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https://www.nature.com/articles/s41586-025-09918-8

Migdal effect

~ S 3

_ R First predicted by Arkady Migdal
N T in 1939-1940

e The approximate treatment of the Original Migdal’s method

Nuclear rest frame, the electronic cloud state:
d = - 2 P

T Nucleus recaoil

lonization probability : = o P 2

« Separate treatment of final-state ionization& nuclear recoil
*  Obscure energy-momentum & probability conservation

(Ibe,IBS,2017)
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Indirect measurement of the Migdal effect

decay OB ARG L) deaCy PhysRevLett.108.243201 (2012)
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Migdal effect detection Experiments

[ MIGDAL

arXiv, 2022, 08284
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Detector Requirements

ER: 5.9 keV , NR: 300 keV

e ER~keV, NR~hundreds keV

.................... S|mu| at|°n
e Good energy resolution

e Large dynamic range.

e ER shares vertex with NR

e Good vertex resolution

e Reduce possible background

e Good time resolution

X [mm]



MARVEL Experiment-Detector

DD neutron source

Migdal topology

Electron Ek: 5.2500 keV, lon Ek: 0.2300 MeV
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NR
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Development of the detector design

10.1088/1748-0221/13/06/P06011
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https://iopscience.iop.org/article/10.1088/1748-0221/13/06/P06011

Detector performance

Counts

Energy resolution

Energy resolution

= Constant 800 +7.3
F Mean 5.889 +0.006
E  Sigma  0.6636 +£0.0094

f Energy Resolution(FWHM) 26.54%

5Fe

Energy (keV)

.
o

0.15

Good linear energy
response

20%-30% energy
resolution(FWHM)
Energy resolution follows

the relationship ~ 1/v" /

1.05

Normalized Gain
= =
s 5 s x =
-1 h e n -]

S
a
0

=
=

4

3

3

2

2

OUT (ADC)

1

1

= ——e—  Oh~ 7h: 140 Counts mm? s
? ~—=—  7h~15h: 63 Counts mm?s"
E (GMCPofTypeB | o {5h~23h: 28 Counts mm?s"
E ——=— 23h~33h: 13 Counts mm? '
:_ 33h~45h: 6.7 Counts mm™ s
- —— 45h~57h: 2.1 Counts mm” !
=3 —— 57h~69h: 127 Counts mm™ !
E\ I S M | PERTENT R I EUR S T TSR i
0 10 20 30 20 50 60 70
Time (h)
oo — data
500 — fit
0001
5000
0005—
500;
000;
500;
A I FEETE N FEE RE T T R FrEr
0 100 200 300 400 500 600 700 800 900
Qin (fC)
Stable gain under different
count rates(no pile up)

Good linearity in charge

response

/

o

Dynamic range Vertex resolution

interaction

/é pixel
[2] ~
o o

a0f
30f
20f

10}

E Constant  829.2 + 1.79
F Mean 45.81 =+ 0.003565
800F- Sigma 2.261 + 0.007214

700
g oo
2 5000

« ~200 pm vertex resolution
@ 6.4 keV

Counts

/

\_

Charge Clusters -

it

Time resolution

Negative |
Charged Clusters !

G Analog Signa

Secondary |

<

¥

= T Analog Signa
=-

Topmetal-L

180F
1eof
1405
120F
1oof
sof
605
405

20F

d Entries = 11639
1 = 1558.82,0 = 261.98

1000

1500
A t(ns)

2000 2500 3000

~262 ns time resolution




Simulation framework

Simulation
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Neutron/gamma measurement
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D-D source experiment

Run I: MarCh’ 2024 scintillator

scintillator

D-D source monitoring

Neutron and gamma
spectra measurement

scintillator

D-D source monitoring

Run |
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Al-assisted event selection

