are absorbed in this layer.

Therefore, the temperature and the energy budget of this region depend on the variations

of the solar energy on different time scales (daily, 27-day, 11-year as well as flare). Here

mixing processes due to wind and turbulence play a reduced role and the constituents are

separated, therefore this region is also called the heterosphere. In addition, heat transport

due to conduction, convection, and radiation as well as diffusion are fundamental processes

governing the molecular composition in this region, which consists primarily of N2, O2 and

O.

The XUV and EUV radiation absorbed by the Earth’s atmosphere ionizes its neutral con-

stituents into ions and electrons and leads to the formation of the ionosphere. The ionosphere

is not a separate layer and mostly covers the mesosphere and thermosphere where most of

the soft x-rays and EUV radiation are absorbed. It also changes diurnally, seasonally, and

with solar conditions. A typical electron density profile is shown in Figure 1.1b for March

30, 2022 at two times of the day (daytime is 12 hours and nighttime at 22 hours local time).

There are three main regions of the ionosphere. The lowest region is called the D layer which
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starts from 60 -70 km and extends up to about 90 km. The next layer is called the E region

which starts from 90-100 km and extends to about 120 to 150 km and the uppermost layer

is called the F layer and it starts from about 150 km. The ionosphere is separated into these

layers depending on the electron density profile. During the day, the energy from the solar

soft x-rays and EUV photons release electrons from neutral atoms and ions, thus producing

the different layers of the ionosphere. At the same time, ions and free electrons recombine

and form neutral atoms and molecules.

(a) (b)

Figure 1.1: (a) Global average atmospheric temperature and (b) Electron density
profiles ( latitude = 20◦ and longitude = 105◦). The atmospheric tempera-
ture was obtained from U.S Standard Atmosphere and ACE1D (Venkataramani
[2018]) models. The electron density profile was obtained from International
Reference Ionosphere (IRI) model. The dashed lines in (a) show the different
regions of the atmosphere and (b) show the different layers of the ionosphere.

During the day the ionization process dominates, forming the atmosphere at the D layer,

the well defined E layer peak and the F layer which splits into F1 and F2 regions. However,

during night due to the absence of solar radiation, recombination process takes over and the
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electron density decreases so much so that the D layer almost completely vanishes and the

E layer peak reduces significantly. The F layer persists throughout the night.

The relation between the pressure (p) and the mass density (ρ) can be found from the ideal

gas law as shown in Equation 1.1

ρ = m̄n = m̄
p

KT
(1.1)

where, m̄ is the mean molecular mass, n is the number density, k is the Boltzmann constant

and T is the temperature.

Inserting the above relation into the aerostatic equation (Equation 1.2a) and assuming a

constant temperature profile with altitude, we obtain:

dp

dz
= −ρ(z)g(z) (1.2a)

dp

dz
= − m̄g

KT
p = − p

H
(1.2b)

H in Equation 1.2b is the pressure scale height (Prölss [2012]) and is written as:

H(z) =
KT (z)

m̄(z)g(z)
(1.3)

The relationship between the pressure and the density scale heights is given as:

1

Hn

=

(
1

H
+

1

T

dT

dh

)
(1.4)

This is the scale height where temperature varies. It is true for pressure and density. In the

upper thermosphere above 200 km, the change in temperature with altitude
(
dT
dh

)
is small
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and the two scale heights are almost equal.

From Equation 1.2b the density profile is usually approximated by an exponential function

as shown below:

n(z) = n(z0)exp

(
−(z − z0)

Hn

)
(1.5)

Then from Equation 1.5, we can define the density scale height Hn as the altitude over which

the density changes by a factor of e.

Figure 1.2: Typical density profile of atmospheric gases obtained from NRLMSIS
model (latitude = 20◦, longitude = 25◦, F10.7 = 100, universal time= 0 hr)

As stated before, in the homosphere all the constituents are well mixed, but in the hetero-

sphere, they can be separated. Figure 1.2 shows the density distribution of different gases in

the heterosphere using the NRLMSIS (Picone et al. [2002]) model. At the lower altitudes,

below 200 km, molecular N2 dominates while atomic O starts to dominate above this alti-

tude up to about 700km. Above this altitude He and H take over. Figure 1.2 shows that

the scale height for each species is different.
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We can estimate the rate of ionization by considering an isothermal atmosphere, i.e., the

density of the absorbing species decreases exponentially given by n(z) = n0exp(−z/H).

Here z is the altitude, n0 is the density of the neutral species at a reference altitude and

H is the constant characteristic length called the scale height. If we assume a plane and

horizontally stratified atmosphere with slant height sλ, where λ is the wavelength of the

absorbed photon, the I(sλ) as the absorbed photon flux and σa as the absorption cross-

section, then the decrease in the intensity of the radiation due to absorption as it travels an

incremental distance can be written as:

dI(sλ) = −I(sλ)n(z)σa(λ)dsλ (1.6)

If χ is the solar zenith angle then the slant height can be written in terms of the vertical

distance as dsλ = −dzsecχ. Then equation 1.6 becomes:

dI(sλ) = −I(z)n(z)σa(λ)secχdz (1.7)

Integrating equation 1.7 from flux at infinty to flux at altitude z, the photon flux at any

arbitrary altitude is:

∫ I(z)

I∞

dI(z)

I(z)
=

∫ ∞

z

σa(λ)secχn(z)dz (1.8a)

ln( I∞
I(z)

) = secχσa(λ)

∫ ∞

z

n(z)dz (1.8b)

= τsecχ (1.8c)

I(z, χ) = I∞e−τsecχ (1.8d)
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The τ in the exponential of Equation 1.8d is defined as the optical depth and is defined as:

τ = σa(λ)

∫ ∞

z

n(z)dz (1.9)

If the reference altitude is taken as z0 then the neutral density can be written as:

n(z) = n0e
− (z−z0)

H (1.10)

Substituting equation 1.10 into equation 1.8c, we get

ln
(

I∞
I(z)

)
= σasecχ

∫ ∞

z

n0e
− (z−z0)

H dz (1.11a)

ln
(

I∞
I(z)

)
= σasecχHn0e

− (z−z0)
H (1.11b)

ln
(

I∞
I(z)

)
= σasecχHn(z) (1.11c)

I(z, χ) = I∞e−σasecχHn(z) (1.11d)

where , τ (z) = σaHn(z) (1.11e)

The expression for the process of photoionization, which is also called the Chapman produc-

tion function, can be written as:

Pc(z, χ) = I(z, χ)βσan(z) (1.12)

where, β is the probability that the solar photon can produce an ion-electron pair. The

absorption cross-section σa includes photoionization, photoexcitation and photodissociation

cross-sections. Therefore, β is the fraction of σa that can cause ionization of a particular
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species.

Substituting I(z, χ) from equation 1.8d into equation 1.12, we get:

Pc(z, χ) = I∞exp(−τ(z)secχ)βσan(z) (1.13)

Equation 1.13 gives the photoionization rate of photon of a single wavelength. This equation

gives physical insight that the production function is directly proportional to the solar radi-

ation which increases with altitude and the neutral density which decreases with increase in

altitude. Therefore, there must be peak production rate at a particular altitude. However,

the real atmosphere is not isothermal but consists of multiple species with different absorp-

tion cross-sections and density distributions. Therefore, Equation 1.13 should be rewritten

with the summation of the absorption cross-sections and densities of all the species involved.

The optical depth, τ , should similarly include the summation of the cross-sections and den-

sities of all the constituents in the atmosphere. Furthermore, the incident solar radiation is

polychromatic, therefore, the photoionization rate will be the summation of all the resulting

from different wavelengths. Finally, at solar zenith angle of 90◦ the secχ term in Equation

1.13 becomes infinite, therefore, it can be replaced by ch(χ, z) which accounts for the spher-

ical nature of the atmosphere at high solar zenith angles (Schunk and Nagy [2009]). The

height profile of the photoionization rate of a real atmosphere consisting of three major gases

(N2, O2 and O) is shown in Figure 1.3 at two different solar zenith angles of 0◦ and 85◦. From

the figure, we see that the altitude of maximum energy deposition shifts to higher altitudes

from χ = 0◦ to χ = 85◦, i.e., when the incident solar radiation is at a slanted direction from

the overhead. At altitude above 300 km, the two photoionization rates becomes less depen-

dent on the solar zenith angle. This is because the transmission factor (e−τ ) becomes unity

and the photoionization rate in Equation 1.13 only depends on the density of the constituent
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gases.

At peak ionization:dPc

dz
= 0,i.e., differentiating equation 1.13 and setting to zero, we find:

dPc

dz
= I∞βσa[exp

−τ(z)secχn′(z)− n(z)e−τ(z)secχsecχτ ′(z)] = 0 (1.14a)

⇒ n′(z)− n(z)secχτ ′(z) = 0 (1.14b)

Figure 1.3: Chapman production function for photoionization rates at two differ-
ent solar zenith angles. The EUVAC (Solomon and Qian [2005]) spectrum was
used to obtain the photoionization rates. The altitude of maximum ionization
energy shifts to higher altitude from 0◦ to 85◦.
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Differentiating equation 1.11e and substituting value of τ ′(z) into equation1.14b:

τ ′(z) = σaHn′(z) (1.15a)
τ ′(z)

σaH
− n(z)secχτ ′(z) = 0 (1.15b)

τ ′(z)(1− τ(z)secχ) = 0 (1.15c)

τ(z)secχ = 1 (1.15d)

Hence for an overhead sun, i.e., χ = 0, maximum photoionization will occur at an altitude

of unit optical depth (τ = 1). Figure 1.4 shows the altitude of unit optical depth (τ = 1) as

a function of photon wavelength bins. The figure shows that the soft x-ray radiation (less

than 30 nm) are absorbed at altitudes below 130 km in the D and E regions. The shortest

wavelengths below 1.8 nm are absorbed at altitudes below 95 km. These wavelengths regions

are mostly associated with high solar activities, like solar flares. The wavelength regions

above 30 nm and up to about 100 nm are absorbed in the F regions of the ionosphere.

Above 100 nm, most of the radiation are absorbed by the O2 molecule in altitudes below

100 km. An important solar emission is HLyman−α (hydrogen lyman-alpha) at 121.6 nm,

which is absorbed at altitudes of approximately 74 km as shown in the figure. The soft x-ray

radiation is absorbed in the lower atmosphere mainly in the D and E regions. Similarly, it

can be shown that the EUV wavelengths are primarily absorbed in the upper thermosphere

in the F region.
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Figure 1.4: Altitude of unit optical depth as a function of wavelength. The photon
wavelength bin resolution was obtained from the NRLFLARE model (Reep et al.
[2022]). The soft x-rays below 30 nm are absorbed deeper into the ionosphere
at altitudes below 140 km.

1.2 The Solar Irradiance Spectrum

The energy from the Sun’s radiation is called the solar irradiance and can be expressed in

units of photons of energy per unit time and unit area (cm−2s−1 or Wm−2). The total solar

energy flux, averaged over all wavelengths, is time-invariant and is called the solar constant

and has a value of 1.37 kWm−2 (Prölss [2012]). The entire solar radiative spectrum covers

wavelengths from the soft x-rays to the infrared and longer wavelength. The electromagnetic

radiation from the sun in the soft x-rays (XUV) (below 30 nm) and Extreme Ultraviolet

(EUV) (30 - 121.6 nm) ranges contribute about 0.02% of this total energy. The visible and

most of the radio wavelengths, however, are able to pass through the Earth’s atmosphere

and reach its surface, while the other wavelengths are absorbed at various altitudes. The soft

x-rays and EUV, in particular, are absorbed in the Earth’s ionosphere (D, E and F regions)
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and are responsible for the ionization of the neutral species and consequently control the

energy and dynamics of the Earth’s ionosphere. The soft x-ray range is also one of the most

variable regions of the solar spectrum. The magnitude of the soft x-ray irradiance varies by

several orders of magnitude depending on solar activity which changes by minutes, hours,

season and the 11-year solar cycle.

Measurements by various satellites and rockets, starting from the 1960s, such as the Atmo-

sphere Explorer satellites and rocket measurements by Hinteregger et al. [1981], SOLRAD

(Kreplin [1970]), Kreplin and Horan [1992], have attempted to quantify the solar irradiance

in the EUV range. Several reference spectra, such as SC#21REFW reference spectra cover-

ing 1.8-200 nm for solar minimum and F74113 from 1.4-200 nm solar maximum conditions

(Hinteregger et al. [1981]), have been constructed based on these measurements. More recent

spacecraft measurements provide better resolution in the XUV range and thus reduce the

uncertainty in the earlier measurements. For example, the Extreme ultraviolet Variability

Experiment (EVE) Solar Aspect Monitor (SAM) and EUV SpectroPhotometer (ESP) mea-

sure solar XUV and EUV (Woods et al. [2010]), the Thermosphere Ionosphere Mesosphere

Energetics and Dynamics (TIMED) Solar EUV Experiment (SEE) in bands over 0.1-35 nm

(Woods et al. [2005]) and the Student Nitric Oxide Explorer (SNOE) Solar X-ray Photome-

ter (SXP) data are in 2-7 nm, 6-19 nm and 17- 20 nm wavelength bins (Bailey et al. [2000]).

The SNOE satellite data (Bailey et al. [2006]) have shown the soft x-ray irradiance to be

greater than Hinteregger et al. [1981] data by a factor of four. SNOE soft x-ray data also

provides some agreement (a factor of 2) with the SEE data (0.1-35 nm) on the TIMED

satellite (Woods et al. [2010]).

Due to the limited availability of such spectra, empirical modeling is used to estimate the

solar spectrum as a function of the solar activity. An example of such a model used in this

paper is a modified version of the EUVAC model (Richards et al. [1994]) as proposed by
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Solomon and Qian [2005] (SQ’05). In this model, the criteria for selecting the solar photon

wavelength bins are to minimize the variations in the photoionization cross-sections of the

major species from one bin to the next and to keep the photon energy range in consecutive

bins to within a factor of 2. The solar flux in the thermosphere is determined as a function of

the daily F10.7, the 81-day average F10.7 (centered around that day) and a reference solar

flux, like the SC#21REFW reference spectrum or HFG spectrum from the Atmosphere

Explorer (AE) rocket measurements (Hinteregger et al. [1981]) and is described in Equation

1.16. The F10.7 index is derived from the solar emission at 10.7cm or 2800 MHz. This

emission is often used as an indicator of solar activity, especially in the soft x-rays, EUV

and UV ranges because of its good correlation with these emissions, owing to the fact that

all these emissions arise from the corona or the outer atmosphere of the Sun (Taylor et al.

[2021]). The correlation between the soft x-ray irradiance measurements (from SNOE and

TIMED SEE XUV Photometer System (XPS)) and F10.7 is shown in Woods et al. [2008].

The empirical description of solar irradiance follows:

F (λ) = Fref (λ) [1 + A(λ)(P − 80)] , forP ≥ 80 (1.16a)

F (λ) = 0.8Fref (λ) , forP < 80 (1.16b)

where λ is the wavelength, Fref is the reference solar spectrum and A(λ) is a wavelength

dependent scaling factor. P is a proxy for solar activity, given by P = (F10.7daily +

F10.781−day average)/2, i.e., the average of the daily F10.7 and the 81-day average F10.7.

The two different equations (Equations 1.16a and 1.16b) shows that the at solar minimum

the relationship between F10.7 and solar soft-xrays changes. Specifically at low activity

(Equation 1.16b), the soft x-rays continue to lower in magnitude while F10.7 bottoms out.

The input solar reference spectrum consists of 37 wavelength bins from 0.05-175 nm. The

first 22 bins from 0.05- 105 nm is based on the solar spectral model as proposed by Solomon
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and Qian [2005]. To extend the model beyond the SQ’05 model, fifteen more 5 nm (105 -175

nm) bins, obtained from Woods et al. [2005], are used to represent fluxes between 105 -175

nm. Figure 1.5 shows three such solar spectra derived using the modified EUVAC model

for different levels of solar activity ranging from P value of 75 (low solar activity) to 265

(high solar activity). It can be seen from the figure that solar irradiance below 30 nm varies

the most with solar activity, with the flux changing by more than two orders of magnitude

below 0.4 nm.

Figure 1.5: Typical solar spectra using EUVAC model for different solar activity
levels. Change in solar fluxes due to change in solar activity is more pronounced
in the soft x-ray regions.

Although the EUVAC model shows agreement with TIMED SEE data for different solar

activities (denoted by P values), there are several issues that arise when we focus on the soft

x-ray wavelengths. The shortest wavelength bins in EUVAC, 0.05 - 0.4 nm and 0.4 - 0.8 nm,

are derived from the solar irradiance data from the Geostationary Operational Environmental

Satellite (GOES) and the wavelength bins 0.8 - 1.8 nm in the model are derived from various

sources (see SQ’05). This is done because the data for the soft x-rays are very limited. In
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fact, in the original EUVAC model (Richards et al. [1994]) the solar spectrum started from

5nm. Moreover, the available data has significant uncertainty, owing to the fact that these

data are mostly broadband measurements. These broadband measurements only give the

total energy in a large wavelength range, they do not differentiate between the irradiances

at close wavelengths. Moreover, during solar flares, which is one of the most energetic events

occurring in the solar atmosphere, the solar fluxes in the soft x-ray part of the spectrum

are enhanced by different orders of magnitudes for photons of different energies. Siskind

et al. [2022] compared two such flare models, the empirical Flare Irradiance Spectral Model

(FISM2) (Chamberlin et al. [2020]) and the physics based NRLFLARE model (Reep et al.

[2020], Reep et al. [2022]) for several flare events. They found that the solar photon flux in

the 1 - 2 nm range differed by an order of magnitude. The EUVAC model was not built to

predict flare spectra and so are not included in the study.

The relative contribution to ionization energy from different parts of the soft x-ray and EUV

regions at different altitudes can be seen in Figures 1.6. Figure 1.6a shows the ionization

energies for different wavelength bins at altitude of 120 km, which is the E region of the

ionosphere and Figure 1.6b shows the ionization energies in the F region (at 300 km). Each

of the Figures 1.6a and 1.6b have three boxes representing three regions: the solar soft x-ray

(less than 30.4nm), the strong HeII (single ionized He or He+) (30.4 nm) emission and the

EUV (greater than 30.4 nm) region. Each box represents the distribution of ionization energy

for different solar activities (P=70 to 265). As seen from the Figure 1.6a, on average 68%

of the input solar energy is in the wavelength bins below 30 nm, i.e., in the soft x-rays, 21%

percent is due to 30.4nm emission and the remaining 10% is due to the wavelengths above

30.4nm. As we go higher in altitude, the contribution to the ionization from the soft x-rays

begins to diminish as indicated by Figure 1.6b. At 300 km, most of the ionization, around

50%, occurs due to wavelengths beyond 30.4 nm and the contribution from soft x-rays is
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about 28% and that from He II is 23%. Therefore, soft x-rays are responsible for ionizing

the E region below 120 km, whereas EUV is responsible for almost half the ionization in the

F region.

(a) (b)

Figure 1.6: Ionization energy in different wavelength regions for different P values
at (a)E region (120 km) and (b) F region (300 km). For each box, from the top
the lines show the maximum, 75% percentile, average, 25% and minimum values
of ionization respectively. The shaded region is the interquartile range. Most of
the ionization in E region occurs due to soft x-rays and the ionization in the F
region is caused by EUV.

1.3 Photoelectrons, N2 Dissociation and NO Produc-

tion

An important product of the photoionization process is the released energetic electrons called

photoelectrons. These photoelectrons can have enough energy to cause further ionization,

excitation and dissociation of neutrals and ions. The initial photoelectrons created by the
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initial photoionization are called the primary photoelectrons. The photoelectrons created

from ionization by photoelectrons are called the secondary photoelectrons.

In this study, the secondary photoelectron spectrum is calculated using a two-stream formal-

ism described by Schunk [1988], Solomon et al. [1988], Bailey et al. [2002]. In the two-stream

model, the photoelectron is assumed to travel in one representative path (in the forward and

backward directions) which averages the angular dependence of its trajectories. The path

of travel is along the Earth’s magnetic field at a pitch angle of 60◦ (cos 60◦ = 0.5) which

evenly divides the surface area of a hemisphere. An important parameter needed to estimate

the photoelectron flux, using the two-stream method, and the electron-impact ionization

and excitation rates from the flux, is the electron-impact cross-sections of the participating

species. The cross-section is the measure of a probability of occurrence of a process when a

radiation interacts with a species. Chapter 2 gives a detailed analysis of the electron-impact

cross-sections used in this model.

Figure 1.7 shows two photoelectron flux spectra calculated using the two-stream approach.

Figure 1.7a are the photoelectron spectra as a function of energy at three different altitudes

for the X9 Flare of September 6, 2017. Figure 1.7b shows the photoelectron spectra for

a Solar Quiet condition for the same three altitudes. The photoelectron flux is greater at

low electron energies and falls off at higher energies. This is because the photoelectrons

lose their energy to atmospheric constituents as they collide, eventually cascading towards

the lower energies. At the higher altitudes (120 km and 190 km), the EUV radiation are

absorbed by the Earth’s atmosphere, where they produce photoelectrons with energies in

the range of 100 eVs and lower. The soft x-rays are absorbed in the lower atmosphere near

60 km, where they produce photoelectrons in ranges of 10 keVs. During a flare event, the

soft x-ray region of the solar spectrum is enhanced. Comparing the two figures, it is seen

that a flare event increases the photoelectron fluxes at the higher energies near 10 keVs, at
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the lower altitude (60 km). The minimum energy required to dissociate a N2 molecule is

approximately 10 eV and since soft x-rays have energies greater than 40 eV, the soft x-ray

photons and the secondary photoelectrons can dissociate N2. Also seen from Figure 1.7, at

high altitudes (120 and 190 km), the photoelectron flux in the lower energy range (10 -100

eV) are responsible for most of the dissociation of N2, however at lower altitudes (60 km),

the photoelectrons with 10 keV energies play a significant role in the N2 dissociation. In fact,

the photoelectrons produced by the soft x-rays are primarily responsible for the dissociation

of N2 at altitudes below 90 km.

(a) (b)

Figure 1.7: Photoelectron flux at different altitudes during (a) X9 flare of Septem-
ber 6, 2017 and (b) solar quiet condition. Photoelectron flux generated by
NRLFLARE input solar spectra (Reep et al. [2022]). Uncertainty in photoelec-
tron flux results from uncertainty in the solar spectral model.

Chapter 3 explains the role of photoelectrons in the dissociation of N2 which constitutes 78%

of the Earth’s atmosphere. The dissociation of N2 molecules leads to the production of N

atoms in the ground state (lowest energy state of an atom) or excited state. The excited

state N atoms produced due to the dissociation of N2 is an important source of Nitric
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Oxide (NO) in the Earth’s atmosphere. The role of solar irradiance on NO concentration

is very important. Barth [1992], Siskind et al. [1990], and Bailey et al. [2000] have shown

there is a linear relationship with soft x-rays irradiance and NO production at the lower

altitudes, approximately 100 -120 km. In Chapter 4, we estimate the NO produced through

the dissociation of N2 molecule. NO plays a vital role in creating the D-region of the Earth’s

ionosphere, through the process of photoionization by the Lyman− α (121.6 nm) emission.

It also controls the ion composition of the E region. It is also an important source of cooling

of the atmosphere by the process of radiative de-excitation leading to the emission of 5.3µm

photons. In the lower atmosphere, NO catalytically destroys ozone in the polar winter

(Bailey et al. [2002]).

Another important contribution of photoelectrons is that they are also responsible for heat-

ing of the upper thermosphere. The energy of the photoelectrons is carried to the upper

thermosphere by the process of thermal conduction via collisions of neutrals with ions and

electrons, thus leading to the increase in the neutral temperature in the upper thermosphere

(Schunk [1988]). This heating process is discussed in Chapter 5.

1.4 Heating of Neutral Thermosphere

The solar soft x-ray and EUV radiation does not directly heat the neutral atmosphere. It

is first absorbed by the neutrals and leads to their ionization. The ionization energy is

transformed into the chemical energy of the of the ion and the excess photon energy is

transferred to the photoelectron as its kinetic energy. The fast photoelectron can lose its

energy by collisions with the ambient electron leading to the increase in the temperature of

the electron gas. This hot electron gas then heats the neutral gas leading to its increase in

temperature. Another heating occurs due to heat exchange between the ion and electron
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gas, however, the ion gas quickly loses its energy to the neutral gas. Usually, in the ther-

mosphere, the electron temperature is greater than the ion temperature, which in turn is

greater than or almost equal to the neutral temperature (Te > Ti ≥ Tn). The photoelectrons

can undergo direct collisions with the neutral gas either elastically or non-inelastically. The

elastic collisions lead to heating of the neutral atmosphere. The inelastic collision can lead

to excitation or ionization of the neutrals. For the ionization process, the energy cycle begins

again, whereas the excited species can lose its energy by collisional quenching which is the

process of non-radiative transition of the excited species to its ground state as a result of

collision with a neutral species. In collisional quenching, the energy of the excited species is

transferred to the participating neutral species and thus leads to the increase in neutral tem-

perature. Another method the excited species loses its energy is by the process of radiative

de-excitation whereby its internal energy is converted to a photon. The photon can be lost to

the atmosphere without being reabsorbed which leads to cooling of the neutral gas or it can

have sufficient energy to trigger a secondary photoionization, leading to the start of another

energy cycle. Finally, the radiated photon can cause dissociation of molecules and lead to

its associated heat cycle. This will either cause local heating of the neutral atmosphere or

the heat is transferred to other altitudes by the dissociated fragments where they undergo

recombination. Figure 1.8 shows the main mechanisms of the heat flow in the thermosphere

leading to the increase in neutral gas temperature.

