
低温量热器技术在粒子与核物理中的应用
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低温量热器 Bolometers

2026年4月27日Monday 韩柯，上海交大 2

Te
m

pe
ra

tu
re

 R
is

e 
(a

.u
.)

Thermal coupling
(wires and PTFE 
supports)

Thermistor
(Ge-NTD)

Absorber
(TeO2 crystal)

Si heater

H
ea

t b
at

h
~

10
m

K 
(C

u 
fr

am
es

)

• 通过温度变化来测量能量

• mK级别低温à小的比热容

• 声子能量极小à极高的内秉分辨率



用途广泛的灵敏探测技术

• 千克量级吸收体 à 0νββ searches
• CUORE, CUPID，AMoRE

• 克量级吸收体à Dark Matter，
neutrino mass
• CDMS，CRESST，HOLMES，ECHO

• 毫克量级吸收体à 宇宙学应用
• SPT，Planck，CMB S4 

• Sterile neutrino search, coherent 
neutrino scattering, etc

• X、gamma光谱
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无中微子双贝塔衰变

• 寻找马约拉纳中微子， 探索中微子质量起源

• 破坏轻子数守恒，对于宇宙早期正反物质不对称性给出可能解释

• 例子：!"#𝑋𝑒 	→ !"#𝐵𝑎 + 	2𝑒$(+	2*ν)
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Solid state detector arrays Gas/liquid detectors

CUORE/CUPID KamLAND-ZEN

LEGEND nEXO

CDEX PandaX

CUPID-CJPL NνDEX

JUNO-0νββ
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CUORE/CUPID
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CUORE 无中微子双贝塔衰变实验

• 寻找 130Te 的无中微子双贝塔衰变

• 988 TeO2 晶体组成量能计阵列
• 晶体质量741 kg; 206 kg 130Te
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CUORE 无中微子双贝塔衰变实验

• 寻找 130Te 的无中微子双贝塔衰变

• 988 TeO2 晶体组成量能计阵列
• 晶体质量741 kg; 206 kg 130Te

• 世界上最大的稀释制冷机，把整个
阵列冷却到10mK
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CUORE 无中微子双贝塔衰变实验

• 寻找 130Te 的无中微子双贝塔衰变

• 988 TeO2 晶体组成量能计阵列
• 晶体质量741 kg; 206 kg 130Te

• 世界上最大的稀释制冷机，把整个
阵列冷却到10mK

• 意大利格兰沙索地下实验室Gran 
Sasso underground lab (LNGS)
• 大约1400米的埋深

• 2017年初开始取数
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CUORE 二氧化碲（TeO2）晶体
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• 5x5x5 cm3, 750g

• 相对经济的最大晶体

• ΔT = 0.1 mK/MeV at 10 mK 

• 0νββ要求:低本底radio-pure 

• Survives the heat cycling

üTeO2

x Te

• 硅酸盐所生产



CUORE 稳定运行近十年

• 能量分辨率稳定在 7 keV (at 2.6 MeV)

• 屡次刷新130Te 最好结果

• 最新2吨年数据发表在Science

• DOI: (10.1126/science.adp6474) 
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CUPID - CUORE Upgrade with Particle ID

• 富集100Mo的钼酸锂（LMO）晶体

• 光读出à本底粒子鉴别
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CUPID-CJPL

• 发展国内的低温闪烁量热器技术

• 开展无中微子双贝塔衰变实验预研

• 基金委重大科学基础设施CJPL集成项目
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低温量热器测量贝塔能谱
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β spectrum and neutrino mass

2

Non-zero neutrino mass induces a distortion 
close to the β spectrum  endpoint

● Oscillations prove that at least two neutrinos have mass 
● However, oscillations are not sensitive to the neutrino mass scale → need another observable

mβ

Tritium β decay:
• Q = 18.6 keV
• T1/2 = 12.3 yr

mβ

→ see C. Wiesinger talk on 25/8最简单：氚 β spectrum
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理论计算：氚 β spectrum
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β spectrum and neutrino mass

2

Non-zero neutrino mass induces a distortion 
close to the β spectrum  endpoint

● Oscillations prove that at least two neutrinos have mass 
● However, oscillations are not sensitive to the neutrino mass scale → need another observable

mβ

Tritium β decay:
• Q = 18.6 keV
• T1/2 = 12.3 yr

mβ

→ see C. Wiesinger talk on 25/8
• Initial and final state

• V-A

• Fermi screening correction

• Weak magnetism current

• Recoiled Coulomb potential

• Finite nuclear size correction

• Radiative correction

• Atomic Quantum Effect (AQE):

• Exchange of β and e-



精密 β 能谱测量很有挑战

1. 电子从源中放出后，立即损失能量

2. 探测器阈值效应

3. 能量响应模型

4. 本底信号

• 完整精确β能谱尚未测量
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β spectrum and neutrino mass

