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Student: Yung-Shun Yeh Advisor: Guey-Lin Lin

Submitted to Institute of Physics
National Chiao Tung University

ABSTRACT

Physicists prepare to measure the last unknown mixing angle 613 of neutrino in
Daya Bay Reactor Neutrino Experiment. Due to the difficult detection of neutri-
nos, it is necessary to study backgrounds.carefully to reduce errors coming from
the backgrounds. The Aberdéen Tunnel Laberatory, which is located near Daya
Bay and have similar rockicompositionsyas-the*mountains around Daya Bay, have
the advantage to study backgrounds. Ifi this thesis, we mainly focus on the cosmic
moun-induced neutron background. We compare the the-neutron production rate
between three simulation tool kits, FLUKA 2006.3, FLUKA 1999, and Geant4,
and obtain a parameterizaion formula-using-klUIA 2006.3. The neutron yield in
Aberdeen Tunnel Lab can.be estimated via the parameterization formula. Futher-
more, we ha estimate the neutron yield by cosmie ‘muons by relastic simulation
in Aberdeen Tunnel Lab. These two results' give us a resonable prediction of the

Aberdeen Tunnel Experiment.
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Chapter 1
Introduction

Neutrino, which has been considered one of fundamental paticles, play a very
important role in both microscopié view of particle physics and the macroscopic
view of the evolution of the Universe. The last decade has seen a tremendous
advance in the understanding of-the meutrino sector. ‘There is now a robust evi-
dence for neutrino flavor conversion from selar, atmospheric[1, 2], reactor[5, 6] and
accelerator[3, 4] experiments, using a wide variety-of detector technologies. The
only consistent explanation for thesetesults is that neutrinos are massive and that
the neutrino mass eigenstates are 1ot the same as the flavor eigenstates (neutrino
mixing). Neutrino oscillatiens:depend on two mass-squared differences and three
neutrino mixing angles and one CP violation phase J.,. Four of these parameters
have been measured with reasonable precision by solar, atmospheric, reactor and
accelerator neutrino experiments. The last two parameters, the CP violation phase
d¢cp and the mixing angle 03, which have not been measured precisely, become the
main targets of the next generation of neutrino experiments. Even the value of 63
determines whether d., can be measured via neutrino oscillation experiments or
not. Therefore, measuring 6,3 precisely has become one of the most crucial tasks
in neutrino physics.

The Daya Bay Experiment|7] propose to perform a precision measurement of

013 by searching for the disappearance of electron antineutrinos from the nuclear



reactor complex in Daya Bay, China. The goal of the Daya Bay experiment is to
reach a sensitivity of 0.01 or better in sin? 26;5.

Before the mixing angle can be measured, the neutrinos have to be detected
first. Neutrino detection experiments require extremely sensitive equipment and
complex data acquisition system in order to discriminate signal and backgrounds
from the surrounding. However, some background cannot be distinguished from
neutrino events. This thesis aims to simulate the cosmic muon-induced neutron
background in the laboratory at Aberdeen Tunnel, Hong Kong, which is the pro-
totype experiment of Daya Bay project|8].

1.1 Brief history of neutrino

Neutrino was first postulated,in.1930 by Wolfgang Pauli to explain conservation
of energy in beta decay, the decay of a _neutron into. one electron and one pro-
ton. Physicists before 1930 believe the-nuelei decay-only emit electrons and pro-
tons. From the basic conseryvations of energy.and mementum, the emitted electron
should have a fixed energy. However, thé experiment result is not consistent with
physicists’ expectation... The emitted electrons carry with a continuous energy

spectrum, as shown in Fig. 1.1
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Figure 1.1: Energy distribution of the electrons



Pauli postulated that an undetected particle carries away the difference be-
tween the energy and momentum of the initial and final particles. Hence the
conservation laws of energy and momentum in beta decay reaction can be main-
tained. Pauli assume the particle, which we call it as neutrino today, has zero mass
and it is very difficult to detect. Today, due to the effort of physicists, we have
known neutrino has non-zero mass and detectable. Reines and Cowan performed
a historical experiment in 1956 to confirm the existence of free neutrinos, using
the Savannah River nuclear reactor as a neutrino source. The following reaction
is the inverse beta decay

v4p—nitet (1.1)

is used to capture the antineutrino from nuclear reactor interact with a target
proton to produce a neutron and a,positren. Due to the cross section of neutrino
and proton is only 107 cm?} this experiment; néed strong neutrino source and
enormous protons to be targets.

In 1962, L. Lederman, M. Schwartz,). Steinberger and their collaborators
discovered the second type of neutrino, which is named v by them, to distinguish
it from the previous one, v.. Until 2000, the third type of neutrino, v,, was
eventually eventually observed 'direetly-by-Fermi National Laboratory. Today, 3
types of neutrino are confirm to exist.

