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PREFACE
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The understanding of the complex behavior of threogaphere and ionosphere @

s

various planets requires a balanced effort in #tgzal modeling, experiments and analysis
of the observations. The ability to combine obsiovs with numerical models is critical in

predicting atmospheric phenomena. Theoretical nsodased on fundamental principles i

-3

conjunction with data from recent satellites ar@anmant to improve our understanding off

the physical, chemical and dynamical processesaratmosphere. Given such importanc

[

modeling of planetary atmospheres has been a ntljast area in India. To help in

strengthening this area of research, we have desélearious models to study the comple
behavior of Martian atmosphere/ionosphere and stosins. The Martian ionosphere can [
divided into D, E, and F region. The Mars ionosphd¥- region is formed by EUV
radiation with wavelength 90 — 1026 A at altitude25-135 km. Mars ionospheric E-region
is produced by X-ray radiation with wavelength @90 A at altitude ~100-112 km. At
night the E-region of Mars disappear because okrates of the primary source of
ionization. Most of the radio occultation experirteensed radio frequency wave to infer the
ionosphere of Mars. The lower ionosphere is mad® oégion. The D peak of electron

density occurs at altitude range from 25 to 35 knD layer electron density is less than th

D

positive ion density from which the existence ofjaigve ions can be inferred. The primang
sources of ionization of D region are galactic cigsrays.

The Solar flare response is a key problem in tlamgihry ionosphere. The solar
flares are sudden increases in solar radiationceged with sunspots. The occurrence of

solar flares directly depends on sunspot numbeclwimi turn depends on solar activity.




The sunspot number increases as the sun progries#issactivity during 11-years solar
cycle. The solar flares are broadly classified a8fXC and B-classes according to their X-
ray brightness in the wavelength range 1 to 70 Ae TGOES, which operate in
geostationary orbit above the earth track the dtdegs reaching the earth by measuring th
X-ray, flux at shorter wavelengths (0.5-3 A and A¥8because these shorter wavelength X
ray fluxes are more sensitive to the solar flafesong various Mars’ missions, the MG$S
was the only mission, which measured a large nurabelectron density profiles (5600) in

the ionosphere of Mars during solar maximum coadgiso far. It observed the respons

(D

of about 32 solar flare events in the electron tengrofiles of Martian ionosphere.

Therefore, the electron density data of MGS is wesgful to understand the implications off

solar flares on Mars. We have also carried out itiadeof D and E region ionosphere of

Mars due to impact of soft X-rays, hard X-rays &@R radiations during solar flare and

non-flare conditions. We have reported hard X-ragsa new source of ionization, whichj

also produced D region ionosphere of Mars. We Isawdied response of all 32 Solar flare
in the E region ionosphere of Mars. The effect pbree, dust, and Schuman resonanc

frequencies in D region ionosphere of Mars are atadied. In absence of measurement;

our model results will provide a benchmark valuest tmay help to guide the design off

future atmospheric/ionospheric payloads of Mars.
In the present thesis, we have described eighttetspin chapter 1, we have

introduced Martian atmosphere and ionosphere. énsétond chapter, we have describ

(D

three theoretical models, (1) Energy loss meth@y Analytical yield spectrum, and (3
Continuity equation. In the third chapter, we hauedied effect of solar flares in D region

ionosphere of Mars.

14 ))
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In the fourth chapter, we have discussed the ressptm solar X-ray flares in the E regio
ionosphere of Mars. In the fifth chapter, we haweled seasonal variability of the ozone i
lower ionosphere of Mars. In the sixth chapterhaee described the electrical conductivit
and SR frequencies in the lower ionosphere of Mbarsthe seventh Chapter, we have
discussed the summary and conclusions on the vasrled out in the present investigation.

Finally, in eighth Chapter, we described the futwoek.
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The study of Martian atmosphere is of great intefesthe study of comparative
meteorology, in order to better understanding o tarth’'s atmosphere. The study of
Martian atmosphere requires a combination of madglland observations. In this
Chapter, we have given the brief introduction e¥éo and upper ionosphere of Mars. We
have described the chemistry of the lower and uppersphere of Mars. We have used
ion dust chemical reactions in the ion-neutral moofeMartian lower ionosphere. We
have also discussed the neutral atmosphere of Mdrs.each chapters of the present
thesis are described in brief in section 1.3.

1.1 INTRODUCTION

Our solar system has eight planets namely Merddenus, Earth, Mars, Jupiter,
Saturn, Uranus, and Neptune. The Mercury, VenusthEand Mars are terrestrial
planets. They are also called inner planets becthese orbiting closed to SurOther
planets are gas giant planets and known as oweetsl. There have been found many
evidences that the physical and chemical procespegting on Mars and Earth are
nearly same. Both the planets have seasons andgagis. Mars has been considered the
best candidate for harboring extraterrestrial [ifais is notably due to its atmosphere,
which has shaped its surface and has created elicaaiditions which were suitable for
sustaining liquid water and life in the past. Wevédastudied the atmosphere and
ionosphere of Mars to understand their physical@mmical processes.

The theoretical models have been developed by aeiwrerestigators for lower
and upper ionosphere of Mars. (Whitten et al.,, 1%Hinagawa and Cravens, 1988;
Haider et al., 2009a, 2016; Fox, 1996; Molina-Cobeet al., 2002; Nagy et al., 2004;
Forget et al, 2013). The ability to combine therolstry of lower and upper ionosphere
requires a balanced effort in the theoretical mlougl The present thesis focuses on the
studies of D and E regions of Mars’ ionosphere tueffects of solar flares and dust

storms.



1.1.1 lonosphere of Mars

The ionosphere of Mars is mainly produced by Galacosmic Rays (GCR), X-
rays and solar EUV radiation incident on the toptleé atmosphere. The Martian
ionosphere can be divided into upper and lower sphere. The schematic diagram of
ionospheric electron density is given in figure.IThe D region is produced at about 25
km in the Mars’ lower ionosphere due to impact @Rsand hard X-rays (0.58). The
E and F regions are produced in the upper ionospdtegibout 110 km and 130 km due to
impact of soft X-rays (10-10A) and solar EUV radiation (100-102§ respectively. The
chemistry in the lower and upper ionosphere of N&described below:

200

Ionospheric

)
- b
Electron | 2
Density _| %
— F region (~130 km) g
— Solar EUV (100 - 1026 A)  —
- 3
3 =3
x . -
= 10° 102 10¢ cm3 E region (~110 km) -
3 | | | Soft X-Ray (10 — 100 A)
£ A
<

D region (~25 km)
GCR and Hard X-
Ray (0.5-3 A)

I I

Lower lonosphere

Figure 1.1 Schematic representation of D, E, and Fegion ionosphere of Mars



1.1.2 Chemistry of the lower ionosphere

The figure 1.2 represents the schematic diagranoregerosol and ion-neutral
reactions in the lower ionosphere of Mars. It sHdueg noted that the rate coefficients of
ion-neutral reactions, photodissociation of posi@nd negative ions, electron attachment
to neutrals and photodetachment of negative ionsatodepend on temperature. Only
ion-ion recombination coefficients depend on thagerature as given below (Haider et

al., 2007):
Qi = 6.010° x (300/TP5+ 1.25 x 16°x M x (300/T} (1.2)

where T is the temperature and M is the neutrasitheriThe neutral temperature is given
by Fox (1993). The neutral densities of 12 gases ®, N2, O;, O, CO, Ar, Q, Hy,
H>0, NO, NQ, and HNQ in the lower atmosphere of Mars are given by Moiuberos
et al. (2002). Three body reactions are very ingrin the lower atmosphere.

