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Dark matter

Galactic rotation curveGravitational Lens Galaxy mergers

• Dark matter makes up most of the mass in 

galaxies and galaxy clusters.

• Current evidence comes solely from 

gravitational interaction.
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WIMP
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Migdal效应
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• 1939年由前苏联科学家Migdal预言
𝑬𝒆

𝑬N

𝑣𝑁 ≫ 𝛼𝑐

𝑣𝑁~𝛼𝑐

𝑣𝑁 ≪ 𝛼𝑐



利用Migdal效应直接探测暗物质实验
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𝒏/𝛘

𝐸det = 𝐸er,obs + 𝐸nr,obs+…

𝐸er,obs = 𝐸er − 𝐸bind

𝐸nr,obs = 𝐸nr ⋅ 𝜀QF

在低动量转移情况下仍然提供可探测信号！

CDEX



中性粒子碰撞中的Migdal效应
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𝒏/𝝂/𝛘

𝑬𝒆

至今已有80余年，仍未有直接观测的证据



轻质量暗物质区间的探测限—由Migdal效应主导

各大暗物质实验：
XENON/LZ/PandaX/CDEX/DarkSide50/

SuperCDMS/EDELWEISS/LUX… 8



国际上中性粒子Migdal效应实验
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Phys. Rev. D, 109(5), L051101（2024）

Phys. Rev. D,107, 035032

测量沉积能量 测量cluster距离

Nr/Er的径迹成像



Detector Requirements
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N+

e-

模拟结果 ● ER~keV，NR~hundreds keV

● Good energy resolution

● Large dynamic range.

● ER shares vertex with NR

● Good vertex resolution

● Reduce possible background

● Good t ime resolution



MARVEL 实验装置示意
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GMCP

GMCPTopmetal-II

Topmetal-II

DD neutron source

ER

NR

Migdal topology

提出全新的实验手段



核心器件：GMCP
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• 微结构气体探测器：GEM/THGEM、MicroMegas…

• 真空器件MCP并不能直接在气体下使用！

• 电荷累积在GEM孔内导致增益下降！

• 设计新工艺，在孔内制作阻性材料，释放电荷

运用于气体探测器（GMCP）

真空器件微通道板（MCP）

刘宏邦



核心器件：像素芯片Topmetal
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Topmetal-II-
Topmetal-

M1/M2
Topmetal-L

Chip Size /mm2 6 × 6 18 × 23 17 × 24

Pixel Array 72 × 72 400 × 512 356 × 512

Pixel Size /um2 83 × 83 45 × 45 45 × 45

ENC ~ 13.4e- ~ 15.4e- ~ 20.0e-

Power Consumption ~ 1W @3.3V ~ 4.3W @3.3V ~ 0.8W @3.3V

Clock 40MHz 5MHz 20MHz

Frame Rate 2.5ms 2.4ms
0.37ms

@Sentinel Readout

Readout Mode Rolling Shutter Rolling Shutter
Rolling Shutter

/Sentinel Readout

Readout Channel 1 16 1

Topmetal-Ⅱ
孙向明



Detector performance

• Good linear energy 

response

• 20%-30% energy 

resolution(FWHM)

• Energy resolution follows 

the relationship ~ Τ1 𝐸

• Stable gain under different 

count rates(no pile up)

• Good linearity in charge 

response

• ~200 μm vertex resolution

@ 6.4 keV • ~262 μs time resolution
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Energy resolution Dynamic range Vertex resolution Time resolution



Migdal detector 

Working gas:
0.8 atm @ ~300 K

40% Helium + Dimethyl ether (DME,C2H6O) 15

Scintillator ①
D-D source monitoring

Scintillator ③
D-D source monitoring

Scintillator ②
n/gamma spectrum meas.