It is believed that neutrinohasazero massuntil the Super-Kamiokande experiment|[9]
in 1998 which ruled out this hypothesis'by ‘observing the atmospherical neutrino
oscillations. Neutrino oscillation is a quantum mechanical phenomenon whereby
a neutrino created with a specific lepton flavor(electron, muon or tau) can later
be measured to have a different flavor. The probability of measuring a partic-
ular flavor for a neutrino varies periodically as it propagates. The phenomenon
is due to the difference between the flavor eigenstates and mass eigenstates. It
also requires the non-degeneracy of mass eigenstates. This phenomenon give us a
circumstantial evidence that neutrino should have non-zero masses. The neutrino
oscillation phenomenon depend on 6 parameters of which two are mass-squared

differences, three are mixing angle, one is CP violation phase. The Daya Bay ex-



periment propose to measure the one of the mixing angles in neutrino oscillation.

More detail about neutrino oscillation will be introduced in following material.

1.2 Neutrino Oscillation

The concept of neutrino oscillation was first proposed by B. Pontecorvo in
1957, although his original proposal mainly describes the oscillation between neu-
trino and anti-neutrino. This is different from the concept of neutrino oscillation
nowadays. To describe the phenomenon of neutrino oscillation, we should know
that the neutrinos have two types of eigenstates, the flavor eigenstates and the
mass eigenstates, and these two types of eigenstates are not necessarily identical.
The flavor engenstates are the neutrino states created by lepton flavors (electron,
muon, tau) via weak interactions.  The detection of such states also result corre-
sponding flavors of leptons” by weak interactions. However, the mass eigenstates
carry quantum numbers=of energy and momentum-obeying Einstein’s relations.
Between these two typés of eigenstates, theresexists an untitary transformation be-
tween them to guarantee the probability conservation. In the following, we shall

give a discussion on neutrino oscillation.

1.2.1 Neutrino Oscillation in Vacuum[10]

First we define two types of eigenstates,

Ve 14!
flavor eigenstate: v | mass eigenstate: Vs (1.2)
V- Vs

There exist a unitary connecting flavor eigenstates and mass eigenstates.

Ve V1 V1
V,u = U 1] - U23U13U12 Vo (13)
Vr V3 V3



where

1 0 0 COS 913 0 sin 013
Uy = 0 cosfy; sinfyy |, Uz = 0 1 0
0 —sinfy3 cos by —sinfi3 0 cosfis

cosflis sinfy 0
U, = —sinfs cosbiy 0

0 0 1

The U is so-called "mixing matrix”, and 6; is the "mixing angle”.!

(1.5)

While a neutrino propagate in space, it must obey the Schrodinger equation.

Due to the smallness of neutrino mass, the velocity of neutrino must be very close

to the light speed. The relation’of E(energy), p(flnomentum) and m(mass) can be

expressed as
=\ p*+"m?

For p > m, we obtain
2

m
o o —
p+ %

Using the substutution ps=— —i%, = i%, and p ~ F; we obtain

141 m12 0 0 1%}
_2'2 = | F + L 0 2 0
or | 2|~ 2F 2 v
Vs 0 0 m32 Vs
Then, we subtract £ and ?—g from the Eq. 1.82, and get a new equation
1%} 0 0 0 1%}
.0 1 )
—25 Vo = ﬁ 0 Am21 0 Vo

'Here, we do not discuss the CP violation phase for simplicity

2This does not affect the probability, since it simply renders us a constant phase.

calculating the probability for a specific neutrino, the phase will be canceled out.

(1.6)

(1.7)

(1.8)

(1.9)

While



The plane-wave solution of Eq. 1.9 can be easily obtained

" 1 0 0 n
.Am%l
1%) - 0 e 2E " 0 12} (110)
AAmz
vs ) 0 0 e i eE T vs ) o

Since we concern the evolution flavor eigenstates. We rewrite Eq. 1.10

Ve 1 0 0 Ve
m2
U v, | =0 % 0 Ut (1.11)
.Am%l
Vr 0 0 e tT2E Vr
r=0
To calculate the survival probability of v, it is convenient to define,
Ve Ve 0 "
_ Ve — COSUg3l/,, — Sl U3l
Uss™ ' | v, | = amd | _ g " (1.12)
Uy = 8ilL0a31,, + cos Oa31/;
U, v_
In the basis, Eq. 1.10:then becomes
Ve My My Mis Ve
vy = Moy, Moy Mo vy (1.13)
v_ Mai—Mzsr—iviz3 L -~
iR r=0
which Mij is the matrix element of the i-th row and jsth column. Their values are
2 2 T o,
M11 = 013 012 +C13 812 e 2ETT 5136 2E (1.14)
.Am2
My = —Ci3C12512 + Ci3ChaSipe 22 "
2 2 .Am%l ,Amgl
Mz = —C13513C12" — C13513512°¢ 7" 28 " + (135517 28 "
AAmQ
My = —C13C19512 + C13C12512¢ " ezl
2 7.Am%1
My = S +Cree" 28"
.Am2
My; = S13512C15 — S13C12S10e ™ 22 "
2 2 .Am%l ,Am%l
My = —C13513C12" — C135135127¢ " 28 " 4 (13551 28 "
.Am2
Msy = 513C12512 — S13512C12¢7" 2"
4Am2 ,Am2
M33 = 013201224—01325122672 2’3217"—"5123671 eI



where

Ci' = COS Qij (115)
Si' = Sin Hij
Am?k = mj2 —mg

We now can calculate the survival probability, P (v, — v,). Because P (v, — v,)

only involve My, only M;; will appear in the following calculation for simplicity.

