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ABSTRACT

This research studies the propagation of solar energetic particles (SEPS)
from the strongest solar flare in the 24t solar cycle. The particle propagation was
simulated for the solar event on September 6, 2017. The X-ray class of the selected
solar event is X9.3, the solar flare position on the sun is SIOW30, and the solar wind
speed is 575 km/s at 12:02 UTC for 17 minutes. We used data from the Solar Isotope
Spectrometer instrument on ACE (Advanced Composition Explorer) spacecraft. The
propagation of the solar energetic particles was simulated by the Ruffolo (1995, 1998)
transport equation and solved by finite different method. The injection duration was
estimated by the curve-fitting technique of piecewise-linear least square with the
simulated results and the data from spacecraft. The fitting results between the
spacecraft data and the simulation results found the mean free path roughly constant
for each particle. The element with a small atomic mass such as helium, carbon,
oxygen and nitrogen have the larger mean free path as compare to the high atomic
mass element iron. The results showed the injection time is from 39-743 minutes,
which corresponded to the energy range of particles. The coronal mass injection was
detected at the end time of this flare that affects in increasing the injection time. This
solar event didn’t affect the Earth’s magnetic field as the value of kp index is 4 at the
end of solar flare. The value of kp index has increased to 8 on 7t September, 2017

due to another solar event occurred from same sunspot region.
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CHAPTER I
INTRODUCTION

1.1 Background and Significance of the Study

The life on the Earth is exclusive influenced by the phenomenon of the Sun-s
activities. The Sun is spontaneously emitting the steam of charged particles in the
form of electromagnetic waves and high energy particles to the Earth. The eruption
on the Sun will occur more or less in accordance with the solar cycle. If the eruption

is larger or more violent than normal phenomena it is referred as solar flare that

releases energy in many forms such as X-ray and radiation of other radio wave

including cosmic rays. This phenomenon is likely to occur most often in the middle
of the solar cycle.

The solar cycle or one cycle of the Sun is approximately 11 years and currently we

are in the 251 cycle (2019-2030). The eruptions will occur near dark spots where

magnetic fields are unstable causing solar storms with the release of high energy

particles. These particles are charged particles moving in a spiral magnetic field
(Archimedean spiral magnetic field) allows high-energy particles from the Sun to
move along the magnetic field into the Earth. If the Sun's eruption is violent, it may

damage the satellite, can disrupt radio transmission line facilities and electrical line

facilities resulting in potentially massive and long- lasting power outages.

Therefore, this research study the physical characteristics of the solar event and
eruptions on the Sun's surface including the analysis of the motion of high energy
particles from the Sun by using the distribution data obtained from the Advanced

Composition Explorer (ACE) spacecraft. The study is mainly focused on the solar
event on 6 September 2017 because, it is a violent event based on the X-rays
intensity of X9.3 at 12.02 UTC and it is the strongest solar flare of the 24t solar cycle.

The research analysis the helium, carbon, oxygen, nitrogen and iron elements and

simulates particle motion with transport equation and solve the motion equation by



using the numerical methods written in the C++ programming on the Ubuntu

operating system. So that, we can analyze the timing of high energy particles released
from the Sun to Earth and compare with actual time of eruption. Therefore, such data

are used to predict and warn about space conditions to reduce the damage that caused

by the high energy particles moving from Sun to Earth.

1.2 Research objectives

e  To study the physical characteristics of strongest solar flare erupted at the

solar minimum on 24t Solar cycle and its space environment.

e To download the data of high energetic particles recorded by ACE
(Advanced Composition Explorer) spacecraft on 61 September 2017 and

prepare for the simulation.

o To simulate the propagation of high energy particle coming from the Sun to
Earth with the equation of motion and solve problem using numerical

methods in Ubuntu operating system.
e  To calculate and compare the injection time of particles between simulation

and actual value.

1.3 Scope of the Study

e  This research studies the physical characteristics of the solar energetic
particle from the violent solar flare.

e  The simulation of the propagation of the high energetic particle that are
erupted on 6t September, 2017.

e  The data obtained from ACE spacecraft is used to simulate with transport

equations written in C++ programming to analyze the time for particles

erupted and compare with the actual eruption.
1.4 Research operation guidelines

e  Study the theoretical background and research related to the 24t solar cycle

and the movement of high energetic particles.



e  Study of research related to the movement of high energy particles from the
Sun and changes that occur in the solar cycle.

e  Select the event of the eruption of high energetic particles that occur during
the 24" cycle and get information on the distribution of high energetic
particles from the ACE spacecraft and the information necessary to use in
the simulation.

e  Simulate particle motion with transport equations using a program written in
C language on the Ubuntu operating system.

e  Analyze the data obtained from simulations and compare with the actual
data from spacecraft.

o Summary, analyze the findings and write a thesis book.

1.5 Operation plan
Table 1 Action plan

Month
Activities 1] 2[ 3[4 5] 6] 7[ 8] 9] 10]11]12]13]14[15[16] 17 |8

Study background of the
thesis and selection of |V [V |V [V |V [V
topic.

Study of research related
to the movement of high
energy particles from the 11
Sun and changes that

occur in the solar cycle.

Simulate the transport of
particles and fitting the
data in C language on the NI Y |V |V
Ubuntu operating
system.

Analyze the data
obtained from

simulations and actual VIV YIvY
data from spacecraft.

Summary, analyze the
findings and write a VIV V|V Y
book.




1.6 Expected Benefits

. Gain knowledge about the physical characteristics of the Sun’s eruption and
the release of high energetic particles.

. Understand and explain the movement of high energetic particles by
transport equation and the use of numerical methods to solve physics
problems.

e  State the effect of the high energetic particles on earth due to eruption on the
Sun.

e  Gain skills in using computers to solve physics problems and knowledge on

operating C++ programming.

1.7 Related Works and Studies

Relativistic proton levels from region AR 12673 (GLE#72) and the heliospheres
current sheet as a Sun — earth magnetic connection (Augusto et al., 2018). The study
is about the solar event on 10" September 2017, an X8.2-class which was the second
strongest solar flare in the 24t solar cycle. The solar flare erupted from the active
region AR 12673 when it was located at the edge of the west solar disks. The
research present five solar blasts that has happened at the western edge of the solar
limb, three of them from the active region 12673 at the time of the blast which was
no longer seen from the Earth and two cases where the SEPs and HCS structures are
correlated. When Earth crosses the HCS sector, a fraction of these particles can reach
Earth with a harder energetic particle flux, triggering a ground-level enhancement
(GLE). The signals detected by spacecraft detectors on 10" September 2017
correspond to two different phases of the solar flare. The energy released during the
impulsive phase of the flare, was observed as an increase of gamma rays and hard X-
rays registered by the RHESSI and Fermi GBM and peaking at ~ 15:57 UT. While
the energy released in the gradual phase of the flare was observed as an increase of
soft X-rays registered by GOES and peaking at 16:06 UT. The proton particles from
the Sun are accelerated by shockwaves to a speed of about 948 km/s. This means that

SEPs propagation and HCS are closely related.



The solar energetic particle propagation of solar flare events on 24th solar cycle.,
J. Phys.: Conf. Ser. 901, 012016 (Paluk, Khumlumlert, Kanlayaprasit, & Aiemsa-ad,
2017). They studied about the violent explosion at the solar atmosphere and releases
the high energy ion from the Sun to the interplanetary medium. The particle

scattering is approximately energy independent, but the level of scattering varies

with time. The selected solar flare events are on August 9, 2011, January 27, 2012,
and November 3, 2013 in 24t solar cycle. The transport equation of SEPs was solved

by the numerical technique of finite different method in the C program by using the

data for each solar flare was obtained from SIS instrument on ACE spacecraft. Itis

found that mean free path is roughly constant for each event but there are some

fluctuations. Overall, the injection duration of the higher energy is shorter than the
lower energy particles. The injection duration time from the data fitting of the solar

event is more than the injection time from spacecraft because of the irregularity of

the magnetic field from the Sun to the Earth affects the particle propagation.
Solar Flares, CMEs and Solar Energetic Particle Events during Solar Cycle 24.
Advances in Space Research (Pande, Pande, Chandra, & Mathpal, 2018). The study

is about the emission of solar energetic particle in the year 2010 - 2014 which is
obtained from the satellites GOES and SOHO/ERNE (Energetic and Relativistic

Nuclei and Electron) for proton intensity greater than 1 pfu and less than equal to 1

pfu respectively. The observed SEPs are divided into three categories based on the
intensity of proton flux unit(pfu): weak (proton intensity < 1 pfu), minor (1 pfu
<proton intensity <10 pfu) and major (10 proton intensity 10 pfu). It is found that
54% were major, 29% were minor and 1% SEPs were weak. The majority of SEP

events source regions are located in the western hemisphere while some from the
eastern part due to the deflection from the radial direction of the eruptions from

coronal holes or due to the interaction of CMEs. The study has found that the
correlation between X-ray flux and SEP intensity is slow and increased in the

correlation between CME speed and SEP intensity.



Deconvolution of interplanetary transport of solar energetic particles, Journal of

geophysical research (D Ruffolo, Khumlumlert, & Youngdee, 1998). The study is
about the energetic particles produced by solar activity and to apply such state-of-the-
art transport simulations and develop semi-automated fitting techniques to accurately

determine the injection of particles near the Sun as a function of energy and time as

well as the interplanetary scattering mean free path. The techniques for fitting are

determined by piecewise linear profile and Reid profile methods using the proton

data measured by ISEE3 (International Sun-Earth Explorer 3) on the solar flare
events of July 20, 1981 (gradual flare), and January 2, 1982 (impulsive flare). It is

found that both deconvolution techniques yielded good fits and consistent result but

prefer piecewise profile which takes less time for protons of high energy levels (75-
147MeV). This result suggests that release of CMEs from corona can cause shock

wave and accelerate the particles about 100MeV after covering certain distance from
the Sun.

Analysis of extreme solar activity in early september 2017 (Tassev, Velinov,

Tomova, & Mateev, 2017) . The paper analysed the extreme solar activity in early
2017 at minimum of solar cycle 24. 1t is found that the Active region AR2673 which
produced four powerful eruption class X9.3 on 6™ September 2017 and severe
geomagnetic storm on 7-8 September 2017 with Ap=106. Three space regions are
investigated 1. Sun - photosphere and solar corona 2. Interplanetary space with Sy, and

its basic parameters velocity (V) density (N), Temperature (Tp) and Intensity of

magnetic field (B) 3. Earth and its magnetosphere to calculate the solar wind from

SOHO and DSCOQV space probe in the point of Lagrange, kinetic energy density Eg,

thermal energy density E: and magnetic energy density Em during 2-15 September
2017. Two interesting phenomena are found which are tunnel effect in the earth's

environment and specific distribution of the solar wind energy density during and

after the CME. It is likely that both kinetic and magnetic energies can be used as

predictors of strong geomagnetic storms.



CHAPTER I

THEORY AND RESEARCH RELATED
2.1 The structure of the Sun

The Sun is the closest star to our planet, about 4.6 x10° years old. The Sun is
about 1.39 x 108 km in diameter, 1.496 x 108 km away from Earth and has a mass of
1989 x 1030 kg. The structure of the Sun is divided into 2 parts, which consists of

Sun’s body and the atmosphere of the Sun as shown in Figure 1.

STRUCTURE OF THE SUN

— Solar Wind

—— Corona

Chromosphere

Photosphere

Sunspot

Radiative
Zone

Convective
Zone

Figure 1 Structure of the Sun

Source: https://www.space.fm/astronomy/EarthmoonSun/structure.html

2.1.1 The Sun is divided into three layers which are;

i. The core or fusion core is at the center of the Sun up to 25% of solar radius.
The gravitational force of the Sun causes the mass to compress together until
the temperature at the center reaches 1.5 x 107 K. The nuclear reaction takes
place where it fuses the hydrogen atoms into helium and releases large
amount of energy.

Ii. The radiative zone is the area of 25-70% of the Sun’s radius. The energy
generated by nuclear fusion in the core is brought to the upper layer by photon
particles.


https://www.space.fm/astronomy/earthmoonsun/structure.html

iii. The convection zone is the outer-most layer of 70-100% of the Sun’s radius.

The resulting energy cannot directly radiate into space. Since the mass of the
Sun is full of hydrogen gas which is moving in a spiral by the convection

process, energy from the inside is then released to the surface by the swirling

of hot gas.

2.1.2 The atmosphere of the Sun is divided into 3 layers which are;

Photosphere is a lower layer of the Sun that we see as a light. It is only 400
km thick and has a temperature of about 5.8 x 103 K.

Chromosphere is a middle layer of the Sun with a temperature of almost
2.5x10* K. Normally, we cannot see the chromosphere because the lower
atmosphere called photosphere is much brighter.

Corona is the uppermost layer with the temperature up to 2x10° K. The shape
changes according to the magnetic field of the Sun. This atmosphere can be
seen only when a full solar eclipse occurs (Learning center for Earth Science
and Astronomy, 2020, November 10).

2.2 Solar flare

The solar flares are large explosion of electromagnetic radiation with intense

variation in brightness on the Sun lasting from minutes to hours. A solar flare occurs

when magnetic energy that has built up in the solar atmosphere is suddenly released.

The energy released during a flare is ten million times greater that the energy

released from the volcanic explosion. The intensity of solar flare depends on the

solar cycle and if the eruption is violent it may damage the satellite, can disrupt radio

transmission line facilities and electrical grid. The process of solar flare eruption has

3 stages.

The precursor stage is the stage where magnetic energy is triggered. In this
phase low energy X- rays (soft X-rays) are radiated.

The impulsive stage is the stage where protons and electrons are accelerated
to have kinetic energy greater than 1 million electron volt (MeV). In this

phase hard X-rays, radio waves and gamma rays are radiated.



iii.  Decay stage is where the gradual builds up and decay of soft x-rays can be
detected (Su, 2007).

SDO/AIA 131 2017-09-06 11:58:20 UT

Figure 2 The eruption on the Sun’s surface

Source: https://www.space.com/38066-monster-solar-flare-photos-september-

2017.html

Solar flares usually take place in active regions, which are areas on the Sun
marked by the presence of strong magnetic fields, typically associated with Sunspot

groups. As these magnetic fields evolve, they can reach a point of instability and
release energy in a various form. These include electromagnetic waves in all

frequencies from the waves with long wavelength such as radio waves, light that the

human eyes see, X -rays and to the short waves such as gamma rays. Generally, an
eruption on the Sun releases at the energy level of 1020 J;s and for sever eruption it

may reach 102 Jss.

