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The MIGDAL Collaboration

● Over 35 physicists and engineers 
from 14 institutions across 6 
countries

● Supported by the ISIS/NILE team

● At RAL we combine the strengths 
of PPD, Technology, and ISIS/NILE
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Required matrix element is given by:
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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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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 was actually observing Migdal electrons.

● Migdal effect in nuclear scattering 

○ Extremely challenging and awaiting for its first observation 18



What do we already know about the Migdal effect ?
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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 ~ 200 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.
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Why Migdal effect matters in DM searches ?

22

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 contribute to 
subthreshold signal from the low mass 
dark matter particles making them 
detectable. 





Experimental search for the Migdal effect with keV-level 
xenon nuclear recoils at LLNL
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Experimental search for the Migdal effect with keV-level 
xenon nuclear recoils at LLNL
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Experimental search for the Migdal effect with keV-level 
xenon nuclear recoils at LLNL
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 ~10 times fewer Migdal events estimated by fit 

than prediction, statistically consistent with 0 

signals

 5.7+/-1.2 signals expected

 2 events observed

 2.1+/0.9 backgrounds expected



Two cluster event topology to find the Migdal effect

● Experiment is focused on the 
reaction associated with the 
emission of the characteristic 
X-rays

● Electric signal can be spatially 
separated from NR with a choice of 
gas and pressure

● Requires TPC with good energy 
resolution and segmented charge 
(or light) readout. 

Two spatially separated clusters:

A - from NR, Migdal electron, Auger electrons
B - from characteristic X-ray with well defined, fixed 
energy  
Distance between clusters : 2.95 and 2.19 cm for Ar 
and Xe

Emitted Migdal electron creates a vacancy which triggers EL 
de-excitation emitting characteristic X-rays and Auger 
Electrons. Good in heavier atoms like Ar and Xe with multiple 
electron shells.



Experimental Goal of MIGDAL
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.  



ER and NR tracks in 50 Torr CF4



Electron transport in 50 Torr CF4 



Energy-angle relation for D-D neutron scattering in CF4
     

and Migdal rates Migdal search ROI:
ER and NR tracks longer than 4 mm
5-15 keV electron; >130/170 keV F/C NRs 

DD source: 8.9 Migdal events/day
DT source 29.3 Migdal events/day
After duty cycle, efficiencies, single-event frames ..



The MIGDAL experiment ● Low-pressure gas: 50 Torr of CF4
○ Extended particle tracks
○ Avoid gamma interactions 
○ Can stably work with fraction of Ar

● TPC Signal amplification
○ 2 x glass-GEMs (Cu + Ni cladded)

● Readout : 
○ Optical : Camera + photomultiplier tube
○ Charge: GEMs + 120 ITO anode strips

● High-yield neutron generator
○ D-D: 2.47 MeV (109n/s)
○ D-T: 14.7 MeV (1010n/s)
○ Defined beam, “clear” through TPC

● Electron and nuclear recoil tracks
○ Migdal: NR+ER tracks, common vertex
○ NR and ER have very different dE/dx
○ 5 keV electron threshold                   

5.9 keV X-rays from Fe-55 induce 5.2 
keV photoelectrons from F for calibration 
at threshold. 32



Image analysis
Deconvolution + 

RidgeFinder

Anode strip readout
Induction/collection

(electronics 
deconvolved)

Camera readout
Diffusion + GEMs + noise

Migdal event
150 keV F recoil
+ 5 keV electron

• DEGRAD (electron track)
• TRIM (NR cascade and electronic dE/dx)
• Magboltz (drift properties)
• Garfield++ (GEMs)
• Gmsh/Elmer & ANSYS (ITO and E-field)



The MIGDAL optical-TPC

● TPC inside of the central aluminium cube
● Drift gap: 3 cm between woven mesh and cascade of two glass-GEMs (EDRIFT=200 V/mm for minimum electron diffusion)
● Transfer and signal induction gaps : 2 mm 
● Low outgassing materials; vacuum before fill 2*10-6 mbar; signal unchanged several days after fill 

Two glass GEMs one Cu- 
and one Ni-cladded :

- thickness: 550 μm 

- OD /pitch: 170/280 μm 

- active area: 10x10 cm2

- total gain ~105 

ITO strips wire bonded to 
readout

- 120 strips

- width/pitch: 0.65/0.83 mm

Two field shaping copper 
wires
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Electric field in the TPC - modelling with COMSOL
  



Light and charge readout
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ITO anode strips
Post-GEM ionisation
Readout of (x,z) plane
Pitch: 833 µm
Digitised at 2 ns/sample
(Drift velocity: 130 µm/ns)

qCMOS camera
(Hamamatsu ORCA - QUEST)
Detects GEM scintillation through
glass viewport behind ITO anode
Readout of (x,y) plane
Exposure: 8.33 ms/frame 
(continuous)
Px scale: 39 µm (2×2 binning)
Lens: EHD-25085-C; 25mm f/0.85

VUV PMT (Hamamatsu R11410) 
Detects primary and secondary 
(GEM) scintillation 
Absolute depth (z) coordinate 
Digitised at 2 ns/sample  [Trigger]



Glass-GEMs

Glass thickness : 570 um



Gas System
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Initial vacuum in the chamber
~1E-06 mbar



DAQ
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Synchronisation with LED pulse
Image cut due to a rolling shutter 



Calibration with 55Fe – Pure CF4

● Tests were performed with 55Fe (5.9 keV x-ray).

