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The Jiangmen Underground Neutrino Observatory

The JUNO Site

Yangjiang Power Plant

Taishan Power Plant

Total 26.6GWth



① Dear Radioactive Ladies and Gentlemen!
② I have hit upon a desperate remedy to save…the 

law of conservation of energy.
③ …there could exist electrically neutral particles, 

which I will call neutrons, in the nuclei…
④ The continuous beta spectrum would then make 

sense with the assumption that in beta decay, in 

addition to the electron, a neutron is 
emitted such that the sum of 
the energies of neutron and 
electron is constant

⑤ But so far I do not dare to 
publish anything about this 
idea, and trustfully turn first to you, dear 
radioactive ones, with the question of how likely 
it is to find experimental evidence for such a 
neutron…

⑥ I admit that my remedy may seem almost 

improbable because one 
probably would have seen 
those neutrons, if they exist, 
for a long time. But nothing ventured, 
nothing gained…

⑦ Thus, dear radioactive ones, scrutinize and 
judge.

https://www.symmetrymagazine.org/article/march-2007/neutrino-invention
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The Very First Reactor Neutrino Experiment

Cd

Reactor
Neutrino
Detection

e+ + np+ ν

Inversed β decay



• 1941年，王淦昌在《关于探测中微子的一

个建议》的论文中提出，通过轻原子核俘

获K壳层电子释放中微子时产生的反冲中

微子的创造性实验方法。1942年1月，美

国《物理评论》（PHYSICAL REVIEW）

发表了这篇短文，此项成果荣获第二届范

旭东先生纪念奖

Ø1942年美国物理学家J. ALLEN采用王

淦昌的方法，证明了中微子的存在。

王淦昌先生首次提出如何实验验证中微子的存在



王淦昌先生首次提出如何实验验证中微子的存在

• 王淦昌先生于1941年提出了K层俘获证明中微子

的存在，测量它的质量

• 1942年，James S. Allen carried out the 

measurement, obtaining ~50 eV recoil E

卢鹤绂院士
中国“核能之父”

“第一个揭露原子弹
秘密的人”
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• 1950年，调入中国科学院近代物理研究所
• 1952年，王淦昌与吴恒兴、林传骝赴朝鲜战场，完成
了探测美军是否使用原子武器、投掷放射性物质的任务。
同年，任中国科学院近代物理研究所副所长

• 1955年被选聘为中国科学院学部委员（院士）
• 1956年9月，王淦昌作为中国的代表，到苏联杜布纳联
合原子核研究所任研究员，从事基本粒子研究，并被选
为副所长。在联合原子核研究所工作期间，他领导的物
理小组首次发现了反西格马负超子，首次观察到在基本
粒子相互作用中产生的带奇异夸克的反粒子

• 1959年，王淦昌在苏联杜布纳联合原子核研究所的研
究中，从4万对底片中找到了一个产生反西格马负超子
的事例，发现超子的反粒子，引起国际学术界轰动

向王淦昌先生致敬

https://baike.baidu.com/item/%E4%B8%AD%E5%9B%BD%E7%A7%91%E5%AD%A6%E9%99%A2%E8%BF%91%E4%BB%A3%E7%89%A9%E7%90%86%E7%A0%94%E7%A9%B6%E6%89%80
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• Bruno Pontecorvo in 1957:
Interaction Eigenstates ≠ Mass Eigenstates 
→ Neutrino Mixing and Oscillation

中微子混合的提出

ØExtended to 3 flavor mixing by Maki, 
Nakagawa and Sakata, after muon 
neutrino was discovered at BNL in 1962



中微子混合与中微子振荡
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⇒ Oscillation Probability:

ØPontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix,

Amplitude ∝ 𝐬𝐢𝐧𝟐 𝟐𝛉 Frequency ∝ 𝜟𝒎𝟐𝑳/𝑬
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日本超級神崗中微子實驗

设计探测质子衰变
发现了中微子振荡
探测太阳中微子

超級神崗中微子實驗

北陸的岐阜縣
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11,000多只“眼睛”的中微子探测器
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日本的超级神冈实验发现中微子振荡：2015年诺贝尔奖

T. Kajita, Neutrino’98
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Year 2002: Reactor Neutrinos Finally Oscillated!

Reactor Neutrino Exp.: 1956 - 2001

KamLAND measurement: 2002

KamLAND data added: Δ𝑚!"#
$ ~ 7×10%& eV$
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Sometimes, we just need to push it a bit further, and more reactors are better……

Reactor Neutrino Exp.: 1956 - 2001

KamLAND measurement: 2002

Year 2002: Reactor Neutrinos Finally Oscillated!