The eruption on the Sun is divided into 2 types owing to its physical

characteristics, which are impulsive solar flares and gradual solar flares.


https://www.space.com/38066-monster-solar-flare-photos-september-2017.html
https://www.space.com/38066-monster-solar-flare-photos-september-2017.html
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Impulsive solar flares are the eruptions which release a high amount of
electron particles with an eruption duration less than 1 hour. The density of
the particles increases rapidly when these particles move through the Earth.
The increase in Fe/O and the 3He/*He ratios is 4 times the value found in
corona and will not release corona mass ejection (CMEs) from the corona
layer after the eruption and has normal speed and intensity. As a result, there

IS no shock wave phenomenon.

Gradual solar flares erupt with the release of high energy particles such as
protons. This type of eruption causes accelerating particles in the
interplanetary medium, known as corona mass ejection from the corona
layer. The solar wind has more speed and intensity than normal until it
becomes solar storm. Gradual eruption will take very long time to release the

particle which is more than lhour.

We classify the violent eruption of the solar flares from the intensity of X-ray

class as shown in table 2.

Table 2 The classification of solar flare

Eruption (Class) Intensity (W/m?2)
A 108 - 107
B 107 - 106
C 106 -10°
M 105 - 104
X Greater than 10

At each level, the eruption on the Sun may affect the world depending upon

intensity as follows;

X class flare is extremely violent. Most of the radio waves are generated

throughout the eruption and have long release period time with the intensity

greater than 10 W/m2.
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- Mclass flare is a medium level of violence which generally emits short radio
waves with the intensity range of 10°-10*W/mZ
- C class flare is a mild level which doesn’t affect the Earth much. The
intensity is in the range of 10-6-10-°> W/m2,
- B class flare is very mild level which rarely affect the Earth. The intensity is
in the range of 107 — 10 W/m2,
- Acclass flare is a normal level which doesn’t affect the Earth. The intensity is
in the range of 10-%-10-" W/m?2 (SpaceWeatherlive.com, 202, November 9).
2.3 Solar Cycle
Solar cycle mainly referred to the cyclic variation of number of Sunspots visible
on the photosphere of the Sun. The number of Sunspots increases and decreases over
a time in a regular, approximately 11- year cycle, called the solar or Sunspot’s cycle.
However, the exact length of the cycle can vary from one cycle to the other. More
Sunspots may be directly associated with increased solar activity such as solar flares
and CMEs. The duration in which highest number of Sunspots in any given cycle
are recorded is designated as the solar maximum, while the lowest number is termed

as solar minimum. Our Sun is a huge ball of electrically-charged hot gas. This
charged gas moves, generating a powerful magnetic field. The Sun's magnetic field

goes through a cycle therefore, every 11 years the Sun's magnetic field completely

flips which is commonly known as polar field reversal. This means that the Sun's
north and south poles switch places. Then it takes about another 11 years for the
Sunrs north and south poles to flip back again.

The solar cycle affects activity on the surface of the Sun, such

as Sunspots which are caused by the Sun's magnetic fields. As the magnetic fields
change, so does the amount of activity on the Sun's surface. The giant eruptions on

the Sun, such as solar flares and coronal mass ejections also increases during the

solar cycle. These eruptions send powerful bursts of energy and material into space.
This activity can have effects on Earth. For example, eruptions can cause lights in

the sky called aurora, impact radio communications and extreme eruptions can even

affect electricity grids on the Earth.


https://spaceplace.nasa.gov/solar-activity
https://spaceplace.nasa.gov/solar-cycles/en/aurora
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Some cycles have lots of Sunspots and activity where as some cycles can have

very less Sunspots and activity. Scientists work hard to improve our ability to predict
the strength and duration of solar cycles. These predictions can help them forecast

these solar conditions which is called space weather (Space place, 2020, November
11).
Solar cycle 24 was the most recent solar cycle since 1755. It began in December

2008 and ends at the end of 2019 as shown in Figure 3.

ISES Solar Cycle Sunspot Number Progression

Observed data through Dec 2019
a .
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Figure 3 The number of Sunspots on the Sun between 2008-2019 for 24t solar

cycle.
Source: httpszmwww.swpc.noaa.gov/products;solar-cycle-progression

2.4 Coronal Mass Ejection (CMEs)

Coronal mass ejection (CMES) are large expulsions of plasma and magnetic field

from the Sun's corona atmosphere. The materials that are released from corona tends

to coincide with the gradual eruption of the Sun's surface but sometimes it may

occur alone without a surface eruption.


https://www.swpc.noaa.gov/products/solar-cycle-progression
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Figure 4 Eruption of corona mass ejection

Source: http://www.Earthquakepredict.com/2017/07/what-is-coronal-mass-ejection-

cme.html

The coronal emission begins with the pair of magnetic fields from the solar

hole, which expands into the corona layer. After that, some magnetic field lines are
connected again. The connected points gradually expand within the magnetic field
lines due to increase of particle inside. Finally, the pressure within the magnetic
field lines overcomes the magnetic field and releases the millions of tons of
material with a speed of millions of miles per hour. CMEs travel outward from the
Sun at the speeds ranging from slower than 250 km/s to as fast as near 3000 km/s.
The fastest Earth-directed CMEs can reach our planet in as little as 15-18 hours
while the slower CMEs will take several days to arrive. CMEs travelling faster than
the background solar wind speed can generate shock wave in the inter-planetary

medium. These shock wave can accelerate charged particles ahead of them causing

increased radiation storm (Earthquake Preduction, 2017, July 2).
2.5 Spiral magnetic field

The eruption on the Sun releases large amount of high energy particles into the

interplanetary medium. The charge particles move along the magnetic field drawn


http://www.earthquakepredict.com/2017/07/what-is-coronal-mass-ejection-cme.html
http://www.earthquakepredict.com/2017/07/what-is-coronal-mass-ejection-cme.html
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from the Sun by the conduction of the solar wind. The magnetic field that is drawn

out are twisted into a spiral shape, also known as Archimedean spiral (David Ruffolo

et al., 2006). As the Sun rotates on its axis, we consider this magnetic line in the

spherical coordinates (Figure 5) along the radius of the magnetic field line

Where; d xB=0 (2.1)

§x§=0 (2.2)

Where dl is a spherical coordinate and B isa magnetic field with zero electric

force because the charged particles move parallel to the magnetic field.

M(r,0,0)

Figure 5 Spherical Coordinates
Source: https:mwww.wikiwand.com/en/Spherical_coordinate_system

From the equation (2.1) when considering the magnetic field of the Sun in the

spherical coordinates in figure 5.
dl =dr €, + rd6 &y + rsinbdeé, (2.3)
Then magnetic field is

B(r,0, @) = B,&, + Bg&g + B8, 24


https://www.wikiwand.com/en/Spherical_coordinate_system

From dixB = 0 then;

dl x B = (rd6B,, — Bersinfde) &, + (2.5)
(B,sin8d¢ — B,,dr)8q + (Bdr — B,rd6)&,,

Consider the elements along the line &, to get;
rd0B, = BgrsinBde

rd® _ rsin@de (2.6)
Be By

Consider the elements along the line &g to get;

B,rsinBd¢g = Bdr

rsinéde _ dr (2.7)
B%» L+ Br

Consider the elements along the line &, to get;

Bedr = Brrde
dr _ rdo 28)
Br =\ Bg

Comparing the equation (2.6), (2.7) and (2.8) we get;

dr _rd0 _ rsinfde
Br Bg By (2.9)

From the equation (2.9) write B in various element in the form of B,(r,8, ¢)
B.(r,0,¢) = B.(1,0,¢)

_ g0
Bo(r,6,9) =1 B.(r,6,¢) (2.10)

15
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From the above in the simulation of Parker spiral, let Bg=0 because we consider
the magnetic field in the equatorial plane. Therefore, the relation of B(r, 8, ¢) various

elements is the following equation;
B.(r,8,0) = B.(,0, p)

Be(r»e’ (P) =0
2.11)

. d
B, (1,8, ) = rsind® d—TBr(r,e, ©®)

Next, consider the rate of change of the angle ‘¢ and the radius ‘r-of the magnetic

field that is emitted from the Sun.

Earth

Figure 6 Shows the characteristics of the magnetic field that emits from the Sun
in a spherical coordinate.

The Sun revolves around itself at an angular velocity () which is related to the
angle () in the magnetic field that acts at radius (r) as equation (2.12). From angular
velocity, which is the angular displacement that changes in unit time.

_ Qo=@ _ _Ae
=" =% (2.12)

so —|Ae| shows that if the value of ¢ is large it will take less time and if the value of

¢ is small it will take more time. When A = @ — @, and At =t — t,.
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Consider the radius of the particles moving according to the solar wind speed. From
the equation;

r=v,t
dr
dt — Vsw

r— rO = sz(t - tO)

Ar = v_ At
(2.13)
Substitute At from Equation (2.12) into Equation (2.13) we get;
Ar 4 VSW @0(; (%
Ar — O VSWA(p
Q
Ar_ V.
A T Q
A Ve
de = Q (2.14)

\c/;l?se[ﬁé angle that the magnetic field interacts with the radius when time t at position
rl (rad).

¢, Is the angle that the magnetic field acts on the radius of the initial time t, (rad).

r is the distance from the Sun to A (m).

Ve IS the speed of the solar wind (km/s).

Q is the angular velocity of the Sun's rotation = 2.7x10-6 rad sec™.

Substitute the equation (2.14) into the equation (2.11) to get the magnetic field in
the direction &, are;

— 0=
B(p(r' 0, (p) = rsin0 ( sz) B,(r,6, (P) (2.15)

Therefore, magnetic field B becomes
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B(r 0, ) = B.(r,0,p)é, — rsmBB (1,0,9)&,
ﬁ(r, 0, (P) = Br(r, 0, (P) (ér — Vgrsineé(p) (2-16)

From the Maxwell electromagnetic equation V-B =0 when, considering the theory
of divergence of magnetic field is obtained. The V-B inthe spherical coordinates is

= — 0B 0B ,6 0B
V-B= T Tae =0 (2.16)

The divergence of the vector field in the spherical coordinate system is shown as

follows;

1 ar? 1 1 0B,
9 Brt Zggon0Bo + 5 e =0 2.17)

From the above condition B,-0 and substituting B, from equation (2.11) into (2.17)

we get;

1 or? 1 0 (Q
r2 ar ' rsin® d¢

;)=0

et TN 38, (2.18)
r2 EB ( )6(9 v

From the equation (2.18) we get B, independent of ¢ and value of r2?B, is constant

and do not depend on r but depend on 6 therefore,

A®)

Br="z (2.19)

considerr, is a magnetic reference point B,= B; so,
A(8) = Byr?,

Substitute A(0) into the equation (2.19) we get;
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2
_ Bqrey

Br ==~ (2.20)

Substituting the equation (2.20) into the equation (2.16) we get;

— B.r2, [ o . AA
B(r,6,4) = %(er —%rsme%) (2.21)

In the equation (2.21) the equation shows the characteristics of the magnetic

field that exists in spiral or Parker spiral in a spherical coordinate. The characteristics

of the magnetic field in various components are as in the following equation.

2
B, = % Show the characteristics of the magnetic field in the radius.

Bg =0 No magnetic field in the line 6.
2 .
By = — %fme Shows the characteristics of vertical magnetic field ¢.

2.6 Data analysis of high energy particles from solar eruption
For the analysis of high-energy particle data, it is considered the diffusion of
particles at various times from the simulation, f[t,y, z, p]. The characteristic of

diffusion of particles as in the figure 7 and 8.

Figure 7 Early diffusion of particles
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Figure 8 Later diffusion of the particles

We analyze the mean free path(A) of high energy particles to determine the
high energy particles that can move through magnetic field lines before high energy
particles are scattered due to the unstable magnetic field lines resulting from the

solar wind. It has the characteristic of diffusion of particles as shown in figure 9.

B

Figure 9 Examples of mean free path of high-energy particles that can move
before scattering due to the change of the magnetic field lines, with particle A
having less mean free path than particle B.

2.7 Transport equations that describe the motion of high energy particles

High energy particles coming out of the Sun are charged and neutral electrical
particles. In describing the motion of particles in space that are moving along a
magnetic field line that is not stable and can be explained from the diffusion-
conduction equation. Let us consider the distribution of particles in 1 dimension
which can be defined as:

dN
f(X, t) = d_X



21

dN = f(x, t)dx (2.22)

Where, N is the number of particles in the cell. Let, S be flux and is defined as,
number of particles (N) moving through a point at unit time t. Mathematically;

_N 2.23
S = At ( )

Substituting, equation (2.22) in equation (2.23), we get;

S = vf(x,t) (2.24)
We have,

N = f(x,t)Ax (2.25)
As the particles moves through the cell in the x-direction the relationship between

equation (2.24) and equation (2.25) can be written as:
5} Ax Ax

As, Ax - 0 of(xt) _  9s(xt) (2.26)
e 0x

The distribution of particles over time consists of systematic processes and random
processes. The systematic process is when the particles move in the cell in the same
direction and at the same speed as shown in figure 10.

Mathematically, the systematic or convective change is:

S(Xat)convective — (2_1() f(X)t) (2'27)

Random changes are the particles moving randomly or disordered manner as shown

in the figure 11. From the figure, the flux of the left particle is denser than the right.

450000 L0000 0,
—» —> —>
0000 o000
— —p —T»
o000 o000
—> —> —>

Ax Ax
X —— X X+—
o2 2

Figure 10 Systematic flux conduction
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Figure 11 Random flux conduction

BExD 2.2
S(X' t)diffusive X — (0_))(() ( 8)
of(x,
S(X, Daitfusive = —D (%) (2.29)

Substituting equations (2.27) and equation (2.29) in equation (2.26), we
get;

If(xt) _ 9 [Ax ] 2 [ Af(x,t)
at  ox Atf(X’t) +ax D ax (2.30)
| : ]\ Y )

Systematic first order Random process of diffusion second order term

The motion of particles that decay over time can be explained by the diffusion
equation, which has the form of partial differential equation as follows:

0%F OF
Do~ %= 0

(2.31)

Where; D is the diffusion coefficient, dx is the period position in which the

particle moves through, dt is the time period in which the particles move through the

2
distance 0x, % is the flux of particles per unit volume that flows through the phase

dx and ‘;—f is the distribution of particles over time consisting of systemic change and

random change.
The motion of particles is simulated using Fokker Planck equation based on the
time particle distribution equation. It was developed by Ruffolo 1998, an equation

describing the transport of high energy particles from the Sun.
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OF | d(4F) _ Q (2.32)
at da;

Where;

Q is the particle release function (Source term).