The main heat loss mechanism in the Earth’s atmosphere is by radiative cooling, heat convec-

tion and molecular conduction. Radiative cooling, where the internal energy of the species

is converted to a electromagnetic radiation, is strictly cooling because the energy is lost

from the heat budget. In convection, the neutral gas moves as a whole and in conduction

the gas molecules move in response to temperature or any form of gradients. Molecular

conduction is part of the convection process. Therefore, in these cases, the heat is merely
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redistributed at other altitudes. Molecular conduction is the primary method heating of the

upper thermosphere and radiative cooling is dominant in lower thermosphere.

Figure 1.8 gives a brief summary of the flow of energy from the sun into the upper atmosphere

and how the atmosphere responds to that energy.

Figure 1.8: Flow Diagram for the energy released by the Photoionization process
(Prölss [2012])

1.5 Scientific Objectives

The soft x-ray region of the solar irradiance has the ability to ionize the thermosphere

and produce photoelectrons. These photoelectrons have enough energy to cause further

ionization, excitation and dissociation of molecules. The effect of the soft x-rays are greatly

enhanced during solar flares. This dissertation focuses on the role of these photoelectrons
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in the dissociation of the N2 molecule in the lower thermosphere and the production of NO

from the dissociated N fragments. To effectively study these processes we require a high

resolution solar soft x-ray irradiance spectrum and electron impact cross-sections data for

excited states of N2 that are created by these high energy photoelectrons.

Chapter 2 deals with the improved electron impact excitation and ionization cross-sections

of N2 that have been assembled from the most recent studies and derivation of dissociation

cross-sections from them. This is done to minimize uncertainty, account for newer excited

states of N2 and higher electron energies generated during solar flares. We have also made

a comparative study with older cross-sections to analyze improvements (if any) that occurs

in studying the dissociation of N2.

Chapter 3 analyzes the new photoelectron ionization, excitation and dissociation of N2 using

these updated photoelectron cross-sections during two solar flare events and compares the

results to a quiet condition. We have also analyzed the impacts of using a new high resolution

(in soft x-ray wavelengths) solar spectra in estimating the aforementioned rates of N2.

Chapter 4 uses the results of new N2 dissociation rates obtained in Chapter 3 and into a

global average thermospheric-ionospheric ACE1D model (Venkataramani [2018]) to quantify

the global mean NO density at altitudes below 106 km (its peak production). This chapter

shows that the NO produced from the dissociation of N2 below 106 km is improved with

the newer modelling.

Finally, in Chapter 5 we show that the effects of soft x-rays are not only seen in the lower

altitudes where they deposit most of their ionization energy, but also in upper thermosphere.

This is shown by introducing variability in the soft x-rays irradiance and observing the

changes in the neutral temperatures of the entire thermosphere. This chapter is a standalone

chapter in that it uses the low resolution EUVAC spectrum and older cross-sections. The new
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high-resolution solar spectrum and cross-sections and rates used in Chapter 2 and Chapter

3 are not incorporated here and can be incorporated in future work.



Chapter 2

Cross-sections Compilation

The efficiency of a process, like ionization, excitation or dissociation of a particular species,

can be evaluated from the knowledge of the cross-sections for the corresponding process.

The cross-section of a process (in units of cm2) can be defined as the probability of the

occurrence of that process and usually is influenced by a number of factors; for example,

temperature, scattering angle and energy of the colliding particles etc. The use of cross-

sections in the determination of photoionization and photoabsorption rates were shown in

Chapter 1, Section 1.1. Cross-sections are determined either experimentally or theoretically

and either approach can be complicated and involved. In this chapter we provide the sources

and methods implemented for obtaining the photoabsorption and photoionization cross-

sections of the three major species in the thermosphere, N2, O2 and O and the electron-

impact ionization and excitation cross-sections of N2. The scientific analysis and reasoning

of selecting the electron-impact N2 cross-sections are discussed in detail in the following

sections, while the cross-sections of the other two species have been added in Appendix A.

In addition, the estimation of electron-impact dissociation cross-sections of N2 have been

deduced from its excitation and ionization cross-sections. Finally, we compare the newer

electron-impact cross-section with the older SQ’05 (Solomon and Qian [2005]) cross-sections.

24
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2.1 Photoabsorption and Photoionization Cross-sections

The photoabsorption and photoionization cross-sections for N2, O2 and O were obtained from
the compilation of Fennelly and Torr [1992] for wavelengths above 2.37 nm and Henke et al.
[1993] for wavelengths from 0.04- 2.37 nm. The cross-sections obtained from these sources are
shown in Figure 2.1. The cross-sections for the different ionization states of the three major

(a) (b) (c)

(d) (e) (f)

Figure 2.1: Photoabsorption and photoionization cross-sections of N2 ,O2 and O.
Uncertainty in N2 data is 3% and O data is 4.4-9% (Fennelly and Torr [1992]).
No uncertainty for O2 data is provided.

species were obtained from the compilation of Conway [1988] beginning from 1.8 nm. An
ionization state of a particular species is the excited state of the ion measured with respect
to its ground state (state with the lowest energy). The cross-sections of various N2

+ states
and double ionization channel (N2

++) are shown in Figures 2.2 and 2.2i respectively. The
cross-sections of different photoionization states of O2 and O are shown in Figures A.1 and
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A.2 respectively. Table 2.1 shows the cross-sections of N2 binned into the solar irradiance

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 2.2: Photoionization cross-sections of N2
+ states as obtained from Conway

[1988]

bins of the NRLFLARE spectrum (Reep et al. [2022]) discussed in Chapter 3. The lower
limit of the wavelength bin is λmin and the upper limit is λmax . The photoionization and
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(j)

Figure 2.2: Photoionization cross-sections of N2
+ states as obtained from Conway

[1988].

photoabsorption cross-section of each bin is obtained from the aforementioned cross-section
compilation (Henke et al. [1993], Fennelly and Torr [1992]) by either interpolating the cross-
sections into these new solar flux bins (for bins up to 1.8 nm) or by using the SC#21REFW
flux-weighted average cross-section for each bin (above 1.8 nm). The photoabsorption and
photoionization cross-sections for O2 and O are also found using the same method and are
given in Appndix A.2 Tables A.1 and A.2 respectively.

Table 2.1: Photon Cross-section for N2

λmin(nm) λmax(nm) σabs(cm2) σionz(cm2)

0.05 0.1 3.383e-23 3.383e-23

0.1 0.15 1.486e-22 1.486e-22

0.15 0.2 4.546e-22 4.546e-22

0.2 0.25 1.034e-21 1.034e-21

0.25 0.3 2.037e-21 2.037e-21

0.3 0.4 3.906e-21 3.906e-21

0.4 0.5 8.587e-21 8.587e-21

0.5 0.6 1.557e-20 1.557e-20

0.6 0.8 3.154e-20 3.154e-20

Continued on next page
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Table 2.1 – continued from previous page

λmin(nm) λmax(nm) σabs(cm2) σionz(cm2)

0.8 1 6.431e-20 6.431e-20

1 1.4 1.408e-19 1.408e-19

1.4 1.8 3.019e-19 3.019e-19

1.8 3.2 8.493e-19 8.493e-19

3.2 7 2.440e-19 2.440e-19

7 15.5 1.679e-18 1.679e-18

15.5 22.4 5.466e-18 5.466e-18

22.4 29 1.022e-17 1.022e-17

29 32 1.176e-17 1.176e-17

32 54 2.264e-17 2.264e-17

54 65 2.309e-17 2.309e-17

65 79.8 3.162e-17 1.867e-17

65 79.8 3.162e-17 1.867e-17

79.8 91.3 1.620e-17 0.0

79.8 91.3 1.620e-17 0.0

79.8 91.3 1.620e-17 0.0

91.3 97.5 4.214e-17 0.0

91.3 97.5 4.214e-17 0.0

91.3 97.5 4.214e-17 0.0

97.5 98.7 2.506e-18 0.0

Apart from the total photoionization cross-section, the branching ratio of each of the ion-

ization states of a particular species have also been calculated. The branching ratio for

a particular ionization state is the fractional yield of that state with respect to the total

ionization cross-section. First, the partial cross-section of each state for each solar flux bin

is obtained in a manner similar to that of the total ionization and absorption cross-section

calculation. Then the branching ratios are obtained from the partial and total cross-sections.
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Below 1.8 nm, the branching ratio for each state is kept constant (Solomon and Qian [2005]).

Appendix A.3, Tables A.3, A.4 and A.5 give the photoionization branching ratios for all the

ionization states of N2, O2 and O respectively.

2.2 N2 Electron Impact Excitation Cross-sections

The photoelectrons created by the XUV solar radiation upon collision with molecules and

atoms can send these atoms and molecules into to higher energetic states of excitation or

ionization. Resulting dayglow emissions from the different excited states of N2 and N+
2

include several important observed emission bands in the Earth’s atmosphere, such as the

Lyman-Birge-Hopfield band (a1Πg − X1Σ+
g ), First Positive Band system (B3Πg-A3Σ+

u ),

Second Positive System (C3Πu − B3Πg), Birge-Hopfield band ( b1Πu − X1Σ+
g ), to name a

few (Lofthus and Krupenie [1977]). These ionization and excitation processes due to electron

impact can be modeled via electron collisional scattering cross-sections, which can be defined

as the time-independent probability of the particular scattering process and is dependent on

electron velocity, the type of process, and the scattering angle [Trajmar et al., 1983]. Electron

scattering can be divided into two categories: elastic and inelastic scattering. In an elastic

scattering, the magnitude of the velocity of the electron remains unchanged and only its

direction changes. Hence the kinetic energy of the electron is conserved. On the hand, in

inelastic scattering, the energy of the electron is transferred to the colliding target and the

energy of the electron decreases. In this section, we have studied the inelastic scattering of

the major species in the Earth’s thermosphere, particularly, N2.

Historically, there are many studies that have measured, both experimentally and the-

oretically, the inelastic electron impact cross-sections of N2 and N+
2 . For detailed re-

view of N2 electron collisional cross-sections, please see Trajmar et al. [1983],Itikawa et al.
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[1986],Brunger and Buckman [2002] and Itikawa [2006].

For the study of electron impact inelastic collisions, we have focused on studies that de-

rive their cross-sections from the two most commonly used experimental methods -Optical

Emission Spectroscopy and Electron Energy Loss Spectroscopy (EELS). In Optical Emission

Spectroscopy, the Emission Cross-sections (ECs) are measured from the Emission Spectra

(ES) due to the transition of an electron from a higher to a lower excited state. The exci-

tation cross-sections are then inferred indirectly from these ECs by using optical excitation

functions or line excitation cross-sections, which further depend on the photon emission rate

measurements, decay paths of the excited state and scattering rates. In EELS, the Differen-

tial Cross-Section (DCS) is calculated from the electron energy loss spectrum of N2 obtained

from electron scattering experiments. The DCSs are then integrated over all scattering an-

gles to obtain the Integral Cross-Sections (ICSs). To reduce uncertainty in the excitation

cross-sections, we have mostly used ICSs since they are from direct measurements of inelastic

collisional excitation whereas emission cross-section depend on the emission spectrum, which

can be affected by cascade from higher states and branching decay channels like radiation

and predissociation [Johnson et al., 2005].

Obtaining experimental DCS data and extracting ICS from them is not without its own

uncertainties. The measurement of DCS from the N2 energy loss spectrum involves the

reconstruction of the spectrum in a particular energy loss range through the procedure of

spectral unfolding and then a fitting analysis to derive the cross-section from the unfolded

spectrum. Each of these processes have intermediary steps which add to the uncertainty in

the final result. Moreover, there are data gaps for cross-sections of all the excitation states

and for a wide range of electron energy. So much so that to date there is no comprehensive

study that provides the complete set of the relevant excitation cross-sections of N2. Here we

focus our attention on compiling the most complete list of photoelectron excitation cross-
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sections of N2 possible.

Our suggested compilation of cross-sections of N2 were obtained primarily from three ex-

perimental studies conducted by Johnson et al. [2005], Malone et al. [2009c] and Malone

et al. [2012] and is shown in Table 2.2. The motivation for using these newer cross-section

is to replace older DCS measurements derived from obsolete and less accurate normaliza-

tion methods, insufficient angular coverage and energy resolution, and inadequate spectral

unfolding techniques (Johnson et al. [2005]).

Although there have been several studies that have measured the cross-section of some of

the excitation states of N2, to date, the Chutjian et al. [1977] and Trajmar et al. [1983]

were the only published complete set of lower (with excitation energy less than 12.5 eV)

and higher excited (with excitation energy 12.5 eV and greater) states of N2, before the new

measurements in Table 2.2. Trajmar et al. [1983] derived the ICS data for all low lying

states (A3Σ+
u , B3Πg, W 3∆u,B′3Σ−

u ,a′1Σ−
u , a1Πg, w1∆u , C3Πu,E ′3Σ+

g and a′′3Σ+
g ) from DCSs

measured for electron energies 10 eV, 12.5, 15, 17, 20, 30, and 50 eV, covering a scattering

angle of 20◦ to 130◦ in intervals of 10◦, for energy loss range of 7.1-11.1 eV. The first set

of ICS for A3Σ+
u , B3Πg, W 3∆u,B′3Σ−

u ,a′1Σ−
u , a1Πg, and w1∆u states of N2 given in Table

2.2 were measured from DCSs of Khakoo et al. [2005], using extended energy loss range of

6.25 -11.25 eV, with an angular range of 5◦ to 130◦ with finer intervals of 5◦ – 10◦. The

ICSs were obtained for electron energies from 10 to 100 eV and extended to 200 eV for a1Πg

state (Johnson et al. [2005]). Khakoo et al. [2005] has provided detailed description of the

spectroscopic instrumentation and the fitting procedure. Here we provide a brief summary of

them that shows why these cross-sections are selected for the study of the excitation process

of N2. The experimental setup used cylindrical electrostatics optics and hemispherical energy

selectors for the electron gun and the detector. Energy-loss spectra were obtained for the

N2 target gas at fixed electron impact energies and scattering angles by repetitive multi-
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channel techniques. An improved movable source method for measuring the background

signal was used ([Khakoo et al., 2005]) which helped to reduce the background effects by

elastically scattered secondary electrons from surfaces of the apparatus and to establish

a uniform transmission response for scattered electrons. The spectrometer was tuned so

that the scattered electron signal followed the same relative intensity as the time-of-flight

(TOF) value (which are regarded as the standard) of LeClair and Trajmar [1996]. Spectral

unfolding was then applied to the spectrum to obtain the individual intensities of A3Σ+
u ,

B3Πg, W 3∆u, B′3Σ−
u , a′1Σ−

u , a1Πg, w1∆u and C3Πu states relative to their total summed

intensity. In the unfolding procedure, the obtained spectrum for each of the multi-channels,

was fitted to a function of the DCS, Franck-Condon (FC) factors, instrument line function

and the background signal. The Franck-Condon principle governs the relative population

of a given vibrational level (v′) after an electronic transition of ground state X1Σ+
g (v

′′ = 0)

to the excited state n′(v′) where n′ is the higher electronic state. The FC factors were

fixed values obtained from a variety of sources (Benesch et al. [1965],Tanaka et al. [1964],

Cartwright et al. [1977]).

Additional energy loss spectra for elastic regions (-0.25 eV to +0.25 eV energy loss) were also

obtained, together with the inelastic (6 eV to 11.5 eV energy loss) regions. The total summed

DCSs were then derived by normalizing the elastic peak counts to an average of experimental

scattering DCSs obtained from a number of sources (Shyn and Carignan [1980],Trajmar et al.

[1983], Nickel et al. [1988], Gote and Ehrhardt [1995]). These relative summed DCSs were

placed on an absolute scale using the inelastic DCSs obtained from the TOF measurements of

LeClair and Trajmar [1996] to correct for any changes in analyzer response function between

the elastic and inelastic features. In this way the full DCSs of each electronic state for all

vibrational levels were obtained for a particular electron energy.

The errors in the DCS accounted for in Johnson et al. [2005] are: statistical and fitting errors
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in the individual scattering intensities, inelastic-to-elastic ratio error of the TOF results of

LeClair and Trajmar [1996],the error from the available elastic scattering DCSs, propaga-

tion error due to the inelastic to elastic ratio measurements, error in the analyzer response

function and an error from the flux-weighted FC factors. Some of the experimental errors

were minimized by using the movable target method implemented by Khakoo et al. [2005]

that reduces the background effects produced by scattering by secondary electrons from the

surfaces in the apparatus. Furthermore, variation in the spectrometer response as a function

of energy loss was reduced by tuning and also by using highly accurate TOF experimental

data of LeClair and Trajmar [1996] for normalization. These improvements make the DCS

data of Khakoo et al. [2005] better suited for excitation studies than earlier experimental

data (Trajmar et al. [1983]).

The ICS was then obtained just by integrating the DCS (which is a function of the electron

energy and the scattering angle) over all scattering angles.The DCS was interpolated be-

tween 5◦ − 130◦ and extrapolated at angles below 5◦ and above 130◦. Interpolation between

measured angles was performed using a B-spline algorithm. Due to the lack of theoretical

DCS data to reliably extrapolate at experimentally inaccessible scattering angles, extrapo-

lation was done based on general trends in DCS data. This method produces considerably

less error than anticipated because the DCS is multiplied by the sine of the scattering angle

(θ), which at low angles between 0◦ and 5◦, and at θ → 180◦ has minimal contribution .

Furthermore,the forward peak nature of the DCS also minimizes the contributions of the

extrapolated regions. The uncertainty in the final ICS was obtained by performing two more

integration for each transition and energy, where the extrapolations were made by keeping

the DCS constant below 5◦ up to 0◦ and beyond 130◦ to 180◦. These results were combined

in quadrature and together with the average DCS uncertainty gave the final uncertainty.

It is seen that the experimental resolution, spectral unfolding technique, FC factors and the
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DCS elastic cross-sections used can all add to the uncertainty in the final DCS cross-sections,

however, most of the errors in the calculation of the ICS come from the measurement and

estimation of the DCS themselves and not from the integration process for obtaining the

ICS from DCS.

The second set of excitation cross-sections of C3Πu,E ′3Σ+
g and a′′3Σ+

g states given in Table

2.2 were measured from 13 to 100 eV electron energies, from the DCS of Malone et al.

[2009a,b] with similar experimental set up and data analysis as Khakoo et al. [2005]. The

energy loss range covered was also increased (10.25-12.75 eV (Malone et al. [2009c])) from

that of Trajmar et al. [1983]. Significant improvement was made to the measurement of

cross-section of the C3Πu state from that of the first Johnson et al. [2005]. In Johnson et al.

[2005], the spectrum covered electron energy loss only up to 11.25 eV, which meant that only

the the first vibrational level v’=0 was measured and the cross-sections of v’=1,2,3 and 4

levels were estimated by scaling v’=0 state using FC factors. While this procedure works for

the electronic states studied in Johnson et al. [2005], many studies (Hirabayashi and Ichimura

[1991], Zubek and King [1994], Morozov et al. [2008]) have shown the non-FC behaviour in

the higher vibrational levels of the C3Πu state, which renders the FC factor implementation

incorrect. Instead, the improved DCS was derived by applying full spectral unfolding on

each of the higher vibrational levels of the C3Πu state (Malone et al. [2009a,b]). In the case

of Trajmar et al. [1983], traditional FC factors were used for measuring the transition of all

vibrational levels to unfold the spectrum. This study also improves upon the vibrationally

resolved excitation cross-sections measured by Zubek and King [1994], and the excitation

functions derived from the emission studies by Shemansky et al. [1995]. Finally the ICS

derived for the E ′3Σ+
g and a′′3Σ+

g states by this study also improves upon the measurements

of older Trajmar et al. [1983] with considerable differences between them.

The third important study given in Table 2.2 measured the ICS of the high-lying (with
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excitation energies greater than 12.5 eV) excited states b1Πu, c13Πu, o13Πu, b′1Σ+
u and c′4

1Σ+
u of

N2 in the electron energy range of 17.5 - 100 eV (Malone et al. [2012]). These higher excited

states are either valence states ( b1Πu and b′1Σ+
u ) or form part of the Rydberg series (c′4

1Σ+
u ,

c13Πu, o13Πu). The Rydberg state of a molecule is an excited state that follow the Rydberg

formula as they converge to an ionization state of the molecule (Duncan [1965], Lofthus and

Krupenie [1977]). For example, the c′4
1Σ+

u and c13Πu converge to the X2Σ+
g state of N2

+,

whereas the o13Πu converge to A2Πu state of N2
+. The ICSs were derived from the DCS data

of EEL spectra from 12 to 13.82 eV for scattering angles ranging from 2◦ to 130◦ (Khakoo

et al. [2008]). Excitation of these states result in emissions in the Extreme Ultraviolet (EUV)

range as observed in the Earth’s atmosphere. Of these five states, b1Πuand b′1Σ+
u valence

states and c′4
1Σ+

u (n=3) Rydberg state, via radiative decay to the ground state X1Σ+
g , give

rise to the Birge-Hopfield I,II, and Carroll-Yoshino bands, respectively. Also the transitions

of 3pπuc
1
3Πu,3sσgo

1
3Πu (n=3) Rydberg states give rise to the Worley-Jenkins and Worley

series of Rydberg bands, respectively, although these emissions are not readily observed as

they are strongly pre-dissociated (Zipf and McLaughlin [1978]). In fact, since all these higher

excited states are pre-dissociated to some degree, the direct excitation approach to measure

ICS data is superior and more practical than the emission based approach.

There is a severe lack of ICS data for these high-lying states. To date Chutjian et al.

[1977] and later Trajmar et al. [1983] published a somewhat complete list of these cross-

sections, but for only two electron energies 40 eV and 60 eV. Later Ratliff et al. [1991] added

cross-sections for b1Πu state for 60 eV and 100 eV electron energies. These data gaps in

the high lying states are due to several factors. The spectrum of N2 of these states are

very irregular in their ro-vibrionic energy levels and also their intensities. The Rydberg-

valence ungerade states of N2 are strongly coupled with their wave-functions-dependent

rotational states (Liu et al. [2008], Heays et al. [2012]). Stahel et al. [1983] showed that
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homogeneous interactions within the 1Σ+
u and 1Πu manifold states are the primary cause of

most of the irregularities. Other studies (Spelsberg and Meyer [2001], Carroll and Yoshino

[1972], Helm et al. [1993], Edwards et al. [1995], Ubachs et al. [2001], Sprengers et al. [2003])

showed better agreement with experimental data when these interactions were taken into

account. This is due to the fact that as these states approach the ionization continuum, their

vibrionic features tend to lie very close together in energy. Therefore, very high resolution

EEL spectroscopy measurements are required to correctly unfold them. Hence the use of

traditional invariant FC factors to unfold the spectra is incorrect, yet the DCS data of

Chutjian et al. [1977] and Trajmar et al. [1983], where FC factors were used, and Ratliff

et al. [1991] where diabatic Rydberg-Klein-Rees(RKR)-derived FC factors were used, are

still used in determination of cross-sections today. The new Malone et al. [2012] solves these

problems by unfolding the spectra in the energy-loss range 12-13.82 eV and analyzing each

vibrational feature individually. A pseudo-FC factor called Relative Excitation Probability

(REP), which takes into consideration the Rydberg-valence interactions, are determined for

each of the vibrational levels of a particular electronic state and are then used to estimate

the DCS using a procedure similar to that described in Khakoo et al. [2005] and Malone

et al. [2009a,b].

Other than the excitation states and their cross-sections of N2 discussed above, we have

added several ’excitation channels’ which are peaks that are observed in the spectrum of

N2 and are a combination of several states that have not been resolved. These five loss

channels, the ’N2 Triplet manifold’, ’N Ryd atoms’, ’VUV’,’15.8 eV’ and ’17.3 eV’ (Majeed

and Strickland [1997]) are added to achieve a complete picture of the process of dissociation

of N2. These loss channels are also shown in Table 2.2. The following sections provide

comparisons of different experimental data for the cross-sections of the various states of N2

along with the fitted function based on the chosen cross-section for this study.
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A3Σ+
u state

The excitation of ground state X1Σ+
g N2 to the excited A3Σ+

u state is one of the mechanisms

that contribute to an important emission in the Earth’s thermosphere called the Vegard-

Kaplan bands (A3Σ+
u -X1Σ+

g ). Figure 2.3a compares the excitation cross-section of three

results: Johnson et al. [2005] which has been adopted in the present phototoelectron model,

with that of Trajmar et al. [1983] and Gillan et al. [1996]. The minimum energy required for

excitation is 6.17 eV (Itikawa [2006]). Gillian provided ab initio cross-section data from 7.7

eV using the R-matrix method which tend to be more accurate at lower electron energies.

