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Abstract

Abstract

Neutrinos have been a common interest among the study of particle physics, nuclear
physics, astrophysics and cosmology, and hence have important scientific significance
and great potential application. The proposed low-energy neutrino experiment at China
JinPing underground Lab (CJPL) with the largest overburden in the world, has natural
advantages of lowest cosmic background and reactor neutrino background, as well as
the highest geoneutrino flux, specifically suitable for relevant physics studies on solar
neutrinos and geoneutrinos. This thesis focuses on the issues and applications of the
radioactive nucleus decays for the solar and geoneutrino experiment at Jinping. The
studies are as follows:

1) We analyzed the samples for the stainless steel to be used in building a neutrino
detector at Jinping, including the raw iron, the smelting process, the commercial and
custom-made products. Exploiting the low background facility at Jinping, we used the
High Purity Germanium detector (HPGe) to measure the radioactivity of U, Th and K,
even for the tiny Co and Cs contaminations. The accuracy reaches to the level of mBg/kg.
Our study indicates that the custom-made stainless steel samples meet the requirement at
Jinping.

2) We investigated natural radioactive isotopes 23U, ?*Th and “°K decay chains,
together with the neutrino spectra from their beta decays. We also studied the reactor
neutrino background, which is major background of geoneutrino experiments. In the
end, we applied the neutrino oscillation theory to the evaluation of the geoneutrino signal

and the reactor neutrino background fluxes.

Key words: neutrino; geo-neutrino; solar neutrino; radioactivity; Jinping
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Chapter 1  Introduction

Chapter 1  Introduction

In 1930, Pauli proposed a weakly interacting neutral particle!!!. He tried to
explain the continuum energy distribution in the beta decay process. The proposed
particle (neutrino) was later experimentally verified by Reines and Cowan in 1956,
at the Savannah River Experiment. They are the pioneers to give birth of electron
antineutrino (7,) experimentally!?!. Later on two more flavours of neutrino (v, and v;)

341 All flavours of neutrinos are the fundamental ingredients of

were discovered by!
the Standard Model, only interacting through the weekly interactions. Pontecorvo was a
pioneer to give the idea of neutrino oscillations®!, which were confirmed by experiments.
Today, because of it’s unique features, the study of neutrino has been a common interest

among particle physics, nuclear physics, astrophysics, cosmology and geo-science.

1.1 Standard Model neutrinos

Neutrinos are fundamental particles of the Standard Model and appear in three flavor
generations which only couple to another lepton as shown in Fig. 1.1. The electron
neutrino (v,), the tau neutrino (v;) and the muon neutrino (v,), are three flavors of the
neutrinos, each type relating to its charge partner: the electron (e™), the tau (77) and the
muon (¢~ ) respectively, as shown in Matrix (1-1). A pair of these three particles and their

antiparticles makes up individual groups of elementary particles recognized as leptons.

, ; . (1-1)

Leptons are spin 1/2 fermions and can only interact through weak force,
electromagnetic force and gravitational force. Neutrinos are different from the charged
leptons because they are charge-less (having no electric charge) and with negligible mass.
From weak interactions, which produce neutrinos, a fundamental symmetry is born in
the conservation of lepton number. When one lepton is produced in the interaction, an
anti-lepton should also be produced to conserve the number of leptons universally. This

can be explained by the production of an (v,) and (V,) neutrino in S5 decay.
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mass —» =2.3 MeV/c? =1.275 GeVic? =173.07 GeVic? 0 =126 GeV/c?
charge » 23 u 23 C 2/3 t 0 0 H
spin = 1/2 12 12 1 9 0
Higgs
up charm top gluon boson
=4 8 MeV/c? =05 MeV/c? =418 GeVic? 0
-113 d -1/3 S -113 b 0
112 12 112 1 y
down strange bottom photon
0.511 MeVic? 105.7 MeVic? 1.777 GeVic? 91.2 GeVic?
-1 e -1 -1 T 0
112 172 u 112 1
electron muon tau Z boson
<2.2eVic? <0.17 MeW/c? <15.5 MeV/c* 80.4 GeVic*
0 0 0 +1
112 .I)e 12 ul 12 .I)—[ 1 W
electron muon tau
neutrino neutrino neutrino W boson

Figure 1.1 Fundamental particles in Standard Model 1.
1.1.1  Neutrino survival probability

Neutrino oscillation probability can be represented as neutrino flavor eigenstates,

which are linear combination of the mass eigenstates®!.

Va) = ) Uselvi), (1-2)
k

where « indicates the neutrino flavors e, u, 7; k indicates the mass eigenstates states; U is
the mixing matrix. The mass eigenstates |v;) are the eigenstates of the Hamiltonian with

the eigenvalues Eq. (1-3)

E,= [P%+ mi (1-3)
Hlvi) = Elvi)- (1-4)
From Schrédinger’s equation,
.d
l%h’k(t)) = Hlvi(0)), (1-5)

2
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we obtain the time evolution of massive neutrino eigenstates,

V() = e ). (1-6)

From, Egs. (1-2) and (1-6), we have,

Vo)) = " Use ™y, (1-7)
k

By the unitary relation, Eq. (1-2) can be rewritten as

vy = D Ualva). (1-8)

The time evolution of flavor state « is

Vo) = 2" (3 Vs, Up, v, (1-9)

B k

The transition amplitude for v, — vz is given by
Ay, = (Vlva) = Z U, Uge B (1-10)
3

Therefore, the probability for v, oscillating into vg is

Py () = 1Ay, o, (OF = ) UsUpUg U e BB (1-11)
k

For uncharacteristic neutrinos, v’s propagate at the speed of light, so we can ignore

2
the neutrino mass and have the energy with E = |p|and E; ~ E + ;n—g ‘We then obtain

. 'Am,%jt
Py (1) = Z UatU #41 UajUﬁj.exp( ~ i ) (1-12)
ki
Using the unitary relation,
D UakPIUs = Sap =2 > RIULUpUaU)), (1-13)
T kj

3
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we rewrite Eq. (1-2) into!”!

., AmijL
Py, (L, E) =645 — 4 Z ‘R[U;kUﬁkquU;j] sin ( AE )
ol , (1-14)
. T
+2 Z I[U UpU,;Uj ) sin (T)
k>j
For the antineutrino case, v,, one has
170) = > Uakl?e)- (1-15)
k
Hence the probability for the oscillation v, — V3 is
Am,% L
Py (L. E) =bop =4 3 RIUUUaUp 1 sin? (— )
) ) (1-16)
: N
=2 > U, UpUsUp ] sin (T)

k>j
The above probability is called as the survival probability for @ = 8, while it becomes

a transition probability for @ # . For three neutrino flavors, the matrix expression of

Eq. (1-2) is

Ve V1
vu| = Urmns [ 2],

Vr V3

where Upyys is the mixing matrix is known as Pontecorvo-Maki-Nakagawa-Sakata

matrix,
U Uepn Ueg
Upmns = Uy Uy Uy
U Un Us
1 0 0 Cis 0 §3eidcr Cn, S O
0 Cx S 0 1 0 ~S12, Cp O (1-17)
0 =S Cy Cize™9cr () Si3 0 0 1
Ci2Cr3 CizS12 S13e7?
—C238 12 = S13C128 3¢ C3S12 — §135 12823 Ci1382 (1-18)
§238 12 = 8 13C12Cn3e? =523C12— S138 128 23¢°  C13Ca3

4
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where Cjx = cosj, S jx =sinb.
In Eq. (1-18), there are six parameters to describe the mixing matrix of the

three-flavor neutrino oscillations. The six parameters are the three mixing angle, 6,

2

two mass squared difference Am?k =m; = mi, and one CP-violation phase, 6¢p. From the

current experiments sin” 63 and sin? 0, are 0.386") 8%‘1‘ and 0.307+0.918161 while Am3, is

7501019 % 1075 eV2 and Am?, is (2.4 +0.1) x 1073

For reactor neutrino experiments, we take @ = e and 8 = e such that

Am? L
* * <2 mkj
Prosu(L E) = 1 =4 3" RIU UpUaUp, ) sin(—), (1-19)

k>j

the survival probability becomes

. . ., AmL Am3 L
P; o (L,E)=1- sin 2013[s1n9 sin (—) + cos? 0y sin (—
) -
4 .2 .o Amy L
— COSy , sin 260;, sin 15
2 L 2 4 .L
For the realistic unit, 18 rewritten as 4h 5 where fic = 197.33 X eV.m, such that
Amk]c L Am2 S Am,%j(eVz)L(km)
—_—=— — ~ 1.267- . 1-21
dhec E 4 197x 109 E E(GeV) ( )

If we take the inputs E = 3.5 MeV, Am3, ~ Amj3, = 2.232 x107? eV?, Amj,= 7.59 x
107 eV? and sin® 26;, = 0.861!°1. The survival probability vs. the baseline L is shown in
Fig. 1.2,

iy

Survival Probability
o o
] (=]

o
par}

o
m

05

0.4

03

0.2

o
o

Lol Ll I .......I!
10

iy
(=]
s
-
[=]

Distance km]|®

Figure 1.2  Survival probability vs. baseline!®!
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1.1.2 Neutrino sources

Figure 1.3 shows different flavours of neutrinos that reach to the Earth’s surface. The
spectra can further be extended in terms of intensity and energy, excluding the reactors
and accelerators neutrino flux, where the flux depends upon the position of the detector.

In this thesis, reactor neutrinos, geoneutrinos and solar neutrinos will be discussed briefly.

o
llll

T R N |

(em?® s)7*
;Q‘Q\\
L
|

r_ﬂ:‘ 100 — —
Tﬂ L 4
2 - |
T L 4
\
A r a : Cosmological b
% 10*5 +— b : Solar (pp) —
L b’ : Solar °B 4
L ¢ : SN (background) 4
| ¢ : SN (8.5 Kpe) B
| d : Radioactivity B
10 | e : Reactors (10 GW, 150 Km) 1
10 f : Atmospheric (@) g
i} ' : Atmospheric (e) )
B g : Astrophysical Ji Jf J7 7
1 | 1 1 ‘ 1 1 | 1 1 1 1 1 1 ‘ 1 1 1 ‘
1074 100 104 108 1012 1016
E, (eV)

Figure 1.3 Neutrino fluxes for all the flavours in the world. The arrows indicate the three
flavour’s threshold for charge current (CC) interaction with free proton target. Those from the

radioactive decay chains of *>Th and 28U are also shown !,

e Reactor neutrinos are the major man-made source of neutrinos from the 8 decay
of the products of nuclear reactors. Fissions of 2¥U, 2¥U, 2*Pu and ?*'Pu
provides the major source of energy in the nuclear reactor. The reactor anti-neutrino
spectrum has been studied by several experiments, e.g. DayaBay!'?! and RENO!!I,

e Geoneutrinos are electron anti-neutrinos (v,’s) from the terrestrial region. These
neutrinos are produced by beta decays within the Earth. By calculating the
geo-neutrinos flux arriving from the terrestrial origin, it is possible to know the
number of beta decay reactions taking place, and from this we can also extrapolate
the heat being produced by the decay series. In the same way, by knowing the flux

at various places around the world, one can plot the map of heat distribution and
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determine the uniformity of radioisotope.

Solar v’s are formed through nuclear fusion processes within the Sun. Each nuclear
fusion reaction has a different Q-value, which is determined by the mass difference
between the reactants and products. There are various nuclear reactions which
happen inside the sun, the dominant source of neutrinos is from proton-proton (pp)

fusion!!?. The solar v flux as a function of energy can be seen in the Fig. 5.10.
4p —* He + 2¢* +2v, + Q = 26.7 MeV. (1-22)

Atmospheric neutrinos are formed from cosmic rays interacting with atoms in the
upper atmosphere. The resultant products are hadrons which are composed mostly
of pions!"3!. The pion decay channels, which produce neutrinos, are shown in
Eq. (1-23):

T —uE + v(v),
N (1-23)

e* +ve(Ve) + Vu(vy).