F is the particle diffusion function (Distribution function).
g is the distribution of the flux of particles over time.

a; are parameters of various independent variables related to movement or
independent variable in terms t, y, z, and p.

Where, t is the time the particle to travel from the Sun to the Earth (seconds), p is
the direction of the movement of the particles moving in or out of the Sun, z is the
distance along the magnetic field from the Sun to the Earth (AU) and p is the
momentum of the particle (MeV/c).

X
N

F=F(t,pnzp)

V = constant

\Te

Figure 12 Shows the pitch angle 6 between the velocity of the particle and magnetic
field line direction.

From Figure 12, when considering independent variables that affect the motion
of high energy particles from the Sun, it can be seen that high energy particles are
charged particles. Therefore, the motion of particles moves along the magnetic field
lines at the speed v. Considering the independent variables in terms of systemic
change, the changed variables can be as follows:

1. Change of distance along the magnetic field lines in the z-axis.

2. Change of momentum.

3. The change of p, where p is a variable that shows the direction of particle
motion.

We know;
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1 = cos 0; 0 is the angle between the velocity of the particle and the direction of the
magnetic field which is also known as spiral phase. When;

6 > 90°, u < 0 the particles move towards the Sun.

0 < 90°, u > 0 the particles will move out of the Sun.
When F is the flux of the particle

d3N (2.33)
dzdpdp

F(twzp) =

z distance along the magnetic field line to Earth (AU).
p is the momentum of a particle (MeV/c).

u=cos 6 where, 6 = pitch angle.

N is the number of particles.

a is arbitory variable.

Q is the source term.

Since, the magnetic field lines on the Sun fluctuates due to solar wind, we
consider the independent variables of particle motion in terms of random changes.
The independent variables in terms of random changes are changes in u along the
line of the magnetic field that has fluctuations and the density of the particles in the
distance along the magnetic field lines in the z-axiswith the velocity v. When

considering various independent variables, it follows that the equation is:

0F(t,wzp)  a (AZF> il (AuF> il (Ap F)+ il [cpui<E_’F>] (2.34)

ot az\At / ou\At / 9p\At /' au| 2 au\E

We define velocity of particles in fixed frame v and in solar wind frame as v'.
Conservative velocity in fixed frame is given as in the equation;
V=V + Vg (2.35)
Where;
Vew Solar wind speed.

v), velocity parallel to the magnetic field lines in the fixed frame.
v, velocity perpendicular to the magnetic field lines in the fixed frame.
vl'I velocity parallel to the magnetic field lines in the solar wind frame.

v, velocity perpendicular to the magnetic field lines in the solar wind

frame.
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If considered in the reference frame of the solar wind and in the stationary reference
frame, the particles will be moving in the solar wind frame (v, ) speed is equal to

the as given in equation;
Vi =V — Ve (2.36)

Focusing conserves |f|

) oy

=V

Vsw S 1

Figure 13 Fixed reference frame.

scattering conserves /'

A

»
Ll
’

Vi

Figure 14 Solar wind reference frame.

The rate of deceleration will cause the velocity of the particle to decrease in the solar

wind frame under scattering and focusing according to the equation.

v = d_v’ . (2.37)
duly,

Where;
K direction of motion of the particle (u = cos0).
L rate of change in the direction of particle movement over time.
v velocity of particles in fixed frame.
v’ velocity of particles in solar wind frame.
v’ rate of change of the velocity over time in the solar wind reference

frame.
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Consider the magnetic field lines that are released from the Sun in fixed reference
frame as in figure 15.

6B

Figure 15 The characteristics of magnetic field lines.

The intensity of magnetic field of the Sun decreases as the distance increases when
the particles move along the distance z-axis. According to the definition of the

focusing length as follow;

1 _  1dB (2.38)

L(z)  Bdz
Ly is the length field line along z-axis (Au).
B is the magnetic field (T).
Z is the distance of particles from the Sun to Earth (Au).
The particles travel between the Sun and the intermediate planets create force due to

magnetic field according to the law of the Lorentz force;

F=q(E+5xH) (2:39)
Where;
F force due to the magnetic field in N.
q charged particle in C.
v velocity of the particle in m/s.
E magnetic field isin T.

E electric field in V/m.
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C Speed of light 3 x108m/s.

We do not consider the electric field in the inter-planetary medium; E=0,
and the particles move at a speed close to the speed of light. Therefore, the force

arising from the flux of the magnetic field lines perpendicular is as follows;

AF = &L 8B (2.40)
C
And from the centripetal force
mvi _ eVigp
R C
R = vac (2.41)
eB

When p, = mv,will get; Rzg
When R is the radius of curvature of the magnetic field lines from the equation (2.41).
let F = ma will get;

ev
ma = ?lSB

ev

a=—=06B
mc

ov, _ evisp

ot mc

- A\ : L ovp) _evy
Whenv, = vcos0 = vuwill get; o 6B
Where v is constant L= —L6B (2.42)

mcv

From the Maxwell equation V- B = 0

= = B, , 0By . 0B, _
\Y B_ax+6y+az_0

Since, it is considered the motion of the particles along the magnetic field lines in
the z axis

When B a iz
r
From the definition of the focusing of magnetic field
1 _ _1g8 (243)
L(z) B dz
1 . pd 1

w- T @
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1 1dB _ 2

L(z)_de or

0B

Substitute % = a—yy in Maxwell equation we get;

0B 0B dB
ady ady 0z

2 0By 9B,

dy 0z

dy 20z
Therefore, the combine relation of magnetic field line with the radius we get;

§B = 1Bz (2.44)
2 0z

substitute equation (2.41) and (2.43) in (2.42) we get;

A eVJ_( 16BZmVJ_c)
" mev 2 0z eB

1 9By}
2B 0z v
And from Figure 13 the relation of the solar wind speed perpendicular and parallel to

the magnetic field, as shown in Figure 16.

vV, A

>
v

Figure 16 The relation of perpendicular velocity and parallel velocity to
magnetic field lines.

From Figure 16 the relationship can be written as;
v, =vsinB
vZ = v?sin? 0

v2 = v2(1 — cos? 0)
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vi=vi(1—p?)

1 1dB . _
And from o~ Bdz Will get;
. 1 V2 1—u2
H= 2L(z) (v )
. v(1-p?) (2.45)
"~ 2L(2)

Where; z is the length of the arc that the particle travels from the Sun to the Earth
along the line magnetic field line and L(z) is length of the magnetic field.

The particle moving at a velocity v with an angle 6 of magnetic field lines in the z
axis.

The velocity in solar wind frame v’ is as given in following equation.
2.46
v' = /V’ﬁ ) (2.46)

when V|,| = V“ — Vsw (247)

The velocity perpendicular in fixed reference frame and the solar wind frame are

equal. vi = v, Then substitute the equation (2.47) into the equation (2.46), will get;
! 2 2
vV = (V” —~ VSW) + VJ_

v = \/Vzl — 2V||Vsw + VEy + V2

when vZ = v{i + vZ will get;

v = JVZ — 2V Vsy + V&

When V|| =VvcosB = vu then;

v =/vZ = 2vpvg, + V3, (2.48)

Take equation (2.45) and equation (2.48) instead into equation (2.37) to find the rate

of change of velocity in the frame of the solar wind to get;
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v =2

dply, K
! i 2 _ . V(l_l’lz)
v = [du (V% — 2vpvg, )

.y 1 2 2 —1 d 2
v = [E(U — 2vpvg, + vsy) 2@(”

v(1—pu?)
— 2vpvg, + vszw)] : T(z)
¥ —Vg, v(l —
¥~ ZL(Z)
(v? = 2vuvg, + vszw)
velocity in the frame of the solar wind to get;
When: v =./v2 = 2vpvg, + V3, will get;
<M VVsw V(l_uz)
» _[ v/ ] [ZL(Z)

VZsz(l a llz)
v'2L(z)

Due to the conservation of velocity considerations v, so v = v’ will get;

vV = —

NS _V,sz(l - P-Z)
\ 2L(2)

Therefore, the rate of change of velocity in the frame of the solar wind is according

to the equation;

VewV' (2.49)
V= (1- )
2L(z)
And from p = mv will get;
o VswP (2.50)
p ()( 1?)

From the equation (2.50) the rate of change in momentum in the solar wind frame
due to the decreasing momentum in the solar wind according to the adiabatic

focusing. The rate of change of momentum depends on the length of the magnetic



31

field line (z) and the value of the solar wind velocity at different position (v$,)

which is called differential convection.

Figure 17 The magnetic field acting on the radial line from the Sun

Vew = Vew - Q1 sin

. p'vswsecy 2.51

b= KD -
From figure 17, the relationship is as follows;

cosy = VSTW

Sw

Vsw = Vsw SeCy

Substitute vg,, inequation (2.51) we get;

. P’V secy

AL\ 1 7
S 2L(z) ISLY (2.54)
or vEwp' _ 2 (253)
p'=—ry (=1

From the equation (2.47) when we consider the relationship as follows;

— ! C
V” = V” + Vow

when E = mc? we get;
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Therefore, the momentum along the magnetic field line due to the solar wind speed

in various coordinates is;
l; E C
pp=p;+ <§>sz

' E
P|| =Py~ (C_z) Vsw (2:54)

The decreasing momentum of the particles in solar wind from point A to B and from
the equation (2.54), will get;

, E
ppA=p— (—>VC A
c2) 3% (2.55)

y E
ppB=p)— (C_z) Vsw,B (2.56)

From the equation (2.55) and equation (2.56) we will get;

A pil 2 AVsw
! E
Ap,=-— C—ZAVSW secy
The relationship between the radius (r) to the axis (z), which is the angle .
_dr
cosy = o
dr = cosy dz

Where;
z is length along the spiral of the magnetic field lines.
Az is distance along the magnetic field lines from point A to point B.

At is time taken.
, E d
Ap) = _C_zAsz (Esecw)Az
When Az = v At will get;

ro_ E dr d(sec {)
Apy, —_c_z"svv(a ar )"IlAt
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, E d(sec )
Ap“ = — C_ZVSW <COS llJT) V”At

Where m = CEZ and v, = vp will get;

./ ! d( )
P|| = ~P|Vsw (COSIIJ Sde(r:w ) (2:57)

The equation (2.57) is an equation shows the change in momentum from one
point to another along a magnetic field line which is in terms of the particle transport
equation Ruffolo (1995,1998).

Due to the momentum in the framework of the solar wind(p”) depends on the
conduction of the solar wind particles. Therefore, p’, = 0 then pvg,, = p'vy, we
can calculate the rate of decreasing momentum according to the change of solar
wind (vg,,) from
; _ PIP| (2.58)

Substituting pj; = p’p’ in equation (2.58), we get;
p' = H’p|’|

Substituting p’, in equation (2.58), we get;

! ) , d(secy)
P’ = W =P Vsw | cOSY ——
when p;; = puand p = p’ will get;
. d '
P’ = —PVew (COSLIJ (S(:: ll))) il 2 (2.59)

Combine the equation (2.53) with the equation (2.59) to get;

. _p’vsw secys o2y
V=Tl (1—w*") — pvsw(cos
d(secw). * .,
I ) ,p=p

. secC
p/ — —p,VSW [T(Zq;(l — |J-,2 )

+ (cos 1) d Sde: LIJ) W’ l

(2.60)
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The equation (2.60) is the rate of momentum change in the solar wind frame which
is a consequence of the total deceleration.
Consider the effects of solar wind on the movement of particles in the interplanetary
medium on z and L.

V)| = V|| + Vew

2 _

E =mc* = pc

And From;

p|'| =pu

Vew = Ve S€C U
Therefore, we can write the relationship between the fixed reference frame
and the solar wind frame as follows

SV =P+ 5 Viw

E
2= p'p + C—2V§w

When p’ = m'v’ will get;

E g, E_¢
C—2V||—mvu+c—zvsw

VH — E + ng ,V” =7
. mvpc? ' 2 ,
z=T+VSWsec¢v ,mcc =E

E’ (2.61)

Z=V H'E+VSWSGCLP
Find%from the equation (2.57) p;; = p|| + CE—ngw so pj; = p|j will get
— -~/ 1L E ¢
CP|| = P T Vsw
E=E +-vS,

!

E = pE"+ pvgy P, = P,



I, C
__1_p||sz
E E
E—,—l mvl'lvgw AN
E me? v = VH
;o
B VY,
= =

Substitute EE’ in equation (2.61) to get;

7=V L [1 VMVSW] + Vg Secy

Z —V|J. [1 w] + Vg SeCy

g2 12

’ !/
Z=VU —%szsecw + Vg SECY

02 412

Z =V’p., + (1 Y Cgl )szsecqj

From the equation (2.62), the change of distance along the magnetic field with time

in 2 terms, streaming and convection in the transport equation Ruffolo (1995,1998).

The first term is the term of streaming which describes the movement of the particles

from one point to another point which doesn’t have the effect of solar wind speed.

The second term expression is the convection, which describes the movement of

particles along the magnetic field having the effect of the solar wind.

Consider the change of  based on time in the fixed reference frame and the frame

of the solar wind.

