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 Standard Halo Model 
 Isothermal sphere with isotropic Maxwell-Boltzmann velocity distribution 
 No substructure 

 Locally 
 DM density is ρ~0.3 GeV cm-3 
 Solar system travelling through “DM Wind” 
 Flux: 107/mχ GeV cm-2s-1 
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Extending the reach of xenon detectors

 10Christopher McCabe

proach [18, 19] (see also [20]). Following [15], we call these e↵ects the Migdal e↵ects. In the

Migdal’s approach, a state of the electron cloud just after a nuclear recoil is approximated

by

|�0
eci = e�ime

P
i v·x̂i |�eci , (1)

in the rest frame of the nucleus. Here me is the electron mass, x̂i the position operator of

the i-th electron, v the nucleus velocity after the recoil, and |�eci the state of the electron

cloud before the nuclear recoil. The probability of ionization/excitation is then given by

P = |h�⇤
ec|�

0
eci|

2 , (2)

where |�⇤
eci denotes either the ionized or excited energy eigenstate of the electron cloud.

In the above analysis, the final state ionization/excitation are treated separately from

the nuclear recoil. Thus, the energy-momentum conservation and the probability conserva-

tion are made somewhat obscure. In this paper, we reformulate the Migdal e↵ect so that

the “atomic recoil” cross section is obtained coherently. In our reformulation, the energy-

momentum conservation and the probability conservation are manifest while the final state

ionization/excitation are treated automatically. We also provide numerical estimates of the

ionization/excitation probabilities for isolated atoms of Ar, Xe, Ge, Na, and I.

The Migdal e↵ect should be distinguished from the ionization and the excitation in scin-

tillation processes. The Migdal e↵ect takes place even for a scattering of an isolated atom,

while the latter occurs due to the interaction between atoms in the detectors. It should be

also emphasized that the Migdal e↵ect can ionize/excite electrons in inner orbitals, which

are not expected in scintillation processes. As we will see, the ionization/excitation from

the inner orbitals result in extra electronic energy injections in the keV range, which can

enhance detectability of rather light dark matter in the GeV mass range.

The organization of the paper is as follows. In Sec. II, we discuss approximate energy

eigenstates of an atomic state by paying particular attention to the total atomic motion.

In Sec. III, we reformulate the atomic recoil cross section with the Migdal e↵ect by taking

the energy eigenstates in Sec. II as asymptotic states. In Sec. IV, we calculate the Migdal

e↵ect with single electron wave functions. In Sec.V, we estimate the probabilities of the

ionization/excitation at a nuclear recoil. In Sec.VI, we discuss implications for dark matter

direct detection. In Sec.VII, we briefly discuss the Migdal e↵ect in a coherent neutrino-

nucleus scattering. The final section is devoted to our conclusions and discussion.
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“…it takes some time for the electrons to catch up, 
which causes ionisation of the atom.”

Ibe, Nakano, Shoji, Suzuki, JHEP, arXiv:1707.07258 
Dolan, Kahlhoefer, CM, PRL, arXiv:1711.09906

Migdal effect:

Signal: the ionised electron

[Can also be applied to other targets (Ge, LAr…)]
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 NEWS-G Collaboration
 5 countries
 10 institutes 
 ~40 collaborators

 Three underground laboratories
 SNOLAB
 Laboratoire Souterrain de Modane
 Boulby Underground Laboratory
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J.Phys. G43 (2016) 013001

 Recoiling nucleus can deposit energy in several forms 
 Sensitivity to multiple signals for background suppression
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CRESSTSuperCDMS

 Recoiling nucleus can deposit energy in several forms 
 Sensitivity to multiple signals for background suppression
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Direct Detection: Light Dark Matter
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 Favourable recoil energy distribution for lighter targets
 Fraction of energy dissipated as ionisation higher for lighter elements
 Larger part of recoil nucleus energy “visible” to detector

Recoil  
Energy 
Distribution

mDM=1 GeV



9

Spherical Proportional Counter
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Electric field scales as 1/r2, volume divided in:  “drift” and “amplification” regions
Capacitance independent of size: low electronic noise
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found that this approximation significantly improves the code performance in terms of CPU, without
appreciable loss of information. These “electron-ion” pairs are passed to the Geant4 end-of-event
action, via the sensitive-detector hit collection, for signal formation. The current singal is estimated
using Garfield++ to simulate the drift of the ions and electrons with Runge-Kutta-Fehlberg drift
line integration. A Garfield++ sensor object calculates the current induced by each “electron-ion”
pair using the Shockley-Ramo theorem [15, 16].

