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What the Migdal effect is and why it matters in DM searches ?

● M. J. Dolan et al., Directly detecting sub-GeV dark matter with electrons from nuclear scattering;            Phys. Rev. Lett. 121, 101801 (2018)
● M. Ibe et al., Migdal Effect in Dark Matter Direct Detection Experiments; J. High Energ. Phys. 2018, 194 (2018) 3

DM searches use signal from nuclear recoils as a signature of the DM interaction with the detector medium.  

Migdal Effect - nucleus moves relative to the electron cloud. Individual 
electron might be ejected leading to ionisation. 



Why Migdal effect matters in DM searches ?
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Parameter space reachable exclusively by 
the detectors with a low mass target 
material 

BUT not any longer

if the Migdal experimentally is confirmed in 
elements such as Xe and Ar

and as a bonus it comes for free !

Ionisation electrons treated so far as 
background can therefore become a 
signature of the signal from the low mass 
dark matter particles. 



Huge attention of the DM community to the Migdal Effect  

Papers in the past from: 
LUX, XENON1T, 
EDELWEISS,CDEX-1B, 
SENSEI

Including targets:

Ge, Si, Xe and Ar

and claiming sensitivity 
to WIMPs with mass 
below 1 GeV
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So far ~ 100 citations of 
the Ibe’s paper. 

Migdal effect calculations reformulated by M. Ibe
et al. with ionisation probabilities for atoms and 
recoil energies relevant to Dark Matter searches



Dark Matter searches and Migdal Effect 
-> sensitivity extension to low mass region   
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LUX  (Xenon)
”Results of a Search for Sub-GeV Dark Matter Using 2013 LUX Data”
https://arxiv.org/pdf/1811.11241.pdf

XENON1T (Xenon)
”A Search for Light Dark Matter Interactions Enhanced by the Migdal effect or Bremsstrahlung in 
XENON1T”
https://arxiv.org/pdf/1907.12771.pdf

EDELWEISS (Germanium)
”Searching for low-mass dark matter particles with a massive Ge bolometer operated above-ground”
https://arxiv.org/abs/1901.03588

CDEX-1B (Germanium)
”Constraints on Spin-Independent Nucleus Scattering with sub-GeV Weakly Interacting Massive Particle 
Dark Matter from the CDEX-1B Experiment at the China Jin-Ping Laboratory”
https://arxiv.org/pdf/1905.00354.pdf

https://arxiv.org/pdf/1811.11241.pdf
https://arxiv.org/pdf/1907.12771.pdf
https://arxiv.org/abs/1901.03588
https://arxiv.org/pdf/1905.00354.pdf


What do we already know about the Migdal effect ?

[1] A. Migdal Ionizatsiya atomov pri yadernykh reaktsiyakh, ZhETF, 9, 1163-1165 (1939)       
[2] A. Migdal Ionizatsiya atomov pri α- i β- raspade, ZhETF, 11, 207-212 (1941)  
[3] M.S. Rapaport, F. Asaro and I. Pearlman K-shell electron shake-off accompanying alpha decay, PRC 11, 1740-1745 (1975)                  
[4] M.S. Rapaport, F. Asaro and I. Pearlman  L- and M-shell electron shake-off accompanying alpha decay, PRC 11, 1746-1754 (1975)   
[5] C. Couratin et al. , First Measurement of Pure Electron Shakeoff in the β Decay of Trapped 6He+Ions, PRL 108, 243201 (2012)  
[6] X. Fabian et al., Electron Shakeoff following the β+ decay of Trapped 19Ne+ and 35Ar+ trapped ions, PRA, 97, 023402 (2018)

A. Migdal publications:

● Ionisation in nuclear reactions [1]

● Ionisation in radioactive decays [2]

First observations of the Migdal effect in : 

● Alpha decay [3,4]

● Beta decay [5]

● Positron decay [6]

● Nuclear scattering [ ]
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Also in A.B. Migdal  ”Qualitative Methods in Quantum Theory”
Advanced Book Classics CRC Press, 2000
L. Landau and E. Lifshitz ”Quantum Mechanics : Non-relativistic Theory”



What do we already know about the Migdal effect ?

