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光子探测器：第一代 气体探测器 1920s
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电离能 ～ 30 eV
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光子探测器：第二代 闪烁体探测器 1940s
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离子激发能 ～ 20 eV
光子能量 ～   3 eV

能量分辨率 E/∆E ~ 15
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光子探测器：第三代 半导体探测器 1950s
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电子-空穴对激发能 ～ 3 eV

能量分辨率 E/∆E ~ 50
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光子探测器：第四代 超导体探测器 1990s
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光子探测器：第四代 超导体探测器 1990s
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光子

库珀对

激发能 ~ meV

超导体探测器半导体探测器

光子

电子-空穴对

激发能 ~ eV

vs.

半导体：104个电子空穴对
超导体：107个库珀对 粒子涨落噪声 = 1/ 𝑁

半导体：0.01 à 分辨率 100 eV
超导体：0.0003 à 分辨率 3 eV

10 keV



超高分辨率意味着什么
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Tejas Guruswamy et al. (2021)

硅探测器 ∆E = 130 eV     

超导探测器 ∆E = 12 ~ 15 eV



超导探测器概览
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superconducting tunnel 
junction

(STJ)
超导隧穿结

kinetic inductance 
detectors

(KID)
动态电感探测器

metallic magnetic 
calorimater

(MMC)
⾦属磁性量能器

transition-edge 
sensor 
(TES)

超导转变边沿探测器

原理
隧穿电流⼤⼩正⽐于
光⼦激发的准粒⼦数

准粒⼦密度变化影
响超导LC电路的共

振频率
顺磁材料中磁通量的变化

光⼦热效应引发电阻
变化

能量分辨率
（软X射线）

~ 10 eV ⼏⼗eV ~ 1eV ~1eV

能量分辨率
（硬X射线）

材料过薄，X射线吸收
率低

⽬前没有开发 40 eV @ 60 keV 5 eV @ 17 keV

最⼤优势 计数效率极⾼：104/秒 ⽅便⼤阵列复⽤
能量分辨率⾼；
能量覆盖范围⼤

能量分辨率⾼；
复⽤技术较为成熟

主要短板
能量分辨率略差；

能量上限低
能量分辨率低；

能量上限低
复⽤发展不成熟

能量覆盖范围⼩于
MMC



超导探测器概览

superconducting tunnel 
junction

(STJ)
超导隧穿结

microwave kinetic 
inductance detectors
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metallic magnetic 
calorimater
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transition-edge sensor 
(TES)
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光⼦热效应引发电阻
变化

能量分辨率
（软X射线）

~ 10 eV ⼏⼗eV ~ 1eV ~1eV

能量分辨率
（硬X射线）

材料过薄，X射线吸收
率低

⽬前没有开发
暂无实测，但理论预测值

很好
5 eV @ 17 keV

最⼤优势 计数效率极⾼：104/秒 ⽅便⼤阵列复⽤
能量分辨率⾼；
能量覆盖范围⼤

能量分辨率⾼；
复⽤技术较为成熟

主要短板
能量分辨率略差；

能量上限低
能量分辨率低；

能量上限低
复⽤发展不成熟

能量覆盖范围⼩于
MMC

超导

超导

绝缘层
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超导探测器概览
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超导探测器概览
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TES: Transition-Edge Sensor
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TES Absorber

Bennett et al. Rev. Sci. Instrum. 83, 093113 (2012) 

TES

Absorber



TES: Transition-Edge Sensor
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low-temperature cryostat



TES: Transition-Edge Sensor
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low-temperature cryostat

~ 100 mK cooling stage



~ 100 mK cooling stage

TES: Transition-Edge Sensor
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low-temperature cryostat

TES Absorber



TES测量光子能量
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Tejas Guruswamy et al. (2021)

应用一：X射线谱学
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✓ 临近谱线

✓ 微含量元素



应用二：QED
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Picture credit: T. Okumura, RIKEN

俄歇电⼦μ⼦被捕获

电⼦轨道

μ⼦轨道

μ⼦跃迁射线

基态

实验要求：

1. 为避免μ原子被周围的电子重新填

充，靶气体非常稀薄，最终的出光量非

常少

à晶体能谱仪太慢

2. 能量分辨率最好能<100eV

à 半导体能谱仪不能满足要求



应用二：QED
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2022 at NIST



应用二：QED
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RIKEN, JPARC



应用三：宇宙学-原初引力波
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应用三：宇宙学-原初引力波
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138亿年前的光⼦传
播⾄今



应用三：宇宙学-原初引力波
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Picture credit: Herbert Huffner, “The Beginning of the World We Know”

Cosmic Microwave Background (CMB)

138亿年前的光⼦传播⾄今
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AliCPT
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海拔5250m



应用三：宇宙学-原初引力波
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CMB-B mode: perturbation from primodial gravitational waves
Optics