An example simulated current signal produced by the interaction of a 2.38 keV electron, from
the decay of 37Ar to 37Cl via electron capture, is shown in Fig. 7a. The arrival of each ionisation
electron at the anode results in distinct spikes in the current as each avalanche occurs. The current
signal is integrated and processed through an electronics module to form the voltage pulse, as
shown in Fig. 7b, which shows the transformation of Fig. 7a. In this case, a simple charge sensitive
amplifier with an integration time constant of 150 µs is used.
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Figure 7: (a) The current induced and (b) the readout pulse produced by a 2.38 keV electron
interacting in the gas Ar:CH4(98% : 2%) at 300 mbar from an initial radius of 10 cm.

3 Simulation Results

A 15 cm radius detector was simulated using a 1 mm radius anode at 1430 V and several gas
mixtures. Two configurations were tested: an ideal detector with the analytic field and an ANSYS
field map of a laboratory configuration of the support structure and correction electrode.

3.1 E�ect of the Gas Mixture

Figure 8 shows example pulses produced by 2.38 keV electrons, with identical initial positions, in
two di�erent gases with the laboratory configuration, demonstrating a number of features. The
mean amplitude of the pulses in He:Ne:CH4 is (6.3 ± 1.5) Arb. Units and is (2.5 ± 0.5) Arb. Units
in Ne:CH4, as expected from the Townsend and attachment coe�cients shown in Fig. 5c. The gain
fluctuations are demonstrated by the variance in amplitude between pulses produced under the same
conditions. The time at which the pulses start forming is di�erent, as expected by the drift velocity
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using Garfield++ to simulate the drift of the ions and electrons with Runge-Kutta-Fehlberg drift
line integration. A Garfield++ sensor object calculates the current induced by each “electron-ion”
pair using the Shockley-Ramo theorem [15, 16].

An example simulated current signal produced by the interaction of a 2.38 keV electron, from
the decay of 37Ar to 37Cl via electron capture, is shown in Fig. 7a. The arrival of each ionisation
electron at the anode results in distinct spikes in the current as each avalanche occurs. The current
signal is integrated and processed through an electronics module to form the voltage pulse, as
shown in Fig. 7b, which shows the transformation of Fig. 7a. In this case, a simple charge sensitive
amplifier with an integration time constant of 150 µs is used.
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Figure 7: (a) The current induced and (b) the readout pulse produced by a 2.38 keV electron
interacting in the gas Ar:CH4(98% : 2%) at 300 mbar from an initial radius of 10 cm.

3 Simulation Results

A 15 cm radius detector was simulated using a 1 mm radius anode at 1430 V and several gas
mixtures. Two configurations were tested: an ideal detector with the analytic field and an ANSYS
field map of a laboratory configuration of the support structure and correction electrode.

3.1 E�ect of the Gas Mixture

Figure 8 shows example pulses produced by 2.38 keV electrons, with identical initial positions, in
two di�erent gases with the laboratory configuration, demonstrating a number of features. The
mean amplitude of the pulses in He:Ne:CH4 is (6.3 ± 1.5) Arb. Units and is (2.5 ± 0.5) Arb. Units
in Ne:CH4, as expected from the Townsend and attachment coe�cients shown in Fig. 5c. The gain
fluctuations are demonstrated by the variance in amplitude between pulses produced under the same
conditions. The time at which the pulses start forming is di�erent, as expected by the drift velocity

– 6 –

found that this approximation significantly improves the code performance in terms of CPU, without
appreciable loss of information. These “electron-ion” pairs are passed to the Geant4 end-of-event
action, via the sensitive-detector hit collection, for signal formation. The current singal is estimated
using Garfield++ to simulate the drift of the ions and electrons with Runge-Kutta-Fehlberg drift
line integration. A Garfield++ sensor object calculates the current induced by each “electron-ion”
pair using the Shockley-Ramo theorem [15, 16].

An example simulated current signal produced by the interaction of a 2.38 keV electron, from
the decay of 37Ar to 37Cl via electron capture, is shown in Fig. 7a. The arrival of each ionisation
electron at the anode results in distinct spikes in the current as each avalanche occurs. The current
signal is integrated and processed through an electronics module to form the voltage pulse, as
shown in Fig. 7b, which shows the transformation of Fig. 7a. In this case, a simple charge sensitive
amplifier with an integration time constant of 150 µs is used.