Cosmological neutrinos are the residuals from the Big Bang explosions (since early
universe) and similar to cosmic microwave background photons. Three flavours and
anti-flavours of neutrinos have a density of ~ 56 cm™ with a black body visible
spectrum at low temperature 7, = 1.9 K. The flux of cosmological neutrinos relies
on the mass of specific neutrino species. The flux has been estimated to be ~

4 x 10'° cm=2s~! for each v flavour with the upper limit of m, < 2 eVI14],

1.2 Solar neutrinos

In 1939, Bethe!!'! explained that the Sun glows due to the interior nuclear fusion

process Eq. (1-24):

4p —* He + 2¢* +2v, + Q = 26.7 MeV. (1-24)

The general fusion Eq. (1-24) can go through with several reaction chains that produce

the same end-products, with different energy spectra of v’s. The major fusion cycles are

shown in Fig. 1.4. This light-element fusion cycles account for about 98.5% of the energy

in the Sun’s interior, while the rest are from from heavy-element fusion cycle, which is

7
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carbon-nitrogen-oxygen (CNO) cycle in the Sun and the major one occurring in heavy

high temperature stars. The neutrino fluxes of different cycles are shown in Fig. 5.10.

pt+p —2H +e*+ v, ST i p*+e +pt—=2H+ v,

107° %

4|84’92% H +p*—°He+y —He +p*—*He +e*+ "E

15,08 %

0,1 %

3He + “He —» 'Be + ¥

99,9 %
Be + e~ = 7Li + v, Be + p* =8B +Yy ’
’Li + p* - ‘He + “He 8B — 8Be* + et + v,

8Be* — 4He + “He

Figure 1.4 The production of neutrinos by pp the chain and others in the interior of the Sun

SHe + He — “He + 2p*

(Figure taken from Wikipedia).

— 10°
2 -PpP e Pep
g ................. hep -- Be7 384
s o Be7 862 -- B8
o 1 _ N13 015
1 H
¢ 10 : —F17
£ 107 :
L 10° = i
> L, i— N
2 10 = e .
St -1
2 10° JUUPRR i |
x 107" | :
3 . s .
w 10 | '
-9 I HE il I Lo | !
10°5 et
10 1 10

Neutrino Energy [MeV]

Figure 1.5 Solar neutrino flux spectra as a function of energy. The unit for all the continuum
spectra is 10!°/MeV /cm? /s, while for line sources, the units is 10'%/cm?/s!1!,



Chapter 1  Introduction

1.2.1 Solar neutrino detectors

Historically, there were five major experiments to hunt for solar neutrinos such as
Chlorine (*’CD)!""1 at Homestake, Gallium (’'Ga)!!%1°1, Kamiokande?!, SNO™?!I and
Borexino!??. The first two experiments used the radiochemical technique to detect the
solar neutrinos and the last three experiments adopted the techniques of water Cherenkov,

heavy water and scintillation, respectively.

1.2.1.1 Chlorine (*’Cl) experiment

In 1960, Ray Davis'!”! was the pioneer to detect the solar neutrinos at Homestake
gold mine. He used 600 tons of C,Cly as the target material to search the neutrinos via

the following chemical reaction,
ve +7 Cl = Ar+e™. (1-25)

with 0.814 MeV energy threshold. The experiment had taken data for 30 years.
Homestake reported the average solar neutrino flux is 2.56 + 0.23 SNU (solar neutrino
units, 1 SNU = 103¢ per capture/atom/s), which was only 30% of the Standard Solar
Model (SSM) prediction. This deficit raised the well known solar neutrino missing

puzzle.

1.2.1.2 Gallium ("'Ga) experiment

By adopting gallium as a target material, one can reach a lower energy threshold of

0.214 MeV, which is sensitive to pp-chain neutrinos,
ve +'' Ga ="' Ge +e. (1-26)

SAGE in Russia and GALLEX/GNO in Italy were this type of experiments. Both

measured the average solar neutrino flux, SAGE reported 67.2*72*3> SNU and

GALLEX/GNO 69.3 + 5.5 SNU, respectively. Both measurements were still half of the

SSM and confirmed the solar neutrino missing puzzle raised by Homestake.

1.2.1.3 Kamiokande and Super-Kamiokande experiments

Kamiokande and Super-Kamiokande provided the real time observation in

Kamioka (Japan), used pure water as a target material. The elastic scattering process

9
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is used to detect the solar neutrinos, with the major contribution from,
Vete —v,+te . (1-27)

Kamiokande reported the solar v, flux of ®B is (2.8 + 0.4) x 10%cm™2s™") and
Super-Kamiokande reported (2.35 + 0.08) x 10%(cm=2s7"), 2923lrespectively. The later
provided a precise measurement because of using 50 kiloton pure water as its target.

Both measurements were also significantly less than the prediction by SSM.

1.2.1.4 SNO experiment

SNO (Sudbury neutrino observatory) searched the solar neutrino using 1 kton heavy

water as Cherenkov detector through three channels.

Charge Current (CC) : v, +d > p+p+e, (1-28)
Neutral Current (NC) : v, +d > p+n+v,, (x=e, U, 1), (1-29)
Elastic Scattering (ES) : vy + e~ —» v +e, (x=e, u, 7). (1-30)

The ES channel is the same as that in Super-Kamiokande experiment. The measurements

for the corresponding channels are!?!l:

dec = by, = (168750 8) x 10° ems), (131
brs = By, +0.155(g,, +6,) = (2.35i8:§§ig;}§) x10° cm2s7Y),  (1-32)
ONC = Gy, + by, + by, = (4-94i8:%}i8:§§) X 10° (cm™s7h). (1-33)

Since SNO can measure the v,’s, v,’s and v;’s, in which the last two are the neutrinos
oscillated from the v,’s and disappear in most of the solar experiments, and hence can give

an unambiguous solution on the solar neutrino missing puzzle. The SNO measurement

10
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on the sum of all the three flavour solar neutrinos agrees with the prediction by SSM,

solving the long-standing problem of solar neutrino missing puzzle.

1.2.2 Remaining issues for solar neutrinos

Although the solar neutrino missing puzzle has been solved by the neutrino
oscillations, there are still a number of issues related to solar neutrinos to be understood.
The transition phase of solar neutrino oscillation from the vacuum to matter effect has
not been experimentally confirmed yet. The CNO and hep neutrinos have not been
observed. Even for the fluxes of pp, 'Be, 8B and pep neutrinos, precise measurements
are still needed in order to improve the study of SSM and even the future study of
neutrinoless double beta decay. All of which are expected to be significantly improved
at China JinPing underground Lab (CJPL), the ideal underground facility with the largest
overburden in the world.

From previous and ongoing solar neutrino experiments, all the backgrounds which
significantly affect the study of solar neutrino experiments are known to be

1. Cosmogenic backgrounds, in which the S-ray from the radiative isotopes induced
by cosmic spallation can mimic a solar neutrino event. These backgrounds at CJPL
can be suppressed by 200 and 2 times in comparing with Borexino and SNO.

2. Internal radioactivity with 8 and y-ray, which are very dangerous to the low
background experiments. The effect can be minimized using the purification of
the target material.

3. External background, which are mainly from the detectors construction material.
This thesis will discuss the gamma radioactivity and provide measurements in

Chapter 4.

1.3 Geoneutrinos
1.3.1 Brief history of geoneutrinos

In the mid of 1960’s, Eder proposed an idea to explore the Earth by the study
of antineutrinos?*!, since these antineutrinos can be associated with the beta decays
of radiative isotopes in the Earth. In 1984, Krause et al. extended the idea, and

251

gave the estimation of geoneutrino flux and its detection After two decades of

Kraus’s estimation, in 2005, KamLAND was a pioneer to observe the existence of
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geoneutrinos 2%,

Later on, in 2010, Borexino also participated in this race and again
confirmed the existence of geoneutrino from the Earth!?7],

Since then, a number of geoneutrino studies have been performed. Using the
measurements on geoneutrino fluxes at various locations can provide an insight to
the mantle heat generated by radiative decays. This has not been addressed by any

conventional geological method.

1.3.2 Current geoneutrino detections

The study of the Earth by geoneutrinos 8! is now only possible because of advances
in technology that allows for larger neutrino detectors. The measurements already made
by KamLAND (Fig. 1.6) and Borexino (Fig. 1.7)[26:27:29-311,

We will briefly explain the KamLAND and Borexino measurements, as below:

1.3.2.1 KamLAND

KamLAND detector was installed at Kamioka Observatory, initially for the study of
the reactor neutrino oscillations, later used for geoneutrino detections and search for the
neutrinoless double beta decay.

The site is enclosed with 53 nuclear reactor. The nearest reactor to KamLAND
is 180 km. In 2011, due to the Fukushima accident, most of the reactors in Japan are
shutdown, reducing more than 97% antineutrino flux at KamLAND, which becomes a
good detector for detecting geoneutrinos>%).

As shown in Fig. 1.6, KamLAND used the liquid scintillator to detect the neutrinos
from Earth and nuclear reactors. It has 1 kiloton target mass. The outer detector (OD)
of KamLAND has been made by stainless steel (SST), having a diameter of 18m. 1879
PMTs are installed at inner lining, and each has a diameter of 50 cm. The Second inner
layer filled with the other fluorescent and scintillation material. Non-scintillating material
such as oil shields against external contaminations.

KamLAND has observed 11638 geoneutrinos from 2%¥U and 2*’Th. This is

7
equivalent to the geoneutrino flux of (3.4 + 0.8) x 10 /cm? /s3],

1.3.2.2 Borexino

Borexino was designed for the low-level neutrino probes. Which is currently running

at Gran Sasso, Italy. The major motivation of the experiment is to probe solar neutrinos,

12
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Figure 1.6 Layout of the KamLAND Detector 3],

especially for the mono energetic neutrinos, such as 'Be EC neutrinos, through the

electron scattering in the liquid scintillator. Layout of Borexino detector is shown in
Fig. 1.7.

Borexino Design
Stainless Steel

2200 8" Thom EMI PMTs
Sphere 13.7m &

{1800 with light collectors
400 withodt light cones)

Nylon Sphere Muon veto
85m @ 200 outward-
pointing PMTs

100ton
fiducial volume

Nylon film
Rn barrier

Scintillator

Holding Strings :
Stainless Steel Water Tank Steel Shielding Plates
18m & 8mx 8mx 10cm and 4m x 4m x 4cm

Figure 1.7 Layout of the Borexino detector 32!,

Borexino has observed 23.7*$3(stats) *0-2(sys) geoneutrinos from ***U and #**Th.

This was split into the geoneutrino flux from 234U, which is (2.7 +0.7) x 10° /cm?/s, and
that from 232Th, which is (2.3 = 0.6) x 10° (/cm?/s) 3%,
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1.3.3 Proposed geoneutrino detectors

Jiangmen Underground Neutrino Observatory (JUNO) is another exciting
experiment under construction. The experiment will take data in 2020. JUNO®3! is
20 times more massive comparing to KamLAND and 60 times more massive comparing
to Borexino.

SNO+ will start taking data in 20171*%.  Low Energy Neutrino Astronomy
(LENA)1 Deep Underground Science and Engineering Laboratory (DUSEL)!36],
Baksan Neutrino Observatory (BNO)7!, Earth AntineutRino TomograpHy (EARTH) 38!
and Hawaii Anti-Neutrino Observatory (Hanohano)!*! all are future planned experiments
for neutrino searches including geoneutrinos.

The Jinping neutrino experiment is also another proposed experiment in China
which is far away from the current and future planned nuclear reactor. The detector will
be 4 times more massive than that of KamLAND. This experiment is expected online in

2022, see details in Chapter 5.

1.4 Low level background experiments

There are many low level background experiments are running around the world !

and applied in different research fields, including double beta decay experiments 4!,
Due to the nature of low-energy neutrinos, it indeed needs a very low level of
background, then detectors can approach the required sensitives. Jinping underground
neutrino experiment will be one of the lowest level background experiments in the world
for the studies of solar, geoneutrino and others. Because of very small cross-section of
low-energy neutrinos, all the backgrounds should be carefully studied. The contamination
can be from either the detector material or the environment. A detailed study on the

backgrounds is given in the Chapter 4.

1.5 Roadmap of this thesis

Chapter 3discusses the Jinping underground neutrino experiment’s location, detector
concept, and some unique features. This thesis will address two major topics: 1)
measurement on the radiative background on the stainless steel for future experiment

at Jiping in Chapter 4; 2) estimation of both the signal and background in a geoneutrino
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at Jinping in Chapter 5. Fig.1.8, shows the issues to be studied and the connection among

the radiative isotopes.

