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Migdal effect

• First predicted by Migdal in 1939-1940

• describes a physical phenomenon where a 

suddenly accelerated atomic nucleus transfers 

energy to its orbital electrons through a rapid 

change in the electric field, causing the 

electrons to become ionized or excited. 

• observed in radioactive decays in the 70’s.

• but not observed in nuclear scattering.

PhysRevLett.108.243201 (2012)

6𝐻𝑒+ → 𝐿𝑖2+ 𝑜𝑟 𝐿𝑖3+

𝛼
PhysRevC.11.1740 (1975)

K shake off

Pb
𝛼

Li
𝑒

𝛼 decay

𝛽 deacy

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.243201
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.11.1740


Migdal effect
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𝒏/𝛘

𝐸er,obs = 𝐸er − 𝐸bind

𝐸nr,obs = 𝐸nr ⋅ 𝜀QF

𝐸det = 𝐸er,obs + 𝐸nr,obs+…

Nuclear recoils below the threshold, which are 

otherwise undetectable, become observable 

through Migdal electron energy deposition.

CDEX

Z.Liu, [Phd thesis], 2022



Sub-GeV DM searches
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XENON/LZ/PandaX/CDEX/DarkSide-

50/SuperCDMS/EDELWEISS/LUX…

SuperCDMS Collaboration. Inelastic DM search with CDMSlite R3 [EB/OL]. 2025[2026-03-02].



Migdal effect detection Experiments
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MARVEL Experiment-Detector



Development of  the detector design
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2015-2018

THGEM/Mesh+CCD

10.1088/1748-0221/13/06/P06011

2019-2020

THGEM+Topmetal

2021-now

GMCP+Topmetal

https://iopscience.iop.org/article/10.1088/1748-0221/13/06/P06011
https://iopscience.iop.org/article/10.1088/1748-0221/13/06/P06011
https://iopscience.iop.org/article/10.1088/1748-0221/13/06/P06011


Detector Requirements

● 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
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N+

e-

Simulation



Performance Stabil i ty
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● low leakage rate and 

material degassing rate 

specif ications

● Suppress the charge 

accumulation effect

Leak rate: ~7.6–11 Torr·L/s

GMCP Development – Hydrogen 

Reduction tech for Preparing Bulk 

Resistance to Eliminate Charge 

Accumulation

stability at different counting rates

Bulk Resistance 10.1016/j.nima.2023.168499



Optimize the spatial  resolution
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Parameter testing for various 

gases and gas mixtures

60 um

83 um

high-granularity device

adaptive cutting 

vertex reconstruction

various gas mixtures:

He/Ar/Kr/Xe+CO2/CH4/i-C4H10/DME(C2H6O)/CF4

10.1007/s41365-021-00903-0

https://link.springer.com/article/10.1007/s41365-021-00903-0
https://link.springer.com/article/10.1007/s41365-021-00903-0
https://link.springer.com/article/10.1007/s41365-021-00903-0
https://link.springer.com/article/10.1007/s41365-021-00903-0
https://link.springer.com/article/10.1007/s41365-021-00903-0
https://link.springer.com/article/10.1007/s41365-021-00903-0
https://link.springer.com/article/10.1007/s41365-021-00903-0


Energy calibration
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monoenergetic X-ray platform

10.1007/s10686-023-09905-9

∝1/√E

https://link.springer.com/article/10.1007/s10686-023-09905-9
https://link.springer.com/article/10.1007/s10686-023-09905-9
https://link.springer.com/article/10.1007/s10686-023-09905-9
https://link.springer.com/article/10.1007/s10686-023-09905-9
https://link.springer.com/article/10.1007/s10686-023-09905-9
https://link.springer.com/article/10.1007/s10686-023-09905-9
https://link.springer.com/article/10.1007/s10686-023-09905-9
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Vertex resolution

6.4 keV X-ray imaging with half the area shielded 

by a copper plate

position resolution @ 6.4 keV

position resolution at different energies

copper plate

spatial resolution at different positions

10.1088/1748-0221/19/04/P04039

reconstruct the vertices of p.e. tracks 

https://iopscience.iop.org/article/10.1088/1748-0221/19/04/P04039
https://iopscience.iop.org/article/10.1088/1748-0221/19/04/P04039
https://iopscience.iop.org/article/10.1088/1748-0221/19/04/P04039


Time resolution
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time resolution test results

GMCP trigger : 100 Mhz (10 ns)

Topmetal trigger precision:2.6 ms/Frame IEEE Trans. Nucl. Sci., 70, 1288-1295

6 ms Timewindow

https://ieeexplore.ieee.org/document/10111087
https://ieeexplore.ieee.org/document/10111087
https://ieeexplore.ieee.org/document/10111087