● The gain was pushed high.

● Head & tail is clearly resolved.

● 700 eV Auger electron from fluorine is visible.

● Achievable energy resolution is high (σ/µ ~ 12.7%).

700 eV Auger

5.2 keV phe

3 
mm



ITO (Pure CF4)

● Very good signal to noise.

● Spatial resolution is not as good as camera 

(~0.83 mm pitch).

● Good energy resolution even with no flat 

fielding correction.

● Analysis of ITO images is ongoing, methods 

are still being refined.



● The chamber was tested with a 

fraction of argon at 50 Torr.

○ 20 % Ar / 80% CF4

○ 30 % Ar / 70% CF4

○ 40 % Ar / 60% CF4

● Diffusion is greater.

● Tracks are in general longer.

● Stability is lower at high fractions 

of Ar.

Calibration with 55Fe – Ar / CF4

4 
mm

20% Ar / 80% 
CF4

30% Ar / 70% 
CF4

2.7 keV Auger? 3.2 keV phe?

(or vice versa…)



No source

● The detector sees high energy 

electrons with frequency ~1 Hz.

● Almost none of these tracks 

terminate in the active volume.

● Can see delta electrons emitted 

along the track.

● What is the source of these 

events? Electron shower?



Fission fragments
● 37 Bq 252Cf source was placed 

internally ~10 cm from active 

volume.

○ 6.2 MeV α

○ 80 MeV Nd

○ 105 MeV Pd

● Testing the dynamic range limits of 

the detector. 

● At this distance the Nd/Pd have 

dE/dx comparable to nuclear recoil 

tracks produced by DT (14.7 MeV) 

neutron scattering.

● All fission fragment tracks produced 

sparks.

alph
a

Rolling 
shutter



Alphas
● 252Cf source was moved back to ~20 

cm from active volume.

● At this distance Bragg peak for α 

terminates in the active volume.

● dE/dx comparable to nuclear recoil 

tracks produced by DD (2.47 MeV) 

neutron scattering.

● Can simultaneously observe α and 5 

keV phe!

Not from 252Cf 
source?



Alphas with ORCA Quest

● Testing operational 
stability with 37 Bq 252Cf 
source in 50 Torr CF4.

● The new camera 
produces very 
good-looking images!

● The optical distortion 
and lens field curvature 
are visible towards the 
edges of the image.

*4 alpha tracks spliced 
together

y



Afterglow with ORCA Quest

● In the following frame of each 
alpha track, we see an 
afterglow of ~1 photoelectron 
in many pixels.

● This does not seem to vary 
with exposure time.

● We are in contact with 
Hamamatsu.

Artefact of 
splicing

*4 alpha tracks spliced 
together

y



Alphas in the ITO strips

●  The signals from alpha 

tracks create a ‘ripple’ in the 

ITO strips. 

● ITO strips 1 & 62, 2 & 62 etc. 

are connected. This is ok for 

nuclear recoils as no tracks 

will be longer than 5 cm.

●
ITO strip channels 60 
strips apart are 
connected for readout 
efficiency 



Spark



NILE facility

● NILE facility is at TS2, ISIS

● We packed up the chamber and 

moved it from lab 7 to NILE 

mid-May.

50

Chamber driven over to 
NILE

Table installed 
with lead 

under-shield



Assembling at NILE



Assembling at NILE

DD generator 

O-TPC

To Gas System

30 cm long collimator  



Experiment installation in the NILE bunker

MIGDAL experiment fully assembled at NILE

● Lead shield : 10 cm
● Borated HDPE shield : 20 cm 
● Collimator HDPE+ lead : 30 cm long 53



First Science Run (Summary)
● The First  Science run took place from the 17th of 

July to the 3rd of August. 

● Data taken using D-D neutron generator, with a 
lower NR rate than designed, is recorded 
continuously during 10 hour long shifts, and 
includes significant fraction of empty frames.

● Frames taken with 20 ms exposure time. Longer 
than planned due to problems with camera’s Linux 
firmware.

● Data taking interspersed with regular calibration 
runs (55Fe) to monitor the gain of the detector.

● Voltage across GEMs increased by a small amount 
each day to keep constant gain.

● Total gain in GEMs tuned to a threshold required to 
see fully resolved 55Fe peak. 

● Average spark rate ~ 7/min due to high dynamic 
range the detector operates at. 