The photodissociation and electron photodetachmatatcoefficients are divided
by 2.25 to take into account of the lower solaiatdn at Mars in comparison to that on
Earth. In figure 1.2 we have also included chargenbsol-charged aerosal)( positive
ion-negative charged aerosaeh), electron — positive charged aeros¢)( ion-aerosol
attachment[§), and negative ion-positive charged aerosg) (eactions which occur in
presence of aerosols in the Martian atmosphere. fline of incident GCR is
exponentially attenuated in the lower atmosphexkiarcalculated between values®10
10° particles n? st GeV! ster! at energy range of 1-1000 GeV (Molina-Cuberod.et a
2002; Haider et al., 2009a). It should be noted tima flux of GCR depends on the solar

activity which decelerates it in the interplanetangdium. Therefore, we do not know



what fraction of GCR is actually precipitating imet Martian atmosphere. This flux has
been used by several investigators for averageittomdio study the lower ionosphere of
Mars (Whitten et al., 1971; Molir@uberos et al., 2002; Haider et al., 2007, 2009a,
2016).

Recently Sheel and Haider (2016) have calculatede npositive ions
(H;0*(H,0),, H;0*(H,0)3, H;0*(H,0),, H;0*H,0, H;0*, CO%, 03C0,, NO*, and
0%) and eight negative ion€Q3 (H,0),, CO3H,0, CO3, CO;, NO;H,0, NO; (H,0),,
NO3H,0, and NO3(H,0),) in the lower ionosphere of Mars. In the positin
chemistry 100% ions dd andCO7 are produced initially due to impact of GCR. These
ions are fully destroyed by2B in the formation ofi;0*. OnceH;0" has been produced
water vapour molecules are attached with it. TheHgO* is then lost by three body
reaction in the formation of cluster hydrated ish®*(H,0), forn=1, 2, 3, and 4.

In the negative ion chemistr®~ and O; ions are produced initially due to
electron capture process. Later in presence otthogly reaction€£03 and CO;were
produced due to loss & and0; with COp, respectively. The iof03 is destroyed by
NO formingNO3. WhenCO3 andNO5 ions are formed, ¥O is attached with them. The

production and loss reactions in the formation as$ifive and negative cluster ions are

given below:
H,0*(H,0),, + H,0 + M & H;0* (H,0) 41 + M (1.2)
CO3(H,0) , + H,0 + M & CO3 (Hy0)piq + M (1.3)
NO; (H,0),, + H,0 + M & NO; (Hy,0) 41 + M (1.4)

The chemical reactions (1.2), (1.3) and (1.4) aneersible. The hydrated ions are the

dominant in lower ionosphere of Mars. These iomespoducing the D layer in the lower



ionosphere of Mars. The densities of these majos idecreases by 1-2 orders of
magnitude near the surface during the major dostnsas compared to that estimated for
absence of dust storm period (Haider at al., 2@D05; Sheel and Haider, 2012, 2016).
In absence of dust storm the chemistry of dustti@a are not considered in the
chemical model (Sheel and Haider, 2016). The ceettions are playing very important
role in the sink process of ion-dust model (Haideal., 2010). This model is used in

Chapter 3 and 6.

[os ][ nos |[ Hvoy | [ He ][ mor |
— 3%
—] o, o | .
Oy py 0 | ‘—cp
hv| / hv| |CO+ M
v [§co,+m T o 3}
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NO H,0+M %
| Noy | cosmo [T "no, w0
¥ + $=
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o nf Lo m w12
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-
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|_NosH,0 ¥ ——] No,(r,0). | [ nosno, |
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Figure 1.2 Schematic representations of ion-aerosahd ion-neutral chemistry in the
lower atmosphere of Mars.



1.1.3 Chemistry of the upper ionosphere

hv
o co co, N, 0, NO |6
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Figure 1.3 Schematic representation of the chemistrin the upper ionosphere of
Mars

Solar X-ray radiation ionize the neutral speciesha E region ionosphere of
Mars producing.03, 0%, 0%, CO*, NO* andN;j ions. The production and loss reactions
in the chemistry of the upper ionosphere are shimwiigure 1.3 (Haider et al., 2016).
The photoionization rate @fO7 is a dominant process in the upper ionosphere aéMa
This ion is mainly destroyed by atomic oxygen anadpces a dominant idd¥ . The ion
0% is later destroyed by dissociative recombinationcpss. The ioNO* is produced in
the E region due to impact &} with N and NO (Haider et al., 2009a) and it is yull
destroyed by dissociative recombination reaction.

The ion CO* is lost due to charge exchange reaction with..Clis process
destroyed alCO™ ions in the Martian ionosphere (Haider et al., 20@ox (2009) found

that the charge exchange reaction betw@é@ and O is the dominant source@f, at



heights below 190 km. Above this altitude solar EUWadiation is an important
production mechanism f@*. This chemical model is used in Chapter 4. Thepkfied
photochemistry in the upper ionosphere of Marstlier formation of major io®7 and
electron density is given below (Haider et al., @01

CO,+hv - COF5 + e

COf +0 - 05 +COo

CO+05 - 0%+ Co,

0* +C0, » 05 +CO

0 +e->0+ 0

1.2 NEUTRAL ATMOSPHERE OF MARS

The atmosphere of Mars is about 100 times thithan Earth’s atmosphere.
Martian’ atmosphere has been observed by many st such as Mariner 6, 7, 9;
Mars 2, 3 and 6; Mars Global Surveyor (MGS) and sviaxpress (MEX). First detection
and measurement of neutral species were made lisahewass spectrometers on board
Viking Landers 1 and 2 (Nier and McElroy,1977). Yhabtained a mass spectra from 1
to 49 amu. Later, an accelerometer and radio catowit experiment on MGS provided
large datasets of atmospheric density at varioustions in the upper and lower
atmosphere of Mars, respectively. These obsenatiodicated that the atmosphere of
Mars contains C& N, Ar, CO, @, and NO with contribution to the total air density
about 95.5%, 2:7%, 1.5%, 0.4-1.4%, 0.17%, 0.008%peetively. The Viking landers
also carried a retarded potential analyzer (RPAn@dn et al., 1977), which provided
information on the major ion densities and plaserageratures in the ionosphere up to
an altitude of about 300 km. The atmospheric presand temperature of Mars on the
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surface is around 6 mbar (600 Pascal's) and 220t dtmosphere of Mars is quite
dusty, giving the Martian sky a light brown or ogancolor when seen from the surface.
Data from the Mars Exploration Rovers indicated swspended dust particles within the
atmosphere are roughly 1.5 um. The atmosphere of an be broadly divided into

upper and lower atmosphere.

1.2.1 Lower atmosphere of Mars

The lower atmosphere of Mars exists below 100 knere/lgases are mixed and eddy
diffusion is dominant. The lower atmosphere of Marsharacterized by strong coupling
between pressure, temperature, neutral densityvaras. MGS and MEX have observed
temperature, pressure and total density in the doatmosphere of Mars with radio
occultation experiment (Bougher et al., 2001; Hmeo al., 1999; Patzold et al., 2005).
Photochemical models have predicted concentratain®., O3, CO;, CO and other
neutral species in the lower atmosphere of MardtgBeand Hunten, 1966; Parkinson
and Hunten, 1972; Rodrigo et al., 1990; Krasnopgl€003). Molina-Cuberos et al.
(2002) have reported neutral model atmosphere ajak2s (CQ No, Ar, Oz, CO, H,
H20, O, @, NO, N& and HNQ) in the lower atmosphere of Mars. We have plotted

these density profiles in figure 1.4 which we hasged in our study.
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Figure 1.4 Neutral model atmosphere in the lower atosphere of Mars (taken from
Molina-Cuberos et al, 2002)

1.2.2 Upper atmosphere of Mars

The upper atmosphere exists above 100 km wherecmiatediffusion dominates
and the constituents are separated according to rtiedecular mass. The first direct
measurement of the upper atmosphere of Mars wakrpwmd by neutral mass
spectrometer on board Viking 1 and 2 Landers (Nied McElroy, 1977). Carbon
dioxide was found to be the major constituent atalltudes below 180 kmViking
Landers observed neutral compositions o®, CO, @, and NO. The atomic oxygen
density could not be measured by mass spectrometeiking 1 and 2. However, it was
inferred fromOfand CO7 densities measured by Retarding Potential AnalyREtA)

experiment on Viking 1 and 2 (Hanson et al., 1977).



