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Abstract The water tank prototype with a dimension of 1m×1m×13m确甚s constructed a8 a building

block of the Cerenkov calorimeter for very long baseline neutrino osciUation experiments． The eH．ective

attenuation 1en酵h of the water tank waLs measured to be(5．74士o．29)m，and the li曲t c011ection probability

as a function of the incident angle of the particle is studied． Results are compared with a IⅥonte Carlo

simulation based on GEANT4 pac4【age which incorporates detailed optical processe8．A good a舻eement is

achieved and the water tank is feasjble for the construction of the Cerenkov calorimeter．

Key words neutrino，oscil】ation，detector，calorimeter

1 Introduction

Wa七er is one of the most ecOnomic materials fbr

1arge scale neutrino detectors．1VV，a七er Cerenkov ring

image detectors haⅣe been 8uccessfully employed in

large scale experiments such as super-Kamiokande【1】，
MiniBooNE【21 and IMB[31．etc． However such kind

of detector8 are not suitable for neutrinos with an

energy more than～4GeV due to complications of

8hower8，therefore they are not the choice’for very

long baseline neutrino oscilla，tion experiments．Water

CerenkcIv calorimeter[4】，made up by a matrix of water

ta，nks，is similar in a sense to the crystal calorimeter in

accelerator experiments． CerenkoV light produced in

the water tank is su伍cient to haⅣe a good energy res—

01ution，and the eVent pattern of the energy deposit

in the water tank matri)【can be u8ed to identi矽neu_

trin08 undergoing chaTge curreI吐interactions[刮．It i8

a cheap solution for the long baseline neutrino oscilla_

tion experiments at a scale of 10(卜一1000kt，and also

applicable to cosmic—r8y physics and astrophysics[4】．

Report8 about these kind of applications can also be

found in R以[5]．

In this paper we report results f．rom a study of a

fuU 8ize prototype，compared with the re8ults from a

GEANT4[引-based full Monte Carlo simulation．

2 WbLter tank construction

’Ihe radiation of CerenkoV hght occurs when a

charged partjcle moVes through a dispersive medium

faster than the group velocity of 1ight in the same

medium． Photon8 are emitted on the surface of a

cone，opening at an increasingly acute angle with re—

spect to the particle’s momentum direction as the

particle slows down． The number of Cerenkov pho—

tons generated by the primary panicle，dⅣ，is：

dⅣ≈370(1—1／(礼2p2))dpd。， (1)

For p=1，dⅣ≈300 photons／cm in the wavelen酏h

window of 300nm<入<600nm．

A water tank prototype made of PVC with the di—

mension of 1m×lm×13m is built as shown in F堙．1．

The inner waU of the tank is covered bv the Tvevk

mm 1070D矗om DuPont． At each end of the tank

there i8 a Winston Cone川which can c011ect Darallel

Received 11 April 2005

木supported by National Natural science Foundation of china(10225524)and 100 Talents Progr锄me of cAS(u一18)

