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ABSTRACT

TITLE : MONTE CARLO SIMULATION ON THE EFFECT OF AIR MASS
ABOVE THE PRINCESS SIRINDHORN NEUTRONS MONITOR TO
ATMOSPHERIC NEUTRONS FROM COSMIC RAYS

BY : DUMRONGSAK RODPHOTHONG
DEGREE : MASTER OF SCIENCE

MAIJOR : PHYSICS

CHAIR : ASST.PROF. TANIN NUTARO, Ph.D.

KEYWORDS : NEUTRON MONITOR / MONTE CARLO SIMULATION /
FLUKA /COSMIC RAYS

Neutron monitors are recognized as a key tool for studying the time variations of
galactic cosmic rays, especially with regard to solar effects. Cosmic-ray detectors inside the
atmosphere do not record cosmic ray particles directly. The so-called primary cosmic rays interact
with nuclei in the atmosphere to produce secondary daughter products. Neutron monitors record
predominantly the secondary neutrons from these atmospheric showers. The Princess Sirindhorn
Neutron Monitor (PSNM) was installed at a high vertical cutoff rigidity of 16.8 GV. It provides
unique data on the energy dependence of solar synodic variations, cosmic ray anisotropy, Forbush
decreases, and solar modulation. In this work we performed Monte Carlo simulations of the
atmospheric structure effects on secondary neutron counts above The Princess Sirindhorn Neutron
Monitor by using the FLUKA program. These atmospheric processes are well understood, and the
response of neutron monitors to these secondary particles is simulated. This work also provides

the techniques for further analysis and a better understanding of those effects.
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CHAPTER 1
INTRODUCTION

1.1 Overview

Cosmic rays are energetic particles or gamma rays from outer space. The most
commonly detected primary cosmic rays are protons (87%), alpha particles (12%), ions of other
elements, and electrons (Pomerantz, 1971). They move along the interplanetary magnetic field to
Earth. When a cosmic ray strikes an air molecule in earth’s atmosphere, it can produce a cascade
of secondary particles. Which we can detect them by using a neutron monitor.

The Princess Sirindhon Neutron Monitor (PSNM), the first neutron monitor station in
Thailand, shown in Figurel.l. It was set up at Doi Inthanon in Chiang Mai province in order to
measure the count rate of secondary neutron, which is related to the flux of cosmic rays in space.
Doi Inthanon is the highest point of Thailand. This is important because the secondary neutrons
are absorbed by the atmosphere. At Doi Inthanon, the count rate is about 6 times higher than that
at sea level. When cosmic rays enter the earth magnetic field, some of them with lower energy
will move along the Earth’s magnetic field to near a magnetic pole. Cosmic ray with a higher
energy will pass through the magnetic field. We use the cutoff rigidity, a momentum per charge,
to separate the cosmic rays by their rigidity thresholds for penetration of the cosmic rays through
Earth’s geomagnetic field to the atmosphere, in units of GV (GV stands for giga Volt). The cutoff
rigidity of Thailand is 16.8 GV, which the highest cutoff rigidity of any neutron monitor station
in the world.

Since most cosmic rays are charged particles of high energy, they can cause damage
to electronic equipment above Earth’s atmosphere, such as in satellites, aircraft, etc., affecting
communication and causing effects on the genetic structure of organisms. This provides motivation
to support the study of cosmic rays and to try to protect expensive equipment from cosmic rays.

To understand the ground-based neutron monitor (NM) as a primary particle detector
a relationship between the count rate and primary flux must be established. Primary particles
enter the atmosphere and undergo multiple interactions resulting in showers of secondary particles
which may reach ground level and be detected by NM. A yield function must incorporate the
propagation of particle through the earth ’s atmosphere and the detection response of a NM to



secondary particles such as neutrons, protons, muons and pions. The yield function S related to
the NM count rate N and F as the kinetic energy can be described by formula (Clem, 2000):

NE = [ 8(En Bp)i(E) o W
Where
E, the kinetic energy of the primary proton;
E, the kinetic energy of the secondary neutron;
E, the vertical cutoff rigidity;
j the Galactic cosmic ray flux.

Figure 1.1 The Princess Sirindhorn Neutron Monitor building at Doi Inthanon, Chiang Mai,
Thailand.

In order to simulate secondary cosmic ray we use the FLUKA program, a software
package to simulate particle transport and interactions with matter based on the Monte Carlo
method. We model the interaction of primary cosmic rays in Earth’s atmosphere examine the
yield function at Doi Inthanon, which will allows us to better understand the flux of primary

cosmic rays at Doi Inthanon.



1.2 Motivation

The PSNM is the first neutron monitor station in Thailand, which has the highest cutoff
rigidity in the world, and we can measure data that have never been observed from anywhere else
in the world. This work is about simulation processing for advanced analysis about cosmic rays
at the PSNM by using FLUKA simulations to better understand the detector.

1.3 Objectives

1.3.1 To study the Monte Carlo simulation by using FLUKA program.

1.3.2 To model the atmospheric structure, and use the FLUKA program to study effects
of the atmospheric structure on the secondary neutron counts as detected by the PSNM.

1.3.3 Find the yield function and calculate the expected neutron flux at Doi Inthanon’s
altitude of 2,565 meters.

1.4 Outline of the thesis

This thesis consists of six chapters and two appendices. The first chapter overviews
the work and the basic ideas of the research. The research motivations are mentioned here.

The fundamental and relevant background knowledge on cosmic rays, the Earth’s
atmosphere, and nutron monitor are given in Chapter 2, starting with the cosmic rays in space.The
measurements and the structure of a neutron monitor, will be described. In addition, the standard
atmospheric composition is discussed.

In Chapter 3, the history and the installation of PSNM are explained, including the
data acquisition.

We then describe short summary of FLUKA the program for calculations of particle
transport and interactions with matter base on Monte Carlo simulations, in Chapter 4.

For the atmospheric simulations, we will explain the modeling of atmospheric structures
and processes of the FLUKA program in Chapter 5, and the conclusions are included in the last
chapter.

Finally, two appendices will show information regarding each layer of the atmosphere
for the FLUKA modeling, including the altitude, pressure, temperature, density and chemical
composition, and a derivation of the pressure equation, respectively.



CHAPTER 2
A BRIFF INTRODUCTION TO THE COSMIC RAYS

2.1 What are Cosmic Rays

Cosmic ray are high energy charged particles, originating in outer space, that travel at
nearly the speed of light and strike the earth from all directions. Most cosmic rays are the nuclei
of atoms, ranging from the lightest to the heaviest elements in the periodic table. Cosmic rays
also include high energy electrons, positrons, and other subatomic particles. The term “cosmic
rays” usually refers to galactic cosmic rays, which originate in sources outside the solar system,
distributed throughout our Milky Way galaxy. However, this term has also come to include other
classes of energetic particles in space, including nuclei and electrons accelerated in association

with energetic events on the Sun (call solar energetic particles), and particles accelerated in
interplanetary space.

2.2 Discover and Early Research

In 1912 Victor Hess made measurements of radiation levels at different altitudes with
electroscopes aboard a balloon (Shown in Figure 2.1). The motivation for this study was to
distance the electroscopes from radiation sources in the Earth. Hess went as high as 17,500 feet
in his balloon without oxygen tanks. Surprisingly, he found that the radiation levels increased
with altitude. Hess interpreted this result to mean that radiation is entering the atmosphere from
outer space (Hess, 1912). Hess received the Nobel Prize in Physics in 1936 for his discovery.
In the 1920s the term *“‘cosmic rays” was coined by Robert Millikan who made measurements
of ionization due to cosmic rays from deep under water to high altitudes and around the globe.
Millikan believed that his measurements proved that the primary cosmic rays were gamma rays,
i.e.,, energetic photons. And he proposed a theory that they were produced in interstellar space
as by-products of the fusion of hydrogen atoms into the heavier elements, and that secondary
electrons were produced in the atmosphere by Compton scattering of gamma rays. But then, in
1927, a Dutch physicist, J. Clay found evidence (Clay, 1927) of a variation of cosmic ray intensity
with latitude, which indicated that the primary cosmic rays are deflected by the geomagnetic field



Figure 2.1 Left: The balloon flight of Victor Hess. Right: Vicror Hess before his ballon flight,
during which he observed cosmic ray intensity increasing with altitude.

and must therefore be charged particles, not photons. In 1929, Bothe and Kolhorster (1929)
discovered charged cosmic-ray particles that could penetrate 4.1 cm of gold. Charged particles of
such high energy could not possibly be produced by photons from Millikan’s interstellar fusion
process. In 1930, Bruno Rossi (1930) predicted a difference between the intensities of cosmic rays
arriving from the east and the west that depends upon the charge of the primary particles the so
called “east-west effect”. Three independent experiments (Johnson, 1934; Alvarez, 1934; Rossi,
1934a) found that the intensity is, in fact, greater from the west, proving that most primaries are
positive. During the years from 1930 to 1945, a wide variety of investigations confirmed that the
primary cosmic rays are mostly protons, and the secondary radiation produced in the atmosphere
is primarily electrons, photons and muons. In 1948, observations with nuclear emulsions carried
by balloons to near the top of the atmosphere (Frier et al., 1948; Bradt & Peters, 1948) showed
that approximately 10% of the primaries are helium nuclei (alpha particles) and 1% are heavier
nuclei of the elements such as carbon, iron, and lead. During a test of his equipment for measuring
the east-west effect, Rossi observed that the rate of near-simultaneous discharges of two widely
separated Geiger counters was larger than the expected accidental rate. In his report on the
experiment, Rossi (1934b) wrote “it seems that once in a while the recording equipment is struck
by very extensive showers of particles, which causes coincidences between the counters, even
placed at large distances from one another”. In 1937 Pierre Auger, unaware of Rossi’s earlier

report, detected the same phenomenon and investigated it in some detail. He concluded that



high-energy primary cosmic-ray particles interact with air nuclei high in the atrnosphere, initiating
a cascade of secondary interactions that ultimately yield a shower of electrons, and photons that
reach ground level.