The Earth's Crust

Rocky Crust

A

v

Outer Mantle|

Natural radioactivity

Edges of
plates

@2oomSchool corm

A 4

Isopes/Nuclide
U238, Th232, U235,
K40,

spectroscopy

Beta decay
<
(U238, Th232)

Geoneutrinos signal
signature

Figure 1.8 Issues to be studied and the connection among the radiative isotopes in this thesis.
There are two types of radioisotopes: source, the cyan blocks indicate the possible Jinping
detector material’s contamination flow chart. We test the material by applying different methods
to investigate the radioactivity in the detection material. The pink blocks indicate the flow chart
for the production of geoneutrinos. From the top to the bottom, we have natural radioactivity
present in our Earth’s interior in the form of isotopes like 233U, 2*’Th, ?*U and *°K, all of
which appear as the background in the solar neutrino experiment. However, their radiative decays

provides the geoneutrino that can be used for the studies of geo-science.

1.5.1 Stainless steel with a low level background (for future solar neutrino
exp.)
Stainless steel (SST) with a low level background is needed in low-energy neutrino
experiments. Several efforts have been made in the past few years to produce SST with
the low level background “%#?1 SST is a key material in constructing a detector used in

the detections of rare events such as v interactions, e.g. solar neutrinos and geo-neutrinos.
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Both neutrino signals are very sensitive to the low level radioactivity contamination.
Proper material selections should be made with a close relation with the manufacturer
and pinned down each step to achieve a low level background SST. For the production of
such kind of SST, we must control the whole smelting procedure.

We selected a number of SST samples, including a raw iron sample, an ingot sample,
two custom-made 304L and 316L samples, two commercial 304L and 316 samples.
We carried out radioactive measurements on these samples individually on surface and
underground. We compared our results with other low level background experiments in

Chapter 4.

1.5.2 Signal and background signature of Geo-neutrino

Geo-neutrinos (¥,’s) are produced from the natural radioactive decay of 23817, 2327,
and “°K in the Earth; and providing interior information about it. The low-energy
neutrino experiment at CJPL will have incredible features such as: low muon, low reactor
flux and low rock radioactivity. We will study the radioactive nucleus decay chains in
the investigation on both the radioactive background for solar neutrino signal and the
radioactive decays for geoneutrino signal. Because neutrinos can oscillate, we will also
apply the oscillation theory to the evaluation of reactor background and the prediction of

geoneutrino flux at CJPL in Chapter 5.
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Chapter 2 Radioactive nucleus decay

Chapter 2 Radioactive nucleus decay

Radioactive nucleus decay is the spontaneous process, in which unstable nuclide
loses its identity or energy through a number of radiations, for example, alpha (@)
radiations, beta (87) radiations associated with antineutrinos (v.’s) or neutrinos (v.’s)
in the result of electron capture (EC), gamma (y) radiations via radiative transitions in
nuclei. Any material having this type of unstable isotopes/nuclide is supposed to be

radioactive.

2.1 Types of decays

This thesis will focus on three major types of decays relevant to the study of solar

neutrinos and geoneutrinos.

2.1.1 Beta decay

Beta decay, as what the name is called, is a decay with an electron and positron
(historically they were referred as to beta particles ) appearance in the final state. There

are three major modes:

Beta-minus decay happens in neutron rich isotopes/nuclides, as shown in Eq. (2-1),

Xy =4 Xy +e + 7, (2-1)

with a negative charge particle (electron) and an electron antineutrino produced in the

final state.

Beta-plus decay occurs in proton rich isobars, as shown in Eq. (2-2),

A A ! +
7XN =7 Xy te e, (2-2)

with a positive charge beta particle (positron) and an electron neutrino in the final state.
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Chapter 2 Radioactive nucleus decay

Electron capture (EC) occurs in neutron-poor nuclides, as shown in example

Eq. (2-3),

éXN +e —>§_1 X +v., (2-3)

and also with the practical example of *°K nuclide that has two decay modes: one
is the beta minus decay with 4v,’s ’s emitted in the final state, as shown in the top
of Eq. (2-4) and; the other is the EC process as shown in the bottom of Eq. (2-4),

respectively.

VK 50 Ca+e +4v, + 1.311 MeV  (89.3%), o)
VK +e” 5% Ar+ve + 1.505 MeV  (10.7%).

2.1.2 Gamma decay

Shown in Fig. 2.1, a nucleus changes from an excited to a lower energy state via an

emission of the gamma radiation (also known as electromagnetic radiation).

60
27 CO
5272 a

031 MeV B~ 0088%

0.12%

1.48 MeV g~ 1.1732 MeV ¥

1.3325 MeV

% N1

Figure 2.1 The radioactive decay levels of ®°Co, which mainly decays to nickel via a f~-decay,

and then transits to two more stable nickel nuclei via two further gamma emissions.

In this process, no change occur in the number of protons(and neutrons), thus the

parent and daughter nuclide have the same chemical composition. In this process, the
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Chapter 2 Radioactive nucleus decay

recoiling nucleus and emitted gammas (photons), both have a feature of monochromatic

energy after the decay.

2.2 Angular momentum and parity in beta decay

For a common beta decay
A A v N
7XN D Xy te + Ve (2-5)

The conservation of angular momentum requires

L=I+S+1L, (2-6)
where I; and ff are the parent and daughter nucleus spin angular momentum, respectively.
S and L represent the spin and orbital angular momentum of the two-lepton system, in

which

§=5,+5, 2-7)

where §, and S, are the spins of electron and neutrino, respectively. Commonly, S decay
can be divided into two transitions, allowed (L = 0) and forbidden transitions (L # 0).

e Allowed transition: In Gamow-Teller transitions, the spin of the emitted nuclide
couples to the total spin of the two-lepton system with S = 1, in which the direction
of electron spin is parallel to that of the electron antineutrino and, I; = Iy+1, Iy, Iy—
1. In case of Fermi transition, the spin of the emitted nuclide couples to the total
spin of the two-lepton system with S = 0, in which the spins of the two leptons are
anti-parallel and, I; = I;. The spins of parent and daughter’s nuclides are the same.

The corresponding selection criteria can be written as:

Al =1I;—1I; = 0,1, (2-8)

where Al represents the change the nucleus spin in the initial and final states.
Even though the parity is not conserved in beta decays, one can still treat it as a
conservative quantity if the beta decays are in the non-relativistic case, so that the

parity change of the nuclides can be regarded as the orbital parity carried away by
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the leptons, namely
i = (=D, (2-9)

where m; and 7y are the parities of the nuclides in the initial and final states,
respectively. While L is the value of orbital angular momentum carried away by

the leptons. Therefore, the selection criteria on the parity of nuclide is
Ar = mny = (-1)" (2-10)
Apparently, for allowed beta decays with L = 0, one has
Arr = +1. (2-11)

Forbidden transitions: leptons in the final state take away the orbital angular
momentum, where L # 0. The forbidden transition can be classified into different
levels, e.g. L = n, where n is for the n-th forbidden transition level. the

corresponding selection criteria are,
Al = +n,+(n+ 1). (2-12)
According to Fermi’s Second Golden Rule, the transition probability A is,

2
A= %leilznf(Ef), (2-13)

where A is the transition probability, |H f,-|2 is the Hamiltonian matrix element,
ny(Ey) is the density of the final states. Forbidden transition can be further divided
into two sub categories: unique forbidden transition and non-unique forbidden

tradition. Unique forbidden decays can be represented as:

Al = +n,
(2-14)
Ar = (-1)".
Non-unique forbidden decay can be represented as:
Al =+(n+1),
(2-15)
Ar = (-1)".
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2.3 Units and variables

It is convenient to write the total energy of the electron W, in term of the rest energy

of electron (m,c?), since

2
mec” + T, T,
W=e—2e21+—ez,
meC mec

(2-16)

where T, is the kinetic energy of electron. Assuming the mass of neutrino to be zero, then

one can have the maximum energy of electron to be

W, = 1+%,
mec

2-17)

where Q = T, + T,. According to the relativistic energy relationship, the energy of

electron is
E? = p*c® + (moc?), (2-18)
SO
W?=p?+1. (2-19)

Where p is the electron momentum and has a unit of m,c in Eq. (2-19).

2.4 Allowed transition energy spectrum

The energy spectrum of the allowed 8“3 decay can be written as

2
NW)edW = S5EpW(W, = W)'dW. (2:20)
T

where g is the weak charge, while ¢ is the nuclear matrix. The decay constant of beta

decay is
m
A= ;’— = | Nwaw,
1
., 2-21)
=L ¢ f PW(W, — W)2dW,
271'3 1
Let the integral to be
W,
f = f pW(Wo - W)Zdvv, (2—22)
1
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then the comparative half-lives f7 is given by

In2
Jt=JT, = 2E2 (2-23)

which can be measured by experiments. We know that, it is only related to the nuclear

matrix elements. So the allowed transition formula can be written as:

n2

NW)zdW = 17

pW(W, — W)*dW. (2-24)

2.5 Forbidden transition energy spectrum
2.5.1 General energy spectrum formula

The forbidden S-decay*¥ transition can be written as:

2
NW)=dW = 58, (£Z W)pW(W, — W)*dW. (2-25)

Vs
where S ,(£Z, W) is the shape factor for the n-th levels. Since the leptons take away the
angular momentum, the probability of beta particle with the same energy is reduced, the

spectrum profile will be distorted in comparing to the allowed decays. S ,(+Z, W) is

used to describe the change and can be written as below:

_ . 2(J-)-1
jor _ 8 = DIRVD 5 ey Lmd L (2-26)
T (@I - DA @ =2 G- I
in which Z is the number of protons in the S decay. j = %, %, v — %, where J is the

difference of nuclear spin angular momentum between the initial and final state AI. L;_; ),
is proportional to the electron radial wave function in the nucleus. Treating the nucleus

as point charge gives

I'2yy + 1)]2 'y +iv)

2 = -
fay+ 1 | Ty v i) (EFVE=T+12 2-27)

1 _
Loy = 5(21?)2(y yo[

where y = [k* — (@Z)*11/2, v = +aZW/p. M;(J) only relates to the nuclear matrix

elements, and has different forms in the unique and non-unique forbidden decays.
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2.5.2 Unique forbidden channels

In the unique forbidden channels J = Al = n + 1 the forbidden transition shape
factor can be written as

nel _ 8an!R” M?(n + 1) Z 2k — D! Li_i27*+D
" (1+y0)2n+ D! 24 2n =2k + 3! (k- Di(n—k+ DY’

(2-28)

2.5.3 Non-unique forbidden channels

In the non-unique forbidden channels, J = Al = n!* the forbidden shape factor can
be written as:

, _ 8r(n— DIR™ ' M?(n) Z 2k — H!! L2
ne (1 +7y9)2n -1 - Qn—-2k+ DN (k- D!(n—-k)!

(2-29)

2.6 Corrections

In the preceding two sections, we have discussed the allowed and forbidden
transition energy spectra. We now apply different kinds of corrections such as Coulomb,
screening, finite-size electromagnetic, and finite-size weak interaction correction,

respectively.

2.6.1 Coulomb correction (Fermi correction)

The Coulomb correction can be described by the Fermi function F(+Z, W) (43441 and
is applicable for both the allowed and forbidden transition, especially at the low energy
level, when the nucleus is treated as a point charge. Due to the Coulomb attraction the
electron is decelerated and the positron is accelerated due to the Coulomb repulsion as

shown in Fig. 2.2.

o1 C(yo + iv)?
F(xZ,W) = 2(1 2pR)~2(1-v0) ”V'—, 2-30
(xZ, W) = 2(1 + v9)(2pR) e FQy0+ DE (2-30)
where

yo = [1 - (@2)*]"3, (2-31)

2
1
a= (2-32)

he  137.03599°
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Figure 2.2 (Left side) B~ decay and the right side 8* decay, before and after the Coulomb

correction, respectively 4],

V=t—o, (2-33)

where Z is the atomic number. The sign is *+’ for the 8% decay, while it is ’-* for the S~

decay. R is the daughter’s radius, according to Elton formula, it is

R = 0.00294'3 + 0.0063A7/3 — 0.017A7". (2-34)

2.6.2 Screening correction

S (Z, W)!46] accounts for the screening correction of the nucleus charge by the e~ in
the atomic bound state and it effectively reduces the charge seen by the electron. The

screen correction can be written as:

(W + Vp)? — I]I/Z(Wi vo),

F (+Z,W) = F(xZ,W £V,
( ) = F( 0) W1 W

(2-35)

where V) is the screening potential and can be derived by the numerical calculations of
Vo = N(Z)a?Z5, (2-36)

where Z and Z indicate the number of protons in parent and daughter, respectively. The

practical example of screening correction is shown in Fig. 2.3.