1998-2002：中微子大发现、大产出的黄金时代
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Atmospheric Sector:
SK, K2K, T2K, MINOS, etc

Solar Sector:
SNO, SK, KamLAND etc

~7.5x10-5 eV2~2.5x10-3 eV2

Reactor Sector



We Were All Quite Desperate
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One of the Funders of the SM, Glashow, 
called for the measurement of θ13
Photo by Kam-Biu Luk

Work Harder…
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核电站到底如何工作？
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反应堆中微子来自裂变产物的贝塔衰变



• 1964年1月14日，我国生产出第一批铀浓缩合格产品。

• 1964年10月16日，中国第一颗原子弹爆炸成功。

• 1964年10月16日，我国第一颗原子弹爆炸试验成功，标志着
我国掌握了核武器技术，打破了超级大国的核垄断核讹诈。

• 1965年5月14日，我国核航弹爆炸试验成功，标志着我国有了
可用于实战的核武器。

• 1966年10月27日，我国第一颗核导弹试验成功。标志着我国
有了可用于实战的核导弹，武器化进程取得突破性进展。

• 1967年6月17日，我国第一颗氢弹空爆试验成功。从第一颗原
子弹爆炸试验成功到第一颗氢弹爆炸试验成功，我国仅用了2年
零8个月的时间，在世界核武器国家中是发展速度最快的。

• 1970年2月8日，中国通过了首个核电站计划，并成立了728研究
所（现称上海核工程研究设计院）。

• 1991年12月15日，中国第一个核电反应堆，秦山核电站288MW
（兆瓦）的压水式反应堆（PWR）联入高压电网，首次投入使用。

• 1994年2月1日，我国首座大型商用核电站——广东大亚湾核
电站1号机组投入商业运行。

https://baike.baidu.com/item/%E7%A7%A6%E5%B1%B1%E6%A0%B8%E7%94%B5%E7%AB%99
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1946 Acheson-Lilienthal report recognizes that 

control of fissile material is at the center of 

nuclear non-proliferation

1970 The Treaty for the Non-Proliferation of 

Nuclear Weapons (NPT) enters into force

1995 NPT extended indefinitely

1996 Comprehensive Test Ban Treaty 

(still not ratified)

2021 Treaty on the Prohibition of Nuclear 

Weapons (TPNW)

Treaties
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中国核能的蓬勃发展

世界第一个EPR



“机会只给有准备的人”à 本世纪初，中国提出大亚湾反应堆实验
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大亚湾反应堆中微子实验发现第三种振荡模式

Rate-only:
χ2/ndf=8.8/6
(p-value=0.19)

Rate+Shape:
χ2/ndf=148.0/154
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2012年，大亚湾实验到底测量了什么？

？？？

Courtesy of Z.-Z. Xing

“可能是物理领域中国

最大的贡献”



25

大亚湾获得了2016年基础物理突破奖



To Complete the Standard Neutrino Picture

• CP phase?
ØThe neutrino
mass ordering?

• Nature of neutrino 
mass?

• ……
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Atmospheric Sector:
SK, K2K, T2K, MINOS, etc

Solar Sector:
SNO, SK, KamLAND etc

~7.5x10-5 eV2

~2.5x10-3 eV2?

Reactor Sector
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Side Remark: e-Flavor and μ-Flavor Feels MH Effect Differently

Minakata and Parke et al PRD74(2006), 053008

Extremely Challenging: Need 1% accuracy!

Bo-Qiang Ma et al, Mod. Phys. Lett. A 29 (2014) 1450096



Known θ13 Enables Neutrino Mass Hierarchy at Reactors

Petcov&Piai, Phys. Lett. B533 (2002) 94-106

✓Mass hierarchy reflected in the spectrum
✓Independent of the unknown CP phase

L~20km

∝ sin22θ13

28

Sufficiently large by DYB, RENO, and DCsin22θ13
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Global Efforts Resolving 𝛎 Mass Hierarchy

Source / Principle Matter Effect Interference of 
Solar&Atm Osc. Terms Collective Oscillation Constraining Total 

Mass or Effective Mass

Atmospheric 𝛎 Super-K, Hyper-K, IceCube
PINGU, ICAL/INO, ORCA, DUNE Atm 𝛎µ + JUNO

Beam 𝛎µ
T2K, NO𝛎A, T2HKK, 
DUNE Beam 𝛎µ + JUNO

Reactor 𝛎e
JUNO, 
JUNO + 𝛎µ Data

Supernova Burst 𝛎 Super-K, Hyper-K, IceCube
PINGU, ORCA, DUNE, JUNO

Interplay of
Measurements

Cosmo. Data, 
KATRIN, Proj-8, 0νββ



We Need an Unprecedented Detector to Face the Challenges

30

Central Detector
Steel Structure + 
Acrylic sphere + 
20kt Liquid Scintillator

Water Cherenkov
~2400 20’’ PMT

Pool height 44m
Water depth/Diameter: 43.5m

~17612 20” PMT+
~25000 3’’ PMT

700m Underground

7/5/22 7th Symposium on Neutrinos and Dark Matter in Nuclear Physics (NDM22)



Four Major Challenges in Resolving MH using Reactors

• Energy resolution: ~3%/sqrt(E)

• Energy scale uncertainty: <1%

• Statistics (the more the better)

• Reactor distance differences: <~0.5km

31

S.F. Ge et al 
JHEP 1305 (2013) 131

Y.F. Li et al
PRD88(2013)013008

7/5/22 7th Symposium on Neutrinos and Dark Matter in Nuclear Physics (NDM22)



What can Such a Detector Detect?