Soviet physicist Sergey Vernov was the first to use radiosondes to perform cosmic
ray readings with an instrument carried to high altitude by a balloon. On April 1, 1935, he took
measurements at heights up to 13.6 kilometers using a pair of Geiger counters in an anti-coincidence
circuit to avoid counting secondary ray showers.

Homi J. Bhabha derived an expression for the probability of scattering positrons by
electrons, a process now known as Bhabha scattering. His classic paper, jointly with Walter
Heitler, published in 1937 described how primary cosmic rays from space interact with the upper
atmosphere to produce particles observed at the ground level. Bhabha and Heitler explained the
cosmic ray shower formation by the cascade production of gamma rays and positive and negative
electron pairs.

2.3 How cosmic rays are detected

From the 1930s to the 1950s, before man-made particle accelerators reached very high
energies, cosmic rays served as a source of particles for high energy physics investigations, and
led to the discovery of subatomic particles that included the positron and muon. Although these
applications continue, since the dawn of the space age the main focus of cosmic ray research has
been directed towards astrophysical investigations of where cosmic rays originate, how they get
accelerated to such high velocities, what role they play in the dynamics of the Galaxy, and what
their composition tell us about matter from outside the solar system. To measure cosmic rays
directly, before they have been slowed down and broken up by the atmosphere, research is carried
out by instruments carried on spacecraft and high altitude balloons, using particle detectors similar
to those used in nuclear and high energy physics experiments. Cosmic ray are studied in a variety
of ways depending on how much energy they have. This is illustrated in figure 2.2.

The lowest energy cosmic rays are absorbed in the upper atmosphere and they can only
be detected by equipment on board satellites and high altitude balloons. In Thailand we measure
the flux of neutrons using a ground based detector called a Neutron Monitor (NM), which will
be explained in the next section. Figure 2.3 shows an example of the count rate of the Princess
Sirindhorn Neutron Monitor at Doi Inthanon, which varies with a one-day period due to rotation
of the Earth.
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Figure 2.2 A variety of ways to detect cosmic rays
1. Low energy cosmic rays detected by instruments carried in satellites.
2. Higher energy cosmic rays generate a small air shower. The Cerenkov radiation
emitted by the shower is detected by a large telescope on ground.
3. Even higher energy cosmic rays very big air shower. The particle in the shower

travel to the ground where they can be recorded by an array of detector.
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Figure 2.3. Some data from the Princess Sirindhorn Neutron Monitor in January, 2011



24 Primary spectra and Composition

The range of energies encompassed by cosmic rays is truly enormous, starting at about
107 eV and reaching 10%° eV for the most energetic cosmic ray ever detected. By plotting this
range of energies against the number of cosmic rays detected at each energy we generate a cosmic
ray spectrum which clearly shows that the number of cosmic rays drop off dramatically as we go
to higher energies. (See in figure 2.4)

100
102

1wk \ — 1 particle/m%second

b -
<
| J

Flux {m? sr s GeV)"
g i

i

Figure 2.4 The cosmic ray spectrum clearly shows that the number of cosmic rays (the cosmic
ray flux) detected drops off dramatically as we go to higher energies. The spectrum
exhibits a ‘knee’ and an “ankle’, both of which deviate from the standard exponential
decline (blue line).

Roughly speaking, for every 10% increase in energy beyond 10° eV, the number of
cosmic rays per unit area falls by a factor of 1,000. However, if we look at the spectrum more
closely we can see a knee at ~ 10! eV and an ankle at ~ 108 eV. (Shellard, 2001)



The origin of these changes in the steepness of the spectrum is still the subject of intense
study, but it is assumed that they distinguish between populations of cosmic rays originating via
different mechanisms. Current suggestions are that the cosmic rays with energies less than about
1010 &V are primarily solar cosmic rays produced in solar flares and coronal mass ejections, while
those with energies between 1010 eV and the knee at 10° eV are galactic cosmic rays produced in
the shocks of supernova remnants. The origin of the cosmic rays with energies between the knee
and ankle is unclear. They are again thought to be produced within the Galaxy, but the energies
are too high for them to be accelerated by the shocks of supernova remnants. The origin for the
ultra-high energy cosmic rays below the ankle is also a mystery, but many have suggested that
these may be created outside of our Galaxy.

At the top of the Earth’s atmosphere the cosmic rays are largely composed of protons
(87%) and a-particles (12%). A small contribution of heavier nuclei (~1%). Upon entering the
Earth’s atmosphere these primary cosmic rays produce secondary cosmic rays in interactions with

the atoms in air.

2.5 Atmospheric cascade

When higher energy cosmic rays hit the upper atmosphere (about 20 km up) they lose
about half of their energy by creating a jet of particles which carries on travelling in almost the
same direction as the cosmic rays. The particles in the jet can themselves create more particles
as they hit other nuclei of oxygen or nitrogen in the air. This jet is called an extensive air shower
and keeps on growing until the particles in the shower run out of energy and are absorbed in
the atmosphere see in Figure 2.5. We refer to the initial particle that starts the shower as the
primary cosmic rays. The particles created in the air shower are known as secondary cosmic rays.
Over a million of the secondary particles which are produced when primary cosmic rays hit the
atmosphere pass right through your body every minute.

2.5.1 The nucleonic component

The high energies of the primary cosmic rays are well in excess of the binding
energies of atomic nuclei (typically 7-9MeV pernucleon). Consequently, the predominant nuclear
reaction in the atmosphere is that of spallation. In these reactions, nucleons are sputtered off
the target nucleus. Spallation-produced nucleons largely maintain the direction of the impacting
particle and go on inducing spallation in other target nuclides, producing a nuclear cascade in the
Earth’s atmosphere (Figure 2.5). Because neutrons do not suffer ionization losses as do protons,
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Figure 2.5 The secondary cosmic ray cascade in the atmosphere. Abbreviations used: n, neutron,
p, proton (capital letters for particles carrying the nuclear cascade), «, alpha particle,
e*, electron or positron, y, gamma-ray photon, 7, pion, u, muon. (Tibor, 2010)

the composition of the cosmic-ray flux changes from proton-dominated to neutron-dominated
in the course of the nuclear cascade. At sea level, neutrons constitute 98% of the nucleonic
cosmic-ray flux. Another change in the character of the cosmic rays on their way through the
atmosphere is that the energy of the secondary neutrons is significantly lower than that of primaries.
At ground level, energies > 10 GeV are, for the purpose of Earth-science applications, absent.
The neutron energy spectrum has peaks around 100 MeV, 1-10 MeV and < 1 eV (Figure 2.6).
The relative shape of the > 1 MeV peaks is invariant between sea-level and high-mountain altitude.
The spectrum only changes at much higher elevations, on approaching 12 km. (Tibor, 2010)
2.5.2 Flavours of neutron energy

High-energy neutrons are capable of producing spallation reactions.
They have energies ranging from 10 GeV down to about 10 MeV. High-energy neutrons are
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Figure 2.6 The energy spectrum of secondary cosmic ray neutrons at sea level (Goldhagen,
et al., 2002). Lethargy is the natural logarithm of energy.

themselves the result of spailation reactions, and are the main carrier of the nuclear cascade. Fast
neutrons, 0.1-10MeV, have insufficient energy to induce spallation reactions. However, they
may induce some evaporation reactions, e.g. energetically favourable (n,«) reactions.

Fast neutrons are themselves products of nuclear evaporation: a de-excitation
process named by analogy to molecules evaporating from the surface of aheated liquid. Evaporation
reactions can be induced by any particle interaction supplying sufficient separation energy.

Slow Neutrons, 100 eV and 100 keV, are produced continuously, as fast
neutrons lose energy through elastic and inelastic collisions with nuclei; this process is called
moderation.

Epithermal neutrons are produced by further moderation (0.5-100 eV).