The altitude profiles of air density, mixing raiof CQ, O,, O, CO, Q, H, H,

N2, Ar and HO, neutral temperature, pressure and winds arendiyeMars Climate
Database (MCD; Millour et al., 2014, https://hattdves-ouvertes.fr/hal-01139592) at
different seasons, latitude and longitude in thgsidke and nightside atmosphere above
the surface of Mars for different scenarios of dilishatology (Millour et al., 2014). We
have obtained neutral density profiles of few gasemm MCD (by multiplying their
mixing ratios with the air density) for observingnditions of MGS and MEX as required
for modeling purposes in Chapters 3 to 6. Theualétprofiles of the neutral densities of
CQOz, Nz, Oz, O and CO are shown in figure 1.5 between 100 kch200 km during the

dayside atmosphere of Mars.
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Figure 1.5 Neutral model atmosphere in the upper abtosphere of Mars (taken from
Millour et al, 2014)
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1.3 CHAPTERIZATION

The present thesis contains eight Chapters, iclwhie have described ion and
neutral chemistry, dusty ionosphere, seasonalabiity of atmospheric gases and
response to X-ray flares in the lower atmosphéidars.

The first Chapter describes a brief introductiéthe research work carried out in
the present thesis. In this Chapter we have alsoduced atmosphere and chemistry of
the lower and upper ionosphere of Mars. The dlastspan important role in the lower
lonosphere of Mars. We have also included ion-desttions in the chemical model of
the lower ionosphere of Mars.

In the second chapter, we have described thremdtieal models, which have
been used in the present thesis. These method$)deergy loss method, (2) Analytical
Yield Spectrum (AYS), and (3) Continuity equation.

In the third chapter, we have studied the respoo$esolar X-ray flares in the D
region ionosphere of Mars. The ion-neutral chemwistodel developed by us is used to
calculate ion production rate, ion and electronsitees in the D region ionosphere of
Mars.

In the fourth chapter, we have studied the effdcsadar X-ray flares in the E
region of Mars’ ionosphere. We have analyzed tkpamses of 32 solar X-ray flares that
were observed by MGS. We have also calculated gnicdbddose of 32 solar X-ray flares.
The ion and electron densities were also calculatdte E region ionosphere of Mars.
The estimated electron densities are comparedM@IS observation.

In the fifth chapter, we have studied seasonaabdity of column ozone in lower

lonosphere of Mars and compared with the Speaymsdor Investigation of the
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Characteristics of the Atmosphere of Mars (SPICAM)trument onboard MEX. In this
Chapter the condensation and sublimation processezone gas is understood. We
have calculated the ion production rate of ozatéow, mid and high latitudes between
altitudes 0 to 60 km in presence and absencesifsiorm.

In the sixth chapter, we have studied electrioamhductivity and Schumann
Resonance (SR) frequency in the lower ionospheidars in presence of a major dust
storm that occurred in Martian Year (MY) 25 at l@atitude region (25°-35°S).

Finally in the seventh Chapter, we have summaribedwork carried out in the
present thesis.

Chapter eight is devoted to the future directiohsur proposed work.

000
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The modeling is an important tool to understandiaas physical and chemical
processes involved in the formation of Martian igpitere. In this Chapter we have
described energy loss method, AYS, and couplednadgtequation to calculate the
production rates and densities of ions and eledram the Martian ionosphere. The
energy loss and AYS methods have been used tdatalthhe production rates in the
lower and upper ionosphere of Mars respectivelythimm energy loss method the particle
losses its kinetic energy or it is deflected frésroriginal path due to elastic and inelastic
collisions. The AYS model is based on the MontéoGaethod. The coupled continuity
equation calculates production rate, loss rate, dod and electron densities in the
Martian ionosphere.

2.1 INTRODUCTION

There have been developed several theoretical model the planetary
ionospheres. These include diffusion transport (Bava972), two stream method (Banks
and Nagy, 1970; Haider et al., 1992), Boltzmanmdpart equations (Mantas and
Hanson, 1979), Continuous slowing down approxinmt{&Green and Barth, 1965;
Singhal et al., 1992), AYS approach (Green etl8l77; Haider and Singhal, 1983; Seth
et al.,, 2002; Haider et al., 2002), Magneto Hydrayics Model (Shinagawa and
Cravens, 1992, Tanaka,1998); and Mars Thermosp@eneeral Circulation Model

(MTGCM) (Bougher et al., 2000).

In the present thesis we have used three model{MiZnergy loss model, (2)

Coupled continuity equations, and (3) AYS approads given below:

2.1.1 Energy Loss method

In the energy loss method, a charge patrticle logsekinetic energy or it is
deflected from its original path involving four paipal type of interactions: (1) Inelastic
collision with bound atomic electrons are usudfly predominant mechanism by which a

charged particle losses kinetic energy in an alesods a result of such collision, one or
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more atomic electrons experience a transition texaited state or to an ionization state,
(2) Inelastic collision with a nucleus experieneedeflection. In some but not all such
deflections, a quantum of radiation is emitted ifisstrahlung) and a corresponding
amount of kinetic energy is lost by the collidingriicles, (3) In inelastic scattering the
incident particle is deflected but does not radiai@ does it excite the nucleus. The
incident particle losses kinetic energy required donservation of momentum between
the two particles. (4) An incident charge particiay be elastically deflected in the field
of the atomic electron of struck atom. Energy amaimantum are conserved, and energy
transfer is generally less than the lowest exoitapotential of the electrons, so that the
interaction is really with the atom as a whole. Isaollisions are significant for the case
of very low energy (< 100 eV) incident electrons.the absorbing material, a moving
particle is slowed down and finally brought to estrby the combined action of all four
of these elastic and inelastic collisions procesBesm collision theory, one can obtain
the probabilities of any particular change of thection of motion of incident particle.
After the first collision, these probabilities che applied a second collision, then to a
third etc. The basic formula for energy loss per math into the material media by a
particle traveling with the velocity ‘v’ and undeigg inelastic collisions is written as
given by Evans (1995) and Haider et al. (2007).

4 2
(Ejzzn € _Nzlin {M] - B2 2.1)

dh mp v 12 (1-B?)
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In equation (2.1), by substitutimgov? = f2mec? andE + moc® = mec?(1 - ) 05, we get

1

2 2 9

(d_Ej:mg_”bg NZ m,e(E*”bC M = }2—},52 2.2)
J:; I 2

dh myc2

wherel is mean ionization potentid is the neutral density, is the classical electron
radius with 4 r,2-1.0 x 1®%cn¥electron 2 = (v/c)’= 1- [(E/mc?) + 1] 2 mec? = 0.51
MeV, Z is the mean atomic number, aads the velocity of light. Using equation (2.2)
the ion production rate due to impact of GCR agliteh and solar Zenith angjgs given

below:

In.x)= 2 (7[5 | Flu) o @3)

where Q = 35 eV is the energy required for the fdram of an electron ion paiy, is

Solar Zenith Angle (SZA), F is the total differaaitflux of GCR being expressed in @m

st GeV! ster' at height h.

2.1.2 Coupled continuity equations

This model considers the variation in one direttishich is usually taken as
vertical height ‘h’ in the present thesis. The tigependent continuity and momentum

equations are given below:

on; op
Mi - np =99 2.4
P Pi —Njlj ah (2.4)
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Te
$i =njvp =Dj nj L1om M9, A anleii(TleTi)’fﬂaj (25)
N; dh KTi Ng dh Ti dh Ti dh

where n is the number density of ion at altitude h; t is time; is the production of ionpiis

the vertical diffusive flux of ion;D is diffusion coefficient of ion;m is the mass of ion; g is
the gravitational acceleration at Mars; K is thdtBoann constant]; is the ion temperature;
T, is electron temperaturdy, is electron density and; is the thermal diffusion coefficient of

ion. The flux divergence term in equation (2.4)lunies second order derivatives Qfwith

respect to h. The differential equations can beesbby finite difference method using lower
and upper boundary conditions. At lower boundargnaistry plays major role and we can
take initially minimum value of electron densityrfderation at lower height. At upper

boundary plasma is under diffusive equilibrium afitfusion flux is nearly constant with
height. In the Martian ionosphere, the chemidal timer, =17, is much less up to 200 km
than the molecular diffusion time constaptH?/D,. Thus, the vertical diffusion can be

neglected below this altitude. Now we get the clvahequilibrium equation as given by

on;
S =Pl (2.6)
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For the steady state conditior‘?& =0, thenpi = nil;

ot

For the above equation it is clear that under ptt@mical equilibrium steady state
condition the production and loss reaction are kgB# using the continuity equation we
have developed ion neutral model which calculdiesiensities of positive ions, negative
ions and electrons in lower ionosphere of Margh&upper ionosphere negative ions are
absent. Thus, sum of the positive ion densitiesgigal to the electron densiyn{ = n).
The negative and positive ions are both presettiériower ionosphere. Therefore, sum
of the positive ion densities is equal to the etectdensity and sum of the negative ion
densities ¥ni = Zn + ne). In the ion-neutral model we have used GCR feritmization

of the neutral gases in the lower atmosphere osMdore than 100 chemical reactions
have been used in this model to calculate the ipeséind negative ions in the lower
atmosphere of Mars (see figure 1.2). In the uppaosphere we have used about 23
chemical reactions (see figure 1.3). The solar Eddations mainly ionize the neutral

gases in the upper ionosphere.