2

Non-zero neutrino mass induces a distortion 
close to the β spectrum  endpoint

● Oscillations prove that at least two neutrinos have mass 
● However, oscillations are not sensitive to the neutrino mass scale → need another observable

mβ

Tritium β decay:
• Q = 18.6 keV
• T1/2 = 12.3 yr

mβ

→ see C. Wiesinger talk on 25/8
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源 = 低温量热器

 😀所有能量沉积到探

测器中

300K

20mK

80mK+δT

γ

β

760μm
Pb-Sn ball

Cu Shielding

210Pb

 20mK

1K

   40K

 4K

Ag

241Am

80mK TES

Shuo Zhang, Hao-Ran Liu, Ke Han, Xavier Mougeot, Paul-Antoine Hervieux, 

et al. Arxiv:2509.26390

210Pb82
22.20 (22) y0+ [GS]

β- 

0  5.012 (5) d 1- [GS]

46.539 (1)  < 3 ns 0- [ES]

(keV)

210Bi83
Qβ = 63.34 (20) keV*

⟿

γ e-13.7 (5) %* 

86.3 (5) %* 
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😀😀😀多个单能峰用于能量标定

Arxiv:2509.26390

😀😀😀😀
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首个从 0 keV 开始测量的完整精确 β 能谱
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AQE: 所有电子轨道都贡献低能 β
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210Pb is a lucky choice, and the “only” candidate

Reasonable halflife

Relatively simple decay scheme

Right β and 𝛄 energies

“Accidental” exposure
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总结

1.低温量热器是一项广泛应用的精密探测技术

2.CUORE/CUPID 实验持续推动低温量热器技术在无中

微子双贝塔衰变中的应用

3.基于 TES 量热器，精确测量 β 能谱

4.广阔的粒子物理与核物理应用场景
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Figure 2. Inset: the radiation patterns for a typical gamma-ray angular distribu- 
tion are shown in a polar diagram relative to the quantisation axis; corresponding 
temperatures in mK are indicated. The main curve shows the gamma-ray anisotropy 
at 0 = O o  as a function of temperature (after Marshak 1983). 

from 0 to 2 1 ,  and -A 5 q 5 A. When the ensemble of nuclei has cylindrical symmetry 
and no coincidence or polarisation measurements are made, the 2 1  distinct diagonal 
elements or ‘orientation parameters’ B y )  (usually denoted simply as B A )  contain 
all the information about the nuclear orientation. They are defined in terms of the 
substate populations (equation (1.2)) by the relation 

I 

M=-I  

where the last expression in brackets is a 3 - J symbol. 
In general, only a few of these parameters can be determined in a particular exper- 

iment, but if the form of the interaction is known and the ensemble can be assumed to 
be in thermal equilibrium, any one of them is sufficient to determine the interaction 
ratio A / T .  The normalisation is chosen so that the constant parameter Bo is equal to 
1.00, and the other parameters vanish as A / T  * 0 (high temperature, isotropic limit). 
As A / T  becomes large, they approach a constant value (low-temperature ‘saturation’, 
corresponding to all the nuclei being in the lowest-energy subensemble(s)) whose value 
depends on I and A. In an intermediate region, the BA are nearly linear functions of 
A / T .  Their initial behaviour depends on X and the type of interaction: for a purely 
magnetic interaction, B, is initially linear and B, quadratic in A / T ,  while for a purely 
quadrupolar interaction, B, vanishes and B, is initially linear. Plots and tables can 
be found in Stone and Postma (1986). 

The expression for “(0) is obtained as a series in the orientation parameters 
and Legendre polynomials of corresponding rank. Additional coefficients describe the 
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实验测量：氚 β spectrum
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1 keV 以上测量能谱

β spectrum and neutrino mass

2

Non-zero neutrino mass induces a distortion 
close to the β spectrum  endpoint

● Oscillations prove that at least two neutrinos have mass 
● However, oscillations are not sensitive to the neutrino mass scale → need another observable

mβ

Tritium β decay:
• Q = 18.6 keV
• T1/2 = 12.3 yr

mβ

→ see C. Wiesinger talk on 25/8

TAUP 2025, Xichang Institute for Basic Science
3H 𝛽𝛽 decay spectrum fit: 

Using one week (7 days) of one channel 
 χ2/NDF = 308.6/314

We included 
- 3H distribution in the LiF crystal
- Position calibration function
- One channel 7-day data 
      (~1/30 of the measured data)

  Good agreement between the measured 
and expected values.

 We can activate the routine for sterile 
branch search.

in the analysis range 1~17 keV
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TAUP 2025, Xichang Institute for Basic Science

4.78 MeV

3H Production in LiF Cubic Crystals
Neutron irradiation at  KRISS

Neutron sources
(One 252Cf +Two AmBe)

LiF location: 
Center of the storage

10-hour spectrum 
using the first LiF(3H) 
with 55Fe source

Week exposure  ~ 20 Bq in a LiF

Mean free path: 
2.3 mm in LiF with 7.6 % 6Li

6

From LiFE-SNS