事例挑选

Data Vertex cut
YOLO*1

preselection

NR

reconstruction

ER

reconstruction
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Dataset Train Valid

Exp
⁵⁵Fe 3000 1493

D-D 2994 1354

Sim
ER 1200 301

NR 1200 301

Total 8394 3449

Labeling

NR

reconstruction ER

reconstruction



Migdal 事例
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更多的Migdal事例！
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全部通过YOLO识别！
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电子与核子径迹
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data

data

5 𝑘𝑒𝑉𝑒𝑒 < 𝐸𝑒 < 10 𝑘𝑒𝑉𝑒𝑒, 𝐸𝑛𝑟 > 35𝑘𝑒𝑉𝑒𝑒

Migdal事例中的电子与55Fe源的光电子样本区间一致；核反冲径迹与中子数据中核反冲控制样本一致！
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本底估计
Background Component Description Expectation value (5 - 10 keV) Method

Recoil induced δ ray δ electron near NR track origin 0.035±0.023(stat.)±0.0068(sys.) Data driven

Particle Induced X-ray Emission

X-ray emission Photoelectron near NR track origin 0

Auger electrons Auger electron near NR track origin 0

Bremsstrahlung processes

Quasi-Free Electron (QFEB) Photoelectron near NR track origin ≈ 0

Secondary Electron (SEB) Photoelectron near NR track origin ≈ 0

Atomic (AB) Photoelectron near NR track origin ≈ 0

Nuclear (NB) Photoelectron near NR track origin ≈ 0

Random track coincidences Photo-/Compton electron near NR track 0.180±0.022(stat.)±0.042(sys.) Data driven

Muon induced δ ray δ electron near NR track origin 0.013 MC+Data

Gas radioactivity

Trace contaminants Electron from decay near NR track origin 0.001±0.00087(sys.) Data driven

Neutron activation Electron from decay near NR track origin ≈ 0

Secondary nuclear recoil fork NR track fork near track origin ≈ 0

Total background 0.229±0.032(stat.)±0.043(sys.)

武雷 祝斌



● Consider the selection eff iciency for δ -electrons.

● Finally get: 0.035±0.023(stat.)
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1.  Delta电子本底

H

Only H has the δ electron > 5 keV.
No δ above 5 keV were found.

Estimate by extrapolating from 

the exponential fit

n

N

e-

e-



2. 偶然符合本底
● Method 2: 数据驱动的方法

● 选取实验数据中的核径迹控制样本与光电子径迹在同一帧上的事例.

● 考虑偶然符合在统一顶点的几率,得到最终本底结果为： 0.180±0.022(stat.)±0.042(sys.)

方法一与方法二的结果在统计误差范围内一致。 23

Method 1

keV



相对截面计算
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最终结果:

• Migdal过程截面与核反冲
截面的比值:

• 参数:

• 上下限的计算方式:

29%(YOLO)*49%(vertx rec)



总跃迁几率
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𝐻 𝐻𝑒

𝐶 𝑂

每种元素的跃迁几率 总跃迁几率

初态为 (𝑛, 𝑙) 的电子跃迁到具有 𝐸𝑒 能量末态的几率.෍

𝑛𝑙

𝑑𝑝𝑖 𝑛𝑙 → 𝐸𝑒
𝑑𝐸𝑒

武雷 祝斌



Upgrade in progress
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Topmetal-II Topmetal-L

• 6x6 mm, 83 um in pitch -> 2.3x1.5 cm, 45 um in pitch

• Fresh time: 2.6 ms/Frame -> 0.7 ms/Frame

• Readout logic: Rolling Shutter -> Sensitive area
Larger GMCP

15mm



Upgrade in progress
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Topmetal-II

Topmetal-L

D-D source test, Nov.,2025

Topmetal-L

5.9 keV 

photonelectron

arXiv:2511.15130

arXiv:2511.09863

5.9 keV

Ar kα ~3.0 keV

Sensitive area readout:

Sensitive pixels

Readout pixels

range

50%Ar + 50%CO2

1 atm, Fe-55 

50%Ar + 50%CO2

0.75 atm

neutron direction
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https://arxiv.org/abs/2511.15130
https://arxiv.org/abs/2511.09863


总结

● 首次直接证实了1939年利用量子力学预言的Migdal效应，

也为轻暗物质探测突破阈值瓶颈提供了关键支撑。
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谢  谢！

● 下一步计划：

● 升级实验装置，提高统计量，提升Migdal截面测量精度

● 测量常见暗物质探测核素的Migdal截面

● 测量Migdal截面的能量依赖
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