7/5/22 7th Symposium on Neutrinos and Dark Matter in Nuclear Physics 
(NDM22) 32

KamLAND Daya Bay PROSPECT JUNO

Target Mass ~1kt 20t ~4t ~20kt

Photocathode 
Coverage ~34% ~12% (Effective) ESR + PMTs ~80%

PE Collection ~250 PE/MeV ~160 PE/MeV ~850 PE/MeV ~1345 PE/MeV

Energy 
Resolution ~6%/√E ~7.5%/√E ~4.5%/√E 3%/√E

Energy 
Calibration ~2% 1.5%→ 0.5% ~1.5%(?) <1%
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Packing PMTs as Tight as Possible

33

20” PMT (~18K)
MCP-PMT (~13K)
Hamamatsu HQE (5K)

3”sPMT(~25K)
HZC XP72B22 (Photonis)
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Characterizing Every Single PMT with Great Care: Afterpulses

34Figure 29: Typical time features of after-pulses for two exemplary PMTs. Top: NNVT; bottom,
HPK (Hamamatsu).

Figure 30: After-pulse intensity in p.e. versus time after initial pulse. Left, HPK; Right, NNVT.

B, C is when LED A and B flashing at the same time) method (C/(A+B)) [23] in a pulsed mode,899

and a cross-checking method between the 20-inch PMT and the 3-inch PMT. One resulting curve900

of a NNVT MCP PMT is shown in Fig. 31, where the PMT response with the designed HV divider901

can satisfy the requirements, and the results of both methods are consistent. The current design can902

satisfy the requirement on the linearity response. Another standalone paper will be prepared on this903

topic.904

4.9 Earth magnetic field (EMF) e�ect905

PMTs with large vacuum bulbs are significantly a�ected by magnetic fields when the photoelectron906

drifts to the collection dynode or MCP, in fact is their performance even sensitive to the Earth907

magnetic field (EMF, ⇠50 µT at the JUNO’s experimental site). This requires a more thorough908

– 33 –

For the complete details, please see our forthcoming publication on 20in PMT characterization
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Large PMT Electronics System Overview
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GCU x 344
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L1-sw x 9

L2-sw x 1

Mass testing of Large-PMT electronics at Kunshan 
for the JUNO experiment 

1 University of Padova & INFN - Sezione di Padova,  a beatrice.jelmini@pd.infn.it

B. Jelmini1,a, V. Cerrone1, A. Coppi1, R. Triozzi1
On behalf of the JUNO collaboration

Jiangmen Underground 
Neutrino Observatory

Extensive neutrino physics & astrophysics 
program [1]: reactor !ν!, SN burst, DSNB, solar ν, 
Atmospheric ν, Geo-ν
o
Main physics goals:
• neutrino mass ordering determination @ 3# in 6 

years
• measurement of three oscillation parameters with 

sub-percent precision 

JUNO is a neutrino medium baseline
experiment with an expected unprecedented 
energy resolution of 3% at 1 MeV, currently 
under construction in southern China.

Central detector (CD):
20 kton liquid scintillator inside 
a spheric acrylic vessel (⌀ 35.4 m)

PMT system:
17612 20" Large-PMTs 
25600 3" small-PMTs
photo-coverage: 79%
~1300 pe/MeV expected

GCUs are the key component in the processing of Large-PMT signals: 
a thorough characterization during mass production is required.

Water pool:
35 kton pure water
2400 20" veto PMTs CD

~700 m
underground

References:
[1] JUNO Collaboration, JUNO 
Physics and Detector, 2021, 
arXiv:2104.02565 
[2] JUNO Collaboration, Neutrino 
Physics with JUNO, J. Phys. G43, 3, 
030401 (2016) 
[arXiv:1507.05613]
[3] JUNO Collaboration, 
JUNO CDR, 
2015, arXiv:1508.07166 (chapter 7)
[4] C. Ghabrous Larrea et al., 
IPbus: a flexible Ethernet-based 
control system for xTCA hardware, 
JINST 10 (2015) no.02, C02019

Mass testing at production site at Kunshan, China

Large-PMT readout electronics
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3 Large-PMTs are 
connected to 1 GCU

48 GCUs are connected to 1 BEC 
through the synchronous link and to 1 
switch through the asynchronous link.

Each channel is equipped with an internal 
test pulse generator, or calibration circuit. 
The circuit is used to check that the channel 
is working and to calibrate it.

The amplitude of the pulse is set with a 16-
bit Digital to Analog Converter. The pulse is 
generated with the help of a switch which is 
controlled via IPbus [4].

See poster by K. von Sturm, Characterization of JUNO 
Large-PMT electronics in a complete small scale test setup 
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Digitized waveform generated from the calibration circuit.

