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ABSTRACT

Neutrino physics is the frontier of particle physics, astrophysics and cosmology
physics. Neutrino oscillation is the only evidence of physics beyond the standard model
in particle physics, and serves as a key to search new physics. Among the six basic
parameters of the neutrino mixing matrix, the value of 13 is important for future neu-
trino experiments. The goal of Daya Bay neutrino experiment is to precisely determine
613 with a sensitivity of 0.01 or better in sin®260;3 at 90% confidence level. In order
to achieve this goal, it is important to reduce the systematic uncertainties as well as
suppress backgrounds, which requires a very careful detector design.

An innovative design in the Daya Bay antineutrino detector (AD) is to use optical
reflective panels at the top and bottom of the detector cylinder, in order to increase
light collection and vertical uniformity. The main work in this thesis is responsible for
the design and fabrication of the reflector. The physical design has been optimized by
the Monte Carlo study. The mechanical design and lifting scheme have been verified
and optimized through a prototype fabrication. To determine the best materials, a lot
of studies to the reflective films and acrylic have been taken. Strict cleaning criteria
and procedures are followed to ensure the optical quality. To flat the reflective film and
seal the reflector, a special vacuum pumping technic has been found. Strict criteria and
procedures for inspection and acceptance are well followed. Till now, half of the reflectors
have been produced with good quality and have been accepted by the experiment. This
thesis also contributes to the background control of the AD, including the radioactivity
and cleanness criteria of AD, as well as the cleaning for LS storage tank.

The charge and time distribution become complex due to reflectors. It increases the
di Lculities for reconstruction. In this thesis, a maximum likelihood (ML) reconstruction
algorithm is developed. The vertex and energy are determined from the charge pattern
of the PMTs, without reliance on time-of-flight. Monte Carlo studies of the ML method
show good performances for both the Daya Bay antineutrino detector and its prototype.
The ML method is further tested with the source data in the prototype detector. The

reconstruction algorithm has been implemented into our software framework NuWa.



Based on our understandings to the light propagation in the detector, either recon-
struction or simulation needs a proper optical model. In this thesis, a new optical model
is proposed for detector simulation. The new model gives a full description to the light
absorption and re-emission processes between the liquid scintillator components. This
work is based on the accurate measurement of the liquid attenuation length and the

preliminary results of quantum yield measurements.

Key words: neutrino oscillation, reflective panel, antineutrino detector reconstruction,

optical model, low background
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E=36 + 0.11(40.37) x 1073
Am%l =
46 + 0.12(+0.37) x 1073
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[T ITTHF I IR T T IAYH CTI3ET T Didappearance LT IR T T T 1T 1 11

LTT1

= o(1) (1.15)
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Py — vy) = 1 —sin? 203 sin?(1.274m3%, L/ Ey) (1.20)
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a=2V2GrneBy = 7.6 x 10™°p[g/cm®|Ey[GeV]  [eV?], (1.22)

(=20 =3 [ I I I I I P | I I | == I I I I I ] N I N S 7 Y I
I T T T T T I T T T # b e ROLCT T T LT 4 6cp L1

10



I T T Y T T TN DICT AN T RTITT P, > ) CTTRTTTIT]
Poy—ve) P T o T TTTTAY - Slad T T T TTTTITITTITT]

A = — — ~ .
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I I I I I I O [ I L N I I I N I A N I I I
G 1 I

ve+p — e +n (1.25)
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(Mn+me)2—M,§
21,

EI = = 1.806 MeV (1.26)

Evis ~ Ey, — 0.8 MeV (1.27)
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LT T T T T T T T T T L35I |

&L [P?Th | 28U 0K ®0cCo Total

3ppb | 2ppb | 0.2 ppb | 15 mBg/kg | —

[(TITTIITIHA) | 14T | 22 2.8 0.77 2.7 8.5
[(TITITITITTIHAD| 57T 2.9 4.0 1.1 2.8 11

CICIIrrrrii — S5ppb | 2ppb | 1ppb | 10 mBg/kg | —
[CIITITTI(HA) | 100kg | 0.036 | 0.034 | 0.045 0.023 0.14
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(I T I T T T T T T T T T T T T T T T T F I T T T T 1111 zdal 1