0 5 10 15 20 25 30 35 40
s]µTime [

2−
1.8−

1.6−

1.4−

1.2−

1−

0.8−

0.6−

0.4−

0.2−

0

C
ur

re
nt

 [f
C

/n
s]

2.38 keV electron; 1430V, 2mm anode
 2% 300 mbar4Ar 98% CH

(a) Current signal

0 50 100 150 200 250 300 350 400
s]µTime [

0

1

2

3

4

5

6

7

8

9

Pu
ls

e 
M

ag
ni

tu
de

 [A
rb

. U
ni

ts
]

2.38 keV Electron; 1430V, 2mm anode
 2% 300 mbar4Ar 98% CH

(b) Voltage signal

Figure 7: (a) The current induced and (b) the readout pulse produced by a 2.38 keV electron
interacting in the gas Ar:CH4(98% : 2%) at 300 mbar from an initial radius of 10 cm.

3 Simulation Results

A 15 cm radius detector was simulated using a 1 mm radius anode at 1430 V and several gas
mixtures. Two configurations were tested: an ideal detector with the analytic field and an ANSYS
field map of a laboratory configuration of the support structure and correction electrode.

3.1 E�ect of the Gas Mixture

Figure 8 shows example pulses produced by 2.38 keV electrons, with identical initial positions, in
two di�erent gases with the laboratory configuration, demonstrating a number of features. The
mean amplitude of the pulses in He:Ne:CH4 is (6.3 ± 1.5) Arb. Units and is (2.5 ± 0.5) Arb. Units
in Ne:CH4, as expected from the Townsend and attachment coe�cients shown in Fig. 5c. The gain
fluctuations are demonstrated by the variance in amplitude between pulses produced under the same
conditions. The time at which the pulses start forming is di�erent, as expected by the drift velocity

– 6 –

9

Spherical Proportional Counter
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Electric field scales as 1/r2, volume divided in:  “drift” and “amplification” regions

Spherical Proportional Counter - Spherical TPC
Fun facts

Old LEP RF cavities Spherical gaseous detectors 

In the picture:
I.Giomataris, G.Charpak 

Capacitance independent of size: low electronic noise
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“Muon”-like events

“Surface”-like events
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from 55Fe decays
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NEWS-G at SNOLAB
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3 cm archaeological lead

22 cm of Very Low Activity lead

Stainless steel skin

40 cm  high density polyethylene

Ø140 cm 
4N Copper (99.99% pure)  

Assembled at LSM
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Results with LSM data

K. Nikolopoulos / 07.06.2024 / Gaseous detectors for light Dark Matter
 Also constraints on spin-dependent proton/neutron-DM interactions

arXiv:2104.
07634

PRELIMINARY (2022)

New Experiments With Spheres -Gas
Light Dark Matter search 

NEWS-G LSM results and SNOlab project

Gilles	Gerbier
Queen’s	University

EDU	2017				
Qui	Nhon-ICISE– July	27th 2017

Principles	of	gaseous	spherical	detector	
Light	Dark	Matter	search		with	SEDINE	at	LSM	
NEWS-SNO	project,	future	ideas
Outlook

 90% CL upper limits (Profile Likelihood Ratio)
 Exposure 0.12 kg·days
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Higher purity materials
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 Copper common material for rare event experiments
 Strong enough to build gas vessels 
 No long-lived isotopes (67Cu t1/2=62h)
 Low cost/commercially available at high purity

 Backgrounds
 Cosmogenic: 63Cu(n,⍺)60Co from fast neutrons
 Contaminants: 238U/232Th decay chains

4N Aurubis AG Oxygen Free 
Copper (99.99% pure)

 Spun into two hemispheres
 Electron-beam welded together
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Suppressing backgrounds 

K. Nikolopoulos / 07.06.2024 / Gaseous detectors for light Dark Matter

Pb

Po

Bi

4N Copper

Gas



16

Suppressing backgrounds 

K. Nikolopoulos / 07.06.2024 / Gaseous detectors for light Dark Matter

Pb

Po

Bi

4N Copper

Gas

µ

Pb

Po

Bi

4N Copper

500 m
EF Copper Gas



17

Copper Electroplating
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Internal shield: add a layer of extremely radio-pure copper

NIM A 988 (2021) 164844
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Copper Electroplating
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Electroplating setup at LSM

~36 μm/day

Internal shield: add a layer of extremely radio-pure copper

NIM A 988 (2021) 164844

 36 µm/day →  ~1 mm/month  
 Possibility to directly grow the sphere 

 No machining or welding 
 ECuME: ⌀30 cm prototype at PNNL 

 Bath designed and assembled 
 Tests on electrolyte quality successful 

 R&D on EF CuCr alloys (PureAlloys project)
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DarkSPHERE
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5 bar He:C4H10 (10%)   
(27 kg mass)