2.6.3 Finite-size correction

The actual nucleus, having a finite size, charge and hypercharge distribution, cannot
be treated as a point charge. So that the electromagnetic and weak interactions are no

longer considered to occur in the central potential field during the 8 decay, and needed
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to be modified separately, denoted as Finite Size EM and Finite Size WI corrections.
It is usually considered that the charge and hypercharge in the nucleus are uniformly
distributed.

According to Ref.!*7], the total correction effect of Finite Size EM towards a 8 decay
spectrum should be shown as a multiplication factor, regarded as Ly(Z, W).

For 8~ decay, it is

(@Z)> 41 - 26y 17 -2y
Lo(Z,W) =1+ 13 - WRaZ—~ — e
o2, W) 60 “Boy-1n " owey -1
PO (2-37)
Fais+ Y a(WR) +0.41(R - 0.0164)(@2)*.
w n=0
For B* decay, it is
(@Z)> 41 - 26y 17 -2y
Lo(Z, W) =1 + 13 ~ WRaZ——22Y \ aZRy—" Y
o2, W) 60 By -1 30wy -1
(2-38)

5
R
A — + Z a,(WR)" + 0.22(R — 0.0164)(aZ)*3.
w n=0

According to Ref.[*"], the total correction effect of Finite Size WI towards a 8 decay

spectrum should be shown as the factor C(Z, W)

C(+Z,W) =1+ Co+ C\W + C,W?, (2-39)
where
-233 (WoR)? 2
= ——(aZ)? - + —WyRaZ
Co= 530 @) 5 * 35 VoReZ,
21 4
= +Z_RaZ + —WaR? 2-40
C, £35RaZ + S WoR’, (2-40)
C, = _4R2
2=

Here Z is the number of protons in the daughter nucleus. The practical example of

finite-size correction is shown in Fig. 2.3.

2.6.4 Weak magnetism correction

The phenomena of weak magnetism was proposed by Gell-Mann. It is usually
assumed that the nucleus is at rest state during the 8 decay. Due to the nucleus recoiling

effect, the Coulomb field will change, and a correction for the electromagnetic effect of
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the electrons from the decay is needed. According to Ref.[3] the weak magnetism can

roughly describe the recoiling effect and can be written as
1+ 6wy W. (2-41)

According to the approximation, owy = (0.48 + 0.47)%m, is irrelevant to the number of

protons Z“81. The practical example of weak magnetism correction is shown in Fig. 2.3.

,a
=,
a8

Ow

o
©
ey
©

— Not Corrected

©
o

— Corrected

Probability density
o o o
3

[

Probability density
o o o o
o0 o N C
o
3l

o
=~
o
~

o
w

o
N
Qo o
N w

o
e

0.1

2.5 . . . .
E (MeV) E (MeV)

c < -
2 F SE —— Screening
3 A e
¢ 1 .08~ —— Finite Size EM
o - o - . .
Q.08 SRy = —— Finite Size WI
o F —— Weak Magnetism
0.96 104
0.94 1.02f=
-
0.92 e
0o 098~
0.88f— 096~
ossb 004~
0.92F
084 E
| 1 | I A oY) S I PN P U P PR T P BT
0 2 ] 6 8 10 0 1 2 3 4 5 6 7 8 9 10
E (MeV) E [MeV]

Figure 2.3 The 3 spectra (top), Coulomb and other corrections (bottom) for 1°C.

2.7 Corrected g spectra

According the discussion in the preceding Sections 2.4-2.6, the corrected beta decay
spectrum can be written as:
N(Z, W) FdW = KpW(Wy — W)*F(2Z, W)S ,(+Z, W) 0a2)
X S(xZ, W)Ly(£Z, W)C(xZ, WYM(W)dW.
where S (+Z, W) indicates the screening effect, Ly(+Z, W) indicates the finite-size EM,
C(xZ, W) indicates finite-size weak interaction and M(W) indicates the weak magnetism

correction, respectively.
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The corrected S spectra can be further divided into two portions, to study the solar

neutrino background and geoneutrino signal.

2.7.1 Solar neutrino background

With the corrected beta decay spectrum, we can use this equation to plot the solar
neutrino background. In solar neutrino, there are two kinds of background, cosmogenic
and residual radioactivity.

An example decay level of 3Kr is shown in Fig. 2.4,
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Figure 2.4 The decay scheme of 3°Kr (Figure taken from www.nndc.bnl.gov).

The detailed backgrounds for solar neutrinos can be seen in Fig. 2.5 with corrections.
Each blue curve gives the contribution from individual branch, and the black curves are
for the total of each branch after applying the corrections. All these 8 radiative isotope
decay can produce beta’s and gamma’s with energy close to the energy of electron ejected

by the solar neutrino scattering in matter.

2.7.2 Geoneutrino signal

Geoneutrinos are from the beta decays of three major isotopes 238U, 232Th, and *°K.

Unlike those radioactive isotopes in the study of solar neutrinos, these three isotopes
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Figure 2.5 The energy spectra (black) for radiative backgrounds in the experimental study of
solar neutrinos. The contribution from the individual branch is also in the blue curve. From left

to right, first seven spectrums of residual radiative and cosmogenic background .

produce the geoneutrinos, which serve as a probe to the radiative heat generated in the
Earth. Taking 28U as an example, we give the beta spectra and the relevant corrections.
Among the 23®U isotopes, the major contributions to the intensity of the geoneutrino are
from the beta decays of >**Pa,, and >'*Bi as shown in Table 2.1. ?*Th also shown in
Table 2.2.

For the case of geoneutrinos, the 8 spectra do not need to use all the nuclear
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Chapter 2 Radioactive nucleus decay

Table 2.1 Effective transition of 22U’ Some of the nuclides, may decay into more than
one channel, but for geoneutrinos 8~ decay mode is required. The intensity of each individual
decay level is mentioned. The detailed description of the allowed and the forbidden decays in the

preceding Sections 2.2 and 2.5.1.

Isotope Decay mode E.x [keV] Intensity Type
234Pa,, — 24U B 2268.92  0.9836 st forbidden
214Bj — 2l4pg B~ 3272.00 0.182 st forbidden

2662.68 0.017 Ist forbidden
1894.32 0.0743  1st forbidden
1856.51 0.0081  1st forbidden

Table 2.2 Effective transition of 22>Th*’!. Some of the nuclides, may decay into more than
one channel, but for geoneutrinos 5~ decay mode is required. The intensity of each individual
decay level is mentioned. The detailed description of the allowed and the forbidden decays in the
preceding Sections 2.2 and 2.5.1.

Isotope Decay mode E.x [keV] Intensity Type
22Bi - 22po  57: 0.6406 2254 0.8658  1st forbidden

28A¢c - 28Th ~ B7: 1.0000 2069.24 0.06 Allowed
1940.18 0.008 Allowed

corrections except for Coulomb and forbidden shape correction. After applying the

forbidden correction, one can have the corrected spectra shown in Figure 2.6.

29



Chapter 2 Radioactive nucleus decay

Intensity
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Figure 2.6 The 8 and antineutrino spectra of >'*Bi
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Chapter 3  China Jinping Underground Laboratory

The China Jinping underground Laboratory (CJPL)P% is one of the world’s ideal
sites to perform low background neutrino experiments. The Jinping experimental site
is located in Jinping Mountain, Sichuan, China as indicated in Fig. 3.1. The altitude
of Jinping mountain is 4,100~4,500 meters and is surrounded by Yalong river. A
150-km river bend surrounds the mountain with a water level differences of 312 m
between both sides. Jinping II Hydropower station was built by the China Yalong River
Hydropower Development Company. Four head race tunnels, two traffic tunnels and one
drainage tunnel were built to across the Jinping Mountain as shown in Fig. 3.2. The
headrace tunnels measure 16.7 km in length and 12.4-13.0 m in diameter, with a maximal

overburden around 2400 m 1],
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Figure 3.1 China Jinping Underground Laboratory map. In the left-side map, the position of
Jinping lab is marked and in the right-side map, the solid blue line indicates that Jinping lab is
surrounded by the Yalong river and the blue dotted line represents the position of tunnels. There

is only two-hour drive to CJPL from Xichang airport!'6.

The Yalong River is situated in the geomorphological level II stepping stool of the
move zone from Tibetan Plateau to Sichuan Basin. The elevation diminishes from around
5000 m in the northwest to roughly 2000 m in the southeast. The Jinping Mountain

reaches out along an almost N-S direction 6!,

31



Chapter 3  China Jinping Underground Laboratory

Auxiliary
headrace

Traffic §§ Headrace Drainage tunnel 1
tunnel § tunnel tunnel /
% N

: p

Auxiliary Experiment
headrace tunnel
tunnel 2

Figure 3.2 The overview of phase-II labs in CJPL!®,
3.1 Unique features of CJPL

CJPL has many incredible features. Only few of them are discussed below,
especially for those related to the neutrino probes such as, rock radioactivity

contamination, muon flux, distances to all the running or planned reactors:

3.1.1  Lowest rock radioactivity

The rock radioactive contamination has been measured in CJPL and discussed
in Ref.™*!l. CJPL was found to have the lowest rock radioactivity level among the

present underground labs used for low-energy neutrino experiments. Table 3.1 shows

a comparison with other experiments.

Table 3.1 CJPL rock radioactivity comparison with other underground facilities.

Site 28y 232Th 40K Reference
Ba/kg Bg/kg Bg/kg

Jinping 1.8+0.2 **Ra)  <0.27 <1.1 B0
Sudbury 13.7+1.6 22.6+2.1 310+40 DU
Gran sasso hall A 116+12 12+0.4 3078 32
Gran sasso hall B 7.1+1.6 0.34+0.11  7+1.7 B2
Gran sasso hall C 11£2.3 0.37+0.13  4+19 B2
Kaminoka ~12 ~10 ~520 B3
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3.1.2 Lowest muon flux

Cosmic ray muons can interact with atoms, generating spallation products that are
dangerous for low energy neutrino experiments. The resulting correlated or uncorrelated
- and y-rays can form a pair of prompt and delay events, and thus mimicking the IBD
events. The background produced by the muons can be rejected by introducing a large
buffer and a long veto time window, which will cause a significant loss of detection
efficiency. Muon flux depends upon the depth of the overburden. The muon flux at CJPL
was measured to be as low as 2.0 £ 0.4 x 1071%/(cm? - s) 4. Fig. 3.3 shows a comparison
with other underground labs. The detail results regrading the muon related background

in the detection of geoneutrinos are discussed in the Chapter 5.

A B
o r WIPP
-5
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Figure 3.3 Total muon flux vs. Equivalent vertical depth in water. CJPL is the one of the deepest

lab. in the world with a very low muon flux as comparing to the other facilities!'!.

3.1.3 Lowest reactor antineutrino flux

The major man-made background for geoneutrino experiments are nuclear reactors.
The detail results regrading the man-made background in the detection of geoneutrinos
are discussed in the Chapter 5. Jinping is far from all the nuclear reactor power plants in
operation or under construction. The nearest reactor to Jinping is ~950 km. Figure 3.4
shows all current nuclear reactors around the world. Also plotted are proposed Jinping
underground neutrino site, and the ongoing low-energy neutrino experiments such as

Borexino and KamLAND.
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G

Figure 3.4 World map with all currently operational and planned nuclear power plants. The

SNO, Gran Sasso, Kamland and Jinping sites are also marked 6.