1)Bmajl：mjchen@mail．ihep．ac．cn

983—988
 万方数据



984 高能物理与核物理(HEP&NP) 第29卷

light at its focal point，where an 8一inch photomulti—

plier is instaUed．The Winston cone is again made of

PVC，covered by the aluminium film with protectiVe

coating． Cerenl【oV light produced by through—going

charged particles are re丑ected by the聊ek and Al

film and coUected by photomultipliers at the focus of

the Win8ton cone． At the top of the tank there is

an air gap(about 1cm)aboVe the water leVel which

serves as a total reflector for photons with certain

incident angle8．

F远．1． Schematics of a water t粕k of the CerenkoV calorimeter．

The middle point of the tank is 8et as the origin of the coordinate system

Tyevk is a dif}use re丑ector with a very high re—

nectivity which is measured in the ftequency range of

visible light as shown in Fig．2．Although it is naiVely

believed tha七mirror reflector such as Al 6hn has a

better 1ight coUection for such a 10ng optical module，

our simulation shows that their performances are ac—

tuallv verv similar(引．The dominant factor is the bulk

reflectivity．The good mechanical and cheIdical prop—

erties of Tyvek lead us to use it in order to haVe an

easy handling and less aging eff色ct in the deionized

water． Tyvek as a reflector in water has been used

by many experiments，including Super—Kamiol【ande，

KamLAND，and Auger experiment[91．

Since the Winston cone needs a mirror re丑ection

to coUect light，a selected Al矗lm i8 used．Al film has

a very high reflectivity(98‘％)in theory，but it is easy

to be oxidized in water and lose its reflectivity．A pro-

tective coating is hence needed and the reflectiVity is

measured to be typicaUy 90％，a8 shown in Fig．2．

In order to have a good water transparency，clean

de—ionized water with a resistance of more than 10Ⅳ【Q

is used． The water is again purified by a simple

system with a 0．1 Lun fllter，which can increase the

transparency by a factor of two． The water ab—

sorption 1ength as a fhnction of waVelength used in

Monte Carlo simulation is obtained by scaling down

the curve矗om the Auger experiment【10】based on our

experimental data，as shown in Fig．2． The photo—

tube used is 9350KB行om EMI，and its quantum

emciency[11]is shown in Fig．2．

80

O
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wavelength／m
Fig．2． The water absorption length by adjust—

ing that仔om Auger experiment，the quantum

emciencv of the PMT 9350KB矗om EMI，a肛d

the meaLsured renectivity of Tyvek and Al as

a fhnction of w2L、relen武h．

Cosmic—muon8，triggered by t、Ⅳo scintillator coun_

ters at the top and the bottom of the tank，are the

primary charged particles which generate Ceren玉【oV

Dhotons． The muon flux a土the sea level is about

1．8×10—2／(cm2．s)，and the area of scintillation coun—

ters is 20cm×44cm，hence it takes typically 10 hours

to accommodate one spectrum．Such a smaU trigger
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counter is selected to control the error due to the in—

cident position，angle and the pass 1ength of Hmons．

A displacement of one of the two trigger counter8 in

z direction(see Fig．1)can de矗ne the incident angle

of the muons． In addition，betwreen twD runs a cali—

bration run with the trigger counters at z=0．5m was

taken t0 monitor the water quality．

The setup also includes a C205 ADC from CAEN

to mea8ure the charge of muon and the single pho—

toelectron for calibration．a N844 discriminator矗om

CAEN to generate trigger signals and the gate signal

for ADC．

GEANT4 is a C++toolkit proViding the ma-

chinery necessary to define the detector geometry

and material properties and to simulate particle

transport and interactions in the detector materi．

als． M08t relevant physics processes have been in—

corporated，including ionization，delta ray produc—

tion，multiple CouloI玎【b scattering，bremsstrahlung，

and Cerenkov radiation f6r charged particles．Optical

photon8 produced by processes such as Cerenk()v ra广

diation(i11cluding CerenkaV radiation行om delta rays)