 Α ⌀300cm intact underground electroformed spherical 
proportional counter with water-based shield 
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DarkSPHERE: Physics Potential
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Phys.Rev.D 108 (2023) 11, 112006 
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 Analysed theoretically by Arkady Migdal 
 Nuclear scattering (1939) 
 α and β± decays (1941)

 Relevance for DM searches
 Nucl. Phys. B727 (2005) 406, PLB 606 (2005) 313, 
IJMPA 22 (2007) 3155, JHEP03(2018)194, …

LUX: PRL 122 (2019) 13, 131301 
Also Xenon1T: PRL 123 (2019) 24, 241803
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proach [18, 19] (see also [20]). Following [15], we call these e↵ects the Migdal e↵ects. In the

Migdal’s approach, a state of the electron cloud just after a nuclear recoil is approximated

by

|�0
eci = e�ime

P
i v·x̂i |�eci , (1)

in the rest frame of the nucleus. Here me is the electron mass, x̂i the position operator of

the i-th electron, v the nucleus velocity after the recoil, and |�eci the state of the electron

cloud before the nuclear recoil. The probability of ionization/excitation is then given by

P = |h�⇤
ec|�

0
eci|

2 , (2)

where |�⇤
eci denotes either the ionized or excited energy eigenstate of the electron cloud.

In the above analysis, the final state ionization/excitation are treated separately from

the nuclear recoil. Thus, the energy-momentum conservation and the probability conserva-

tion are made somewhat obscure. In this paper, we reformulate the Migdal e↵ect so that

the “atomic recoil” cross section is obtained coherently. In our reformulation, the energy-

momentum conservation and the probability conservation are manifest while the final state

ionization/excitation are treated automatically. We also provide numerical estimates of the

ionization/excitation probabilities for isolated atoms of Ar, Xe, Ge, Na, and I.

The Migdal e↵ect should be distinguished from the ionization and the excitation in scin-

tillation processes. The Migdal e↵ect takes place even for a scattering of an isolated atom,

while the latter occurs due to the interaction between atoms in the detectors. It should be

also emphasized that the Migdal e↵ect can ionize/excite electrons in inner orbitals, which

are not expected in scintillation processes. As we will see, the ionization/excitation from

the inner orbitals result in extra electronic energy injections in the keV range, which can

enhance detectability of rather light dark matter in the GeV mass range.

The organization of the paper is as follows. In Sec. II, we discuss approximate energy

eigenstates of an atomic state by paying particular attention to the total atomic motion.

In Sec. III, we reformulate the atomic recoil cross section with the Migdal e↵ect by taking

the energy eigenstates in Sec. II as asymptotic states. In Sec. IV, we calculate the Migdal

e↵ect with single electron wave functions. In Sec.V, we estimate the probabilities of the

ionization/excitation at a nuclear recoil. In Sec.VI, we discuss implications for dark matter

direct detection. In Sec.VII, we briefly discuss the Migdal e↵ect in a coherent neutrino-

nucleus scattering. The final section is devoted to our conclusions and discussion.

3

proach [18, 19] (see also [20]). Following [15], we call these e↵ects the Migdal e↵ects. In the

Migdal’s approach, a state of the electron cloud just after a nuclear recoil is approximated

by

|�0
eci = e�ime

P
i v·x̂i |�eci , (1)

in the rest frame of the nucleus. Here me is the electron mass, x̂i the position operator of

the i-th electron, v the nucleus velocity after the recoil, and |�eci the state of the electron

cloud before the nuclear recoil. The probability of ionization/excitation is then given by

P = |h�⇤
ec|�

0
eci|

2 , (2)

where |�⇤
eci denotes either the ionized or excited energy eigenstate of the electron cloud.

In the above analysis, the final state ionization/excitation are treated separately from

the nuclear recoil. Thus, the energy-momentum conservation and the probability conserva-

tion are made somewhat obscure. In this paper, we reformulate the Migdal e↵ect so that

the “atomic recoil” cross section is obtained coherently. In our reformulation, the energy-

momentum conservation and the probability conservation are manifest while the final state

ionization/excitation are treated automatically. We also provide numerical estimates of the

ionization/excitation probabilities for isolated atoms of Ar, Xe, Ge, Na, and I.

The Migdal e↵ect should be distinguished from the ionization and the excitation in scin-

tillation processes. The Migdal e↵ect takes place even for a scattering of an isolated atom,

while the latter occurs due to the interaction between atoms in the detectors. It should be

also emphasized that the Migdal e↵ect can ionize/excite electrons in inner orbitals, which

are not expected in scintillation processes. As we will see, the ionization/excitation from

the inner orbitals result in extra electronic energy injections in the keV range, which can

enhance detectability of rather light dark matter in the GeV mass range.