Pe—v.) = [(ve(r)|ve(r= O)>|2

-~ (1 00)

AAmgl ,Am%l
C13%C1o* + C13%S10%e 38 T‘f’Slzz«;e_Z e

= 1- Cil?) SiIl2 2012 sin2 Agl - 0122 sin2 2913 sin2 Agl — sz sin2 2913 SiIl2 Agg

where

kin)
Ay =01, 4 2 37.(— 1.1
= L26TAM (V) X 10 oo (1.17)

(1.18)

r is the baseline in km, E'the neutrino energy-in-MeV;and m; the j-th antineutrino
mass in eV. Eq. 1.17 is independent of the C P.phase angle dcp and the mixing
angle 0y3. The P (v, — v,) is the survival probability for .. We can define the
disappearance probability Pys =1 — P (v, — v.) to determine the baseline of the
013 experiment.

The followings is the latest measurements of the mixing angles and mass-

squared differences by Super-K[1, 2] and KamLAND[5, 6] respectively,
1.5-107% eV? < |Am3,]| < 3.4-107% eV?, sin” 2053 > 0.92. (1.19)

with the best fit values given by sin® 20,3 = 1 and Am2, = 2.1-1073 eV? respec-
tively.

7.21-107° eV? < Am3, < 8.63-107° eV?, 0.267 < sin®6f;5 < 0.371,  (1.20)

7



with the best fit values Am3, = 7.92-107° eV? and sin?#;, = 0.314. The third
mixing angle, 613, is small and has not yet been determined; the current experi-

mental bound is sin? 2613 < 0.12 ~ 0.2 at 90% confidence level from CHOOZ[17].




Chapter 2
The Daya Bay Experiment

To measure the neutrino mixing angle 63, we need enormous neutrino source.
The reactors become candidates. #A typical réactor with 3 GW of thermal power(3
GWyy,) emits 6 x 102° antineiitrinos per second with energy up to 8 MeV. The Day
Bay nuclear power complex is one of the most prolifie’sources of antineutrinos in
the world. Currently with two pairs of reactor cores (Daya Bay and Ling Ao),
separated by about 1.L kmj; the complex‘generates 11.6, GW of thermal power;
The thermal power willfincrease to. 174 GW by earlyy 2011 when a third pair of
reactor cores (Ling Ao H) is put into operation and Daya Bay will be among the
five most powerful reactor' eomplexes in the worlds The site is located adjacent to
mountainous terrain, ideal for setting up-underground detector laboratories that
are well shielded from cosmic ray backgrounds. This site offers an exceptional
opportunity for a reactor neutrino experiment optimized to perform a precision
determination of sin® 26,3 through a measurement of the relative rates and energy
spectrum of reactor antineutrinos at different baselines.

The basic experimental layout of Daya Bay consists of three underground ex-
perimental halls, one far and two near, linked by horizontal tunnels. Figure 2.1

shows the detector module deployment at these sites.



Figure 2.1: Default co ment, optimized for best

at the far site and two

2.1 The Optimi ic stector Baseline

We now use Eq. 1.17 to decide the baseline of the detector. In Eq. 1.17, we can

divide the disappearance probability into two terms. The first term,
Py = C’f3 sin? 2615 sin? Ao; & sin® ;5 sin? Aoy (2.1)
for 613 < 10°, which is only sensitive in #;5. The second term,
Pi3 = C7,sin® 2613 sin”* Ay + S7, sin® 2013 sin® Ay (2.2)

is the term containing #;3. To obtain the value of ;3 precisely, the Far detector

should lay in the first oscillation maximum in #;3. Fig 2.2 drawn with the best

10



fit parameters Am2, = 2.1-107% eV? Am32, = 7.92- 107 eV?, sin?6;, = 0.314,
sin?260;3 = 0.10 and E,=3.4 MeV, shows P35 dominate the survival probability
of v, around 1 ~ 2 km. As shown in Fig. 2.2, at the first oscillation maximum,
which is about at 1 ~ 2 km to the neutrino source, the P;5 contribute least,
i.e. sin? Ay < 1. The Py3 dominate the oscillation around this distance, and

P53 ~ sin? 20,3 sin Agy, purely 63 function.

| Survival probability of a beam of neutrino as a fucntion of distance

0.9

0.8

0.7

0.6

survival probability

0.5

0.4

0.3

0.2

0.1

0 ! e |
1

Q
[N
-

di%Pance from source(km)

Figure 2.2: Reactor antineutrine survival-probability as a function of distance from
source. The black curve is the total disappearance probability, the red curve is
the term Pj» in disappearance probability, and the blue curve is the term Pi3 in

disappearance probability.
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2.2 Detection of 7, from Nuclear Reactor

The reaction employed to detect the 7, from a reactor is the inverse beta-deday
Ue+p — et+n. Neutrinos only have weak interaction and gravitational interaction.
Even for the more sensitive interaction, weak interaction, the cross section is only
10~*cm?. In order to detect a free neutrino, the following requirements must be
fulfilled[11]

1. a very intense neutrino source;
2. a proton-rich target;

3. a detection system designed to discriminate strongly aganist backgrounds

because of the low event rate.