Consider the change of u in a fixed frame from the adiabatic focus from the equation

(2.45) we got;

.1 2
“_ZL(z)V(l u?)
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Consider the change of p in the frame of the solar wind and by using the chain rule.

dp’  dp'| dp

dt — dp , dt

., du | ,

S b 3 (2.63)
From py=p'W (2.64)

I} E

And From bl = Dpj C_ngw (2.65)
When; pL =P}
So that; (2.66)

Since, the momentum is perpendicular to the magnetic field line, it doesn’t affect the
motion of the particles. So, p| = 0 substitute the equation (2.65) in equation (2.66),

we will get;

' 7 E E y
p = \/p |~ 2Pz Vsw t (C—ZVEW)

The equation (2.66) will be;

E ¢
' ., pll_c_ZVSW
L= ——— > P = PH
\/p 1= 2PiiczvEw (G vEw)
E ¢
' _ pu_C_ZVSW 2 2
L == - - = Pjj =P
P, —2D||=zVs +(—vC )
Il [[cZVswT\2Vsw
E ¢
' PH=2Vsw

H= 2E E 2
\/ p2-Zpuviw+(zviw)

Ul = [pp - f—zvgw] [p’Z - ZC_Ele-ng + (CEZV§W)2]



dy E 1] - 2E
o [pu - C—2V§w] {—g[pz — ZPuvgy +

()| 2w -

C

1
2E E 212
gpquw + (C_zvsc,w) ] p

a __tleuBvs][- B
dp 3/,

2E E 2
[p’z—;zpuvgw(;zvgw) ]

p

2

2E E -
[p’z—?zp mvSu+(zvew) ]

! 12 E c E c ’
From p = p||—2p||§sz+<C—2sz>
1] 2E 2E?
dy —7[—FPZHV§w +7P(V§w)2] P
du p'3 r
du _ Ep?uwvEw  E?p(vEw)® | P
\r— I3 B X
du c?p c*p p

Substitute equation (2.67) into equation (2.63)

Y [Epzuvgw P
'3

EE p c2 2L

2
v=_V 2 Epzuv(s:w _ b (Eng) v
[ 2L(2) (1 P— ) Czp’3 B\ 2 2L(2)

p
W) + s (1= 12) 2

\%s z \%
Vsw
(C> 2L@)

S — V(1 2\PPuvé _ p3
i = o1 (1= 1) 3¢ p3

HE) + 2165 (1 — W)

C
We consider the ratio of VSTW in order 1

(E"gw)z + g] [ 1(2) v(1 —p?)
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vV 24 P3 Usz AN
H = 2L(z)( W) = 50" T (1-wu )p's

From E = mc? = pc = mvc will get;

2 .
Substitute v = %equation of w will get;
= L1 — 2) (B (vw
H _2L(z)(1 M )( E )( c )+
11— 2y (R
2L(Z)(1 H )( E )

—\7 2
n = ZL(Z) (1 - UZ) I:IJ'V(S:W + %]

/A

\% . = g
> = 1 multiplying with the last term

p’c
W= s (1 - ) [hvsw + (p?) (EV)]

W\ 2o % 2 C E i
" —ZL(Z)(l u)[uvsw+ E] ,P=D

o oy [ E
l’l_ZL(z)(1 u)[V’ +E]

! Iy,!+,C

: E
Substitute — = 1 — =% g get:
E 2

0V g Wiw | 1 _ KV'VEw
W=z “)[ +1 2 ]

When V§,, = Vg, SECY we get;

oV 2y [W vswsecy _ Wv'vswsecy
W= “)[ — t1 —

\% c2

n=u

. KUswSecy  pvvsy secy — 2
o= 2L(z) [1+ - 2 ](1 ue)
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(2.68)
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Equation (2.67) in the term of the focusing of the transport equation Ruffolo
(1995,1998). Consider the momentum perpendicular to the magnetic field lines in

the solar wind frame does not affect the motion of the particles.
d(p,) =0
= d(p?sin? 0)
=d (p'z(l — cos? 9))
= d(p?(1-u1?))
=p2d(1-u?)+ (1-n?)d(p?)
=p? (-2 )au’+ (1-u?) (2p) ap
' (l—u'z)(Zp')dp'

du = — (_zu,)p,z
' (1—u'2)dp'
d =" =
: (-)p
;i’ _ (1_H'2’)p'r (2.69)
Hp

From the equation (2.59) can be rewritten as;

d(sec)) 2
Ju

dr

NS Ve (cos P

Substitutei—: in equation (2.69) we get;

i = o (cont & e 1 47) e

From the equation (2.70) is the rate of change of u over time, regardless of the
divergent magnetic field in the solar wind. Which is one of the terms in the transport
equation Ruffolo (1995,1998), which is called the differential convection.

From the equation (2.68) and the equation (2.70) when combined, the rate of change

4 of time t in the focusing term and the differential convection in the transportation

equation in the following equation
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. WVgw sec1|J uvvswsec lIJ] 2 focusing
H= 2L(z) [1 + (1 =p)
d 2 Differential
~Vsw (COS Wgrsec lp) (1= w%) convection
: P 2 d(secy) 2 i
p = —p'vy, [zeLC(Z) 1—p?) = cosy S;E m ] Deceleration
,2 P2
7=V |J. - cu Vew S€CY + Vg, sec
\ AN v J
Streaming convection

From the Fokker Planck equation first term order and second term order
JoF 0 /Az d (An d (Ap
7t ozla’) Yalac) Yaplac”)
ot 0z \At Ju\At dp \ At

d (A
*anla) -
du \ At
OF(tpzp) 0 (Az 0 (Ap d (Ap
ot o az(AtF) au( F) 6p( F)+
6 q)ua
au 2 au( F)]

Pitch angle scattering random term

To simulate the movement of high energy particles that emitted from the Sun
using the basic equation of Fokker Planck, which are combined with various
influences caused by an intermediary between the planets. The change in the
magnetic fluxes and the effects of the solar wind in various considerations will give
us the transport equation that describes the movement of high energy particles

according to the transport equation of Ruffolo,1995, which is a form of the equation

is:
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F -
% = — % uv F (t, 1, z,p) (streaming)
2
— % (1—p? V—z)vswsec‘P F (t, 1w, z, p) (convection)
-2 [1 + u Y sec¥ — u seclP] (1—p? F (t, w,z,p)

u 2L( )
(focusing)
d d =2
+ - Vsw (cos‘l’;sec‘l’) n(1—p2) F (t,1,z,p)
(differential convection)

+iwi(1 — uVSW

@7, i secW) ¥ (t,u,z,p) (scattering)

secW d =
5P |5 (1= 142 + cosW (seeW)u?| F (6,,2,p)

(deceleration)




42

The table below explains the meaning of each term in brief from the above complete

Ruffolo’s transport equation:

Table 3 Description of each term of transport equation

Terms

Descriptions

Streaming

Convection

Focusing

Differential

convection

Scattering

Deceleration

It describes the motion of particles along the magnetic
field lines in the z-axis.

It describes the movement of particles along the
magnetic field lines caused by solar convection.

It describes the movement of particles resulting from
the adiabatic focusing considered in the stationary
reference frame and the frame of the solar wind.

It shows the change in solar velocity by position. By
considering the rate of change ‘u” with respect to time
‘t” in the frame of the solar wind which has no effect on
focussing.

It is a term that shows the scattering of particles in the
framework of the solar wind in random changes.

It is a term for the rate of change of momentum that
depends on the rate of change of velocity along the line

of the magnetic field in the frame of the solar wind.

2.8 ACE (Advanced Composition Explorer) spacecraft

In this research, we have used the data from the ACE spacecraft. The ACE

spacecraft was launched on August 25, 1997 and it is used to observe and measure

various particles that comes from the Sun and particles from other sources to the

Earth. The spacecraft is about 1.6 m in width and has a height of about 1 m. The

weight of the spacecraft is combined with the fuel tank and is approximately 758 kg.

The image of ACE spacecraft and its component is shown in Figure 18.
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; ——
I( i
Power System

Figure 18 Advance Composition Explorer Spacecraft (ACE).

Source: https:directory.eoportal.orgmwebeoportalsatellite-missions.content-

/articleace

There are total of nine instruments installed on the ACE spacecraft, six high

resolution sensors and three monitoring instruments.

CRIS (Cosmic Ray Isotope Spectrometer) is a tool used to measure and study

isotopes of cosmic rays with energy levels in the range 100-600 MeV / n.

SIS (Solar Isotope Spectrometer) is designed to provide high resolution
measurements of the isotopic composition of energetic nuclei from He to Ni
over the energy range from ~10 to ~100 MeV/n.

ULEIS (Ultra-Low Energy Isotope Spectrometer) is instrument for

measuring the low energy particles released from the Sun with energy levels

in the range of 0.2-10 MeV/n.

SWEPAM (Solar Wind Electron, Proton and Alpha Monitor) is a tool for
measuring of electron and ion fluxes in the low energy solar wind range.
MAG (Magnetic Field Experiment) is an instrument that measures the

direction and magnitude of the interplanetary magnetic field.


https://directory.eoportal.org/web/eoportal/satellite-missions/content/-/article/ace
https://directory.eoportal.org/web/eoportal/satellite-missions/content/-/article/ace
https://directory.eoportal.org/web/eoportal/satellite-missions/content/-/article/ace
https://directory.eoportal.org/web/eoportal/satellite-missions/content/-/article/ace
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vi.  EPAM (Electron, Proton, and Alpha Monitor) is a tool that shows the density

and the energy of protons, alpha particles and electrons by measuring the

energy of particles with energy levels in the range of 0.3-0.4 MeV /n.

vii.  SWIMS (Solar Wind lon Mass Spectrometer) is a tool that SWIMS measure
the chemical and isotopic composition of the solar wind for every element
between He and Ni, up to 10 keV/e.

viii.  SWICS (Solar Wind lonic Charge Spectrometer) is tool for measuring the
ionic-charge composition, temperature and mean speeds of all major solar
wind ions.

ix. SEPICA (The Solar Energetic Particle lonic Charge Analyzer) is a tool for
measurement of the ionic charge state, energy and the nuclear charge of ions
coming from the Sun (Sharing Earth Observation Resources, 2020,
November 13).

All instruments are used to measure particle’s charge, mass, energy and direction

of movement according to the time which is very much useful in research. It also

enhances the understanding of the origin of particles and evolution of the solar

system. ACE spacecraft is mainly used to study electrons and groups of high energy

isotopes. In this research we used a SIS instrument to obtained the data.

Figure 19 Solar Isotope Spectrometer

Source: http://www.srl.caltech.edu/ACE/CRIS_SIS/sis.html


http://www.srl.caltech.edu/ACE/CRIS_SIS/sis.html
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The SIS instrument is designed to provide high resolution measurements of the
isotopic composition of energetic nuclei from He to Ni (Z=2 to 28) over the energy
range from ~10 to ~100 MeV/n. During large solar events, when particle fluxes can
increase over quiet-time values by factors of up to 10000, SIS will measure the
isotopic composition of the solar corona, while during solar quiet times SIS will
measure the isotopes of low-energy Galactic cosmic rays and the composition of the
anomalous cosmic rays which are thought to originate in the nearby interstellar
medium. The solar energetic particle measurements are useful in understanding of
the Sun, while also providing a baseline for comparison with the Galactic cosmic ray
measurements carried out by CRIS. SIS has a geometry factor of ~40 cm2-sr, which
Is significantly larger than previous satellite solar particle isotope spectrometers. It is
also designed to provide excellent mass resolution during the extremely high particle

flux conditions which occur during large solar particle events.

The first two detectors, M1 and M2, are position-sensitive "matrix" devices that
form the horoscope measuring the trajectory and energy loss of incident nuclei. The
matrix detectors are octagonal in shape, 70 to 80 um in thickness, and have
34cm? active areas that are divided into 64 strips. Each of the strips on M1 and M2 is
individually pulse-height analyzed with its own 12-bit ADC (Analog Digital
Converter) when an event occurs so that the trajectory of heavy ions traversing the
system can be separated from the tracks of low energy H or He that might happen to
hit one of these detectors at the same time. Detectors M1 and M2 are separated by 6
cm so, the resulting rms angular resolution of the system is ~0.25 degrees averaged

over all angles (California Institute of Technology, 2007,November 28).

2.9 Time profile of injection near the Sun

The two techniques were developed for deconvolving the effects of
interplanetary transport in order to determine the underlying time profile of injection
near the Sun, which in turn yields the injected spectrum as well as the best fit value
of the interplanetary scattering mean-free path. These techniques solve the inversion

problem

R(®) = f, G(t—t)I(t)dt 2.71)
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where I(t") is the injection of particles versus time near the Sun, G(t- t') is the Green's
function, or the response to §-function injection, which is calculated by the transport
simulation, and R(t) is the "response,” that is the measured intensity or anisotropy
times intensity at the spacecraft. Both techniques are semi-automated in that a
computer program finds injection parameter values that minimize the x?2 of the fit
between R(t) and the observational data (minus background). Results for different
values of A are then compared, and the overall best fit is used as the final result.

The deconvolution technique finds the optimal piecewise linear injection
function for a given set of "joints,” ti. The times of the joints in the piecewise linear
injection function, I(t"), are chosen a priori, and the injection function is constrained
to be zero at the first and final joints (figure 20 c). Then I(t') is a linear combination
of triangular injections, li(t') (figure 20 a).

The first triangular function starts from 0 at the first joint, rises linearly to 1 at
the next joint, and falls linearly to 0 at the following joint (in units of 1026 sr1s -1
MeV-1, that is 1026 per unit solid angle of the solar surface, time, and energy). The
peak time of this function is then the start time of the next function and so on. We
then convolve G (t- t'), the intensity predicted by the transport simulation for an
instantaneous injection, with each Ii(t"), which yields the predicted response, Ri(t),
due to each triangular injection (Figure 20 b). Now we want to consider the
response, R(t), to a general linear combination of the triangular injections. Because
the transport equation is linear in F, the response to a linear combination of
injections, I(t) :Zi a;1;(t) iIs the linear combination of responses,

R(t):zi a;R; (t). Therefore, we can use linear least-squares fitting to find the linear

combination that minimizes the x> between R(t) and the observed data (Figure 20
d). Because each li(t") has a peak value of one, the coefficients, a;, are the values of
the injection function at each joint t; (Figure 20 c), the least squares fit also directly
yields the statistical errors of these values. Initially, we set to to the peak time of the
H a flare, set t; and t2 so that t>-t1 and ti-to were equal to the width of the time bins
of the data, and set further t; so that each interval was twice the preceding interval (D
Ruffolo et al., 1998).
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Figure 20 Illustration of the deconvolution technique for a piecewise linear
injection function near the Sun. The transport equation is solved for an
instantaneous injection of particles. The resulting Green's function is convolved
with (a) triangular injection profiles to (b) yield response functions. Linear, least
squares fitting yields (d) the linear combination of response functions that best

fits the data and (c) the corresponding best-fit piecewise linear injection profile



CHAPTER 111
METHODOLOGY

In this chapter, we will discuss the research methods of simulation on the motion
of particles from the Sun's eruption along the magnetic field lines to Earth. The details
are as follows
3.1 Tools used in research operations
In this research, two types of research tools are used, which are
3.1.1 Data from the ACE spacecraft

The ACE spacecraft is a NASA spacecraft for studying the composition of the
solar wind. This spacecraft launch to the Lagrange point L1 which is 1.5 million
kilometers away from Earth. It is the point where the gravity of Earth and the Sun are
well balanced. When the spacecraft reaches L1 after traveling for about 3 months, it
will begin to study the elements and isotopes that blow from the Sun and from other
sources in space. The researchers can download the information from the website.
http://www.srl.caltech.edu/ACE/ as this website is completely free to access and

download the information.