The organization of the paper is as follows. In Sec. II, we discuss approximate energy

eigenstates of an atomic state by paying particular attention to the total atomic motion.

In Sec. III, we reformulate the atomic recoil cross section with the Migdal e↵ect by taking

the energy eigenstates in Sec. II as asymptotic states. In Sec. IV, we calculate the Migdal

e↵ect with single electron wave functions. In Sec.V, we estimate the probabilities of the

ionization/excitation at a nuclear recoil. In Sec.VI, we discuss implications for dark matter

direct detection. In Sec.VII, we briefly discuss the Migdal e↵ect in a coherent neutrino-

nucleus scattering. The final section is devoted to our conclusions and discussion.

3

e-
N

DM

e- N

DM

e- N

DM

|�eci
<latexit sha1_base64="Mzv0rbzX4if8vTTIymropQOoSrE=">AAACC3icbVDLSsNAFJ3UV62PRl26GSyCq5KIoMuiG5cV7AOaECbTm3boZBJmJkIJ+QS/wK1+gTtx60f4Af6H0zYL23pg4HDOvdwzJ0w5U9pxvq3KxubW9k51t7a3f3BYt4+OuyrJJIUOTXgi+yFRwJmAjmaaQz+VQOKQQy+c3M383hNIxRLxqKcp+DEZCRYxSrSRArvuTUDnXnvMghxoUQR2w2k6c+B14pakgUq0A/vHGyY0i0FoyolSA9dJtZ8TqRnlUNS8TEFK6ISMYGCoIDEoP58HL/C5UYY4SqR5QuO5+ncjJ7FS0zg0kzHRY7XqzcT/vEGmoxs/ZyLNNAi6lCIPJTF/XhyPMo51gmfN4CGTQDWfGkKoZCY/pmMiCdWmP9OLu9rCOuleNl2n6T5cNVq3ZUNVdIrO0AVy0TVqoXvURh1EUYZe0Ct6s56td+vD+lyMVqxy5wQtwfr6BU6Cm80=</latexit><latexit sha1_base64="Mzv0rbzX4if8vTTIymropQOoSrE=">AAACC3icbVDLSsNAFJ3UV62PRl26GSyCq5KIoMuiG5cV7AOaECbTm3boZBJmJkIJ+QS/wK1+gTtx60f4Af6H0zYL23pg4HDOvdwzJ0w5U9pxvq3KxubW9k51t7a3f3BYt4+OuyrJJIUOTXgi+yFRwJmAjmaaQz+VQOKQQy+c3M383hNIxRLxqKcp+DEZCRYxSrSRArvuTUDnXnvMghxoUQR2w2k6c+B14pakgUq0A/vHGyY0i0FoyolSA9dJtZ8TqRnlUNS8TEFK6ISMYGCoIDEoP58HL/C5UYY4SqR5QuO5+ncjJ7FS0zg0kzHRY7XqzcT/vEGmoxs/ZyLNNAi6lCIPJTF/XhyPMo51gmfN4CGTQDWfGkKoZCY/pmMiCdWmP9OLu9rCOuleNl2n6T5cNVq3ZUNVdIrO0AVy0TVqoXvURh1EUYZe0Ct6s56td+vD+lyMVqxy5wQtwfr6BU6Cm80=</latexit><latexit sha1_base64="Mzv0rbzX4if8vTTIymropQOoSrE=">AAACC3icbVDLSsNAFJ3UV62PRl26GSyCq5KIoMuiG5cV7AOaECbTm3boZBJmJkIJ+QS/wK1+gTtx60f4Af6H0zYL23pg4HDOvdwzJ0w5U9pxvq3KxubW9k51t7a3f3BYt4+OuyrJJIUOTXgi+yFRwJmAjmaaQz+VQOKQQy+c3M383hNIxRLxqKcp+DEZCRYxSrSRArvuTUDnXnvMghxoUQR2w2k6c+B14pakgUq0A/vHGyY0i0FoyolSA9dJtZ8TqRnlUNS8TEFK6ISMYGCoIDEoP58HL/C5UYY4SqR5QuO5+ncjJ7FS0zg0kzHRY7XqzcT/vEGmoxs/ZyLNNAi6lCIPJTF/XhyPMo51gmfN4CGTQDWfGkKoZCY/pmMiCdWmP9OLu9rCOuleNl2n6T5cNVq3ZUNVdIrO0AVy0TVqoXvURh1EUYZe0Ct6s56td+vD+lyMVqxy5wQtwfr6BU6Cm80=</latexit><latexit sha1_base64="Mzv0rbzX4if8vTTIymropQOoSrE=">AAACC3icbVDLSsNAFJ3UV62PRl26GSyCq5KIoMuiG5cV7AOaECbTm3boZBJmJkIJ+QS/wK1+gTtx60f4Af6H0zYL23pg4HDOvdwzJ0w5U9pxvq3KxubW9k51t7a3f3BYt4+OuyrJJIUOTXgi+yFRwJmAjmaaQz+VQOKQQy+c3M383hNIxRLxqKcp+DEZCRYxSrSRArvuTUDnXnvMghxoUQR2w2k6c+B14pakgUq0A/vHGyY0i0FoyolSA9dJtZ8TqRnlUNS8TEFK6ISMYGCoIDEoP58HL/C5UYY4SqR5QuO5+ncjJ7FS0zg0kzHRY7XqzcT/vEGmoxs/ZyLNNAi6lCIPJTF/XhyPMo51gmfN4CGTQDWfGkKoZCY/pmMiCdWmP9OLu9rCOuleNl2n6T5cNVq3ZUNVdIrO0AVy0TVqoXvURh1EUYZe0Ct6s56td+vD+lyMVqxy5wQtwfr6BU6Cm80=</latexit>