7-day testing

firmware 
flushing laser welding

assembling leakage test

storageproduction

344 GCUs are tested at the same time. 

Assembled 
Under Water Box

TEST PROTOCOL
1. Ping test: to check connection of the GCU to the network;
send 100 56-byte packets in 1 second to each GCU
2. Linearity test: do calibration of each channel, 
evaluate gain for High gain and Low gain ADCs;
short runs at various test pulse amplitude
3. Stability test: check stability of parameter over time:
baseline, baseline sigma, integrated charge;
long run at fixed test pulse amplitude

4. Slow control monitoring:
• FPGA temperature
• HVU temperature 
• PMT high voltage
• internal voltages and currents
quantities are read through the asynchronous link via 
IPbus protocol [4].
5. DDR3: check storage capabilities and event loss rate

Waveform length 
and position of 
waveform can be 
changed online via 
IPbus protocol [4].

Current length:
304 ns
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• calibration sources
• internal test pulser

Characterization of JUNO Large-PMT electronics in a 
complete small scale test setup

Jiangmen Underground 
Neutrino Observatory

Extensive neutrino physics and
astrophysics program [1]
• Reactor !ν!: 60 IBD/day
• Supernovae burst: 5000 IBD +

2300 ES (@ 10 kpc)
• DSNB: 2-4 IBD/year
• Solar ν: O(100)/year
• Atmospheric ν: 

O(100)/year
• Geo-ν: ~400/year

JUNO is a neutrino medium baseline 
experiment with an expected unprecedented 
energy resolution of 3% at 1 MeV, under 
construction in southern China.

Central detector (CD):
20 kton liquid scintillator (LS) 
inside an acrylic vessel (AV)
(⌀ 35.4 m), supported by a 
stainless steel latticed shell

PMT system:
~18000 20" (Large-)PMTs 
~25600 3" (small-)PMTs
photocoverage > 75%
~1300 pe/MeV expected

Main physics goals:
• neutrino mass ordering 

determination @ 3" in 6 
years

• measurement of three 
oscillation parameters with 
sub-percent precision 

~700 m
underground

Water pool:
35 kton pure water
2400 20" veto PMTs

Calibration room
Top tracker

CD

Electronics specifications [1,3]
• Waveform sampling: 1 GS/s
• Wide dynamic range: 1-1000 pe
• Acquisition rate up to 10 kHz
• High reliability over time (~6 years)

Large-PMT readout electronics
PMT

Front-end bellow with 
coaxial cable (1.5 m)

Connectors

Front-end and read-out 
electronics

Back-end bellow with 
Ethernet cables
(30 - 100 m)UWBox

Back End Card
Power supply

Ethernet switch
(to DAQ) Pi

ct
ur

e 
an

d 
sc

he
m

e 
fro

m
 [1

]

Main tasks: digital conversion of the analog signals 
from the PMTs, local trigger generation, charge 
reconstruction, timestamp tagging, temporary 
storage in local FPGA memory, data transfer to DAQ.

Total components:
• ~ 18000 LPMTs
• ~ 6000 GCUs
• ~ 125 BECs
• 1 Global Trigger Unit

Earth’s magnetic field 
compensation coils

References:
[1] JUNO Collaboration, 
JUNO Physics and Detector, 
2021, arXiv:2104.02565 
[2] JUNO Collaboration, 
Neutrino Physics with JUNO, 
J. Phys. G43, 3, 030401 (2016) 
[arXiv:1507.05613]
[3] JUNO Collaboration, JUNO CDR, 
2015, arXiv:1508.07166 (chapter 7)

(*) Laboratori Nazionali di Legnaro, 
INFN, Italy
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Tests of the Large-PMT readout electronics at LNL(*)

Setup
• 20 l liquid scintillator (LS)
• 13 boards (GCUs) 
• 39 channels (37 active) 

with PMTs
• 1 back-end card (BEC)
• 3 plastic scintillator bars to 

trigger cosmic muons

LS

0 50 100 150 200 250 300 350
time [h]

2

2.2

2.4

2.6

2.8

3

3.2

3.4

ra
te

 [H
z]

rate vs time - gcu 3 ch 0rate vs time - gcu 3 ch 0

Trigger rate stability 
• with cosmic muons 

(external trigger)
• 13 1-day-long runs over 14 days
• almost 350 consecutive hours 

of runtime 

GCU 3 - CH 0 

Measured cosmic muon rate ≃ 2.65 Hz.
During the test, we verified that all 13 
GCUs stayed synchronized over the 
whole data taking period.

Data taking
• laser
• cosmic muons

Note: the PMTs used in this setup are not JUNO’s PMTs.

Next step: complete the 
synchronous link chain with the 
Global Trigger Unit and test the 
whole electronic chain.