2.1.3 AYS method

The AYS model was initially generated by Singhablet(1980) and Singhal and
Green (1981) using a Monte Carlo method. Theseoasithave fitted yield spectra
analytically. Later AYS model has been used anckredeéd by several investigators
(Haider and Singhal, 1983; Singhal and Haider, 198dider and Bhardwaj, 2005;
Haider et al., 2011; Haider and Mahajan, 2014; Rarehd Haider, 2014; Thirupathaiah

et al., 2019; Siddhi et al., 2019; Haider and Masp®019). In the Monte Carlo model a
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real number between 0 and 1.0 called from a rangenerator is determined whether a
collision took place or not. If not, the amountesfergy lost through Coulomb losses to
the ambient electrons was calculated from ButleckBwygham formula (Dalgarno et al.,
1963) and was added to the accumulated energy Ifogge collision with atmospheric
gases occurred, a further decision was to take hehethe collision was elastic or
inelastic. For the elastic collision the scatteriggle calculation was carried out by
Porter and Jump (1978). If the scattering evenhedastic, then the states which are

excited and ionized were calculated from Jackmamle(1977) In AYS model the

monoenergetic electrons of energy range from 2%0e10 keV were introduced in a gas
medium. Using this method, the energy of secondaryertiary electrons and their

positions were calculated at that time when primalgctrons ionize the atmospheric
constituents. In this way two, three, four and fdimensional yield spectrum functions

U(E, k),UC(,zE),U(E,rz k) and U (E, r, z, K 0) were generated respectively
for the calculation of the yield of any state ir timixture of gases (Green et al., 1977;
Singhal et al., 1980; Singhal and Green, 1981; étaéd al., 2011; Haider and Mahajan,
2014). These functions depend on incident enesggdtondary energy E, radial distance
r, height z and polar angbe The yield spectrum function represents the enspggtrum

of all the electrons in the medium. The functiom < 0 and Z > 0 represents the

backscattered and forward electrons respectively.
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2.2 YIELD SPECTRA

In Section 2.1.3 the Yield Spectra is presenteteims of two, three, four and
five dimensional functions. The two dimensionallgispectra U (E, § is used where
the magnetic field is uniform and horizontal inetition (Pandya and Haider, 2014;
Haider et al., 2009a, 2016; Thirupathaiah et @19 Siddhi et al., 2019). In this case
vertical transport of the electron is inhibited.ushthe electrons lose their energy at the
same height where they are produced. The threendiomaal yield spectra U (E, zp)Es
used where the magnetic field is uniform and valtin direction (Haider et al., 2010;
Haider et al., 2013). In this case the verticatgport of the electron is included. The four
dimensional yield spectra U (E, r, Zg)Es applied for auroral studies on Earth, Comets
and Mars where both the longitudinal and radiatagises of the electrons should be
considered (Bhardwaj et al., 1990; 1995; Haider afidsoom, 2019). In some
aeronomical problems such as backscattering of éleetrons and bremsstrahlung
generation by auroral electrons, the polar angd&ridution associated with the electron
spectrum plays an important physical role. For ssicidies, the five dimensional yield
spectrum U (E, r, z, &£60) was generated by introducing the polar an@leirt four
dimensional yield spectra (Green et al., 1977; lsahet al., 1980; Singhal and Green,
1981). In this thesis we have not used three, &md five dimensional yield spectra.

Therefore, these spectra are not described inldetai
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2.2.1 Two dimensional Yield Spectra

In Chapters 3 and 4, we have used two dimensioe#d gpectra to study the
electron energy degradation processes in the daysidrtian ionosphere. The two

dimensional yield spectra U (Eg)En unit (eV)! is defined as,

U(E E,) =0, (E)f (E E,) = N(E)/ AE 2.7)

whereoT (E) is the total inelastic cross section and NigEhe number of electrons in the
bin centered at E after one bin has emptied andré¢he next lower non empty bin of
width AE centered at E is considered, f (&) i the equilibrium flux or degradation
spectrum of Spencer and Fano (1954). The analgtio ©f the equation (2.7) is given

below (Haider et al., 2016):

U (E, Eo) =Uq(E, Eg)H(Em — E - Ep) + &(E - Eg) (2.8)
where H is the Heavy side function withn Bhe minimum threshold of the states
consideredp (E-E) is the Dirac delta function, E is the energy e€éandary electrons,

E, is the energy of incident electrons in e\4(EJE;) can be represented by

U, (E, E,) =C, +C,X +C,X? (2.9)
E,/ 0585
X = 1000 (2.10)
E+1

where G, C: and G are adjustable parameters. For mixtures of gabescomposite
yield spectra U (E, &) are obtained by weighting the component of theddyspectrum

(Singhal and green, 1981; Haider and Singhal, 1888jhal and Haider, 1984) as
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U°(E E,) =ZfiUi (E,E,) (2.11)

In this equation,;fis the fractional composition of gas i and is gily:

_ Sn(h
N0 (2.12)

where 3§ is the average value ofi(E)/oTi(E) between Ein = 2 eV to E, o1i(E) is the

total (elastic + inelastic) cross sections, aifl)ns the neutral density at altitude h.

2.2.2 Generalized Yield Spectra

The AYS approach and its analytical fitting paraengtare given for Nand O
only (Singhal and Green, 1981). The analytical peters for other gases are also
obtained which are not much different from thessega For a mixture of gases in the
planetary atmospheres generalized/composite ypEdtsa are obtained by weighting the

component of the yield spectra as given below:

UE, B) =X fiUi (E, &) (2.13)
W, z, B) == fi Ui(E, z, B) (2.14)
W(E, 1,2, B) =X fiUi (E, 1, Z, B) (2.15)
W(E, 1, 2, B, 0) =< fiUi(E, 1, Z, B, 0) (2.16)

where fis given by equation (2.12),UE,E), U (E, z, &), U (E, r, z, ) and
Ui (E, 1, z, B, 0) are two, three, four and five dimensional yiefiestra of ' gases
respectively. The yield spectra depend on elastid imelastic cross-sections of the

atmospheric gases. These cross-sections are veyrtemt for the studies of aurora,
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airglow and ionosphere. We have calculated inel@stiss-sections of electron impact on
CO, Nz, O, O and CO using semi-empirical formula of A.E.Sre€@ and his

collaborators (Sawada et al., 1972a, b; Jackmah, 4977; Jackman and Green, 1979;
Green and Sawada, 1972). The total elastic crag®se due to electron impact on €0

N2, Oz, O and CO are also calculated using semi-empifazahula given by Porter and

Jump (1978). The elastic cross-sections are ldhger the inelastic-cross sections at low
energy. At high energy the inelastic cross-sectiare larger than the elastic cross-
sections. AYS approach suffers from the strong wesk in that it does not account for
the electron-ambient electron interactions rigolpuend therefore the results of the
calculations based on AYS approach are less rel@tbhigher altitude where the electron

density becomes appreciable in the F region.