“…it takes some time for the electrons to catch up, 
which causes ionisation of the atom.”

Ibe, Nakano, Shoji, Suzuki, JHEP, arXiv:1707.07258 
Dolan, Kahlhoefer, CM, PRL, arXiv:1711.09906

Migdal effect:

Signal: the ionised electron

[Can also be applied to other targets (Ge, LAr…)]
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2 , (2)

where |�⇤
eci denotes either the ionized or excited energy eigenstate of the electron cloud.

In the above analysis, the final state ionization/excitation are treated separately from

the nuclear recoil. Thus, the energy-momentum conservation and the probability conserva-

tion are made somewhat obscure. In this paper, we reformulate the Migdal e↵ect so that

the “atomic recoil” cross section is obtained coherently. In our reformulation, the energy-

momentum conservation and the probability conservation are manifest while the final state

ionization/excitation are treated automatically. We also provide numerical estimates of the

ionization/excitation probabilities for isolated atoms of Ar, Xe, Ge, Na, and I.

The Migdal e↵ect should be distinguished from the ionization and the excitation in scin-

tillation processes. The Migdal e↵ect takes place even for a scattering of an isolated atom,

while the latter occurs due to the interaction between atoms in the detectors. It should be

also emphasized that the Migdal e↵ect can ionize/excite electrons in inner orbitals, which

are not expected in scintillation processes. As we will see, the ionization/excitation from

the inner orbitals result in extra electronic energy injections in the keV range, which can

enhance detectability of rather light dark matter in the GeV mass range.

The organization of the paper is as follows. In Sec. II, we discuss approximate energy

eigenstates of an atomic state by paying particular attention to the total atomic motion.

In Sec. III, we reformulate the atomic recoil cross section with the Migdal e↵ect by taking

the energy eigenstates in Sec. II as asymptotic states. In Sec. IV, we calculate the Migdal

e↵ect with single electron wave functions. In Sec.V, we estimate the probabilities of the

ionization/excitation at a nuclear recoil. In Sec.VI, we discuss implications for dark matter

direct detection. In Sec.VII, we briefly discuss the Migdal e↵ect in a coherent neutrino-