Finally, thermal neutrons have achieved energy equilibrium with their
surroundings; their mean energy at environmental temperatures is ~0.025 eV,

There is no generally accepted convention on the classification of neutrons.
The energy ranges defined here for the purpose of this thesis are customary in cosmic-ray physics;

other fields, such as nuclear engineering, use different classifications.
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2.5.3 The mesonic component
Collisions of high-energy primary cosmic rays with atomic nuclei high in the
atmosphere produce mesons. These are mostly pions, which decay within a short distance
(a few metres) predominantly to muons (u*) (Figure 2.5).The production of the latter in this decay
process is begin proved by the fact that the conservation of momentum demands that the process
be a two particle decay. The sign of the charge is being conserved in the decay process which can
be written: (Sandstrom, 1965)

™t — yF 4w .1D

Muons belong to the particle family of leptons and can be considered as the heavier brother
of the electron (206.7 times heavier). They have a half-life of 2.2 us. At the speed of light
this would give them a range, before they decay, of only 660 m. However, at relativistic
speeds, the lifetime of the muon, as we perceive it, is much longer. Due to this time-dilation
effect of special relativity, muons can reach the Earth’s surface. Muons (1~) decay into an
electron, an electronantineutrino, and a muon-neutrino. Antimuons (u*) decay to a positron, an

electron-neutrino, and a muon-antineutrino.This process follows the scheme:

pE— e+ 2. 2.2

Muons are produced high in the atmosphere (typically 15km) and lose about 2GeV to ionization
before reaching the ground. Their energy and angular distribution reflect a convolution of
production-energy-spectrum, energy loss in the atmosphere and decay. For example, 2.4 GeV
muons have a decay length of 15 km, which is reduced to 8.7km by energy loss. The mean energy
of muons at sea level is ~4 GeV. Muons (and other particles) of this energy level are generated
within a cone-shaped shower, with all particles staying within about 1 degree of the primary
particle’s path. Because muons interact only weakly with matter (mostly via ionization) they have
a much longer range than nucleons, and therefore are the most abundant cosmic-ray particles at
sea level. However the nucleonic component dominates cosmogenic nuclide production at the

Earth’s surface. Muons, in turn, dominate production at depth in the subsurface.
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2.54 Electromagnetic component

At the Earth’s surface, the electromagnetic component consists of electrons,
positrons and photons, primarily from electromagnetic cascades initiated by decay of neutral and
charged mesons (Figure 2.5). Muon decay is the dominant source of low-energy electrons at sea
level. The electromagnetic component is not relevant for the Earth science applications covered
in this thesis and is therefore not considered further.

2.6 Solar energetic particles

Solar energetic particles (SEPs) are high-energy particles from the Sun. SEPs are
accelerated by explosions at the Sun called solar storms at the active regions, i.e., sunspot groups.
The frequency of SEP events correlates with the number of sunspots, which rises and falls
approximately every 11 years as shown in Figure 2.7.
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Figure 2.7 The sunspot cycle, with peaks approximately every 11 years. The next solar maximum
will occur during 2012-2014. Note that the GCR flux is generally lower when the
sunspot number is higher.



14

When sunspots are present, solar flares and Coronal Mass Ejection (CMEs) are
produced and accelerate solar particles to high energy. The solar flares can be classified into two
types: impulsive flares and gradual flares. Impulsive flares involve explosive energy released in
the form of thermal energy and can accelerate particles to high energies from ~10 MeV to ~1
GeV. Nuclear reactions of energetic protons at the Sun can produce solar neutrons that come to
the Earth. Gradual flares involve explosive energy released in the forms of both thermal energy,
giving rise to the flare, and kinetic energy, giving rise to a CME. In a gradual event, most escaping
SEP ions are accelerated by shock waves associated with the CME with up to ~10 GeV of energy,
corresponding to 99% of the speed of light for protons. The SEP composition is mostly the same

as the Sun’s.

2,7 Solar effects on cosmic ray variations

Galactic cosmic rays (GCRs) normally come to the Earth from all directions and at all
times. Because the Earth is often influenced by the Sun, the Sun also has effects on the GCRs.
There are changes in the flux of GCRs when the Sun produces CMEs, in which a strong solar
magnetic field moves out toward the Earth and inhibits the inward transport of GCRs. Such an
event is known as a Forbush decrease. After that the GCRs intensity will recover back to normal
over the next several days as shown in Figure2.8.

% Cosmic Rap Station Mosoos (Newton Monior)

secondary cosmic ray counts

% 18 T ' »
Sopt. 2005

Figure 2.8 Forbush decrease event in September, 2005 as recorded by the Moscow neutron

monitor station (science.nasa., 2005)
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2.8 Cutof rigidity

2.8.1 Magnetic cutoff rigidity

The primary cosmic rays move along the interplanetary magnetic field and
Earth’s magnetic field to enter Earth’s atmosphere. The Earth’s magnetic field is a bubble of
magnetism that surrounds the Earth and protects us from sub-GeV cosmic rays. At the equator,
the horizontal magnetic field is stronger than at the poles. Thus the ability of cosmic rays to reach
Earth’s atmosphere depends on the latitude and longitude. The lower limit in rigidity for cosmic
rays to pass though the magnetic field to arrive vertically above a given location at Earth is called
the geomagnetic vertical cutoff rigidity. This is calculated in units of momentum per charge (GV)
according to

p= (2.3)
q

where P, is the vertical cutoff rigidity, p is the momentum in GeV/c, c is the velocity of light,
and g is the particle charge. In Figure 2.9 we see that Thailand has the maximum magnetic cutoff
rigidity in the world. The vertical cutoff rigidity at Doi Inthanon is 16.8 GV. This means that
charged particles with a rigidity below this value cannot reach the atmosphere above Doi Inthanon.
However, there are cosmic rays of higher rigidity in outer space that can arrive there.
2.8.2 Atmospheric cutoff rigidity

After the primary cosmic rays pass through the Earth’s magnetic field, they
strike air molecules (mainly nitrogen molecules) at the top of atmosphere and produce many more
particles called secondary cosmic rays. Some particles are absorbed by the atmosphere, but if
primary has sufficient energy, some secondaries can arrive at the ground. Typically a primary
cosmic ray must have a rigidity of at least 1 GV to yield a detectable flux of particles (e.g.,
neutrons) at sea level so this value is called the atmospheric cutoff.

2.9 Neutron monitors

The first neutron monitors were used in the US and Peru to study geomagnetic effects.
The first worldwide network of neutron monitors used the IGY (International Geophysical Year,
1957) design (see Figure 2.10), similar to the design used by John Simpson for the first neutron
monitor in 1948.
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Cosmic Ray Neutron Monitors, 1997
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Figure 2.9 The magnetic cutoff rigidity around the world along with some neutron monitor
locations. Note the maximum at Thailand. (Image credit: Pyle, K. R.)

The components of the IGY monitor are a neutron sensitive proportional tube,
surrounded by a paraffin moderator material and a lead target. The functions of these components
will be described shortly below. In 1957-1958, 50 IGY monitor stations were installed at different
locations around the world.

After that, in 1964, a new generation of neutron monitors was developed, with the
NM64 design (see Figure 2.11 and Figure 2.12), which gives a higher counting rate than the IGY
design. An important component of the original NM64 design is a 1°B F3 (boron trifluoride) gas
proportional counter to yield nuclear reactions between °B and neutrons to produce Li and He

nuclei:

n + B — "Li + ‘He. 2.4

(Nowadays the 1°BF3 counter may be replaced by a 3He counter.) The product nuclei can
be detected in the proportional counter. The lead producer can produce more neutrons when
atmospheric neutrons impact Pb nuclei. There is a 3-inch polyethylene reflector sunounding

the monitor to trap neutrons inside and to protect against disturbance by thermal particles from
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outside. There is also a polyethylene moderator surrounding each tube, which serves to reduce
(moderate) the neutron energy, which increases the probability of neutron interactions in the 1°B
F3 gas (see Figure 2.13). A Bare Counter is a counter with a moderator, i.e., an NM64 with no

reflector or lead producer.
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Figure 2.10 The IGY neutron monitor (Simpson, 1957)
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Figure 2.11 Components of an NM64 neutron monitor
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Figure 2.12 The neutron monitor and bare counters at Doi Inthanon
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Figure 2.13 Simulation of the interactions caused by an atmospheric secondary neutron in a
neutron monitor. The lines are the tracks of neutrons. The blue lines are for neutrons
above 2 MeV, green lines are for neutrons between 1 keV and 2 MeV, and red lines

are for neutrons below 1 keV. (Image credit: John Clem)



CHAPTER 3
THE PRINCESS SIRINDHORN NEUTRONS MONITOR

3.1 History

HRH Princess Sirindhorn graciously gave her permission for a neutron monitor station
at Doi Inthanon, Thailand’s highest mountain, to be cailed the “Princess Sirindhorn Neutron
Monitor” (PSNM). PSNM measures the flux of cosmic rays from space that collide with the
atmosphere above Doi Inthanon. Neutron monitor stations have been set up at various locations
around the world in order to study the cosmic rays from space for a long time (Figure 2.9).
Thailand is in a unique location, at the Earth’s magnetic equator and close to the offset dipole
center. Here the Earth’s horizontal magnetic field is strongest, and only relatively high-energy
(or high-rigidity) particles can penetrate the field. PSNM is the fixed neutron monitor station
located at the world’s highest magnetic cutoff rigidity (16.8 GV) (see Figure 2.9). Doi Inthanon
is the highest mountain in Thailand 2565 m and the reduced atmospheric absorption leads to a
count rate that is 6 times higher than at sea level, yielding greatly improved statistics. Thus the
measurements provide useful and unique scientific information. With a standard NM-64 design,
PSNM should be useful for as long as a decade with minimal maintenance. The information is also
important regarding space weather at Earth, which affects human activities such as communications
satellite systems and other electrical systems. For example, the recent shutdown of Thai Com 5 in
April, 2011 was likely a space weather effect associated with the arrival of a CME the preceding
day. Neutron monitor data could in principle help provide advance warning of such space weather
effects at Earth (Ruffolo, 1999; Leerungnavarat, 2003).