2.2.3 Applications of Yield Spectra

AYS approach for studying the interaction of londamedium energy electrons
with planetary atmospheres has been found veryuugethe applications cited in the
present thesis. The calculations based on AYS apprare simpler to carry out as
compared to those by other methods mentioned iidde2.1. However, the simplicity of
this approach is not at the cost of accuracy afltedor the following two reasons: (1)
the electron impact inelastic cross sections usedabious workers in this field are not
consistent with each other and a factor of 2 oranariation is clearly found among the
cross sections values, and (2) The experimentareasons of solar EUV, X-ray flux
and neutral model atmosphere are also depict strarigtions and a consensus has not

yet been reached. Until such time more accuratat idgta and experimental observations
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are not available, AYS approach will remain a uktgal for studying many problems of
space physics related to excitation/ionization psses. The utility of the ease of
calculation using the AYS approach has been cledgtyponstrated in the calculations of
the research problems undertaken in Chapters 34aofdthis thesis. These problems
would certainly have been prohibitively expensiwing other approaches which can be
more accurate but would have required a very loognputer time and effort. The
generalized AYS approach can also be used fruitfolt mixture of gases in planetary

atmospheres.

2.3 IONIZATION PROCESSES USED

lonization is the process by which an atom or aetue acquires a negative or
positive charge by gaining or losing electronsemfin conjunction with other chemical
changes. lonization occurs whenever sufficientlgrgatic charged particles or radiant
energy travel through gases, liquids, or solidsargéd particles, such as alpha particles
and electrons from radioactive materials, causenskte ionization along their paths.
Energetic neutral particles, such as neutrons andrinos, are more penetrating and
cause almost no ionization. Pulses of radiant gnesgch as X-ray and gamma-ray
photons, can eject electrons from atoms by theqgahettric effect to cause ionization.
The energetic electrons resulting from the absomnpdif radiant energy and the passage of
charged particles in turn may cause further iofopatcalled secondary ionization. Here,
we have described the ionization processes duapadt of photon and photoelectron in

dayside ionosphere of Mars.
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2.3.1 Photoionization rates

The electromagnetic radiation produces photoeladim the atmosphere of Mars

due to following chemical reactions:
X+hv - X" +e, (2.17)

where X is atmospheric gas, is the photoelectrons having energies between01el0
The above process occurs in the atmosphere whaorpeoergy hv< 1025A) is equal
to or greater than the ionization potentigl) (of gas X. The photoelectrons again collide
with gases and lose their energy in the atmosptiemigh excitation and ionization
processes. The ion production rate due to absormifosolar EUV/X-ray radiation at

altitude Z and solar zenith angles given below:

[e]

q(Z,)():Zn Zc I(0,1,) exp| - Ch(X)ch In,(z)dZ (2.18)

z
wheres;* (1) anda/ (1) are the total photoabsorbtion and photoionizatimss section of
it" gas at wavelength, Ch¢) is the Chapman function;(&) is the neutral density at
altitude Z and | 4,)) is the incident solar flux at the top of the Mant atmosphere.

Using equation (2.18) the primary photoelectrordpiation rate is calculated as below:

Q(zE)=¥n () ;c;(;m(z,;l,)a(hf-E-wij (2.19)

1 (2,A)=1(c0,A)exp| -

- CI( )()Zc j n; (z)dZ] (2.20)
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whered (%— E — Wi) is the delta function in in whicht;y—C is incident photon energy

and E is the energy of ejected photoelectrons.idMhe ionization potential ofthi
constituents. The Q (Z,E) is the primary photoetetiproduction rates of'ispecies in

the unit of cn? eV! s1,

2.3.2 Photoelectron production rates

Using two dimensional spectra we can calculate gelettron impact ionization

rate as given below:

o  Eg
J(2)= jdE jQ(z,E) U® (E,Bb)P (E) dEo (2.21)
W, W.

wherepP; is the ionization probability as given below:

_ nj(2)a(E)
RE)= > ni(2) o7 (E) (222

Q (Z, E) and UE, E) are calculated from equations (2.19) and (2.&8pectively. The

ion production rates; ) for ith species are calculated from equati22l) in the unit

of cn3si,
2.3.3 Photoelectron flux

The production rates are directly related to phetdeon flux. The photoelectron

production rates are defined below:

3(2)=n;(2) j W(Z,E)o; (E)dE (2.23)
W
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Comparing equation (2.21) and (2.23) we get,

Z,E)UC(E,Eo) dE,

2.24
njor, (E) (224

ﬂZ,E):TQ(
E

This equation calculates the photoelectron fluxctpeof energy E al altitude Z in the

unit of cm? st eVl

000
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There are no measurements in D region ionospher®lafs. Therefore, it is
necessary to evaluate opportunity for obtaining tieservations of electron density
profile in D region ionosphere of Mars. In this Gher we have discussed the effect of
solar flares in the D region ionosphere of Mars.eTiare induced D layer was never
reported earlier on Mars. We report a new sourceiafization, in the D region
ionosphere of Mars, which is hard X-rays (0.5-3%Je have developed a model to
calculate lonospheric Electron Content (IEC) foar# and non-flare electron density
profiles due to impact of hard X-rays (0.5-3A) aBdlactic Cosmic Rays (GCR) in D
region of Mars’ ionosphere. The flare D peak elentdensity profile is larger by 1-2
orders of magnitude than that produced for nondlarofiles. The modeling results for
these two solar flares are compared with the Ed&dksed ionosonde measurements in D
region.

3.1 INTRODUCTION

Previous investigators have reported that the [iartionosphere consist a
permanent D layer due to impact of GCR (Whitteralet 1971; Molina-Cuberos et al.,
2002; Haider et al., 2015, 2016). In this Chapterhave reported first time a new source
of D layer that was produced in the lower ionosphgy hard X-rays (0.5-3A) (Siddhi et
al., 2019). We have developed an ion-neutral chailmwodel to calculate the ion and
electron densities due to impact of hard X-raygiesence of solar X-ray flares that
occurred on 6 April, 2001 and 17 March, 2003. Themeo measurement of flare profile
in the daytime lower ionosphere of Mars similar ttat observed on the Earth’s
ionosphere. Therefore we have compared estimatadr@h density profiles of Mars’
ionosphere with Digisonde observation of Earth’sosphere. The present ionospheric
instruments (Radio occultation and Mars AdvancedaR#&r Subsurface and lonosphere
Soundings (MARSIS)) orbiting around Mars cannotestss the D region ionosphere.
Therefore, we have compared estimated D layersasEMonosphere with the observed

D layer of Earth’s ionosphere.
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3.1.1 D layers of Earth and Mars’ ionosphere

D layer is observed at ~65-75 km due to impactyhén alpha radiation ionizing
the minor constituents NO in dayside ionospher&afth. GCR can affect the whole
atmosphere down to the ground and became a majaresof ionization in lower part of
D region (cf. Schunk and Nagy, 2000). The peakteacdensity is observed ~ 1 x*10
cm® under normal condition in D region ionosphere aftk. D layer begins to disappear
in the nighttime of Earth’s ionosphere because Lympha radiation is absent and GCR
produced a less amount of ionization. The solar &ymlpha ionization is not affective in
lower ionosphere of Mars because NO density irMagian mesosphere is lower by ~2-
3 orders of magnitude than that observed in thehEBamesosphere (cf. Aikin, 1968;
Hargreaves, 1992). The GCR is an important sour@anaation for the formation of the
D layer in the daytime as well as in the nighttimeosphere of Mars. GCR has been
reported an important source of D region ionosploéfdars at altitude ~ 25-30 km with
peak density ~1 x 2&nr® (Whitten et al., 1971; Molina-Cuberos et al., 20B2ider et
al., 2009a, 2010) which has been discussed in €hdptThe column densities in the
Earth and Mars atmospheres are nearly ~2.22% m and ~2.3 x 18m?, therefore
GCR is penetrating deep into the ionosphere of Mard form a D layer at lower

altitudes than that observed in the Earth’s ionesph
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3.1.2 GCR impact on Earth and Mars