11 AL T T 1T 1T 1 11 I T 11 I T 11 ]

238 4.7 x1072 ppb 1.5 Hz | 14 /year
232Th 9.4 x1072 ppb 1.3 Hz | 15 /year
0K 1.2 x1072 ppb 1.7 Hz -
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IAV/OAV/SSV [T T T T T T T T T T T T T<100mg)/(<300 mg)/(<1g) [ TIT L1
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[T I T T T I I I T T I T I T T T T I T T T 3ACT T GB50073-2001 LTI 11
CII T T T T T T T T T T T T T T 111 Fa5m CL I T KBS0 000/m® =3

pm CLTE2500/m® I I I I I I T I I I I I I T I T T @I T4am L1 11
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m CIFT T T TITIOmsmg C1

(372 T GB50073-2001 LT T TTTTITITITITITI]

LTT1 >05um LCILTTPS5mILCITTTI1

100 01 3,500/m3 —

1000 {1 35,000/m?3 250/m3
10000 1 350,000/m3 2,500/m3
100000 [ 13,500,000/m3 25,000/m?3
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AD LT T I T T ITT I ITOITIITIONTITTI]

1AV ~40/m? | ~7/mg/day | <14 days

OAV ~70/m? | ~13/mg/day | <23 days

SSsV ~110/m? | ~20/mg/day | <50 days
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p(Ni, i) = T.'
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S A |
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P N
= W) (42)
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[(TIT I NE{N,ic PMTId} LTI T T T I T TTTLILTLF {ujic PMTId}

78



Ngmt—]
Lcharge(N> ) = F (NG, i)
I — —
N N;
= ’Imt——I:IICI_Cﬁ:?I\[lfI ’ T(Nh ql) L (43)
i=0  N;=0 r

I TN FE X) CIM T TN I T C T OB C I
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cos 6
pd = Qﬁ'%'eXP(_Rd/)\a)'EQE
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0 = By - (4.4)
CFy CET T EI T T T T T T B CPMT CI T T T T RICT T T T T 11
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X2/ ndf  1.168e-05/5
@ Prob 1
r p0  0.378 + 0.001095
\8/ 10y pl  0.5093 + 0.001013
- L p2  0.1135+ 0.001644
0.8?
0.6~
04f
0.2F
OO’H‘mHmumumumumum L
"0 20 40 60 80 100 120 140 160
0

(42 PMT CLLL LTI I T T AL LT F(dos6y) 1

(T T AT T I TIT I I T I0cm~20cm CIT T T T T ITITTITITTITOITTTI]

LT T T T T T T T TITTTITTTITPMT LI T T I TITTTITTITITTITPMT LI

[T T T 1T 1T 1T 1T 43 1T T 1T T 1T 1T T T T 1T T 1T 1T 1T 1T 1T 1T 1T 1T 1T 1T 1T 111 1111
S o L
— 1 S 1
(I I I T I T 1T 1a3—- , —- e . = cos(§)dzdydz
V' Vg 2 Cos(6)drdy

MR Indf  5.199e-05/57

=1 2% % o
< po 0.9998 = 0.4008
S el Pl -0.0005612% 6.06
r p2 0.5145+ 19.26

rozf

Suppose an uniform spheric distribution ,

each point is an isotropic source 1.01 [
\\\j Looj
S S A AU AN R AT WA
Flat PMT surface 000 0.05 10 015 020 025 030
assumption, area: S R/L
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LT TTTTPNTCITITTIT T

I:Irdrdqﬁ cos 6
ARG
eXp(—Rtp//\a) (4.5)

Riop = Niot-er-e9F exp(—Ryt/Na)

Spmt cos n
ZWREp
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— — Ag) + —R:/ )\ /T +0.0622 4.6
R, exp(—Rvt/a) s exp(—Rc/Na) - y (4.6)
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G4dyb version 2.14.1
Point source 440nm [T T T 171
Light Yield 9000 photons/event
Liquid Absorption Length 13.7 m
Refractive Index 1.485
PMT Quantum E [ciehcy 0.195
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LS UV Spectrum, cell-cell baseline cotrection, make Abs(600nm) =0
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Spectra for 0.1%Gd-LS and LS (Gd-LS Dry Run)