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 ns time resolution

16

Energy resolution Dynamic range Vertex resolution Time resolution



✓ Simulate Migdal effect interaction 

with detector

➢ Simulate different interaction

➢ Provide energy deposit 
17

Simulation framework

✓ Analog detector digital readout

➢ Simulate electron drifts, multiplies, collected procession

➢ Output file for data analysis and reconstruction 

algorithm

https://github.com/ElsevierSoftwareX/SOFTX-D-23-00679

https://github.com/ElsevierSoftwareX/SOFTX-D-23-00679%0d
https://github.com/ElsevierSoftwareX/SOFTX-D-23-00679%0d
https://github.com/ElsevierSoftwareX/SOFTX-D-23-00679%0d
https://github.com/ElsevierSoftwareX/SOFTX-D-23-00679%0d
https://github.com/ElsevierSoftwareX/SOFTX-D-23-00679%0d
https://github.com/ElsevierSoftwareX/SOFTX-D-23-00679%0d
https://github.com/ElsevierSoftwareX/SOFTX-D-23-00679%0d


Comparison of  experimental /simulat ion results

用英文翻译“实验结果”

用英文翻译“模拟结果”

用英文翻译“对比分析”

18

6.4 keV photo-electron
241Am alpha source



D-D 2.5MeV source

Scintillator ① 0°
Scintillator ② 87°

Scintillator ③ 180°

Migdal detector 270°

Neutron and gamma 

spectrum measurement

D-D source monitoring

D-D source monitoring

Working gas:
0.8 atm @ ~300 K

40% Helium + Dimethyl ether 

(DME,C2H6O)

Neutron: 2.5 MeV

Nucleus: hundreds of keV

Electron: 5-10 keV
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MARVEL Experiment

Nature 649, 580–583 (2026)

https://www.nature.com/articles/s41586-025-09918-8
https://www.nature.com/articles/s41586-025-09918-8
https://www.nature.com/articles/s41586-025-09918-8
https://www.nature.com/articles/s41586-025-09918-8
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Data taking 

2024 Run I

2024 Run II

Flux Gain Pressure & temperature 



AI-assisted event selection

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

Training

*1 https://github.com/ultralytics/ultralytics

Labeling

Inspired by MIGDAL collaboration‘s work: 10.1103/PhysRevD.111.072004

https://github.com/ultralytics/ultralytics
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.072004


1. Search for the NR vertex through recursive iteration:

2. Fit the NR(direction, diffusion σ) and remove it from the 

image.

3. Search for the electron vertex using adaptive cutting 

algorithm.

4. Determine whether the electron vertex is adjacent to 

the nucleon vertex.

< 0.5
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Data Vertex cut
YOLO*1

preselection

NR

reconstruction

ER

reconstruction

AI-assisted event selection

D



Migdal candidates
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Characteristic distr ibution of ERs and NRs
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data

data

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

MigdalER 4-10 keV

NR> 35 keVee
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Background

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.)



● Consider the selection eff iciency for δ -electrons.

● Finally get: 0.035±0.023(stat.)
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Recoil  induced δ electron 

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-

Geant4 sim

Exp data



Radom track conincidence

Method 1: n/γ spectrum measured by LS + GEANT4

n

Ne-

n

Ne-

n

Neutron spectrumGamma spectrum

n
N*

e-

N

NR Compton e- photonEle

I 1 4.32 × 10−5 1.06 × 10−5

II 1 6.06 × 10−6 ~3.63 × 10−8

III 1 3.11 × 10−6 7.15 × 10−7

• The expected background contribution of the 3 components in total is: 0.16±0.01(stat.)

I II III



Radom track conincidence

● Method 2: Estimated from Data

● Get the number of electron tracks within the 5-10 keV energy range that appear in the

same frame as the nucleon tracks.

● Considering the accidental coincidence of NR and ER with a vertex selection eff iciency,

● the final expected background value is 0.180±0.022(stat.)±0.042(sys.)

The results from the liquid

scintillation + GEANT4 are

consistent with the data

obtained from the Migdal

detector.

28

keV



Cross section rat io calculation 
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Result: 4.9−1.9
+2.6× 10−5

• Probability:

• Parameters:

• upper/lower bounds:

Theory: 3.9 × 10−5

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



The total  transit ion probabil i ty
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𝐻 𝐻𝑒

𝐶 𝑂

Transition probability of each element Total Transition probability

The transition probability for ionization of an electron from an 

initial state (𝑛, 𝑙) to a final state with energy 𝐸𝑒.
෍

𝑛𝑙

𝑑𝑝𝑖 𝑛𝑙 → 𝐸𝑒
𝑑𝐸𝑒



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

32

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


Upgrade in progress
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MD Version 1

MD Version 2

Time resolution

Spatial resolution



● The Migdal effect plays a very important role 
in sub-GeV dark matter research.

● The MARVEL experiment is dedicated to the 

direct detection of the Migdal effect.

● The ratio of the Migdal to the nuclear recoil 

cross-section to be 4.9−1.9
+2.6 × 10−5 , where 

nuclear recoils exceed 35 keVee and electron 

recoils span 5-10 keV.

● Detector upgrade is in progress.

Thanks for your attention!
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