3.2 Overview of the proposed Jinping neutrino experiments

As shown in Fig. 3.5, two caverns are used to host the two neutrino detectors. The
dimensions of each cavern is 20 X 20 metres in height and diameter. The Jinping neutrino
experiment is planned to install two detectors at CJPL II, by using the LS or slow liquid
scintillaor>! as a detection material. Each detector has a capacity of 1 kt of fiducial mass

for solar neutrino probes, which is ~1.5 kt for supernova and geo-neutrino studies.

3.2.1 Detector concept

Figure 3.6, illustrates the conceptual design of detector in a cylindrical shape
or a spherical shape. The height and diameter of central acrylic vessels are 20
meters in both spherical and cylindrical neutrino detectors. Three types of target
materials are considered for the detection, liquid scintillator(LS) or water-based liquid
scintillator (WbLS) at present are being considered as a target material. For the sphere
inner vessel, the fiducial volume is a sphere of 12.8 m diameter, so that each neutrino
detector can give 1 kiloton fiducial mass assuming the target material density to be
0.9 g/cm®. For the cylinder inner vessel, it measures cylinder of 11.2 m in diameter

and 11.2 m in height, and the fiducial mass is also 1 kiloton under the same density.
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22 2500m

Figure 3.5 Overview of Jinping underground experimental hall['®!,

(a) Cylindrical scheme (b) Spherical scheme

Figure 3.6 Jinping neutrino experiment detector schemes!*®!. Two proposed detector layouts,

where (a) is cylindrical and (b) is spherical. See the details in the text Sec. 3.2.1.
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Chapter 4 Tests of stainless steel samples

Low-energy neutrino experiments require a very low background environment. In
this thesis we focus on the background from the radioactive isotopes in the stainless steel
(SST), which is going to be used to construct the neutrino detector. Several efforts have
been made in the past few years to produce the low background level SST#%*?! for low
background experiments. SST is a key material in today’s detector’s construction, and it
is involved in the detections of rare events such as v interactions, for solar neutrino and
geoneutrino physics study.

To measure the radioactivity in SST, we selected a number of SST samples and
semi-finished iron samples, which includes a raw iron sample, an ingot sample, two

custom-made SST 304L and 316L samples and two commercial 304L and 316L samples.

4.1 Stainless steel samples

Stainless steel (SST) is an essential material in building a neutrino detector. Since
the energy of solar neutrinos and geoneutrinos ranges from 0O to about 16 MeV, which is
overlapped with the energy of - and y-rays from radioactive nucleus decays, a careful
production and selection of SST is needed. However, each supplier or manufacturer
has it’s own specifications to produce the SST, which is probably not suitable to the
low background experiments. So, we investigated the smelting process to produce low
background SST assay. The chemical composition of different grades of SST can be seen
in Table 4.1.

Commonly the smelting process done in MgO crucible in a vacuum chamber with an
iron ingot mould. Cleanliness is the major part of the smelting process and were checked
in each step or each alloy. No other impurities were found to be introduced from the

crucible log.

Table 4.1 Composition of stainless steel (SST) assay.

Element name Fe Cr Ni C Si P S Mn Mo
SST 304L(%) 67.935 19.0 10.0 <0.03 <1.0 <0.035 <0.03 <2.0 -
SST 316L(%) 63.895 17 135 <0.03 <10 <0.045 <0.03 <2.0 25
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The major steps of the smelting process are briefly described as below ]

. Cleaning the pot/crucible: put pure iron into the pot and maintain the pressure of

vacuum chamber to a certain value and melt the pure iron into the liquid form. Then
remove this liquid iron later to clean the surface;

Clean the Cr, Ni (for 304L), Mo (for 316L) and pure iron, and then put them into
the pot and maintain the pressure of chamber to a certain value and then heat and

melt the pure iron and raw materials together;

3. Keep pumping the pressure of the chamber to remove the H,, N, and O, gas;

In the vacuum chamber, now mix liquid metal with the rest of the raw material into

the pot;

. Cast the mixture into an ingot shape;

Finally, open the chamber and take out the low level background SST ingot.

In so doing, no additional radioactive contamination was introduced in the

custom-made 316L. We adopted the different assay methods (see the details in Sec. 4.2)

to test a number of samples (see the details in Sec. 4.3),

e

The raw iron sample is used for testing the input material.

The ingot sample is used for testing the pot and pot cleaning process.

The custom-made 304L sample is used for testing the addition of Cr and Ni.

The custom-made 316L sample is used for the final product. Two commercial 304L

and 316L samples are also tested for a comparison.

We found a significant difference between the custom-made and the commercial samples.

We attributed this difference to the chemical composition and smelting process.

4.2

Assay methods

We have adopted two kinds of assay methods to investigate the contamination of our

samples. The GDMS (Glow discharge mass spectrometer) is commercially known for

spectrometry. This is the efficient method to investigate the concentration of any metal.

The

HPGe gamma ray spectroscopy is used for conventional sample investigations%!.

HPGe gamma spectroscopy is playing a vital role to measure the low level radioactive and

environmental backgrounds!#*>*691 Typically, the background of low level background

HPGe detectors come from:

1

. Cosmic radiations; including backgrounds directly from cosmic radiations and
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indirectly from secondary radiations.

2. Environmental contamination, mainly form the natural radioisotopes, i.e. the 33U
and 232Th chains, and the single radioisotope, “°K, and some neutron sources will
be consider as well, such as unstable fissions of neutron rich nuclides and (e, n)
reactions;

3. Contamination in the detector and construction material [01-63,

To minimize background contaminations, we introduced passive, active and graded
shields of different materials e.g. Cd, Cu, Pb, polythene and etc. and introducing anti-veto
approach like anti-cosmic ray and anti-Compton systems!®64651 " [t’s always the best
choice to install the HPGe spectrometer underground because cosmogenic backgrounds

can be removed due to the rock overburden.

A HPGe facility was installed at ground level in Engineering Physics (Tsinghua
University, Beijing) building in 2004. This facility was referred as to HPGe(THU) in this
thesis. It has been used for various sample investigation.

Another low level gamma-ray germanium-spectrometer, was referred as to
HPGe(CJPL) in this thesis, was installed at CJPL in 2012. Previously, this spectrometer

was used for the China dark matter experiment (CDEX) detector !,

421 GDMS

Glow Discharge Mass Spectrometer (GDMS) is commercially known for element
spectroscopy. GDMS was established as an efficient and powerful analytical approach

for tracing elements in test samples!®6-%°!. Some selected results are shown in Table 4.3.

4.2.2 HPGe at Ground level Tsinghua

A HPGe detector was installed at ground level in Engineering Physics (Tsinghua
University, Beijing) building in 2004. It has been used for various sample investigation.
The spectrometer is with low background against Compton scattering. The gamma
spectrometer is made up of HPGe detectors and can also be used as Nal (T1), NE110
plastic scintillation crystal ring cylinder anti-coincidence shield anti-coincidence detector.
Lead, copper for shielding together with a paraffin screen cover. The whole spectrometer
structure is shown in Figure 4.1 and detector layout in Figure 4.21701. In Figure 4.2, the

schematic view of HPGe(THU), major parts of the detector are labeled with the different
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colors. The tests at HPGe(THU). Six samples with the different grades of stainless steel

the raw iron and ingot are shown in Figure 4.3.

—_— .
N ,——"1‘

Figure 4.1 HPGe(THU) detector layout. Where the top of the detector consists of one shielding
material (including lead, paraffin and SST) and PMT’s. The bottom of the detector is filled with

the N, gas to suppress the environmental backgrounds.

4.2.3 HPGe at Underground (CJPL)

HPGe(CJPL) facility was fabricated by CANBERRA. The layout of HPGe(CJPL)
is shown in Figure 4.4. The dimensions of HPGe crystal are, 59.9 mm in diameter and
59.8 mm in height. To suppress the background, a cryostat was built with ultra-low
background aluminium. Due to high contamination, the preamplifier is placed outside
the shielding. HPGe(CJPL) has a huge sample screening box with the dimensions of
30 x 30 x 63 cm®. HPGe(CJPL) used custom-made passive graded shielding, which
offer low background. The inner shielding of the detector is made of oxygen free high
purity copper, which is polished with a sand paper and cleaned with ethyl alcohol to make
sure no external/surface contamination introduced. 3-layers of common 2!°Pb has been
introduced, each 5 cm thick, and are covered with the copper. Lead bricks were cleaned
with ethyl alcohol before placed in shielding. The outermost borated polyethylene plate
is used to shield the neutrons!’!!. Figure 4.5 shows the comparison of six samples in
HPGe(CJPL), including the raw iron sample, the ingot sample, the commercial 304L and
316L samples and, the custom-made 304L and 316L samples.
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Figure 4.2 The schematic view of the HPGe(THU) detector.
illustrated, the different parts of the detector including the HPGe crystal and nitrogen gas (LN,
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Figure 4.3 The tests of six samples in HPGe(THU).
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Figure 4.4 HPGe (CJPL) detector view.
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Figure 4.5 The comparison of six samples in HPGe(CJPL), including the raw iron sample, the
ingot sample, the commercial 304L/316L samples and the custom-made SST304L/316L samples
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4.2.4 HPGe(THU) vs. HPGe(CJPL)

We compared the test results with the two HPGe detectors, at Tsinghua and CJPL
Figure 4.6, shows that, the sensitivity at ground level detector is low, since there is the
environmental contamination at the ground level and no overburden to the environmental
radioactive background, however the ground level detector is more convenient for a initial

screening for samples.
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Figure 4.6 HPGe(CJPL) vs. HPGe(THU). The red spectrum is measured by HPGe(CJPL),
while the blue spectrum is measured by HPGe(THU). The sensitivities for the two detectors are
much different. The HPGe(THU) has a lower sensitivity than the HPGe(CJPL).

Table 4.2 gives the counting rates of different HPGe detectors at various labs. The
background rate at CJPL is as low as 0.413 counts/min. We note that the rate at CJPL is
higher than those at LNGS. This is understood to be due to an issue of the radon control,

which is still needed to improve at CJPL.

42,5 Commercial 316L vs. custom-made 316L

Commercial 316L vs. Custom-made 316L samples, where commercial 316L is
purchased from the market for comparison purposes. We made comparison with our
custom-made 316L sample can be seen in Figure 4.7. Both spectra are measured by the

HPGe(CJPL).

42



Chapter 4  Tests of stainless steel samples

Table 4.2 The background rates of major HPGe counting facilities at various ground and

underground labs.

Name Laboratory Overburden Energy range Background rate
m.w.e (keV) (counts/min)
MELISSA[7 KURF 1450 40 - 2700 5.42
CORRADO!! MPI-K 15 100 - 2700 3.20+0.01
Gator!7?! LNGS 3500 100 - 2700 0.157+0.001
GeMPI!?! LNGS 3500 100 - 2740 0.0279+0.0004
HPGe(THU) Tsinhua 0 60 - 2700 9.56
HPGe(CJPL) CJPL 6720 40 - 2700 0.413
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Figure 4.7 Test results of commercial 316L and custom-made 316L SST in HPGe(CJPL).

4.3 Assay results

We divided the assay results into three portions:

4.3.1 GDMS results

GDMS is a fast method to analyse the chemical composition of any solid and
can measure the complete profile of solids. We tested five sample (raw iron, ingot,
commercial 316L, custom-made 304L and 316L), the complete profile of selected

samples can be seen in Figure 4.8. Where the radioactive concentration is in g/g. One can
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conclude from Figure 4.8, that the commercial 316L sample have much more radioactive
contamination than the custom-made 316L sample. Table 4.3 gives the chemical element

analysis from GDMS for the two samples.
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Figure 4.8 GDMS profile for selected samples including one customized SST samples.

4.3.2 HPGe results
4.3.2.1 Counting rates

Counting rates can be extracted from the Figure 4.5, and estimated by using a

Gaussian fitting function as follows:

_ _ 2
(x—p) ) @1

1
. 2y _

where mean (i) and resolution (0%) are two fitting parameters. Eq. (4-1) was used to
fit the signal peak, while the first order polynomial function was used for fitting the

background. An example of fitting result is illustrated in Figure 4.9.