may then subject to Rayleigh scattering，absorption，

and optical boundary i11teraction8． The reflection

and tran8mis8ion of light at a rough surface is mod—

e11ed in GEANT4 using a nexible optical model，uni一

矗ed model， to accommodate the main fe雄ures of

both physical and geometrical optical models of sur—

face reflection over a wide range of 8urface roughness

and waⅣelengths‘1锄． It allows a，djustment of param_

eters to control the relative contributions of specu—

lar reflections盘om both the average surface normal

and the normal of a micro facet at the 8urface，dif-

fuse(LaInbertian)reflection，possible backscattering，

and overall surface re丑ectivitv【13]．

A GEANT4-based 8imulation program of the wa-

ter tank is developed，and proper optical models and

parameters of optical surfaces are selected and tested．

Since the construction of the w．ater tank is similar in

marly ways to that of the Auger detector【1川，some of

the parameter、吼lues in our siInulation program are

very similar【圳．Optical model8 and their parameters

have been discussed in Ref．『81．

3 R，esults and discussions

3．1 PMT’s singl争photoelectron spectrum

single photoelectron spectrum(sPE)i8 measured

befbre each run in order to calibrate the system since

signal anlplitudes normalized to that of SPEproVide a

unique measure of light coUected by photomultipliers．

SPE can be measured in many ways，one of which is

the so—caUed‘‘thermal noise”method．In total dark—

ness，a photomultiplier can stiU generate pulses due to

thermal emis8ion of single electron by photoca七hode，

equivalent to the charge spectrum of sin对e photo—

electron． Thermal emi8sion of electrons by dynodes

constitutes the noise below the SPE peak． A SPE

spectrum of the PMT 9350KB，applying a high Volt—

age of 1550V at the room temperature(about 15℃)，

is measured as shown in F唔3．Since the ADC used is

only 12 bit，the working Voltage(1550V)of thePMT is

selected to avoid sa七uration of A【}C for cosmic—muons

at aU positions along the wa七er tank．The SPE spec—

trum is obtained by a self’trigger with a threshold

of 2mV and a gate width of 100ns． The first peak

corresponds to the pedestal，the second peak comes

from the dynode noise aboVe the 2mV threshold，and

the 1ast peak is from SPE，whose position will be

used as the normalization to count nuInber of pho—

tons．It i8 clear from the figure that the PMT has a

good peal(-to—vaUey ratio of about 1．5 and its noise is

small enough．

Fig． 3． Single—photon 8pectrum of the PMT

9350KB at a hi曲voltage of 1550V．
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3．2 Position dependent respo璐e of the、^rater

tank

Light collected for cosmic—muons is a function of

distance行om the incideIlt point of the muon to the

phototube，since the water transparency and reflec—

tivity of the Brvek film is not perfect．Such a p08ition

dependent response ofthe tank is critical to its energy

res01ution and pattern recognition capability． Typi_

cally it is characterized by an exponential behavior of

e一￡／A．where z is the di8tance of the muon eveIlt to

the phototube and A is the characteristic parameter，

oRen called“e舵ctive attenuation length”．

The characteristic parameter入depends on the

wa土er transparency，the reflectivity of the聊ek film，

and the geometry ofthe tank．Fig．4 shows the charge

spectrum collected at z=0．5m with an incident an一

舀e of 0。． U8ing the trigger scintillation counters to

define the muon incideIlt 10cation，keeping the可coor—

dinate constant aus indicated in F唔1，the total light

c01lected as a fhnction of茁at 8everal locations is ob—

tained as shown in Fig．5．An exponential flt yields

the measured eH．ectiVe attenuation length of the wa—

ter tank of(5．74土o．29)m． The line repre8ents the

Monte Carlo prediction by adjusting the scale of the

water absorption 1en酵h as shown in F培．2，until the

e征bctive atteImation len酗h is in agreement with that

of the measuremellt．As wha土i8 discussed龇er．this

tuIling is justmed by the agreement between data and

Monte C蒯o prediction for both the e髓ctive attenu-

ation len酗h and the angular dependent response．

Fig．4． Charge spectrum c011ected at。=0．5m

with an incident an西e of 00．

It canbe seen丘omFig

muon8 eIltering the center

5 that，for a through—going

ofthe tank．a total of～20

photoelectrons by each PMT will be collected，corre_

sponding to a statistical丑uctuation of about 7％／、／E．

Based on the Monte Carlo siInulation．the ImInber of

photons a土Various stage8 of the photon transport in

the wa七er tank is listed in'阮ble 1．F_rom the table．it

can be seen that about 74％of light i8 lost due to the

Tyvek reflection and water absorption．The Winston

cone has a coUection e伍dency of 3．1％，the same as

the ratio of PMT surf如e area to that of the water

tank cross section．It means that the Winston cone

did not improVe the light coUection emciency，but the

uniformity of the light collection．
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Fig．5． Position dependent response of the胁
ter tank to cosmic．muons． z is the di8tance