The Trajmar et al. [1983] cross-sections and the Johnson et al. [2005] cross-section data start

from 10 eV and are ICS data measured with the EELS method. Below 8.5 eV, the fitted

cross-sections of Johnson et al. [2005] is in excellent agreement with the Gillan et al. [1996]

data. However,there are many discrepancies between the peaks of the three measurements.

The peak energy of cross-sections of the three studies are shifted . The peak cross-sections

for the Johnson et al. [2005] data is at 10 eV while the Gillan et al. [1996] peak is at 12 eV

and the Trajmar et al. [1983] cross-section peaks at 17 eV. Since our fitted function follows

the Johnson et al. [2005] data, it is seen to peak at 10 eV. Moreover, the peak close to

14 eV for both Johnson et al. [2005] and Gillan et al. [1996] shows a resonance structure

(N−
2 1π

3
u1π

2
g2Πu) (Johnson et al. [2005]), which is not captured by the Trajmar et al. [1983]

data. The fitted function shows good agreement with the Johnson et al. [2005] and Trajmar

et al. [1983] values beyond 30 eV.

B3Πg state

The excitation of ground state X1Σ+
g N2 to the excited B3Πg state is another important

process that contributes to the formation of the first positive band system (B3Πg-A3Σ+
u )
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and also other interconnected cascade emissions to the ground state (Lofthus and Krupenie

[1977]). The threshold for this excitation is 7.35 eV (Itikawa [2006]). From Figure 2.3b,

we see that there is excellent agreement between the Johnson et al. [2005] fitted data and

the Gillan et al. [1996] data up to 9.4 eV. Although the peak cross-sections for both the

Johnson et al. [2005] (at 10 eV) and Gillan et al. [1996] (at 9.75eV) data sets is near 10 eV,

the peak of the former is about 1.12 times that of the latter. However, Johnson et al. [2005]

states that there is 17% error at the peak which encompasses the Gillan et al. [1996] peak

cross-section. The difference between the cross-sections of Johnson et al. [2005] and Trajmar

et al. [1983] are more pronounced. The peak of the cross-sections ofTrajmar et al. [1983]

(at 12.5 eV) is shifted by 2 eV from the Johnson et al. [2005] (at 10 eV) data. The peaks

of the fitted cross-section is at 10.25 eV, as fitted to Johnson et al. [2005]. Moreover, the

Johnson et al. [2005] values also predict the shoulder seen at 30 eV (Fliflet et al. [1979]).

Lastly, the Johnson et al. [2005] values extend beyond 50 eV, which helps in better fitting of

the cross-section data at high electron energy.

W 3∆u state

Figure 2.3c shows the excitation cross-section of the W 3∆u state with threshold excitation

energy of 7.36 eV (Itikawa [2006]) for the three data sets and the fitted cross-section. There

is marked difference among the three cross-section data up to 20 eV. The peak of Johnson

et al. [2005] is at 19.5 eV whereas Gillan et al. [1996] data apparently peaks at 17.5 eV, since

there is no data beyond this point. The Trajmar et al. [1983] data shows the peak cross-

sections (at 17 eV) to be 1.6 times that of Johnson et al. [2005]. Beyond the peak, there

is very good agreement between the Johnson et al. [2005] and Trajmar et al. [1983] values.

The fitted function to the Johnson et al. [2005] is quite different from the Gillan et al. [1996]

below 12 eV, and above 20 eV the fitted cross-section agrees well with the Trajmar et al.

[1983] values.
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B′3Σ−
u state

The excitation cross-section for the B′3Σ−
u state is shown in Figure 2.3d for the Trajmar

et al. [1983], Gillan et al. [1996], Johnson et al. [2005] data and the fitted cross-section.

The minimum threshold energy required for the excitation of this state is 8.165 eV (Itikawa

[2006]). As seen from the figure, the new Johnson et al. [2005] cross-section is approximately

a factor of 2 less than both the Gillan et al. [1996] and Trajmar et al. [1983] cross-sections

around the peak energy (15- 20 eV). The peak energy values are also shifted; for Trajmar

et al. [1983], the peak is at 15 eV and the Gillan et al. [1996] values peak at 17 eV, wheras,

the Johnson et al. [2005] data peaks at 20 eV. The Gillan et al. [1996] cross-sections do not

have data beyond this peak cross-section. The cross-sections of Trajmar et al. [1983] and

the newly fitted cross-sections only agree beyond 30 eV.

a′1Σ−
u state

The minimum excitation energy for the transition of ground state X1Σ+
g of N2 to the a′1Σ−

u

excited state is 8.40 eV (Itikawa [2006]). Figure 2.3e compares the Johnson et al. [2005]

cross-sections, its corresponding fitted function and the Trajmar et al. [1983] cross-sections.

Trajmar et al. [1983] did not have cross-section data below 15 eV. The new Johnson et al.

[2005] values are persistently smaller than the Trajmar et al. [1983] values with the peak at

the cross-section of the Trajmar et al. [1983] values being a factor of three greater than the

Johnson et al. [2005] data at 15 eV.

a1Πg excited state

The minimum energy to excite the a1Πg state is 8.55 eV (Itikawa [2006]). This is one of the

most important states of N2 because the transition to the ground state from this excited state
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gives rise to the Ultraviolet (UV) emission called the Lyman-Birge-Hopfield (LBH) band.

It is one of brightest emissions in the aurora and airglow (Meier [1991], Eastes [2000a,b])

Therefore, this band is important for remote sensing the Earth’s atmosphere. A number of

missions such as the Ultraviolet Imager (UVI) on Polar (Torr et al. [1995]) and the Global

Ultraviolet Imager (GUVI) on the Thermosphere Ionosphere Mesosphere Energetics and

Dynamics (TIMED) satellite (Meier et al. [2015]), have been conducted to observe the LBH

emissions and determine other parameters such as temperature, pressure and N2 density

(Eastes et al. [2011]).

Numerous studies have been carried out to determine the cross-section of this state. Figure

2.3f shows the ICS of Trajmar et al. [1983] and Johnson et al. [2005] along with its fitted

function and also the excitation cross-sections derived from emission based study of Ajello

and Shemansky [1985]. All of the three cross-sections and the fitted function agree well above

35 eV electron energy. The energy of maximum cross-section of Trajmar et al. [1983] and

Ajello and Shemansky [1985] are closer together at 17 eV and 18 eV respectively, while the

Johnson et al. [2005] energy of maximum cross-section is further away at 22 eV. Moreover,

the Johnson et al. [2005] cross-sections and the fitted function are consistently lower than the

other two data sets below 30 eV. The peak cross-section of the fitted function is 1.36 times

smaller than Ajello and Shemansky [1985] and 1.5 times smaller than Trajmar et al. [1983].

Below 17 eV the cross-sections of Trajmar et al. [1983] and Ajello and Shemansky [1985] are

in agreement but the Johnson et al. [2005] and hence the fitted cross-section are persistently

smaller than both of these data. Ajello and Shemansky [1985] deduced their excitation

cross-section by normalizing the LBH emission cross-section by H2 Lyman-α emission cross-

section at 100 eV (Shemansky et al. [1985]). However, better agreement with the Johnson

et al. [2005] cross-sections are shown if the re-normalization is done by using the the H2

Lyman-α emission cross-section of van der Burgt et al. [1989] or Liu et al. [1998].
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Finally, excitation functions derived from the LBH emission studies of Young et al. [2010]

show excellent agreement with the EELs-derived a1Πg(v
′, 0) transitions from Johnson et al.

[2005] cross-section data. Since the Young et al. [2010] derived excitation cross-sections

improved the studies of the SEE (Solar Extreme ultraviolet Experiment) and GUVI (Global

Ultra-Violet Imager) instruments on the TIMED (Thermosphere Ionosphere Mesosphere

Energetics and Dynamics) satellite (Lean et al. [2011]), over the Ajello and Shemansky

[1985] LBH-derived excitation cross-sections, this also provides an excellent motivation to

update our photoelectron model with the Johnson et al. [2005] excitation cross-sections.

w1∆u excited state

The minimum excitation energy for this state is 8.89 eV (Itikawa [2006]). Figure 2.3g shows

the fitted cross-section to the Johnson et al. [2005] (2005) data along with the Trajmar et al.

[1983] values. The peak of the fitted function lies at 15 eV and the cross-sections are smaller

than the Trajmar et al. [1983] data up to 19.5 eV, after which they are more in agreement.

The Trajmar et al. [1983] cross-section peak appears to be at 12 eV and is 2.67 times that

of Johnson et al. [2005] peak cross-section. Since Trajmar et al. [1983] did not measure data

below 12 eV, it is difficult to say for certain where the peak of their cross-section lies.

C3Πu excited state

The C3Πu is a very important excitation state of N2 as it contributes to the emission in

the ultraviolet, visible and infrared emission seen in aurora in the Earth’s atmosphere. The

excitation of this state contributes to the formation of the Vegard-Kaplan bands (A3Σ+
u −

X1Σ+
g ), via a two step process: the C3Πu − B3Πg emission (Second Positive system) and

the B3Πg − A3Σ+
u emission (First Positive system) afterwards. The threshold energy for

excitation for this state is 11.03 eV(Itikawa [2006]). The cross-section adopted in this study
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is fitted to the excitation cross-section data of Malone et al. [2009c]. The fitted function and

the Malone et al. [2009c] cross-sections along with the Trajmar et al. [1983] values are shown

in Figure 2.3h. The fitted function and the Malone et al. [2009c] cross-sections show good

agreement with the Trajmar et al. [1983] data beyond the peak value at 15 eV. At the peak

the Trajmar et al. [1983] cross-section is 1.4 times the [Malone et al., 2009c] fitted data.

E3Σ+
g excited state

The minimum energy for excitation of E3Σ+
g state is 11.88 eV (Itikawa [2006]). The Malone

et al. [2009c], Trajmar et al. [1983] and fitted cross-sections are shown in Figure 2.3i. The

peak near the threshold seen in both the fitted and the Malone et al. [2009c] cross-section is

due to the resonance structure which has been measured by Zubek [1988] and Brunger et al.

[1988]. The maximum cross-section of the fitted function appears at 21.5 eV, whereas the

maximum cross-section of Malone et al. [2009c] is at 25 eV. Trajmar et al. [1983] measured

cross-sections for this state only at 15,17, 20, 30 and 50 eV electron energies and the data

is considerably lower at all energies than Malone et al. [2009c] values. The cross-section of

Malone et al. [2009c] up to 20 eV is in good agreement with that of Trajmar et al. [1983].

After 20 eV, Trajmar et al. [1983] is lower than Malone et al. [2009c] by a factor of 2 at the

peak (30 eV). Beyond this peak, Trajmar et al. [1983] data is comparable only to the lower

error bound of the Malone et al. [2009c] data.

a′′1Σ+
g excited state

The threshold excitation energy for the a′′1Σ+
g state is 12.25 eV (Itikawa [2006]). The fitting

for the cross-section is done using the Malone et al. [2009c] ICS cross-sections as shown in

Figure 2.3j. The peak of the fitted cross-section is at 22 eV, while the maximum cross-section

for Malone et al. [2009c] is at 25 eV. There is also less similarity between the Trajmar et al.
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[1983] data and the Malone et al. [2009c] data and fitted function with respect to the peak

energy of cross-section as well as the cross-sections at other energies. The Trajmar et al.

[1983] cross-section peaks at 20 eV; below this value, the Trajmar et al. [1983] data is higher

than the Malone et al. [2009c] cross-section and above this energy the Trajmar et al. [1983]

data is lower and also beyond the error limits of Malone et al. [2009c] data.

b1Πu excited state

The b1Πu state is the first of the high lying states with minimum excitation energy of 12.5 eV

(Itikawa [2006]) which pre-dissociate almost completely. The EUV emission from this state

to the ground state gives rise to the Birge Hopfield I-Band system . Figure 2.3k shows the

excitation cross-sections from the ICS study of Trajmar et al. [1983], Malone et al. [2012],

emission study of James et al. [1990] along with the cross-section to the Malone et al. [2012]

data. Trajmar et al. [1983] only measured the cross-section for this state at two energies, 40eV

and 60 eV. The excitation cross-section of Malone et al. [2012] used here are the measured

EEL-based excitation cross-section that takes into account the contribution of vibrational

levels v’=0-19. James et al. [1990] cross-sections are higher than the Malone et al. [2012] data

below 18 eV. Above this energy, the Malone et al. [2012] cross-section are consistently lower.

The James et al. [1990] cross-section peaks at 36 eV, while the Malone et al. [2012] peaks at

50 eV. The fitted cross-section is close to the James et al. [1990] cross-section up to 27 eV,

after which they seem to deviate from one another. At the peak of the fitted cross-section

at 39 eV, the fitted cross-section is 1.5 times greater than the James et al. [1990] cross-

section. Other than these discrepancies, there are several issues with the James et al. [1990]

cross-sections that have been discussed in detail in Malone et al. [2012], particularly, many

emission features were not correctly resolved due to insufficient resolution of the instrument

and their inability to properly account for the pre-dissociation of rotational levels of the v’=1
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level, make these cross-section unsuitable for excitation cross-section analysis.

c′4
1Σ+

u excited state

Another important excitation state is the c′4
1Σ+

u state of N2 whose emission to the ground

state gives rise to the Caroll-Yoshino band system. The threshold for excitation of this state

is 12.935 eV (Itikawa [2006]). Figure 2.3l compares the cross-sections of Malone et al. [2012],

Trajmar et al. [1983] and Itikawa [2006] and the fitted cross-sections. The Malone et al.

[2012] cross-sections are obtained from EEL experiment and cover vibrational levels v’=0-8.

The Itikawa [2006] cross-sections are derived from the emission cross-sections of Ajello et al.

[1989]. The Trajmar et al. [1983] excitation cross-sections are only available for 40 eV and 60

eV and deviate greatly from both the Itikawa [2006] and Malone et al. [2012] cross-sections

at those energies. The Itikawa [2006] cross-sections are consistently higher than the upper

level of the error bars of the Malone et al. [2012] cross-sections, however, they are still in

close agreement. Furthermore, Itikawa [2006] provided cross-sections for electron energies

greater than 100 eV but the Malone et al. [2012] cross-sections are only available till 100 eV,

which made it impossible to predict the cross-section for these higher energies. Therefore,

the Itikawa [2006] cross-sections are used in the current study to estimate the excitation

cross-section of the c′4
1Σ+

u state.

b′1Σ+
u excited state

The EUV emission from b′1Σ+
u state to the ground state creates the Birge-Hopfield II system.

The minimum excitation energy for this state is 12.85 eV (Itikawa [2006]). Figure 2.3m

compares three cross-section studies, Malone et al. [2012], Trajmar et al. [1983] and Itikawa

[2006] with the fitted function. The Malone et al. [2012] cross-section was based on estimated
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full-REP based cross-section from the EEL data. Only three data points are available for this

state but the fitted function could be estimated satisfactorily from these three data points.

The Itikawa [2006] cross-sections are derived from the emission studies of Ajello et al. [1989]

cross-sections. The Malone et al. [2012] and consequently the fitted cross-sections agree with

the Itikawa [2006] cross-sections till 50 eV which is the peak cross-section, after which the

cross-sections start to deviate at higher energies.

c13Πu excited state

The threshold excitation energy for this state is 12.91 eV (Itikawa et al. [1986]). The ICS

data for this state is severely limited, however, Malone et al. [2012] were able to infer the

cross-section (v’=0-4) of this state from the spectrum. Figure 2.3n compares the cross-

sections of Malone et al. [2012] and the Trajmar et al. [1983] which are available for only

two electron energies, 40 eV and 60 eV. The cross-section used in this study was fitted to

the Malone et al. [2012] cross-section and provides an excellent fit to the data. The Trajmar

et al. [1983] cross-section is very low and well below the lower error limit of the Malone et al.

[2012] cross-sections.

o13Πu excited state

The threshold excitation energy for this state is 13.1 eV (Itikawa et al. [1986]). The available

data from the Malone et al. [2012] study and the Trajmar et al. [1983] cross-section at 40

eV and 60 eV are shown in Figure 2.3o. The fitting is done using the Malone et al. [2012]

cross-section, which represent the vibrational levels v’=0-4. The larger error bars are due to

the higher uncertainty (approximately 34%) which is due to the estimation uncertainty of

the higher vibrational levels that are blended with other electronic state vibrational levels
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in the EELS spectra of Khakoo et al. [2008]. Despite the large error bars, this is the best

available data for the excitation cross-section of the o13Πu state available.
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Figure 2.3: Photoelectron excitation cross-section of N2. Uncertainty in Trajmar
et al. [1983] cross-sections is 25%, uncertainty in Johnson et al. [2005], Malone
et al. [2009c], and Malone et al. [2012] cross-sections are less than 20% and
uncertainty in Majeed and Strickland [1997] cross-section is 30%.
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Figure 2.3: Photoelectron excitation cross-section of N2.Uncertainty in Trajmar
et al. [1983] cross-sections is 25%, uncertainty in Johnson et al. [2005], Malone
et al. [2009c], and Malone et al. [2012] cross-sections are less than 20% and
uncertainty in Majeed and Strickland [1997] cross-section is 30%.
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Figure 2.3: Photoelectron excitation cross-section of N2. Uncertainty in Trajmar
et al. [1983] cross-sections is 25%, uncertainty in Johnson et al. [2005], Malone
et al. [2009c], and Malone et al. [2012] cross-sections are less than 20% and
uncertainty in Majeed and Strickland [1997] cross-section is 30%.
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Figure 2.3: Photoelectron excitation cross-section of N2. Uncertainty in Trajmar
et al. [1983] cross-sections is 25%, uncertainty in Johnson et al. [2005], Malone
et al. [2009c], and Malone et al. [2012] cross-sections are less than 20% and
uncertainty in Majeed and Strickland [1997] cross-section is 30%.
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Figure 2.3: Photoelectron excitation cross-section of N2. Uncertainty in Trajmar
et al. [1983] cross-sections is 25%, uncertainty in Johnson et al. [2005], Malone
et al. [2009c], and Malone et al. [2012] cross-sections are less than 20% and
uncertainty in Majeed and Strickland [1997] cross-section is 30%.
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Table 2.2: Excitation States of N2

Excitation

State

Eth(eV) Energy of

max

Cross-

section(eV)

Max

Cross-

section

(10−18cm2)

% Predis-

sociation

References

A3Σ+
u 6.17 9.25 24.22 0 Johnson

et al. [2005]

B3Πg 7.35 10.25 31.16 0 Johnson

et al. [2005]

W 3∆u 7.36 19.6 21.26 0 Johnson

et al. [2005]

B’3Σ−
u 8.16 17.73 5.98 0 Johnson

et al. [2005]

a’1Σ−
u 8.4 15.26 3.47 0 Johnson

et al. [2005]

a1Πg 8.55 22.77 22.20 12% above

10 eV (Ajello

and

Shemansky

[1985])

Johnson

et al. [2005]

w1∆u 8.89 16.04 4.45 0 Johnson

et al. [2005]

C3Πu 11.03 14.52 26.84 50 (Majeed

and

Strickland

[1997])

Malone

et al. [2009c]

E3Σ+
g 11.88 21.66 1.51 0 Malone

et al. [2009c]

Continued on next page
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Table 2.2 – continued from previous page

Excitation

State

Eth(eV) Energy of

max

Cross-

section(eV)

Max

Cross-

section

(10−18cm2)

% Pre-

dissociation

References

a’’1Σ+
g 12.25 21.66 6.23 0 Malone

et al. [2009c]

b1Πu 12.5 37.53 18.35 95 (James

et al. [1990])

Malone

et al. [2012]

c’14Σ+
u 12.94 75.59 12.55 10 (Ajello

et al. [1989])

Itikawa

[2006]

b’1Σ+
u 12.85 56 14.07 84 (Ajello

et al. [1989])

Malone

et al. [2012]

c3
1Πu 12.90 53.27 10.12 99 (Zipf and

McLaughlin

[1978])

Malone

et al. [2012]

o3
1Πu 13.1 53.27 60.07 99 (Zipf and

McLaughlin

[1978])

Malone

et al. [2012]

N2(15.8 eV peak) 16.4 43.61 25.18 100 (Majeed

and

Strickland

[1997])

Majeed and

Strickland

[1997]

N2(17.3 eV peak) 17.4 41.48 10.81 100 (Majeed

and

Strickland

[1997])

Majeed and

Strickland

[1997]

Continued on next page
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Table 2.2 – continued from previous page

Excitation

State

Eth(eV) Energy of

max

Cross-

section(eV)

Max

Cross-

section

(10−18cm2)

% Pre-

dissociation

References

N2(VUV) 23.7 102.035 16.10 100 (Majeed

and

Strickland

[1997])

Majeed and

Strickland

[1997]

N2(N Ryd atoms) 40 107.27 3.58 100 (Majeed

and

Strickland

[1997])

Majeed and

Strickland

[1997]

N2(Triplet manifold) 11 16.04 4.45 100 (Majeed

and

Strickland

[1997])

Majeed and

Strickland

[1997]

2.3 N2 Electron-Impact Ionization Cross-sections

Experimental data for state specific ionization cross-sections for N2 is limited, especially

for higher ionization states that dissociate. However, this analysis is still sufficient as we

will show later in Chapter 3 (Figure 3.3) the contribution to dissociation by electron-impact

ionization is less significant than the electron-impact excitation. Earlier mass spectroscopy

experiments such as Rapp et al. [1965] which are used in atmospheric models even today, de-

duced relative total ionization and dissociative ionization cross-section and which were then

renormalized against other ionization cross-section to find their absolute values. In order to

find absolute total ionization and partial cross-sections of their dissociated fragments, Straub
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et al. [1996] used a Time-Of-Flight (TOF) spectrometer and position sensitive detector to

collect all of the dissociated fragments, which otherwise escape in conventionally mass spec-

troscopy, due to their low kinetic energies. The cross-sections for the dissociated fragments

of Straub et al. [1996] were separated into two channels: N+ + N2
2+ and N2+. Improving

on Straub et al. [1996], Tian and Vidal [1998] used a Focusing Time-Of-Flight(FTOF) mass

spectrometer and covariance mapping mass spectroscopic technique (Frasinski et al. [1989])

to separate the single, double and triple ionization of N2 and their dissociated fragments. The

electron impact ionization cross-sections of N2 are obtained from the FTOF measurements

of Tian and Vidal [1998] and is shown in Figure 2.4. The measured cross-sections cover a

wide range of electron energy from threshold of ionization up to 600 eV. The cross-sections

are divided into two channels: the non-dissociative ionization (N2
+) (Figure 2.4a) and the

dissociative ionization (2.4b). Tian and Vidal [1998] has separated the N2 ionization cross-

sections into Single, Double and Triple ionization together with their dissociative channels.

The dissociation products of double ionization of N2
2+ can be N2+, N+ and N , whereas that

of triple ionization of N2
3+ are N2+and N+. The dissociation products of single ionization of

N2
+ can be N+ and N , as will be shown in Chapter 3, Equation 3.2. Earlier studies (Straub

et al. [1996], Krishnakumar and Srivastava [1990] (KS)) were able to provide only the single

ionization, N+ + N2
2+ and N2+ channels. Therefore, the cross-section of the dissociative

channel due to the ionization of N+
2 can be estimated more accurately from Tian and Vidal

[1998]. Moreover, the cross-section of N can be more accurately measured from the Tian

and Vidal [1998] single-dissociative ionization channel. The N produced due to electron im-

pact is an important contributor to the production of NO in the thermosphere. Therefore,

the above separation makes the estimating of the dissociation rate of N2
+ from its disso-

ciation cross-section more accurate. Figure 2.4a compares the Tian and Vidal [1998] N2
+

cross-sections to that of Straub et al. [1996] and Krishnakumar and Srivastava [1990]. The

Tian and Vidal [1998] and the Straub et al. [1996] cross-sections are in excellent agreement,



56 CHAPTER 2. CROSS-SECTIONS COMPILATION

whereas the Krishnakumar and Srivastava [1990] cross-sections deviate from the Tian and

Vidal [1998] values at the peak near 100 eV and beyond. Due to the large range of electron

energies covered in the experiment, the fitting of the cross-section data is excellent as seen

in Figure 2.4. Table 2.3 summarizes the ionization cross-sections of N2, O2 and O. The

threshold energy (Eth) for N2
+ is 15.58 eV and for dissociative ionization is 22 eV. The table

also provides the energy of maximum cross-section and the maximum cross-section values.
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Figure 2.4: Photoelectron ionization cross-section of N2. Uncertainty in Tian and
Vidal [1998] cross-section is 10%, in Straub et al. [1996] is 5.5%), in Krishnaku-
mar and Srivastava [1990] (KS [1990] is 8 - 10%.
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Table 2.3: Ionization Channels of N2,O2 and O

Ionization

Channel
Eth(eV) Energy of

max

Cross-

section(eV)

Max Cross-

section

(10−18cm2)

% Predis-

sociation

References

N2(Single

Non-

Dissociative

Ionization)

15.58 87.82 198.83 N/A Tian and Vidal [1998]

N +

N+(Single

Dissociative

Ionization)

22 92.32 47.88

100% (Tian

and Vidal

[1998])

Tian and Vidal [1998]

O2(Single

Non-

Dissociative

Ionization)

12.10 97.06 147.96 N/A Tian and Vidal [1998]

O +

O+(Single

Dissociative

Ionization)

20 112.76 62.16

100%(Tian

and Vidal

[1998])

Tian and Vidal [1998]

O(Single

Ionization)
13.6 107.27 14.69 N/A Thompson et al. [1995]

2.4 N2 Electron-Impact Dissociation Cross-sections

The dissociation energy of a diatomic molecule is the energy required to dissociate the

molecule from the lowest vibrational level of the ground state into its fragment atoms
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(Lofthus and Krupenie [1977]). The ground electronic state of a molecule will dissociate

into atoms in their ground state. If in the molecular spectrum all the vibrational levels from

the ground state up to the dissociation limit are known, then the dissociation energy can be

found from Equation 2.1

D0 =
vmax∑
v=0

∆Gv+1/2 (2.1)

where, D0 is the dissociation energy, v is the vibrational level, and ∆Gv+1/2 is energy of

the potential curve. In practice, all the vibrational levels cannot be followed up to the

dissociation limit. In such cases, extrapolation methods such as Birge-Sponer extrapolation,

may be used but a certain number of levels need to be observed to apply the method correctly.