A nuclear reactor is a goodteandidate to provide stréong neutrino source, because
of average 6 neutrino emitted per fission. .Using. liquid.scintillator, a proton-rich
organic compound whieh can fluoresce uponsthe passage of an ionizing particle,
as both a target and a“detector, an antineutrino will giveé out measurable signals
when the inverse beta'decay occurs. “Fig.2.3-show how to detect inverse beta
decay.

The sequence of physical processes in the diagram is as follows.

1. An antineutrino from the reactor interacts with a proton provided by the
liquid scintillator and produces a positron with kinetic energy from zero to

about 8 MeV, and a neutron with a negligible kinetic energy.

2. The positron is attracted by the surrounding negatively charged particles
and is slowed down. Through diffusing in the liquid scintillator, the kinetic
energy is transferred, producing scintillation light. Ultimately the positron
annihilates with an orbital electron to give out two 0.511 MeV gamma. These
processes take about 10719 second and produce a prompt signal for the in-

verse beta decay.

12
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Figure 2.3: Schematic of antineutrino detectors ;An antineutrino interacts with a

proton to give out a neutromn and positron. Both particles produced then give out

gamma rays.

3. The neutron is alse slowed down by scattering with surrounding particles

until it is captured by either hydrogen or doped chemicals. Then gamma

rays will be emitted with characteristic energies and act as a delayed signal

since these processed take about 1075 second:

2.3 The Aberdeen Tunnel Experiment

To achieve the desired sensitivity to sin?#3 of 0.01 or better, beside the highly

sensitive equipment to detect neutrinos, it is necessary to discriminate the cosmic

muon backgrounds from signal events. For Daya Bay experiment, it is highly desir-

able that these cosmic muon induced backgrounds be measured in an underground

laboratory that has similar overburdens and rock types as those in the Daya Bay

experiment.

The Aberdeen Tunnel laboratory in Hong Kong turns out to be a good location

13



for this purpose. It has an overhurden of approximately 250 m of rocks with similar
composition to those in Daya Bay experiment. The laboratory is located at the
cross junction of the tunnel tubes at the middle of the Aberdeen Tunnel in Hong
Kong. It is 22 m above see level at 22.23°N and 114.6°E. Most of the rocks in
Hong Kong Island is granite with an average density about 2.5 to 2.8 g/cm™3.

The detector in Aberdeen Tunnel laboratory, it consists of a muon tracker and
a neutron detector. The muon tracker is made up of three layers of proportional
tubes and three hodoscopes of plastic scintillators for triggering on the cosmic-
ray muons, and for determining the position of the incident muon in the offline
analysis. The neutron detector contains two zones. The outer part is mineral oil to
reduce the background such as y-ray from radioactivity and cosmic moun-induced
neutrons. The inner part is the liquid scintillator, which gives the signal when
a neutron is captured. Fig. 2.4:shows the configuration of the Aberdeen Tunnel
Lab.

/2}(1510 c¢m wide by 1.0 m long plastic
LEL T I T P LT 111 scintillation hodoscopes

| )
T

7.6 em diameter by 2.0 m long
proportional counters

«— 18 10 em wide by 1.5 m long plastic

OTTTOTOTTOTTTTTTTITTOE0 - senillaion hedoscopes

24 7.6 em diameter by 2.0 m long
proportional counters

| —— Gadolinium-doped liquid scintillator

178.7 em . ’
| _———— Mineral oil buffer

15 9.3 cm wide by 2.0 m long plastic

/ scintillation hodoscopes

L 1 A A A e, HAbs ] « 24 7.6 em diameter by 2.0 m long
proportional counters

Figure 2.4: The detector configuration for studying the cosmic background at the
Aberdeen Tunnel Laboratory.
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Chapter 3

Estimation of the muon-induced

neutrons

For the low energy neutrino experiments, fast meutrons from cosmic-ray muons
known to be an important background.  This is,becatise the muon-induced neu-
trons often contaminate the neutrino deteetion signals . When an anti-neutrino is
captured by inverse beta decay and a positron and a neutron are produced. The
signals of anti-neutrinorare detected by the detections of positions and neutrons.
The muon-induced neufron often animicked the signals, when it interacted with
the detector. Unlike chargeéd hadrons, which can'be*tagged by the veto system,
neutrons can not be identified until theyare finally captured.

In this chapter, we discuss the yield of muon-induced neutron, the neutron
energy spectrum, and the neutron angular distribution by the Monte Carlo sim-
ulation package, FLUKA 2006.3, and we compare our result with that obtained
by earler versions of FLUKA[12, 13, 16] and that by another simulation package,
Geant4'[14, 15, 16].