PSNM was established in 2007 by a collaboration involving three universities in
Thailand: Mahidol University, Chulalongkorn University, and Ubon Ratchathani University.
The measurement equipment was largely donated by Shinshu University, Japan and much technical
knowledge and support has been provided by the University of Delaware, U.S.A. Figure 3.1 below
shows the logo of the PSNM station, showing an atmospheric cascade above the station.
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Figure 3.1 The PSNM station logo

3.2 Installation

The building was designed with a roof in an “A” shape, like other buildings in the
Royal Thai Air Force base at which it is located (Figure 3.2). The floor, roughly sized 10 x 10 m?,
was made of solid concrete to support a great weight, because the neutron monitor components
weigh about 40 tons. There are triple doors to help prevent rain and humidity from entering the
building. The roof is made of zinc and the walls have two layers of rock-wood with foam and heat
reflector in the middle. The setup of the PSNM measurement system was started by installing
polyethylene reflector and lead rings to surround each of the 18 proportional counter tubes for the
NM-64. Three bare counters were also installed. After that, the electronics system of each tube
was connected to a master electronics rack, which was in turn connected to the computer, with
Visual Basic software to record count rates automatically. Since Doi Inthanon is far from the
locations of our campuses and it is difficult to travel there, we installed a satellite-dish internet
connection to send data to the main computers of our laboratories.

We also installed a GPS antenna to indicate the exact position and time to compare
with international standards. A very precise pressure sensor has been installed to provide pressure
data with which to calculate the pressure corrected neutron count rate. To control the humidity

within the station, we have installed a dehumidifier that can absorb water vapor from the room.
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Figure 3.2 The Princess Sirindhorn Neutron Monitor building.

We also installed a weather station in order study possible weather effects on the neutron monitor

measurements.

3.3 Data acquisition

There are 18 tubes in the neutron monitor and 3 bare counters inside the station as seen
in Figure 3.3. These are proportional counter tube (see Figure 3.4) filled with OB F3. Aftera
secondary atmospheric cosmic rays, a slow neutron can be captured by a 19B nucleus and induces

the reactions:

n+ B > 3He + ILi Q=2.792 MeV (6%) (3.1

n + 1°B — 4He + ILi* Q=2.310 MeV (94%) (3.2)

The reactions leave a lithium ion, either in the ground state (6%) or excited state (94%), and
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Figure 3.3 The 18 counter tubes of the neutron monitor and 3 bare counters inside the PSNM
station. Note also the dehumidifier at the front. The computer and master electronics
are on the table.

an alpha particle. The lithium and alpha cause ionization in the counter, which gives an output
signal by using an electric field to separate and count the electrons. The signal is converted to
hexadecimal by the electronics and sent to a computer program in Visual Basic that records the
data automatically (Figure 3.5). In Figure 3.5, we see that the NM tubes count with a rate ~34
Hz/tube, but the bare count rate is about 6 times lower than the NM count rate because the bares
do not have the lead producer that can produce more neutrons and amplify the signal.
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Figure 3.4 In the proportional counter, ion pairs are created and separated by an electric field.
This drawing has been modified from Krane (1988)
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Figure 3.5 The main window of the Visual Basic program that records the neutron monitor data.
Note that near the center there are 18 rows corresponding to the 18 NM counter tubes
and 3 rows corresponding to the 3 bare counters.The bare counters have a much lower

count rate.



CHAPTER 4
NUMERICAL METHODS

When higher energy cosmic rays hit the upper atmosphere and generate a cascade
reaction known as Extensive Air Shower. In order to understand the cosmic rays air shower. We
using a Monte Carlo simulation of particle transport indicate the effect of the air mass to the
secoundary neutron above the PSNM . In this chapter we have explained the principle of the
Monte Carlo method and Fluka program.

4.1 Monte Carlo methods

Monte Carlo methods (or Monte Carlo experiments ) are a class of computational
algorithms that rely on repeated random sampling to compute their results. Monte Carlo methods
are often used in computer simulations of physical and mathematical systems. Monte Carlo named
by Nicholas Metropolis and Stanislaw Ulam, while they were working on nuclear weapon projects
(Manhattan Project) in the Los Alamos National Laboratory. It was named after the Monte Carlo
Casino, a famous casino where Ulam’s uncle often gambled away his money ( Metropolis, 1987).
Monte Carlo methods vary, but tend to follow a particular pattern:

(1) Define a domain of possible inputs.

(2) Generate inputs randomly from a probability distribution over the domain.

(3) Perform a deterministic computation on the inputs.

(4) Aggregate the results.

A Monte Carlo simulation of particle transport can be constructed if the probability
distribution is known for each process. In this method, particle transport is simulated as a sequence
of flights along a trajectory where each flight length is a random variable depending on the process
cross-section of the material. As with a theoretical calculation, the Monte Carlo method does
not necessarily rely on observational data and requires very accurate input data of fundamental
transport quantities. The major difference is that the Monte Carlo attempts to simulate all the
significant physical mechanisms in the expected time sequence producing a history of particle
tracks. In general the Monte Carlo is used to generate a population of cascades and the history
of each cascade in the form of particle tracks is recorded. The recorded data can then be used to
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determine spectra fluences scored for different particle species. In this work the propagation of
primary particles through the Earth’s atmosphere was also simulated with FLUKA program. and
then the results are weighted by the detection efficiency of a neutron monitor to determine the

counting rate.

4.2 What is FLUKA

FLUKA is a program for calculations of particle transport and interactions with
matter base on Monte Carlo simulations. The name FLUKA is short for the German words
“FLUktuierende K Askade”which means “Fluctuating Cascade.”There are many applications for
physics, including particle detector and cosmic ray studies.

The highest priority in the design and development of Fluka has always been the
implementation and improvement of sound and modern physical models. Microscopic models
are adopted whenever possible, consistency among all the reaction steps and/or reaction types is
ensured, conservation laws are enforced at each step, results are checked against experimental
data at single interaction level. As a result, final predictions are obtained with a minimal set of
free parameters fixed for all energy/target/projectile combinations. Therefore results in complex
cases, as well as properties and scaling laws, arise naturally from the underlying physical models,
predictivity is provided where no experimental data are directly available, and cormrelations within
interactions and among shower components are preserved.

Fluka can simulate with high accuracy the interaction and propagation in matter of
about 60 different particles, including photons and electrons from 1 keV to thousands of TeV,
neutrinos, muons of any energy, hadrons of energies up to 20 TeV (up to 10 PeV by linking Fluka
with the Dpmjet code) and all the corresponding antiparticles, neutrons down to thermal energies
and heavy ions. The program can also transport polarised photons (e.g., synchrotron radiation)
and optical photons. Time evolution and tracking of emitted radiation from unstable residual
nuclei can be performed on line.

Fluka can handle even very complex geometries, using an improved version of the
well-known Combinatorial Geometry (CG) package. The Fluka CG has been designed to track
correctly also charged particles (even in the presence of magnetic or electric fields). Various
visualisation and debugging tools are also available.

For most applications, no programming is required from the user. However, a number
of user interface routines (in Fortran 77) are available for users with special requirements.
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The Fluka physical models are described in several journal and conference papers;
on the technical side the stress has been put on four apparently conflicting requirements, namely
efficiency, accuracy, consistency and flexibility.

Efficiency has been achieved by having a frequent recourse to table look-up sampling
and a systematic use of double precision has had a great impact on overall accuracy: both
qualities have benefited from a careful choice of the algorithms adopted. To attain a reasonable
flexibility while minimising the need for user-written code, the program has been provided with a
large number of options available to the user, and has been completely restructured introducing
dynamical dimensioning.

Another feature of Fluka, probably not found in any other Monte Carlo program, is
its double capability to be used in a biased mode as well as a fully analogue mode. That means
that while it can be used to predict fluctuations, signal coincidences and other correlated events, a
wide choice of statistical techniques are also available to investigate punchthrough or other rare
events in connection with attenuations by many orders of magnitude.