Eal
Data Vele : NR : ER : Vertex cut
preselection reconstruction reconstruction

Inspired by MIGDAL collaboration’s work: 10.1103/PhysRevD.111.072004

YOLOv8 2\ —
A Training 3 1750
Labeling - B £ g 1e 1500
{
Dataset  Train Valid . i | _ 1250
Fe 3000 1493 |« zi ff . 5 1000
Exp ,tl gf - =
D'D 2994 1354 | ﬁ - f.".——""jl -750
®__ Fi
ER 1200 301 | \j" . 500
Slm i ER I g
NR 1200 301 i I g i ° 250
Total 8394 3449 / " " ko 0
I),"r-"f' ll' True
- 4 L *1 https:/github.com/ultralytics/ultralytics
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https://github.com/ultralytics/ultralytics
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.072004

Background

Background Component

Description

Expectation value (5 - 10 keV)

Recoil induced 6 ray
Particle Induced X-ray Emission
X-ray emission
Auger electrons
Bremsstrahlung processes
Quasi-Free Electron (QFEB)
Secondary Electron (SEB)
Atomic (AB)
Nuclear (NB)

Random track coincidences

0 electron near NR track origin

Photoelectron near NR track origin

Auger electron near NR track origin

Photoelectron near NR track origin
Photoelectron near NR track origin
Photoelectron near NR track origin
Photoelectron near NR track origin

Photo-/Compton electron near NR track

0.0350.023(stat.) & 0.0068(sys.)

0.180+0.022(stat.) = 0.042(sys.)

Muon induced 6 ray 0 electron near NR track origin 0.013
Gas radioactivity
Trace contaminants Electron from decay near NR track origin 0.001+0.00087(sys.)
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.) 13



Radom track conincidence
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{  Method 2 data
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Method 2 expected background value is 0.180+0.022(stat.) +0.042(sys.)

—
T
N

432x107° 1.06x107°
6.06 x10°® ~363x1078

311x10°% 715x%x10°7

The results from the liquid
scintillation + GEANT4 are
consistent with the data
obtained from the Migdal
detector.
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Migdal candidates
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Cross section ratio calculation

ER bg
Mobs M obs
(n

- (SaccgNRSER Eé{s EES)
* Probability:  Pygio4a1(Ske V<ER<10keV, NR>35keVee)= 0
( ”tot ) SER "ot
« Parameters: face®NR
Efficiency/Count Statistical Error Systematic Error -3 ;_ _':-
0 0 0 -3.5 ;— ;
Ffficiency i 14.4% +0.1% +1.9% _4:_ E
29%(YOLO)*49%(vertx rec) . - -
=< - =
R 8.17 X 10° +903 +35880 5 i :
tot al -5 ;_ _;
ER 6 53 =
M s SE Min at n = 40.08 E
n' 0.229 +0.032 +0.043 6.5F : _ =
obs - Lt 5 5 ¥ ¢ 5 5 i
20 40 60 80
n
NR 2
Nmin — Nui/u 2 Ntot Nonin + —
- upper/lower bounds: AP = ‘/( ) + (%) = Result: 49728 x107°
Nmin Mot Mot '

Theory: 3.9 x 107>
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Upgrade In progress

ARG [

* 6x6 mm, 83 um in pitch -> 2.3x1.5 cm, 45 um in pitch

* Fresh time: 2.6 ms/Frame -> 0.7 ms/Frame

Topmetal-l|
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https://arxiv.org/abs/2511.09863
https://arxiv.org/abs/2511.15130

e The Migdal effect plays a very important role
in light dark matter research.

e The MARVEL experiment is dedicated to the
direct detection of the Migdal effect.

e The ratio of the Migdal to the nuclear recoil
cross-section to be 4.97%28 x 107°%, where
nuclear recoils exceed 35 keVee and electron
recoils span 5-10 keV.

e Detector upgrade is in progress.



What next?

e Single-element Migdal cross section measure.

MM/VGL e Shell-resolved Migdal effect measure.

e Migdal effect angular distribution measure.