The partial energy level diagram for N2 and N+
2 are shown in Figure 2.5 along with the

different excitation states of N2. The figure also shows the different emission bands due to

the electronic transitions of the excited states N2 to the ground state. For a molecule in

its excited state, the dissociation relative to its lowest vibrational level will produce ground

state as well as excited state atoms. Every combination of states of the fragment atoms will

result in a definite dissociation limit, to which several molecular excited states can belong.

The lowest dissociation limits of N2 are shown in the figure and their energy values are given

in Table 2.4
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Figure 2.5: Partial energy level diagram for N2 and N+
2

(Meier [1991]) showing energies of different excitation
states and dissociation limits.

Table 2.4: Dissociation Energy of N2

Dissociated States Dissociation Energy (eV)
4S+4S 9.759
4S+2D 12.142
4S+2P 13.335
2D+2D 14.526
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The dissociation cross-sections of N2 are derived from the excitation cross-sections using

experimentally-determined predissociation factors or branching ratios. The predissociation

factors of N2 have been estimated from various emission spectroscopic experiments by com-

paring the difference in the emission cross-section and some known excitation cross-sections,

and after accounting for any other cascade, autoionization processes etc. (Ajello et al. [1989],

Zipf and McLaughlin [1978]). The emission studies conducted by Zipf and McLaughlin [1978]

in the EUV range of N2 produced emission cross-sections and predissociation factors for sev-

eral 1Πu , 1Σu
+ valence and Rydberg states. Ajello and Shemansky [1985] estimated the

predissociation factor of each vibrational level of the a1Πg excitation state from LBH band

emission experiment at the FUV range (120-210 nm). The predissociation factor for this

state is an average for all the vibrational levels of the particular excited state. Usually,

different vibrational levels of a particular excited state will have different amounts of predis-

sociation. Considering them separately is computationally expensive and the predissociation

for all levels are not usually available, therefore, averaging over all vibrational level for an

excited state is reasonable for this study. The predissociation factors used in this study are

provided in Table 2.2 along with their sources. a1Πg and B3Πg states have been observed

to predissociate to the first dissociation limit given in Table 2.4 and C3Πu to the second

dissociation limit (Lofthus and Krupenie [1977]). However, there are no measured predisso-

ciation factors recorded for the triplet state, B3Πg. Instead, the predissociation of the triplet

manifold states in Table 2.2 account for the predissociation of the all the triplet states as a

whole (Majeed and Strickland [1997]). Similarly, other loss channels, in the table, ’N Ryd

atoms’, ’VUV’,’15.8 eV’ and ’17.3 eV’ are added to achieve a complete picture of the pro-

cess of dissociation of N2. These channels have significant contribution to the dissociation

of N2 as will be shown in Chapter 3. The other high-lying states dissociate to the second

dissociation limit of Table 2.4 and apart from c′4
1Σ+

u (10% dissociation (Ajello et al. [1989]))

dissociate almost entirely.



2.5. O2 ELECTRON-IMPACT EXCITATION CROSS-SECTIONS 61

Finally, the dissociation cross-section due to electron impact ionization of N2 and O2 have

been obtained from TOF studies of Tian and Vidal [1998] as is given in Table 2.3.

2.5 O2 Electron-Impact Excitation Cross-sections

Since the focus of this study is the dissociation of N2, we will not concentrate on the cross-

sections of O2 and O in detail. The reasoning is that dissociation of N2 by photoelectron is

a couple of orders of magnitude greater than photon dissociation at and below the altitude

of maximum ionization, whereas most of the dissociation of O2 occurs due to its interactions

with solar photons. This is because N2 is a triple-bonded and more energy is required to

dissociate the molecule. O2, being double-bonded, requires less than half of the energy of N2

to dissociate and can easily undergo photodissociation. Therefore, there are other important

sources of O2 dissociation that are not covered in this study. However, for completion of the

atmospheric model, we have provided their updated excitation cross-sections in Appendix

A.5. The Herzberg pseudo-continuum (A3Σu
+,A′3Σu

−,c1Σu
−), Schumann– Runge Contin-

uum (SRC) and the Rydberg states, of O2 given in Table Table A.6, predissociate (Cosby

[1993b]). The A3Σu
+,A′3Σu

− and c1Σu
− states are assumed to pre-dissociate to the frag-

ments O(3P ) +O(3P ) with dissociation limit near 5.5 eV and the SRC dissociates to O(1D)

+O(3P ) with dissociation limit at 7 eV (Cosby [1993b]).

2.6 O Electron-Impact Excitation Cross-sections

There are 14 excited states of O in this model as seen in Appendix A.5, Table A.7. Wherever

possible, we have used the most recent experimental data, however newer O cross-section

data are obtained from extensive theoretical modeling. These new data, for example, the B-
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spline R-matrix method implemented by Zatsarinny and Tayal [2002], Tayal and Zatsarinny

[2016], are significantly lower than the experimentally derived cross-sections. We have used

these theoretical cross-sections wherever they were in good agreement with experimental but

sparsely available data. Laher and Gilmore [1990] published a review of around 60 excitation

states of O. Since it is not possible to include all states separately, we have added a Rydberg

state to include any higher excited states that were not included in the present data (Majeed

and Strickland [1997]).

2.7 Fitting of Cross-section Data

From the experimental electron-impact cross-sections given in Table 2.2 and Table 2.3, the

fitted cross-section for a particular electron energy is obtained by fitting the measured cross-

sections to a set of energy bins. There are 176 energy bins, from 0.25 eV up to about 23

keV, of variable bin widths (dE) used in the cross-section fitting function. The first 20

bins are divided linearly into 0.5 eV bin widths (2.2a) and after that the energy bins are

exponentially distributed (2.2b) (Solomon and Qian [2005]). The reason for this binning

is that the cross-section varies as E−1lnE at high electron energy (E), which is called the

Born-Bethe approximation (Green and Sawada [1972]). However, this relation breaks down

at lower energies. Therefore, the energy bins at lower energies (here 10 eV or n < 20) is

linearly distributed and at n ≥ 20 is exponentially distributed according to the Born-Bethe

approximation.
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dE = 0.5(n+ 1) , if n < 20 (2.2a)

dE = e0.05(n+27) , if n ≥ 20 (2.2b)

where, n is the bin number.

The excitation cross-sections (in units of 10−16 cm2) are fitted to two analytic expressions

given in Equations 2.3a and 2.3b from Tabata et al. [2006].

σ(E) = a1

[
E − Eth

ER

]a2 (
1 +

[
E − Eth

a3

]a2+a4
)−1

+ a5

[
E − Eth

ER

]a6 (
1 +

[
E − Eth

a7

]a6+a8
)−1

(2.3a)

σ(E) = a1

[
E − Eth

ER

]a2 (
1 +

[
E − Eth

a3

]a2+a4
)−1

(2.3b)

where, ER = 1.36× 10−2keV (one Rydberg), Eth is the threshold excitation energy, E is the

electron energy and a1 , a2 , ...a8 are fitting parameters.

The vibrational excitation cross-section of N2 is derived using the analytic expression of

Green and Barth [1965] given in Equation 2.4.

σ(E) =
q0 a0

Eth
2

(
Eth

E

)Ω
(
1−

(
Eth

E

)bb
)ν

(2.4)

where q0 = 5.51× 10−14 cm2 eV 2, and a0, Ω, bb and ν are the fitting parameters.

The fitting parameters of the excitation cross-sections of N2 are given in Tables 2.5 and

2.6 and the fitting parameters of O2 and O are given in Appendix A.5 Tables A.8 and A.9
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respectively.

For fitting of the ionization cross-sections, we use the analytic expression of Green and

Sawada [1972] which is shown in Equations 2.5.

σ(E) = 10−16aeΓa tan−1

((
E−Eth

2
− T0

)
Γa

+ tan−1

(
T0

Γa

))
(2.5a)

where, ae =
ak
E

ln
(
E

aj

)
(2.5b)

Γa = Γs
E

E + Γb

(2.5c)

T0 = Ts −
Ta

E + Tb

(2.5d)

(2.5e)

where Ts, Ta, Tb, Γs, Γb, ak and aj are fitting parameters. The fitting parameters for the

electron impact ionization cross-sections of N2 is given in Table 2.7 and that of O2 and O is

given in Appendix A.5 Table A.10.

During the process of electron impact ionization, a secondary electron is produced. The

advantage of using the fitting function of Equation 2.5a is that it can also be used to find

the secondary electron distribution, which is required in the photoelectron model. The N2

fitting parameters for the electron impact excitation cross-section is given in Tables 2.5and

2.6 and that for the ionization cross-section is given in Table 2.7. The fitting parameters

for O2 and O excitation cross sections are given in Tables A.8 and A.9 respectively and the

fitting parameters for their ionization cross-section in Table A.10 in Appendix A.5
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Table 2.5: Fitting Parameters for N2 Excitation Cross-section

State Eth(eV) a0 Ω bb ν
Vibrational 1.85 1.35 8 1 1.58

Table 2.6: Fitting Parameters for N2 Excitation Cross-section

State Eth

(eV)

a1 a2 a3 a4 a5 a6 a7 a8

A3Σ+
u 6.17 9.5753 2.41725 3.48174 6.4202 1.05341 2.0657 6.74498 1.02078

B3Πg 7.35 148.927 3.37549 2.62388 1.48676 0.083243 1.89009 21.5238 2.48385

W 3∆u 7.36 2.85419 3.05068 6.78624 1.31338 2.38554 20.1055 11.6571 4.35359

B’3Σ−
u 8.17 99.6172 7.9575 0.7916 1.0916 0.5619 2.925 7.7983 1.262

a’1Σ−
u 8.4 99.6141 8.1527 0.6147 0.8563 7.5378 4.956 4.9845 0.8058

a1Πg 8.55 99.5923 8.4896 0.8923 1.7735 0.5584 1.4904 11.3971 0.8712

w1∆u 8.89 20.3014 5.9437 5.1718 0.8282 - - - -

C3Πu 11.03 499.8625 4.9213 3.0122 2.0885 0.1251 -1.4981 10.2382 -0.4407

E3Σ+
g 11.88 98.4972 19.0442 8.691 1.4275 0.0032 -0.0748 8.199 19.9242

a’’1Σ+
g 12.25 98.8627 14.6712 8.2492 0.5516 0.0824 0.7443 6.1166 3.155

b1Πu 12.5 3.1219 3.0088 4.0583 0.3174 0.1606 1.1773 21.0129 0.7159

c’14Σ+
u 12.93 0.0728 1.2415 33.5635 0.4428 4.9739 3.3763 0.0134 1.9084

b’1Σ+
u 12.85 0.1237 1.3607 22.3639 0.4218 4.9800 4.2974 0.1170 1.8511

c3
1Πu 12.91 0.0817 1.1999 27.6399 0.5989 - - - -

o3
1Πu 13.1 0.0334 0.5426 98.2133 2.4390 99.9950 3.0098 0.0505 4.0139

N2 (15.8eV

peak)

16.4 0.3908 1.1866 15.6934 0.5019 0.0326 1.4785 2.4783 13.1506

N2 (17.3 eV

peak)

17.4 0.1848 1.0904 14.5947 0.4722 1.3188 1.6956 0.7298 8.9221

N2 (Triplet

manifold)

11 99.0223 6.5109 4.9607 1.4943 2.9187 3.7883 2.0930 3.6823

N2 (VUV) 23.7 0.0527 1.2101 58.9775 0.7044 - - - -

Continued on next page
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Table 2.6 – continued from previous page

State Eth

(eV)

a1 a2 a3 a4 a5 a6 a7 a8

N2 (N Ryd

atoms)

40 0.0237 0.5292 100.2524 1.0136 - - - -

Table 2.7: Fitting Parameters for Ionization Cross-section

Ionization

Channel

Eth(eV) ak aj TS Ta Tb Γs Γb

N2(Single

Non-Dissociative

Ionization)

15.58 6.4298 14.2167 -49.7604 830.0339 2182.8 41.3117 -23.3569

N +N+(Single

Dissociative

Ionization)

22 1.4726 22.3963 -44.8376 -6192.0 398.1121 32.8228 -42.3218

2.8 Comparisons of Present and SQ’05 cross-sections

The cross-sections used in the photoelectron model are compared to the electron impact

cross-section data from Solomon and Qian [2005] (SQ’05 cross-sections). The excitation

and the ionization states of SQ’05 are shown in Tables 2.8 and 2.9 respectively, along with

their threshold energy (Eth), energy of maximum cross-section, maximum cross-section and

percentage predissociation. In the SQ’05 cross-sections, the excited states having threshold

energies greater than 12.85 eV were assumed to dissociate. From Table 2.8, the A3Σu
+,B3Πg

and W 3∆u are grouped together into one state whereas, the present model (Table 2.2)

considers them separately. Also the above three states along with the B′3Σu
− form a part

of the Triplet Manifold whose peak at 11 eV is known to dissociate. In the SQ’05 cross-
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section, the dissociation of these states is not considered. The C3Πu is also another state

whose dissociation is zero in the SQ’05 model, however this state is known to dissociate

(50% (Majeed and Strickland [1997])). Another important state whose dissociation has

been measured is the a1Πg state, which contributes to the N2 dissociation at low energies.

In the SQ’05 model, this state has been grouped with the a′1Σ−
u 1 and w1∆u states and no

dissociation has been considered. In the present model, the 1Πu state has been separated into

several Rygberg and valence states (b1Πu, c31Πu etc.) with their experimentally determined

predissociation factors, which also gives a more accurate estimation of the dissociation cross-

section.

For the ionization states of the SQ’05 cross-sections, shown in Table 2.9, the assumption was
that the ionized states having threshold energies greater than 22 eV (D2Πg, C2Σu

+ and 40eV

states) contribute 100% to the dissociation cross-sections. In the present model, the disso-
ciation cross-sections are obtained from the dissociative channel of the ionization process.
This is mainly because newer cross-sections data are not available for these higher ionization
states, but the dissociative ionization cross-sections are derived from highly accurate TOF
experiments as discussed in Section 2.3.

Table 2.8: Excitation States of N2 from SQ’05

Excitation State Eth(eV) Energy of max

Cross-

section(eV)

Max Cross-

section

(10−18cm2)

% Predis-

sociation

A3Σ+
u , B

3Πg,W
3∆u 6.17 13.8 74.36 0

B’3Σ−
u 8.16 13.80 10.26 0

C3Πu 11.03 13.80 37.77 0

a1Πg, a’1Σ−
u , w

1∆u 8.4 15.26 42.13 0
1Πu 12.85 41.48 73.56 100

b’1Σ+
u 14 48 26.78 100

Continued on next page
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Table 2.8 – continued from previous page

Excitation State Eth(eV) Energy of max

Cross-

section(eV)

Max Cross-

section

(10−18cm2)

% Pre-

dissociation

Rydberg 13.75 68.40 99.65 100

Vibrational 1.85 2.25 350.18 100

Table 2.9: Ionization States of N2 from SQ’05

Ionization

State

Eth(eV) Energy of max

Cross-

section(eV)

Max Cross-

section

(10−18cm2)

% Predis-

sociation

A2Σ+
g 15.58 102.03 1.26 0

A2Π−
u 16.73 102.03 0.55 0

B2Σ+
u 18.75 102.03 0.28 0

D2Πg 22 102.03 0.19 100

C2Σ+
u 23.6 107.27 0.19 100

40 eV State 40 112.76 0.25 100

The comparisons of the Present and SQ’05 cross-sections are shown in Figure 2.6. The

N2
+ non-dissociative ionization in Figure 2.6a of the present and the SQ’05 are in very good

agreement. The total excitation cross-section of N2, shown in Figure 2.6b, of both the present

and the SQ’05 model are agree very well below 10 eV. Above this the excitation cross-section

of the present model is almost half that of the SQ’05 cross-sections. The difference in the

two cross-sections gradually decreases above 1000 eV and becomes negligible above 10keV.

The present and SQ’05 dissociative ionization cross-section, shown in Figure 2.6c, are in

good agreement up to 100 eV, beyond which the two cross-sections start to deviate. The

dissociative ionization cross-section of the present model is 0.75 times that of the SQ’05

model at 100 eV electron energy. Most of the differences is seen in the dissociative excitation
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cross-sections of the present and SQ’05 model (Figure 2.6d). The two cross-sections show

considerable difference starting from 10 eV. The present cross-section is 0.45 times that of

the SQ’05 cross-sections at about 50 eV electron energy. The total dissociation cross-section,

which is the summation of the dissociative ionization and the dissociative excitation is shown

in Figure 2.7. The present dissociation cross-section is about 0.65 times that of the SQ’05

cross-sections at peak energy of about 70 eV. On average the present dissociation cross-

section is 0.65 times the SQ’05 model cross-section. The difference in the total dissociation

cross-section starts to decrease beyond 1000 eV. The figure also shows the total dissociation

cross-section obtained by Zipf and McLaughlin [1978], which considered almost all the states

considered in the present analysis. The Zipf and McLaughlin [1978] cross-sections appear

closer to the SQ’05 cross-sections than the present cross-sections till 100 eV which was the

maximum measured energy. The uncertainty in the present total dissociation cross-section is

is less than 20%. Zipf and McLaughlin [1978] also mention uncertainties of 15% - 25% in their

cross-section data. Given these uncertainties in the electron impact cross-section data, these

three results are therefore within their measured error limits. In spite of this uncertainty in

the results, newer cross-section data suggest that the excitation cross-sections, and therefore

the dissociation cross-sections, are lower than that obtained in these older studies, which

consequently results in lower dissociation rates of N2 as will be seen in Chapter 3. In spite of

the uncertainty in the data, these are the best estimate of the electron-impact cross-section

available till date.
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(a) (b)

Figure 2.6: Comparisons of present and SQ’05 photoelectron cross-sections of N2

(c) (d)

Figure 2.6: Comparisons of present and SQ’05 photoelectron cross-sections of N2
Uncertainty in present cross-section in (a)10%, (b) 20%, (c)10% and (d) 20%



2.8. COMPARISONS OF PRESENT AND SQ’05 CROSS-SECTIONS 71

Figure 2.7: Comparisons of present and SQ’05 photoelectron dissociation cross-
sections of N2. Uncertainty in present dissociation cross-section is less than 20%.



Chapter 3

Dissociation of N2 in Thermosphere-

Ionosphere

3.1 Solar Input Spectra

In Chapter 1, we described the different available solar spectra, either measured or modelled,

and their limitations to correctly represent the XUV region. The uncertainty in the solar soft

x-ray irradiance leads to uncertainty in the calculation of various thermospheric parameters,

including the ionization, excitation, and dissociation rates of the major species. In this

chapter, we use different high and low resolution solar spectral models to understand their

effects on the aforementioned process rates, with particular emphasis on the dissociation of

N2.

The first model is the high-resolution NRLFLARE model (Reep et al. [2020], Reep et al.

[2022]). It is a physics-based model which uses hydrodynamic simulations of coronal loops to

generate emissions in the GOES/XRS time series cadence and any desired spectral resolution.

For this study, the model generates solar irradiance in 46 wavelength bins from 0.05 - 175

nm, however for the purpose of photoionization study of N2, the solar irradiance data up

to 79.8 nm is relevant as photons with wavelength greater than this cannot ionize N2. The

spectral resolution in the soft x-rays bins is increased by using twelve bins in the 0.05 - 1.8

nm range. Each spectral bin width from 0.05 - 1.8 nm corresponds to an altitude resolution

72
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of 5 km, assuming a solar zenith angle of zero degrees (overhead sun), exponential density

distribution and constant scale height of 7 km in the altitude range of interest (up to about

100 km). This assumption of scale height ensures that one spectral bin does not have its

irradiance spread over more than 5 km. We have studied two flare spectra using this model,

namely the X9 flare of September 6, 2017 and the M5 flare of July 23, 2016. The X9 flare

spectra was simulated for 12 hours Universal Time (UT) and the M5 flare for 5 hours UT

and for both the cases a solar zenith angle of zero degree was used. In order to compare the

flare conditions with that of a quiet Sun, we needed a quiet spectrum with the same high

resolution as the NRLFLARE model. Since such a model does not exist, we have derived

a quiet spectrum from the NRLFLARE model by essentially reducing the magnitude of the

irradiance by various orders in the different bins. The Quiet spectrum also consists of 46

bins. The first nine bins, from 0.05- 0.8 nm of the Quiet spectrum, were scaled to match the

Geostationary Operational Environmental Satellite (GOES) data and the bins longer than

0.8 nm were scaled to match modified EUVAC model (Solomon and Qian [2005]) for a quiet

condition, assuming an F10.7 daily and F10.7 81-day average values of 85.

The two flare and the quiet spectra are shown in Figures 3.1. Figure 3.1a shows the histogram

of the spectra in photons cm−2s−1 and Figure 3.1b in Wm−2 units. The M5 flare spectrum

is essentially a scaled version of the X9 flare, the difference between the two flares in the first

13 bins from 0.05 - 3.2 nm being approximately an order of magnitude and this difference

reduces as we go towards the longer wavelengths.

The GOES data for soft x-rays irradiance is available in two bins 0.05 nm - 0.4 nm and 0.1-0.8

nm and for a Quiet condition we have estimated a value of 10−9Wm−2 for the first bin and

9.5× 10−8Wm−2 for the second from the data. The solar irradiance in these two GOES bins

were then distributed into the first nine bins of the NRL Quiet spectrum. The third set of

bins from 0.8 -1.8 nm of the NRL wavelengths for the Quiet condition were estimated from
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the EUVAC model assuming a F10.7 of 85, as mentioned before. The rest of the NRL bin

widths are same as that of the EUVAC model (see Chapter 1) and therefore their irradiance

values were estimated from the EUVAC model. From the Figures 3.1, the effect of the flare

is apparent in the first thirteen bins where the irradiance of the X9 flare varies from two to

four orders of magnitude than the Quiet condition and the M5 consequently, is one to three

orders of magnitude greater than the Quiet Spectrum. Above 3.2 nm, the X9 flare is less

than a factor of three greater than the Quiet spectrum. Therefore, the flare component can

be analyzed by the first twelve bins of the NRLFLARE spectra. The ratio of the irradiance

of the flare and the quiet spectra is also reflected in the ratios of their photoionization,

photoelectron ionization rates, as is shown later sections, since all the radiation in these

wavelengths are used to ionize the neutral atmosphere.

(a) (b)

Figure 3.1: High resolution NRL solar spectra in units of (a) photons cm−2s−1

and (b) W m−2. X9 and M5 flares were obtained directly from the NRLFLARE
model. The Quiet spectrum have same bin resolution as NRLFLARE model but
the first nine bins, from 0.05 - 0.8 nm, were derived from GOES data and the
bins longer than 0.8 nm were obtained from EUVAC model for a quiet condition,
assuming an F10.7 daily and F10.7 81-day average values of 85.
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3.2 Dissociation Rates of N2

The primary impact of the XUV region of the solar spectrum is ionization of the neutral

species, primarily N2 , O2 and O, in the D and E regions of the Earth’s ionosphere. The

energy of maximum ionization, integrated over all the wavelengths, is deposited at altitudes

of 100-120 km. The ionization process also creates energetic photoelectrons that can have

enough energy to cause further ionization, excitation and dissociation of neutrals and ions in

the atmosphere. Siskind et al. [2022] showed that photoelectrons created by the soft x-rays

are the main drivers for ionization at lower altitudes below 90 km. In order to have a better

understanding of the effects of these energetic photoelectrons, we have updated an existing

photoelectron model with two important input parameters, the NRLFLARE input solar

spectrum and the electron impact ionization and excitation cross-sections data described

in Chapter 2 for the neutral species. The new photoelectron model is called the ACE-PE

model.

The photoelectron model uses the two-stream method introduced by Nagy and Banks [1970]

and is implemented in the GLobal airglOW (GLOW) model (Solomon et al. [1988], Solomon

and Abreu [1989], Bailey et al. [2002]) to calculate the photoelectron flux. From this pho-

toelectron flux and using different electron impact ionization and excitation cross-sections

data for different species, we can estimate their photoelectron ionization and excitation rates

by using Equation 3.1 (Bailey et al. [2002]).