4.3.2.2 Geant4 simulation for HPGe(CJPL)

Currently, it is very common to use Geant4 Monte Carlo simulation to validate the
measurements. In this thesis, we used Geant4 to simulate HPGe(CJPL). The geometrical
setup of HPGe(CJPL) is shown in Figure 4.10. The major dimensions of HPGe(CJPL)
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Table 4.3 These results are measured by the commercially known GDMS facility. Comparison
of different gamma peaks in the two samples of commercial 316L and custom-made 316L for
detector construction of Jinping underground neutrino experiment. Each sample consists of

different nuclides. The results are given in g/g.

Nuclide Commercial 316 Custom-made 316L
x107° g/g x107%g/g
Pb 0.074 0.009
Bi 0.03 <0.005
Tl <0.005 <0.005
K 0.02 0.033
Co 742 8.39
Cs <0.005 <0.005
Si 1671 284
Mn 3853 202
P 118 15.4
S <0.5 8.25
§ 12|~ Ngq = 46.0 6.8
s | Ngg = 0.0 £2.8
B 10—
g [
i b e /“\
: / \
of 4 \
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Figure 4.9 The example of fitting to the ®°Co signal peak in the data for the commercial 304L

sample.

are given in the Sec. 4.2.3. These dimensions are used in the simulation. The HPGe

detector is placed inside and covered by the shielding.
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Figure 4.10 The schematic view of Geant4 simulation for HPGe(CJPL).

4.3.2.3 Efficiency evaluation for HPGe(CJPL)

A Geant4 simulation is used to estimate the efficiency of HPGe(CJPL). To validate
the efficiency of the detector, we used the SST sample in the simulation. The gamma

efficiencies are shown in Figure 4.11.
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Figure 4.11 HPGe(CJPL) efficiency estimated by Geant4. The efficiency is observed as a
function of energy and solid curve indicates the fitting results, with the fitting function given
in Ref. 711,

46



Chapter 4  Tests of stainless steel samples

4.3.2.4 Radioactivity contamination

In this thesis, all the results are reported with nitrogen flushing. The background
spectra can be seen in the Figure 4.5. The histogram in blue is commercial 316L and the
histogram in red is custom-made 316L. Both spectrums measured by HPGe(CJPL) will
be used for further usage in low-energy neutrino experiments.

Radioactivity concentration for the selected radioisotopes is estimated with
Eq. (4-2) (731,

N net
gtym '

A= (4-2)

Where A indicates the radioactivity contamination in Bq/kg, N, represents the net
counts, € represents the efficiency, ¢ is the data taking time, y represents the branching
ratio and m is the sample’s mass. The detailed results can be seen in Table 4.5.

All the four spectra are presented in Figure 4.12 are measured by HPGe(CJPL)
detector. In Figure 4.12, we give the comparison among the four SST samples,
in which commercial 304L and commercial 316L samples were purchased from the
market, while custom-made 304L and 316L are the customized samples. By comparing
these fours samples, one can conclude that the samples from the market have much
more contamination. The contamination rates of these samples, corresponding to each

isotopes/nuclide or single peak value are listed in Table 4.5.

4.3.3 GDMS vs. HPGe results

We compared the GDMS results with HPGe and found that GDMS is the fastest
way to know the contamination of a sample, but the sensitivity is not better than that with
HPGe(CJPL).

Table 4.4 Calculated conversion factors for different chain/nuclide. The conversion factors

further used in our final contamination measurements in Tab. 4.6.

Isotope/Nuclide Half life Atomic mass Conversion factor

238y 4.468x10° years  238.05 1ppb = 12.4 mBqg/Kg
232Th 1.405%10'0 years  232.03 1ppb = 4.06 mBq/Kg

K 1.277x10° years  39.96 Ippb = 259.4 mBg/Kg
0Co 5.2714 years 59.93 1ppb = 4.19x10'° mBg/Kg
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Table 4.5

Comparison of different gamma peaks in the six samples, SST sample for detector construction of Jinping underground neutrino

experiment. Radioactive contamination rate in Bq/kg. Where symbol < indicates the upper limit for background @ 95.% CL.

Decay Chain Isotopes Peak Raw Iron Ingot CustomMade 304 CustomMade 316 Commercial 304L. Commercial 316L
keV Bg/kg Ba/kg Bg/kg Bg/kg Ba/kg Bg/kg
Ra-226  186.21 < 0.0525 < 0.0540 < 0.0383 < 0.0365 < 0.0830 0.1019 £ 0.02775
U-238 Pb-214 29521 0.0112+0.0025 < 0.0082  0.0116 +0.0021 < 0.0105 < 0.0153 <0.0142
Pb-214 35192 0.0057+0.0016 < 0.0048  0.0132 +0.0013 < 0.0056 < 0.0056 < 0.0093
Bi-214  609.31 0.0058+0.0015 < 0.0063  0.0145 +0.0014 < 0.0054 < 0.0047 < 0.0071
Bi-214  1764.5 < 0.0172 < 0.0216 < 0.0059 < 0.0106 < 0.016 < 0.0179
Bi-214  1120.3 < 0.0033 < 0.0031 < 0.0145 < 0.0176 0.0110+0.0041 < 0.0227
Ac-228  209.25 < 0.0491 < 0.0635 < 0.0304 < 0.0476 <0.0555 0.0690 + 0.0214
Ac-228  338.92 <0.0148 < 0.0161 < 0.0079 < 0.131 <0.0081 <0.0247
Ac-228  911.20 < 0.0106 < 0.0074 0.0059+0.0017 < 0.0048 <0.0144 0.0348 + 0.0051
Th-232 Ac-228  968.97 < 0.0101 <0.0114 < 0.0075 < 0.0067 < 0.0190 < 0.0259
T1-208  583.14 < 0.0038 < 0.0038 < 0.0014 < 0.0020 0.0054+0.0010 0.0099+0.0012
T1-208  2614.7 < 0.0051 < 0.0048 < 0.0018 < 0.0023 < 0.0047 < 0.0062
K-40 K-40  1460.82 < 0.4637 < 0.2803 0.0138+0.0048 < 0.0129 0.3600+0.0927 < 0.3553
Co-60 Co-60  1173.23 < 0.0024 < 0.0016  0.0013+0.00035 0.0014+0.0004 0.0150+0.0017 0.0354+0.0046
1332.49 < 0.0024 < 0.0027 < 0.0029 < 0.0017 0.0238+0.0018 0.0283+0.0032
Cs-137 Cs-137  661.66 < 0.0017 < 0.0017 < 0.0012 < 0.0011 < 0.0025 < 0.0023
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Figure 4.12 HPGe(CJPL) profile of the four SST samples, in which the commercial 304L
and commercial 316L samples were purchased from the market, while the custom-made 304L
and 316L were produced with a special procedure. By comparing these fours samples, one can

conclude that the commercial samples have more contamination.

4.4 Discussion

Stainless steel is an important material in today’s detector construction, and it will
be used for the neutrino detector construction at CJPL. Thus it is important to investigate
the radioactive contamination and to ensure that no unwanted contaminations are found.
The commercial 316L.(0.52381 kg ) and custom-made 316L (0.56427 kg ) samples were
measured using the HPGe(CJPL) detector. GDMS facility provides the complete profiles
of the sample’s elements composition. But our main intentions are only few radioactive
nuclides. In Table 4.3 selected results can be seen. The custom-made 316L by smelting
process is chosen.

The detailed results of HPGe(CJPL) are shown in Table 4.5 with the six samples,
comparison of different gamma peaks in the six samples. Radioactive contamination rate
in Bg/kg. The radioactivity is estimated by using the Eq. (4-2).

Some important peaks are for 351.92 keV 23U/?!“Pb, for 583.14 keV 2*>Th/?*8TI
and for 1460 keV “°K . These peaks are very sensitive to the solar neutrino measurement
window and contamination rates including few main peaks are presented in Table 4.5. The

major contamination is from *?Rn induced and some are from the detector shielding.
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When 23¥U and ?*’Th are in the secular equilibrium, most of the contamination
results are given in the upper limit. So we assign the background for the whole chain,
to select the best value among all the number. We calculated the contamination rates in
the SST, especially in the custom-made 316L sample, which will be used in the future
neutrino experiments at CJPL.

Table 4.6 gives a summary of background estimation, which has been measured
by two different facilities HPGe(CJPL) and GDMS. The contaminations in rock have
been reported in Ref.['®). HPGe(CJPL) has the lowest rock contamination than the other
experiments. In Table 4.6, we made a comparison with some experiments!#’!, and found
that the level of radioactivity of the sample, especially due to 2**Th and *°K, reached to

the required one.

4.5 Summary

We investigated the whole smelting procedure to produce the low level background
SST. We adopted different assay methods to investigate the contaminations in our
samples. We used professional facilities like GDMS to measure the radioactivity in our
samples.

A low background HPGe(CJPL) facility, was installed at CJPL and used for
various detector’s material testing, including to investigate materials for Jinping neutrino
experiment, which is very sensitive to the rare event and also for the environmental
monitoring. We have reported our comparison with other experiments with respect to

the radioactivity in SST.
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Chapter 5 Study of Geo-neutrino at Jinping

5.1 Introduction

The production of heat in the Earth is influenced by radioactive elements releasing
heat when decaying to more stable nuclei. These decays are mainly by 2*2Th, 28U and
40K decays series. Without much information about the levels of these elements it is not
easy to differentiate the heat originating from radiative decays and the primordial heat
remnant from the initial gravitational collapse. An approach to estimate the radioactive
isotopes present within the Earth is to measure the flux of v’s produced in the decay series
of >Th and **8U.

5.2 Geophysical heat budget

The present estimates of the total heat radiated from the Earth, including those from
the oceanic and continental crust, is 31 + 1 terrawatt (TW) by H.N.Pollack et al.[”>and
A.M. Hofmeister7%!, The estimate was derived from 24,744 bore-hole observations at
20,201 points, covering about ~60%of the Earth with a resolution of 5° X 5°. Most of the
heat is radiogenic with a small ratio coming from chemical contribution and primordial
heat. The sources of heat vary for the region of the Earth and depend on the composition
and the levels of convection and conduction for the region. As shown in Figure 5.1,
the different density layers of the Earth, except the liquid outer core and upper mantle,
which contain partial melts, are solids. Due to different layering of the Earth as shown
in Table 5.1, the solid layers release heat slowly and are affected by the conduction. On
the other hand, the liquid layers can transfer heat through convection at a faster rate. The

layering of the Earth was due to the Earth’s formation and gravitational compression.

5.2.1 Tertiary planet formation

During star formation, a rotating cloud of interstellar dust and gas collapses
gravitationally towards its center of mass. This gas is made particularly of hydrogen

(H) and helium (He), with a small ratio of heavier elements deposited by extremely high
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Oceanic Crust, thickness 6 km Continental Crust, thickness 30 km

Upper Mantle

Depth

410 km

Lower Mantle 660 km

2886 km

Outer Core

i 6371 km

Figure 5.1 Radial distribution of Earth’s interior!””!.

Table 5.1 Radial distribution of the Earth’s interior with regional mass distributions!””!,

Zone Depth Mass Mass Fraction Average Density
[km] [10*'kg] [%] [kgm™]

Oceanic crust 0~6 6 0.1 3,100
Continental crust 0~30 19 0.3 2,700

Upper mantle (6,30)-410 615 10.3 3,350

Transition zone 410~660 415 7.0 3,860

Lower mantle 660~2886 2,995 49.6 4,870

Outer core 2,886-5,140 1,867 31.1 11,000

Inner core 5,140-6,371 5,975 100 5,515

Whole Earth 0-6,371 5,975 100 5,515

energetic stellar events such as supernovas. When particles collide into each other most
of the energy of the gas is convert into heat or thermal energy. A large portion of this
matter gathers at the center, making a large mass of dense, hot matter which will finally

create hydrogen (H) fusion thus forming a star[78-801,

5.2.2 Geochemical Earth model

The geochemical phases of the Earth occurred through slow cooling (as shown in
Figure 5.2), which happened during the early stages of our planets formation and shaped

how the materials within our planet are arranged. The measurement of neutrinos can help
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us to know the composition of the Earth, through direct measurement.