行om trigg．er counter8 to the PMT at right．

The line represents the Monte Carlo predic-

tion with an e往bctive a七tenua七ion len舢h of

5．79m． The me嬲ured eH．ective attenuation

1en戚h 0f the water tallk is(5．74士0．29)m．

Table 1． Number of photons at v缸ious stages

of the photon transport in the wa七er tank f}om

Monte Carlo simulation．

There are seVeral ways to impmVe the 1ight c01—

1ection of the water tank． (a)The、Ⅳater absorption

length can be improved with a more sophisticated

purification system． In fact the Super—Kamiokande

experiment reached an absorption length of about

90m[15]．a factor of 3 better than what was reached

here；(b)The renectiVity of the inner liner can be
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improved by using the newly-developed plastic reflec—

tors，VM2000 or ESR矗om 3M Co．【”J．They haⅣe a

re丑ectivitv better than 99％，which can increase the

totallight coUected by more than 50％．In a word，it

is possible to increa8e the 1ight c01lection by a factor

of twD，corresponding to a statistical fluctua，tion of

8bout 5％／、／E for each tank． ．

3．3 Angular dependerlt respo鹏e of the water

tank

Since Cerenkov light produced is not isotropic，

and its direction is correlated to that of the incideIlt

chaTged particles，the total 1ight coUected by photo—

tubes at each end of the Water tank is a180 correlated

to the incident angle of the particles．By using trig-

ger counters to deflne the incident an烈e as 8hown in

Fig．1，respon8e of the water tank to through-going

charged muons with incident angles varying矗om 0。

to 50。are measured．The bottom trigger scintillator

is‰d at z=0．5m，and the top trigger scintillator

is mo、red along the—z direction．ARer normalizing

the track len酷h to lm，result8 are 8hown in Fig．6(a)

together with the predictioIls矗om the Monte Carlo

8imulation．Since the only矗ee parameter to be tuned

in the Monte Carlo prediction i8 the over西U sc“ing of

the water absorption len垂h as discussed before，the

good agreement between data and Monte Carlo sim—

ulation for both the e矗．ective attenuation len酗h and

the angular dependent respon8e shows tha土the opti—

cal behavior of the water tank is largely understood．

As can be seen行om F远．6(a)，the number of pho—

toelectrons is approXimately constant for incident an-

gles less than 30。． This is confirmed by the Monte

Carlo simulation．and true at a：【most a11 locations

of the tank，as shoⅣn in Fig．6(b)． This is signifi—

can七since during the evellt reconstruction，this factor

can be ignored and the energy resolution of neutrino

event can be mailltained at a reasonably good leVel．

It 8hould be mentioned that the eXperimental data

of the right PMT is only used in the above analy8is

because the surface of the leR PMT、Ⅳas covered by

80me Tyvek accidently． ARer the completion of the

measurement of en．ective attenuation 1en或h of water，

the quality of water had、Ⅳor8ened and the calibration

runs were taken befbre each measurement．The data

points of Fig．6(a)is corrected by using calibration

rUnS．
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F远．6． (a)The me勰ured angular dependent

respon8e of the water tank together with the

Monte C盯10 Drediction． The balld indicates

the 8tatistical error of the Monte Carlo predic—

tion． The track 1en@h of all the data points

are normalized to 1 meter； (b)The Monte

Garlo results ofthe angular response as a func—

tion of distance在om the incident point to the

Dhototube．

4 Summary

、Ⅳater Cerenl(oV calorimeter is a good candidate

for very 10ng baseline neutrino oscillation experi—

merlts． A fml size water tank prototype，with a di—

mension of 1m×1m×13m，made of PVC with reflec—

tive inner liner wa8 built． The e任bctive attenua七ion

length and the angular response of the tankⅥ，as mea广

sured，and good agreement with a GEANT4-ba8ed

fuU Monte Carlo simulation was obtained．The 1ight

yield，the total light collection emciency，the e肠c—

tive attenuation len时h and the angular dependent

response of the tank are aU good enough fbr the long

baseline neutrino oscillation experiment，and they can

be fhrther imDroved．
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水基切伦科夫量能器模型的研究木

