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张墨凡

散裂中子源科学中心

2025-2026 白光中子源
NOPTREX 宇称不守恒实验进展



背景
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萨哈罗夫于1967年提出了宇宙中产生正反物质不对称的三
个基本达成条件：

1. 重子数不守恒
2. C对称和CP对称的破坏 (即时间反演对称性破缺)

3. 在热力学平衡之外的相互作用

⇓

需要新的标准模型以外的CP/T对称性破缺来解
释现在观测到的宇宙中正反物质不对称的现象

复合核中子共振核反应是寻找对称性破缺的一
个可能的渠道

为什么我们需要找寻时间反演对称性破缺？
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NOPTREX合作组

• Neutron Optics Parity and Time Reversal Experiment (NOPTREX)

• 目标：在极化中子透射核共振反应中探索宇称和时间反演对称性破缺
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T-破缺还未在中子核反应中被观测到!

⇓ 在重核中的p波共振峰对于时间反演不对称
测量是此类观测中的灵敏体系1.

1. Gudkov, Phys. Rep. 212 77 (1992)

2. V.V.FLAMBAUM and G.F.GRIBAIUN, Prog. Part. Nucl. Phys., Vol. 35, pp. 423-503.1995

 

⇓ P- 和 T-对称性破缺效应会通过弱相互作
用力的s波p波混合放大约 104 − 106 2.

s s s p

p p p s

(n, γ) 反应道的sp-混合费曼图

复合核中子共振核反应中对P与T对称性破缺的放大效应
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S波与P波共振峰

𝐽 = ℓ + 𝑠 + 𝐼

𝑗 𝑆 反应通道自旋入射中子自旋

总角动量
中子
自旋

核自旋
轨道

角动量

P波共振峰-> ℓ = 1

S波共振峰-> ℓ = 0

0.74eV
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正向散射振幅

𝑓0=P-even, T-even Spin Independent 

𝑓1=P-even, T-even Spin Independent (pseudomagnetic) 

𝑓2=P-odd, T-even P-violation

𝑓3=P-odd, T-odd TP-violation

𝑓4=P-even, T-odd T-violation

𝒇 = 𝒇𝟎 + 𝒇𝟏 𝝈𝒏∙ റ𝑰 + 𝒇𝟐 𝝈𝒏∙ 𝒌𝒏 + 𝒇𝟑 𝝈𝒏∙ 𝒌𝒏× റ𝑰 + 𝒇𝟒 𝝈𝒏∙ റ𝑰 × 𝒌𝒏
റ𝑰 ∙ 𝒌𝒏

我们最感兴趣的项

𝒌𝒏: 中子动量
𝝈𝒏: 中子自旋
Ԧ𝑰: 核自旋
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P-odd/T-odd 反应理论

𝜎𝑡𝑜𝑡 =
4𝜋

𝑘
Im[𝑓 0 ]

Δ𝜎𝑇𝑃

Δ𝜎𝑃
= 𝜅 𝐽

𝑤

𝑣

𝑓 = ⟨𝑓 𝑉𝑃 + 𝑉𝑃𝑇 𝑖⟩

𝑣 + 𝑖𝑤 = ⟨𝜙𝑝 𝑉𝑃 + 𝑉𝑃𝑇 𝜙𝑠⟩

依据中子光学理论，我们可以将前向散射振幅关联到总截面上

前向散射振幅描述了初态与末态如何通过弱相互作用势相互关联

其中 𝑣 和 𝑤 即为我们的弱混合矩阵元:

于是可以将P-odd, T-odd 项与P-odd, T-even 项联系起来:

• TRIPLE Collaboration work: G. M. Mitchell et. 

Al., Phys. Rep. 354, 157 (2001).;

Works done in J-PARC
139La: https://arxiv.org/abs/1710.03065
117Sn: https://arxiv.org/abs/2202.06222 
131Xe: https://arxiv.org/abs/2212.10889 

1. V. Gudkov & H.Shimizu Phys. Rev. C 97, 065502 (2018) 

1.

https://arxiv.org/abs/1710.03065
https://arxiv.org/abs/2202.06222
https://arxiv.org/abs/2212.10889
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已测量的宇称不守恒

NOPTREX目标共振峰:
• Δ𝜎𝑃大

• 𝜅(𝐽)大

• 峰位能量低 -> 中子极化率高

• 𝐼 > 0 原子核可以被极化

Δ𝜎𝑇𝑃大？ 
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140<A<180之间呢？

S1/S0与以下核素相差不大
 139La, 81Br, 131Xe

只需一个发现
即可对NOPTREX有用

TRIPLE：

• S1/S0在A=160处有
局部极小值

• 140<A<180之间的核
素无测量数据

NOPTREX：

• 该范围内有许多I>0核
素：可用于T破坏实验
的极化

• 需要尽可能多的p波
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(n, γ) 微分截面(Flambaum terms)

Flambaum et. al., Prog. Part, Nncl Phys., Vol. 35, pp. 