∫
ϕ(E, z)σ(E)ns(z) dE (3.1)

Where ϕ is the photoelectron flux, σ is the cross-section for the process under consideration,

E is electron energy, and ns is the number density of the atmospheric species undergoing

the process.
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The neutral densities ns are obtained using the NRLMSIS 2.0 (Emmert et al. [2021]) which

has been updated from the older NRLMSIS model (Picone et al. [2002]) and can calculate

densities below 90 km.

The process of photoelectron dissociation mainly occurs either due to electron impact disso-

ciative ionization as shown in Equations 3.2 or dissociative excitation as in Equations 3.3.

In Equation 3.2a, the N2 molecule upon impact with an energetic electron is ionized to N2
+

with the ejection of a second electron called the secondary electron. Here the primary elec-

tron (e∗) is assumed to be the electron with the higher energy among the two electrons. This

equation is called the non-dissociative single ionization channel. Equation 3.2b is the dis-

sociation channel whereby the N2
+ ion dissociates to its two fragment components, atomic

N and N+ ion (Tian and Vidal [1998]). In Equation 3.3a, the photoelectron excites the

N2 into a higher excitation state N2
∗. Then in Equation 3.3b, the excited N2

∗ dissociates

by the process of pre-dissociation into fragment N atoms, which can be in the ground or

excited state. The dissociation cross-section is estimated from the excitation cross-section

using pre-dissociation factors as described in Chapter 2. The dissociation cross-section is

then used to calculate the dissociation rate of N2 using Equation 3.1.

N2 + e∗ → N2
+ + e∗ + e (3.2a)

N+
2 → N+ +N (3.2b)

N2 + e∗ → N2
∗ + e∗ (3.3a)

N2
∗ → N +N∗ (3.3b)
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Table 2.4 in Chapter 2 showed the dissociation limits of N2. As seen from the table, the first

dissociation limit or the least energy required for the dissociation of N2 molecule is 9.759

eV (Frost and McDowell [1956]). Therefore, theoretically, any vibrationally excited state

above the first dissociation limit of N2 should be able to predissociate (Cosby [1993a]). The

updated photoelectron model, uses experimentally determined pre-dissociation factors of all

excited states of N2 to derive the corresponding dissociation rates from them. For example,

the a1Πg and B3Πg states have been observed to predissociate to the first dissociation limit

((N(4S)+N(4S))) (Lofthus and Krupenie [1977]), C3Πu and the higher states to the second

dissociation limit (Zipf and McLaughlin [1978]) .

3.2.1 Study of Ionization, Excitation and Dissociation of N2 dur-

ing X9 flare of September 6, 2017 ,M5 flare July 23, 2016

and Quiet Solar Spectra

In this section, we study the ionization, excitation and dissociation of N2 due to the two

flares and the quiet spectrum as discussed in Section 3.1. These rates have been obtained

using the photoelectron model with the revised electron impact cross-sections discussed in

Chapter 2. As mentioned earlier in Chapter 1 Section 1.2, there are inconsistencies between

different solar spectral models. However, these models do not explicitly mention the error

limits in a particular model, therefore, the uncertainties in the ionization, excitation and

dissociation rates due to one particular solar spectral model cannot be determined. The

uncertainties in the aforementioned rates due to the uncertainties in their corresponding

cross-sections have been provided in subsequent figures wherever possible. The uncertainties

arising from solar zenith angle is negligible and is not considered here.

The outputs of the photoelectron model for N2 are summarized from Figure 3.2. Figure 3.2a
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compares the different rates of N2 due to the X9 flare and the Quiet spectra. Figure 3.2b

compares the ratios of the electron impact process rates and the photoionization rates of the

X9 flare and Quiet spectra. Figure 3.2c and Figure 3.2d compares the aforementioned rates

and ratios respectively for the M5 flare and the Quiet spectra.

The description of the different rates and ratios are given here:

1. PhotoIonization (PI) rate

2. PhotoElectron-impact ionization (PE) rate

3. Photoelectron Non-Dissociative Ionization (N2
+) rate

4. Photoelectron Dissociative Ionization (D.I.) rate

5. Photoelectron Dissociative Excitation (D.E.) rate

6. Total Photoelectron Dissociation (Dissoc.) rate

The PE rate is the sum of the non-dissociative (N2
+) and Dissociative Ionization (D.I.)

rates. The Dissoc. is the sum of the D.I. and D.E rates. The corresponding rates for the

other two major species, O2 and O, are added in the Appendix B.2 and are not discussed

in detail here. It is important to note that since N2 is a triple bond and approximately

10 eV of energy is required to dissociate it, most of the dissociation is carried out by soft

x-rays and EUV radiation. However, this is not the case for O2 molecule which is easily

dissociated being double-bonded and requiring less than half the dissociation energy of N2.

Therefore, there can be sources of dissociation of O2 other than soft x-rays and EUV, like

the Schumann-Runge band wavelengths at 176 - 192.6 nm, that are not considered in this

study and are not shown in the figure.



3.2. DISSOCIATION RATES OF N2 79

The ratios of the different photoelectron process rates (PE, D.I, D.E, etc.) and photoioniza-

tion rate for N2 and are described below:

1. pe/pi Total. - This the ratio of the PhotoElectron-impact ionization (PE) and Pho-

toIonization rate (PI).

2. pe/piN2
+. - This the ratio of the photoelectron non-dissociative ionization (N2

+) and

the PhotoIonization rate (PI).

3. pe/pi D.I. -This the ratio of the photoelectron Dissociative Ionization (D.I.) and the

PhotoIonization rate (PI).

4. pe/piD.E.- This the ratio of the photoelectron Dissociative Excitation (D.E.) and the

PhotoIonization rate (PI).

5. pe/piDissoc.- This the ratio of the total photoelectron Dissociation (Dissoc.) and the

PhotoIonization rate (PI).

From Figure 3.2a and 3.2c, it can be seen that the peak of the photoionization of N2 for all

three spectra lies at about 130 km, i.e., the maximum ionization energy is deposited at this

altitude. Below this, there is a secondary peak at 100km, which is very well defined for the

X9 flare. This peak is therefore, due to the high energy soft x-rays photons below 1.8 nm.

The various photoelectron impact rates (Total PE, N2
+, D.I, D.E and Dissoc.) peaks at

around 100 km for the flares and around 105 km for the quiet spectrum. Comparing the

PE, N2
+ and the D.I curves, it can be seen that most of the photoelectron ionization is

non-dissociative. The (N2
+) is almost 5-6 times greater than the D.I at the peak (100 km).

Again, comparing the Dissoc, D.E and D.I curves, we see that almost all the dissociation of

N2 is due to D.E and D.I plays a minor role. The D.E is almost four times the D.I at the

peak altitude.
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(a) (b)

(c) (d)

Figure 3.2: Photoionization and photoelectron impact rates of N2. The effect
of flares are seen at altitudes below 80 km in the D-region of the ionosphere.
Uncertainties in Pe, N+

2 and DI rates are 10%, DE and Dissoc rates are 20% (the
uncertainties are due to uncertainties in cross-sections)

Finally, it can be seen that above 135 km, the Total PE or Dissoc. rates are less than the

PI rate. This can also be verified from Figure 3.2b and 3.2d, where the Pe/Pi or Dissoc/Pi
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is less than one above 135 km and below this altitude, the ratios are much greater than

one and at 60 km the ratios are approximately 300. The pe/pi N2
+ is greater than 1 at

altitudes below 110 km. This shows that the photoelectrons that are created by the soft

x-rays are the main sources of ionization of N2 at the lower altitudes and are responsible

for the dissociation of N2 at these altitudes. This is because photons can only ionize once,

electrons can ionize many times.

Comparing the rates for the X9 flare and quiet conditions, it is seen that the photoelectron

ionization and dissociation rates for N2 at lower altitudes below 100 km varies almost two

orders for magnitude and at 60 km, the quiet spectrum produces very little photoelectron

ionization and dissociation. Therefore, the significance of the high energy photoelectrons

are mainly seen during flares. At higher altitudes the difference in photoionization and

photoelectron impact ionization and dissociation rates between flares and the quiet condition

are approximately an order of magnitude or lesser. Therefore, the difference in these flare

and quiet rates is also a reflection of the difference in the solar input irradiance between the

flare and quiet spectra.

Running the detailed photoelectron model for obtaining the photoelectron rates can be some-
times computationally expensive and time consuming, especially when these rates are used
as inputs to the other atmospheric models. A simpler solution is to obtain the photoelectron
rates from the photoionization rates and the branching factors (pe/pi) described before. Ta-
ble 3.1 gives the pe/pi ratios for all the electron impact processes of N2 at unit optical depth
for each solar spectral bins from 0.05 nm - 54 nm. The ionization threshold for N2 is 79.8
nm, beyond which the photons do not have enough energy to cause ionization. The photons
in bins longer than 54 nm does not produce any photoelectrons that have enough energy to
cause photoelectron ionization or dissociation. Therefore these bins have not been shown in
the table. This method of tabulating the photoelectron branching factors for every spectral
irradiance bins at unit optical depth was developed by Solomon and Qian [2005] who showed
that pe/pi in any spectral bin is constant with altitude and therefore can be represented by a
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single value (here shown as at the optical depth of 1 or the altitude of maximum ionization).
This paramaterization can be used for any solar spectral resolution. The new parameters
were obtained for the high resolution NRLFLARE model and with the updated electron
impact cross-sections data and has been used in the ACE1D model (Venkataramani [2018])
to obtain the NO density at altitudes below its peak production, as will be shown in Chapter
4.

Table 3.1: Photoelectron Factors for N2

λmin

(nm)

λmax

(nm)

Height of Unit

Optical Depth

(km)

pe/pi

Total

pe/pi

N2
+

pe/pi

D.I

pe/pi

D.E

pe/pi

Dissoc

0.05 0.1 46 650.642 557.876 92.766 339.059 431.825

0.1 0.15 57 364.235 312.229 52.006 186.335 238.341

0.15 0.2 65 254.950 218.494 36.457 129.223 165.680

0.2 0.25 71 195.477 167.484 27.993 98.495 126.489

0.25 0.3 75 158.734 135.968 22.765 79.67 102.435

0.3 0.4 79 125.721 107.653 18.068 62.882 80.950

0.4 0.5 84 95.964 82.132 13.832 47.861 61.694

0.5 0.6 87 77.577 66.363 11.214 38.647 49.861

0.6 0.8 91 61.058 52.196 8.861 30.420 39.282

0.8 1 95 46.573 39.776 6.797 23.250 30.047

1 1.4 99 35.032 29.883 5.149 17.578 22.727

1.4 1.8 104 25.501 21.722 3.779 12.922 16.701

1.8 3.2 109 38.320 32.669 5.651 19.138 24.789

3.2 7 103 8.635 7.345 1.290 4.501 5.792

7 15.5 117 3.252 2.778 0.475 1.897 2.372

15.5 22.4 134 1.071 0.960 0.111 0.823 0.934

22.4 29 146 0.453 0.429 0.024 0.478 0.503

29 32 151 0.269 0.267 0.003 0.377 0.380

Continued on next page
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Table 3.1 – continued from previous page

λmin

(nm)

λmax

(nm)

Height of Unit

Optical Depth

(km)

pe/pi

Total

pe/pi

N2
+

pe/pi

D.I

pe/pi

D.E

pe/pi

Dissoc

32 54 165 0.046 0.0462
3.677e-

05
0.193 0.193

Figure 3.3 shows the contribution of two processes to the photoelectron dissociation of N2 -

the Dissociation due to Electron Impact Excitation (D.E.) and Dissociation due to Electron

Impact Ionization (D.I.) as functions of altitude for the flares and the quiet condition.

Figure 3.3: Percentage contribution to dissociation of N2. About 80% of the
dissociation of N2 is due to electron impact excitation.

The figure highlights the importance of Excitation process in the dissociation of N2. As seen

from the figure, the dissociation due to the excitation for N2 is approximately 80% of the total

N2 dissociation from 60 km to about 120 km while the dissociation due to ionization is about

20% for both the flare and quiet conditions. As we go higher up in altitude the dissociation

is mostly due to excitation (about 90% to 95% at 195 km) and dissociative ionization plays

a minor role (5% -10% at 195 km). Therefore,the mechanism of photoelectron dissociation
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is dominated by pre-dissociation of excited N2 molecule at all altitudes of interest here.

Figure 3.4 shows the influence of electrons of different energies on the dissociation of N2 at

different altitudes with the help of three distribution parameters, namely energy of maximum

(Figure 3.4a), energy of mean dissociation (Figure 3.4b) and energy of 95% dissociation

(Figure 3.4c). As before, we have analyzed both flare and quiet conditions.

1. The maximum dissociation occurs at electron energy of approximately 20 eV at all

altitudes for both flares and quiet conditions.

2. At 195 km, the energy of average dissociation is approximately 30 eV and at 60 km,

the energy is 700 eV for flares and 1000 eV for quiet condition.

3. At 195 km, 95% of the N2 dissociation is carried out by mid energy electrons (400 eV

electrons for the X9 flare, 200 eV for M5 flare and 100 eV electrons for quiet condition).

At 60 km, 95% of dissociation is due to electrons having energies of 10 keVs.

(a) (b) (c)

Figure 3.4: Distribution of energies of dissociation of N2 at different altitudes.
Most of the dissociation of N2 at altitudes below 80 km occurs due to electrons
having energies 100s eV - 10 keVs.

Therefore, as seen from Figure 3.4c, at lower altitudes near 60km, most of the dissociation

is carried out by the photoelectrons having energies of 10 keVs. At higher altitudes, above
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120 km, the dissociation is mostly due to mid (100 eVs) and lower energy photoelectrons.

During quiet conditions, the amount of photoelectrons produced decreases significantly. At

high altitudes, since most of the dissociation is caused by low energy electrons than high

energy electrons, therefore this decrease is seen in the figure as a reduction in the energy of

95% dissociation at the higher altitudes. At the lower altitudes, however, the dissociation is

caused mainly by higher energy photoelectrons, which are very low in numbers, therefore,

this percentage of dissociation does not change significantly.

Figures 3.5 and 3.6 show the dissociation rates of N2 in detail at two different altitudes of 60

km and 120 km respectively for the two flares and the quiet condition. Here we give a detail

comparison of the X9 flare with the Quiet condition. The comparison of M5 flare and Quiet

Condition can be deduced in a similar manner. Figure 3.5a shows the dissociation rate of N2

at 60km and Figure 3.6a the same at 120. At 60 km, the shape of the dissociation rates of

N2 is almost constant at all energies, while at 120 km, the dissociation rates at lower (near

10 eV) and higher energies (10 keV) differ by more than ten orders of magnitude. Also the

dissociation rate of N2 at 60 km is several orders of magnitude lower than at 120 km.



86 CHAPTER 3. DISSOCIATION OF N2 IN THERMOSPHERE- IONOSPHERE

(a) (b)

Figure 3.5: Dissociation of N2 at 60 km. (a) The dissociation rates at all electron
energies are almost similar. (b) 90% of dissociation is carried by photoelectron
flux having energy in 1000s eV range.

This can be explained by the photoelectron flux seen in Figures 3.5b and 3.6b. Figure 3.5b

shows the photoelectron flux and the cumulative percentage dissociation of N2 as a function

of electron energy at altitude of 60 km and Figure 3.6b shows the same at 120 km. The

threshold for dissociation of of N2 is 10 eV, below which, the photoelectron does not have

sufficient energy to dissociate the molecule. The photoelectron flux at both the altitudes

are greater for low energies (near 10 eV) than the high energies (10 keV). At low altitudes

(60 km), the difference between the low energy (near 30 eV) and high energy flux (around

10 keV) is about two orders of magnitude, whereas at the higher altitude (120 km), this

difference is six orders of magnitude for the X9 flare. Therefore, at higher altitudes, most

of the dissociation is carried out by the lower energetic electrons and at lower altitudes, the

dissociation is carried out by the high and mid energy electrons to an equal degree. Since,

the 30 eV (low energy) photoelectron flux at 60 km is about 5 orders of magnitude lower
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than at 120 km, but 10 keV fluxes are similar in magnitudes at both these altitudes, the

effect of the high energy photoelectrons becomes visible only at these lower altitudes. This

is also verified by the cumulative dissociation plots in the figures, which show that about

80% of the dissociation is carried out by photoelectrons with energies of up to 1000 eV at

60 km and that by 100 eV and below at 120 km. For the Quiet condition, the high energy

photoelectron flux at 60 km almost completely vanishes (five orders of magnitude lower than

the flare condition).

(a) 1
(b)

Figure 3.6: Dissociation of N2 at 120 km. (a) The dissociation rates at low and
high electron energies are several orders of magnitude in difference. (b) 90% of
dissociation is carried by photoelectron flux having 100 eV energy or less.

Figure 3.7 shows the contribution of different excited states of N2 in its dissociation at three

different altitudes of 60km, 120 km and 190 km.

Figure 3.7a shows the contribution of states at 60 km. All of the states have significant

contribution to dissociation at this altitude. At low energy, near 10 - 20 eV, the C3Πu,

Triplet Manifold (TM), b1Πu and 15.8 eV states contribute to most of the dissociation of
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N2. Towards the higher energy near 100 eV, the contribution of Dissociative Ionization (D.I)

dominates. At energies greater than 1000 eV, D.I, 15.8 eV, b′1Σu
+ and VUV states have

almost equal contribution to dissociation. The Rydberg states (Ryds) have significantly less

contribution at all energies. At 60 km, a significant portion of the dissociation occurs at

these high energies, which makes the contribution of the above states (D.I, 15.8 eV, b′1Σu
+

and VUV states ) as important as the states contributing to the low energy dissociation.

Figure 3.7b shows the contribution of different excited states to the dissociation of N2 at 120

km. The main states that contribute to dissociation at low energies are still the C3Πu, Triplet

Manifold (TM), b1Πu and 15.8 eV states. As we proceed towards 100 eV, the contribution

of the 15.8 eV, b′1Σu
+ and D.I have increased, compared to that seen at 60 km. Near 1000

eV, only the D.I has any significant contribution.

Finally, Figure 3.7c shows the contribution of different excited states to the dissociation of N2

at highest altitude of this study, i.e., 190 km. Here the C3Πu, Triplet Manifold (TM), b1Πu

and 15.8 eV states contribute the most to the dissociation till about 30 eV. The contribution

of other low-lying states such as a1Πg and high-lying states such as 17.3 eV, c31Πu have also

increased. At this altitude, most of the dissociation occurs at energies less than 100 eV.
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(a) 60 km (b) 120 km
n

(c) 190 km

Figure 3.7: Percentage contribution of N2 excited states to dissociation of N2 at
different altitudes. At low altitudes, the higher states contribute significantly
to the dissociation of N2, whereas at high altitudes the contribution of higher
states decrease.

3.3 Comparisons of High Resolution NRLFLARE model

with EUVAC model results

In this section, we show how the high resolution NRLFLARE model improves upon the

EUVAC model described in Chapter 1. In order to do this, we have implemented the X9

flare of September 6, 2017 as described in Section 3.1 with the NRLFLARE and the EUVAC

models. The first 12 bins of the NRLFLARE from 0.05 nm - 1.8 nm correspond to three

bins of the EUVAC model. The two shortest wavelength bins of the EUVAC model, 0.05 -

0.4 nm and 0.4 - 0.8 nm, are derived from the solar irradiance data from the Geostationary

Operational Environmental Satellite (GOES) and the irradiance in the bin 0.8 - 1.8 nm is

derived from various sources (see SQ05). The two spectra are shown in Figure 3.8. Figure

3.8a shows the spectra in units of cm−2s−1 and Figure 3.8b shows the spectra in units of

Wattsm−2. The flux in the first EUVAC bin is equal to the total flux in the first six

bins of NRLFlARE. Similarly, the flux in the second EUVAC bin is equal to the next three
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NRLFLARE bins and the flux in the third EUVAC bin is equal to the total flux in the tenth,

eleventh and twelfth bins of the NRLFLARE model. The bins longer than 1.8 nm are of

equal width in both the models and their fluxes are also kept the same.

(a) (b)

Figure 3.8: Comparisons of X9 NRLFLARE high resolution and EUVAC(SQ’05)
low resolution solar spectra in (a) photons cm−2s−1 and (b)W m−2. The flux in
the first EUVAC bin is equal to the total flux in the first six bins of NRLFlARE;
the flux in the second EUVAC bin is equal to the next three NRLFLARE bins
and the flux in the third EUVAC bin is equal to the total flux in the tenth,
eleventh and twelfth bins of the NRLFLARE model. The bins longer than 1.8
nm are of equal width in both the models and their fluxes are also kept the same.

Figure 3.9 shows the photoionization rate (PI) in three wavelength ranges 0.05 - 0.4 nm,

0.4 - 0.8 nm and 0.8 -1.8 nm calculated using the two models. From Figure 3.9a, the

peak ionization for the 0.05-0.4 nm bin is near 75 km, however, below this altitude the

photoionization rate for the NRLFLARE model is more than two orders of magnitude greater

than the EUVAC model. The peak of the photoionization rate for the 0.4 - 0.8 nm bin, shown

in Figure 3.9b, is at a higher altitude of 100 km. Below this peak, the photoionization rate

of the NRLFLARE model extends a little below that of the EUVAC model and for the next
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bin in Figure 3.9c, this difference is even less visible. Therefore, the NRLFLARE model

is better equipped to resolve the ionization of N2 at the high energy solar soft x-ray bins,

whose effects are seen below 90 km in the D region of the ionosphere.

(a) (b) (c)

Figure 3.9: Photoionization rates of N2 using NRLFLARE and EUVAC(SQ’05)
spectra. The photoionization due to 0.05 - 0.4 nm is two orders of magnitude
greater for the NRLFLARE model than the EUVAC model.

Figure 3.10 shows the PE rates in three wavelength ranges 0.05 - 0.4 nm, 0.4 - 0.8 nm and

0.8 - 1.8 nm calculated using the two models. Similar to the PI rates, the PE rates of the

first bin is correctly resolved below 60 km by the NRLFLARE model and is approximately

five orders of magnitude greater than that of the EUVAC model. For the other two bins,

the difference in the rates are less pronounced at the low altitudes. For the 0.05 - 0.4 nm

bin, the PE of the NRLFLARE model is lower than the EUVAC model up to 60 km and the

NRLFLARE peak is about an order of magnitude lower than the EUVAC peak.

The other electron impact rates: N2
+, D.I. and D.E and Dissoc. rates are shown in Figures

3.11, 3.12, 3.13 and 3.14 respectively and follow the same pattern as the PE rates discussed

before.
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(a) (b) (c)

Figure 3.10: Comparisons of photoelectron ionization rates of N2 using
NRLFLARE and EUVAC(SQ’05) spectra. Uncertainty in photoelectron ion-
ization rates using NRLFLARE is 10%.

(a) (b) (c)

Figure 3.11: Comparisons of photoelectron N2
+ rates using NRLFLARE and EU-

VAC(SQ’05) spectra. Uncertainty in N2
+ rates using NRLFLARE is 10%.
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(a) (b) (c)

Figure 3.12: Comparisons of photoelectron dissociative ionization rates of N2 us-
ing NRLFLARE and EUVAC(SQ’05) spectra. Uncertainty in DI rates using
NRLFLARE is 10%.

(a) (b) (c)

Figure 3.13: Comparisons of photoelectron dissociative excitation rates of N2 us-
ing NRLFLARE and EUVAC(SQ’05) spectra. Uncertainty in DE rates using
NRLFLARE is 20%.

Comparisons of the total PI, PE, N2
+, D.I., D.E and Dissoc. rates for all the wavelength

bins for the NRLFLARE and the EUVAC models are shown in Figure 3.15a along with

their corresponding ratios with PI in Figure 3.15b. The effect of using the higher resolution

wavelength bins are seen below 80 km. These rates become important during flare condition

as was analyzed here. During quiet condition, the high energy photons and photoelectrons

are very small in quantity to produce any significant photon or photoelectron ionization.

However, using the higher resolution model helps us to obtain the pe/pi ratios below 80 km
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(a) (b) (c)

Figure 3.14: Comparisons of photoelectron dissociation rates of N2 using
NRLFLARE and EUVAC(SQ’05) spectra. Uncertainty in dissociation rates us-
ing NRLFLARE is 20%.

more accurately as shown in Figure 3.15b.

(a) (b)

Figure 3.15: Comparisons of photoionization and photoelectron rates of N2 using
NRLFLARE and EUVAC(SQ’05) spectra. NRLFLARE model better resolve
ionization at altitudes below 80 km.
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3.4 Comparisons of Dissociation Rates From ACE-PE

and SQ’05 models N2

Figure 3.16 compares the electron impact ionization (PE) (Figures 3.16a and 3.16d), non-

dissociative ionization (N2
+) (Figures 3.16b and 3.16e), dissociative ionization (D.I.) (Figures

3.16g and 3.16i), dissociative excitation (D.E) (Figures 3.16f and 3.16f) and total dissociation

(Dissoc.) (Figures 3.16h and 3.16j) rates using the older cross-sections from the SQ’05 model

and the present cross-sections using the photoelectron model (ACE-PE). Here, we have used

the X9 flare spectrum described Section 3.1 to calculate the above rates in both cases of

SQ’05 and the present ACE-PE models.

