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What happens in nuclear recoil?
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Vn>>>c

?

Vn~ c



How is nuclear recoil produced?

Vn<<<c

What happens following a nuclear recoil?
 = 1/137

Neutral projectile β decay  decay

1. Low energy transition 2. High energy transition 3. Middle energy transition

The entire atom moves together



Migdal Effect - electron(s) shake-off

• First predicted by Migdal in 1939-1940
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𝒏/𝝂/𝛘

𝑬𝒆

Consider a rapid intranuclear process (e.g. α decay or fission) that 

abruptly changes Coulomb potential. The atomic electrons 

instantaneously experience the new potential; some electrons cannot 

adjust to the new potential well immediately, and are therefore 

excited or ejected.

Migdal effect was predicted by A. Migdal in 1939, and 

observed in radioactive decays in the 70’s.

– but not observed in nuclear scattering.



Migdal Effect: Observed in 𝛼 and 𝛽 decay
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Migdal effect was observed in radioactive decays.

Migdal electron was not observed directly.

PhysRevLett.108.243201

6𝐻𝑒+ → 𝐿𝑖2+ 𝑜𝑟 𝐿𝑖3+

PhysRevC.11.1740

K shake off

Migdal in 𝛼 decay Migdal in 𝛽 decay



Sub-GeV DM searches dominated by Migdal 
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Migdal （ME）

Bremsstrahlung (Brem)

Nuclear recoil

Z.Liu, [Phd thesis], 2022

SuperCDMS, PRD 99, 062001 (2019)

Before 2018, upper limits were set 

without accounting for the Migdal effect.
The theoretical impact of incorporating the Migdal

effect on direct DM search：PLB 606, 313–322 (2005)；
NPB 727, 406–420 (2005)；PLB 639, 218–222 (2006)；
JHEP018,194(2018)



+

𝐸det = 𝐸er,obs + 𝐸nr,obs+…

𝐸ere

𝐸nr 𝐸nr,obs = 𝐸nr ⋅ 𝜀QF

𝐸er,obs = 𝐸er − 𝐸bind

Detection

Migdal Effect vs Nuclear Recoils

Nucleus

e

𝒏/𝛘

8Z.Liu, [Phd thesis], 2022

CDEX

The Migdal electron aids in 

searching for nuclear recoils below 

the threshold in direct DM 

experiments.



Migdal effect detection Experiments
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Phys. Rev. D, 109(5), L051101

Phys. Rev. D,107, 035032



Detector Requirements
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 ER~keV，NR~hundreds keV

● Good energy resolution

● Large dynamic range.

 ER shares vertex with NR

 Good vertex resolution

 Reduce possible background

● Good time resolution
ER

NR



MARVEL Experiment-Detector

GMCP

GMCPTopmetal-II

Topmetal-II

DD neutron source

ER

NR

Migdal topology

14 mm

9.5 cm
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Gas Multi-Channel Plate (GMCP)
 Originally design for soft X-

ray polarization detection in 

Space

 low leakage rate and material 

degassing rate specifications

 Suppress the charge 

accumulation effect

Leak rate: ~7.6–11 Torr·L/s

Bulk Resistance

60 um

12



Charging-up effects for GMCP
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Dependence of GEM detector 

gain on X-ray flux

GMCP Development – Hydrogen 

Reduction tech for Preparing 

Bulk Resistance to Eliminate 

Charge Accumulation

stability at different counting rates

10.1016/j.nima.2023.168499

https://www.sciencedirect.com/science/article/abs/pii/S0168900223004898


Readout chip: Topmetal Pixel detector
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Topmetal-Ⅱ 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

Pixel Electrode / um2 15 × 15 10 × 20 26 × 26

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



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

Energy resolution Dynamic range Vertex resolution Time resolution

15



MARVEL Experiment setup
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The Lanzhou University team provided the neutron source 

from a deuterium–deuterium (D–D) fusion-reaction accelerator



Experimental design, DAQ, and analysis team
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Liu Jicheng (Qian) and his young teammates (Yi Difan, Ma Ruiting, Huang Wenqian, Su 

Chenguang, Jing Xinmei, Kong Lingquan, Zuo Jie, Yu Yunlinchen, Chen Shi)

Yi Difan, Su Chenguang, Kong Lingquan, Zuo Jie, and Yu 

Yunlinchen are PhD students at the University of Chinese 

Academy of Sciences; they all joined our research team in the 

summer following their sophomore year of undergraduate study.