Waveform properties to check:
• baseline
• noise
• integrated charge
• packet size validity 
• timestamp validity

Bandwidth measurement
• external pulser at fixed rates: 1-100 kHz
• data acquisition from 3 channels 

of 1 GCU
• fixed packet size: 1 event = 5.12 kb
• survival fraction:

# of events acquired by all 3 channels
# expected events

bandwidth [Mb/s] = rate [evt/s] ×
× packet_size [kb/evt] × (# channels) 

On-going tests and large-scale integration test

Slow control:
• check parameters:

§ temperatures
§ internal voltages
§ internal currents

• check connection with HVUs

Tests with a laser:
• check linearity of the ADCs
• check temporal synchronization of 

the GCUs

Integration tests in Kunshan, China: 
mass testing of  344 GCUs at 
production site
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On behalf of the JUNO collaboration

See poster by B. Jelmini, Mass testing of Large-PMT 
electronics at Kunshan for the JUNO experiment  

Digitized waveform
from 1 GCU 
Data taking with 
cosmic muons

• calibration sources
• internal test pulser

Example: Temperature monitoring 
during underwater test at Y-40 Deep 
Joy (PD, Italy) with 1 GCU

3 PMTs are connected to 1 
UWBox/GCU;  48 GCUs are 
connected to 1 BEC through the 
synchronous link and to 1 switch 
through the asynchronous link.

GCUs are the key 
component in the 

processing of Large-
PMT signals: a thorough 

characterization is 
required.

Example: trigger time difference 
stability between 2 channels

over 1-day-long run 
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The JUNO Calibration System
Automatic Calibration Unit (ACU) 

Guide Tube Calibration 
System(GTCS) 

p Complementary for covering entire 
energy range of reactor neutrinos and 
full-volume position coverage inside 
JUNO central detector

Cable Loop System (CLS) 

Remotely Operated under-liquid-
scintillator Vehicles (ROV) 
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JUNO Calibration Publications
• Calibration Strategy, J. High Energ. Phys. 2021, 4 (2021)
• ACU Hardware, JINST 16 T08008 (2021),
• CLS Hardware, Nucl. Instrum. Meth. A 988, 164867 (2021)
• GTCS Hardware. JINST 14. T09005 (2019).
• ROV Hardware, JINST 13 T12001 (2018).

Expected Performance in Energy Responses

Detector response
Detector response effects on the spectrum are considered in 

spectrum calculation

� Liquid scintillator energy nonlinearity

� Energy resolution                                                                         
JUNO LPMT system can reach better than 3%@1MeV energy resolution

Energy resolution model

a=2.61%, b=0.82%,c= 1.23%

Conclusion
JUNO is a next-generation liquid scintillator neutrino 

observatory under construction. JUNO will make a world-leading 
measurement of the neutrino oscillation parameters. With six 
calendar years of JUNO data taking, the ���ଶ ଵଶ, ο݉ଶଵߠ

ଶ and ο݉ଷଵ
ଶ

parameters will be determined to a world-leading precision of 
0.5%, 0.3% and 0.2%.

These measurements will constitute an important input to other 
experiments, provide constraints for model building, and enable 
more precise searches for physics beyond the Standard Model in 
the neutrino sector.

z For more details please refer to arXiv:2204.13249

Precision Measurement of Neutrino Oscillation 
Parameters in JUNO

Chuanya Cao
(On behalf ot JUNO Collaboration)

IHEP, CAS, Beijing caocy@ihep.ac.cn

Introduction
The Jiangmen Underground Neutrino Observatory (JUNO) is a 

multi-purpose experiment which has a 20k tons liquid scintillator 
central detector 700 meters underground. The central detector is 
covered by 17612 high quantum-efficiency 20-inch PMTs and 
25600 3-inch PMTs. 2QH�RI�-812¶V�SULPDU\�SK\VLFV�JRDOV�LV�
measuring neutrino oscillation parameters. By observing 
oscillation behavior of the anti-neutrinos coming from the reactors 
around 52 km away from the central detector, JUNO can take 
precision measurement of 4 neutrino oscillation parameters 
���ଶ ଵଶ, ο݉ଶଵߠ

ଶ , ���ଶ ଵଷߠ and ο݉ଷଵ
ଶ . 

Signals and Background
Neutrino IBD signals mainly from 8 reactors ~50 km away 

from JUNO site, total 26.6 GW

Background signals:
� 13&�Į�Q�16O
� Fast neutrino
� Atmospheric neutrinos
� 9Li/8He
� Geo neutrino
� Accidental backgrounds

47 reactor neutrino signals and ~4 background signals per day

Neutrino oscillation analysis
Various systematic effects are considered in analysis

6 years of data taking of JUNO, the 68.27%, 95.45% 
DQG��������������DQG��ı�UHVSHFWLYHO\��FRQILGHQFH�OHYHO�
(C.L.) contours for the 2-dimensional marginal

Neutrino 2022 2022 Virtual Seoul

Summarize of rate systematic effects and their 
corresponding uncertainties

Relative shape uncertainties, obtained by 
generating toy MC samples. We use the TAO-
based spectrum model uncertainty in our 
analysis.