陈明君1，2∽ 王贻芳1何景棠1孟祥承1俞梅凌1杨长根1 曹俊1

1(中国科学院高能物理研究所 北京100049)

2(中国科学技术大学 合肥230026)

摘要为了研究极长基线中微子振荡，构造了一个大小为1m×1m×13m水基切伦科夫量能器模型．测量得到的

水箱的有效衰减长度为(5．74士o．29)m，并且研究了光的收集能力随入射粒子角度变化的关系．同时发展了基于

GEANT4软件包，包含有详细的光学过程的模拟程序，所得到的模拟结果与实验测量有很好的一致性．说明水

箱可以作为水基切伦科夫量能器的可行性的方案．
●

关键词中微子振荡探测器量能器
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具有质量。它是超出标准模型的信号。本文还介绍了21世纪初研究中微子振荡的若干重要实验，例如长基线中微子振荡实验以及建造μ子贮存环来产生

高能电子中微子束进行中微子振荡的实验以及测量中微子振荡时的CP破坏的设想。

2.期刊论文 王较过.WANG Jiao-Guo 中微子振荡与中微子的静止质量 -物理2000,29(11)
    简要回顾了中微子的发现过程，论述了中微子的 基本性质及三种不同类型的中微子，讨论了中微子振荡的最新实验结果及其与中微子静止质 量的

关系，指出了中微子的静止质量在物理学与天文学中的重要性以及确定中微子的静止质 量有待进一步解决的问题.

3.学位论文 陈伯伦 中微子实验和振荡参数分析的若干研究 2008
    宇宙大爆炸初期，中微子已经大量的存在了。由于中微子本身质量非常小，不带电，只参加弱相互作用，反映截面非常小，因此，大量的中微子长

时间的存留下来。除了大爆炸后遗留下来的中微子，宇宙中还存在广泛的中微子产生源，例如超新星爆发，恒星内部核反应，宇宙射线以及地球上各种

物质的衰变过程等。但是由于与物质的作用截面非常小，中微子的探测非常困难，因此我们对中微子的认识仍然很肤浅。自从Pauli提出中微子假说至今

已经有70多年的时间了，中微子依然是萦绕在科学家头脑中的难题。
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    现在我们知道存在三代中微子，最早电子味的中微子在1956年通过反应堆实验被探测到。而放射性化学实验Homestake对太阳产生的电子味中微子进