3.1.2 Program written in C++ for the simulation of particle motion from Ruffolo's
transport equation
The researcher uses C++ programming language to simulate particle motion from
Ruffolo's transport equation, which is processed on the operating system. In which the
program was written in C language to simulate particle’s motion that consists of 9
programs which are;

i.  wind.c is the main program for the simulation of particle motion which the
program will receive various variable values from the data used to simulate the
movement and retrieve files from other programs. To do processing the
variables that are used to simulate particle motion are in the file named in,

which has the following variables:

starts is the starting distance in the simulation (AU).
stops is the final distance of the simulation (AU).
S. step is the increment of distance (AU).

prints is the printing between (AU).
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nmu is the number of points of .
length is the length of the simulation (AU).
np is the amount of momentum.

p[l..np] isthe momentum of each energy.
m is the mass of the particle.
beta of sw is the ratio of solar wind speed to light speed.

lambda (1) is the average free distance.

q is the index of particle scattering.

printextra is to print the information on the screen or not.

decel.c is a program for processing in terms of the gradual decomposition of
the particle Ruffolo transport equation.

field.c is a program for processing the motion of particles along a magnetic
field line in an intermediate planet. It will calculate the coefficient of
scattering in terms of the flaring of the magnetic field, as well as the effect of
the solar wind on interplanetary medium.

initial.c is a program that determines the particle distribution source for use in
processing particle motion simulation, by comparing the maximum particle
distribution in the smallest energy to the default value. Due to the maximum
number of particles the flux of the particles at the higher energy levels is
calculated proportionally respectively to determine the maximum flux at each
energy level.

inject.c is a program used to calculate particle release.

nrutil.c is a program used to reserve space in memory.

printout.c is a program for the display of required information.

stream.c is a program that considers the movement of particles along the z-
axis by the convection of the solar wind.

tridag.c is a program for solving matrix equations.

3.2 Numerical methods used in research operations

The Ruffolo transport equation is in the form of a partial differential equation

(PDE) with many independent variables. Therefore, it is difficult for us to find the

answer or the solution directly. Since the Ruffolo transport equation is a linear PDE



50

and can know the boundary condition. Therefore, the finite difference method can be
used to find the solution of transport equations. There are 3 ways to find a solution

that are explicit method, implicit method and Crank-Nicholson method.

From the particle diffusion equation when f(x;,t,) is as shown in the

following equation

when of _aS
ot ox

of

S——D&

Substitute S into the equation to get

7=~ (%)
0>f
=D prm
Where;
Sis a flux or number of particles moving through a point in time t.
f is the particle flux.

D is the coefficient of diffusion.
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Figure 21 Flow of particles through cells

Net number of particles = inflow particles - outflow particles
9(f. - _Axy _ Ax (3.1)
at(f Ax) = s(xi 2) s(xi+ 2)

particle flow rate

AX

oF  mhigy-may) _ s(xi—5)-s(xi+3) (3.2)
at At - AX
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whenn=0,1,2, ...
1 (%) -1 (x1) —D(xi—%)[f(xi)—f(xi_l)]+D(xi+%)[f(xi+1)—f(xi)] (3.2)
At - (A%)?

DAt _
where r = @when x=1

) — 1) = —rlf(x) — fximg)] + rlf(xi40) — fx))]

= —rf(x;) + rf(xi_) + rf(xj41) — rf(x;)
(k) = () + rlf(xiog) — 2f(x;) + f(xi41)] (3.3)

Equation (3.3) is the main equation for solving transport equation for solving by using

explicit method, implicit method and Crank-Nicholson method.

3.2.1 explicit method

The principle is from the equation (3.3) to put all the old values on the right-hand
side by assigning n + 1 to the new value as time increases and n is the old value at the
beginning time and in the left-hand expression of the equation (3.3) Set all f power to
n.

From the initial equation, the equation (3.3) will get the equation as
) — 2 () = rlf(xig) — 2f(x;) + f(xi4)]

7 0) = 0x) + rlf(xiog) — 26(x;) + f(Xj41)]
So, f*1(x,)  =rf"(xi_) + (1= 20" (x;) + rf"(xi4,)  (3.4)
wheni=1,2,3...., N-1
From the equation (3.4) to solve the equation by using the matrix to solve the

equation by substituting the value of i but each value into the equation will get;

i=1, f2*1(x,)  =rf"(xq) + (1 — 20)f"(x,) + rf?(x,)
i=2, f*(x,)  =rf(x) + (1 —2r)f"(x,) + rf"(x3)
i=3, 7 (xs) = rf"(x,) + (1 = 2r)f*(x;) + rf*(x,)

i=N-— 1, fn+1(XN_1) = rfn(XN_z) + (1 - 2r)fn(XN_1) + I‘fn(XN)
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Error analysis

From the initial equation;
() — £ (%) = rlf(xizg) — 26(xp) + f(xi44)]
Consider f(x;_1) — 2f(x;) + f(Xj4+1)

using the Taylor series distribution method

f(xi—1) = f(xi-1) (3.5)
(XD = f(x,_,) + Axf'(xi_y) +<Ax)2f'2'<xi_1) + (3.6)
@O i) |
6
f(Xir1) = f(xi_y) + 20xF (%) + (ZAx)Zz”(Xi_l) N EY)

2Ax)3 " (xi_1)
6

Substitute the equation (3.5), (3.6) and the equation (3.7) into f(x;_;) — 2f(x;) +
f(xi41), We get;
f(xio1) — 2f(x;) = f(xi-1) — 2f(xi-1) — 2Axf" (x;_4) — (Ax)*f"

+ ...

+H(Xi41) (Xi—1) — % (Ax)* " (xi-q) + -+ + f(xi_1) + 2Ax

£/ (xim) + 208071 (xi-1) + = (A0 (%) 8

(1) - ~ =A% (xi-1) = 5 (A0 (xiy) + -

2f(x;) + f(Xi41) F2(AX) %" (x;_1) + g(AX)3f"'(Xi—1) + e

SO, f(xi—1) — 26(x;) + f(xi11) = £/ (x¢) + 0(Ax)?

when 0(Ax)? is the error that is in order of 2 from the initial equation considered in
the expression f+1(x;) — f(x;)

N+1 (5. )— 1 (5. .
Therefore, ) - (x1) — 0f(x;) ~ 0(AD)
At ot

when 0(At) is the error in x in order 2 as shown in equation (3.9).
error « O(At) + 0(Ax)? (3.9)
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3.2.2 Implicit methods

The principle of this method is to reset all values to the right from the initial
equation in the equation (3.3) by assigning n + 1 to the new value as time increases
and n is the old value at the initial time. Set all f powerto n + 1.
From the initial equation, the equation (3.3) is given as
frF(xy) = (%) = r[f**(ximq) — 201 (x) + £ (x440)]

fP(xi) = f"0) — rf P (xs ) + 2rf M (xg) — rf " (xig)
fP(x) = - (xs ) + (14 20 (x) — rf T (x440) (3.10)
wheni=1,23....

From the equation (3.10), use the matrix to solve the equation by substituting the

value of i in each equation and will get;

i=1, f(x;) = —rf"1(xy) + (1 + 2" (x,) — rf"*1(x,)
i=2, f'(x,) = —rf"1(x,) + (1 + 2" 1(x,) — rf"*1(x;)
i=3, f'(x3) = —rf"1(x,) + (1 + 20" (x;5) — rf?*1(x,)
f'(xn—1) = —1f" 1 (xy_p) + (1 + 20" (xy_q) —
i=N-1, rf?*1(xy)
We get in the form of matrix as following
A+2r) -r 0 0 21 (x4) rf™*1(xo) + £ (x4)
—r (1 +2r) —r : f+l(x,) o (x,)
0 —r (14+2r) -r 0 fl(xg) | = o (x3)
0 0 —r @+20/ \erieg,) £ (s

In determining the difference will use the Taylor series distribution method as same in
explicit method which is given as the equation (3.11)
error « 0(At) + 0(Ax)? (3.11)



3.2.3 Crank-Nicolson method

It is the method of combination of explicit methods and implicit methods.

We know;

r = DAt where r = 2S
(ax)?

(%) = rf"(xim) + (1 — 20" (x) + rf" (Xj41)
And from the implicit methods in the equation (3.2.10) we have;
fP(x;)) = —rf®*1(x_¢) + (1 + 2r)rf2*1(x)) —
rf™ 1 (Xi441)
Add equation (3.12) and (3.13) we will get;
—rf"*1(x;_) + (2 + 20)rf* 1 (x;) —
rf" 1 (x;,,) = rf"(xi21) + (2 — 20)f"(x;) +
rf" (Xj11)
Substitute r = 2S And take 2 divided throughout the equation to get;
=S (%) + (1 + 28)f"*1(x;) —
S (%i41) = Sf™(xi_1) + (1 — 29)f"(x;) +
SE™ (Xi41)

wheni=1,23,... N-1

(3.12)

(3.13)

(3.14)
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From the equation (3.14) can be solved by using the matrix form by

substituting the value of i in each value as follows;

i=1,-S1(x) + (1 + 29)f**1(x,) — SF+1(x,) = Sf™(x,) + (1 — 29)f™(x,) + Sf*(xy)
i=2—SM(x,)+ (1 +29)M*1(x,) — SF*1(x3) = S (x,) + (1 — 2S)™(x,) + S (X3)
i=3,-SM1(x,) + (1 +29)f**1(x3) — S+ 1(x,) = S (x,) + (1 — 2S)f*(x3) + S (x,)

_an+1(XN_2) + (1 + Zs)fn+1(XN_1) — an+1(XN)
= Sf"(xn-2) + (1 — 2S)f"(xn-1) + Sf™(xn)
i = N - 1;
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When we write in matrix;

(1+25) -S 0 0 )
-s  @a+28 =S - : f (x2)
0 -S  (1+25) -5 0 fries) =
6 0 —:5' (1 +.25) fn+1(:xN+1)
1-25 s 0 - 0 )
s @-28 s [ 0c)
0 S (1-28) S 0 fr(xs)
0 0 s =29/ \pHiie,)
S[F™ 1 (xo) + ()]
f(xz)
+ fn(.x3)
F™Conar)

In determining the discrepancy, since it is a combination of explicit methods and

implicit methods therefore, the total error is as follows;

error « 0(At)? + 0(Ax)? (3.15)

3.3 Study of solar eruptions to select the solar event

We study the physical characteristics of solar eruptions including the analysis of
the motion of high energy particles from the Sun recorded by ACE spacecraft. The
event of interest is selected based on the changes and phenomena which are
determined by the level of intensity of particles traveling to Earth. We have selected
the solar event on 6" September, 2017 because the eruption was violent and it is the
strongest flare in the 24™ solar cycle, with the intensity of X-rays of X9.3. The
eruption position at S1I0W30 has a solar wind speed of 575 km/s. We have chosen to
analyse the density data of He, N, C, O and Fe particles measured by the ACE
spacecraft on 6 September 2017.The physical characteristics of selected event is

shown below in Table 4.
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Table 4 Physical characteristics of the event on 6 September 2017

Physical characteristics Details
Solar cycle 24t cycle
Radiation level X9.3

The eruption began 11:53UT
End of the eruption time 12.10UT
Eruption duration 17 Minutes
Eruption position S10W30
Solar wind speed 575 km/s

The eruption from the sun’s surface on 6" September, 2017 of X9.3 which began
at 11:53 UT and end at 12:10 UT is calculated for the duration of 17 minutes. The
intense particle of X9.3 white light on the right side of the Sun from the eruption at
the AR2673 position as shown in the following figure 22.

Figure 22 The solar eruption on 6t September, 2017.

Source: https://apod.nasa.gov/apod/ap170914.html

According to the physical characteristics of the study, the preliminary data on the
intensity of X-rays from 11:53 — 12:10 UT on 6™ September, 2017, it is found that the


https://apod.nasa.gov/apod/ap170914.html
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eruption took place around 17 minutes on the surface of the Sun. The eruption on the
surface from the Sun is observed from the intensity of X-rays measured in units
(W/m?) based on severity level, A, B, C, M and X, measured from the GOES
spacecraft on 6" September, 2017with the highest intensity eruption at X9.3 at 12.02
UT. The intensity of X-rays approached 10-3 (W/m?2) and also found that the speed of
solar wind on 6% September, 2017 varied between 480 km/s and 600 km/s. It is
observed that 12.02 UT is the time when most particles are released, with wind speeds

of 575 km/s in the following figure 23.

Solar activity of Wednesday, 6 September 2017

X100

R2
R1
Level A
A

< & z z =z

s w 5 = =

N w w1 N N

6. Sep 04:00 08:00 12:00 16:00 20:00 7.Sep
— Secondary

Figure 23 X-ray severity values on 6t September 2017

Source: https://www.spaceweatherlive.com/en/archive/2017/09/06/xray


https://www.spaceweatherlive.com/en/archive/2017/09/06/xray
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Figure 24 Shows the X-ray emission eruption from 4-6 September 2017.
Source: https://www.spaceweatherlive.com/en/archive/2017/09/06/xray
we classify solar flare according to their X-ray intensity in the wavelength range
from 1 to 8 Angstroms. We have the class A, B, C, M and X level. X-class flares are
big, they are major events that can trigger planet-wide radio blackouts and long-

lasting radiation storms. These measurements are made by GOES, a geostationary

satellite.

Solar wind - Speed

= 450

5. Sept 04:00 08:00 12:00 16:00 20:00 7. Sept

Figure 25 The graph showing the solar wind speed on 6™ September 2017.

Source: https://www.spaceweatherlive.com/en/archive/2017/09/06/aurora


https://www.spaceweatherlive.com/en/archive/2017/09/06/xray
https://www.spaceweatherlive.com/en/archive/2017/09/06/aurora
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The Sun is continuously emitting a stream of charge particles to Earth over a time.
Therefore, we have selected particles of helium, carbon, nitrogen, oxygen, and iron
particles with an energy almost close to each other. We analyze the flux values of He,
C, N, O and Fe particles measured from the SIS instrument on the ACE spacecraft for
September 6, 2017.

3.4 Download basic information collected from the ACE spacecraft

The present research is carried out based on the data collected from the website
www.srl.caltech.edu/ACE where the information is gathered by spacecraft ACE
measured by SIS that allows us to download information about various phenomena
that occur on the Sun and in the solar system. The information is downloaded by

using the following steps:

3.4.1 Go to website www.srl.caltech.edu/ACE

Advanced Composition Explorer (ACE)

cie ante
I Public Outreach .