5.2.3 Bulk silicate Earth (BSE) model

It is difficult to understand the Earth’s chemical composition, but there are several
estimates on the chemical composition of the earth made by carbonaceous and iron
meteorites group. These are named after the Ivuna meteorite and very close to that of solar
photosphere. By understanding the chondrite composition and considering geological
and lithological estimations, the BSE model gives acceptable measurements of the Earth’s
composition®!. The Earth model provides a theoretical rock composition, which guides
us to to know about the mantle’s composition, before and after the separation, mantle to
crust. In accordance with these models, the original mantle would have 2**U and >*?Th in

amounts as high as 17.3 + 3 ppb (part per billion) and 63 + 10 ppb respectively3?!,

Subduction rane

400
650

vl s

DEPTH (Eilo meters)

5,150

6,378

Figure 5.2 Geochemical density distribution.

5.2.4 Core

Seismic waves can be used to know the Earth’s core and it behaviour. The chemical
behaviour of the Earth’s core can be understood by the analysis of meteorites, particularly
carbonaceous and iron meteorites. The Earth’s chemical composition can be estimated

by subtracting silicate from carbonaceous chondrite composition. It is also believed that
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refractory lithophile elements like 2*®U and 232Th are not present in the core, despite the
Earth’s models; a core made by low atomic elements like hydrogen, carbon, nitrogen,

magnesium, silicon and sulphur can be contained in such high density alloys!®?!.

5.2.5 Mantle

Continental crust (CC) is formed due the melting of mantle. In this process,
numerous elements are formed such as >*¥U and ?*’Th from mantle to crust. This
melting occurs at a 30 ~ 70 km and heat convection happens inside the mantle, which
creates depletion and form a incompatible elements in the Earth. We only know the tiny
information of lower mantle part, it impossible to reach that part. It is easier to understand

the upper part of the mantle!®3!, numerous samples of ultramafic massifs are available.

5.2.6 Oceanic crust and sediment

The composition of CC in the Earth not more than 0.4%. It is believed that
uranium (as shown in Table 5.2) and thorium (as shown in Table 5.3) only half of
the continental crust. CC is not as dense as the oceanic crust. The oceanic crust is
homogeneous on average and more dense than CC. By knowing the composition of the
oceanic crust is basaltic with the 23U and ?*’Th concentration at ~ 0.10 ppm and ~ 0.22

ppm respectively (841

. The top layer of oceanic crust is sediment, which belongs to the
volcanic and continental activity besides biological products. Geochemical samples can
be collected through Deep Sea Drilling Project (DSDP), which estimates the 2*¥U and

232Th concentration in the sediment to be 1.68 ppm and 6.91 ppm respectively 3>,

5.2.7 Sources of terrestrial heat

A new planet has a sufficient amount of heat held within it from it’s first gravitational

collapse. Over time this heat is transported from its warm centre to the solid oceanic and

Table 5.2 238U Concentration in the continental crust.

Uranium Concentration [ppm]

Name Upper crust Middle Crust Lower Crust  Average
Rudnick (1995) 2.8 1.6 0.2 1.42
McLenan (1999) 2.8 0.28 0.28 0.91
Wedepohi(1995) 2.5 0.93 0.93 1.7
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Table 5.3 22Th Concentration in the continental crust.

Thorium Concentration [ppm]

Name Upper crust Middle Crust Lower Crust Average
Rudnick (1995) 10.7 6.1 1.2 5.6
McLenan (1999) 10.7 1.06 1.06 35
Wedepohi(1995) 10.3 6.6 6.6 8.5

Table 5.4 Summary of 2*U and 2*>Th concentration in each region.

Region Uranium [ppm] Thorium [ppm] Reference
) Continental 2.8 10.7 Plank et al.
Sediment .
Oceanic 1.68 6.91 Plank et al.
. Upper 2.8 10.7 Rudnick et al.
Continental crust ) .
Middle 1.6 6.1 Rudnick et al.
Oceanic crust - 0.1 0.22 Taylor et al.
Upper 0.012 0.048 -
Mantle
Lower 0.012 0.048 -
Outer 0 0 McDonough
Core
Inner 0 0 McDonough
Bulk Silicate - 0.02 0.08 McDonough
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continental crusts. The heat finally escapes through radiation. The cooling is slower
because of inner heat production within the core, mantle, and crust, which coming from
many possible sources, with a large emphasis on radioactive decay energy. In order to
measure the level of heat generation inside the Earth, it is essential to correctly measure
the level of different heat sources inside the Earth and set constraints on the amount
of recent formed heat which resembles with the heat transfer inside the Earth. The
disappearance of the total heat on the Earth’s surface, as described earlier, is 31 + 1
TW 76!, This heat falls into two types, primordial heat and new heat. Primordial heat is
any form of heat which originated from the energy of the initial gravitational collapse of
the hot protoplanet materials. This heat is not enough responsible to warm our planet,
thus there are also other factors such as new heat is produced by chemical reactions and

from radioactive decays®?!,

5.3 BSE model for Jinping

A 1° x 1° topological map of the density p(7) in the Earth crust is used in Egs. (5-6)
and (5-7), and was obtained from CRUST1.0. The assumption employed for the mantle
is from Huang et al'®®!. For the computation of flux, a 1° x 1° tile is further divided into
subtiles to obtain the propagation distance L. The abundance of HPEs A;(¥) in geological
layers and the intrinsic radioactive element properties. The abundance is assumed to be

uniform in every layer. The energy spectra of HPEs are obtained as in Sec. 5.4.

5.4 Energy spectra of geoneutrinos

Radioisotopes that are found in the Earth’s interior are fall into three major kinds;
isotopes in the 2*Th (T% = 14.0 x 10° year) decay chain, isotopes in the #U (r 1=
4.47 x 10° year) decay chain, and *°K (r 1= 1.28 x 10” year). Besides that, there are
also minor isotopes decays in the Earth, which have a much shorter half life time, e.g

2Np(r 1= 2.0 x 10%year). They can be ignorable due to their low abundances and very
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small Q values (e.g. '33La, 8Rb and etc. )83, The reactions are follows:

28U -2% Pb + 8a + 6e” + 67, + 51.698 MeV,

22Th -2 Pb + 7a + 4e™ + 47, + 46.402 MeV,

25U -8 Pb + 6a + 4e” + 47, + 42.652 MeV, (5-1)
WK 5% Ca+e +47, + 1311 MeV  (89.3%),

VK +e” =% Ar+ v + 1.505 MeV  (10.7%).

Except for the K-shell EC of “°K, all the other B decays produce ¥,’s, comprising the
geoneutrinos. It is noted that only those from 2*Th and 233U decay chains with energy
above IBD threshold of 1.8 MeV can be detected.

In the estimation of the overall antineutrino intensity energy spectrum of each decay
series, the shapes and rates of all single decays have to be incorporated: comprehensive
calculations are needed to take into account 82 individual branches in 23U and 70
individual branches in 2*Th. The only contributions to the geoneutrino signal detectable

via IBD are from 2!*Bi and 2**Pa in the 23¥U series and 2!?Bi and 228 Ac in the %2Th

series %71,
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Figure 5.3 Geoneutrino energy spectra of U-series, Th-series and K.

It is noted that there is a few percent difference around 1 MeV for 23U between the

present Geant4 and S. Enomoto’s calculation!®®!. Both the 2**U and *°K geoneutrinos are
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below the IBD threshold of 1.8 MeV, as shown in Fig. 5.3, and cannot be detected via the
IBD method.

Table 5.5 Radiogenic heat emission per decay, corresponding to isotopes/nuclide 38,

28y 22Th K [87(89.28%)] “°K [EC(10.72%)]

0 [MeV/decay] 51.7 427 1.311 1.505
0O, [MeV/decay] 3.96 2.23 0.724 0.044
Ohear IMeV/decay] 47.7 404 0.587 1.461

Radiogenic heat emission can be calculated by subtracting Q [MeV/decay] from the

Q,, Equation (5-2). The % is neutrino intensity spectrum followed by Chapter 2.

E’naX
dN
at =0—0,=0- E,—dE,. 5-2
Orar =0 -0, =0 f - (5-2)
0

By adding, all the decays from individual branches from U, Th and K, the total radiogenic

heat energy is shown in Table 5.5.

Table 5.6 Neutrino luminosity and emission of radiogenic heat 38!,

238U 232Th 40K
Natural Abundance [%] 99.27 100 0.01167
Naom/mass[1/kg] 2.530x10%*  2.596 x 10**  1.506 x 10%
Lifetime[sec] 2.034x 10" 6397 x 10'7  5.814 x 10'°
Niecay/mass[1/sec/kg]  1.244x 107 4.058 x 10°  2.590 x 108
Ny, /Ndecay 6 4 0.8927

L;, /mass[1/sec/kg] 7464 x107  1.623x 107 2.312x 108
Opear /mass[W/kg] 9.515x 107 2.628x10™° 2.824x 107

Neutrino luminosity Ly, is calculated by®*! as follows:
. Ly, 7 e
Uranium : — =7.410 x 10’ [v./sec/kg]. (5-3)
mass
. LT/ 7 =
Thorium : — = 1.62 X 10" [v./sec/kg]. (5-4)
mass
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Ly
Potassium : —— = 2.70 x 10* [ve/sec/kg]. (5-5)
mass

5.5 Calculation of geoneutrino flux

The geoneutrino flux ¢(E) can be estimated by the heat producing elements (>*3U
,32Th, and “°K) at Jinping experiment site by integrating the grid-calculated geo-7,’s in
the Earth propagating to Jinping site with an oscillation,

¢/ E)dE = P. (E,L)f(E)d7dE, (5-6)

XiAiNy (i) X fAi(?)P(f’)
i 4rL?
where X indicates the natural isotopic fraction of radioisotopes/nuclide i (*3U ,»2Th, and
40K), A is representing decay constant corresponding to each i, N4 is Avogadro’s number,
u is the atomic mass of i, n, is representing the number of antineutrinos emitted per decay
of i; A(P) is abundance of element for each i; p(7) is density, L indicates the linear path
to the Jinping detector; P,, is the ¥, survival probability and f(E) is the normalized v,
energy spectrum of i.

Total geoneutrino flux ¢; from HPE i can be obtained by integrating the below

¢i = f ¢i(E)dE

XANA APPD)
_ y<)<P>f o,

Equation,

(5-7)

where (P.,) is the survival probability of ¥,. Except the vacuum oscillation effect,
the three-generation Mikheyev-Smirnov-Wolfenstein (MSW) oscillation effect is also

considered.

5.6 Backgrounds for geoneutrino signal

Borexino and KamLAND experiments have already studied that the backgrounds

for geoneutrino signal are from the reactor neutrinos and non-neutrino backgrounds.

5.6.1 Reactor antineutrino backgrounds

Reactor antineutrino background (RAB) is the severe background for geoneutrino

signal. RAB is the major man made source of antineutrinos and can not be reduced by
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material purification or placing the detector in deep underground. The flux obeys the law

of inverse distance square.

5.6.1.1 Differential neutrino flux of a single reactor

The major man-made source of antineutrinos is produced in the fission process
inside the reactor core. The fissions of 23°U, 28U, °Pu and **'Pu provide the major
source of energy in the nuclear reactors. The differential flux of antineutrino from the

single reactor core can be estimated as

Wth
E, S i(Ey 5-8
H(E,) = f”Zf {E)), (5-8)

where ¢(E,) represents the flux of antineutrinos, i represents the total number of isotopes,
W, represents thermal power of a reactor®, £, represent the fission fraction of each
isotopes, e; represents the average energy released per fission of each isotope. A typical
set of fission fractions, f;, and the average energy released per fission, e;, are followed in
Table 5.7 and shown in Figure 5.4.

Table 5.7 Fission fraction and average released energy of each isotope.

Isotope  f;  e; [MeV/fission]
235U 058 202.36 +0.26
28U 0.07  205.99 +0.52
Z%Pu 030 211.12+0.34
2lpy  0.05 214.26 +0.33

5.6.1.2 Total differential reactor neutrino flux

The total reactor neutrino background can be measured at Jinping, @ ipine, thermal
powers data of planned or currently running reactors can be used from IAEA®! and the

V. survival probability is also used. ¢ i, ping(E,) can be shown:

Reactors

¢Jmpmg(Ev) - Z ¢ (Ev)Pve—We(Eva L) (5'9)

A L2’

AM;3 (eV)L(km)
E(GeV) 7

Py, 5. (E,, L) = 1 —sin® 20,5 sin*(1.267 (5-10)
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Figure 5.4 Reactor antineutrino spectrum.