43 FLUKA’s physics, structure and capabilities

Here we only give a very short summary list of the capabilities and limitations of
Fluka, since this is meant to be mainly a practical guide. More detailed descriptions of the physical
models, algorithms and techniques will be found in cited references. (Ferrari, et al., 2005)

4.3.1 Physics

4.3.1,1 Hadron inelastic nuclear interactions

The Fluka hadron-nucleon interaction models are based on resonance
production and decay below a few GeV, and on the Dual Parton model above. Two models are
used also in hadron-nucleus interactions. At momenta below 3-5 GeV/c the PEANUT package
includes a very detailed Generalised Intra-Nuclear Cascade (GINC) and a preequilibrium stage,
while at high energies the Gribov-Glauber multiple collision mechanism is included in a less
refined GINC. Both modules are followed by equilibrium processes: evaporation, fission, Fermi
break-up, gamma deexcitation. Fluka can also simulate photonuclear interactions (described by
Vector Meson Dominance, Delta Resonance, Quasi-Deuteron and Giant Dipole Resonance).

4.3.1.2 Elastic Scattering

1) Parameterised nucleon-nucleon cross sections.

2) Tabulated nucleon-nucleus cross sections.
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3) Tabulated phase shift data for pion-proton and phase-shift analysis
for kaon-proton scattering,
4) Detailed kinematics of elastic scattering on hydrogen nuclei and
transport of proton recoils.
4.3.1.3 Nucleus-Nucleus interactions
Nuclear interactions generated by ions are treated through interfaces
to external event generators.
1) Above 5 GeV per nucleon: Dpmijet-II or Dpmjet-III with special
initialisation procedure.
2) Between 0.1 and 5 GeV per nucleon: modified RQMD (Relativistic
Quantum Molecular Dynamics.
3) Below 0.1 GeV per nucleon: BME (Boltzmann Master Equation).
4.3.1.4 Low-energy neutrons

For neutrons with energy lower than 20 MeV, Fluka uses its own
neutron cross section library (P5 Legendre angular expansion, 260 neutron energy groups)
containing more than 250 different materials, selected for their interest in physics, dosimetry and
accelerator engineering and derived from the most recently evaluated data:

1) multigroup P5 cross sections with 260 groups.

2) Gamma-ray generation and different temperatures available.

3) Doppler broadening for temperatures above 0 K.

4) Standard multigroup transport with photon and fission neutron
generation,

5) Detailed kinematics of elastic scattering on hydrogen nuclei.

6) Transport of proton recoils and protons from N(n,p) reaction.

7) Capture photons generated according to the multigroup treatment,
but transported with the more accurate Emf package which performs continuous transport in
energy and allows for secondary electron generation.

4.3.1.5 Photons

1) Pair production with actual angular distribution of electrons and
positrons.

2) Landau-Pomeranchuk-Migdal pair production suppression effect.

3) Compton effect with Doppler broadening using a fit of the Compton
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profiles and account for atomic bonds through use of inelastic Hartree-Fock form factors.

4) Photoelectric effect with actual photoelectron angular distribution
according to the fully relativistic theory of Sauter. Imteractions sampled separately for each
component element and for each edge. The edge fine structure is taken into account.
Parameterisations/tabulations for photoelectric cross sections including all known edgesup to Z =
100 and down to a few V. Optional emission of fluorescence photons and approximate treatment
of Auger electrons for all K and most L lines.

5) Rayleigh scattering.

6) Photon polarisation taken into account for Compton, Rayleigh and
Photoelectric effects.

7) Photohadron production.

8) Vector Meson Dominance Model modified and improved using
PEANUT below 770 MeV.

9) Quasideuteron interactions.

10) Giant Dipole Resonance.

4.3.2 Geometry

A part of the code where efficiency, accuracy, consistency and flexibility have
combined giving very effective results is the Fluka geometry. Derived from the Combinatorial
Geometry package, it has been entirely rewritten. A completely new, fast tracking strategy has
been developed, with special attention to charged particle transport, especially in magnetic fields.
New bodies have been introduced, resulting in increased rounding accuracy, speed and even easier
input preparation.

4.3.2.1 Combinatorial Geometry (CG) with additional bodies (infinite circular
and elliptical cylinder parallel to X,Y,Z axis, generic plane, planes perpendicular to the axes,
generic quadrics).

4.3.2.2 Possibility to use body and region names instead of numbers.

4.3.2.3 Possibility of using body combinations inside nested parentheses.

4.3.2.4 Geometry directives for body expansions and roto-translation
transformations.

4.3.2.5 Distance to nearest boundary taken into account for improved
performance.

4.3.2.6 Accurate treatment of boundary crossing with multiple scattering and
magnetic or electric fields.
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4.3.2.7 The maximum number of regions (without recompiling the code) is
10000.

4.3.2.8 The tracking strategy has been substantially changed with respect to
the original CG package. Speed has been improved and interplay with charged particle transport
(multiple scattering, magnetic and electric field transport) has been properly set.

4.3.2.9 A limited repetition capability (lattice capability) is available.
This allows to avoid describing repetitive structures in all details. Only one single module has
to be described and then can be repeated as many times as needed. This repetition does not
occur at input stage but is hard-wired into the geometry package, namely repeated regions are
not set up in memory, but the given symmetry is exploited at tracking time using the minimum
amount of bodies/regions required. This allows in principle to describe geometries with even tens
of thousands regions (e.g., spaghetti calorimeters) with a reasonable number of region and body
definitions.

4.3.2.10 Voxel geometry is available on option, completely integrated into CG.

4.3.3 Transport

4.3.3.1 Condensed history tracking for charged particles, with single scattering
option.
4.3.3.2 Time-cutoff.
4.3.3.3 Legendre angular expansion for low-energy neutron scattering.
4.3.3.4 Transport of charged particles in magnetic and electric fields.
4.3.4 Biasing

4.3.4.1 Leading particle biasing for electrons and photons: region dependent,
below user-deffined energy threshold and for selected physical effects.

4.3.4.2 Russian Roulette and splitting at boundary crossing based on region
relative importance.

- 4.3.4.3 Region-dependent multiplicity reduction in high energy nuclear

interactions.

4.3.4.4 Region-dependent biased downscattering and non-analogue absorption
of low-energy neutrons.

4.3.4.5 Biased decay length for increased daughter production.

4.3.4.6 Biased inelastic nuclear interaction length.

4.3.4.7 Biased interaction lengths for electron and photon electromagnetic
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interactions.

4.3.4.8 Biased angular distribution of decay secondary particles.

4.3.49 Region-dependent weight window in three energy ranges (and energy
group dependent for low-energy neutrons).

4.3.4,10 Bias setting according to a user-defined logics.

4.3.4.11 User-defined neutrino direction biasing.

4.3.4.12 User-defined step by step importance biasing.

4.3.5 Scoring

4.3.5.1 Star density by producing particle and region.

4.3.5.2 Energy density by region, total or from electrons/photons only.

4.3.5.3 Star, energy and momentum transfer density and speciffic activity ina
geometry-independent binning structure (Cartesian or cylindrical), averaged over the run or event
by event.

4.3.5.4 Energy deposition weighted by a quenching factor (Birks law).

4.3.5.5 Step size independent of bin size.

4.3.5.6 Time window.

4.3.5.7 Coincidences and anti-coincidences.

4.3.5.8 Fluence and current scoring as a function of energy and angle, via
boundary crossing, collision and track-length estimators coincident with regions or region
boundaries.

4.3.5.9 Dose Equivalent via boundary-crossing, collision and track-length
estimators coincident with regions or region boundaries, convoluted with conversion coefficients
or obtained multiplying doses by a LET dependent quality factor.

4.3.5.10 Track-length fluence or Dose Equivalent in a binning structure
(Cartesian or cylindrical) independent of geometry.

4.3.5.11 Particle yield from a target or differential cross section with respect
to several different kinematic variables.

4.3.5.12 Residual nuclei.

4.3.5.13 Fission density.

4.3.5.14 Momentum transfer density.

4.3.5.15 Neutron balance.

4.3.5.16 No limit to the number of detectors and binnings within the total
memory available (but a maximum number must be fixed at compilation time).
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4.3.5.17 Energy deposition can be scored on option disregarding the particle
weights (useful for studying computer performance, etc.).
43.5.18 All quantities from radioactive decay of residual nuclei can be scored
according to user-defined irradiation and cooling time profiles.
4.3.6 Code structure, technical aspects

4.3.6.1 The whole program, including the numerical constants, is coded in
double precision (at least the versions for 32-bit word machines). The only exceptions are the
low-energy neutron cross sections, which are stored in single precision to save space.

4.3.6.2 Consistent use of the latest recommended set of physical constant
values.

4.3.6.3 Dynamical memory allocation is implemented as far as possible.

4.3.6.4 Extensive use of INCLUDE and of constant parameterisation.

4.3.6.5 64-bit random number generator.