Science News

Publications

e
-
—_—

ACE in the News

Personnel

I Picture Gallery
=

ACE in the News

Figure 26 Homepage www.srl.caltech.edu/ACE

Source: http://www.srl.caltech.edu/ACE/


http://www.srl.caltech.edu/ACE

3.4.2 Select Online Data to access the online data download.

I Mission Overview

l Science Center
Public Outreach

l Science News

l Publications

ne Data

l ACE In the News

l rsonnel

ACE in the News

Figure 27 Homepage www.srl.caltech.edu/ACE

Source: http://www.srl.caltech.edu/ACE/
3.4.3 Select Level 2 (Verified) the type of measuring instrument

ASC Home

E : "A THE ACE SCIENCE CENTER

(ACE) spacecraft and to ensure that those data are properly archived
and publicly available. The collaborators served are not limited to ACE project-funded investigators.

The primary functions of the ACE Science Center are to handle Level 1 and Browse Data processing for the ACE Mission, and to distribute science data from ACE to the community. Other
functions performed by the Science Center include preparing all science data for archiving at the N: and acting as the archive for all ACE data during
the lifetime of the mission. The ASC also acts as an interface between the project scientists and the The Science Center’s centralized services are intended to
guarantee appropriate use of data formatting standards, improve communications, and reduce redundant effort in data processing.

February 2015: Ama
Oct 23, 2012: SWEPAM data status update

sponse, the ACE science team has
om the Sun. This allows other,
s that have received significantly less total fluence to measure the solar wind; this operational i mpro»emem has swmncamlv increased the heque"c'- of good quality SWEPAM
observations, back to levels not seen in several years.
For more details, please read this analysis by the SWEPAM team

QOctober 201

ACE Home Page

Published in Space Science Reviews, Volume 86, Nos. 14, 1998.

Figure 28 Shows a page for Online Data

Source: http://www.srl.caltech.edu/ACE/ASC/


http://www.srl.caltech.edu/ACE/
http://www.srl.caltech.edu/ACE/ASC/

3.4.4 Select SIS Data to select the data from the instrument SIS

Figure 29 Shows a page level 2 (Verified) measurement tools for research

Source: http://www.srl.caltech.edu/ACE/ASC/level2/index.html

Note: Most of these data are also available from COAW

ACE Level 2 (Verified) Data

You might like to try our New ACE

Interplanetary Magnetic Field Parameters: MAG. MAG Data  Documentation
Solar Wind Parameters; SWEPAM SWEPAM Data Documentation

Solar Wind Temperatures, Speeds, Composition, Charge States: :

SWICS prior oA 23201 SWICS 1.1 Data. Documentation
Solar Wind Temperatures, Speeds, Composition, Charge States: )
SWICS after 232011 SWICS 2.0 Data Documentation
Solar Wind Proton density and speed: SWICS SWICS Pralon. pocumentation

Solar Suprathermal and Energetic Particle Intensities: ULEIS ULEIS Data  Documentation
Solar Energeic Particle Intensities: EPAM EPAMData  Documentation
Solar Energefic Particle Intensifies: SEPICA SEPICA Data umentation
SEP, GCR, and ACR Intensities: SIS. 8IS Data

Galactic Cosmic Ray Intensities: CRIS CRISData  Ddcumentation

Merged IMF and Solar Wind 64-second Averages MAGBMWEPAM | Documenizion

Multi-
Merged IMF, Solar Wind, and Energetic Particle Hourly Averages  Instrument  Documentation
Data

3.4.5 Select SIS Data to select data from the instrument SIS

Level 2 data for each instrument are delivered to CDAWeb when we have confidence in the stability of the data set

61

Choose the date range of the information you need in the Hourly Averages field.

This study chose to study the eruption event on 6t September 2017, calculated as the
number of days in the year, which is 249 of the year. Then select 247/2017-254/2017

Press GO to download as shown in figure 30.

A
W
A
Re
Meetings

Data & Plots
v

Documentation
D:

ACE Calendars

Figure 30 Shows the date range setting for the data to be studied.

Source: http://www.srl.caltech.edu/ACE/ASC/level2/IvI2DATA_SIS.html

ACE SIS Level 2 Data

You might like to try our New ACE Le

Solar Energetic Particle, Low Energy Galactic Cosmic Ray,
and Anomalous Cosmic Ray Fluxes

256-second Averages (Yearly Data Files)

Hourly Averages (27-day Bartels rotations DOY/Year)

Dally Averages (27-day Bartels rotations DOY/Year)



http://www.srl.caltech.edu/ACE/ASC/level2/index.html
http://www.srl.caltech.edu/ACE/ASC/level2/lvl2DATA_SIS.html
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3.4.6 Select the required element for simulation.

To analyze the elements He, C, N, O, Fe. Choose the data to download, including
time, particle density and the number of particles per unit time of the various
elements. Then specify the desired date range in the Starting and Ending boxes. Select

the data format as Text file download and select Retrieve data to download the data.

SIS Hourly Averaged Element Fluxes.

Select the data items you want to retrieve.
Click on items in first column for more information.
Note: Data for each element consists of particle fluxes in 8 energy ranges.

Lime ear da hour min sec year dgy i
UT) ¥ y (float) (tloat) epoch
Element | ¥ He v C 4 N i ®) Ne Na Mg Al
Fluxes Si S Ar Ca |¥ Fe Ni
Element | ¥ Hecnt|* Cecnt]¥ Necnt ¥ O cnt Ne cnt| -/ Nacnt] ) Mg cntl Al cnt
Counts Si cnt Scnt|" Arcnt]") Cacnt|¥ Fe cnt Ni cnt
Other . y 2
Info uptime fraction solar activity
e
or check here to select all the data (over 100 columns!)
Starting "YR/DOY":17/238 Ending "YR/DOY": 17/264 (Example: 98/37, note: no leading zeros)
Choose Data Format: X-YPlot ® Text file download Text on Screen

Retrieve data || Reset

Figure 31 Website page that can choose to download only the desired
information.
Source:http://wwwe.srl.caltech.edu/cgibin/dib/rundibviewsis|2/ ACE/ASC/DATA/leve
12/sis?sis_data_1hr_2511.hdf!hdfref;tag=1962,ref=3,s=0


http://www.srl.caltech.edu/cgibin/dib/rundibviewsisl2/ACE/ASC/DATA/level2/sis?sis_data_1hr_2511.hdf!hdfref;tag=1962,ref=3,s=0
http://www.srl.caltech.edu/cgibin/dib/rundibviewsisl2/ACE/ASC/DATA/level2/sis?sis_data_1hr_2511.hdf!hdfref;tag=1962,ref=3,s=0
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The measure data from the SIS instruments on the ACE spacecraft of the He
element on 6™ September 2017, consisting of particle density and the number of
particles per unit time. The data is recorded hourly where the time is in minutes, Hel-
He8 shows the energy level of helium element from 4.032-34.769 MeV/n and CNT1-

CNT?2 represents number of particles.

1 Time Hel He2 He3 Hed He5 Heb He7 He8 CNT1 CNT2 CNT3 CNT4 CNT5 CNT6 CNT7 CNT8

2 30 3.28E+00 1.91E+00 8.47E-01 3.24E-01 3.85E-02 -1.00E+03 -1.00E+03 -1.00E+03 2.14E+02 1.37E+02 4.70E+01 3.90E+01 7.00E+00 0.00E+00 0.00E+00 0.00E+00
3 90 2.57E+00 1.40E+00 8.08E-01 2.01E-01 3.07E-02 -1.00E+03 -1.00E+03 -1.00E+03 2.02E+02 1.19E+02 5.60E+01 2.80E+01 7.00E+00 0.00E+00 0.00E+00 0.00E+00
4 150 1.12E+00 5.74E-01 3.58E-01 9.29E-02 1.91E-02 -1.00E+03 -1.00E+03 -1.00E+03 1.59E+02 8.50E+01 4.00E+01 2.20E+01 7.00E+00 0.00E+00 0.00E+00 0.00E+00
5 210 8.14E-01 3.77e-01 1.75E-01 6.79E-02 1.45E-02 -1.00E+03 -1.00E+03 -1.00E+03 1.40E+02 7.00E+01 2.60E+01 2.20E+01 6.00E+00 0.00E+00 0.00E+00 0.00E+00
6 270 7.36E-01 3.82E-01 1.776-01 7.41E-02 3.84E-03 -1.00E+03 -1.00E+03 -1.00E+03 1.46E+02 8.10E+01 3.00E+01 2.60E+01 2.00E+00 0.00E+00 0.00E+00 0.00E+00
7 330 7.14e-01 3.37E-01 1.35E-01 3.14E-02 9.94E-03 -1.00E+03 -1.00E+03 -1.00E+03 1.30E+02 6.40E+01 2.00E+01 1.00E+01 4.00E+00 0.00E+00 0.00E+00 0.00E+00
8 390 6.56E-01 3.22E-01 7.87E-02 3.42E-02 5.21E-03 -1.00E+03 -1.00E+03 -1.00E+03 1.35E+02 7.10E+01 1.40E+01 1.40E+01 3.00E+00 0.00E+00 0.00E+00 0.00E+00

& 450 8.83E-01 4.50E-01 1.82E-01 4.67E-02 6.22E-03 -1.00E+03 -1.00E+03 -1.00E+03 1.70E+02 9.30E+01 3.20E+01 1.60E+01 3.00E+00 0.00E+00 0.00E+00 0.00E+00
10 510 8.58E-01 3.276-01 1.21E-01 3.84E-02 7.42E-03 -1.00E+03 -1,00E+03 -1.00E+03 1.58E+02 6.90E+01 2.10E+01 1.40E+01 3.00E+00 0.00E+00 0.00E+00 0.00E+00
1 570 8.49E-01 3.95-01 1.79E-01 4.83E-02 5.25E-03 -1.00E+03 -1.00E+03 -1.00E+03 1.58E+02 7.80E+01 2.80E+01 1.60E+01 3.00E+00 0.00E+00 0.00E+00 0.00E+00
12 630 1.07E+00 3.50E-01 1.64E-01 2.66E-02 5.30E-03 -1.00E+03 -1.00E+03 -1.00E+03 1.71E+02 6.00E+01 2.30E+01 8.00E+00 2.00E+00 0.00E+O0 0.00E+00 0.00E+00
13 690 1.05E+00 4.71E-01 2.03e-01 5.37E-02 2.68E-03 -1.00E+03 -1.00E+03 -1.00E+03 1.54E+02 7.20E+01 2.50E+01 1.40E+01 1.00E+00 0.00E+00 0.00E+00 0.00E+00
14 750 1.20E+00 5.23E-01 2.13E-01 7.38E-02 8.36E-03 -1.00E+03 -1.00E+03 -1.00E+03 1.56E+02 7.50E+01 2.40E+01 1.70E+01 3.00E+00 0.00E+00 0.00E+00 0.00E+00
15 810 1.48E+00 4.82E-01 2.14E-01 6.91E-02 1.45E-02 -1.00E+03 -1.00E+03 -1.00E+03 1.76E+02 6.50E+01 2.20E+01 1.50E+01 4.00E+00 0.00E+O0 0.00E+00 0.00E+00
16 870 1.37E+00 6.26E-01 3.41E-01 8.88E-02 1.69E-02 -1.00E+03 -1.00E+03 -1.00E+03 1.77E+02 8.40E+01 3.60E+01 2.00E+01 7.00E+00 0.00E+00 0.00E+00 0.00E+00
17 930 1.28E+00 3.60E-01 2.72E-01 5.48E-02 3.11E-02 -1.00E+03 -1.00E+03 -1.00E+03 1.61E+02 5.10E+01 3.00E+01 1.30E+01 1.00E+01 0.00E+00 0.00E+00 0.00E+00
18 990 1.24E+00 5.38E-01 1.28E-01 6.97E-02 3.59E-02 -1.00E+03 -1.00E+03 -1.00E+03 1.67E+02 8.00E+01 1.40E+01 1.70E+01 1.30E+01 0.00E+00 0.00E+00 0.00E+00

19 1050 1.15E+00 3.99E-01 2.43E-01 7.15E-02 1.85E-02 -1.00E+03 -1.00E+03 -1.00E+03 1.56E+02 5.80E+01 2.70E+01 1.80E+01 7.00E+00 0.00E+0O0 0.00E+00 0.00E+00
20 1110 1.35E+00 5.79€-01 3.21E-01 7.16E-02 3.42E-02 -1.00E+03 -1.00E+03 -1.00E+03 1.66E+02 8.00E+01 3.30E+01 1.60E+01 1.10E+01 0.00E+00 0.00E+00 0.00E+00
21 1170 1.18E+00 6.04E-01 2.06E-01 8.22E-02 4.51E-02 -1.00E+03 -1.00E+03 -1.00E+03 1.36E+02 7.40E+01 2.00E+01 1.70E+01 1.40E+01 0.00E+00 0.00E+00 0.00E+00
22 1230 1.77E+00 6.96E-01 4.06E-01 1.38E-01 6.09E-02 -1.00E+03 -1.00E+03 -1.00E+03 1.71E+02 7.20E+01 3.50E+01 2.40E+01 1.60E+01 0.00E+O0 0.00E+00 0.00E+00
23 1290 1.87E+00 1.23E+00 4.55E-01 9.69E-02 3.25E-02 -1.00E+03 -1.00E+03 -1.00E+03 1.50E+02 1.06E+02 3.00E+01 1.40E+01 7.00E+00 0.00E+00 0.00E+00 0.00E+00
24 1350 2.84E+00 1.77E+00 7.736-01 2.19E-01 5.11E-02 -1.00E+03 -1.00E+03 -1.00E+03 1.57E+02 1.06E+02 3.50E+01 2.20E+01 8.00E+00 0.00E+00 0.00E+00 0.00E+00
25 1410 2.41E+00 1.41E+00 6.64E-01 2.45E-01 4.74E-02 -1.00E+03 -1.00E+03 -1.00E+03 1.86E+02 1.27E+02 4.50E+01 3.30E+01 1.10E+01 0.00E+O0 0.00E+00 0.00E+00
26 1470 3.28E+00 2.41E+00 1.11E+00 4.526-01 1.11E-01 -1.00E+03 -1.00E+03 -1.00E+03 2.65E+02 2.14E+02 7.90E+01 6.80E+01 2.50E+01 0.00E+00 0.00E+00 0.00E+00

Figure 32 Shows an example of the He element downloaded from SIS.