Cyogenic 
Receiver

Superconductor 
Detector 
Module

picture credit: Maria Salatino picture credit: 李雅琼

LP filter

assemble case

feedhorn array

TES array
readout

heat sink base



应用三：宇宙学-原初引力波

1824 TESs
C

D A

B

E

F

激光直写套刻点：4组中心对准标记及销钉孔：1组 边缘销钉孔：2组

A C

E

光刻剂量判定标记：4组
光刻对准判定标记

及测试结构：4组

接触式曝光套刻标记

及测试结构：2组

B

D F

6-inch wafer

feedhorn

2026年安装第一个

全国产

探测器模块



应用四：高能天文

Siegert, 2016Latest result from INTEGRAL/SPI

银河系中心正电子起源

1. 大质量黑洞; 2. 暗物质; 3.原初黑洞
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H. Yoneda et al.: 511 keV map using 20-yr INTEGRAL/SPI data

Fig. 3. Reconstructed image of the 511 keV line emission from the 20-year INTEGRAL/SPI data. The image is shown in Galactic coordinates.
Note that several dark spots appearing around the Galactic center, such as the one at (l, b) ⇡ (353�,�4�), are artifacts often seen in the image
deconvolution.

Table 3. Measured fluxes of the 511 keV line emission for di↵erent regions and their comparison with thin and thick disk models.

Name Region Flux Thick Disk Thin Disk
l (deg.) b (deg.) (⇥10�3 ph cm�2 s�1)

Bulge [�20, 20] [�20, 20] 1.36 ±stat 0.04 ±sys 0.05 1.46 1.39
Bulge + Disk [�180, 180] [�20, 20] 2.09 ±stat 0.08 ±sys 0.23 2.62 2.51
Eastern Disk [310, 340] [�20, 20] 0.26 ±stat 0.04 ±sys 0.03 0.27 0.18
Western Disk [20, 50] [�20, 20] 0.19 ±stat 0.03 ±sys 0.03 0.27 0.18

All 2.63 ±stat 0.08 ±sys 0.33 2.72 2.52

Bulge Eastern diskWestern disk

Disk + Bulge

Fig. 4. Same as Figure 3 but with annotations showing the regions used
for the flux measurements in Table 3.

as a chimney-like structure, and above it, a blob-like structure
can be seen around (l, b) ⇡ (�10�, 30�). To discuss this further,
we also present the longitude profile with di↵erent integration
ranges in Appendix E.

4.3. Individual regions

4.3.1. Search for the 511 keV from the star-forming regions

Here, we investigate the 511 keV emission from individ-
ual regions, particularly the Cygnus region and the Scor-
pius–Centaurus OB association (see Figure 8). Including other
star-forming regions, we evaluate the fluxes and their chance
probabilities using the bootstrap samples with only the back-
ground.

The Cygnus region, one of the nearest complexes of mas-
sive star formation, shows a flux of (4.2 ±stat 2.0 ±sys 2.0) ⇥ 10�5

ph cm�2 s�1 at a chance probability of 6.4 ⇥ 10�2. Here, the re-
gion is defined as l = 60� to 80� and b = �15� to 15�. Since
the significance is about a 2� level only considering statistical
uncertainties, it should be interpreted as a hint of the 511 keV
emission from the Cygnus region. Thus, we also show the 99%
upper limit of the flux value in Table 4. Appendix G shows the
flux distribution derived from the bootstrap samples. We note
that this emission could be attributed to either enhanced positron
production from stellar activity in the Cygnus region or detec-
tion of the Galactic disk component due to deep exposure in

Article number, page 7



应用四：高能天文
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高空气球
30 km ~ 40 km

劳厄透镜
450 keV ~ 550 keV TES 探测器

E/∆E = 1000
制冷机
100 mK

飞行轨迹



应用五：暗物质
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M. Kaznacheeva and K. Schaffner, 
arXiv:2406.12887v1 



应用六：0𝜈ββ 衰变
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Picture credit: 张翼飞, IHEP



欢 迎 探 讨
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欢 迎 探 讨

和报考
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低温复用读出
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time-division 
multiplexing

code-division 
multiplexing frequency-division multiplexing microwave-squid multiplexing

Machanism
pixels in the same 
column are read 
out in time series

signals from each 
pixel are encoded 

and read out

each pixel is biased in a unique 
LCR circuit, and detected in a 

unique frequency channel

TES signal coupled to rf-SQUID, 
then readout by microwave 

resonators

Advantage well-developed 
technology

each pixel can be 
biased individually

each pixel can be biased 
individually

large readout bandwidth, only 
uses 3 pairs of cables for the 

whole detector module

Disadvantage N sampling noise one bad pixel kills 
a whole column

complicated matching between 
TESs and the readout electronics 

pixels are not individually biased, 
subject to nonuniformity across 

large arrays

Joel N Ullom and Douglas A Bennett 2015 Supercond. Sci. Technol. 28 084003



整体封装
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readout wafer

readout wafer



SQUID
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DC-SQUID RF-SQUID