UV-2550, 10 cm Quartz cell, cell vs cell to correct baseline, normalized to 500nm
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UV-Vis spectrum, 3g/L PPO (Ulaaine) in LAB

‘ — air vs cell to correct baseline (Raw Data)

— air vs cell to correct baseline(Add 2 quartz-air
0.15 interface reflection)
air vs air to correct baseline (Raw Data)

| air vs air to correct baseline (Subtract 2 quartz-ar
0.1 \ interface reflection)

0.05 - - AR S —
N

-0.05

Abs

wavelength (nm)

(516 (T T T ITITTTTITIRI]

I T T OV-Vis CITHF T T T T T T T FT T T T T T S9CT T TT TTT1 11

I I O I A Y I T Y™ I I O 20 Y I I

0.4343 - d
= T~ - 5.9
= 28 5.9
04343 -d-o0na,,
on,, = Arzn (5.10)

|||||||||||||(%|1<5%|:|:ﬂ_nl>0.04|llllllllllll
m

LI T T T T T T T T T I T T T O0M<An<13LCIIITITITIITTITITITITITIITTI1
|||||||||||h‘7|”:‘z*m-xmm:|:|:|:|

m

CITTOVY-Vis CIT T T ITHF T T T T T T T T T T T T T T T T T T 1T 110

e [TTTTTITTITTITTITITIOMM/AMmMm/2mm CITTTTITTTTTTAthm/2

mMm CIT T T I T T T I T T T rrul

e IIETTITITITITTITITITTI

e [TTTTTITITITITTHIILTOIM<An<I1I3 LILTITTTITTT®ACTT 11
LT TITT1

127



[TT T T T T THF T T T T FEIT T T ITTT1T1711]

e [TITITTITITITITITEITITITITITITITI]N

e [TTITITTITTTITITTITIOOMM [T ITITITTITITITTITITITITTT]

o IIETTITITTITITIITTI

e [TThhI[TEHEITT I T I T I I T I I T I T T T FT I T T I T T I T T T1711
LT T T T 1T T T T I T I I1TT1TrIr1rIrIfri

—Vis longT ubey2
QP is ATty

Y2 = (5.11)

2
i O‘)\iongTube

CFA I th CCET T I T T T T T T P T T T I 11

N I I N . N N N N N N O 0N VTS I |

CIEIT T T T T T T T T T T T T T T T T T T 1T 1T 0005~001 CIT T T T TITIT11

(I T T T I T T I T T 10 LI T 0km LTI TTITTITTITI/ETOmS

I N I N N N N N N N N I T O - 1 |

N I N N N N T N N N N

[ I N O A I

100
— - 2mm cell

<<+ 4mm cell
— — 10mm cell
10 — - -100mm cell =

—— Gadyb (version 2.14) AL / /
P

3 3 390 0 /410 420 430
L 10cm

[
o
]
=
.
o
=
s
<
[
=1
s

=
(=]

Calculated attenuation length (m) .
=}
A

0.001 [ PR Ty e sunfpn
K z

' ' 2mrr 5
0 RO I - L LU o
0.0001 * i

wavelength (nm)

(K16 [T T T ITITITTTITIT1

(BT T T T T T T T T T T T T T T T T T T T T T1345nm, 800nm) 111

LT T T T 1T 1T 1T I I 1T IrrrrrrrrrertrTrrrrTeEritIirrrrrrrirl

128



[T T O ririririrriri

Gdyb F T T T T T T T T T T T ITH T T T T T T T T T GAyb P LT T T T 11

[T T T T T TITT710mm [T T I TITITITITITITTITITTITTITITIN

N I I N Y S N ;- N O O O

N N I N N N N 7 V' o Y I I N I A

I - 7l o o YO I I I I I I |
(T IT I T IITIT11T11

2mm CEIT T T T T T T T T T T T T T T I T T TS HF LT T T T ERT T 11

(323 nm CT T T T T T T T I T Haimbert-Beer CTT T T T T T T TTTITITITITTI]