E, is the neutrino energy, L is the distance from reactor to the Jinping detector, 6,
and AM%1 are oscillation parameters. Where L can be calculated using the latitude
and longitude between the reactors and Jinping detector. The value of sinf;, = 0.586
and AM%1 = 7.58 x 107 eV. The total flux at Jinping from all the current or under

construction reactors as shown in Fig. 5.5.
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Figure 5.5 Total flux at Jinping.

5.6.1.3 Reactors in operation and under construction

There are 34 operational and 21 under construction reactor in China. The list of the

operational reactors are shown in Tab. 5.8 and map is also shown in the Fig. 5.6. The
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list of the under construction reactors are shown in Tab. 5.9 and map is also shown in the
Fig. 5.7. We estimated the distance from each reactor to CJPL, by using the latitude and

longitude.
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Figure 5.6 Map of the operational reactors in China (Google maps).
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Figure 5.7 Map of the under construction reactors in China (Google maps).

5.6.1.4 Impact of inland reactors

According to Ref.’®") many inland reactors are future planned in mainland China.
Fig. 5.8 shows the possible locations of inland nuclear power plants in China. Since the

reactor neutrino flux propagates according to the inverse square of distance to CJPL.
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Table 5.8 List of operational reactors in China!

89] .

Sitename Latitude Longitude  Power (Gw) Distance to CJPL (km)
CHANGIJIANG-2 19.46075 108.899917 1.93 1217.4
HONGYANHE-4 39.795833 121.480556 2.905 2220.95

NINGDE-4 27.044444  120.283333 2.905 1835.02
CEFR 39.740929 116.030139 0.065 1837.94
CHANGIJIANG-1 19.46075 108.899917 1.93 1217.4
DAYABAY-1 22.597222 114.544444 2.905 1434.82
DAYABAY-2 22.5953 114.5431 2.905 1434.8
FANGCHENGGANG-1 21.666667 108.566667 2.905 1006.06
FANGJIASHAN-1 30.441342 120.941758 2.905 1880.97
FANGJIASHAN-2 30.441342  120.941758 2.905 1880.97
FUQING-1 25.445833 119.447222 2.905 1787.45
FUQING-2 25.445833 119.447222 2.905 1787.45
HONGYANHE-1 39.795833 121.480556 2.905 2220.95
HONGYANHE-2 39.795833 121.480556 2.905 2220.95
HONGYANHE-3 39.795833 121.480556 2.905 2220.95
LINGAO-1 22.604789 114.551489 2.905 1435.06
LINGAO-2 22.604789 114.551489 2.905 1435.06
LINGAO-3 22.604789 114.551489 2.905 1435.06
LINGAO-4 22.604789 114.551489 2.905 1435.06
NINGDE-1 27.044444 120.283333 2.905 1835.02
NINGDE-2 27.044444 120.283333 2.905 1835.02
NINGDE-3 27.044444  120.283333 2.905 1835.02
QINSHAN2-1 30.433056 120.95 1.93 1881.7
QINSHAN2-2 30.433056 120.95 1.93 1881.7
QINSHAN?2-3 30.433056 120.95 1.93 1881.7
QINSHAN2-4 30.433056 120.95 1.93 1881.7
QINSHAN3-1 30.433056 120.95 2.064 1881.7
QINSHAN3-2 30.433056 120.95 2.064 1881.7
QINSHANI1 30.433056 120.95 0.966 1881.7
TIANWAN-1 34.686944 119.459722 3 1830.88
TIANWAN-2 34.686944 119.459722 3 1830.88
YANGIIANG-1 21.708333 112.261111 2.905 1288.64
YANGIIANG-2 21.708333 112.261111 2.905 1288.64
YANGIJIANG-3 21.708333 112.261111 2.905 1288.64
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Table 5.9 List of under construction reactors in China 8%,

Sitename Latitude Longitude  Power (Gw) Distance to CJPL (km)
CHANGIJIANG-2 19.46075 108.899917 1.93 1217.4
FANGCHENGGANG-2 21.666667 108.566667 2.905 1006.06
FUQING-3 25.445833 119.447222 2.905 1787.45
FUQING-4 25.445833 119.447222 2.905 1787.45
FUQING-5 25.445833 119.447222 2.905 1787.45
FUQING-6 25.445833 119.447222 2.905 1787.45
HAIYANG-1 36.708333 121.383333 3.451 2068.01
HAIYANG-2 36.708333 121.383333 3.451 2068.01
HONGYANHE-5 39.795833 121.480556 2.905 2220.95
HONGYANHE-6 39.795833 121.480556 2.905 2220.95
SANMEN-1 29.101111 121.641944 34 1946.62
SANMEN-2 29.101111 121.641944 34 1946.62
SHIDAOBAY-1 36.4 118.4 0.5 1812.85
TAISHAN-1 21.917778 112.981944 4.59 1336.18
TAISHAN-2 21.917778 112.981944 4.59 1336.18
TIANWAN-3 34.686944 119.459722 3 1830.88
TIANWAN-4 34.686944 119.459722 3 1830.88
TIANWAN-5 34.686944 119.459722 2.905 1830.88
YANGIIANG-4 21.708333 112.261111 2.905 1288.64
YANGIJIANG-5 21.708333 112.261111 2.905 1288.64
YANGIIANG-6 21.708333 112.261111 2.905 1288.64
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A factor of two shorter distance will cause a factor of four increase for the flux for
the reactors with the same thermal power. Assuming the inland reactors with 2.9 GW

thermal power each and an average distance L of ~561 km, we expect the reactor neutrino

background will increase 0.0100 events/day/kiloton times.
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Figure 5.8 Map of inland reactors.

In Fig. 5.9, the color online, comparison of reactor neutrino flux at Jinping and other

underground experiments, such as: Gran Sasso, Kamioka and others. The CJPL has

lowest reactor antineutrino rate 1.3 x 10®/(cm? - s).

5.6.1.5 Total reactor neutrino event rate

Electron anti-neutrino’s will be detected via IBD process,

Ve+p—et+n (5-11)

The above reaction needs a threshold 1.8 MeV and what we measured, E,;;, is the sum of

positron energy and two 0.511 MeV gammas,

E,;=E,—-0.78MeV. (5-12)
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Figure 5.10 IBD cross section.

By calculating the total flux from all the nuclear reactors (under construction and
operational) and the cross section of IBD, o(E,)!'® as shown in Fig. 5.10, one can
measure the rate of detectable events at Jinping using the Equation (5-13), total reactor v,

event rate as shown in Table 5.10 and also in Figure 5.11,

RJinping(Ev) = ¢Jinping(Ev) X o(E)). (5-13)
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Table 5.10 Reactor v, event rate at Jinping. 1 TNU=(1 event/10*?*protons/year).

Event rate Constructed Under construction Total
(TNU) China Others China Others
FER (1.8-10.0 MeV) 89+0.2 10.6+0.1 63+0.1 20+00 278+04
SER (1.8-3.3MeV) 24+0.1 23+00 15+00 0.6+00 6.8+0.1

Chinga, in Operation

| China, Under Construction

D Other, in Operation

Other, Under Construction

Reactor Neutrinos [TNU]
o

P P
2000 4000 6000 8000 10000 12000
Distance from Jinping [km]

OO

Figure 5.11 Reactor v, background spectra at jinping, from all reactors (operational and under

construction) in China and others.
5.6.2 Non-neutrino backgrounds

Li-He: When high energy muons (u’s) go through the detector, it can have a strong
interaction with the LS, mainly the carbon nuclei, producing fast neutrons and some
radioisotopes. Among these isotopes, the °Li and He nuclei can have B-neutron cascade
decay. The muon flux is very low at Jinping. A u veto cut of 2s is applied at a cost of loss
in 1.1% live time. The estimated background rate of °Li and °He is 0.02 + 0.01/3 kilotons
x 1,500 days.

Fast neutrons: Fast neutrons backgrounds are also produced due to muons, when high
energy u’s go through the detector. A u veto cut of 2s is applied, causing a loss in 1.1%
live time. The estimated background rate of fast neutron is < 0.04/3 kilotons x 1,500

days.

Alpha-neutron There are many radioisotopes, which emit the alpha particles, they can

also trigger the alpha-neutron reaction in LS. 2!°Po background plays an important role in
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measuring the background rate of (@, n) for geoneutrino measurements. By considering
the identical level of 2!°Po background such as Borexino!?”], the estimated background
rate of alpha-neutron is (1.7 + 0.1)/3 kilotons/1,500 days. Accidental backgrounds are
ignored, considering the cleanness of detector and use the fiducial volume cut to veto the
outside natural radioactivity !,

The summary of all the non neutrino background is shown in Table 5.11,

Table 5.11 Total non antineutrino backgrounds events with an exposure of 3 kilotons x 1,500

days at Jinping.
°Li-8He  Fast neutrons a-n  Total
3 kilotons x 1,500 days
Events 0.02 +0.01 <0.04 1.7+0.1 1.8

The total non-neutrino background is 1.8/3 kilotons/1,500 days as shown in
Table 5.11 and is ignored in this thesis, as comparing to reactor v, background rate is
(60.4 + 0.9)/3 kilotons/1,500 days, as shown in Table 5.13.

5.7 IBD spectrum at Jinping

By considering the 500 p.e./MeV with energy resolution (4.4%/+VE,;), the
target mass of 3 kilotons and with live time of 1,500 days, expected IBD spectra
as shown in Fig. 5.12. Geoneutrinos predictions for Jinping are categorized in

Table 5.12. Geoneutrino signal and reactor v.’s background, event rates are enlisted in

Table 5.13.

Table 5.12 Summary of predicted geoneutrino event rates in TNU at Jinping.

Geo 7, (TNU) Crust Mantle BSE
Th 106 £0.8 2105 127«1.0
U 384+6.6 83%+23 46.7+6.7
Th+U 490+73 104+27 594+7.6
5.8 Summary

In this chapter, we estimated the geoneutrino signal for 28U = 46.7+6.7 and 2>Th =

12.7 +£ 1.0 TNU and for the reactor background in signal region (1.8-3.3 MeV) is 6.8 +
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Figure 5.12 Jinping expected IBD spectrum, black solid line represents the total number
of events, blue and magenta dashed lines indicates the geoneutrinos from 2*’Th and 23U ,

respectively. Grey filled is the reactor ¥,’s.

Table 5.13 Geoneutrino and reactor neutrino event rates and total events with an exposure of 3

kilotons x 1,500 days at Jinping.

Geoneutrino Reactor
28y 22Th  Total FER  SER
Event Rate (TNU )  46.7 12.7 59.4 27.8 6.8
Total Events 414.5 113.6 5273 2468 604

0.1, and in full region (1.8-10.0 MeV) is 27.8+0.4 TNU, respectively. Non-neutrino

backgrounds have been ignored in this study.
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Chapter 6 Conclusion

Neutrinos have been a common interest among the study of particle physics, nuclear
physics, astrophysics and cosmology, and hence have important scientific significance
and great potential application. The proposed low-energy neutrino experiment at China
JinPing underground Lab (CJPL) with the largest overburden in the world, has natural
advantages of lowest cosmic background and reactor neutrino background, as well as
the highest geoneutrino flux, specifically suitable for relevant physics studies on solar
neutrinos and geoneutrinos. This thesis has focused on the issues and applications of
the radioactive nucleus decays for the solar and geoneutrino experiment at Jinping. The
summaries are as follows:

1) We investigated the whole smelting procedure to produce the low level
background SST. We adopted different assay methods to investigate the contaminations
in our samples. We used professional facilities like GDMS to measure the radioactivity
in our samples.

A low background HPGe(CJPL) facility, was installed at CJPL and used for
various detector’s material testing, including to investigate materials for Jinping neutrino
experiment, which is very sensitive to the rare event and also for the environmental
monitoring. We have reported our comparison with other experiments with respect to
the radioactivity in SST.

2) We estimated the geoneutrino signal for 23U = 46.7 + 6.7 and *>Th = 12.7 + 1.0
TNU and for the reactor background in signal region (1.8-3.3 MeV) is 6.8 + 0.1, and in
full region (1.8-10.0 MeV) is 27.8+0.4 TNU, respectively. Non-neutrino backgrounds

has been ignored in this study.
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