For each of the rates calculated, the figure shows the ratio between present and the SQ’05

models. Here we pay particular emphasis on the total dissociation rate (Figure 3.16h) and

the ratio of the dissociation rates of the present and SQ’05 models (3.16j). From Figure

3.16j, it can be seen that the dissociation rate of the present model is on average 0.7 times

that of the SQ’05 model. In Chapter 2, Section 2.8, it was shown that the total dissociation

cross-section was on average 0.65 times that of the SQ’05 cross-sections. Therefore, the

change in its dissociation cross section is also reflected in the change in the dissociation rate

of N2.

Although the difference between the new and the old dissociation rates is about 30% and the

present dissociation rate has an uncertainty of about 20% (and hence within the error limits

of the older rate), the important conclusion is that the new dissociation rate is consistently

lower than the older rate.
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(a) (b) (c)

Figure 3.16: Comparisons of present and SQ’05 excitation and ionization rates of
N2. Uncertainties in present rates in (a)10% (b)10% and (c) 20%.

(d) (e) (f)

Figure 3.16: Comparisons of present and SQ’05 excitation and ionization rates of
N2. Ratio of present and SQ’05 electron-impact (d)ionization (e)non-dissociative
ionization and (f) dissociative excitation rates.
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(g) (h)

Figure 3.16: Comparisons of present and SQ’05 dissociation rates of N2. Uncer-
tainties in present rates in (g)10% and (h) 20%.

(i) (j)

Figure 3.16: Comparisons of present and SQ’05 dissociation rates of N2. Ratio of
present and SQ’05 electron-impact (i) dissociative ionization and (j)total disso-
ciation rates.



Chapter 4

Nitric Oxide (NO) Production from

N2 Dissociation

Barth et al. [1988], Siskind et al. [1990], and Bailey et al. [2002], through satellite and rocket

measurements of NO and solar irradiance in the x-ray and EUV regions, have established

the direct correlation between solar soft x-ray flux and production of NO in the E region of

the ionosphere. With the improved solar irradiance data obtained from Student Nitric Oxide

Explorer (SNOE) satellite (Bailey et al. [2000, 2001]), Bailey et al. [2002], showed that most

of the variability in the NO densities near 100 km is due to the soft x-ray flux in the 2 - 7

nm. These studies also established the peak NO density at the lower atmosphere, between

106 - 110 km.

It was hypothesized that the dissociation of N2 by photoelectrons is one of the main mech-

anism of production of NO in the lower altitudes near 106 - 110 km. The N fragments

produced as a result of dissociation reacts with O2 molecule in the atmosphere to produce

NO as shown in Equation 4.1

N +O2 → NO +O (4.1)

For a complete theory of the production and loss of NO in the thermosphere, see Bailey

et al. [2002]. In this chapter, we focus on the production of NO due to the N2 dissociation

by photoelectrons.

98
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We use the ACE1D model (Venkataramani [2018]), to establish the global mean NO density,

below its peak altitude of production.

4.1 Input Solar Spectra

The original ACE1D model uses the modified EUVAC spectrum as described in Chapter

1, Section 1.2. This model, as discussed earlier, could not properly resolve the altitude of

photoionization at lower altitude in the D region. Therefore, we have also included the

NRLFLARE model (Chapter 3, Section 3.1) as an input to the ACE1D model to provide

two separate analysis of NO production. Since the ACE1D model only gives the global

average NO density, we have removed the flare component in the NRLFLARE model in the

soft x-ray bins (0.05 - 1.8 nm).

Figure 4.2 shows the two spectra that are used in the analysis: the modified EUVAC model

as described in the introduction section and the high resolution NRLFLARE spectrum but

with the flare component removed. The F10.7 daily and 81-day average F10.7 values are

the same as September 6, 2017. The P value for this day is 112 which is low to medium.

The solar flux (in cm−2s−1) in the twelve shortest wavelength bins from 0.05- 1.8 nm of

the NRLFLARE model are reduced to the three solar flux values in the three bins, 0.05-0.4

nm,0.4-0.8 nm, 0.8-1.8 nm, of the EUVAC model. The number of bins and bin width above

1.8 nm for both the models are the same, therefore the solar flux values in these bins for the

NRLFLARE model are kept the same as the EUVAC model. The two spectra in units of

cm−2s−1 is shown in Figure 4.1a. The spectra in units of Wm−2 is shown in Figure 4.1b.

The analysis in this chapter is conducted using three models: The original model (Original

ACE1D) with EUVAC solar spectral irradiance input and SQ’05 cross-sections, Model 1

where only the pe/pi photoelectron impact scaling factors obtained from Chapter 3 but with
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(a) (b)

Figure 4.1: Solar spectra used in ACE1D model in units of (a) cm−2s−1 and (b)
Wm−2. The solar fluxes in the NRLFLARE model are changed to match the
EUVAC spectrum in order to remove the flare component in the former model.

modified EUVAC binning and the EUVAC spectrum has been used, and Model 2 where both

the modified NRLFLARE spectrum and the updated pe/pi for the high resolution binning

have been used. For all the three models, the photon ionization, dissociative ionization

and dissociation factors, such as the photoabsorption, photoionization cross-sections and

branching ratios etc., are not changed. For the NRLFLARE bins, the first twelve bins have

the same photon factors as the first bin of the SQ’05 model. This was done, to highlight the

effects of the new photoelectron cross-sections and the pe/pi ratios on the ACED1D model.
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4.2 NO density from ACE1D model

As shown in Equation 4.1, the main mechanism for the production of NO in the thermosphere

is the reaction between atomic N and O2 molecule. The N atoms are usually in three states:

the ground state N(4S), and two excited states N(2D) and N(2P ). The reaction of O2

with N(2D) is the primary mechanism of production of NO in the lower altitude below 100

km, while the reaction of O2 with ground state N(4S) becomes important at higher altitude.

However, N(4S) is also a dominant loss mechanism for NO at higher altitude in the F region,

as shown in Equation 4.2 .

NO +N(4S) → N2 +O (4.2)

Figure 4.2 shows the contribution of the three atomic N states to the NO production.

The contribution of N(2P ) (Figure 4.2c) is about two orders of magnitude less than N(2D)

(Figure 4.2b) above peak NO production and about an order of magnitude less below 100

km. Model 1 and the Original ACE1D model have almost the same production rate for all

the three N states and Model 2 gives an increased NO production below 100km, which is an

order of magnitude greater than former two models. Above 120 km the warmer temperatures

and temperature dependence of the reaction between N(4S) (the dominant N atom) and O2

work together to make production of NO by N(4S) important. This means that dissociation

of N2 to produce N(4S) is both a production and loss of NO. This has the effect that the

cross sections are much less important and effectively cancel out at those altitudes.

The production of neutral N atoms due to the photoelectron-impact dissociation of N2 can

happen due to electron-impact ionization and excitation as was shown Chapter 3, Equations

3.2 and 3.3 respectively. The ACE1D model assumes constant photoelectron flux-averaged

quantum yields for the three main dissociative fragments N(4S), N(2D), N(2P ) from N2

dissociation (Yonker [2013]). Half of the dissociative excitation produces N(4S) and the rest
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(a) (b) (c)

Figure 4.2: Total NO production from (a) N(4S), (b) N(2D) and (c)N(2P). N(2D)
is the main source of NO at altitudes below 100 km.

are distributed almost equally between N(2D) and N(2P ). The photoelectron dissociative

excitation yields are N(4S):N(2D):N(2P )::0.5:0.275:0.225. The photoelectron dissociative

ionization yields are N(4S):N(2D)::0.4:0.6 (Venkataramani [2018]). It is assumed that no

N(2P ) is produced due to dissociative ionization. The photon dissociation is also distributed

similar to the photoelectron dissociation.

Figure 4.3 shows the production of the three states of N due to electron-impact dissociative

excitation (P.E. D.E) of N2, using the three models. Figure 4.3a shows the production

rates of the N(4S) ground state and Figures 4.3b and 4.3c show the excited states N(2D)

and N(2P ) respectively. The combined rates of N(2D) and N(2P ) states equals the N(4S)

state. The difference in the rates of the states in the three models can be seen from their

ratios as shown in Figures 4.3d, 4.3e and 4.3f. As seen in Figure 4.3d, Model 1, which only

updates the pe/pi scaling factors in the EUVAC bins, have a ratio of approximately one

at all altitudes. Model 2, with the high resolution soft x-rays bins and the updated scaling

factors,is approximately 1.5 times greater than the Original ACE1D at 100 km and this ratio

increases at lower altitudes. Similar deviations are seen in Model 2 and the Original ACE1D

model for the other two states. Since the lower altitude boundary of the ACE1D model is
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97 km and the NRLFLARE model can resolve altitude well below this height, the ratio in

the two models tends towards 2.5. This ratio is the reflection of the difference in the average

energy in the NRLFLARE and the EUVAC soft x-rays bins. For instance, the average energy

in the 0.05 - 1 nm bin in the NRLFLARE model is three times the average energy of 0.05-0.4

nm EUVAC bin which represents the ionization at the lower altitudes below 100km. For

correct ratios beyond 100km, the ACE1D model must be extended beyond 97 km, yet it can

be deciphered that the higher resolution solar irradiance model can accurately predict the

production of N states at altitudes below the peak production of NO.

Figure 4.4 shows the production of the two N states due to electron-impact dissociative

ionization (P.E. D.I) of N2, using the three models. Figure 4.4a shows the production rates

of the N(4S) ground state and Figures 4.4b shows the excited states N(2D). Similar to the

D.E. rates, the models deviate at the lower altitudes at approximately 100 km. This is seen

more clearly in their ratio plots in Figures 4.4c and 4.4d. The ratio between Model 1 and the

Original ACE1D for both the states is equal to 1 till about 140 km, below which the ratio

reduces. This is because the pe/pi scaling factors for D.I. of our Model 1 is lower than the

original ACE1D model (using the SQ’05 scaling factors). The explanation for the difference

in Model 2 and the Original ACE1D model for the P.E D.I is similar to that of the P.E D.I

and is not repeated here.

Finally, Figure 4.5a shows the global average NO densities as a function of altitude for

three models and Figure 4.5b shows Model 1/Original ACE1D model and Model 2/Original

ACE1D model ratios. As seen in Figure 4.5a, there are deviations in the NO densities of

the three models below 120 km and the deviations become more pronounced as we go lower

in altitude. This can be seen clearly from the ratio plots of Figure 4.5b where the ratios

become greater than 1 below 120 km. At altitude of peak NO density (106 km), the Model

1 value is 1.2 times the original model whereas the NO density of Model 2 is 1.3 times the
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(a) (b) (c)

(d) (e) (f)

Figure 4.3: Production rate of N atoms from photoelectron dissociative excitation
estimated from three models. Model 2, with NRLFLARE spectrum, shows
increased production rate of N atoms below 100 km.

NO densities of the original model. Therefore, Model 1 and Model 2 are in agreement at the

peak altitude. At this altitude the soft x-rays in the 1.4 - 7 nm bins deposit most of their

energies and these bins have the same spectral irradiance as seen in Figure 4.2. The total

contribution to the NO production from the three NRLFLARE bins (1.4 - 1.8 nm,1.8 - 3.2

nm, 3.2 - 7.0 nm) and the two EUVAC bins (1.8 - 3.2 nm and 3.2 - 7 nm) at this altitude is

almost equal. Therefore, the deviation at this altitude is mostly due to the updating of the

pe/pi scaling factors. Below this altitude at 100 km, the NO density of Model 1 is 1.2 times

the Original ACE1D model and the NO density of Model 2 is 1.4 times the original model.

This altitude is sensitive to mostly pe/pi scaling of 0.8 - 1.4 nm soft x-ray bin. Since the
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(a) (b)

(c) (d)

Figure 4.4: Production of N atoms from photoelectron dissociative ionization.
Model 2, with NRLFLARE spectrum shows increased production rate of N atoms
below 100 km.

NRLFLARE and the EUVAC spectra starts to deviate from this bin as one goes towards the

shorter wavelengths, we see that the difference in NO densities of the Model 1 and Model

2 also increase. Below 100 km, the NO density of Model 2 is 2.3 times the original ACE1D
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model. This deviation largely corresponds to changes in solar soft x-ray irradiance below

1.4 nm. As we go lower in altitude, the deviations from the original model will grow as the

higher energies, shorter wavelength soft x-ray bins deposit their energies at altitudes below

100 km.

(a) (b)

Figure 4.5: Global average NO density of three versions of ACE1D model (b)
Ratios of NO densities of Models 1 and 2 with original ACE1D model. Model 2,
with NRLFLARE spectrum, shows significant increase in NO production below
100 km.

Assuming our understanding of the NO chemistry is not incomplete (Barth [1992]), the un-

certainties in the model are due to uncertainties in the chemical reaction rates including cross

sections, their temperature dependencies, and the solar energy input. While uncertainties in

some of the parameters exceed 20%, a 20% increase in NO density below 106 km as shown

in Figure 4.5, is a significant effect.



Chapter 5

Effects of Soft X-rays on

Thermospheric Temperature

So far we have seen how solar soft x-rays affect the chemistry of the Earth’s lower thermo-

sphere, below 150 km, where it deposits most of its ionization energy, but they also affect

the temperature of the entire thermosphere even at higher altitudes far from the altitude of

deposition. In order to study the effects of the soft x-rays on Earth’s thermospheric tem-

perature, we use a new one-dimensional thermospheric model called Atmospheric Chemistry

and Energetics (ACE1D) (Venkataramani [2018]) that was introduced in Chapter 4. The

solar irradiance input to the model is the EUVAC spectrum described in Chapter 1, Section

1.2 and we observe the variation in the neutral temperature (i.e., temperature of the neutral

species of the thermosphere) output of the ACE1D model with the variation in the solar

spectral input in the soft x-ray region. While global three-dimensional models like Thermo-

spheric Ionospheric General Circulation Model (TIE-GCM) can model satellite observations

and atmospheric phenomena, the reason for using a one-dimensional model such as ACE1D is

to reduce the complexity by using fewer spatial dimensions and therefore have a first-order

understanding of how the thermosphere behaves in a global mean sense (Venkataramani

[2018]). The model is run by averaging over latitude and longitude, assuming a solar zenith

angle of 60◦ to account for the local time variation (Jacobson [2005]). Moreover, the model

is run over a period of 30 days to obtain steady state output values and the only input that

107
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is allowed to vary here are the solar fluxes with solar activity.

ACE1D model self-consistently solves the continuity and energy equations to output the

global mean neutral, ion and electron temperatures, major neutral (N2, O2, and O) densities,

minor neutral (N(2D), N(4S), N(2P ), NO, N2(A) and O(1D)) densities and ion (O+(4S),

O+(2D), O+(2P ), N+, NO+, N2
+ and O2

+) densities. A detailed description of the model

can be found in Venkataramani [2018]. Here we restate the thermodynamic heat equation

and the thermospheric heating processes used in the model. This equation will be used

in the following sections to explain the mechanism of change in the thermospheric neutral

temperature with the variation of the soft x-rays irradiance.

5.1 Neutral Temperatures in ACE1D model

The model uses the one-dimensional time-dependent heat equation given in Equation 5.1

(Roble et al. [1987]) to obtain the global mean neutral temperatures. The right hand side of

the heat equation consists of four terms that account for the change in neutral temperature:

molecular diffusion, eddy diffusion and neutral heating and cooling rates. Of these four

processes, eddy diffusion plays an insignificant role in the increase in neutral temperature in

the thermosphere above 90 km.

∂T
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∂
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))
+

(Q− L)
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(5.1)

Here T is the neutral gas temperature, t is the time, Cp is the specific heat per unit mass

at constant pressure, H is the scale height, KT and KE are the molecular and eddy thermal

conductivity coefficients respectively and ρ is the average mass density. Q and L are the

globally averaged heating and cooling rates respectively and g is the acceleration due to
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gravity. The specific heat capacity and thermal conductivity are defined in Banks and

Kockarts [2013] as:

Cp = k

(
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2

(
vN2

mN2

+
vO2

mO2

)
+

5

2

vO
mO

)
(5.2a)

KT = (56 (vO2 + vN2) + 75.9vO)T
0.69 (5.2b)

where vi and mi refer to the volume mixing ratio and molecular or atomic masses respectively

of the species i and K is the Boltzmann’s constant. The eddy diffusion term (Dickinson et al.

[1984]) is a globally averaged eddy diffusion coefficient given by:

KE = 5× 10−6exp(−7− Z)s−1 (5.3)

where Z is in log pressure units defined in equation 5.4:

Z = −ln

(
p

P0

)
(5.4)

where p is the pressure at the grid point Z and P0 is the reference pressure of 50µPa. A

one unit change in Z corresponds to a change in altitude by one pressure scale height or

a factor of e change in pressure. The upper and lower vertical boundaries of the model

are given by Z = 7 and Z = −7 respectively, with a resolution of Z = 0.25. The lower

boundary corresponds to an altitude of about 97 km as calculated by Roble et al. [1987]

and corresponds to mesopause boundary averaged over one solar cycle. The upper boundary

depends on the solar activity and exospheric temperature and typically varies between 450

km to 750 km.

Equation 5.3 can be converted into dimensional units by multiplying it with the square of

the scale height and has a value of 150m2s−1 at Z = −7. Equation 5.3 is exponentially
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decreasing with Z so as to confine the effects of eddy diffusion to the lowest altitudes of

about 97 km (Dickinson et al. [1984]).

The temperature at the lower boundary of the thermosphere in the model is obtained from

NRLMSIS (Picone et al. [2002]) and is dependent on solar activity, while at the upper bound-

ary thermal conduction is the main heating process and therefore we assume temperature

T = 0.

5.2 Thermospheric Heating Processes

The solar soft x-rays and EUV radiation ionize the neutrals and produces ions and free

electrons. Further collisions of neutrals with ions and electrons, which increases their kinetic

energy, leads to an increase in the neutral temperature. Different processes contribute to

the local heating of the neutral thermosphere at different altitudes. The heating rates of

these processes, used in the ACED1D model, are shown in Figure 5.1. Venkataramani [2018]

provides a detailed description of all the heating processes and a comparative study of the

present and older heating rates used in earlier literature, which factors in uncertainties in

various models. Here we use only the heating rates suggested by Venkataramani [2018].

The first two processes are the heating due to the absorption of UV radiation in the Shumann

Runge (SR) band (175-205 nm) and SR continuum (125-175 nm) by O2. The absorption

of solar radiation in the SR bands and continuum by O2 leads to the dissociation of the

molecule and thus transfer of the heat energy (photon energy minus the dissociation energy)

to the O atoms. These are important heating processes in the lower altitude ranges of 60 to

120 km approximately. The ACE1D model uses a parameterized expression for heating due

to absorption of O2 in the SR bands obtained from Strobel [1978]. The heating rate due to

the SR continuum is obtained by a more detailed analytic expression from DeMajistre et al.
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[2001].

The complete list of exothermic neutral-neutral reactions, ion-neutral and ion-recombination

reactions that are included in the model is given Venkataramani [2018]. These reactions

absorb the EUV radiation and heat the neutral gas by the excess energy released during the

reaction. A significant source of neutral heating in the lower thermosphere at about 97km

is the recombination of atomic oxygen. Quenching of excited atomic oxygen (O(1D)) by

neutral species (N2,O2 and O) is important above 110 km. Finally, the exothermic reactions

of N(2D) and N(4S) with O2 to form NO at higher vibrationally excited state (v ≥ 1)

also lead to heating of the neutral thermosphere at 150 km, however the effectiveness of

the process is reduced by the chemiluminescence of (NO) in which the molecule is returned

to its lower state of vibrational excitation ((v′ ≤ v)) with the loss of energy as radiation

(Venkataramani [2018]).

The frictional heating due to the interaction of the ionized plasma and neutral in thermo-

sphere is called Joule heating. A 70 GW joule heating (Foster et al. [1983]) for geomagnet-

ically quiet conditions has been used in the ACE1D model. This makes the global average

temperature agree with the results from the NRLMSIS model (Picone et al. [2002]). Joule

heating can be expressed by Equation 5.5 as:

QJoule = σPE
2 (5.5)

where σP is the Pederson Conductivity, E is the superimposed electric field, varying between

6.47 − 4.07mVm−1. Joule heating is partitioned between neutrals and ions. However, the

ions rapidly transfer their energy to the neutrals through collisions, therefore, the entire

Joule heating given by Equation 5.5 is used to heat the neutral thermosphere.
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Figure 5.1: Different heating processes of the neutral thermosphere used in the
ACE1D model (in logarithmic scale). The various processes are heating due to
absorption in the Schumann Runge bands (red) and Schumann Runge continuum
(dark blue); exothermic reactions of neutral species (dark green); quenching
of excited species (light blue); exothermic ion recombination and ion-neutral
reactions (pink); joule heating (orange);direct heating due to thermal collisions
with photoelectrons (light green) and thermal collisions of neutrals with ions
and electrons (purple).

Most of the energy of the photoelectrons is either used to further ionize or excite neutrals or

heat ambient electron. The heating rate of neutrals due to direct collisions with photoelec-

trons is therefore small and is assumed to be 5% of the total EUV energy absorbed (Stolarski

[1976]; Roble et al. [1987]).

In the mid and upper thermosphere, there are several ion species. Schunk [1988] analyzed

the heating of the upper thermosphere at altitudes above 160 km. This heating is shown in

the Figure 5.1 as the thermal collisions of neutrals with the ambient electrons and ions. This

heating process is the global average of convection and molecular diffusion of plasma. Above

160 km the ion and electron collision frequencies are much smaller than the corresponding cy-
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clotron frequencies, and consequently, the plasma is constrained to move along geomagnetic

vertical field lines. However, in the presence of the electric field the ionosphere also convects

horizontally. These two motions are added vectorially in the study. The field-aligned motion

is influenced by gravity as well as vertical density and temperature gradients. The temper-

ature gradient in the thermosphere causes the ions and electrons to move from the lower to

the higher altitudes. However the smaller mass of electrons allows them to move faster than

the ions, causing a charge separation. This sets up a polarizing electric field which prevents

further charge separation. Once this field is set up, the ions and electrons move together

as a single gas under the influence of the aforementioned temperature gradient and upon

collision with the neutral gas particles results in heating of the neutral thermosphere. The

heating of the neutral thermosphere is mostly by the ions. Advection is assumed to be zero

while calculating the global average neutral temperature. The atmosphere does not float

away or shrink. Any upward motion of the air is on average balanced by downward motion

(i.e., the neutral atmosphere is stationary).

5.3 Numerical Experiment

Here we study the effect of each solar spectral bin of the EUVAC spectrum on the modeled

neutral temperature to determine which bin causes the most change in the neutral thermo-

spheric temperature. The change in exospheric (the outer boundary of the thermosphere)

temperature per unit wavelength for each wavelength bin is generated by running the ACE1D

model iteratively, with the solar flux in one wavelength bin set to zero in each case. The

changes in exospheric temperatures are obtained by calculating the difference of these tem-

peratures from a reference temperature. The reference temperature is calculated without

any modifications to the solar spectrum. To account for the variable wavelength bin sizes
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in the EUVAC spectrum, we divide the change in the exospheric temperature in each bin

by the width of the corresponding bin. The resulting percentage change in the exospheric

temperature per nm is shown in Figure 5.2.

Figure 5.2: Change in neutral exospheric temperature with wavelengths. Most of
the change in exospheric temperature is in the soft x-ray wavelength.

From the figure, it can be seen that the maximum change in exospheric temperature is in

the soft x-ray region below 30.4 nm and is about 1.3% per bin width. The total percentage

change in exospheric temperature is about 18.6% (obtained by integrating the area under the

histogram below 30 nm). The change in exospheric temperature for the strong He II emission

at 30.4 nm is 3.5% per bin width. The He II emission is represented by one wavelength bin

of size 3 nm (29 - 32 nm) and the total percentage change in exospheric temperature due

to this emission is approximately 10.7%. Above this wavelength, the significant changes

in the exospheric temperatures are due to the He I 58.4 nm (0.4% per bin width) and H

Lyman - beta 102.6 nm (0.03 % per bin width). The total percentage change in exospheric

temperature due to soft x-rays and EUV is approximately 45%. This demonstrates that the

exospheric temperature is most sensitive to changes in irradiance in the soft x-ray spectrum.
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It is also sensitive to the strong He II 30.4 nm emission as seen from the figure. It will be

shown in the following sections that the contribution of the solar soft x-ray irradiance to the

change in the neutral temperature is comparable to that of the He II 30.4 nm emission.

5.4 Scaling Different regions of the EUVAC Spectrum

In the previous section, we showed that the soft x-rays play a vital role in modulating the

thermospheric temperature. Therefore, any uncertainty in the soft x-ray irradiance will

lead to uncertainty in the modeled neutral temperature. Uncertainty in the solar soft x-ray

irradiance is simulated by scaling only the solar flux in the soft x-rays wavelength bins in the

model by different scaling factors and then studying the changes in neutral temperatures.

There are eight spectral bins in the EUVAC model which represent the soft x-rays: 0.05

nm - 0.4 nm, 0.4 nm - 0.8 nm, 0.8 nm - 1.8 nm, 1.8 nm - 3.2 nm, 3.2 nm - 7 nm, 7 nm -

15.5 nm, 15.5 nm - 22.4 nm and 22.4 nm - 29 nm). We have used a total of five scaling or

multiplicative factors (zero, one half, one, two and four) to scale these eight spectral bins,

while keeping the rest of the bins unchanged. A scaling factor of zero implies that the soft

x-rays are absent, a scaling factor of one implies that the input solar spectrum is unchanged

and scaling factors of two and four implies the soft x-rays irradiance is increased twice and

four times, respectively. The ACE1D model is used with these five solar spectra as inputs

and an F10.7 of 100 to generate the neutral temperatures as a function of altitude. Other

parameters in the neutral temperature analyzed in the following sections are consequently

scaled by these five scaling factors.