43.7 Applications

While Fluka of the *86s-87s was essentially a specialised program to calculate
shielding of high energy proton accelerators, the present version can be regarded as a general
purpose tool for an extended range of applications. In addition to traditional target design and
shielding, applications are now spanning from calorimetry to prediction of activation, radiation
damage, isotope transmutation, dosimetry and detector studies. Prediction of radiation damage
has always been a traditional field of application of Fluka, restricted however in earlier versions
to hadron damage to accelerator components. The new capability to deal with the low-energy
neutron component of the cascade has extended the field of interest to include electronics and
other sensitive detector parts. In addition, radiation damage calculations and shielding design
are not limited to proton accelerators any longer, but include electron accelerators of any energy,
photon factories, and any kind of radiation source, be it artificial or natural.

The present version of Fluka has been used successfully in such diverse domains
as background studies for underground detectors, cosmic ray physics, shielding of synchrotron
radiation hutches, calculation of dose received by aircraft crews, evaluation of organ dose in a
phantom due to external radiation, detector design for radiation protection as well as for high
energy physics, electron, proton and heavy ion radiotherapy, nuclear transmutation, neutrino
physics, shielding of free-electron lasers, calculation of tritium production at electron accelerators,

energy amplifiers, maze design for medical accelerators, etc.
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CHAPTER 5
MODELING OF ATMOSPHERIC CASCADES

In order to simulate secondary cosmic ray we use the FLUKA program, FLUKA is
maintained and developed under INFN (Italian National Institute for Nuclear Physics) and CERN
(European Organization for Nuclear Research agreement) which own copyrights for 1989 - 2008
(Ferrari, et al., 2005; Battistoni, 2007) . The input file (*.inp) is created by the user and there are
some user interface routines, based on Fortran 77, for special requirements, FLUKA input files
are general “ TEXT ” files which consist of FLUKA commands on one line or more, each called
a “ CARD ”, and variables or numbers. We can create our detector system with any shape and
any material composition including definitions of geometry, materials, and particle sources. The
program creates a random number sequence to start the simulation. There are many definitions in
the output files, for example, the type of secondary particle, energy, type of interaction, simulated
position vector, etc., that let us know what happened during and after the simulated interactions of
the requested particles. In this thesis, we model the Earth’s atmosphere and examine the numbers
of neutrons that are produced in the atmosphere from primary protons. The main processes of

modeling are described in following sections.

5.1 Model Standard atmosphere

In the U.S. Standard Atmosphere (NOAA, 1976), the atmosphere is separated into
seven layers (Table 5.1) according to the altitude, up to 85 km from sea level. Within each layer,
the temperature is taken to change with a constant temperature lapse rate (L). The pressure and
density of air decrease with increasing altitude. Table 5.2 shows the atmospheric composition
according to the U.S. Standard Atmosphere (1976), in terms of the percent by volume and by
weight for each compound or element. Table 5.2 refers to standard dry air. If we need to include
the abundance of water vapor, we will include H> in an amount that varies linearly from 0.06%
by weight at sea-level to 0.01% by weight at 2000 meters and is set to a constant value of 0.01 %
by weight above 2000 m (Clem, 2003).
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Table 5.1 The U.S. Standard Atmosphere altitude profile

Range Helght Above Mass Static Pressure  Temperature Standard
b Sea Level (k)  Density (p) (P) Lapse Rate () Temperature (1)
[ml [kg/m?] [pascals] K]
0 0 1225 101325.00000  -0.0065 288.15
1 11000 0.36391 22632.10000 0.0 216.65
2 20000 0.08803 5474.89000 0.001 216.65
3 32000 0.01322 868.01900 0.0028 228.65
4 47000 0.00143 110.90600 0.0 270.65
5 51000  0.00086 66.93890  -0.0028 270.65
6 71000  0.000064 395642  -0.002 214.65

Table 5.2 The U.S. Standard Atmosphere composition

Gas Form % by Volume % by Weight Molecular Weight
Nitrogen Ny  78.08 75.47 28.01
Oxygen O, 2095 23.2 32.00
Argon Ar 0.93 1.28 39.95
Carbon Dioxide CO;  0.038 0.059 44.01
Neon Ne 0.0018 0.0012 20.18
Helium He 0.0005 0.00007 4.00
Krypton Kr 0.0001 0.0003 83.80
Hydrogen H, 0.00005 Negligible 2.02
Xenon Xe 8.70E-06 0.00004 131.30

5.1.1 Pressure equations

For more specific values, the pressure is specified versus the altitude from sea

level by

£

if Ly, # 0, 5.1

P=Pb'[ T ]M"

Ty + Ly(h — hy)




34

—g-M-(h—h)
R-Ty

P=Pb~exp[ ] if Ly =0, (5.2)

Where P, = Static pressure (pascals), 7, = Standard temperature (K), Ly =
Standard temperature lapse rate (K/m), h = Height above sea level (m), h;, = Height at bottom
of range b (m), R = Universal gas constant for air (8.31432 N-m/(mol-X)), g = Standard
gravitational acceleration (9.80665 m/s?), M = Molar mass of Earth’s air (0.0289644 kg/mol).
The range b refers to the index of the altitude layer in Table 5.1. The above equations are derived
in Appendix B.

5.1.2 Density equations

Similarly, the air density can also be specified versus the altitude from sea level

by

heyq

/= hor1 = Pa / p(z) - dz (5.3)

hp

Py 1 — B

Pt A, A 4
P T g (hors — hy) 5.4)

The above equations are derived in Appendix B.

5.2 Geometry and materials

This section defines the geometry of atmosphere, “constructed ” in the simulation with
appropriate materials. FLUKA simulations generally also create VACUUM and BLACK HOLE
layers for interactions of particles outside the system in VACUUM and stop all interactions when
entering the BLACK HOLE. Our model assumes that the air mass can be neglected above 51 km
of altitude; this accounts for only 0.04% of the atmosphere’s mass. Up to this altitude, we can
ignore the curvature of the Earth because this is less than 1% of Earth’s radius (6378 km).

We divide the atmosphere into 100 layers within a rectangular box (Figure 5.1).
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Black hole (region 1)

Atmosphere 1% layer (vegion 3)

Figure 5.1 The atmospheric model including 100 layers of the atmosphere from sea level and two
special regions, VACUUM and BLACK HOLE, for the FLUKA simulation.

We set 20 km of horizontal length for each side. The properties of each layer were
determined as follows:

The layers were defined so that each layer has approximately the same air mass (see
Table 5.3). Within a range b, we use

Py1 — By
AP = —— e 5.5
b tgp — 16+ 1 (5.5)
P, =P+ (i—i13) AP, (5.6)

The altitude for each layer can be calculated in terms of the pressure:

R-L

T; P\ oM
h(P) = hiy + 2. ( ) —1| Iy #0, 67)
Ly P,
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R-T B
hi(Py) = hi_y — b-ln( :

ifLy=0 (5.8)
g-M Pi-l) ’

The density equation was derived for hydrostatic equilibrium in terms of pressure and
altitude:
hiy1

/ p(2) - dz (5.9

]

- 1
P= i —

pi= - M (5.10)

Within each range b, the temperature was assumed to be a linear function with a
constant slope with altitude (i.e., constant temperature lapse rate), according to Table 5.3. We also
included the chemical composition of air, using a constant molecular composition above 2000
meters with 75.512% Ny, 23.19% O, 1.282% Ar and 0.016% CO and included Hj in an amount
that varies linearly from 0.06% by mass at sea-level to 0.01% by weight at 2000 meters and is set
to a constant value of 0.01 % by weight above 2000 m (Clem et al., 2003). Note that we ignore
the molecules with < 0.05 % by weight in Table 5.2 and renormalize the remaining components’
percentages by weight so they sum to 100. Because FLUKA needs the atomic composition for the
simulation format, we calculated the atomic composition, using the molecular weights, for each
layer. From the sea level to 2000 m the atomic composition changed, and it was constant above
2000 m.

We created the ground (mountain) region at 2565 m of altitude with granite (most of
the rock at Doi Inthanon) (see Table 5.4) to model the particle propagation through and interactions
in this region. We also calculated the atomic composition of the granite for FLUKA input as

shown in Table 5.5.

5.3 Source particles

We create initial particles as a set of 300 protons moving vertically downward from
the top of the atmosphere, in the VACUUM region, over an area of 1 cm?. Their kinetic energy
was set as follows: 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 25, 30, and 100 GeV.
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Table 5.4 The molecular composition of granite, used in the the material composition for the

mountain

Molecule % by Weight

Si0, 72.04%
AL,04 14.42%
K20 4.12%
Naz0 3.69%
Ca0 1.82%
FeO 1.68%
Fe,03 1.22%
MgO 0.71%
TiOy 0.30%
P,05 0.12%
MnO 0.05%

Table 5.5. Atomic composition of the granite at 2565 m for the mountain

Atom % by Weight Atomic Weight

o) 48.55 16.00
Si 33.68 28.09
Al 7.63 26.98
K 3.42 39.10
Na 2.74 22.98
Ca 130 40.08
Fe 2.16 55.84
Mg 0.43 24.30
Ti 0.18 47.87
P 0.05 30.98

Mn 0.04 54.94
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5.4 Readout setting

FLUKA normally prints out an output file containing all the interaction information
of the simulation produce. We have modified the user routine file, called MGDRAW, to produce
a special printout file containing only the information of interest. This includes the type of
particle, type of interaction, initial particle index, total energy, XYZ-position and velocity vector
as described below. These also specify the particles at 2565 meters of altitude.