The relative impact of 
individual sources of 
uncertainty on the total 
precision of ���ଶ  ,ଵଶߠ
ο݉ଶଵ

ଶ , ���ଶ ଵଷߠ and 
ο݉ଷଵ

ଶ oscillation 
parameters. 

All uncertainties 
correspond to six years 
of JUNO data and are 
reported as relative 
uncertainty contributions 
to the precision of the 
particular oscillation 
parameter. 

Relative precision of the oscillation parameters as 
a function of JUNO data taking time

Analysis results
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Expected Sensitivity for Precision Measurements

Detector response
Detector response effects on the spectrum are considered in 

spectrum calculation

� Liquid scintillator energy nonlinearity

� Energy resolution                                                                         
JUNO LPMT system can reach better than 3%@1MeV energy resolution

Energy resolution model

a=2.61%, b=0.82%,c= 1.23%

Conclusion
JUNO is a next-generation liquid scintillator neutrino 

observatory under construction. JUNO will make a world-leading 
measurement of the neutrino oscillation parameters. With six 
calendar years of JUNO data taking, the ���ଶ ଵଶ, ο݉ଶଵߠ

ଶ and ο݉ଷଵ
ଶ

parameters will be determined to a world-leading precision of 
0.5%, 0.3% and 0.2%.

These measurements will constitute an important input to other 
experiments, provide constraints for model building, and enable 
more precise searches for physics beyond the Standard Model in 
the neutrino sector.

z For more details please refer to arXiv:2204.13249
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• JUNO plays an
irreplaceable role in
precision measurements,
especially for solar sector
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Detector response effects on the spectrum are considered in 

spectrum calculation

� Liquid scintillator energy nonlinearity
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JUNO LPMT system can reach better than 3%@1MeV energy resolution
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For more details please refer to arXiv:2204.13249 
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Expect Sensitivity to Neutrino Mass Ordering

Figure 2-16: the reactor-only (dashed) and combined (solid) distributions of the ∆χ2 function in
Eq. (2.21) and Eq. (2.26), where a 1% (left panel) or 1.5% (right panel) relative error of ∆m2

µµ is
assumed and the CP-violating phase (δ) is assigned to be 90◦/270◦ (cos δ = 0) for illustration. The
black and red lines are for the true (normal) and false (inverted) neutrino MH, respectively. The
non-linearity in Eq. (2.22) is assigned with sign = +1, size1 = 2% and size2 = 4%.

2.5 MH Sensitivity with Precision |∆m2
ee| and |∆m2

µµ| Measurements

Due to the difference between |∆m2
ee| and |∆m2

µµ|, precise measurements of two mass-squared
differences can provide additional sensitivity to MH, besides the sensitivity from the interference
effects.

To incorporate the contribution from the ∆m2
µµ measurement in the long-baseline muon-

neutrino oscillation experiments, we define the following the extra pull function

χ2
pull(|∆m2

µµ|) =
(|∆m2

µµ|− |∆m2
µµ|)2

σ2(∆m2
µµ)

, (2.25)

where ∆m2
µµ and σ(∆m2

µµ) are the central value and 1σ uncertainty of the measurement respec-
tively. The combined χ2 function is defined as

χ2
ALL = χ2

REA + χ2
pull(|∆m2

µµ|) . (2.26)

Because two of the three mass-squared differences (∆m2
21, ∆m2

31 and ∆m2
32) are independent, we

choose ∆m2
21 and ∆m2

ee defined in Eq. (2.2) as the free parameters in this work. Proper values of
∆m2

µµ can be calculated by the relations in Eq. (2.4).
To illustrate the effect of the external ∆m2

µµ measurement, we first fix the non-linearity with
sign = +1, size1 = 2% and size2 = 4%, choose δ to be 90◦/270◦ (cos δ = 0) and give the separated
and combined distributions of the χ2 functions in Eqs. (2.21) and (2.26) in Figure 6, where a
1% (left panel) or 1.5% (right panel) relative error of ∆m2

µµ is assumed. The black and red lines
are for the true (normal) and false (inverted) neutrino MH, respectively. The dashed and solid
lines are for the reactor-only [in Eq. (2.21)] and combined distributions. We can get a value of
∆χ2

MH " (10÷11) for the reactor-only analysis in the least-squares method. As for the contribution
from the external ∆m2

µµ measurement, it is almost negligible if we choose the true MH in the fitting
program. However, if the fitting MH is different from the true one, the central value of ∆m2

ee in

47

Truth: InvertedTruth: Normal

As e-flavor and mu-flavor are complementary thus JUNO alone reaches ~3𝛔;
with external inputs from mu-flavor neutrino beam experiments of 1%, the
sensitivity could get improved, 4𝛔 for NH
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Reactor Neutrinos Need a Resolution Desperately
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http://irfu.cea.fr/Spp/Phocea/Vie_des_labos/Ast/ast_visu.php?id_ast=3045

• T. A. Mueller et al., PRC83, 054615 (2011)

• P. Huber, Phys. Rev.C84, 024617 (2011)

• Daya Bay, PRL116(2016), PRL123(2019)

• RENO, PRL121(2018)

• NEOS, PRL118(2017)

• Double Chooz, Nature Physics 16(2020)

Phys.Rev.Lett. 114, 012502 (2015)

Reactor Neutrinos NOT Perfect



Forming the Concept of the JUNO-TAO Experiment

41

Set to resolve the fine structure in the reactor neutrino spectrum!