IThis part of simulation has done by a colleague.
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3.1 Background to Reactor Antineutrino Exper-

iments

In reactor antineutrino experiments, the signal events (inverse beta decay
reactions) have a distinct signature of two time-ordered events: a prompt signal
resulting from position annihilation and a delayed neutron-captured signal. There
are mainly two sources of neutron background in reactor antinetrino experiments.
One is local radioactivity which forms the uncorrected background, and the other
is cosmic-ray muon which forms the correlated one. The correlated background is
defined in such a way that when a background event is triggered by the prompt
signal and delayed signal, both signals come from the same source. For example,
the the muon-induced neutron gives a_delayed signal, and the recoiled proton
gives prompt signal. On the;contrary, the uncorrelated background is defined
when two signals come from different sources but satisfy the trigger requirements
by chance. For examplelocal radioactivity and-the single neutron events induced
by cosmic muons may occur within a time ‘coincidence window accidentally to
form an uncorrelated background. We_c¢an measure the neutron background from
local radioactivity by changing/the time coincidence window. The neutron yield
from cosmic-ray muons strougly dépends on the depth due to the energy loss of
muon when penetrating inte the underground. s§ite:" The muon-induced neutron
background is more important for“such reactor antineutrino experiments. There

are several reasons for this:

1. The muon-induced neutrons can mimic the neutrino event detected via the
inverse beta decay interaction by a detector. When a fast neutron propagate
in the detector, it interacts with the surrounding material and the proton
in the nucleus recoils. the recoiled proton behave like a prompt signal of
et. The fast neutron is then slowed down and finally captured that gives a

delayed signal.

2. A detector can be protected against neutrons from the rock activity by
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hydrogen-rich material, However such material will be a target for cosmic-
ray muons and then produce more muon-induced neutrons surrounding the

detector.

3. Cosmic-ray muons often have enough energy to penetrate through the de-
tector and produce secondary particles, including secondary neutrons. But
the primary particles will also interact with surrounding material and have
the possibility to produce neutrons. These neutrons given by muon cascade

make the background more complex and produce more fake signal events.

It is very difficult to measure these backgrounds, since they fulfill the whole
requirements as an antineutrino event. In the ideal case, the background can be
measured if the antineutrino sources, i.e. _the nuclear reactors, are turned off.
Obviously this is almost impessible.” The similation of muon-induced neutron
is needed to give a rough. estimation-ef-the-backgreund. Before detailing the

simulation, it is necessary to understaiid the origins of fast neutrons.

3.1.1 Origins of-the fast neutrons

The primary cosmie ray particle interact with qmolecules of our atmospere
producing hadronic showers. ‘At sea level, about 75% of the particles are muons
and others are pions, protons, neutrons; electrons; and gamma rays. Excpet muon,
all of the above particles can not penetrate through rock top underground. This
is why most of neutrino experiments are performed underground to protect their
detectors against the contamination of cosmic ray.

As said, even other particles are blocked, there is still background coming from
cosmic-ray muons. Fast neutrons from cosmic-ray muons are produced in the

following processes.

1. Muon interactions with nuclei via a virtual photon producing a nuclear dis-
integrations, resulting in the original muon and a neutron coming out. This

process is usually referred to as ”muon spallation”.
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Figure 3.1: The Feynman diagram for a muon spallation process.

2. Muon elastic scattering with neutrons bound in nuclei.

3. Photonuclear reactions associated with eletromagnetic showers generated by

muons.

4. There are secondary neutrons produced following any of the above processes.

3.2 Simulation of neutron production in hydro-

carbon scintillator

In order to study neutroen production by muen in materials we consider a
1~ beam with mono-energy “and mono-direction incident at the center of a block
filled with hydrocarbon scintillator. We ichoose C,9Hss as the material for our this
simulation. The density of CygHgy is 0.85 g/cm®. The thickness of scintillator
block depend on the energy of muon beams. For the muon beams with energy
below 100 GeV, we choose the thickness as 1500 c¢m; for the muon with energy
above 100 GeV, the thickness 4500 cm is chosen.

Muon-induced cascades require a certain length of material to develop and
reach equilibrium in the number of neutrons produced per unit muon track length.

To avoid the edge effect, neutron produced in the very beginning region are

dropped off, only neutrons produced in the later region are considered.
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Figure 3.2: The histogram for netitron production positions by 10 GeV muons.
It shows that the muon cascades reach equilibrium after the position 450 cm, the

muon cascades reach equilibrium.
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In Fig.3.2, the neutron production in the beginning is rapidly growing, be-
cause the muon cascade has not yet completely developed. Therefore the neutron
production in this region are disregarded.

For muon energies below ~ 100 GeV one must also correct for muon energy
loss, as shown in Fig. 3.2. In the equilibrium region, the neutron production is
slightly decreasing resulting from the muon energy loss. If we just take the initial
muon energy to be representive the muon energy here. We shall miss the effect
of the muon energy loss. To correct for the energy loss, it is reasonable to take
the representative muon energy as the averaged muon energy in the equilibrium
region.