行探测，发现电子味中微子在传播到地球的过程中发生了缺失现象。随后进行的一系列实验均证实了这一结论。对此存在很多可能的解释，其中一种可

能的解释就是中微子振荡机制，也就是电子味中微子在从太阳传播到地球的过程中转换成了其他味的中微子。先期的实验只能证实探测器探测到的中微

子比理论预期的少，还不能确定这是否是由于中微子振荡引起的。太阳中微子问题的真正突破是在2001年后，新一代的太阳中微子实验SNO通过1000吨重

水同时测量三种味的中微子，从而获得了电子味中微子的消失以及ν<,μ>，ν<,τ>的产生证据，而且三种中微子的总流量与John Bahcall给出的标准

太阳模型的预言是一致的。虽然其他的解释还不能完全排除，但是中微子振荡机制是对太阳中微子问题最自然，最可能的一种解释。而此后进行的反应

堆中微子实验KamLAND，第一次探测到40％的反应堆中微子消失了。这最终确认了中微子振荡机制。现在可以肯定地说，太阳中微子发生了振荡，转换为

了其他味的中微子，而且太阳中微子混合是大角度混合。中微子是有质量的。这有着重要的意义，它要求修改粒子物理的标准模型，预示着存在超出标

准模型的新物理，如轻子数不守恒，质子衰变等。中微子物理成为近年来科学研究的一个重要方向。

    中微子是一种极为神秘的粒子，自从发现中微子振荡以后，可以说它的神秘面纱已逐渐被揭开。研究中微子物理，一个重要的方向就是分析中微子

实验，应用中微子振荡机制给出中微子参数的区间估计。我们首先回顾了粒子物理中中微子质量的描述，给出Dirac质量，Majorana质量以及更为一般的

Dirac-Ma2iorana质量的表述形式。然后对中微子振荡进行了详尽的讨论，得出了两味中微子的简单情况下，真空和物质中的振荡生存几率。并主要讨论

了均匀物质和绝热近似下的振荡公式以及物质效应引起的MSW共振机制。我们应用中微子振荡机制来解释太阳中微子实验，使用了传统的最小方差分析以

及贝叶斯分析方法，对中微子实验数据进行了分析，从而给出了太阳中微子问题的LMA MSW绝热解的参数区间。利用贝叶斯方法的独特性质，我们还排除

了中微子振荡的一些其他模型，很好的验证了LMA解，并且证明现在的LMA解已经非常稳定和可靠。另外，通过太阳中微子实验的分析和大气中微子实验

的结果，轻子混合矩阵PMNS的6个独立参数中，我们已经知道了四个，还有两个是未知的，其中包括了最重要的CP破缺相因子。由于混合矩阵中CP相因子

都是与θ<,13>耦合在一起的，因此实验对θ<,13>的测量变得尤为重要。只有完成对θ<,13>的测量，才能开始至关重要的寻找CP破坏效应及其根源的实

验研究。因而θ<,13>的探测对研究味物理的核心问题意义重大。一旦θ<,13>被测定，将极大地提高我们对太阳、大气和长基线中微子振荡次级效应的

认识，也将有助于我们研究超新星中微子振荡问题。位于中国广东的大亚湾反应堆中微子实验有可能会对θ<,13>进行很好的测量。我们使用不同的分析

方法，对大亚湾中微子实验的不同方案进行了模拟，并给出了一个我们认为更为有效的探测器摆放方案，在我们的模拟中，大亚湾中微子实验有希望探

测到sin<'2> 2θ<,13>大于0.02的值。大亚湾实验有着非常好的实验条件，在技术上没有太多的困难，是非常可行的反应堆中微子实验，随着实验技术

的发展，大亚湾实验还有可能取得比我们模拟更精确的结果。中微子研究是当前粒子物理，天体物理和宇宙学研究的前沿热点。近年来中微子物理研究

的一系列重大成果预示着粒子物理研究的新突破。中微子物理正处于一个大发展时期。中微子是最轻的基本粒子，是所有粒子衰变的最终产物。中微子

有微小的质量，使得它可以构成宇宙中的热暗物质，对宇宙结构的形成有重要的影响。中微子振荡中的CP破缺可能对理解宇宙中的物质反物质不对称现

象起关键作用。同时，中微子携带天体的许多信息，中微子不带电，不会像带电粒子一样被物质阻挡和磁场偏转，也不会像光子和带电粒子一样，与宇

宙背景辐射相互作用。因此用中微子作探针，可以直达宇宙深处，将极大地推动天文学的发展。中微子振荡生存几率与其通过的物质密度有关，因此用

中微子作探针，还能测量中微子通过地段的物质密度，从而获得太阳，地球的内部信息。随着科学的发展，我们会对中微子有更多的了解和认识。

4.期刊论文 何景棠.HE Jing-Tang 中微子振荡实验——超出标准模型的实验检验(Ⅰ) -物理2001,30(2)
    文章总结了中微子振荡实验的历史和现状.介绍了几个太阳中微子丢失实验的结果和几个大气μ中微子丢失实验结果.这些结果表明存在中微子振荡

，即中微子具有质量.它是超出标准模型的信号.文章还介绍了21世纪初研究中微子振荡的若干重要实验，例如长基线中微子振荡实验以及建造μ子贮存

环来产生高能电子中微子束进行中微子振荡的实验以及测量中微子振荡时的CP破坏的设想.