Zheng Yangheng teaches “Atomic Physics” and Liu Qian teaches 

“Particle and Radiation Detection Technology” for undergraduate 

students at UCAS.



Data taking

2024 Run I

2024 Run II

Neutron Flux Monitoring
Gain Pressure & temperature 
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0.5 MeV: e+/e- annihilation

0.8 MeV: 56Fe

1.4 MeV: 40K

2.2 MeV: H in polyethylene

Neutron/Gamma energy spectrum by LS
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Neutron energy spectrum

Gamma energy spectrum

• Distinguishing neutrons from gammas using 

Pulse Shape Discrimination (PSD)

• Obtaining energy spectra via unfolding: using 

the response matrix of the LS, which is 

validated through calibration and simulation



Electron & ion tracks
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data
data



Data Vertex cut
YOLO*1

preselection

NR

reconstruction

ER

reconstruction

AI-assisted event selection
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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



1. Search for the NR vertex through recursive iteration:

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

the image.

3. Search for the electron vertex using adaptive cutting 

algorithm(Nucl. Sci. Tech.doi:10.1007/s41365-021-00903-0).

4. Determine whether the electron vertex is adjacent to 

the nucleon vertex.

AI-assisted event selection

22

Data Vertex cut
YOLO*1

preselection

NR

reconstruction

ER

reconstruction



The first observed Migdal candidate!
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And more!
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Migdal candidates recognized by YOLO
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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

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.)

Background estimation

26



Recoil induced δ ray
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Consider the selection efficiency for δ-electrons.

 Finally get: 0.035±0.023(stat.)

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-



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.)

28



Radom track conincidence
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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 efficiency,

 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.

Method 1

keV



Muon induced δ ray

Adopt Local Cosmic Muon Flux Measurement Results

The local cosmic muon flux measurement(Liu,G.,et al, 2024) in Lanzhou 

is used for estimation.

Set Nuclear Recoil Rate Benchmark and Calculate δ-ray Ratio

Set the nuclear recoil rate of the D-D neutron source as 1.4 event per 

second, and in the 5-10 keV energy range, considering the detector's 

energy resolution, calculate the ratio of δ-ray production to nuclear recoil 

as 1.85×10-5.

Considering random track coincidence

Include detector’s muon exclusion efficiency

Normalize to the number of experimental data points and 

determine that δ-rays contribute 0.013 events. 30



Characteristic distribution of ERs and NRs
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data

data

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



Cross section ratio calculation 

Result: 4.9−1.9
+2.6× 10−5

• Probability:

• Parameters:

• upper/lower bounds:

Theory: 3.9 × 10−5Nature 649(2026)580-583 32



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

The total transition probability

Nature 649(2026)580-583 33



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

34



Topmetal-II

Topmetal-L

D-D source pretest, 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

Upgrade in progress

35

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


Summary and outlook

The Migdal effect (electron shake-off) plays a very important 

role in light 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.

The Detector with larger sensor area is in preparation, precise 

measurement for more elements relevant to dark matter 

experiments.

3D imaging detector will be consider.

36
Thanks for your attention!
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WIMP

𝒎𝑫𝑴

Nucleus

𝒎𝑵

𝜽

𝑬𝒓𝒆𝒄

Non-relativistic elastic scattering

𝝁 =
𝒎𝑫𝑴𝒎𝑵

𝒎𝑫𝑴 +𝒎𝑵

𝑬𝒓𝒆𝒄 =
𝝁𝟐𝒗𝟐

𝒎𝑵
𝟏 − 𝐜𝐨𝐬𝜽 ≤

𝟐𝝁𝟐𝒗𝟐

𝒎𝑵

𝑚𝐷𝑀 = 10 GeV/c2; 𝑚𝑁 = 131 GeV/c2; 𝑣 = 220 km/s
𝐸𝑟𝑒𝑐 ≤ 0.7 keVnr

DM-nucleus elastic scattering



Upgrade in progress
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Chip update: 6x6mm, 83um in pitch -> 2.3x1.5 cm, 45um in pitch

Time resolution: 2.5ms -> 700us or less 1 us using GMCP

Gas: He+DME -> Ne(Ar)+CO2

Previous

Present



Working principle
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GMCP:

• 50 um diameter, 60 um pitch

• High energy resolution

• Stable gain coefficient

Topmetal-II-:

• 83 um pitch

• 2.5 ms time resolution

• noise 13.9e-



Detector Calibration
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Energy resolution:

keV

Position resolution:

19% @ 5.9keV

~180 um

position resolution

Ag Ti

Fe Cu



Simulation Framework
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 Motivation:

Establish a framework for Migdal electron and Ion measurement simulation and offline data analysis

 Simulate Migdal effect interaction with detector

 Simulate different interaction

 Provide energy deposit 

 Analog detector digital readout

 Simulate electron drifts, multiplies, collected procession

 Output file for data analysis and reconstruction algorithm

Track simulation

Detector modelingSimulation parameters:



Simulation
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• The cross sections for nuclear interaction and electromagnetic interaction are from 

Geant4

• The theoretical Migdal cross sections for Ar/C/F/Ge/He/Kr/Ne/Si/Xe nuclei are available.