423-503.1995

If 𝝈  =  𝟎, and 𝝀 not measured:

𝑑𝜎 nγ, 𝜆

dΩ
∝ 𝑎0 + 𝑎1𝑐𝑜𝑠 𝜃 + 𝑎3[𝑐𝑜𝑠2(θ) −

1

3
]

σ : 中子极化
nn: 中子动量
𝑛𝛾 : γ-动量
λ： γ-偏振

If 𝝈 = ± 𝒏𝒏, and 𝝀 not measured:

𝑑𝜎 nγ, 𝜆

dΩ
=

1

2
 (𝑎0 ± 𝑎10)

𝑎10

𝑎0
= 𝐴𝐿 =

σ+ − σ−

σ+ + σ−

𝜅 𝐽



装置与仪器
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China Spallation Neutron Source

Key Parameters
Phase 

1

Phase

2

Proton beam power 100 kW 500 kW

Pulse Frequency 25 Hz 25 Hz

Average beam flux 62.5 A 312 A

Number of 

spectrometers 
3 9+6
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Back-n White Neutron Source

Proton beam 

power
100 kW

Pulse frequency 25 Hz

Neutron flux 104 -107 n/cm2

ES #1 flight path 54m

ES #2 flight path 75m
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GTAF BaF2 γ-spectrometer

•Gamma Total Absorption Facility (GTAF) 

•Prompt gamma measurement, neutron time of 
flight (TOF) method -> neutron energy

•Cascade gamma matches measurements——
Multiplicity and Total Energy of Cascade gamma

• Locates at ES#2 ~75m flight path

• 95.2% solid angle coverage

• 42 segments (40 segments with BaF2 crystals)

• 2 different crystal shapes

• Inner radius = 10cm

• Crystal depth = 15cm



Beam dump

Neutron beam

Smaller hemispheroid
16 detectors

Bigger hemispheroid
24detector(=26-2)

Neutron absorber:

Boron-containing 

polyethylene30%

Vacuum tube
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3He neutron polarizer
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Adiabatic spin flipper & spin transport

https://doi.org/10.1007/s11433-026-2979-6

https://doi.org/10.1007/s11433-026-2979-6
https://doi.org/10.1007/s11433-026-2979-6
https://doi.org/10.1007/s11433-026-2979-6
https://doi.org/10.1007/s11433-026-2979-6
https://doi.org/10.1007/s11433-026-2979-6
https://doi.org/10.1007/s11433-026-2979-6
https://doi.org/10.1007/s11433-026-2979-6
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白光中子源宇称不守恒测量实验

20
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中子透射:

(n, γ) :

核靶

极化翻转

σn: 中子自旋

kn: 中子动量

kn

σn

σn

极化翻转极化器 
未极化中子

kn

σn

σn
中子探测器

T+

T−

γ γ γ γ γ γ γ

γ γ γ γ γ γ γ

核
靶

𝐴𝐿 =
T+ − T− 

T+ + T− 

𝐴𝐿,𝛾 =
R+ − R− 

R+ + R− 

自旋输运

自旋输运

未极化中子
极化器 γ探测器

宇称不守恒实验设置
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白光宇称不守恒实验的优化历程
1. 2025.01 粗放实验：

• 3He极化器与GTAF探测器组合进行PV实验的可行性验证
• 结果：散射背景过大，甚至淹没了目标共振峰（139La 0.74eV p-wave）

2. 2025.10 束线升级与极化翻转实验：
• 使用已有屏蔽墙来屏蔽3He极化器带来的散射本底，增加约20m极化输运螺

线管，增加极化翻转器，并测量镧靶约70小时

3. 2026.06 完全体实验：
• 中子通量提升：

• 束斑：12-15-40 -> 50-15-30

• 加速器运行功率：170 kW -> 185 kW

• 靶： 𝜙40mm -> 𝜙45mm

• 增加GTAF段螺线管，采集了140小时La、83小时Pd数据。并采集了前端存
在3He极化器情况下的空和C靶数据。
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首次白光宇
称不守恒实
验(2024.12) 