JTRACK = particle type

NCASE = number of primaries treated so far (including the current one)

ICODE indicates the type of point event giving rise to energy deposition,

ICODE = 1X: call from subroutine KASKAD (hadronic part of FLUKA);
= 19: boundary crossing

ICODE = 2X: call from subroutine EMFSCO (electromagnetic part of FLUKA);
= 29: boundary crossing

ICODE = 3X: call from subroutine KASNEU (low-energy neutron part of FLUKA);
= 39: boundary crossing

XSCO, YSCO, ZSCO = coordinates of the energy deposition point

ETRACK = total energy of the particle (rest + kinetic)

Cx, y, ztrck = direction cosines of the current particle

MREG = region from which the particle is exiting

NEWREG = region the particle is entering

WTRACK = particle weight (statistical meaning)

5.5 Programming

We create the FLUKA input files by writing a C program that helps us to generate
input files matching the specific format of FLUKA. A FLUKA input file is an ASCII “standard
input™file with extension .inp, containing a variable number of commands, called “CARDS”,
in one or more lines. The following sections briefly define input cards related to the previous

sections. More command options and definitions are described in the manual (Ferrari, 2005).
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55.1 Geometry definition

lo...+....2.

eeateon 300t

R R T PR O S N

GEOBEGIN COMBNAME
0 -~10 A rectangular parallelepiped inside vacuum
RPP Rpp001 -5.000e+08 5.000e+08 -5.000e+08
5.000e+08 -5.000e+08 5.000e+08
RPP Rpp002 -2.500e+08 2.500e+08 ~-2.500e+08
2.500e+08 ~-2.500e+08 2.500e+08
* set ground at 0.0 m
RPP Rpp003 ~2.000e+06 2.000e+06 -2.000e+06
2.000e+06 0.000e+00 8.542e+03
RPP Rppl04 -2.000e+06 2.000e+06 -2.000e+06
2.000e+06 0.000e+00 1.716e+04
END
T B Y- T e B e R T T O R LT TN AU U -
* black hole
Blckhole 2 +Rpp001 ~Rpp002
* vacuum around
Vacarund 2 +Rpp002 -Rppl02
* atmospheric layers
Layer001 2 +Rpp003
Layer002 2 +Rpp004 ~Rpp003
Layer003 2 +Rpp00S5 ~Rpp004
END
GEOEND

R S R T TR T AT Y- TUG N (DI SIS T ST - TUPIAE DOy DU SO :

The definitions between GEOBEGIN and GEOEND start with RPP for a
rectangular paralielepiped. The second column is the name of the body with a reference number

and next are geometrical parameters for each body over two lines. A line with “*" is a definition

or column heading. The second part after the first END starts with the name of the region. All of

them connect with two other regions in the second column. The positive or negative numbers

show the inclusion or exclusion of a body for each region. For example, region “Layer003" is
formed by “Rpp005" minus “Rpp004 *.
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5.5.2 Material definition and assignment

LI R DY S JUIPE S JUNPINE S U CE T TS O e e R -
*CARD WHAT-1 WHAT-2 WHAT-3 WHAT-4 WHAT-5 WHAT-6 SDUM
*MATERIAL Z A Density FLUKA# ionize isotope ElemLAY#
LI S IR S~ SRR S S ST D R R T - TR Oy S R -
MATERIAL 8.0 15.9994 1,.429e-03 8 OXYGEN
LOW-MAT 8 8.0 16.0 296.0 OXYGEN
MATERIAL 12.0 24.305 1.738 g MAGNESIU
LOW~MAT 9 12.0 -2.0 296.0 MAGNESIU
MATERIAL 13.0 26.982 2.70 10 ALUMINUM
LOW~MAT 10 13.0 27.0 296.0 ALUMINUM
MATERIAL 26.0 55.847 7.877 11 IRON
LOW-MAT 11 26.0 -2.0 296.0 IRON
MATERIAL 14.0 28.086 2.33 14 SILICON
LOW-MAT 14 14.0 -2.0 296.0 SILICON
MATERIAL 11.0 22.989 0.971 19 SODIUM
LOW-MAT 19 11.0 23.0 296.0 SODIUM
MATERIAL 20.0 40.08 1.55 21 CALCIUM
LOW-MAT 21 20.0 -2.0 296.0 CALCIUM
P S B Y- A . I EET T TR SUe. T DI SRR S s T -
MATERIAL 19.0 39.098 0.862 26 POTASSIU
LOW-MAT 26 19.0 -2.0 296.0 POTASSIU
L N - P . P ETTE P SO TR R - P S A e -
MATERIAL 0.0 0.0 2.75 27 GNEISS
COMPOUND -48.55 OXYGEN -33.68 SILICON -7.63 ALUMINUMGNEISS
COMPOUND -3.42 POTASSIU ~2.74 SODIUM -1.13 CALCIUMGNEISS
COMPOUND -2.16 IRON -0.43 MAGNESIU GNEISS
MAT-PROP 0.9769 31 296 OXYGEN GNEISS 1. 0LOWNTEMP
L O R Y- DO DR TR IS . TR U - DU DUy BRSR S :
MATERIAL 6 12.01070 2.0000000 28 0.0 0.0 CrLAaY001
LOW-MAT 28 6 ~2 296 CARBON
MATERIAL 7 14,00670 0.0011700 29 0.0 0.0 NIAY001
LOW-MAT 29 7 -2 296 NITROGEN
MATERIAL 8 15.99940 0.0013300 30 0.0 0.0 OLAY001
LOW-MAT 30 8 16 296 OXYGEN
MATERIAL 18 39.94800 0.0016600 31 0.0 0.0 ARLAYO001
LOW~-MAT 31 18 -2 296 ARGON
MATERIAL 1 1.00794 0.0000837 32 0.0 0.0 HLAY001



LOW-MAT 32
MATERIAL 0
COMPOUND -75.297830
COMPOUND -0.016995
MAT-PROP 0.972534
MAT-PROP 0.994957
LR S R
MATERIAL 6
LOW-MAT 34
MATERIAL 7
LOW-MAT 35
MATERIAL 8
LOW~-MAT 36
MATERIAL 18
LOW-MAT 37
MATERIAL 1
LOW-MAT 38
MATERIAL 0
COMPOUND ~75.299684
COMPOUND ~0.016995
MAT~-PROP 0.970642
MAT-PROP 0.984871
LS. SRR R TN

*ASSIGNMAT MATERIAL#

ASSIGNMAT LAY0O1
ASSIGNMAT LAY002
ASSIGNMAT LAY100
ASSIGNMAT BLCXHOLE
ASSIGNMAT VACUUM
ASSIGNMAT GNEISS

-

1 -2 296 HYDROGEN
0 0.001220 33 LAY0OL
NLAY001-23.345525 0OLAY001 -1.279590 ARLAY001 LAY001
CLAY001 -0.060000  HLAY001 LAYO0O01
31 296 28 33 1.0LOWNTEMP
0 -1 33
N S P SRR PR s D DR TR SUNy SR
12.01070 2.0000000 34 0.0 0.0 CLAY002
6 -2 296 CARBON
14.00670 0.0011700 35 0.0 0.0 NLAY(002
7 -2 296 NITROGEN
15.99940 0.0013300 36 0.0 0.0 OLAY00Z
8 16 296 OXYGEN
39.94800 0.0016600 37 0.0 0.0 ARLAYDOZ2
18 -2 296 ARGON
1.00794 0.0000837 38 0.0 0.0 HLAY00Z
1 -2 296 HYDROGEN
0 0.001210 39 LAY002
NLAY002-23.346081 OLAY002 -1.279621 ARLAY002 LAY(002
CLAY002 -0.057619  HLAY0O02 LAY002
31 296 34 39 1.0LOWNTEMP
0 -1 39
P G TS SR SR ST U AR - SN Sy SR N
GEO#
Layer001
Layer002
Layerl00
Blckhole
Vacarund
Layerl01
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The element materials are defined using the MATERIAL card, with WHAT-1
to WHAT-6 and SDUM (name of column). WHAT-1 defines the Z number of the element,
WHAT-2 defines its mass number, WHAT-3 defines the material’s density and WHAT-4 assigns
its number. The SDUM option assigns the name of the material. The LOW-MAT card refersto a
material in the FLUKA data base. The COMPOUND cards define a material composed of several
elements, including the percentage by weight of atmospheric composition. The MAT-PROP card

defines the temperature and density of the compound.
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The ASSIGNMAT command is used to assign materials to each region, where
WHAT-1 shows the name of the material and WHAT-2 defines the name of the region.
5.5.3 Beam definition and running FLUKA

BEAM -100.0 0.0 0.0 1.0 1.0 1.0PROTON
BEAMPOS 0.0 0.0 5.12e+06 NEGATIVE
LI DU DI DTS U A S DT U U DU S S ST U DR
USERDUMP 100 49 0.0 0.0

RANDOMIZE 1.0 4044900.