×10-3



Digitization
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 The digitization is entirely based on the 

electronic readout logic design.

A simulation example

The consistency with experimental data nicely



Reconstruction & Selection
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 ResNet50 neural network trained 

based on simulated data for Migdal 

instance identification.

● A few keV electrons and recoiling 

nuclei bear distinguished features in 

circularity and dE/dx.



D-D source Monitor
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Environmental gamma and neutron identification. The results of neutron spectrum analysis.
MeV



5.9keV Fe55 photon-e-

Cosmic muon

Recoiled ion

Bragg peak

Track Imaging
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The angular distribution of recoil nuclei scattering



D-D flux monitor
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D e t e c t o r  g a s  m o n i t o r i n g



Track identify-YOLOv8

49Track PID and Segmentation



YOLOv8 performance
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High AccuracyTraining Convergence

We train YOLO with experimental data of 1500 iron 

track images and 1500 NR track images.



Migdal event selection algorithm
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1. Search for the nucleon vertex 

through recursive iteration.

2. Fit the nucleon tracks and 

subtract them from the image.

3. Search for the electron vertex 

through recursive iteration.

4. Determine whether the electron 

vertex is adjacent to the 

nucleon vertex.



Cross-Section calculation and significance estimation

52

Cross-section:

Over 5 sigma significance!



Consistency Between Simulat ion and Experiment
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6.4 keV photo-electron 241Am alpha source



Adaptive cutting algorithm
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 Determine the economic center of gravity 

and its trajectory based on ignition point 

and energy deposition.

 Calculate the sign of, 𝑀𝑑, 𝑀𝑑 = σ𝑝𝑜𝑖𝑛𝑡(𝑑
3 ×

Incident direction



Recoil induced δ electron 
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Consider the selection efficiency for δ-
electrons.

 Finally get: 0.035±0.023(stat.)

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-



Bremsstrahlung processes
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Process name Energy Region Mechanism

Quasi-Free Electron Bremsstrahlung, 

QFEB
Low The electrons are scattered in the Coulomb field of the recoiling ion.

Secondary Electron Bremsstrahlung, 

SEB
Intermediate The excited electrons interact with other atoms.

Atomic Bremsstrahlung, AB Higher
The electrons are excited to highly bound states or the continuum and then 

return to their initial state.

Nuclear Bremsstrahlung, NB Highest The Coulomb scattering between the recoiling ion and the target atoms.

ratio of brem photons(E>5keV) and NR

Numb of photoelectron from simulation

• Bremsstrahlung background is negligible. 



Muon induced δ ray

 Adopt Local Cosmic Muon Flux Measurement Results

The local cosmic muon flux measurement(Liu,G.,et al, 2024) in Lanzhou is used for 

estimation.

● Set Nuclear Recoil Rate Benchmark and Calculate δ-ray Ratio

Set the nuclear recoil rate of the D-D neutron source as 1.4 event per second, and in 

the 5-10 keV energy range, considering the detector's energy resolution, calculate the 

ratio of δ-ray production to nuclear recoil as 1.85×10-5.

● Considering random track coincidence

● Include detector’s muon exclusion efficiency

Normalize to the number of experimental data points and determine that δ-rays contribute 

0.013 events.

57



Trace contaminants 

58

The detector's alpha decay count rate The decay chain of 222Rn

Assuming:

• All alpha rays are attributed to the decay chain of 222Rn.

• The secondary nuclides with a half-life of less than 1 year 

have completely decayed.

• Decay process ultimately ceases at 210Pb.

β decay between 5-10 keV

contributed by the 222Rn decay chain:

• (7.25 ±0.94) ×10−7 /s

Combined with the natural 

abundance values of the working 

gas:

• (3.34 ±2.71) ×10−6 /s

GEANT4 simulation of trace 

radioactivity generating 5-10 keV 

pseudo-Migdal events yields a 

selection efficiency of 11.4%

The final expectation for the 

background contribution from trace 

radioactivity is: 0.001 ±0.001.

