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The Migdal effect

• Direct DM experiments exploit the Migdal 

effect to search for nuclear recoils below 

threshold.

• This rare atomic effect was predicted by 

A. Migdal in the 30’s/40’s and first 

observed in radioactive decays in the 70’s 

– but not yet recorded in nuclear 

scattering.

• We aim to achieve the unambiguous 

observation (and characterisation) of the 

Migdal effect using a low-pressure optical 

TPC.
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Migdal topology involves an electron and a nuclear 

recoil originating from the same vertex.



The MIGDAL experiment
• Low-pressure gas: 50 Torr of CF4

• Extended particle tracks

• Avoid photon interactions

• Can work with fraction of Ar

• Optical TPC

• Amplification:    2x glass-GEMs

• Optical: camera + photomultiplier tube

• Charge: 120 ITO anode strips

• High-yield neutron generator

• D-D: 2.47 MeV (109 n/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 (Fe-55 calibration)
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The MIGDAL optical-TPC

12/12/2022 timothy.marley15@imperial.ac.uk 4

PMT

Cathode, GEM stack, ITO
10×10×3 cm3 active region

(compact!)

CMOS camera

Cathode woven mesh
280 µm Al wire

Double glass-GEMs
Diameter: 170 µm | pitch: 280 µm | thickness: 570 µm 



Detector readout
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Charge readout Optical readout

ITO anode strips

Post-GEM ionisation

Readout of (x,z) plane

Pitch: 833 µm

Digitised at 2 ns/sample

(Drift velocity: 130 µm/ns)

sCMOS camera

(Hamamatsu ORCA-Fusion)

Detects GEM scintillation through

glass viewport behind ITO anode

Readout of (x,y) plane

Exposure: 11.2 ms/frame (continuous)

Px scale: 43 µm

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]



End-to-end simulation
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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)



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%).

• See Elizabeth’s talk on 

Thursday for 3D 

reconstruction!
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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.
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• 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.
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Calibration with 55Fe – Ar / CF4

20% Ar / 80% CF4
30% Ar / 70% CF4

(or vice versa…)



Energy resolution in Ar / CF4

• Achievable energy resolution with fraction of Ar is comparable to pure CF4.

• Second peak is resolved at 2.9 keV (escape peak).

• X-ray from Ar

• Independent photoelectron

• See Elizabeth’s talk on Thursday for more!
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σ: 15.71 %

ITO camera



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?
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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.
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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!
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Not from 252Cf source?



NILE facility
• NILE facility is at TS2, ISIS

• Test assembly of the lead & plastic shielding 

has been completed.

• DD generator is at NILE. We are awaiting its 

commissioning.
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Summary
• The MIGDAL experiment aims to make a conclusive detection of the Migdal effect, 

followed by a systematic study: first in pure CF4, then in other gases and mixtures.

• Design/sensitivity study completed (2207.08284), suggesting 5σ discovery with 1 

day.

• Optical-TPC has been built, now performing final tests and analysing calibration 

data: 5 keV threshold met.

• We are awaiting commissioning of the DD neutron generator.
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Experiment paper: https://arxiv.org/abs/2207.08284

Please stay tuned on Thursday for Elizabeth’s talk on 

3D track reconstruction!

https://arxiv.org/abs/2207.08284
https://arxiv.org/abs/2207.08284


Reserve slides
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Signal / background
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ER and NR tracks in 50 Torr CF4
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Electron transport in 50 Torr CF4
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Migdal differential rates
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Secondary nuclear recoils
Secondary recoils per million primary ions (TRIM) 

created within 1 mm from the vertex in 50 Torr CF4, when 

the “visible” energy of the secondary is 5–15 keVee.
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How many of these look like 5-10 keV electrons? Simulate 

several thousand more tracks using full chain, analyse image 

and recover track lengths (R3) Can cut down to ~1 per 70,000 

secondaries, retaining 87% electron detection efficiency (i.e. 

~1 per million primary recoils).

~70,000 

per million 

(worst case) 