3.5 Procedure for preparing data from the spacecraft for simulation

In this research, we collect the data measured by SIS instrument on the ACE
spacecraft and to calculate the initial values necessary for the program to simulate
particle motion. Which consists of the following values;

3.5.1 Determination of the data error due to spacecraft

The data measured from the spacecraft will be inaccurate therefore, the measured
data will be used to find the data error due to the spacecraft (o). The data error is
equal to the density of the particles or the flux of the particles divided by the square

root of the number of particles per unit time.

flux
Gstat: m (3 16)

Where; 6, IS the data error due to spacecraft.
flux s the density of particles over time in unit area.

count is the number of particles.
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Table 5 Shows an example of data measured from the SIS instruments on the
ACE spacecraft of helium particle erupted on 6" September 2017

Hel (particles/(s-cm2  Counts 1 (no of

Time (min) -sr-MeV/n) particle) Error
30 3.28 214 0.22422
90 2.57 202 0.18083

150 1.12 159 0.08882
210 0.814 140 0.0688
270 0.736 146 0.06091
330 0.714 130 0.06262
390 0.656 135 0.05646
450 0.883 170 0.06772
510 0.858 158 0.06826
570 0.849 158 0.06754
630 1.07 171 0.08183

Then we use the flux and time values to draw a graph showing the relationship
between time in minutes along x-axis and the y-axis as the flux in particles/(s-cm?2-sr-
MeV/n) to find the initial values required to simulate the motion, such as the particle
density at the maximum start time and the time when the particle density is reduced
by half.
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Figure 33 The density of He particles related with time.
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From the figure 33, we can see that the particle density of the helium element at
the energy level of 4.032 MeV/n, with the particles started to increase at 2490

minutes, peak at 2850 minutes and halved by 2970 minutes.

3.5.2 Determination of the true mass of each particle.

(931.502 N;V)A

V4

Real mass = (3.17)

where Z is the mass number.
A is the atomic mass.

Real mass is the true mass of the particle (mo).

1. Calculate real mass values of He particle.

(931.502)(4.0026) ¥
C

4

Real mass of helium =

MeV
2

Real mass of helium = 932.107

2. Calculate real mass values of C particle.

(931502)(12.011) XY
C

12

Real mass of Carbon = 932.355 Mev

c2

Real mass of Carbon =

3. Calculate real mass values of N particle.

(931.502)(14.0067) ¥
C

14

MeV
2

Real mass of Nitrogen =

Real mass of Nitrogen = 931.948

B

Calculate real mass values of O particle.

(931.502)(15.9994) 2V
C

16

Real mass of Oxygen =

MeV
CZ

Real mass of Oxygen = 931.467



5. Calculate real mass values of Fe particle.

(931.502)(55.845) MCZV

Real mass of iron = o
MeV
C2

Real mass of iron = 928.934

3.5.3 Determination of the average energy value for each energy level (Ek)

Table 6 Energy value of element He

Range Emin Emax Sqrt (Emin*Emax)
Helium (MeV/n) (MeV/n) (MeV/n)

0 3.43000 4.74000 403215

1 4.74000 6.13000 5.39038

2 6.13000 7.29000 6.68489

3 7.29000 9.72000 8.41777

4 9.72000 13.5900 11.4932

5 13.5900 17.9600 15.6229

6 17.9600 29.3500 22.9592

7 29.3500 41.1900 34.7696

Source:http://www.srl.caltech.edu/ACE/ASC/level2/sis_energy_levels/SIS eb
ands.txt

From the average maximum energy and minimum energy, each energy level will be

Average energy (Ex) = Epin +Ea (3.18)

3.5.4 Determination of the distance of the magnetic field lines drawn by the solar

wind (R)
x0.002291
From the equation R=—¥_— (3.19)
cos(s/c latitude )
Where R is the distance of the magnetic field drawn by the solar wind.

Vsw IS the solar wind speed (1 km/s=0.00291 AU/min).


http://www.srl.caltech.edu/ACE/ASC/level2/sis_energy_levels/SIS_ebands.txt
http://www.srl.caltech.edu/ACE/ASC/level2/sis_energy_levels/SIS_ebands.txt
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3.5.5 Determination of the distance between the position of the spacecraft and the Sun

(USERR)

1AU
140.0017 cos[(D?;;'z)x%o]

From the equation USERR = (3.20)

Where USERR is the distance between the position of the spacecraft and the Sun
(AU).
DOY is the day that the eruption occurred, the number of days is counted in one

year.

3.5.6 Determination of the momentum of energy levels for each element
To simulation of particle motion, we have to study the distribution of particles in
each momentum. The data that we get from the spacecraft is data of the energy level

values. Therefore, we can calculate the momentum from the following equation.

P = /(Ex+mgy)?—m? (3.21)
where Ek is the average energy of each energy level (MeV/n).
p is the momentum (MeV/c).

Mo is the true mass of each element (kg).

3.5.7 Determination of the ratio of solar wind speed to light speed

The ratio of the solar wind speed to light speed is calculated as
VSW = BC
P

p="2= (3.22)

c Ex+tmg

Where ratio of solar wind speed to light speed.
Vow  Solar wind speed (AU/min).
c speed of light equal to 0.1202 AU/min.

3.5.8 Determination of the Spectrum

maximum flux at energy level N

Spectrum of each energy level = (3.23)

maximum flux at energy level 1

Where N=1,23456,7 &8
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3.5.9 Determination of the constant value for the particle decay.
Since the decomposition of high energy particles from the Sun has a tendency of

continuous decay which is in accordance with the power law as in the equation.

j—i o E” (3.24)
Where; E is the energy of particles (MeV/n).
N is the number of particles in each energy level.
Y is the constant deceleration rate of the particle in each energy level.

The deceleration of that particle can be determined from the slope of the graph

between the log momentum value and the log spectrum value log (Z—E)as shown in

Figure 19.
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Figure 34 The graph shows the relationship between momentum log values and
flux spectrum log values of He Particle.

As shown in Figure 34 the relationship between the log momentum and log spectrum
(flux ratios) in which the linear slope of the particle's energy decreases at each energy

level. So, it can be used as a default value in the next particle motion simulation.

3.5.10 Determination of the maximum distance of particles in each energy level from

the relationship

From the equation Vimax= BC



Where;

S=V,axt
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(3.25)

Vmax 1S the maximum speed of each power level (AU/min).

B is the ratio of solar wind speed to light speed.

t is the time that the particle has to move (min).

S is the distance traveled by a particle (AU).
c is the speed of light equal to 0.1202 (AU/min).

Table 7 Shows the values in the data preparation process for the element Fe.

E my P B vV logP flux He spectr log S
MeVin)  (MeVich)  (MeVie) (AU/min) um spectrum (AT)
13.0021 928.924 55.965 0.163580609  0.019902789 2,193026185 0.0013138  1.000 0 114.640066
18.4613 928.924 186.116 0.196452144  (.023613548 2.269783294  0.0003473 0264 -0.578473  136.0140351
23,7958 928.924 211602 0.222102645 (.0266906738 2,325518801 0.0000402  0.031 -1.514888 153.7732104
30.8023 928.924 241,592 0.251703983  0.030254819 2.383082615 0.0000122  0.009 -2.033757 174.2677562
43.5443  928.924 287.741  0.295887165  0.035565637 2.459001462 0.0000087  0.007 -2.178888  204.8580703
60.5592 928.924 340.848  0.344470546  (0.04140536 0 0 0 238.4948717
90.8522  928.924 420.766  0.412605888 0.045595228 0 0 0 285.6685115
140375 928924 529623  0.495299342 0.059534981 0 0 0 342.9214897

The table 7 shows the preparation of iron particles at the energy range from 13.0021 —
140.375 MeVI/n.
Where;

E isthe average energy of the minimum and maximum energy.

mo is the true mass (kg).

P isthe momentum value (MeV/c).

B isthe ratio of solar wind speed to light speed.

V isthe velocity of a particle at various energy levels (AU/min).

S is the maximum distance that the particles can move (AU).
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3.6 Simulation of particle motion and fitting data

The Ruffolo's transportation equation is a linear partial differential equation.
Therefore, a equation is used to calculate by using Finite Difference Method, with the
initial condition data being the actual data from the ACE spacecraft. The equation
helps to simulate the movement of high energy particles written in C language

program on the ubuntu operating system.

oF _

5] a 2v2 a v
Fre _EWF_EO_ 1l C—Z)VSWSBCIIJF——

ou 2L(z)

[1 + uVSTWseCIIJ - uMsecw] (1—p®F

c2

0 4 ) F 4 29 (g VswY
+auvsw(cos¢drsec¢)u(1 u)F+au - au(l n=s sec1|J)F +

7] secy d
SoPVsw [ (1= 1?) +cos g (secy)u? | F

3.7 Fit to compare data
Once the results of the particle motion simulation are obtained, we then compare
the data from the spacecraft with the results of particle motion simulation by using the

linear least squares fitting technique with the following equation;

1=

X2 =3n [yn-a_:(xn)r (3.26)

Where; x?  is the sum of the squares difference of the amount of data n.
y, Isthe real data from the spacecraft in the time flux data file of particles
(fitdata.dat).

Yoo is the data from the simulation of particle motion in a file of counts.dat.

o, Isthe standard deviation of each data point.
n isthe amount of data.

We fit the data to simulate the mean free path values with the actual data to find
the x? value from the 5 neighbouring points which gives the minimum x? value from
the parabolic trend line as shown in figure 35.

After getting the best mean free path from the average trend line once again, the
values obtained will be used to compare the data to get the x? values which is used to
find final delta lambda.
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Figure 35 Shows a graph of the relationship between x? and the mean free path.

3.8 Determine the period of release of particles

When the appropriate mean free path is obtained, the result of fitting data will get
the function of particle release time which can be used to draw graphs to determine
the injection time where the y-axis is the injection function and the x-axis is the
particle release time, as shown in Figure 36. In this research we use the FWHM

method to determine the final injection time of the particle.
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Figure 36 Shows the injection profile of helium at an energy level of 4.032
MeV/n.
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The graph will look similar to the triangle. We can find the injection time of particle
release using the FWHM method as follows:
1. Find the half value from the highest point of the release triangle (Half

Maximum)

1. Find the time period t1 and t2
From the first linear graph
y = 0.6569x — 1635 where y =9.854

(9.854+1635)
0.6569

From the second linear graph
y =-0.4536x + 1162.4 where y =9.854

X or t1= = 2503.9633 minutes

xlt= O854711624) 5540 8873 minutes
—0.4536

Difference in t1 and t; = 36.924 minutes

2. Find the time period tz and t4
From the third linear graph
y =0.1741x - 437.8  wherey =9.854

Xty = O8544378) - _ 5571 2436 minutes

0.1741

From the fourth linear graph
y =-0.1067x + 294.8 where y =9.854

(9.854-294.8)
-0.1067

X/tq= = 2670.5388 minutes

Difference in tsand ts = 99.2952 minutes
3. Final release time
Sum of difference in t; and t> with difference in tsand ts which is
36.924 + 99.2952 = 136.2192 minutes
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Therefore, the release period of helium particles at the energy level of 4.032 MeV was
the duration of 136.2192 minutes.

3.9 Space condition analysis

The Sun is continuously erupting the charge particles in the form of solar flare,
corona mass ejection or solar storms which affect the Earth. So, we conducted a study
of space conditions during the solar eruption in September 2017. There were 28
eruptions of M-level and 4 X-level from 6-10 September 2017. We have found that
there was rapid expansion of dark spots on the AR2673 on 6" September, 2017 was
the most violent, X9.3, and on September 10, 2017, there was X8.2, which is the

second most violent in the 24th cycle.

Table 8 Data for the solar eruption in September

Eruption Began time End time Active Corona Mass
day (UT) (UT) Region Ejection
: ; Not f
6/10/2017 8:43 IR 2673 jt found
11:53 12:10 2673 Type Il
10:11 10:1 T v
7/10/2017 0 0:18 7 ype
14:20 14:55 2673 Type Il
8/10/2017 7:40 7:58 2673 Not found
10/10/2017 15:35 16:31 2673 Type I, IV

The observed CME spreads forward to the Earth and reaches Earth’s
magnetosphere in the morning of September 7, 2017. On 6™ September 2017 at 12:24
UT there was a second CME from the same active region targeting to the Earth. It is
the shock wave of the second CME to reach Earth’s magnetosphere in the afternoon

of September 8.
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Figure 37 shows the kp index value on 6-8 September 2017.

Source: https://www.spaceweatherlive.com/en/archive/2017/09/08/kp.html

On 6™ September 2017, the value of kp index = 4 is found, which is not at the

level that affects the satellite navigation system or the radio communication system.

Which can be compared according to the level as shown in the following table 9.

Table 9 The potential impact of solar activity on the kp index

Kp Severity The effect

index Level

9 most intense  The electricity distribution system cannot supply electricity. The
transformer is damaged. Problems of receiving and sending satellite
signals and tracking satellite positions. The low-frequency radio
navigation system will be unusable for many hours.

8 very intense The power supply is not working correctly. Satellite tracking
problems. The disturbed low-frequency radio navigation system

7 intense Satellite and low frequency radio wave navigation systems may
occasionally crash and cause the Aurora phenomenon in the 50
degree latitude region

6 moderate High frequency radio propagation in high latitudes will reduced
signals. Cause the Aurora phenomenon in the 55 degree latitude zone

5 little Little effect on satellite operation

Cause the Aurora phenomenon in the high latitudes

Source: https://www.weather.rtaf.mi.th/climate/SpaceWeather/



CHAPTER IV
RESULT ANALYSIS

This research studied about the movement of high energy particles from the Sun
to Earth for the solar event on 6" September 2017. The research is carried out based
on the data that is recorded by the SIS instruments on the spacecraft. We analyzed
high energy particles of helium, carbon, nitrogen, oxygen and iron at various energy
levels. The motion of high energy particles from the Sun are simulated by using
Ruffolo 1998 transport equation in C** programming to solve numerical equations on

ubuntu operating system.

4.1 The simulation result for the SEP propagation

In the simulation of particle motion, the output results are stored in the file to be
used in fitting procedure later. The simulation results of the distribution of carbon
particles over time at different energy levels from 7.443— 28.883 MeV/n is shown in
figure 38. It is clear from the graph that the particle of higher energy has less flux and
takes less distribution time as compared to the low energy particle. The particles with

high energy come to the Earth faster than the particles with low energy.
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)
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Figure 38 The simulation results of carbon particles distribution over time at
different energy levels from 7.443— 28.883 MeV/n.