● The working natural abundance: 

● ³H:(6.38±6.38)×10 -8 Bq

● ¹⁴C:(4.58 ± 4.58)×10 -5 Bq

● β decay between 5-10 keV:

● ³H:(2.29±2.29)×10 -8  /s

● ¹⁴C:(2.59±2.59)×10 -6 /s



Electron momentum transfer models
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 a. The approximate treatment of the Original Migdal’s method

Nuclear rest frame, the electronic cloud state: Φ𝑒𝑐
′ = 𝑒−𝑖𝑚𝑒σ𝑖𝐯⋅ ƶ𝐱𝑖 Φ𝑒𝑐

Nucleus recoil

Ionization probability : 𝒫 = Φ𝑒𝑐
∗ ∣ Φ𝑒𝑐

′ 2

Ionized eigenstate

• Separate treatment of final-state ionization& nuclear recoil

• Obscure energy-momentum & probability conservation

 b. From Nuclear Recoil to Atomic Recoil (Ibe, 2023)

𝑖𝑇𝐹𝐼 ≃ 𝐹𝐴 𝑞𝐴
2 ℳ 𝑞𝐴

2 × 𝑍𝐹𝐼 𝐪𝑒 × 𝑖(2𝜋)4𝑖 𝑝𝐹 − 𝑝𝐼

Nuclear scattering

Electron cloud transition

• Atom scattering coherently

• Manifested conservation relation

(Ibe,IBS,2017)



Ionization probability
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Under Dirac-Hartree-Fock approximation:

𝑍𝐹𝐼 𝐪𝑒 ~ ෍

𝜎∈𝑆𝑁𝑒

sgn 𝜎 ෑ

𝑖=1

𝑁𝑒

෍

𝛼𝑖=1

4

න𝑑3 𝐱𝑖𝜙𝑜𝜎 𝑖
𝐹
𝛼𝑖∗ 𝐱𝑖 𝑒

−𝑖𝐪𝑒⋅𝐱𝑖𝜙
𝑜𝑖
𝐼
𝛼𝑖 𝐱𝑖

෍

𝛼=1

4

න𝑑3 𝐱𝜙𝑜(𝐱)
𝛼∗𝜙𝑜′

𝛼 𝐱 = ቊ
𝛿𝑛𝑛′𝛿𝜅𝜅′𝛿𝑚𝑚′ (bounded)

2𝜋 𝛿 𝐸 − 𝐸′ 𝛿𝜅𝜅′𝛿𝑚𝑚′ (unbounded)

Orthogonality:

𝑑

𝑑𝐸𝑒
𝑝𝑞𝑒
i 𝑛𝑙 → 𝐸𝑒 =

𝜔𝑛,𝑙

𝜔max
෍

spins

−𝑖𝐪𝑒 ⋅ 𝐸𝑒𝜅
′𝑚′ 𝐱 𝑛𝜅𝑚 ۧ| 2

 Differential ionization probability



Migdal cross section
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• Under the soft limit, the neutron migdal effect scattering cross section can be factorized into two parts:

𝑑𝜎𝑀𝑖𝑔𝑑𝑎𝑙

𝑑𝐸𝑟𝑑𝐸𝑒
=෍

𝑖

𝑑𝜎𝑠
𝑖

𝑑𝐸𝑟
⋅෍

𝑛𝑙

𝑑𝑝𝑖 𝑛𝑙 → 𝐸𝑒
𝑑𝐸𝑒

Migdal transition probability

neutron-nucleus cross-sections
mainly elastic scattering @ 2.5MeV

𝑑𝑝𝑀𝑖𝑔𝑑𝑎𝑙

𝑑𝐸𝑟𝑑𝐸𝑒
=

1

𝜎𝑡𝑜𝑡
෍

𝑖

𝑑𝜎𝑒𝑙𝑎𝑠𝑡𝑖𝑐
𝑖

𝑑𝐸𝑟
⋅෍

𝑛𝑙

𝑑𝑝𝑖 𝑛𝑙 → 𝐸𝑒
𝑑𝐸𝑒

Sum up for each atom
Single atom approximation for 𝐸𝑛

• The experiment detects the ratio of the Migdal cross-section to the neutron scattering cross-section.

Total cross section for n scattering



Cross Section calculation 
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Cross-section:

• Probability:

• Parameters:

• upper/lower bounds:



Migdal effect
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