The same procedure, as described above, is followed for the analysis of the changes in the

neutral temperature of the upper thermosphere due to the variations in the He II emission.
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5.4.1 Scaling of the soft x-rays below 30.4 nm

Figures 5.3a and 5.3b show the plots of the neutral temperature and ionization energy

respectively as functions of the altitude for the different the scaling factors. The altitude of

peak deposition of ionization energy from the solar radiation is in the lower thermosphere

at about 120 km as seen in Figure 5.3b. With the increase in soft x-ray flux as seen by

the increase in the scaling factors, the ionization also increases at all altitudes. However, as

seen in Figure 5.3a, the increase in neutral temperature with the solar soft x-rays is more

pronounced in the upper thermosphere above 200 km, which is above the altitude of the

maximum energy deposition. We use the thermodynamic heat equation (Equation 5.1),

to attribute this increase in temperature to the thermal conduction of the energy due to

molecular diffusion of the soft x-rays from the lower to upper thermosphere.

(a) (b)

Figure 5.3: (a)Neutral temperature and (b)ionization rate as functions of alti-
tude due to scaling of soft x-rays below 30.4 nm. The different colours show
the uncertainty in soft x-ray irradiance. Uncertainty in the irradiance leads to
uncertainty in neutral temperature.
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We show the different terms of the Equation 5.1 in Figure 5.4.

(a) (b)

(c) (d)

Figure 5.4: (a)Thermal conduction (due to molecular diffusion), (b) heating, (c)
cooling rates and (d) eddy diffusion as functions of altitude for x-rays bins scaled
below 30.4nm. The different colours show the uncertainty in soft x-ray irradi-
ance. Molecular diffusion is the main mechanism of transfer of energy from lower
to higher altitudes.

Figure 5.4a shows the thermal conduction (due to molecular diffusion) of heat as a function
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of different altitudes for the different soft x-rays scaling factors. With the increase in the

soft x-ray irradiance, the thermal conduction is seen to increase and this effect is pronounced

at higher altitudes starting at about 200 km. In fact, compared to the heating and cooling

rates shown in Figures 5.4b and 5.4c respectively, the thermal conductivity is almost five

times more than the heating rate and almost ten times more than the cooling rate at an

altitude of 500 km. Therefore, thermal heat conduction is the dominant process of heat

transfer at the upper thermosphere. The eddy diffusion, shown in Figure 5.4d, is a turbulent

mixing process and it is significant only at altitudes below 100 km where the atmosphere is

well mixed. This is shown in the figure where its contribution to the heat equation at lower

altitudes is very small and becomes negligible at higher altitudes.

Figure 5.5 shows the different heating processes in the thermosphere, in linear scales that

are included in the ACE1D model and was described in Section 5.2.

Figure 5.5: Heating processes of the neutral thermosphere used in the ACE1D
model (in linear scale). The thermal collisions of neutrals with ions and electrons
are an order of magnitude greater than all the other heating rates at upper
thermosphere (above 400 km).
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There are eight main heating processes, namely heating due to the absorption of the solar

radiation by O2 in the SR bands and continuum; exothermic reactions of neutral species;

quenching of excited species; direct heating due to thermal collisions with photoelectrons;

exothermic ion recombination and ion-neutral reactions; Joule heating; and thermal collisions

of neutrals with ions and electrons. These processes have been described in Section 5.2.

From the linear plot, it is apparent that at high altitudes near 500 km, heating due to the

thermal collisions of neutrals with the ions and electrons is greater than all the other heating

mechanisms by approximately one order of magnitude. To reiterate, the thermal collision

term takes into account the molecular diffusion and convection processes. Therefore thermal

collision is the main contributing factor to the heating of the upper thermosphere in the

global average sense.

Figure 5.6 shows the electron density profile as a function of altitude. With the increase in

soft x-rays irradiance, the electron densities also increase at all altitudes due to the increase

in ionization.

Figure 5.6: Electron density as a function of altitudes for x-rays bins scaled below
30.4nm. The different colours show the uncertainty in soft x-ray irradiance.
Electron density increases with increase in soft x-ray irradiance.
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The total heating by thermal collisions of neutrals with ions and electrons are separated

and shown individually in Figure 5.7. Both the heating by ions (Figure 5.7a) and electrons

(Figure 5.7b) increase with increase in soft x-rays irradiance. Furthermore, the heating by

ions increases with increase in altitude while the maximum electron heating is achieved at

a lower height of about 200 km. At higher altitudes, the ionic heating is two orders of

magnitude greater than the electronic heating. Therefore, the energy of the photoelectrons

or the non-thermal electrons that are created in the lower thermosphere by the soft x-rays

are transferred to the neutrals at higher altitudes by the ions as the plasma moves (via

ambipolar diffusion) (as described in Section 5.2) through the neutral atmosphere.

(a) (b)

Figure 5.7: Heating of neutrals by (a) ions and (b) electrons as functions of altitude
for x-rays bins scaled below 30.4 nm. The different colours show the uncertainty
in soft x-ray irradiance. Heating by ions is two orders of magnitude greater than
the heating by electrons.



5.4. SCALING DIFFERENT REGIONS OF THE EUVAC SPECTRUM 121

This is further proven by Figure 5.8, which shows the ion and electron temperatures. At

higher altitudes, we see that the electron temperatures (Figure 5.8a) decrease with the

increase in the soft x-rays flux. The collisions of electrons with the neutrals cause an increase

in the neutral temperature and a subsequent decrease in the electron temperatures at the

exosphere. The change in the ion temperatures (Figure 5.8b) is not that appreciable at

higher altitudes.

(a) (b)

Figure 5.8: (a) Electron and (b) ion temperatures as functions of altitude for x-
rays bins scaled below 30.4nm. The different colours show the uncertainty in
soft x-ray irradiance. Electron temperatures decrease at higher altitudes with
increase in soft x-ray irradiance.

The scaling factors used to scale the soft x-rays irradiance bins represent the uncertainty

that exists in various solar irradiance models and data as discussed in Chapter 1, Section

1.2. Figure 5.9 quantifies the uncertainty in the exospheric temperature as a result of the

uncertainty in the solar soft x-ray irradiance. The soft x-ray irradiance is represented here

by the F10.7 index.

The uncertainty is calculated in the following way: For a particular F10.7, we calculate three
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exospheric temperatures corresponding to three scaling factors of 0.5, 1 and 2 of the input

solar irradiance. The three scaling factors represent the uncertainty in the measurement of

the solar flux in the soft x-rays region of the spectrum. The exospheric temperature, with a

scaling factor of 1, is taken as the reference temperature. We then calculate the uncertainty

of the two temperatures from the reference exospheric temperature. We repeat this process

for different F10.7 starting from 50 up to F10.7 of 250.

Figure 5.9: Uncertainty in exospheric temperature for different F10.7 for scaling
below 30.4nm x-rays. The ACE1D model estimates an impact of a factor-of-two
uncertainty in the solar soft x-ray irradiance on thermospheric temperatures.

From the figure, we see that the uncertainty increases almost linearly with the increase in

the F10.7. The maximum uncertainty is about 260 K at a F10.7 of 250. Since the change

in exospheric temperature is linear with the change in F10.7 and we have calculated the un-

certainty by changing the soft x-rays by a scaling factor of 2, therefore, based on the above

results, we estimate the impact of a factor-of-two uncertainty in the solar soft x-ray irradi-

ance on thermospheric temperatures. It is well known that the thermospheric temperature

strongly depends on heating due to the solar EUV radiation, and since the uncertainty in
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this study is calculated on the exospheric temperature, therefore, this result shows that the

solar soft x-rays have a significant effect on the global thermospheric temperature as well.

5.4.2 Scaling of the He II 30.4 nm solar emission

In Section 5.3, it was shown that the He II 30.4 nm emission has a significant contribution

to the exospheric temperature. Here, we compare the effects of change in the thermospheric

temperature with change He II emission with that of the soft x-rays analysis done in Section

5.4.1. As was done in the previous case, here we have scaled He II emission, which is

represented by one wavelength bin (29 nm - 32 nm) in the EUVAC spectrum, by the five

scaling factors, while keeping the rest of the bins unchanged. Then the analysis of the heating

of the neutral thermosphere and changes in the thermospheric temperature is carried out in

the same way as was done in Section 5.4.1.

Figure 5.10 shows the neutral temperature as a function of altitude for the five different

scaling factors, following the method applied in the previous section. As seen in the figure, the

neutral temperatures calculated in the previous section, by scaling the soft x-rays irradiance,

is greater than the neutral temperature due to He II emission by approximately a factor of 1.2

(20%). Therefore, the effects of the solar soft x-rays on the neutral exospheric temperature

is comparable to that of this strong 30.4 nm solar emission.
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Figure 5.10: Neutral temperature as a function of altitude due to scaling of 30.4
nm. The different colours show the uncertainty in He II emission. The uncer-
tainty in thermospheric temperature increases with increase in uncertainty in
He II irradiance.

The mechanism of increase in the thermospheric temperature can be analyzed as was done

in Section 5.4.1. The different processes affecting the temperature change, i.e., the thermal

conduction (via molecular diffusion) (Figure 5.11a), heating (Figure 5.11b) and cooling rates

(Figure 5.11c) and eddy diffusion (Figure 5.11d), calculated from the thermodynamic heat

equation is shown in Figure 5.11. As in the previous case, the eddy diffusion is negligible

compared to the other processes in the altitude range of interest and thus can be ignored.

By following the previous analysis, we can see that in the case of He II emission, the energy

of the non-thermal electrons created by the He II solar emission is transferred to higher

altitudes by ambipolar diffusion.

The thermal conduction in the previous analysis is within 10% of the thermal conduction

due to the He II emission. The heating rate for the soft x-rays is also approximately 10%

greater than the He II emission. The cooling rate at higher altitudes of both the soft x-rays
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and He II emission is also the same. Therefore, the effectiveness of soft x-rays in heating the

upper thermosphere is similar to the He II emission.

(a) (b)

(c) (d)

Figure 5.11: (a) Thermal conduction (molecular diffusion), (b) heating, (c) cooling
rates and (d) eddy Diffusion as functions of altitude for scaling of 30.4nm x-ray.
The different colours show the uncertainty in soft x-ray irradiance. Thermal
conduction is the main mechanism of heat transfer at higher altitudes.
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Figure 5.12 shows the electron density profile scaled in response to the scaling of the He II

irradiance. With the increase in the He II emission, the electron density also increases. This

is due to the increase in ionization as was explained earlier. When compared to the electron

density due to the soft x-rays scaling, the change in the electron density at the peak altitude

is within 10%, and at higher altitudes it is 40%. Since ionization drives the production of

electron density at the lower altitudes, the effects of the soft x-rays and the He II emission

in the production of the electron density is also similar in comparison.

Figure 5.12: Electron density as a function of altitude for scaling of 30.4nm bin.
The different colours show the uncertainty in soft x-ray irradiance. Electron
density increases with increase in He II solar irradiance.

Figures 5.13a and 5.13b show the heating of the neutrals by electrons and ions respectively.

Similar to the other figures, shown earlier the heating and the cooling rates of the neutrals

due to the soft-rays and the He II emission have similar values at different altitudes.
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(a) Heating of neutrals by electrons as a
function of altitude

(b) Heating of neutrals by ions as a func-
tion of altitude

Figure 5.13: Heating of neutrals by ions and electrons as functions of altitude for
scaling of 30.4nm bin. Heating by ions is two orders of magnitude greater than
heating by electrons at higher altitudes.

Figures 5.14a and 5.14b show the electron and ion temperatures respectively. The electron

and ion temperatures due to both the soft x-rays and the He II emission are very close in

comparison. The mechanism of heat conduction to the upper thermosphere due to the He II

emission can be explained in the same way as the soft x-rays heating. Therefor, conduction is

the process responsible for the impact of both spectral regions. Due to the thermal gradient

set up by the deposition of ionization energy at the lower altitudes, the electrons with their

higher thermal velocities and lower mass move up in the thermosphere quicker than the ions,

which set up the polarization electric field. Once equilibrium is reached, the plasma moving

through the neutral atmosphere via ambipolar diffusion will heat it, causing the electron

temperatures to fall.
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(a) Electron Temperature as a function of
altitude

(b) Ion Temperature as a function of alti-
tude

Figure 5.14: Electron and ion temperatures as functions of altitude for scaling of
30.4nm bin. The different colours show the uncertainty in soft x-ray irradiance.
With increase in He II irradiance, the electron temperatures decrease at higher
altitudes.

Figure 5.15 shows the uncertainty in the exospheric temperature for different F10.7. The

method of calculating the uncertainty has already been discussed in Section 5.4.1. The

uncertainty in the He II emission is represented by three scaling values of 0.5,1 and 2 for

each F10.7 index. For scaling of only the He II emission, the uncertainty increases almost

linearly with the increase in F10.7 and has a maximum uncertainty of approximately 105

K at a F10.7 of 250, as compared to the scaling of the soft x-rays which has a maximum

uncertainty of 250K at a F10.7 of 250 . This is reasonable because the soft x-rays cover a

larger energy and solar irradiance ranges which increases the variability in the data than

the very narrow He II emission. This uncertainty on the thermospheric temperature due to

He-II emission also has an impact of factor-of-two, like the soft x-rays.
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Figure 5.15: Uncertainty in exospheric temperature for different F10.7 for scaling
of 30.4nm bin. Uncertainty increases with increase in solar activity.

5.5 Comparisons with GUVI Exospheric Temperature

In this section, we compare the exospheric temperature obtained from the ACE1D model

with that of NRLMSIS model and the GUVI temperature data in order to validate the

model.

Figure 5.16 shows the comparisons of the dayside exospheric neutral temperature obtained

from the Global Ultraviolet Imager (GUVI) onboard the Thermosphere-Ionosphere-Mesosphere

Energetics and Dynamics (TIMED) satellite (Meier et al. [2015]) with the modeled NRLMSIS

dayside and global mean temperatures and also the global average exospheric temperature

obtained from the ACE1D model. The four temperatures, shown in the figure, are plotted

as a function of F10.7, which represents the solar activity. No scaling of the soft x-rays were

performed for the ACE1D Global temperature.

GUVI daily temperatures were obtained from a period of 2002 till 2007 and were averaged
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Figure 5.16: Comparisons of GUVI, ACE1D and MSIS exospheric temperatures.

over the entire dayside global area to obtain the average dayside temperature. The ACE1D

and the NRLMSIS global mean temperatures are the mean of both the day and nightside

temperatures taken together. The dayside NRLMSIS mean temperature is the mean of only

the sunlight side of the Earth (i.e., 6 hours to 18 hours Local Time). The F10.7 index has

been varied from 70 to 250, representing increasing solar activity. The ACE1D global mean

temperature as a function of F10.7 is on an average 0.95 times that of the NRLMSIS global

mean. The daytime average neutral temperature obtained from the NRLMSIS model agrees

very well with the GUVI daytime temperature data. Only at F10.7 less than 90, i.e., for

low solar activity, the data and model temperatures converge for daytime and global average

values. Overall, the daytime average exospheric (GUVI daytime and MSIS Daytime) is

approximately 1.3 times the global (MSIS Global and ACE1D Global) average temperature.
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5.6 Summary

In this chapter, we have used the ACE1D model to show that the solar soft x-rays below

30.4 nm are important drivers of the temperature of the entire thermosphere, even though

most of their ionization energy is deposited in the lower thermosphere.

The solar soft x-rays flux, which is the most variable part in the solar spectrum, is represented

by eight bins varying from 0.05 nm till below 30.4 nm in the EUVAC spectrum. In order to

study the effects of the uncertainty in the solar soft x-ray irradiance, we use five different

scaling factors to scale the soft x-rays flux and observe their effects on the thermospheric

temperature. We then utilize the thermodynamic heat equation to conclude that the main

source of this temperature increase in the upper thermosphere is due to the conduction

of heat from the lower to the upper thermosphere via collisions of neutrals with ions and

electrons.

Moreover, the uncertainty in the calculation of the neutral temperatures due to the varia-

tion of the solar flux in the soft x-ray wavelengths leads to errors in the model-predicted

thermospheric temperature and this uncertainty is about a factor of two. Hence, there is a

need for better models that can reflect this variability in the solar soft x-rays flux.
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Conclusion

In this study, we have quantified the effects of the soft x-ray radiation from the sun on the

chemistry and structure of the Earth’s thermosphere-ionosphere.

Firstly, we have used a new high resolution solar spectral model (with increased resolution in

soft x-ray wavelengths below 1.8 nm) to show that this increased resolution helps to correctly

quantify the ionization profiles of N2 at lower altitudes (below 80 km). The ionization of N2

becomes significant during solar flares. The efficiency of the new NRLFLARE model and

its comparisons with other models have been carried out in Siskind et al. [2022]. Although,

the uncertainties in the NRLFLARE model output have not been quantified in this study

(Siskind et al. [2022]) which can lead to the uncertainties in the new ionization results,

Chapter 3 shows that these new rates are several orders of magnitudes greater than that

estimated by previous low resolution EUVAC solar spectral model. Therefore, we need

new satellite and other experimental data with higher resolution in the soft x-ray range to

correctly quantify their effects at altitudes below 80 km in the D region of the ionosphere .

Secondly, higher photoelectron energies excite the higher energetic states of N2 which are

known to dissociate. In Chapter 2, we updated the photoelectron model with the most

recent electron-impact excitation and ionization cross-sections and derived the dissociation

cross-sections using experimentally obtained predissociation factors for N2. The addition

of predissociation and higher energy excited states help remove some of the uncertainties

in the calculation of N2 dissociation cross-sections. The new dissociation cross-sections are
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compared with the older cross-sections used in the SQ’05 model and is seen to be on average

0.65 times the latter, which is within the uncertainties that are present in the cross-sections

data available in literature. These new data show that the dissociation cross-section of N2

is persistently lower than previously estimated. In addition, the newer cross-sections help

to understand the impact of different excited states on the dissociation of N2, which were

not considered explicitly in the previous model. There is still a severe lack of cross-section

data for higher excited states which makes the dissociation cross-section of N2 difficult to

estimate.

In Chapter 3, we used the new excitation, ionization and dissociation cross-sections to es-

timate the dissociation rates of N2 using the photoelectron model. The different rates are

obtained for the input irradiances of two flares, which are modeled using the NRLFLARE

model. The NRLFLARE model improves the soft x-ray irradiance by binning them into 12

high resolution bins below 1.8 nm. This helps to resolve the ionization and dissociation rates

below 90 km in the D region of the atmosphere. One of the main results of this chapter is the

availability of pe/pi factors below 90 km to be obtain the photoelectron ionization rates from

their corresponding photoionization rates. Using the two improvements to the photoelectron

model, we find the dissociation rate of N2 is 0.7 times the dissociation rate of N2 obtained

using the SQ’05 model, which gives a 30% improvement on our dissociation rate than the

previous model. Similar to the cross-sections in Chapter 2, this change although being within

the error limits, indicates that the dissociation of N2 is lower than the previously assumed.

In Chapter 4, using the updated photoelectron dissociation rates and pe/pi factors, we es-

timated the global average NO densities using the global average one-dimensional ACE1D

model. The new NO density values show a 20% increase in its density at altitudes below

the peak and this is attributed to the dissociation of N2 by the high energy photoelectrons

having energies in 1000 eVs - 10 keV range, which are created by the soft x-rays below 2 nm.
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In Chapter 5, the dependence of thermospheric temperature on the solar soft x-ray flux

below 30.4 nm is studied using the ACE1D model. We used the modified EUVAC model

as the input solar spectrum and the uncertainty in the soft x-rays region is modeled by five

different scaling factors. We see that the neutral temperature varies with the scaling of the

soft x-rays irradiance. We then utilize the thermodynamic heat equation to conclude that

the main source of this temperature increase in the upper thermosphere is due to the transfer

of heat from the lower to the upper thermosphere via the process of molecular diffusion.

Finally, we estimate the uncertainties in the modeled neutral thermospheric temperature due

to the uncertainties in the solar soft x-rays irradiance. These uncertainties increases almost

linearly with the increase in solar activity. Therefore, there is a need for better models, like

the NRLFLARE model, that can reflect this variability in the solar soft x-rays flux.

6.1 Future Work

The availability of a new high resolution soft x-ray irradiance model showed the ionization

profiles of N2 at altitudes below 90 km is different from what was previously estimated. Here,

we have shown some of the impacts of this new ionization rate. However, several important

work remains to be done.

While we have updated the photoelectron model with the most recent cross-section data,

uncertainties still remain in the electron-impact cross-sections of N2 especially for higher

excitation states. Many of the dissociation channels which are essentially peaks seen in the

N2 spectrum are included in Table 2.2 in Chapter 2. These dissociation channels need to be

spectrally resolved into their correct excitation states in order to prevent over estimation of

dissociation cross-section of N2.
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The new NO density calculated below 100 km shows a 20% increase from our previous esti-

mation. However, the ACE1D model only extends to 97 km. In order to get a more accurate

estimation of NO density below this altitude the ACE1D model needs to be extended below

this altitude or a new model can be used to study the NO density at altitude below 97 km.
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Appendix A

Cross-sections

A.1 Figures of Base Photoionization Cross-sections of

Different States of O2 and O

The compilation of different ionization states of O2 and O for their photoionzation cross-

sections are in given in Figures A.1 and A.2 respectively. The cross-sections were compiled

from Fennelly and Torr [1992] and Henke et al. [1993].

(a) (b) (c)

Figure A.1: Photoionization Cross-sections of O2
+ states
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(d) (e) (f)

(g) (h) (i)

Figure A.1: Photoionization Cross-sections of O2
+ states

(a) (b) (c)

Figure A.2: Photoionization Cross-sections of O+ states
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(d) (e) (f)

Figure A.2: Photoionization Cross-sections of O+ states

A.2 Tables for Photon Cross-sections

Tables A.1 and A.2 give the photoabsorption and photoionization cross-sections of O2 and

O respectively, described in the ACE-PE model. The solar flux bins are the same as that of

the NRLFLARE model.

Table A.1: Photon Cross-section for O2

λmin(nm) λmax(nm) σabs(cm2) σionz(cm2)

0.05 0.1 6.212e-23 6.212e-23

0.1 0.15 2.731e-22 2.731e-22

0.15 0.2 8.326e-22 8.326e-22

0.2 0.25 1.875e-21 1.875e-21

0.25 0.3 3.663e-21 3.663e-21

0.3 0.4 6.947e-21 6.947e-21

0.4 0.5 1.496e-20 1.496e-20

0.5 0.6 2.658e-20 2.658e-20

0.6 0.8 5.251e-20 5.251e-20

0.8 1 1.049e-19 1.049e-19

1 1.4 2.248e-19 2.248e-19

Continued on next page
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Table A.1 – continued from previous page

λmin(nm) λmax(nm) σabs(cm2) σionz(cm2)

1.4 1.8 4.713e-19 4.713e-19

1.8 3.2 3.884e-19 3.884e-19

3.2 7 4.554e-19 4.554e-19

7 15.5 2.875e-18 2.875e-18

15.5 22.4 8.109e-18 8.109e-18

22.4 29 1.343e-17 1.343e-17

29 32 1.685e-17 1.685e-17

32 54 2.070e-17 2.070e-17

54 65 2.703e-17 2.6561e-17

65 79.8 2.396e-17 1.379e-17

65 79.8 2.396e-17 1.379e-17

79.8 91.3 1.105e-17 6.192e-18

79.8 91.3 1.105e-17 6.192e-18

79.8 91.3 1.105e-17 6.192e-18

91.3 97.5 1.962e-17 1.372e-17

91.3 97.5 1.962e-17 1.372e-17

91.3 97.5 1.962e-17 1.372e-17

97.5 98.7 1.869e-17 1.551e-17

98.7 102.7 2.742e-18 1.051e-18

102.7 105 1.0e-18 6.492e-22

105 110 8.017e-19 0.0

110 115 6.574e-20 0.0

115 120 1.301e-20 0.0

121.6 121.6 1.03e-20 0.0

120 125 1.192e-20 0.0

125 130 4.584e-19 0.0

130 135 1.598e-18 0.0

Continued on next page
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Table A.1 – continued from previous page

λmin(nm) λmax(nm) σabs(cm2) σionz(cm2)

135 140 1.152e-17 0.0

140 145 1.443e-17 0.0

145 150 1.262e-17 0.0

150 155 9.256e-18 0.0

155 160 6.375e-18 0.0

160 165 3.106e-18 0.0

165 170 1.332e-18 0.0

170 175 5.246e-19 0.0

Table A.2: Photon Cross-section for O

λmin(nm) λmax(nm) σabs(cm2) σionz(cm2)

0.05 0.1 3.106e-23 3.106e-23

0.1 0.15 1.365e-22 1.365e-22

0.15 0.2 4.163e-22 4.163e-22

0.2 0.25 9.375e-22 9.375e-22

0.25 0.3 1.831e-21 1.831e-21

0.3 0.4 3.473e-21 3.473e-21

0.4 0.5 7.478e-21 7.478e-21

0.5 0.6 1.329e-20 1.329e-20

0.6 0.8 2.626e-20 2.626e-20

0.8 1 5.247e-20 5.247e-20

1 1.4 1.124e-19 1.124e-19

1.4 1.8 2.357e-19 2.357e-19

1.8 3.2 1.947e-19 1.947e-19

3.2 7 2.103e-19 2.103e-19

7 15.5 1.571e-18 1.571e-18

Continued on next page
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Table A.2 – continued from previous page

λmin(nm) λmax(nm) σabs(cm2) σionz(cm2)

15.5 22.4 4.069e-18 4.069e-18

22.4 29 6.070e-18 6.070e-18

29 32 7.739e-18 7.739e-18

32 54 1.15e-17 1.15e-17

54 65 1.312e-17 1.312e-17

65 79.8 6.823e-18 6.823e-18

65 79.8 6.823e-18 6.823e-18

79.8 91.3 3.686e-18 3.686e-18

79.8 91.3 3.686e-18 3.686e-18

79.8 91.3 3.686e-18 3.686e-18

A.3 Tables for Photoionization Branching ratios

Tables A.3, A.4 and A.5 gives the photoionization branching ratios for all the ionization

states of N2, O2 and O respectively, described in the ACE-PE model. The solar flux bins

are the same as that of the NRLFLARE model.