In counting the number of neutrons created in a cascade, one must avoid double-
counting. For the neutron-induced neutron interaction, FLUKA treats the parent
neutron after interaction to be.anew-born neutron. To avoid the double-countings,
we consider that the highest energy one in the final'state corresponds to the ini-
tial neutron and remove:it from the ceunt. ' The following figure illustrates this

procedure.

n 30MeV
Daughter—the only particle

to be counted!
n 100MeV
Parent

n 70MeV
Parent

Figure 3.3: Ilustration of neutron-induced neutron interaction

In Fig. 3.3, We show an example where a neutron with energy 100 MeV
interacts with certain nucleus and produces two neutrons with energies 30 MeV
and 70 MeV. We treat the neutron with energy 70 MeV to be the parent neutron,
and the neutron with energy 30 MeV to be the daughter neutron. We only count

the daughter neutron in this interaction.
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3.3 Results

3.3.1 The neutron yield

The total neutron yield, as the function of muon energy, given by different sium-
lations, are shown in Fig. 3.4. The parameterization of neutron yield in our

simulation is

£\ 069
N, = 4.82 x (Ge@') x 10 %neutron/u/(g/cm?) (3.1)

Neutron production rate
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Figure 3.4: The neutorn yield as the function of muon energy. The horizontal axis
is muon energy and the vertical axis is the events number per g-cm~2 per muon.
The circle points are the data points of FLUKA 2006.3 and the black curve is the
fitting. The red curve is the parameterization published by Wang et al.[13]. The
square points are the data points of the Geant 4.8.2 and the blue dash line is the
fitting.
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In Fig. 3.4, in the low energy region(< 50GeV) three fitting curves are quite
similar. However, in the region above 100 GeV, the result of FLUKA 2006.3 is
smaller than that of Wang et al. by about 14%. The result of Geant4.8.2 is smaller
than that of Wang et al. by about 30%.

Three vertical lines in Fig.3.4, indicate the average muon energy in every spe-
cific experimental sites, 130 GeV for the Far site, 60 GeV for the LingAo site, and
120 GeV for the Aberdeen site.

We use a simple formula to define the deviation between Geant4.8.2 and FLUKA
2006.3.

Geant4d — FLUKA

Deviation = 1
eviation reR— x 100%

Aberdeen Tunnel | Ling Ao Near | Far Hall

Mean muon energy (GeV) 120 60 130
Deviation (%) 7.9 5 8

Table 3.1: The deviations on neutron yield predictions between two different sim-

ulation tool kits at thesdifferent experimental sites.

The deviations of both simulationsinsthese-experimental sites are rather small.
It means that similar results from two different simulation packages can be obtained
in this energy region. It is reasonable for the deviations ar small, because the muon
energies of these sites is not large. In the previous figure, we have a conclusion
that the difference become larger when the energy is around 1000 GeV. but these
energies of this sites are only around 100 GeV.

By these simulations, one can estimate the neutron yields in these experimental
sites. For example, we discuss the Aberdeen Tunnel experimental site. In the

Aberdeen Tunnel, the muon average energy and the muon intensity are:
(E,) =120.7 GeV, I,=9.66 x 10 %cm 57! (3.2)
In the liquid scintillator C;oHas, with the density 0.85g cm ™3, the neutron yield is
NES ~1.0810 x 10*m3s ™! (3.3)
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We expect about 93 neutrons per day per m? induced by the cosmic ray muons,
and about 72 neutrons produced in the liquid scintillator of the Aberdeen Tunnel
site. To get a more realistic estimation of neutron yield from cosmic muons, it is
necessary to simulate the whole geometry of Aberdeen Tunnel experimental site.
To do this, the full information on muon flux is needed, not the average one. The
details will be discussed in the next chapter. The above is estimation gives us a

rough number of neutron yield in liquid scintillator.

3.3.2 Neutron energy spectra

We also compare the neutron energy spectra with a universal empirical function

obtained by Wang et al.. The following one is the empirical function is given by

dN Ao B
5 :A( - + B(Ey)e 2En>, (3.4)

where A is normalization factor -and
B(E,) = 0.52 — 0/58¢~ %0995, (3.5)

Fig.3.5 shows that the neutron-enérgy spectra fitted=to the empirical function
of Wang et al.. Except the lowest’ muon-energy-ease, the results of FLUKA 2006.3
agrees well with the empirical function. Even instheflowest energy case, the result

of FLUKA also agree with the original histegram of Wang et al.(see Fig. 3.6).
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Figure 3.5: Neutron energy spectra at different primary muon energy: The black

histograms are results of FLUKA 2006.3. The red curves are the empirical function
of Wang et al..