散射背景
过大

GTAF探测器
阵列

3He极化器6Li探测器与 

5cm厚 La 靶

中子束流

没有在139La
上看到宇称
不守恒效应
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靶站

中子开关
中子通道1

厅#1

中子通道2
厅#2

垃圾桶

白光束线示意图
准直器2

准直器1



66.5m

67.5m

70m

72m

75.9m
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Qin Xu et. al. Development and Application of an eV Neutron Polarization for Parity Violation 

Studies at CSNS Back-n Beamline [J]. SCIENCE CHINA Physics, Mechanics & Astronomy, 

2026, 2026-04-24. 2026-05-25. https://www.sciengine.com/doi/10.1007/s11433-026-2979-6.

第二次PV实验
(2025.10)

https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
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2026, 2026-04-24. 2026-05-25. https://www.sciengine.com/doi/10.1007/s11433-026-2979-6.

第二次PV实验
(2025.10)

https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
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6Li探测器测量到的中子通量
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2026, 2026-04-24. 2026-05-25. https://www.sciengine.com/doi/10.1007/s11433-026-2979-6.

第二次PV实验
(2025.10)

https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6


自旋输运系统
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https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
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3He 极化器

Qin Xu et. al. Development and Application of an eV Neutron Polarization for Parity Violation 

Studies at CSNS Back-n Beamline [J]. SCIENCE CHINA Physics, Mechanics & Astronomy, 

2026, 2026-04-24. 2026-05-25. https://www.sciengine.com/doi/10.1007/s11433-026-2979-6.

https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
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绝热翻转器

Qin Xu et. al. Development and Application of an eV Neutron Polarization for Parity Violation 

Studies at CSNS Back-n Beamline [J]. SCIENCE CHINA Physics, Mechanics & Astronomy, 

2026, 2026-04-24. 2026-05-25. https://www.sciengine.com/doi/10.1007/s11433-026-2979-6.

序列: [ + - - + - + + - ]

脉冲长度 = 40 ms

步长 = 10个脉冲

序列长度 = 80个脉冲 (不含过渡态) = 

3.2 s

https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
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中子极化传输效率

在GTAF测量：
• 翻转器关闭效率 (𝜀𝑜𝑓𝑓) = 70%

• 翻转器开启效率 (𝜀𝑜𝑛) = 90%

由分析器测量的中子极化 (𝑓𝑛) = 30% @0.74eV Qin Xu et. al. Development and Application of an eV Neutron Polarization for Parity Violation 

Studies at CSNS Back-n Beamline [J]. SCIENCE CHINA Physics, Mechanics & Astronomy, 

2026, 2026-04-24. 2026-05-25. https://www.sciengine.com/doi/10.1007/s11433-026-2979-6.

https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
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极化传输修正后的AL

ҧf

𝐴meas𝑢𝑟𝑒𝑑  = ҧf 𝐴ideal

= 0. 6 × 𝐴ideal
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𝟏𝟑𝟗
La 原始中子能谱(2025.10)

束流归一能谱

𝟏𝟑𝟗
La 0.74eV p-wave 

𝟏𝟑𝟖
La s-wave 

W impurities 

𝟏𝟑𝟗
La s-wave 

已归一中子注量率
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PV计算
(合并数据)

𝐴𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑(0.74𝑒𝑉) = 4.67 ± 1.19%
𝐴𝑖𝑑𝑒𝑎𝑙 0.74𝑒𝑉 = 7.8% ± 2.4 𝑠𝑡𝑎𝑡. ± 0.3 𝑠𝑦𝑠. % 

𝐴𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑(3 𝑡𝑜 4𝑒𝑉) = 0.37 ± 0.31%

𝐴𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑(72𝑒𝑉) = 0.05 ± 0.34%

筛选条件:

• 多重性 >= 3

• 伽马加合能 > 3MeV

Qin Xu et. al. Development and Application of an eV Neutron Polarization for Parity Violation Studies at CSNS 

Back-n Beamline [J]. SCIENCE CHINA Physics, Mechanics & Astronomy, 2026, 2026-04-24. 2026-05-25. 

https://www.sciengine.com/doi/10.1007/s11433-026-2979-6.

https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
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各多重性下的PV分析
（合并数据）