5.期刊论文 叶子飘.胡宝坚 中微子振荡与太阳中微子问题 -湖南大学学报(自然科学版)2002,29(1)
    认为太阳中微子问题主要是标准太阳模型没有考虑7Be(3He,p)9B核反应道的竞争,并且在计算7Be中微子和pep中微子时,并没有考虑到太阳电子温度

与离子温度的差异.如果考虑了这种差异,则太阳中微子问题可以得到很好地解决,而不需要修改太阳的其它重要参数.

6.学位论文 黄秀菊 引力场中的质量中微子振荡 2006
    中微子是基本粒子家族中重要且具有特色的成员之一，是唯一只参与弱相互作用的粒子，它在理论物理学及天体物理学中都占有着十分重要的地位

。

    泡利提出中微子假说之后，人们进行了一系列捕获中微子的实验。现在这些实验都用无可辩驳的事实证明了中微子是客观存在的基本粒子，同时也

促使人们从多方面对中微子进行深入的研究。其中中微子的质量问题和中微子振荡现象是研究的热门课题。在费米弱作用理论乃至弱电统一理论中，都

是把中微子当作无静止质量的粒子来处理的。用这样的理论来计算各种物理过程中的结果，都与实验符合得很好。另一方面，如果中微子质量不为零

，则可很自然地解释某些现象(如宇宙中的热暗物质问题，太阳中微子丢失问题等)。于是一些理论也试图赋予中微子以质量，同时人们也在用不同的方

法来测量和计算中微子的质量。虽然随着实验技术的飞速发展，实验测量到的中微子质量上限值不断下降，但目前各种实验还未精确确定中微子的质量

值。

    另外，早在1958年，Pontecorvo就指出，如果中微子质量不为零，则不同种类的中微子之间可能会相互转化，即产生中微子振荡现象。由中微子振

荡的量子力学可知，在探测点发现一种中微子转化为另一种中微子的振荡几率与混合角、中微子束的平均能量、中微子产生源一探测器间的距离以及两

种中微子的质量平方差有关。本文在此基础上主要讨论中微子振荡的干涉相因子以及中微子振荡中的CP破坏效应。因此，本文的结构安排如下：

    在第一章的引言中，介绍了中微子的发现、中微子的质量、以及中微子的混合和振荡现象，然后在此基础上，用量子力学的语言描述了中微子的振

荡。

    在第二章中，介绍了平直时空中的中微子振荡，得到了中微子振荡的干涉相因子。并且指出此因子与中微子束的平均能量、两种中微子质量平方差

以及中微子产生点到探测点间的距离有关。

    在第三章中，借助于短程线，讨论了爱因斯坦引力理论下的质量中微子振荡。首先利用标准方法讨论了Schwarzschild时空中中微子振荡干涉的相因

子，然后用同样的方法分别讨论了Reissner-Nordstr(o)m(R-N)场和Kerr场中的干涉相因子。由结果可知，虽然R-N场源的电荷和Kerr场源旋转的角动量

的存在会对相因子的表示结果有贡献，但与Schwarzschild场中的情况相比，此贡献对相因子的增加很小。本章最后，本文给出了Robertson-Walker(R-

W)场中中微子振荡的干涉相因子。

    在第四和第五章中，分别在Brans-Dicke(B-D)引力理论和有挠引力理论中的静态球对称时空中计算了中微子振荡的干涉相因子。在B-D引力理论框架

下得到对干涉相因子明显的贡献，这可以作为一个B-D理论有效性的检验公式。而在有挠引力理论下得出的对真空相因子的修正在某些条件下比广义相对

论对相因子的修正要大一些，但前者依然很小。因此中微子振荡实验不能提供一个证据来判断哪一个引力理论更好，广义相对论或是其它引力理论。

    在第六章中，介绍了电荷共轭(C)与宇称(P)联合操作对称性的破坏(CP破坏)。接着给出了直接CP破坏的理论研究和实验验证，CP破坏机制和新的

CP破坏源。然后在此基础上，讨论了中微子振荡中的CP破坏效应，从中得出：在2味中微子振荡中，混合矩阵是实的，不存在CP破坏；但在3味中微子振

荡中，由于混合矩阵不是实的，这直接导致CP对称性的破坏。

7.期刊论文 焦善庆.张金伟.郝军.张晓红 大气中微子vμ振荡几率估算 -益阳师专学报2000,17(5)
    据高能中微子的"长基线"实验计设参数,用数值实验常数相关联的唯象方法算出中微子质量数值,估算了中微子振荡几率,判断了μ中微子vμ与τ型