● Half of the data is blinded.
54



Detector calibration

● 55Fe calibration performed several times per day.
● Energy scale is consistent over the course of the science run with ~20% variation.
● Resolution in ITO ~20% and in camera ~ 25 - 32 % camera readout depending on the gain.   
● Further improvements are expected with better calibration methods.
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Examples of events (Single Nuclear Recoil)
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Single Nuclear Recoil
Track length : 4 mm
Energy ~100 keVee 

neutron

MIGDAL Preliminary Data



Examples of events (Migdal-like event)
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Single Nuclear Recoil
Track length : 14.6 mm 
Energy: ~ 500 keVee 

and

Two 5.2 keV photoelectrons
from F induced by 5.9 keV 
X-rays from  55Fe source

neutron

MIGDAL Preliminary Data



Examples of events (Migdal-like event)
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Single Nuclear Recoil
Track length : 14.6 mm
Energy: ~ 500 keVee 

and

Two 5.2 keV photoelectrons
from F induced by 5.9 keV 
X-rays from  55Fe source

neutron

MIGDAL Preliminary Data

Migdal-like topology with
two tracks of NR and ER 
in close proximity



Examples of events (Migdal-like event)
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Single Nuclear Recoil
Track length : 14.6 mm 
Energy: ~ 500 keVee 

and

Two 5.2 keV photoelectrons
from F induced by 5.9 keV 
X-rays from  55Fe source

neutron

MIGDAL Preliminary Data

ML object detection 
algorithm identifies tracks in 
the image. Overlapping 
boxes indicate Migdal-like 
event. 



Examples of events (Migdal-like event)
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MIGDAL Preliminary Data

Combined image with the 
ITO signals shows three 
separate events by 
associating the shared axis 
of the ITO strips and 
camera (x).

ERER NR

Synchronised signals 
from ITO strips.



Examples of events (Migdal-like event)
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MIGDAL Preliminary Data

Combined image with the 
ITO signals shows three 
separate events by 
associating the shared axis 
of the ITO strips and 
camera (x).

ER2ER1
Synchronised signals 
from ITO strips.

ER1ER2

NR

NR

Timing information 
from ITO strips 
separates all 3 
tracks.



Enter YOLO (You only look once)
YOLOv8 is a state of the art object detection algorithm that simultaneously locates 
(draws a bounding box) and identifies objects of interest in an image

We train YOLOv8 on measured data to 
identify ERs, NRs, protons, alphas, 
sparks, camera afterglow, rolling shutter, 
etc.

Benefits:
1. Can identify multiple particle species 

within a continuous cluster
2. Not trained specifically to find Migdal 

candidates →robust and doesn’t 
need to be trained on simulation!

3. Single-shot identification and 
analysis of tracks

4. Enables real time 55Fe calibrations 
and ER/NR event rate counting

ER

ER

NRCoincident C recoil + 
55Fe electron recoils

Migdal-like event topology
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https://arxiv.org/abs/1506.02640
https://github.com/ultralytics/ultralytics


The data processing pipeline

(1) Dark subtracted image
(2) 

Downsample

**At this stage we 
train YOLOv8 by 
hand labeling 
bounding boxes**

Retrain as 
needed

(3) YOLOv8 
predicts 

bounding 
boxes

(4) Perform analysis on each 
bounding box, computing qtys 
such as: Intensity, track length, 
angle (with head/tail), bounding 

box centroid

(5) Save coordinates of 
each bounding box, as 

well as extracted 
physics information

This entire pipeline reduces 
data size by a factor of 
~5,000, runs at 200 fps on a 
consumer desktop GPU, and 
is integrated with the MIGDAL 
DAQ → Real time feedback!

63



Application to MIGDAL searches
● Initial science run recorded from July 17th 2023 - August 4th 2023
● Collected an unblinded dataset consisting of 10 million 2,048 x 1,152 images

○ 20ms exposure → We expect coincidences in the camera frames

(1) Initial sample of 
(10 million frames)

(2) Find frames 
containing at least 1 
ER and 1 NR 
(~25,000 frames)

(3) Map bounding boxes to raw 
image and compute the distances 
between NR vertices and centers of 
ER bounding boxes

(4) Filter frames based on 
distance between ER and NR 
(~1,000 frames with d < 7.5mm 
and NR > 100 keVee)

d ~ 36mm 
d ~ 3mm 
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3D track reconstruction 
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Primary NR

Secondary NR

  



3D track reconstruction 
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Primary NR

Secondary NR

 

Stitching along common axis



3D track reconstruction 
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Primary NR

Secondary NR

   



Summary
● The MIGDAL experiment aims to perform an unambiguous observation of the Migdal effect.

● First science run took place with DD neutron source at the NILE facility at RAL.

● The detector performed well through the weeks of operation with highly ionising NRs.  

● More data to be taken later in September. Regular calibration runs performed.

● Analysis of recorded data underway.

● 50% of recorded data are blinded.

● Stay tuned for results !
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MIGDAL collaboration: U. Autonoma Madrid, U. Birmingham, GDD Group/CERN, U. Helsinki, Imperial College London, King’s 
College London, LIP-Coimbra, U. New-Mexico, U. Oxford, Royal Holloway, Rutherford Appleton Laboratory, U. Sheffield 
(https://migdal.pp.rl.ac.uk)

https://migdal.pp.rl.ac.uk
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