Table A.3: Photoionization Branching Ratios for N2

λmin

(nm)

λmax

(nm)

βX2Σg
+ βA2Πu

βB2Σu
+ βC2Σu

+ βF 2Σg
+ βG2Σg

++E2Σu
+ βH′2Σg

+ H N2
++ K eject

0.05 0.1 0.00900901 0.0135135 0.0045045 0.0 0.0045045 0.00225225 0.0135135 0.00225225 0.0045045 0.945946

0.1 0.15 0.00900901 0.0135135 0.0045045 0.0 0.0045045 0.00225225 0.0135135 0.00225225 0.0045045 0.945946

0.15 0.2 0.00900901 0.0135135 0.0045045 0.0 0.0045045 0.00225225 0.0135135 0.00225225 0.0045045 0.945946

0.2 0.25 0.00900901 0.0135135 0.0045045 0.0 0.0045045 0.00225225 0.0135135 0.00225225 0.0045045 0.945946

0.25 0.3 0.00900901 0.0135135 0.0045045 0.0 0.0045045 0.00225225 0.0135135 0.00225225 0.0045045 0.945946

Continued on next page
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Table A.3 – continued from previous page

λmin

(nm)

λmax

(nm)

βX2Σg
+ βA2Πu

βB2Σu
+ βC2Σu

+ βF 2Σg
+ βG2Σg

++E2Σu
+ βH′2Σg

+ H N2
++ K eject

0.3 0.4 0.00900901 0.0135135 0.0045045 0.0 0.0045045 0.00225225 0.0135135 0.00225225 0.0045045 0.945946

0.4 0.5 0.00900901 0.0135135 0.0045045 0.0 0.0045045 0.00225225 0.0135135 0.00225225 0.0045045 0.945946

0.5 0.6 0.00900901 0.0135135 0.0045045 0.0 0.0045045 0.00225225 0.0135135 0.00225225 0.0045045 0.945946

0.6 0.8 0.00900901 0.0135135 0.0045045 0.0 0.0045045 0.00225225 0.0135135 0.00225225 0.0045045 0.945946

0.8 1 0.00900901 0.0135135 0.0045045 0.0 0.0045045 0.00225225 0.0135135 0.00225225 0.0045045 0.945946

1 1.4 0.00900901 0.0135135 0.0045045 0.0 0.0045045 0.00225225 0.0135135 0.00225225 0.0045045 0.945946

1.4 1.8 0.00900901 0.0135135 0.0045045 0.0 0.0045045 0.00225225 0.0135135 0.00225225 0.0045045 0.945946

1.8 3.2 0.0107899 0.0143824 0.00438696 0.00114036 0.00393537 0.00319609 0.012389 0.00159805 0.00479413 0.943388

3.2 7 0.212921 0.290381 0.0847095 0.0144945 0.0586674 0.0477928 0.194796 0.0224051 0.0738319 0.0

7 15.5 0.220898 0.302949 0.0881108 0.0136752 0.0547009 0.0461847 0.182622 0.0212672 0.0695927 0.0

15.5 22.4 0.226701 0.310733 0.0902527 0.0130621 0.0524315 0.04431 0.175353 0.0203815 0.0667745 0.0

22.4 29 0.234074 0.345403 0.0880715 0.011123 0.0502659 0.0441987 0.16877 0.0403494 0.0177445 0.0

29 32 0.242968 0.435053 0.107726 0.0241911 0.099653 0.0447132 0.036587 0.00910805 0.0 0.0

32 54 0.369666 0.475425 0.0940592 0.0253415 0.0308203 0.00438856 0.000298807 0.0 0.0 0.0

54 65 0.335414 0.560332 0.104254 0.0 0.0 0.0 0.0 0.0 0.0 0.0

65 79.8 0.786892 0.211939 0.00116884 0.0 0.0 0.0 0.0 0.0 0.0 0.0

65 79.8 0.786892 0.211939 0.00116884 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Table A.4: Photoionization Branching Ratios for O2

λmin

(nm)

λmax

(nm)

βX2Πg
βa4Πu+A2Πu

βb4Σg
− βB2Σg

− β2Πu+c4Σu
− β2Σu

+ 33 eV β2,4Σg
− K eject

0.05 0.1 0.0 0.0 0.0 0.00582242 0.0174672 0.00436681 0.00873362 0.0160116 0.947598

0.1 0.15 0.0 0.0 0.0 0.00582242 0.0174672 0.00436681 0.00873362 0.0160116 0.947598

0.15 0.2 0.0 0.0 0.0 0.00582242 0.0174672 0.00436681 0.00873362 0.0160116 0.947598

0.2 0.25 0.0 0.0 0.0 0.00582242 0.0174672 0.00436681 0.00873362 0.0160116 0.947598

Continued on next page
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Table A.4 – continued from previous page

λmin

(nm)

λmax

(nm)

βX2Πg
βa4Πu+A2Πu

βb4Σg
− βB2Σg

− β2Πu+c4Σu
− β2Σu

+ 33 eV β2,4Σg
− K eject

0.25 0.3 0.0 0.0 0.0 0.00582242 0.0174672 0.00436681 0.00873362 0.0160116 0.947598

0.3 0.4 0.0 0.0 0.0 0.00582242 0.0174672 0.00436681 0.00873362 0.0160116 0.947598

0.4 0.5 0.0 0.0 0.0 0.00582242 0.0174672 0.00436681 0.00873362 0.0160116 0.947598

0.5 0.6 0.0 0.0 0.0 0.00582242 0.0174672 0.00436681 0.00873362 0.0160116 0.947598

0.6 0.8 0.0 0.0 0.0 0.00582242 0.0174672 0.00436681 0.00873362 0.0160116 0.947598

0.8 1 0.0 0.0 0.0 0.00582242 0.0174672 0.00436681 0.00873362 0.0160116 0.947598

1 1.4 0.0 0.0 0.0 0.00582242 0.0174672 0.00436681 0.00873362 0.0160116 0.947598

1.4 1.8 0.0 0.0 0.0 0.00582242 0.0174672 0.00436681 0.00873362 0.0160116 0.947598

1.8 3.2 0.0 0.0 0.0 0.105576 0.336625 0.0913381 0.168313 0.298149 0.0

3.2 7 0.0324654 0.0279396 0.0207563 0.0939181 0.311554 0.080356 0.160297 0.272713 0.0

7 15.5 0.1242 0.110775 0.077319 0.0705969 0.233118 0.0600257 0.120051 0.203914 0.0

15.5 22.4 0.243472 0.190802 0.129691 0.0762124 0.14619 0.0288641 0.0665772 0.118191 0.0

22.4 29 0.278009 0.217715 0.137104 0.075218 0.150291 0.0295827 0.0418614 0.070219 0.0

29 32 0.32275 0.223886 0.133497 0.0760748 0.141708 0.0403465 0.0617379 0.0 0.0

32 54 0.373178 0.254345 0.132151 0.0816363 0.128836 0.0250388 0.0048147 0.0 0.0

54 65 0.293116 0.316199 0.280461 0.10848 0.00174403 0.0 0.0 0.0 0.0

65 79.8 0.813989 0.179758 0.00577457 0.00047819 0.0 0.0 0.0 0.0 0.0

65 79.8 0.813989 0.179758 0.00577457 0.00047819 0.0 0.0 0.0 0.0 0.0

79.8 91.3 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

79.8 91.3 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

79.8 91.3 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

91.3 97.5 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

91.3 97.5 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

91.3 97.5 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

97.5 98.7 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

98.7 102.7 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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Table A.5: Photoionization Branching Ratios for O

λmin(nm) λmax(nm) β4So β2Do β2P o β4P β2P (1s)−1

0.05 0.1 0.0144928 0.0173913 0.0115942 0.0057971 0.00289855 0.947826

0.1 0.15 0.0144928 0.0173913 0.0115942 0.0057971 0.00289855 0.947826

0.15 0.2 0.0144928 0.0173913 0.0115942 0.0057971 0.00289855 0.947826

0.2 0.25 0.0144928 0.0173913 0.0115942 0.00579710 0.00289855 0.947826

0.25 0.3 0.0144928 0.0173913 0.0115942 0.00579710 0.00289855 0.947826

0.3 0.4 0.0144928 0.0173913 0.0115942 0.00579710 0.00289855 0.947826

0.4 0.5 0.0144928 0.0173913 0.0115942 0.0057971 0.00289855 0.947826

0.5 0.6 0.0144928 0.0173913 0.0115942 0.0057971 0.00289855 0.947826

0.6 0.8 0.0144928 0.0173913 0.0115942 0.0057971 0.00289855 0.947826

0.8 1 0.0144928 0.0173913 0.0115942 0.00579710 0.00289855 0.947826

1 1.4 0.0144928 0.0173913 0.0115942 0.0057971 0.00289855 0.947826

1.4 1.8 0.0144928 0.0173913 0.0115942 0.0057971 0.00289855 0.947826

1.8 3.2 0.287111 0.324163 0.212991 0.101667 0.0740686 0.00000

3.2 7 0.296908 0.318764 0.21224 0.0969702 0.0751176 0.0

7 15.5 0.295831 0.31949 0.212029 0.0967074 0.0759418 0.0

15.5 22.4 0.268367 0.336704 0.219845 0.0970748 0.0780101 0.0

22.4 29 0.253411 0.355935 0.229148 0.0962267 0.0652799 0.0

29 32 0.263036 0.390207 0.249222 0.0975356 0.0 0.0

32 54 0.270142 0.424443 0.260199 0.0452156 0.0 0.0

54 65 0.297732 0.450717 0.251551 0.0 0.0 0.0

65 79.8 0.758328 0.237427 0.00424454 0.0 0.0 0.0

65 79.8 0.758328 0.237427 0.00424454 0.0 0.0 0.0

79.8 91.3 1 0 0 0 0 0

79.8 91.3 1 0 0 0 0 0

79.8 91.3 1 0 0 0 0 0
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A.4 Figures of Electron Impact Cross-sections

Figure A.3 details the cross-sections of all the excitation states of O2 used in the photoelectron

(ACE-PE) model

10
0

10
1

10
2

10
3

Energy (eV) 

0

0.2

0.4

0.6

0.8

1

C
ro

s
s

-s
e

c
ti

o
n

 (
1

0
-1

6
 c

m
2

)

Vibrational

Shyn&Sweeney[1993]

Noble et al[1996]

Fitted Fucntion

(a)

10
0

10
1

10
2

10
3

10
4

Energy (eV) 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

C
ro

s
s

-s
e

c
ti

o
n

 (
1

0
-1

6
 c

m
2

)

AA'c (Herzberg Pseudocontinuum)

Shyn&Sweeney[2000]

Green et al[2001]

Fitted Function

(b)

10
2

10
4

Energy (eV) 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

C
ro

s
s

-s
e

c
ti

o
n

 (
1

0
-1

6
 c

m
2

)

Schumann-Runge Continuum

Liu et al[2018]

Fitted Function

(c)

10
0

10
1

10
2

10
3

10
4

Energy (eV) 

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

0.05

C
ro

s
s

-s
e

c
ti

o
n

 (
1

0
-1

6
 c

m
2

)

Longest Band

Liu et al[2018]

Fitted Function

(d)

10
1

10
2

10
3

10
4

Energy (eV) 

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

C
ro

s
s

-s
e

c
ti

o
n

 (
1

0
-1

6
 c

m
2

)

Second Band

Liu et al[2018]

Fitted Function

(e)

10
1

10
2

10
3

10
4

Energy (eV) 

0

0.5

1

1.5

C
ro

s
s
-s

e
c
ti

o
n

 (
1
0

-1
6

 c
m

2
)

Rydbergs

Majeed&Strickland [1997]

Fitted Fucntion

(f)

Figure A.3: Electron Impact Excitation Cross-section of O2 states



A.4. FIGURES OF ELECTRON IMPACT CROSS-SECTIONS 147

10
-1

10
0

10
1

10
2

10
3

Energy (eV) 

0

0.02

0.04

0.06

0.08

0.1

0.12

C
ro

s
s
-s

e
c
ti

o
n

 (
1
0

-1
6

 c
m

2
)

a
1

 
g

 

Shyn&Sweeney [1993]

Fitted Fucntion

(g)

10
-1

10
0

10
1

10
2

10
3

10
4

Energy (eV) 

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

C
ro

s
s
-s

e
c
ti

o
n

 (
1
0

-1
6

 c
m

2
)

b
1

 
g

 

Shyn&Sweeney[1993]

Fitted Fucntion

(h)

Figure A.3: Electron Impact Excitation Cross-section of O2 states

Figure A.4 details the cross-sections of all the excitation states of O used in the photoelectron

(ACE-PE) model
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Figure A.4: Electron Impact Excitation Cross-section of O states
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Figure A.4: Electron Impact Excitation Cross-section of O states

Figure A.5 details the ionization and dissociative ionization cross-sections of O2 due to

electron impact collision used in the photoelectron (ACE-PE) model
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Figure A.4: Electron Impact Excitation Cross-section of O states
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Figure A.5: Ionization Cross-sections of O2

Figure A.6 shows the ionization cross-section of O due to electron impact collision used in

the photoelectron (ACE-PE) model
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Figure A.6: Ionization Cross-sections of O due to Electron Impact

A.5 Tables of Electron Impact Cross-sections

Table A.6 shows all the electron-impact excitation states of O2 used in the ACE-PE model
along with the their threshold energy (Eth), energy of maximum cross-section, maximum
cross-section and the percentage predissociation.

Table A.6: Excitation States of O2

Excitation

State

Eth(eV) Energy of max

Cross-

section(eV)

Max Cross-

section

(10−18cm2)

%

Predissociation

References

Vibrational 0.2 10.25 94.34 0
Noble et al.

[1996]

c1Σ−
u ,A’3Σ−

u &

A3Σ+
u

4.5 10.25 13.25 100
Green et al.

[2001]

SRC 6.12 26.45 61.73 100
Liu et al.

[2018]

Continued on next page



A.5. TABLES OF ELECTRON IMPACT CROSS-SECTIONS 151

Table A.6 – continued from previous page

Excitation

State

Eth(eV) Energy of max

Cross-

section(eV)

Max Cross-

section

(10−18cm2)

%

Pre-dissociation

References

LB 10 20.6 4.7 100
Liu et al.

[2018]

SB 10.3 41.48 1.3 100
Liu et al.

[2018]

Ryds 16 34 146.73 100

Majeed and

Strickland

[1997]

a1∆g 0.97 6.75 10.36 0

Shyn and

Sweeney

[1993]

b1Σg 1.62 6.75 3.37 0

Shyn and

Sweeney

[1993]

Table A.7 shows all the electron impact excitation states of O used in the ACE-PE model

along with the their threshold energy (Eth), energy of maximum cross-section and maximum

cross-section.

Table A.7: Excitation States of O

Excitation State Eth(eV) Energy of max

Cross-

section(eV)

Max Cross-

section

(10−18cm2)

References

3s 3So 9.5 26.45 8.63 Johnson et al. [2003]

2p4 1D 1.96 5.25 44.94 Doering [1992]

3d 3Do 12.08 32.31 3.51 Johnson et al. [2003]

Continued on next page
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Table A.7 – continued from previous page

Excitation State Eth(eV) Energy of max

Cross-

section(eV)

Max Cross-

section

(10−18cm2)

References

3s’ 3Do 12.53 43.61 5.79 Johnson et al. [2003]

3s’’ 3P o 14.11 50.67 6.5 Johnson et al. [2003]

2p4 1S 4.18 8.25 2.64 Tayal and Zatsarinny [2016]

2p 5P o 15.65 41.48 11.04 Tayal and Zatsarinny [2016]

3p 5P 10.73 17.73 2.58 Zatsarinny and Tayal [2002]

4d 3Do 12.75 43.61 1.96 Majeed and Strickland [1997]

5d 3Do 13 43.61 1.16 Majeed and Strickland [1997]

Rydbergs 14 26.45 32.41 Majeed and Strickland [1997]

3p 3P 10.98 17.73 7.8 Gulcicek et al. [1988]

3s 5So 9.14 14.52 3.71 Gulcicek et al. [1988]

4d’ 3P o 16.08 50.67 2.44 van der Burgt et al. [1989]

Table A.8 gives the fitting parameters for the electron-impact cross-sections for all the exci-

tation states of O2 used in the ACE-PE model

Table A.8: Fitting Parameters for O2 Excitation Cross-section

Excited

State

Eth(eV) a1 a2 a3 a4 a5 a6 a7 a8

Vibrational 0.2 12.9375 7.5566 10.1148 13.5803 37.1013 5.842 6.218 0.8618

c1Σ−
u ,A’3Σ−

u &

A3Σ+
u

4.5 25.4093 7.5201 5.7868 50.1096 0.9881 1.9706 6.5458 1.2318

SRC 6.12 99.58 7.8081 0.4631 0.7547 0.8460 0.5494 26.5331 0.7434

LB 10 99.5343 9.6625 4.7581 0.6902 0.0624 0.2952 31.1376 0.8421

SB 10.3 99.5481 9.0 3.2491 0.5718 0.0144 0.5148 41.2214 0.7297

Continued on next page
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Table A.8 – continued from previous page

Excited

State

Eth(eV) a1 a2 a3 a4 a5 a6 a7 a8

Ryds 16 3.0477 1.5724 12.6191 0.6797 9.9951 1.1743 0.0018 4.1789

a1∆g 0.977 1.7862 2.3891 5.4963 1.7106 - - - -

b1Σg 1.627 5.7594 3.8908 4.2622 1.7539 - - - -

Table A.9 gives the fitting parameters for the electron-impact cross-sections for all the exci-

tation states of O used in the ACE-PE model

Table A.9: Fitting Parameters for O Excitation Cross-section

State Eth(eV) a1 a2 a3 a4 a5 a6 a7 a8

3s 3So 9.5 0.1186 1.0238 13.8980 1.1150 0.0274 0.8784 52.6275 0.5161

2p4 1D 1.96 0.0469 14.0079 6.5948 0.9170 495.2045 3.7869 2.4143 0.7713

3d 3Do 12.08 0.1185 0.8416 3.7233 0.4250 0.0179 1.7335 20.1638 1.0148

3s’ 3Do 12.53 0.0478 0.7445 37.1416 0.6746 0.1312 0.8873 4.2165 0.8589

3s’’ 3P o 14.11 0.0277 1.4506 32.4527 0.8741 0.1872 1.0028 2.6481 0.3287

2p4 1S 4.18 0.0032 0.6338 20.0968 2.4291 0.1812 1.0276 3.8687 0.9775

2p 5P o 15.65 0.0037 5.1219 18.5104 1.6939 0.1107 0.6327 35.0869 0.8162

3p 5P 10.73 0.1538 4.8487 7.2615 1.6631 0.0324 0.2460 11.9178 2.5099

4d 3Do 12.75 0.0180 0.8349 34.5364 0.9812 9.8181 3.8669 1.6838 3.3599

5d 3Do 13 0.0045 1.6012 27.9098 0.9244 0.0108 0.5718 12.6714 0.6722

Rydbergs 14 1.1437 1.0298 7.3643 0.4891 9.4479 11.5893 0.2458 10.4649

3p 3P 10.98 0.3638 1.1726 6.6056 1.0698 - - - -

3s 5So 9.14 98.4005 7.1143 4.8595 2.2804 - - - -

4d’ 3P o 16.08 0.0006 7.0204 23.9377 0.5416 - - - -

Table A.10 gives the fitting parameters for the electron-impact cross-sections for all the

ionization channels of O2 and O used in the ACE-PE model.
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Table A.10: Fitting Parameters for Ionization Cross-section

Ionization

Channel

Eth(eV) ak aj TS Ta Tb Γs Γb

O2(Single

Non-Dissociative

Ionization)

12.10 1.9634 8.9237 -48.6810 -7.6249 -35.1641 65.5480 -40.3355

O +O+(Single

Dissociative

Ionization)

20 0.3287 0.5764 13.5476 8373.8 156.8474 47.8684 -63.1845

O(Single

Ionization)
13.6 4.8787 11.1297 17.4974 3450.8 121.6107 8.1247 -4.1235



Appendix B

B.1 Tables For Photoelectron Factors

Table B.1 gives the pe/pi ratios of O2 at optical depth of one.

Table B.1: Photoelectron Factors for O2

λmin

(nm)

λmax

(nm)

Height of Unit

Optical Depth

(km)

pe/pi

Total

pe/pi

O2
+

pe/pi

D.I

pe/pi

D.E

pe/pi

Dissoc

0.05 0.1 46 294.186 219.389 74.797 576.016 650.813

0.1 0.15 57 164.752 122.762 41.990 322.453 364.443

0.15 0.2 65 115.860 86.277 29.583 226.910 256.493

0.2 0.25 71 89.843 66.868 22.976 176.468 199.444

0.25 0.3 75 73.593 54.748 18.845 144.804 163.649

0.3 0.4 79 58.996 43.864 15.132 116.394 131.526

0.4 0.5 84 46.033 34.202 11.832 91.210 103.041

0.5 0.6 87 37.996 28.213 9.783 75.599 85.382

0.6 0.8 91 30.700 22.779 7.921 61.368 69.289

0.8 1 95 23.915 17.729 6.187 48.04 54.227

1 1.4 99 18.395 13.624 4.770 37.187 41.958

1.4 1.8 104 13.695 10.138 3.557 27.953 31.510

1.8 3.2 109 3.980 2.945 1.035 7.857 8.891

3.2 7 103 3.870 2.868 1.001 8.282 9.284

7 15.5 117 1.558 1.1722 0.386 3.906 4.292

15.5 22.4 134 0.568 0.4515 0.116 2.160 2.276

Continued on next page
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Table B.1 – continued from previous page

λmin

(nm)

λmax

(nm)

Height of Unit

Optical Depth

(km)

pe/pi

Total

pe/pi

O2
+

pe/pi

D.I

pe/pi

D.E

pe/pi

Dissoc

22.4 29 146 0.260 0.219 0.041 1.566 1.607

29 32 151 0.141 0.127 0.014 1.267 1.281

32 54 165 0.061 0.059 0.001 1.428 1.429

54 65 167 0.0 0.0 0.0 0.101 0.101

Table B.2 gives the pe/pi ratios of O at optical depth of one.

Table B.2: Photoelectron Ionization Factors for O

λmin(nm) λmax(nm) Height of Unit

Optical Depth

(km)

pe/pi Total

0.05 0.1 46 -

0.1 0.15 57 238.484

0.15 0.2 65 167.730

0.2 0.25 71 130.094

0.25 0.3 75 106.596

0.3 0.4 79 85.498

0.4 0.5 84 66.772

0.5 0.6 87 55.1672

0.6 0.8 91 44.639

0.8 1 95 34.848

1 1.4 99 26.884

1.4 1.8 104 20.091

1.8 3.2 109 5.797

3.2 7 103 6.192

Continued on next page
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Table B.2 – continued from previous page

λmin(nm) λmax(nm) Height of Unit

Optical Depth

(km)

pe/pi Total

7 15.5 117 2.143

15.5 22.4 134 0.911

22.4 29 146 0.524

29 32 151 0.336

32 54 165 0.125

54 65 167 0.0

B.2 Figures For Photoelectron Process Rates for O2

and O

Figure B.1 gives the Total Photoionization rate (Pi), Photoelectron Ionization (Pe), O2
+,

Dissociative Ionization (D.I), Dissociative Excitation (D.E) and total dissociation (Dissoc.)

rates for O2 for X9 and M5 flares given in Chapter 3.

Figure B.2 gives the Total Photoionization rate (Pi), Photoelectron Ionization (Pe) and

Electron Impact (EI) Excitation for O for X9 and M5 flares given in Chapter 3.
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(a) (b)

(c) (d)

Figure B.1: Photoionization and Photoelectron Impact Rates of O2
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(a) (b)

(c) (d)

Figure B.2: Photoionization and Photoelectron Impact Rates of O
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