The high energy cosmic rays are propagating ingoattmospheres of Earth and
Mars and producing nucleonic cascades. The impécprionary GCR on to the
atmospheric gases produces protons, neutrons amnd.fFast secondary nucleons can
gain enough energy to increase the production efpgarticles by neutral collisions.
Neutral pions quickly decay to gamma rays and tlegintribution to the energy
deposition is very important in the lower part loé atmosphere. At the D peak region the
maximum ion production rates are produced due &tops. The charged pions decay to
muons, which do not decay before reaching the gtpand hence the muon energy is

transferred to the surface which is shown in figsuke

Cosmic rays
ntn” 0 K*
T~2.55%x 1078 sec ~2.0% 1071 secl T~1.2 %X 10 8sec l
a 0 Y Y " 0

Figure 3.1 Schematic diagram and life time of secalary cosmic rays.
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3.1.3 Hard X-rays impact on Earth and Mars

The hard X-rays are the highest energy X-raysO(kelV), while the lower energy
X-rays are referred to as soft X-rays. Since hamhy§ can penetrate more deeply into
the atmosphere than the soft X-rays, they requiterser medium to be absorbed in the
atmosphere. The hard X-rays (0.5-3 A) is not anaiigmt source of the D layer in the
Earth’s ionosphere (Mitra, 1974; Davies, 1990). i&ve found that hard X-rays is a
major source of the D layer in Mars’ ionosphereeafGCR impact ionization. Both
sources have produced D layer at about 25-30 kmma.O'kayer due to impact of hard X-
rays is larger by an order of magnitude than tmatdpced by GCR radiation (Siddhi et
al., 2019). This is a first research result in Bheegion ionosphere of Mars. The hard X-
rays produced maximum photoelectrons in the vigiaftionization peak (Thirupathaiah
et al., 2019). Therefore, photoelectron impact zation rates are larger than the

photoionization rates around the peak altitude.

3.2 SOLARX-RAY FLARES: HARD X-RAYS
(0.5-3)

The solar X-ray flares are broadly classified adv,C and B-classes according
to their X-ray brightness in the wavelength rande & A. X-class flares are major events
that can trigger planet-wide radio blackouts anmiglasting radiation storms. M class
flares are medium sized, which can cause minoatadi storms. C and B-class flares are
smaller compared to X and M- class flares. The wete of solar flares depends on
sunspot number which in turn depends on solarifctiVhe sunspot number increases as
the sun progresses in its activity during 11-yeaiar cycle. Thus, the frequency of solar

flare events varies with the 11-year sunspot cyéth rarely one event per day at solar
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minimum and 5-6 events per day at solar maximumtréylil974). A thorough
understanding of the affects of solar flares ontMarenvironment is necessary for future
human exploration missions for the safe operatioegoipment’s and astronauts’ health
because the enormous energy that suddenly sthkeBlartian environment can damage
the equipment’s and lethal to astronauts. The dtdaes can blackout communication
and navigation of satellites, and skew the resditey can create a large amount of
electrons and ions in the ionosphere of Mars. Tdlar §lares often followed by giant
clouds of electrified gas called Coronal Mass Epest (CME) which can billow into the
solar system and overtake Mars in a matter of hourdays (Haider et al., 2009b).
Geostationary Operational Environment Satellite ESpis continuously measuring the
solar X-ray flares reaching on the Earth at tworshavavelength bands from 0.5-3A and

1-8A (Bornmann et al., 1996

3.2.1 Mars’ lonospheric responses to hard X-
ray flares

The figure 3.2 (a, b) represents a time seriesotdr X-ray flux distributions in
the wavelength range 0.5-3 A that were observe@G®ES 10 on 6 April, 2001 and 17
March, 2003. The corresponding observations haesvistthe greater enhancements at
19:21 UT and 19:05 UT respectively which can insee@lectron densities in the D
region ionospheres of both Mars and Earth. Basedbserved Sun-Mars distance, the
peak solar X-ray flux should reach Mars ~6 minralie figure 3.2 (a, b) the X-ray fluxes
are not varying significantly with UT except at tflares time. Therefore, we have
averaged X-ray flux over UT for both flare dayst{wiut adding flare time flux) and used

in the model calculations of non-flare electron signprofiles. The flare electron density
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profiles are calculated on 6April, 2001 and 17 M&r2003 by using the corresponding

peak flare fluxes between 0 km and 70 km. Thesgrele density profiles are shown in

figure 3.4. The IEC is obtained by integrating theslectron density profiles. The

estimated IEC in presence and absence of solay Xlages are shown in figure 3.3 (c,

d). The calculated ion density profiles in preseand absence of solar flares are shown

in figures 3.5 and 3.6 respectively. These resuktsdiscussed in Sections 3.3.1-3.3.3 and

compared with the D region profiles of Earth’s ispbere which have been measured at

nearly same locations of MGS observations.
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Figure 3.2 Time series of GOES flux plotted at wavength (0.5-3 A) for 6 April,
2001 and 17 March, 2003.
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3.2.2 Earth’s ionospheric responses to hard X-
ray flares

The Digisonde measures the minimum plasma frequéngyreflected by the
upper layers of the Earth’s ionosphere, which measure of the radio wave absorption
due to electron-neutral collision (Reinisch et 2D09). The electron density cannot be
measured directly from Digisonde in the D regionasphere of Earth. But enhancement
in fmin IS used as a proxy for the electron density irewda the D region ionosphere of
Earth during the flare time. The effects of twadlse mentioned in Section 3.2.1 were also
observed by a Digisonde in the D region of the lEEaibnosphere at College AK (6419,
212°E). The time distributions ofsfs in the D region of Earth’s ionosphere are shown in
figures 3.3a and 3.3b for two flares that occumwedé April, 2001 and 17 March, 2003

respectively.

3.2.3 Comparison of D region ionospheres of
Earth and Mars

In figures 3.3a and 3.3b we have compakgédrofiles obtained from Digisonde
at College AK (64.9N, 212E) during two flare events that occurred on 6 A@@001 and
17 March, 2003 in the D region ionosphere of Eéimilarly in figures 3.3c and 3.3d we
have compared IEC profiles obtained from the mdoethese two flare events in the D
region ionosphere of Mars. Mars and Earth werelp@&athe same line on both flare days
(Earth-Sun-Mars angles were 30aad 62.8 when X-ray flares occurred on 6 April 2001
and 17 March 2003 respectively (website://www.wiwdaicar.edu)). This confirms that
both flares were leading towards Earth and Marsnduthese flare events. The IEC

values for D region ionosphere of Mars were obtibg integrating 24 electron density
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profiles between 0 to 24 UT at altitude from 0 ko0 km.

In figures 3.3a and 3.3k increased by factors of 5 and 2 at 19:30 UT and320
UT respectively. These observations were carrigdbguhe Digisonde at 30 min and 15
min intervals respectively in the two cases. Theximam IEC of the D region
ionosphere is calculated to be 15 X%én? and 7.5 x 18 cnt? at 19:27 UT and 19:11
UT respectively. The results over College AK aldmwsed that there were significant
enhancements in electron densities of the D reigithe Earth’ ionosphere due to impact
of these flares as evidenced by the increase oiimmaim plasma frequencymwif in the
ionogram. It should be noted that flare response$ @&pril 2001 and 17 March 2003
shown in figures 3.3a and 3.3b were observed fr8hmin to ~1 hour between 19:10 -
19:40 UT and 18:50 - 19:50 UT respectively. So tesultant ionizations continued
throughout the events after the flare peaks of G@tEasurements. In figure 3.3b the
time difference between the flare event and it®@ased fin is very large. It seems that
the enhancement in thgif on 17 March 2003 is not associated with the fearent. We
feel that this enhancement ininfoccurred by CME which was detected by GOES on 17
March 2003 at about 20:35 UT (https://www.spacetveratom/en/archive).