中微子vτ最可能发生振荡.

8.期刊论文 焦善庆.张金伟.郝军.张晓红 大气中微子vμ振荡几率估算 -益阳师专学报2000,17(5)
    据高能中微子的"长基线”实验计设参数,用数值实验常数相关联的唯象方法算出中微子质量数值,估算了中微子振荡几率,判断了μ中微子vμ与τ型

中微子vτ最可能发生振荡.

9.学位论文 陈明君 中微子水基契伦可夫量能器的研究 2006
    近十年来，中微子物理不断的获得突破，它已经成为最前沿的物理方向之一。而长基线中微子振荡实验具有丰富的物理内容，可以精确地测量中微

子振荡参数，例如sin22θ13，中微子在物质中的效应，质量平方差，CP破坏相角δ等。基于此目的，我们构建了一个全尺寸(1m×1m×13m)的水基契伦

可夫量能器模型，验证了它所组成的大型探测器可以用于长基线中微子振荡实验的远端探测器。

    第一章中，简单叙述了中微子物理的发展历史，并讨论了中微子真空振荡理论和物质中的振荡理论。提及了可以验证中微子振荡的一些太阳中微子

实验和大气中微子实验，得到了MNSP矩阵中的部分参数值。由此提出长基线中微子振荡实验，论及它所能测量的物理目标和一些长基线中微子振荡实验
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的未来发展状况。

    在第二章，详细论述了所构建的水基契伦可夫量能器模型。首先，分析了已知的一些用于长基线中微子振荡实验的探测器类型，比较得出我们构造

的探测器所具有的优点。对所构造的水基契伦可夫量能器的单个模型的论述，包括了量能器的结构，反射材料的筛选，光电倍增管的性能研究，电子学

系统，以及净化系统等。

    第三章，则论及GEANT4工具包和基于此的单个水箱模拟程序G4WT。GEANT4是最近几年发展的用于高能物理研究的非常有效的模拟工具包，其中论及

了G4WT模拟程序中的重点内容：GEANT4的光学过程描述。分析了G4WT模拟程序的框架结构，时间性能等。

    第四章则包括了对水基契伦可夫量能器模型的具体测量。详细论述了实验的内容和过程，对于在水箱中不同位置和不同角度的取数，得到了水基契

伦可夫量能器的水的有效衰减长度，和契伦可夫光的探测效率的角度依赖关系。最后，还述及了实验中一些不是理想的结果和讨论。

    最后一章中，利用第四章的实验结果，结合G4WT模拟程序和基于GEANT3的模拟程序WCC的方法，以及采用了Minos的中微子产生子，基于H2B实验设想

的背景，对于水基契伦可夫量能器的能量重建能力，背景等性能作了深入的分析和探讨。

    本篇论文完整的描述了一个用于长基线中微子振荡实验的探测器模型。论证了该量能器的光产额，总的探测效率，水的有效衰减长度和粒子入射角

度依赖关系都能很好的满足极长基线中微子振荡实验。通过模特卡罗模拟可知，它将是长基线线中微子振荡实验一个非常优秀的探测器的候选者。

10.期刊论文 肖鸿飞 在中微子振荡中的CP破坏 -原子与分子物理学报2003,20(3)
    讨论了中微子味混合与中微子振荡的理论,定量地研究了在中微子振荡中的CP破坏效应.在一类超对称模型中,计算了真空中中微子振荡几率和 CP破

坏效应.
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