START 300.0

STOP

LA S D AN S N DT PR SO DU I - SN S SO -

The BEAM card starts with the kinetic energy of the primary particle, whereas
WHAT-4&5 define the beam width in the 2 and y directions in cm and the number 1.0 in WHAT-6
refers to the PROTON beam. Then BEAMPOS defines the initial position and direction of the
beam. The USERDUMP command calls the user routine to activate MGDRAW. We can set any
random seed in WHAT-2 of the RANDOMIZE card to start the random number sequence.
The number of primary beam particles in the START card will have an impact on the running time
and statistical error of the Monte Carlo simulation.

Finally, we run FLUKA for each kinetic energy of primary protons as shown in
the diagram below (Figure 5.2). We will show and discuss the results in the next Chapter.
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CHAPTER 6
RESULTS AND DISCUSSION

6.1 Atmospheric cascade

The whole simulation was performed under Monte Carlo method by using FLUKA
package in a 20 km x 20 km x 51 km volume above the PSNM. We used 9 different primary
momentum at the same zenith angle which 300 cascades for each energy. The study also included
the effects of the rock underneath the station into account. Figure 6.1 is the first simulation show
the atmospheric cutoff energy near 1 GeV. This shows part of the atmospheric model and some
of the secondary which most of them were absorbed before approaching the PSNM station (as
indicated by a solid line in the picture).
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Figure 6.1 Shows the atmospheric cascade from 5 mono-energetic 1GeV primary protons which
is close to the atmospheric cutoff (1 GV)

For higher primary incident particles (protons) can produced more secondary particles
as shown in Figure 6.2. In Figure 6.3 shows some part of the cascades from the simulation and
the same situation as Figure 6.2 but we taking the effect of Doi Inthanon mountain beneath the

station into account as shown in Figure 6.4.
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Figure 6.2 Atmospheric cascade form 5 primary protons which energy 10 GeV. Gamma rays are

frequently created. There are a few neutrons reach the station.
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Figure 6.3 The cascades from 17, 20 and 30 GeV primary protons which the impact can produce

many secondary neutrons and gamma rays
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Figure 6.4 Show a more realistic simulation when we take the effect of rock (mainly granite) into
account. The PSNM level are shown by a solid line.

6.2 Calculation of neutron flux

The goal of our FLUKA simulations is to calculate the neutron flux at Doi Inthanon’s
altitude of 2565 meters. These neutrons are secondary particles in the simulation. We define N
as the number of neutrons per (cm?-s-GeV) and E as the kinetic energy of each neutron to create

the following equation:

N(E,) =2n / S(En, Ep)j(E,)dE,, 6.1)
Ep=17

where § is the yield function in units of (neutrons/GeV) per primary proton, E, and E,, are the
kinetic energies of the primary proton and secondary neutron, respectively, 27 is multiplied to
account for integration over solid angle for the entire sky, and j(E},) is the Galactic cosmic ray
flux, given by (Nakamura, 2010)

~2.65
E, ) protons 62)

B — 2
3(Bp) = 1'8(1 GeV cm2—s — st — GeV'’
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Thus we use FLUKA simulations to derive S(En, Ep), and equation 6.1 can then give
us N(E,).
Next, we change equation 6.1 into a summation in order to combine the results of

various FLUKA simulations:

N(Ep) =21 Y S(En, Ep)j(Ep)AE,, (6.3)
Ep=17

where AE,, is the interval in primary proton kinetic energy. The summation over E,, starts from
17 GeV, the kinetic energy of vertical primary protons corresponding to the vertical cutoff rigidity
at Doi Inthanon.

Neutr_‘on' flux’ at: 2565 m abqvg seaflevel

- 0.003F e --------------------- --------------------- .............
o i Standard Dry Air
&Oooz—r‘( -------------------------------------------------------
€3] I
T I
\ [
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r-c 0_001-— ...........................................................................................
=3 X

) I B 2| L R

107'® 107 10°® 1073 10°

Neutron Energy (GeV)

Figure 6.5 Secondary neutron flux at Doi Inthanon’s altitude of 2565 meters with dry air
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6.3 Including a mountain of rock (granite)

This simulation replaces part of the BLACKHOLE with granite rock for realistic
modeling of Doi Inthanon. The resulting low-energy neutron flux (Figure 6.6) is higher than that
of Figure 6.5 because some neutrons undergo spallation or reflect and lose their energy at the rock,
then spraying upward to form a cloud of low-energy neutrons, which can thermalize and diffuse

downward again with lower energy.

Neutron flux

0.003

o
3

E dN/dE (cm®s)™

0.000 — .- . - .
107® 10~° 107 1072 10°

Neutron Energy (GeV)

Figure 6.6 Histogram of the flux of neutrons as a function of log (kinetic energy), including the

mountain of rock

We also compare the results figure 6.6 with figure 6.7, produced by John Clem from
the University of Delaware for the same simulation except for independent geometry modeling.
Both results show consistent neutron spectra at 2565 altitude for all energies considered, including
a main peak at about 100 MeV and a tail of low-energy neutrons at ~1 MeV,

This result can be used to model the PSNM measurements. The sub-GeV neutrons
can easily penetrate the reflector and interact in the lead, and thus result in most of our PSNM
counts. However, a bare counter with moderator has a count rate that is probably dominated by
intermediate-energy neutrons (with enough energy to get through the moderator), especially if
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Expected Neutron Spectrum at Thailand Station (Sol Min)
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Figure 6.7 Histogram of the flux of neutrons as a function of log (kinetic energy), including the
mountain of rock, as generated by John Clem of U. Delaware

they interact with the moderator enough to bounce back and forth across the 1°BF3 gas. For the
NM64 count rate, the lower-energy neutron tail is not very important. In conclusion, this work
we have performed a nucleonic cascade simulation by using FLUKA program. We developed the
input files for FLUKA and simulated the effects of the secondary neutrons, on air molecules by
taking the effects of rock into account. The results show the expected neutron energy spectrum
at Doi Inthanon, that is the neutron produced by atmospheric cascade and could be detected by
NM. This work will give us data for further analysis and better understanding of effects of the
atmospheric structure on neutron monitor counts. We will also obtain information that can be

applied to improve space physics and astrophysics knowledge.
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MODEL OF ATMOSPHERIC PROPERTIES

The table A.1 shows information regarding each layer of our model of the atmosphere

for FLUKA simulations. The columns in the table are as follows:

1. Layer number (%)

2. Pressure at the botiom (F,) in Pa
3. Pressure at the top (P;) in Pa

4. Reference pressure (FPr¢s) in Pa

5. Altitude at the bottom (23) incm

6. Altitude at the top (2;) in cm

7. Density (p) in kg/m?

8. Temperature at the bottom (73) in K
9. Temperature at the top (7;) in K

10. Reference temperature (T;7) in K
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PRESSURE AND DENSITY EQUATIONS

This Appendix shows a derivation of the pressure and density equations in Chapter 4,

using the ideal gas law,

__ pRT
P= VR (B.1)
and hydrostatic equilibrium,
dP = —gpdz (B.2)
We divide equation B.2 by equation B.1:
dP gMdz
P = RT (B.3)
Integrating equation B.3 from Ay to A in altitude and P, to P in pressure, we obtain
r; dP’ f Md
o _ [ 9¥ez
P / RT (B4)
Py hy
In the case of constant T" (lapse rate L;=0), we have
P gM
P = Pe9M(h—hy)/RT (B.6)
In the case that T' changes with the lapse rate Ly,
T =T, + (h— hy) Ly, (B.7)

and

dT = Lpdz (B.8)



We replace dz in equation B.4 and integrate the temperature from 7 to T':

P T

/K__/.g_ﬂ ar’
P LR\ T
B

Ty

We replace T with equation B.7:
Ty + (h — hy) Ly -1?:{_3
P=h
Ty
P_n T, 1,7
- To+ (h — hy) Ly
50 we get,
M
T, R-Ly
P="F- if L 0,
° [Tb-i-Lb(h—hb)] e #
—g-M-(h—h .
P=Pb—exp[ g R-SI}, ")] Ly =0

For the density equation, we define the density formula as follows:

) Ryt
R z)-dz.
e /p()

hy
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(B.9)

(B.10)

(B.11)

(B.12)

(B.13)

(B.14)

(B.15)

(B.16)
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From the hydrostatic equilibrium equation B.2,

pdz = —— (B.17)

We replace pdz in equation B.16 with equation B.17 and integrate the pressure from P, to Py q:

Py

1 dP’
— _ e B.18
2= o1 + ho / g ®.18)

Py

By integrating equation B.18, we obtain

Py 1—-F

WROWEDY ®.19)

Py =
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