The IEC and electron density profiles are alsonestted for both days in the D
region of Mars’ ionosphere due to impact of GCRt (sleown in figure 3.3). The IEC
produced by hard X-rays is larger by about an oolenagnitude than that produced by
GCR. Our results suggests that the electron deasitithe D regions of Earth and Mars’

ionosphere were enhanced by factors of ~ 2-6 duepgact of these flares.
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Figure 3.3. Time series of minimum plasma frequenc§min in D region of Earth’s
ionosphere (figures 3.3a and 3.3b) and Time serie$ estimated IEC in D region of
Mars’ ionosphere (figures 3.3c and 3.3d) for 6 Apl, 2001 and 17 March, 2003.
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3.3 MODELING IN THE D REGION OF MARS’
IONOSPHERE

We have used two dimension composite yield sp&dirgE, E) and energy loss
model from Chapter 2 (see equations 2.13 and 2@)calculate flare and non-flare
production rate between 0-70 km in the Mars’ iotesp due to impact of three
ionization sources: (1) Photoionization, (2) phégoon impact ionization and (3) GCR
impact ionization. These three ionization sourcesdiscussed in Chapter 2. By using
these three sources we have calculated the totgbriaduction rates for flare and non-
flare period. The total ion production rates areuwated using the equations as given
below:

Ih.x)= TdEO TF?(E) R (hy,E) U*(EE,) dE+TRi (h,y , E)dE
=F e 3.1)

+ﬁ W(Ej F(X,E) dE
Q *Eldh
where Pi (E) is the ionization probability at ener§, Ri (h,y, E) is the primary
photoelectron energy spectra (in &m' eV!) at altitude h and SZA, F (, E) is the
GCR flux (Haider et al., 2009a). In equation (Jifgt term, second term and third term
represent photoelectron impact ionization rate,tq@baization rate and GCR impact
ionization rate respectively. In the first termi(B, &) and Pi (E) are given by equations
(2.13) and (2.22) respectively. In the first andoswl term R(h, y, E) is calculated by
equation (2.19). The third term is described inatmn (2.19). The total ion production
rate is used in the steady state coupled contimaibgel to calculate electron density

profiles in the D region ionosphere of Mars. Theceon density, fis calculated aserr

X n* -Z n, whereX n* is the sum of all positive ion densities &hd is the sum of all
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negative ion densities, which is also describecflyriin Chapter 2. Using charge
neutrality and steady state conditions the electtensity B is obtained by iteration

process.

3.3.1 Electron densities in the D region of
Mars’ ionosphere

In figure 3.4 we have shown a comparison of tha-flare and flare electron
density profiles estimated on 6 April, 2001 andV&rch, 2003 in D region ionosphere of
Mars. The estimated electron density profile du€sOR impact is also shown in this
figure. These calculations are carried out at seéanth angley = 71° In this model
calculation we have taken neutral model atmospbei? gases (Ar, & H20, O, No, O,
CO, CQ, 03, NO, NO and HNQ) from Millour et al. (2014) and Molina-Cuberosait
(2002). The neutral temperature is also taken fitittour et al. (2014). The D peaks of
non-flare profiles show a very small change on Wtatte days because the hard X-rays
flux is almost same for both the days. The electtensities due to impact of GCR are
nearly same for 6 April, 2001 and 17 March, 2008dmse the same GCR flux is used for
both days. The D peak electron densities of narefland flare profiles increased by
about one and two orders of magnitude due to imphbard X-rays than that produced
by GCR impact ionization respectively. We have aatculated positive and negative
ion densities for flare and non-flare periods doempact of hard X-rays in the lower
ionosphere of Mars. The flare profiles of ion déesiestimated for 6 April, 2001 and 17
March, 2003 are described in Section 3.3.2. The-fNoe profiles of ion densities

estimated for 6 April, 2001 and 17 March, 2003a@escribed in Section 3.3.3.
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Figure 3.4. The estimated non-flare electron densitprofiles due to impact of hard
X-rays (0.5-3 A) on 6 April, 2001 and 17 March, 20® are shown in figure (see red
triangle and blue square). The estimated flare eléon density profiles due to
impact of hard X-rays (0.5-3 A) on 6 April, 2001 ad 17 March, 2003 are also shown
(see red star and blue circle). The estimated eleoh density profile due to impact of
GCR is shown by green crossed line.

3.3.2 Flare profiles of ion densities in the D
region of Mars’ ionosphere

The figures 3.5a and 3.5b represent the flare Ipsofof nine positive ions
(H;0*(H,0),, H;0*(H,0)5, H;0*(H,0),, H;0*H,0, H;0*, CO, 05C0,, NO*, and
07) and eight negative ion€@3 (H,0),, CO3H,0, CO3, CO;, NO;H,0, NO; (H,0),,
NO3H,0, andNO3(H,0),) for 6 April, 2001 respectively. The flare proBlef these
positive and negative ions for 17 March, 2003 dmews in figures 3.5¢c and 3.5d
respectively. The flare electron density profileg also plotted in each figure. The
calculated densities due to flare impact on 17 Ma2©03 are lower than that estimated

for flare impact on 6 April, 2001. This is due teetfact that hard X-ray flare was not
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quiet intense on 17 March, 2003. The hydronium ibiR®*(H,0), for n =1-4 are
dominant at altitudec 70 km where three body reactions are importanowd0 km the
negative cluster ion603 (H,0), andNO; (H,0), for n = 1-2 are dominant. Above this
altitude electrons are dominant in the Mars’ ioresp. The flare electron density
profiles have produced a broad peak at altitudker3n the lower ionosphere of Mars. In
this model calculation the chemical scheme in theeace of dust storm is taken from
figure 1.2. In Chapter 1 the chemistry of the pthn and loss reactions for figure 3.5 is
given. Therefore, it is not given in Chapter 3 agdle have calculated peak values of
flare ion density profiles to be ~ 4.0 x*1€n1® on 6 April, 2001 for the dominant ions
H;0%(H,0), and CO3 (H,0),. On 17 March, 2003 the peak values of these iomiew

estimated to be ~ 2.0 x 46n3.
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Figure 3.5. The flare induced density profiles of psitive ions H3;0*(H,0)4,
H;0%(H,0);, H;0*(H,0),, H;0'H,0, H;0", CO;, 0;CO,, NO*, and 03) and
negative ions CO3(H,0),, CO3H,0, CO3, CO;, NO,H,0, NO, (H,0),, NO3H,O0,
and NO3 (H,0),) for 6 April, 2001 are shown in figures a and b repectively. The
flare induced density profiles of these positive ahnegative ions for 17 March, 2003
are plotted in figures ¢ and d respectively. The ésnated altitude profile of electron
density at flare time is also shown in Figures 3.&8-d.




3.3.3 Non-flare profiles of ion densities in the D
region of Mars’ ionosphere

The figures 3.6a and 3.6b represent the non-fleoklgs of positive and negative
ions for 6 April, 2001. The figures 3.6¢c and 3.6sbarepresent the non-flare profiles of
these positive and negative ions but for 17 Magfi)3. The non-flare electron density
profiles are also plotted in each figure. The nlanef electron density profiles have
produced a broad peak at altitude 25 km in the tdamosphere of Mars. We have also
found three dominant ior§;0*(H,0), , CO3(H,0), andNO3H,O0 in the non-flare ion
density profiles. The ion densities of non-flarefpes are lowered by about an order of
magnitude than that produced by flare profiles. Themical scheme is taken same on
both flare days in the flare and non-flare profifsion and electron densities. The
neutral model atmospheres for 6 April, 2001 andvibrch, 2003 are taken from Millour
et al. (2014) at observing location @fifat college AK (64.9N, 212E). Due to lack of
measurements, D layer is not observed in the loar@sphere of Mars. In absence of
these measurements we have theoretically calcultiyers on 6 April, 2001 and 17
March, 2003 when solar flares were detected by GOER soft X-rays (1-8A) and hard
X-rays bands (0.5-3A) simultaneously (Bornmannl et1896). Solar flares in soft X-rays
band (1-8A) affects in the E region ionosphere afr$41 Responses of this band have been
found in several electron density profiles in theeBion ionosphere of Mars (Fallows et
al, 2015; Thirupathaiah et al., 2019). We have atsdied the effect of soft solar X-ray

flares (1-8A) in the E region ionosphere Mars. sTias been described in chapter 4.
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Figure 3.6. Non-flare density profiles of positivdons (H30*(H,0),, H;0"(H,0)3,