nucleus scattering. The final section is devoted to our conclusions and discussion.
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<latexit sha1_base64="Mzv0rbzX4if8vTTIymropQOoSrE=">AAACC3icbVDLSsNAFJ3UV62PRl26GSyCq5KIoMuiG5cV7AOaECbTm3boZBJmJkIJ+QS/wK1+gTtx60f4Af6H0zYL23pg4HDOvdwzJ0w5U9pxvq3KxubW9k51t7a3f3BYt4+OuyrJJIUOTXgi+yFRwJmAjmaaQz+VQOKQQy+c3M383hNIxRLxqKcp+DEZCRYxSrSRArvuTUDnXnvMghxoUQR2w2k6c+B14pakgUq0A/vHGyY0i0FoyolSA9dJtZ8TqRnlUNS8TEFK6ISMYGCoIDEoP58HL/C5UYY4SqR5QuO5+ncjJ7FS0zg0kzHRY7XqzcT/vEGmoxs/ZyLNNAi6lCIPJTF/XhyPMo51gmfN4CGTQDWfGkKoZCY/pmMiCdWmP9OLu9rCOuleNl2n6T5cNVq3ZUNVdIrO0AVy0TVqoXvURh1EUYZe0Ct6s56td+vD+lyMVqxy5wQtwfr6BU6Cm80=</latexit><latexit sha1_base64="Mzv0rbzX4if8vTTIymropQOoSrE=">AAACC3icbVDLSsNAFJ3UV62PRl26GSyCq5KIoMuiG5cV7AOaECbTm3boZBJmJkIJ+QS/wK1+gTtx60f4Af6H0zYL23pg4HDOvdwzJ0w5U9pxvq3KxubW9k51t7a3f3BYt4+OuyrJJIUOTXgi+yFRwJmAjmaaQz+VQOKQQy+c3M383hNIxRLxqKcp+DEZCRYxSrSRArvuTUDnXnvMghxoUQR2w2k6c+B14pakgUq0A/vHGyY0i0FoyolSA9dJtZ8TqRnlUNS8TEFK6ISMYGCoIDEoP58HL/C5UYY4SqR5QuO5+ncjJ7FS0zg0kzHRY7XqzcT/vEGmoxs/ZyLNNAi6lCIPJTF/XhyPMo51gmfN4CGTQDWfGkKoZCY/pmMiCdWmP9OLu9rCOuleNl2n6T5cNVq3ZUNVdIrO0AVy0TVqoXvURh1EUYZe0Ct6s56td+vD+lyMVqxy5wQtwfr6BU6Cm80=</latexit><latexit sha1_base64="Mzv0rbzX4if8vTTIymropQOoSrE=">AAACC3icbVDLSsNAFJ3UV62PRl26GSyCq5KIoMuiG5cV7AOaECbTm3boZBJmJkIJ+QS/wK1+gTtx60f4Af6H0zYL23pg4HDOvdwzJ0w5U9pxvq3KxubW9k51t7a3f3BYt4+OuyrJJIUOTXgi+yFRwJmAjmaaQz+VQOKQQy+c3M383hNIxRLxqKcp+DEZCRYxSrSRArvuTUDnXnvMghxoUQR2w2k6c+B14pakgUq0A/vHGyY0i0FoyolSA9dJtZ8TqRnlUNS8TEFK6ISMYGCoIDEoP58HL/C5UYY4SqR5QuO5+ncjJ7FS0zg0kzHRY7XqzcT/vEGmoxs/ZyLNNAi6lCIPJTF/XhyPMo51gmfN4CGTQDWfGkKoZCY/pmMiCdWmP9OLu9rCOuleNl2n6T5cNVq3ZUNVdIrO0AVy0TVqoXvURh1EUYZe0Ct6s56td+vD+lyMVqxy5wQtwfr6BU6Cm80=</latexit><latexit sha1_base64="Mzv0rbzX4if8vTTIymropQOoSrE=">AAACC3icbVDLSsNAFJ3UV62PRl26GSyCq5KIoMuiG5cV7AOaECbTm3boZBJmJkIJ+QS/wK1+gTtx60f4Af6H0zYL23pg4HDOvdwzJ0w5U9pxvq3KxubW9k51t7a3f3BYt4+OuyrJJIUOTXgi+yFRwJmAjmaaQz+VQOKQQy+c3M383hNIxRLxqKcp+DEZCRYxSrSRArvuTUDnXnvMghxoUQR2w2k6c+B14pakgUq0A/vHGyY0i0FoyolSA9dJtZ8TqRnlUNS8TEFK6ISMYGCoIDEoP58HL/C5UYY4SqR5QuO5+ncjJ7FS0zg0kzHRY7XqzcT/vEGmoxs/ZyLNNAi6lCIPJTF/XhyPMo51gmfN4CGTQDWfGkKoZCY/pmMiCdWmP9OLu9rCOuleNl2n6T5cNVq3ZUNVdIrO0AVy0TVqoXvURh1EUYZe0Ct6s56td+vD+lyMVqxy5wQtwfr6BU6Cm80=</latexit>

“…it takes some time for the electrons to catch up, 
which causes ionisation of the atom.”

Ibe, Nakano, Shoji, Suzuki, JHEP, arXiv:1707.07258 
Dolan, Kahlhoefer, CM, PRL, arXiv:1711.09906

Migdal effect:

Signal: the ionised electron

[Can also be applied to other targets (Ge, LAr…)]
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Migdal effect: Light DM with heavy targets

K. Nikolopoulos / 07.06.2024 / Gaseous detectors for light Dark Matter

 Analysed theoretically by Arkady Migdal 
 Nuclear scattering (1939) 
 α and β± decays (1941)

 Relevance for DM searches
 Nucl. Phys. B727 (2005) 406, PLB 606 (2005) 313, 
IJMPA 22 (2007) 3155, JHEP03(2018)194, …