● Observation of the Migdal effect in α decay

○ Measured in 210Po and 238Pu decays measuring α particles in coincidence with X-rays 

emitted from K, LI,II,III and M-shell due to electron shake-off effect (emission of Migdal 

electron)

● Observation of the Migdal effect in β and β+ decay

○ Measured in 6He+ (β- decay) and also in 19Ne+ and 35Ar+ (β+ decay) using an ion trap 

coupled to a TOF recoil-ion spectrometer detecting recoils of 6Li2+ and also 19Fq+ and 35Clq+

None of the experiments observed Migdal electrons.

● Migdal effect in nuclear scattering 

○ Extremely challenging and awaiting first observation 8



Migdal In Galactic Dark mAtter expLoration
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○ Create a dedicated environment for an unambiguous first observation of the 

Migdal effect in nuclear scattering with a suppressed background 

○ Phase 1: Observe the effect in CF4 in high energy recoils using a high flux D-T 

n-generator   

○ Phase 2: Observe the Migdal effect in CF4 + noble gases using high flux D-D and 

D-T n-generators

This experiment is not designed for observation and measurement of the effect at DM 

energy scale.



Neutron Irradiation Laboratory for Electronic facility at ISIS

● DT neutron generator:                        

En=14.1 MeV, flux 1010 n/s 

● DD neutron generator:                 

En=2.45 MeV, flux 109 n/s  

● Both generators from Adelphi (USA) 

Neutron Irradiation Laboratory 
for Electronics (NILE)
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Detector operation and the signal signature
● Use of CF4 scintillating gas as a base gas for the experiment operating at low pressure 

○ Advantages :

■ Well understood gas for gaseous detectors

■ Expertise operating O-TPCs with pure CF4 and CF4+ noble gases

■ Light atoms produce only low energy characteristic X-rays (below threshold) 

■ Few mm long tracks of electrons and nuclear recoils can be captured by a fast low-noise digital camera

■ Long gamma absorption mean free path minimises the background

○ Disadvantages in rare event searches : 

■ Low mass of the target requires operation in very high neutron flux environment 

● Use of high energy neutrons from D-T generator
○ Advantages : 

■ Long track of the recoils - easier to image

■ Increased yield of the Migdal Effect  - easier to observe the effect 

○ Disadvantages 

■ Increased background rate 11



Experimental Goal
Observation of two simultaneously created tracks of the 
ionisation electron and the nuclear recoil originating from the 
same vertex 
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Neutron
Nucleus

Nuclear recoil

Ionisation electron emitted due to Migdal Effect 

We propose first observation of the Migdal effect with detection of the Migdal electrons.  



dE/dx distribution and track length for electrons and 
nuclear recoils in 50 Torr CF4

● dE/dx for the nuclear recoils decreases with the energy which is opposite for the electrons
● Electrons with energies 5 - 10 keV have track lengths between 4 - 10mm
● Nuclear recoils with energies E > 150 keV have track length > 4 mm   
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Detector operation and the signal signature
● Example of the Migdal effect with                                

250 keV Fluorine recoil & 5 (10) keV electron       

(after 10 mm of drift in CF4 at 50 Torr)

● Simulated with SRIM and garf++ (recoil) and 

DEGRAD (electron)

● Clear “fork-like” topology

● Clear different dE/dx distribution for both tracks
○ Opposite head-and-tail ionisation distribution  

● Clear different ionisation density for both tracks

➔ At this moment we do not assume any specific angular 

distribution of the Migdal electron emission. We will have 

capability to measure it.  

F recoil

5 keV Migdal electron
F 

re
co

il

10 ke
V Migdal electro

n
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Sources of background (1)
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● Developed a Geant4 model of full experiment at the 
neutron’s source facility

● Predicting 80 Hz of total NR rate in fiducial volume for D-
T neutron source, of which 55 Hz are detected as 
isolated NRs (elastic, or inelastic + neutrals)

● Used simulation to optimize shielding and collimator:

○ Front shielding: 70 cm Fe+20 cm borated HDPE+10 cm Pb

○ Side and back shielding: 20 cm borated HDPE+10 cm Pb

○ Collimator defines a beam of 9 cm×1.4 cm section, and only 
contributes 8 Hz to total non-NR rate Beam section at entrance of active volume

Predicted NR spectrum 
(12C+19F)



Sources of background (2)
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● Dominant background source (from G4 sims): random combination of 
NR+Compton electron track, in the same event

● Compton electrons in active volume are mostly produced by photons from 
inelastic interaction of primary neutrons with generator material

● Predicted rate from G4 sims: 5.4 ± 0.3 events/M NR
● If placing 1.3 cm Pb+1 cm Sn layers between neutron generator and active 

volume, this background rate can be lowered to 2.1 ± 0.1 events/M NR



Expected number of Migdal events in CF4 using DT generator

Taking into account energy distribution and rates of the events with C and F recoils 
in the fiducial region over one day of exposure to neutron from DT generator.  