H;0%(H,0),, H;0'H,0, H30%, CO}, 03C0O,, NO*, and 03) and negative ions
(CO3(H;0),, CO3H,0, CO3, CO;, NO,H,0, NO;(H,0),, NO3H,0, and

NO;5 (H,0),) for 6 April, 2001 are plotted in figures a and brespectively. The non-
flare density profiles of these positive and negate ions for 17 March, 2003 are
plotted in figures ¢ and d respectively. The non-fire electron density profiles are
also plotted in figures 3.6 a-d.
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3.3.4 The ion density profiles due to impact of
GCR in the D region of Mars’ ionosphere

We have calculated ion and electron density fop&lA2001 and 17 March, 2003
due to impact of GCR from 0 to 70 km in lower iopbsre of Mars. The figures 3.7a and
3.7b represent the positive and negative ion aectrein densities due to impact of GCR
for 6 April, 2001. The positive and negative iomsiéies are nearly same for 17 March,
2003 because GCR flux is not changing with locatibmerefore, we have only plotted
these profiles for 6 April, 2001. The electron dgngive a broad peak at altitude 25 km.
In the chemistry of positive ions hydrated hydreniions,H;0*(H,0), is dominant ion
below 70 km. In the chemistry of negative ions, evatlusters ofNO; and CO3 (i.e
NO; H,0 andCO3 (H,0),) are major below 40 km. Above this altitude elent plays an
important role in the lower ionosphere of Mars. Th@ximum densities of these ions are
estimated ~10cn13 on the surface of Mars. The chemical scheme iesasrescribed in
chapter 1 without adding dust reactions. The pedilevof electron density is ~1.0 x210
cm® at ~25 km due to impact of GCR in the lower iortese of Mars. It has been found
that the electron density produced by GCR is lowgrabout one and two order of

magnitude than that produced by non-flare and ##getron density profiles.
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The solar X-ray flare response is a key problerthenplanetary ionospheres. The
MGS observed the responses of 32 solar X-ray flarehe E-region electron density
profiles during its lifespan. We have estimated fEfn these measured profiles. Among
these measurements we have modeled only two eleddresity flare profiles that were
observed on 6 April 2001 and 17 March 2003. Theeteatiresults are greater than the
measurements by a factor of ~ 2-3 at the flare .ti8B®asonal variations of 32 electron
production rates in the E region ionosphere of Mare also estimated in presence of
solar X-ray flares. We have also calculated thddgaal doses for X, M, C class flares to
study the human risk for exploration to Mars.

4.1 INTRODUCTION

Radio occultation experiment has been found veejuligor the measurements of
Mars’ ionosphere. It is a remote sensing experiméhé radio science experiment on
board MGS has observed 5600 electron density psofiuring 24 December, 1998 to 9
June, 2005 (Withers et al., 2008). This experimgas also aboard on Mars Express
(MEX) and has observed 500 electron density pfildaider and Mahajan, 2014).
These profiles show E and F peaks at altitudes khi&and 135 km due to impact of X-
rays (10-90 A) and solar EUV (90-1025 A) radiatiorespectively. The MARSIS
experiment also measured an increase in the peakat density of about 30% during a
solar flare, which returned to the pre-flare lewgthin a few minutes (Nielsen et al.,
2006). The response of this flare in the F reguas smaller than that observed in the E
region. Therefore it was not detected by radio thatian observations.

In this Chapter we have studied 32 flare profdéslectron densities that were
observed by radio science experiment onboard MG#gl solar cycle 23. Out of 32
profiles recorded during flare periods, 10 wergoasmted with X-class flares, 12 with M
class, and 10 with C class. Their E-peak flaresties vary with solar X-ray flux, SZA,
Solar Longitude (Ls), Universal Time (UT), anditiade. We have examined the E-peak

electron density dependence of 32 flare profilath whese parameters. Percentage
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increase in IEC and E-peak electron productioesraf these flare profiles are estimated
in the E region ionosphere of Mars. We have alsdied the implications of solar X-ray
flares on the habitability of all kinds of bio-@gsms. The biological doses of 32 flares
are estimated using GOES X-ray fluxes. The charastics of X, M and C class flares,
their affects on electron density profiles andldgical doses are given in Table 1
(Fallows et al., 2015). Although 32 profiles airited to study the correlations of flare
E-peak densities on Ls, SZA, latitudes and soleayfluxes, the limitation of datasets
do not bias the results. Our results are ablent@stigate the flare electron density
dependence quantitatively on these parametersetkwadditional observations would

greatly improve the accuracy of the flare dependarn these parameters.
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Table 4.1: Characteristics of solar X-ray flares orMars’ ionosphere

WP

A" 0w I S - S 4

RS S

Locatior?| Start| Peak| End F'afe Total
# Date Clasy (S_un Time?| Time?| Time? F')I'ri(r)rf:lee Profile (?1?3) (Edsegl) (ggsyi)
Disc) (Ut | (UT) | (UT) #
(uT)

X-Class Flares
1 | 24/11/2000 | X1.8| N21E06| 21:48321:59| 22:12| 22:03| 10 83.9| 103.2 1.50E-02
2 | 25/11/2006 | X1.9| N21WO08| 18:33| 18:44| 18:55| 19:37| 12 83.8| 102.7 1.60E-02
3 | 02/04/200% | X1.1| N16W56| 10:58| 11:36 12:05| 12:12 7 71.8| 32.2| 9.83E-01
4 | 06/04/200% | X5.6 | S21E47| 19:1p19:21| 19:31| 20:13| 11 72.0| 30.2 4.74E-0
5 | 10/04/200% | X2.3| S22WO07| 05:06 05:26 05:42| 06:39 7 72.1| 28.3] 1.93E-01
6 | 15/04/2004° | X14.4| S22W72| 13:19 13:50| 13:55| 14:14 6 72.5| 25.9] 9.92E-01
7 | 17/03/2003 | X1.5| S14W26| 18:5019:05| 19:16| 19:38 7 71.0| 62.2| 1.34E-01
8 | 18/03/2003 | X1.5| S16W39| 11:51 12:08 12:20| 13:17 7 71.0| 61.7| 1.25E-01
9 29/05/;003“ X1.2 | SO7w32| 00:51 01:05| 01:12| 01:38| 10 78.4| 31.2 8.95E-0
10| 17/01/200% | X3.8| N13W15| 06:59| 09:52| 10:07| 11:36 8 74.6| 113.6 3.64E-02

M-Class Flares
11| 21/11/200G | M1.6| NO9W46| 19:13| 19:21| 19:27| 19:31 8 84.3| 104.9 1.26E-03
12| 20/01/200F | M7.7| SO7E57| 21:06 21:20( 21:32| 21:16 8 76.6| 70.5| 6.52E-0
13| 28/03/200F | M4.3| N17E11| 11:21 12:40{ 13:06| 12:28 9 71.8| 34.6| 3.74E-0
14| 26/04/200F | M7.8| N16W15| 11:26| 13:12| 13:19| 13:15 5 73.6| 20.8 6.37E-01
15| 21/04/2003 | M2.8| N18E09| 12:54 13:07| 13:14| 13:17| 11 73.0| 46.3 2.46E-0
16| 31/05/2008¢| M9.3| SO7W59| 02:13 02:24| 02:40| 02:40 8 78.8| 30.4 7.57E-0
17| 29/12/2004 | M2.3| NO4E74| 15:57 16:27| 16:38| 16:15 8 76.4| 123.% 1.95E-03
18| 30/12/2004 | M4.2| NO4E61| 22:02 22:18| 22:28| 23:39| 13 76.2| 123.0 3.20E-03
19| 09/01/2005 | M2.4| SO09E82| 8:25 08:5109:09| 09:20 9 75.2| 117.7 2.01E-03
20| 23/01/200% | M1.0| N11wW93| 01:28| 01:51| 02:01| 03:00| 10 74.2| 110.5 9.48E-04
21| 19/02/200% | M3.3| S09wW32| 10:36¢ 11:01| 11:13| 12:24 7 73.2| 97.2| 3.02E-0
22| 13/05/2005¢| M8.0| N12E19| 16:13 16:57| 17:28| 18:07| 10 82.7| 62.8 7.43E-0

C-Class Flares
23|