24



10
3
107} 11Gev | 10°} 20 GeV
102} 1021
10 | 10 F
1 1 b
2 A E Aaf
5 10 3 10 3
> 10-2:I\\\|\|I | 1 10-2:I\II|II\\II\II‘
2 0 05 1 15 2 0 05 1 15 2
5 E, (GeV) E, (GeV)
é 104 104
3
2 103; 90 GeV 10 i 270 GeV
2f 102
10 E E
10 [ 10 ¢
1k 1*
.1; 10-1;
10 T T N B FTE T N
0 0.5 1 1.5 2 0 0.5 1 1.5 2
E, (GeV) E, (GeV)
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3.3.3 The neutron angular distribution

The neutron angular distribution relative to the primary muon track could help
to understand the neutron background in any detector underground since muon
tracks are relatively easy to reconstruct. It is expected to be forward peaked,
smoothed somewhat by the contribution of secondary neutrons. We fitted our

result with the parateterization obtained by Wang et al.

iN C
dcos® (1 —cosf)®+ D (E,)

(3.6)

where D (E,) = 0.699E/;0'136. The results of FLUKA 2006.3 agree well with the

parameterization of Wang et al..

Angular distribution Angular distribution Entrier 64538
ries
£ 0.1886
%lson F So00f- 5860
g H
I g
R0 “as00f-
2500 E,=78 GeV

E,=19.7 GeV
2000~

2000~
5 1500
1500~

1000

T T | Lol [P O O T PP O O |
-1 -08 -06 -04 -02 -0 02 04 06 08 -1 -08 -06 -04 -02 -0 02 04 06 08

Angular distribution

& F
%500 E
i

Angular distribution

gz
8

Entries 142373
Mean  0.2204
5816

2

7000~

2

g
6000

2500~ E, =918 GeV so00l- E,=2613 GeV

4000

3000

2000

P T SO PP Ul PR Y PO | (I PO PN P PP PO IO O
-1 -08 06 -04 02 -0 02 04 06 08 -1 -08 -06 -04 -02 -0 02 04 06 08
cos6 cosi

Figure 3.7: Neutron angular distribution. The horizontal axis is cosine of the angle
between muon direction and neutron direction, and the vertical axis is the event

number per bin. The histogram is the result of FLUKA 2006.3 and the red curves

are the parameterization of Wang et al..
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3.3.4 Origins of neutrons

We have also analysed the importance of individual neutron-producing processes in
this simulation, which can be compared to similar data from Geant4, and prevous
version of FLUKA. The following two figures present the relative contribution by
each process as a function of the muon energy, which are obtained by FLUKA

2006.3 and Geant4 respectively.
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Figure 3.8: origins of neutrons sinulated by FLUKA 2006.3
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Figure 3.9: Origins of neutrons simulated by Geant4
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There is a certain similarity agreement between two results, in that both pre-
dict neutron production by electromagnetic cascades (real photonuclear interac-
tion) dominate at lower energies and decrease in its importance with an increasing
muon energy, while neutron production by hadronic cascades become more impor-
tant with an increasing muon energy. In those two figures, the most significant
difference in between two simulation packages is on the m — N process. In the low
energy range, the fraction of 7 — N given by FLUKA is 3 times larger than that
given by Geant4. In the high energy range, the fraction of 7 — N by FLUKA is
1.5 times larger than that by Geant4.
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Chapter 4

The Prediction of Neutron Yield
by Cosmic Muons in Aberdeen

Tunnel Site

If we simply score the.calculation of the previous chapter, there will be about 72
neutrons produced in the liquid scintillator-of the Aberdeen Tunnel site. However,
the estimation only treat the cosmic.muonsas meno-divectional and mon-energetic.
Furthermore, we only use a simple.geometry'in that'the simulation, a cube filled
will liquid scintillator, instéad of the realistic geometry. In this chapter, we will

discuss the realistic situation i1 the Abérdeen Tunnel site.

4.1 Cosmic-ray Muon Distribution in Aberdeen

Tunnel Site

Before simulating the neutron yield in the Aberdeen Tunnel site. We need the
muon flux and spectrum in the Aberdeen Tunnel site. We use the Modified Gaisser

formula to get the sea-level muon spectrum and generate random events using the
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Monte Carlo method. The Modified Gaisser formula is

dN, | OME>T [ L 364 T 1 L 0054 (4.1)
dE, — cm?s st GeV E,qg(0) 1+ gmg& 1+ %55& '
where,
9(0) = Vcos20 + P,% + Pycos™ 6 + Py cos™s 0 (4.2)
and

P, =0.102573, P, = —0.068287, P; = 0.958633, P, = 0.1817285, P; = 0.817285
(4.3)
Then the MUSIC(MUon SImulation Code) is used to simulate the propagat-
ing of muons through rock in Aberdeen Muontain and the energy loss of each

interaction via different physical proce The propagation length is given by

(0,0,22m).

Figure 4.1: Aberdeen Mountain 3D scheme

Using the Modified Gaisser formula and MUSIC simulation package, we can
get the muon flux and energy spectrum. Fig. 4.2 and Fig. 4.3 show the energy

31



| Energy Spectrum of Muons |

events/bin

10*

10°

10?

:|T|T|] IIIII|'|T| IIIII|'|T| TTTIT

10

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Muon energy(GeV)

o

Figure 4.2: Muon energyssepctrum in Aberdeen Tunnel site

a

| -

| -
g

| Angular Distribution of Muons |

Azimuthal angle(rad.)