Multiplicity vs Aideal (0.74 eV p-wave)
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Multiplicity vs Aideal (3 eV s-wave)Multiplicity vs Aideal (0.74 eV p-wave)

各多重性下的PV分析
（合并数据）
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8步分析法

消除所有二阶时间依赖慢漂移，包括：
• 温飘
• 瞬时束流通量变化
• 辐照损伤引起的探测器基线漂移
• 以及其他所有慢变因素

序列: [ + - - + - + + - ]

步长 = 10个脉冲

脉冲长度 = 40 ms

序列长度 = 80个脉冲 (不含过渡态) 

= 3.2 s
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8步原始数据列表（ La ）

在 0 至 2 keV 中子能区经筛选后，每个测量序列每种极化态的平均计数为 256.5。

筛选条件：
• 多重性 >= 2

• 3MeV <加合能< 5.5MeV 
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不同序列数量加合的中子能谱
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不同序列数量加合的中子能谱
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Multi = 2

𝐴𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 9.28% ± 41.47%

Multi = 3

𝐴𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 1.61% ± 11.01%

按多重性进行的8步PV分析
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Multiplicity vs Aideal (3 eV s-wave)Multiplicity vs Aideal (0.74 eV p-wave)

按多重性进行PV分析
(8步分析)
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讨论：基于多重数的分析

• 脉冲模式探测器的优势：与TRIPLE合作组先前使用的直流模式γ探测器不同，GTAF的
脉冲模式运行能够保留（𝑛,𝛾）反应事件信息。这为未来NOPTREX实验采用基于伽马多
重性的末态选择方法奠定了基础。

• 确定共振自旋：利用伽马多重性来确定共振峰的自旋（𝐽），这将使我们对历史TRIPLE
数据的重新分析成为可能，从而显著降低宇称破坏矩阵元（〈𝑀²〉）的不确定性。

• 依赖于多重性的宇称破坏研究： 探究宇称反常不对称性𝐴𝐿是否随伽马多重性变化，这
将对统计理论构成一种新颖的检验。
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•缺失约1.5m的自旋传输 -> 测量到的不对称度更低

•58442个8步序列对应~65小时数据

•1000个序列为0.74eV p波提供了良好的信噪比 --> 每小时有足够计数的序列。

•无背景测量

•更大的束流光斑

•更多束流时间

•更厚的靶

•解决引导磁场不连续问题

结论：改进

需要更多数据：



66.5m

67.5m

70m

72m

75.9m
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Qin Xu et. al. Development and Application of an eV Neutron Polarization for Parity Violation 

Studies at CSNS Back-n Beamline [J]. SCIENCE CHINA Physics, Mechanics & Astronomy, 

2026, 2026-04-24. 2026-05-25. https://www.sciengine.com/doi/10.1007/s11433-026-2979-6.

第三次PV实验
(2026.06）

https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6
https://www.sciengine.com/doi/10.1007/s11433-026-2979-6


自旋输运系统（完全体）
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𝟏𝟑𝟗
La 中子能谱(2026.06)

𝟏𝟑𝟗
La 0.74eV p-wave 

𝟏𝟑𝟖
La s-wave 

钨 杂质

𝟏𝟑𝟗
La s-wave 

钯 杂质

已归一中子注量率
（使用2025.10数据）



2026/7/15 第十届白光用户会(2026) @ 衡阳 50



512026/7/15 第十届白光用户会(2026) @ 衡阳

PV初步分析
(合并数据)

𝐴𝑖𝑑𝑒𝑎𝑙 0.74𝑒𝑉 = 4.3187% ± 3.9274% 𝐴𝑖𝑑𝑒𝑎𝑙(3 𝑡𝑜 4𝑒𝑉) = −0.0288% ± 0.7440%

筛选条件:

• 多重性 >= 3

• 3MeV<加合能<8.5MeV
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2026.06 数据分析计划

• 目标靶：140小时La、83小时Pd

• 6Li 探测器数据分析->中子能谱归一

• 坪、空与C本底扣除

• 不对称性计算：
•合并数据：合并图、 按多重性分析

•8步分析：合并图、 按多重性分析
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下一步：更冷一点

• 将靶降至约4K -> 降低多普勒展宽

• 第一阶段：核数据测量与装置验证。
目标核素：La、Au

• 第二阶段：宇称不守恒测量+极化中
子导致p-wave 峰位变化？

•Δ𝐸 ~ 10−6eV [Gudkov&Bunakov1983]



合作单位
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谢谢！
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