[T T T T T T T T I T I T I T rIrorrnrnruoi
(I T T T T T T T T T T T T T T T T T IABILITI TN EPPO LI
C3¢/L LTI T T bigMSB LI HISIMmg/L CT T T AT TN AN AN OO

[Tahbert-Beer CT T T T T T T T T T T THarhbert-Beer CT T T T T T TTTTITIT1

;S 1 N | N I N N N N N I I O O A

[(ITI T AT I T T IfHHO) LI

g m— L ==—n R
AN = | ci-€i(A) - 1= | 5Oy - TOY (5.12)
sz T I O I I 7 1 O I I I I I I O I O O O O O
IZE[IK}\)ZélIIIId[IIIIIIIIII'I()I)IIIIIIIIIIII
¢i-ei(A) -1
[T T T T T T I T I I1TI1TI1T 11111 1T1T1T4An1r1r1T1Ir1I1Ir1r1r111
0 = o) ! (5.13)

¢i-ei(A) -1

[TTTTTITTUAB [TAB+PPO LAB+bissMSB (T T T T T T TTTTT1

I I N N N N N ECE |

e [TTTTITITTITTITTIITTPHOM/AMM/I0mMmM/100 mm CIT T TTTTTT1
LAB [LAB + 3g/L PPO [LAB + 15mg/L bis-MSB [_T_I{LAB + 3 g/L PPO
+ 15 mg/L biS-MSB) LT T TITTITTTITI1

e [(IAB+3¢g/LPPO) CIIT/EY} I ITAB [T I{ET T T PAHO LI T T T 11
I I = [ D I I ]

129



[TT T T T T THF T T T T FEIT T T ITTT1T1711]

[T T I T T T %0mg/L [79¢/L LTI TTI1]

o [(LAB + 15 mg/L bis-MSB) I If% [T XIAB [T I/E T LI hisMSB [

I T T T T T T T TTITTITITT9%0mg/L CI T 111

e [ITI T ITITHTIABICPRO[OIIMSB LT I I T T I T X AT 001
503CIT T T ®g/LPPO [15Img/LbisMSB CT T T T I T ITITITTTTITITI1

(TIT T T T ITITITTITG) I T T3 WwWIET T T T I T T TITIrsmrrii

100

10

0.1

0.01

Attenuation Length (m)

0.001

0.0001

0.00001

LAB & 3g/L PPO & 15mg/L bisMSB Attenuation

w
S

; i
320 /ﬂo/aso 380

5
40 / 420 440
—— PPO_AttllcmCuvette

LAB/ :

/ Bis_Msy'f —— PPO_Attl2mmCuvette

PPO_AttlmmCuvette
PPO_Attl10cmCuvette

- bisMSB_Attl2mmCuvette
- - - bisMSB_Attl4mmCuvette
- bisMSB_AttllcmCuvette

PPO

- - - bisMSB_Attl10cmCuvette
LAB_Attl2mmCuvette
— — LAB_AttldmmCuvette

— — LAB_AttllcmCuvette
— — LAB_Attl10cmCuvette
bisMSB_Attl200mgNormTol5mg

Wavelength (nm)

PPO_AttI7gNormTo3g
3gPPOAt_NormBy50mg

[547: CIT{CAB + 3 g/L PPO + 15 mg/L bis-MSB) ## [T T T I TITT;0\) [T T 11

130

1.000
0.900
0.800
0.700
0.600
0.500
0.400

0.300

Absorption Probability

0.200
0.100

0.000

[518: [T {LAB + 3 g/L PPO + 15 mg/L bis-MSB) " [T T T T T T T T T 11

Absorption probability of different LS components

X S N |
AW N
PPO 1/ Bis-MsB \ 7 [~ PPO Gucssred)
i ; \ }: —— bisMSB (measured)
v \’: LAB (measured)
ﬁ i “ bisMSB (extrapolated)
I& . |=pPO (extrapolated)
’ § LAB — -+ LAB (extrapolated)
Y
4 \“ e
300 320 340 360 380 400 420 440

wavelength (nm)




[T T O ririririrriri

Absorption spectrum, air—air baseline correction
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