• Measure reactor neutrino spectrum w/ sub-percent E 

resolution 

• Taishan Antineutrino Observatory (TAO), a satellite 

experiment of JUNO: 30-35 m from EPR core #1: 4.6 

GWth

• Close to core à Ton scale Gd-doped Liquid Scintillator

• Full coverage of SiPM w/ PDE>50% à Operate at -50°C 

(reduce SiPM dark noise)

Ø CDR was released in 2020 (arXiv:2005.08745) 

7/5/22 7th Symposium on Neutrinos and Dark Matter in Nuclear Physics (NDM22)



Another Unprecedented LS Detector: JUNO-TAO
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TAO central detector 5

¾ Total 4024 SiPM tiles, 50 mm x 50 mm for each tile, ~94% coverage. The fixtures are needed on the back of the tiles.
¾ SiPM tiles will be installed on the inner side of the copper shell (thickness of 12 mm) and readout electronics will be on 

the outer side.
¾ SiPM tiles and electronics are immersed in LAB buffer.
¾ 8 DN160 flanges on the SS tank for readout electronics feedthrough, another 2 DN160 flanges for SiPM power supply.
¾ ~3 m cables from FEB to feedthrough inside the SS tank (in cold) and ~10 m cables from feedthrough to electronics 

room (room temperature) 

• Provide a ref spectrum for JUNO, to remove model dependence 

• Provide a benchmark for nuclear database, measuring fine structures (E resolution ~1% at 1 MeV) 

• Measuring isotopic neutrino spectrum: Extend to different fission fraction; test ab initio spectra

• Reactor monitoring, Sterile neutrino, Possible new findings w/ unprecedented resolution 

TAO central detector 5

¾ Total 4024 SiPM tiles, 50 mm x 50 mm for each tile, ~94% coverage. The fixtures are needed on the back of the tiles.
¾ SiPM tiles will be installed on the inner side of the copper shell (thickness of 12 mm) and readout electronics will be on 

the outer side.
¾ SiPM tiles and electronics are immersed in LAB buffer.
¾ 8 DN160 flanges on the SS tank for readout electronics feedthrough, another 2 DN160 flanges for SiPM power supply.
¾ ~3 m cables from FEB to feedthrough inside the SS tank (in cold) and ~10 m cables from feedthrough to electronics 

room (room temperature) 

TAO central detector 5

¾ Total 4024 SiPM tiles, 50 mm x 50 mm for each tile, ~94% coverage. The fixtures are needed on the back of the tiles.
¾ SiPM tiles will be installed on the inner side of the copper shell (thickness of 12 mm) and readout electronics will be on 

the outer side.
¾ SiPM tiles and electronics are immersed in LAB buffer.
¾ 8 DN160 flanges on the SS tank for readout electronics feedthrough, another 2 DN160 flanges for SiPM power supply.
¾ ~3 m cables from FEB to feedthrough inside the SS tank (in cold) and ~10 m cables from feedthrough to electronics 

room (room temperature) 



Timeline and Current Status
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第十五届TeV物理工作组学术研讨会，北京，2021年7月Wei Wang/王為 SYSU

中微子事例数可监测反应堆的运行情况与功率

v中微子事例数完美监
测反应堆的开、停堆

v中微子事例数完美监测反
应堆的功率变化情况（中
间停顿的为探测器停止运
行时期）

v不同的燃耗，反应堆的
裂变同位素不同，因
此，裂变产物也不同，
因此，监测中微子的产
额与能谱可以反推燃耗



量子宇宙物理前沿：中微子物理，杭高院基地Wei Wang/王為 SYSU

新时代的机遇与挑战: 中国核能战略与发展

多场景应用：先进核能系统上“天”下“海”

国家《核电中长期发展规划》



7/5/22 量子宇宙物理：中微子物理，杭高院基地，2021 46

第四代快堆是什么？



第十五届TeV物理工作组学术研讨会，北京，2021年7月Wei Wang/王為 SYSU 47

热堆与第四代快堆的堆内中子谱与中子反应极为不同

M. Brovchenko et al., published by EDP Sciences, 2019 https://www.nuclear-power.com/nuclear-power/reactor-
physics/interaction-radiation-matter/#Neutron_interactions

JANIS 

热堆的中子能量较低而快堆的中子
能量较高（可达～10MeV），裂
变产物在不同的中子能谱下有相当
的差别，将反映到反应堆中微子能
谱中

http://www.oecd-nea.org/janis/


P. Huber     6

Challenges of advanced reactors

Item accountancy relies on:

 - itemizable fuel assemblies

 - transparent coolant

 - frequent refuelings 

Non-itemizable fuel

 - molten salt reactor

 - pebble bed reactor

Sodium coolant (intransparent)

Lifetime cores

Reprocessing

Each of these characteristics invalidates some of the 

current safeguards practices. 48



第十五届TeV物理工作组学术研讨会，北京，2021年7月Wei Wang/王為 SYSU

四代堆研究平台VTR将装备中微子探测

v美国的第四代堆研发平台VTR将装备中微子
探测器，用来监测堆内的燃耗和功率等数据



先进核能、民用核能的安全需求都需要中微子监测

50

NUCIFER
(France)

ISMRAN
(India)

Angra
(Brazil)

Akkuyu
(Turkey)

PANDA
(Japan)

VIDARR
(UK)

PROSPECT
(USA)

NuLat
(USA)

CHANDLER
(USA)

DANSS
(Russia)

Neutrino-4
(Russia)

STEREO
(France)

JSNS2
(Japan)

NEOS
(South Korea)

TimeCube
(USA)Watchman

(UK)

Ocean Bottom Detector
(Japan)

Hanohano
(USA)

NUXE
(USA)

以闪烁体IBD探测器为主，开始布局液态惰性气体的设计



JUNO-TAO（液体）与中大的固体反应堆监测探测器

51



• 人们利用：风、水

• 天文历法：很精确

Ø经典物理发展几乎完美

52

• 未解之谜不多（相对）

• 应用研究为主

Ø 化工、能源、材料、农

业、生物医药……等等

• 仍然有许多未解之谜

• 仍然是最前沿的研究

• 仍然有巨大的应用及基础
科学潜力

Ø 仍然支撑着应用（能源、
材料、军事、农业、生
物医药、医学……）

Ø 仍然支撑着基础研究
（粒子物理、核化学、
天体物理、宇宙学……）

• 当前人类认知极限——最

小尺度的研究

• 同多个基础科学互为支撑，

也为其它学科所“用”

• 开始探索一些“应用”、

“实用”的可行性

核能是跨尺度的体系à 物理学反应人类对尺度的认知

牛顿力学 量子力学 量子场论



总结与展望

•反应堆中微子在物理学史上发挥了不可替代的作用，反应堆在未来的能源结构中也

是不可替代的

v核能体系，作为利用最前沿科学知识的跨尺度实践，不仅对社会发展是实用的，对基础

研究也是“实用”的，这个地球上最极端人造环境有着不可替代的作用

v反应堆不仅是粒子物理的战场，更是核物理的战场，典型的多维度交叉领域

v反应堆中微子研究面向国家重大战略需求、面向学术前沿、面向社会经济发展

ØJUNO让中国的高能物理学家一举从大亚湾时代的并跑变为领跑——期待2023！

Ø大湾区是世界上最好的研究反应堆中微子的地方，从基础到应用全面覆盖，请大家

继续支持！



中山大学物理大类班导学课：核科学与技术学科研究什么？Wei Wang/王為 SYSU

中国“核能之父”卢鹤绂
Hoff Lu: “The Father of Nuclear Energy in China”

• 1941年明尼苏达大学博士毕业，是年11月经香港来中山大学任教

• 1942年春于中山大学撰写《重原子核内之潜能及其利用》，1944年发

表在中国《科学》上，在国际上首次公开发表链式裂变反应堆的临界体

积的简易方法及全部原理

• 1945年第一颗原子弹爆炸后，1946年完成《原子能与原子弹》，审查

一年后发表在《美国物理月刊》，成为 “第一个揭露原子弹秘密的人”

• 两弹元勋中7名是他的学生，为科学界，尤其是核学界培养了大量人才

中山大学乐昌坪石办学点

国际首篇反应堆原理论文完成于中大

卢鹤绂院士
中国“核能之父”

“第一个揭露原子弹
秘密的人”
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卢鹤绂教授在坪石授课



中山大学物理大类班导学课：核科学与技术学科研究什么？Wei Wang/王為 SYSU

• 世界首次发现热离子发射的同位素效应
The first scientist to discover the isotope effect of hot salt ion emission

• 世界上第一个精确测量锂元素的丰度比
The world's first scientist to accurately measure the abundance ratio of lithium

• 世界上第一个揭示原子弹与核能秘密的科学家
The first scientist to disclose the secrets of atomic bombs and nuclear energy

卢鹤绂院士
中国“核能之父”

“第一个揭露原子弹
秘密的人”

• 中国第一个观测到核裂变的科学家
The first scientist to observe nuclear fission in China

• 中国第一个全面讲授原子能应用的科学家
The first scientist to fully introduce the knowledge and application of atomic energy physics in China

• 第一个提出容变弛豫方程的科学家 à流体力学中的“卢鹤绂不可逆公式”
The first to propose basic equations of relaxation and compression— "Hoff Lu irreversible equation" 

scientist

中国“核能之父”卢鹤绂
Hoff Lu: “The Father of Nuclear Energy in China”
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