76

4.2 Distribution simulation of particles over time at average mean free path(4).
In the simulation of the particle motion, carbon particle is simulated by the
distribution of the particles over time with the various mean free path (1), which is the
distance of particle traveled along the irregular magnetic field lines before it is
scattered by the unstable magnetic field lines. The simulation results are given in

figure 39.
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——\=0.6 AU
0.033

0.03 A=0.8 AU

0.027

0.024 A=1.0 AU

0.021
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0.018
0.015 —#—A\=1.4 AU

0.012

flux (particles/s cmésrMeV/n)

0.009
0.006
0.003

0 20 40 60 80 100 120 140 160 180 200

time (min)

Figure 39 Simulation result of carbon particle distribution at various mean free
path on a 12.267 MeV/n energy level.

The carbon particle of flux over time at various mean free paths at the energy
level of 12.267 MeV/n is shown in Figure 39. It is clear from the graph that the
particles with a high mean free path travels faster to Earth than the particles with a
lower mean free path and also particles with a high mean free path were scattered less
than a particle with a low mean free path. The particle distribution with low mean free

path is diffused wider at peak more than the high mean free path.
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4.3 Comparison fitting between the spacecraft data and simulation result.

We can find the injection function of particle moving from the Sun to the Earth by
fitting process. The figure 40, 41,42 and 43 represents the data from the spacecraft,
simulation result of particle propagation with the best mean free path, the data
comparison between the spacecraft and the simulation result from fitting process and

injection function of the helium at 4.03 MeV/n.
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Figure 40 Shows the spacecraft data of He at 4.032 MeV/n for the
solar event on 6™ September, 2017.
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Figure 41 Shows the simulation result of He at 4.032 MeV/n for the
solar event on 6™ September, 2017.
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Figure 42 Shows the simulation result of He at 4.032 MeV/n for the solar
event on 6 September, 2017.

25
20 T
15

10

injection function

ol

2400 2600 2800 3000 3200 3400 3600
time (min)

Figure 43 Shows the injection profile of He at 4.032 MeV/n for the solar
event on 6 September, 2017.
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The figure 44, 45,46 and 47 represents the data from the spacecraft, simulation result
of particle propagation with the best mean free path, the data comparison between the
spacecraft and the simulation result from fitting process and injection function of the
carbon at 7.443 MeV/n.
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Figure 44 Shows the spacecraft data of C at 7.443 MeV/n for the solar
event on 6™ September, 2017.
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Figure 45 Shows the simulation result of C at 7.443 MeV/n for the solar
event on 6™ September, 2017.
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Figure 46 Shows the fitting result of C at 7.443 MeV/n for the solar event
on 6% September, 2017.
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Figure 47 Shows the injection profile of C at 7.443 MeV/n for the solar
event on 6™ September, 2017.
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The figure 48,49,50 and 51 represents the data from the spacecraft, simulation
result of particle propagation with the best mean free path, the data comparison
between the spacecraft and the simulation result from fitting process and injection

function of the oxygen at 8.538 MeV/n.
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Figure 48 Shows the spacecraft data of O at 8.538 MeV/n for the solar
event on 6™ September, 2017.
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Figure 49 Shows the simulation result of O at 8.538 MeV/n for the solar
event on 6 September, 2017.
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Figure 50 Shows the fitting result of O at 8.538 MeV/n for the solar event
on 6% September, 2017.
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Figure 51 Shows the injection profile of O at 8.538 MeV/n for the solar
event on 6™ September, 2017.
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The figure 52,53,54 and 55 represents the data from the spacecraft, simulation
result of particle propagation with the best mean free path, the data comparison
between the spacecraft and the simulation result from fitting process and injection
function of the nitrogen at 8.009 MeV/n.
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Figure 52 Shows the spacecraft data of N at 8.009 MeV/n for the solar
event on 6 September, 2017.
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Figure 53 Shows the simulation result of N at 8.009 MeV/n for the
solar event on 6™ September, 2017.
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Figure 54 Shows the fitting result of N at 8.009 MeV/n for the solar
event on 6 September, 2017.
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Figure 55 Shows the injection profile of N at 8.009 MeV/n for the solar
event on 6% September, 2017.
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The figure 56, 57,58 and 59 represents the data from the spacecraft, simulation
result of particle propagation with the best mean free path, the data comparison
between the spacecraft and the simulation result from fitting process and injection
function of the iron at 13.002 MeV/n.
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Figure 56 Shows the spacecraft data of Fe at 13.002 MeV/n for the
solar event on 6™ September, 2017.
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Figure 57 Shows the simulation result of Fe at 13.002 MeV/n for the
solar event on 6t September, 2017.
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Figure 58 Shows the fitting result of Fe at 13.002 MeV/n for the solar
event on 6 September, 2017.
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Figure 59 Shows the injection profile of Fe at 13.002 MeV/n for the
solar event on 6t September, 2017.
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Finally, the fitting result shows the best mean free path for each particle at
various energy level in AU and the release time of particle from the Sun to the Earth
in minute by the FWHM technique for solar event on 6 September,2017 as shown in
table 10.

Table 10 The simulation results of helium, carbon, oxygen, nitrogen and iron.

Element Energy (MeV/n) Mean free path (AU) Release time (min)
4.032 1.408 + 0.042 136
5.390 0.914+ 0.076 198
6.685 1.531+ 0.097 171
Helium 8.418 1.532+ 0.121 359
11.493 0.475+ 0.143 113
7.443 1.350+ 0.044 415
9.839 1.369+ 0.053 379
12.267 1.199+ 0.106 233
Carbon 15.505 1.795+ 0.166 361
21.229 0.827+ 0.106 115
28.883 1.454+ 0.208 39
8.538 1.069+ 0.079 281
11.427 1.717+ 0.053 161
14.293 1.199+ 0.106 743
18.104 0.999+ 0.097 128
Oxygen 24.839 0.863+ 0.153 74
33.847 1.448+ 0.496 103
49.832 0.960+ 0.371 232
8.009 0.805+ 0.033 614
10.660 0.740+ 0.085 372
13.317 0.508+ 0.077 141
Nitrogen 16.854 0.657+ 0.121 86
23.096 0.904+ 0.022 339
13.002 0.647+ 0.149 330

Iron 18.461 0.371+ 0.196 741
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The simulation result showed that the helium particles at the energy level of
4.032-11. 493 MeV/n has the mean free path of 0. 475 - 1.532 AU. The middle
elements such as carbon, nitrogen and oxygen of energy level from 7.443 — 28.883,
8.009 - 23.096, and 8.538 - 49.832 MeV/n which have the best mean free path from
0.827-1.795, 0.508 - 0.904, and 0.863- 1.717 AU respectively. The time period for
releasing high energy particles from the Sun is in the range of 39-743 minutes. From
the result it shows that the duration of the release of high energy particles from the
Sun decreases as the energy level of the particles increases. The solar energetic
particle with the high energy roughly has high mean free path, in which the diffusion
of particle will be less, so the injection time of particle will be less than the particle

with low energy.

The result from the table 10 of best mean free path and injection time of various

energy level is shown in figure 60 and 61.
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Figure 60 Best mean free path of He, C, O, N and Fe at various energy range
of the solar event on September 6,2017.
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Figure 61 Injection time of He, C, O, N and Fe at various energy range of the

solar event on September 6,2017.



CHAPTER V
CONCLUSION

This research is carried out by studying the physical characteristics of solar
eruption including the analyzing of the motion of high energy particles from the Sun
by using the distribution data obtained from the SIS Instrument on the Advanced
Composition Explorer spacecraft. The event of interest is selected based on the
changes and phenomena which are determined by the level of intensity of particles
traveling to earth. The study is mainly focused on the solar event on 6" September
2017, because it is a violent event based on the X-rays intensity of X9.3 at 12:02
UTC which is the strongest solar flare of the 24t solar cycle. The eruption started at
11:53 UT and ended at 12:10 UT for a duration of 17 minutes. It has erupted at
position of S10W30 with a solar wind speed of 575 km/s.

The research analyzed the helium, carbon, oxygen, nitrogen and iron elements
and simulated particle motion with Ruffolo transport equation written in the C
programming on the Ubuntu operating system. The transport equation of SEPS (solar
energetic particles) was solved by the numerical technique of finite different method.
The injection duration of mean free path (1) of the solar event is calculated by using
the technique of FWHM method and the results obtained from the simulation of solar

energetic particles are compared with actual value of data from the spacecraft.

From the simulation results, it is found that the mean free path (L) of the selected
solar energetic particles is approximately from 0.475 - 1.795 AU. The best mean free
path of helium, carbon, nitrogen, oxygen and iron are 0. 475 - 1.532 AU, from 0.827-
1.795 AU, 0.508 - 0.904 AU, 0.863- 1.717 AU and 0.371 — 0.647 AU respectively.
When the particles are moving along the magnetic field lines, a particle with a high
mean free path travels to Earth faster than a particle with a lower mean free path. The
particles with high mean free path have less scattering or diffusion than particles with
lower mean free path. The eruption on 6" September 2017 was followed by corona
mass ejection, causing the acceleration of particles in space. The coronal mass
injection was detected at the end time of this flare that affects in increasing the
injection time. This solar event occurs at 11:53 — 12:10 UT, and we found the CME
effect in space at 12:01 UT and 12:02 UT with radio type 1V and type Il respectively.
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The time for releasing high energy particles from the Sun to Earth is in the range
of 39-743 minutes, while the injection time of SEPs from X-ray duration is 17
minutes. Therefore, it takes longer time to travel from the Sun to Earth than the
heavier and more energetic particles. The injection time of helium from the fitting
result are fluctuating, whereas the middle elements such as carbon, nitrogen and
oxygen’s injection time is found to be decreased as the energy level increases.
Particles with high energy travel to Earth faster than particles with low energy. The
error of these results depends on the number of the detected particles from spacecraft.
So, the detected particle at highest energy is less which it makes the high error. The

number of high-energy particles count is less than those with low energy level.

The simulation and fitting result are longer than the injection time on the Sun, as
the effect of CME and the number of the detected particles affecting the injection
time. We can see the effect of this flare to the Earth by the kp- index of this flare is 4,
that means it does not affect the Earth. Where kp-index describes the disturbance of
the Earth’s magnetic field caused by the solar wind. The study of space conditions
found that the eruption did not affect the world. The value of kp -index has increased
to 8 on 7t and 8" September, 2017 due to another solar event occurred from same
sunspot region where aurora was appeared in United States, France, Kazakhstan,

Australia and many other countries and affected satellites, GPS, and power grids.

The graph that is obtained from the neutron monitor is correspond to data from the
ACE spacecraft and it takes a time approximately one and half day before it gets
effect of solar flare. The number of particles that detect by neutron monitor will

decrease because of solar flare and particles from the other sources.
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APPENDIX

Appendix A: Comparison fitting between the spacecraft data and simulation
result

The figure 1,2,3 and 4 represents the data from the spacecraft, simulation result of
particle propagation with the best mean free path, the data comparison between the
spacecraft and the simulation result from fitting process and injection function of the
helium at 8.428 MeV/n.
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Figure 1 Shows the spacecraft data of He at 8.428 MeV/n for the
solar event on 6t September, 2017.
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Figure 2 Shows the simulation result of He at 8.428 MeV/n for the
solar event on 6" September, 2017.
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Figure 3 Shows the fitting result of He at 8.428 MeV/n for the solar
event on 6" September, 2017.
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Figure 4 Shows the injection profile of He at 8.428 MeV/n for the
solar event on 6" September, 2017.
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The figure 5,6,7 and 8 represents the data from the spacecraft, simulation result of
particle propagation with the best mean free path, the data comparison between the
spacecraft and the simulation result from fitting process and injection function of
the carbon at 9.839 MeV/n.
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Figure 5 Shows the spacecraft data of C at 9.839 MeV/n for the solar
event on 6" September, 2017.
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Figure 6 Shows the simulation result of C at 9.839 MeV/n for the solar
event on 6" September, 2017.
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Figure 7 Shows the fitting result of C at 9.839 MeV/n for the solar event
on 6" September, 2017.
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Figure 8 Shows the injection profile of C at 9.839 MeV/n for the solar
event on 6" September, 2017.
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The figure 9,10,11 and 12 represents the data from the spacecraft, simulation result of
particle propagation with the best mean free path, the data comparison between the
spacecraft and the simulation result from fitting process and injection function of the
oxygen at 14.293 MeV/n.
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Figure 9 Shows the spacecraft data of O at 14.293 MeV/n
for the solar event on 6" September, 2017.
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Figure 10 Shows the simulation result of O at 14.293 MeV/n
for the solar event on 6t September, 2017.
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Figure 11 Shows the fitting result of O at 14.293 MeV/n for
the solar event on 6" September, 2017.
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Figure 12 Shows the injection profile of O at 14.293 MeV/n
for the solar event on 6t September, 2017.
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The figure 13,14,15 and 16 represents the data from the spacecraft, simulation
result of particle propagation with the best mean free path, the data comparison
between the spacecraft and the simulation result from fitting process and injection
function of the nitrogen at 16.854 MeV/n.
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Figure 13 Shows the spacecraft data of N at 23.096 MeV/n
for the solar event on 6™ September, 2017.
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Figure 14 Shows the simulation result of N at 23.096 MeV/n for
the solar event on 6t September, 2017.
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Figure 15 Shows the fitting result of N at 23.096 MeV/n for the solar
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The figure 17,18,19 and 20 represents the data from the spacecraft,
simulation result of particle propagation with the best mean free path, the data
comparison between the spacecraft and the simulation result from fitting process
and injection function of the iron at 18.461 MeV/n.
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Figure 17 Shows the spacecraft data of Fe at 18.461 MeV/n for the
solar event on 6™ September, 2017.
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Figure 18 Shows the simulation result of Fe at 18.461 MeV/n for the
solar event on 6" September, 2017.
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Figure 19 Shows the fitting result of Fe at 18.461 MeV/n for the solar
event on 6" September, 2017.
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Figure 20 Shows the injection profile of Fe at 18.461 MeV/n for the solar
event on 6t September, 2017.
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Appendix B: Neutron monitor data
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Figure 21 Shows the counts of neutron monitor particle from Sirindhorn Neutron
Monitor station on Doi Inthanon, Chiang Mai, Thailand on 1-15 September,2017.

Figure 22 Shows the picture of Princess Sirindhorn Neutron Monitor at Chiang Mai.
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