17



Shield and collimator 

Lead shield

Front shield
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Plastic shield

Pb

1 m

Fe

Borated 
H

D
PEPb

0.
5 

m

● Fe - slows down fast neutrons

● Borated HDPE - captures neutrons

● Pb - stops gamma rays

● Reduction of neutron flux : ~ 1E6



DT and DD neutron generators, beam collimation and shielding

● Collimator length: 1 m

● Material: copper 

● Rate of neutrons from DT 
generator at the front of the 
TPC:  ~ 400 kHz

● Events rate in the TPC ~ 80 Hz

1 m long multi tapered copper collimator

Main 
chamber

neutrons

Side view

Top view 19

PMT

Camera

TPC with two 
glass GEMs

Neutron 
source 



Optical Time Projection Chamber

● Aluminium chamber: 25.4 cm
● TPC active area: 10 cm x 10 cm
● Drift gap: 3 cm 
● Amplification with 2 x standard glass GEM (2 mm gap)
● ITO plate 15 cm x 15 cm with 120 readout strips (2 mm induction gap)

PMT

Collimated 
neutron beam 

TPC :
Cathode mesh
2 x Glass GEM
ITO plate 

Camera:
Hamamatsu 
Orca-Fusion

Lens:
Schneider 
KREUZNACH-
XENON 0.95/25
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Low energy electrons generated by 55Fe source (test at CERN)
Thick GEM 

Image of low energy electron tracks from 55Fe 
source in 50 Torr CF4. Tracks’ head and tail 
structure is clearly resolved.  

1 mm thick PCB with 20 
um copper on both sides. 
Distance between holes 
700 um and hole 
diameter : 400 um 

Glass GEM

0.55 mm thick glass with 
2 um copper on both 
sides. Distance between 
holes 280 um and hole 
diameter : 170 um 



ITO strips
● 1.1 mm thick ITOGLASS 04, resistance 4 Ohm/square
● Metallised with Cr and Aluminium for wire bonding
● 120 strips connected to Acqiris 60 channel digitizer 
● Digitisation of pulses with 2 ns sampling rate  
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GEM+ITO simulations

● Two-dimensional deconvolution (a la 
MicroBooNE) used to recover the charge 
distribution in the Z direction

● Use the electronics response functions to 
get the current and the response of a single 
electron (below) to get the charge.

23

https://dx.doi.org/10.1088/1748-0221/13/07/P07006


Conclusions

● Migdal effect enhances sensitivity of DM searches to lighter mass WIMPs 

● Migdal Effect has been observed in radioactive decays in both light and heavy 
elements, but no observation in nuclear scattering

● We propose first observation of the effect in nuclear scattering using OTPC 
allowing a full 3D reconstruction of the event’s topology which is a key feature 
of our experiment. Our goal is to capture events with both recoil and electron 
tracks emerging from the same vertex in a most favourable conditions for the 
first observation of the effect. 

● Construction of the experiment is underway.
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More information about MIGDAL experiment    

Poster session (https://indico.ific.uv.es/event/6178/contributions/15923/)

Chris McCabe : Migdal event rates for D-D and D-T generators
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https://indico.ific.uv.es/event/6178/contributions/15923/


Backup slides
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Formed in 2019 with 40 members from 11 institutions27



Expected number of Migdal events 
in CF4 using DT generator
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● The expected number of Migdal events in the 
detector are calculated as a function of NR energy 
(ER) and Migdal e- energy (Ee) for both D-T and D-D 
neutron sources.

● Contours are drawn using a track length threshold 
of 4 mm (130 keV for C, and 170 keV for F) at 68%, 
90% and 95% confidence levels.

D-T

D-D



Observation of the Migdal effect with Optical TPC  
- 3D track reconstruction -

● Third coordinate reconstruction with charge readout using high granularity 
pattern of strips providing timing information 29

Mesh generated in Gmsh with 30 strips 

Raw pulses 
generated with 
garf ++



Image deconvolution: Motivation
As spatial distribution of the charge broadens in the process of registration, the 
features of the original track got blurred in the recorded image:

drift + diffusion multiplication

Looking for a way to recover the original shape of the track, at least to some extent
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