 Effect observed in α and β± decays 
 Not observed (yet) in nuclear scattering

 Recent attempts inconclusive (PRD109 (2024) 
L051101, J.Bang UCLA DM’23)

LUX: PRL 122 (2019) 13, 131301 
Also Xenon1T: PRL 123 (2019) 24, 241803
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MIGDAL Experiment

K. Nikolopoulos / 07.06.2024 / Gaseous detectors for light Dark Matter

F recoil

10 keV Migdal  
electron

Neutrons

 Aim: unambiguous Migdal effect observation and measurement in nuclear scattering 
 Observe both electron and ion recoil 
 12 institutes and ~40 participants

Astropart.Phys. 151 (2023) 102853
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MIGDAL Experiment

K. Nikolopoulos / 07.06.2024 / Gaseous detectors for light Dark Matter

 Low Pressure Optical Time Projection Chamber 
 Neutrons interacting in 50 Torr CF4 
 Extended particle tracks
 Avoid photon interactions

 Detailed simulation (Degrad, SRIM/TRIM, Garfield++, 
Magboltz, Gmsh/Elmer & ANSYS)

Astropart.Phys. 151 (2023) 102853
VUV PMT

ITO Anode Strips (xz)

sCMOS camera

Double Glass-GEM 
Hole/pitch: 170/280 µm 
Gain: ~105

0.1− 0 0.1
x [cm]

0.4−
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0.1z 
[c

m
]

qCMOS camera

arXiv:2306.09919
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NILE Facility at Rutherford Appleton Lab

K. Nikolopoulos / 07.06.2024 / Gaseous detectors for light Dark Matter

 ISIS facility: High-yield neutron generators 
Installed in “shielding bunker”
D-D: 2.47 MeV (109 n/s)
D-T: 14.1 MeV (1010 n/s)

Collimators: Defined beam through TPC
e.g. D-D collimator 30 cm in length

D-D generator

Optical TPC

Experimental area at ISIS
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 Simulated Migdal-like events with a 250 keV NR and a 5 keV ER
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 Simulated Migdal-like events with a 250 keV NR and a 5 keV ER
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Detector Commissioning

K. Nikolopoulos / 07.06.2024 / Gaseous detectors for light Dark Matter

Charge 
ReadoutLight 

Readout
~17%

~12%

 Commissioning with radioactive sources
 55Fe calibrations throughout data-taking
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Data collection
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 Two science runs completed
 Data analysis on-going

Science Run 1
Detector stability vs time. 
Voltage adjusted by 2V/day
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Example event with 100 keVee NR

K. Nikolopoulos / 07.06.2024 / Gaseous detectors for light Dark Matter
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DD-neutrons + 55Fe
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MIGDAL-like topology: High energy NR candidate with ER candidate
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DD-neutrons + 55Fe
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MIGDAL-like topology: High energy NR candidate with ER candidate
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DD-neutrons + 55Fe
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MIGDAL-like topology: High energy NR candidate with ER candidate
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DD-neutrons + 55Fe

K. Nikolopoulos / 07.06.2024 / Gaseous detectors for light Dark Matter

MIGDAL-like topology: High energy NR candidate with ER candidate
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Particle identification
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Tests with noble gas mixtures

K. Nikolopoulos / 07.06.2024 / Gaseous detectors for light Dark Matter

 As the next step, investigations of the Migdal effect in noble gases will be pursued
 Preliminary results from detector tests with 55Fe in Argon + CF4 mixtures

 Enhancement in light yield with Argon
 Operation with exposure to AmBe neutrons
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Garfield++ on GPUs
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 Garfield++ is industry standard for gaseous detector simulation 
 Modern detectors require “microscopic electron tracking” to reproduce observations
 We have now developed a GPU version of the main algorithms of Garfield++ 

 Incorporated in the Garfield++ codebase.
 Change between CPU and GPU with a single switch!

 Available in the Garfield++ repository.

JINST 6 (2011) P06011 Neep, Nikolopoulos, Slater in preparation
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Summary

K. Nikolopoulos / 07.06.2024 / Gaseous detectors for light Dark Matter

 Particle nature of Dark Matter remains unknown!
 Sub-GeV mass range is uncharted territory 

 Novel methods for light DM searches are pursued
 NEWS-G probes this key mass range

 Data-taking in SNOLab on-going
 New detectors planned for the coming years
 Many physics opportunities

 MIGDAL is aiming to demonstrate/measure the Migdal effect
 Two science-runs completed
 Analysis of collected data on-going

 Exciting physics programme ahead!

Preliminary

Electroplating setup at LSM
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Additional Slides
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