0 . 04 06 08 1 12 14
Zenith angle(rad.)

Figure 4.3: Muon angular distribution at the Aberdeen Tunnel site
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spectrum and the angular distribution. The average energy of muon flux and the

integrated muon intensity are

(E,)=117.7 GeV, I,=1.085x 10 °cm ?s™" (4.4)

4.2 Neutron yield in Aberdeen Tunnel site

4.2.1 Configuration

Before discussing the configuration of the simulation, we set the center point
to be the ground point of the center of the liquid scintillator. The +y direction
point at north. To ensure muon cascade achieve the equilibrium, the muon first
propagate through a block of rock with:10.n of thickness before reaching to the
underground laboratory. Thetefore, it will be shot, at 12.3 m high, which is the
sum of the rock thicknesssand heightrofsthedaboratory, and its x and y values
will be given radomly ina (10 x 10 m?) area(-=5m < z,y < 5 m) to guarantee
simulating all directions of muons. The direction and energy of muons is given by
the Modified Gaisser formula and MUSIC package. Allsproperties of muons are
input in FLUKA 2006.3.

There are three layers'of muonitrackers, with the'dimension 200 cm x 200 cm X
10.54 cm. While a muon goes threugh a muon-tracker, FLUKA 2006.3 will record
its properties. When the muon penetrates through all three layers of muon track-
ers, it will be recognized as a coincident muon. All of neutrons produced in the
liquid scintillator as well as neutrons arriving at liquid scintillator from outsite will
be recorded, and the neutron which go into the liquid scintillator from outside will
be recorded, too.

While muons propagate in the Aberdeen Tunnel Laboratory, it is possible that
some muons run out of the geometry set by the simulation, and consequently the
program terminates. So the muon number which arrive the detector will be less
than that generated in the initial position. But the muon flux around the detector

should be approximately equal to that in the top of the geometry. To fix this
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problem, the periodic boundary condition is employed. For example, while one
particle escapes from the lab at 4+y wall, it shall return to the lab from the -y wall

with the same physical properities.

4.2.2 Results

After simulating 2 x 10° muons in the Aberdeen Tunnel site, we obtain 17437
coincident muons and 208 neutrons produced in the liquid scintillator, in which
35 of these neutrons are produced by the coincident muons. By the previous
discussion, we can easily calculate the time period for accumulating 2 x 10° muons.
In fact, it would take 1.8433 x 10° seconds, roughly 2 days to accumulate these
muons. Thus, there are an average number of 97 neutrons produced in liquid
scintillator per day. Also, we find.thatthere,are 206 neutrons transporting into
the liquid scintillator from ouside per day. Hence,there are totally 303 neutrons
appearing in the liquid scintillator per day:" The result by scaling numbers in
the previous chapter, 72meutrons/day ‘does not inelude the neutrons transporting
into the detector. Fig: 4.4 shows the energy distributién of the muon-induced
neutrons, which include neutrons produced in liquid secintillator and tranporting

into the liquid scintillator.
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Figure 4.4: The energy distribution‘of muon-indued neutron which contain neu-
trons transporting into liquid scintillator and those produced in liquid scintillator.

The mean energy is 81.9 MeV.
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Chapter 5
Conclusion and Outlook

We have introduced the brief history of neutrino and the importance of the
neutrino physics. The neutrino mixing that confirms the non-zero mass of neutrino
make physicists extend the Standard Model. We have also discussed the detection
of neutrinos and the backgrounds inneutrino experiments. Due to the deficult de-
tection of neutrino, it is necessary to study backgrounds carefully to reduce errors
coming from the backgrounds. This showsthe importance of the Aberdeen Tunnel
Experiment for the suceess of Daya Bay Neutrino Experiment. This thesis mainly
focus on the simulation of comic. muon-induced-neutron background. We also com-
pared the muon-induced neutron simulations betweensvarious simulation tool kits:
FLUKA 1999, FLUKA 2006.3 and Geant 4.8.2, and obtained a parameterization
formula using FLUKA 2006.3

£\ 069
N,, = 4.82 x (Ge@) x 10 %neutron/p/(g/cm?). (5.1)

We have used the parameterization formula to estimation that there are 72 neu-
trons produced in liquid scintillator in Aberdeen Tunnel Lab. Furthermore, we
have cosidered the realistic situation, using Modified Gaisser Formula to generate
the muon flux in the atmosphere and inputting the MUSIC to get the muon flux in
Aberdeen Tunnel Lab. Finally, we have found that there are 97 neutrons produced

in the liquid scintillator, and 206 neutrons transporting into the detector per day.
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Comparing the results of estimation of neutron yield by parametrization formula
and relastic simulation, we found the results of the two methods are similar for
neutrons produced in the liquid scintillator. However, Eq. can not estimate the
number of neutrons transporting to the liquid scintillator.

In the future, we will simulate the photon signals arising from the neutron

capture, and the neutron detection efficiency.
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