DM-nucleus elastic scattering

WIMP Nucleus

Non-relativistic elastic scattering

= 10 GeV/c?; = 131 GeV/c?; = 220km/s
< 0.7 keV,,

Xenon-1T S1S2 4.9 keVnr (1.4 keVee)
Xenon-1T S2-only 0.7 keVnr (0.186 keVee)
DarkSide50 S1S2 13 keVnr (1.3 keVee)
DarkSide50 S2-only 0.6 keVnr (0.1 keVee)
CDEX: 0.64 keVnr (0.16 keVee)
CRESST-II 0.307 keVnr

SuperCDMS 0.07 KeVee

20
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Migdal effect

e The approximate treatment of the Original Migdal’s method

Nuclear rest frame, the electronic cloud state:
® =" 2 o

T Nucleus recaoil

lonization probability : - @ P 2

« Separate treatment of final-state ionization& nuclear recoil
*  Obscure energy-momentum & probability conservation

(Ibe,IBS,2017)

f P—— e =
First predicted by Arkady Migdal
HOHH3AIES ATOMOB IPH SAEPHBIX PEAKIHAX P .
. M , in 1939-1940
..a?"';‘::'."..,ﬁ’““"""'?“‘;": = A i
\ soronnims s weesea e RGO Wisgas crouss oriecs

Counts (evts/keV/kg/day)

10
m, = 1 GeV/c? NR
105- G%I\I = 1[0 omt ME
Brem
10° 1Energy threshold
E 160 eVee

Eget (keVee)
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Migdal effect
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Indirect measurement of the Migdal effect

decay OB ARG L) deaCy PhysRevLett.108.243201 (2012)
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Migdal effect detection Experiments

Phys. Rev. D,107, 035032
I
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MARVEL Experiment

Scintillator @ 87°
Scintillator @ 0° '

Neutron and gamma
spectrum measurement

urce monitoring

Scintillator @ 180°
Working gas:

0.8 atm @ ~300 K
40% Helium + Dimethyl ether
(DME,C,HgO)

Neutron: 2.5 MeV
Nucleus: hundreds of keV

D-D source monitoring
Electron: 5-10 keV

Nature 649, 580-583 (2026) =



https://www.nature.com/articles/s41586-025-09918-8

MARVEL Experiment-Detector

DD neutron source

Migdal topology

Electron Ek: 5.2500 keV, lon Ek: 0.2300 MeV

70F
605
sof
wf
305

20F

NR

\10:
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Development of the detector design

10.1088/1748-0221/13/06/P06011
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https://iopscience.iop.org/article/10.1088/1748-0221/13/06/P06011

Detector Requirements

ER: 5.9 keV , NR: 300 keV

e ER~keV, NR~hundreds keV

.................... S|mu| at|°n
e Good energy resolution

e Large dynamic range.

e ER shares vertex with NR

e Good vertex resolution

e Reduce possible background

e Good time resolution

X [mm]
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GMCP-Performance Stability

e Suppress the charge
accumulation effect

10.1016/].nima.2023.168499

F | —e— 0h~17h: 154 Counts mm? s
1| —=— 17h~30h: 70 Counts mm?s”
GMCP Development — Hydrogen | il Sl
. . i 0.92_ 54h:65h5 6.1 ng:tz 222 ::
Reduction tech for Preparing Bulk 3| = e
Resistance to Eliminate Charge S
. EMS% GMCP of Type A m __( —
ccumulation 20 1
0.71 : i .
Bulk Resistance o p— -
ki Original electron 0 10 20 30 T4;)me (hS)O 60 70 80 2 -E B ;
" : QO
S 0.6—3 "Gl
N 7::. 0-94.H..EJ.J.l;uLi...Al.“li...m..“i,.uj=..
o : Tés - 1 15 2 25 3 35 4 45 5
I; MMH N ¥ ” : ;.5 0'4 :- g ——— Type A :
MS; | —-— Oh~ 7h: 140 Counts m;m'2 g? Z : T Type B
,E 0.9~ ——=—— 7h~15h: 63 Counts mm?s 0.2 i ST Type C
| |BIRE g gmﬁi GMCPof Type B | —— 1{5h~23h: 28 Counts mm?s" - — Type D
-1 | s F R ~33h: 13 Counts mm? s i Srasoe
Fra ii‘ql',iEleCtron ava]anChe E 0‘?‘: i::-iz: 61: Coun:5 mm s _k | I | R | | Y | | ‘ THE | r Ty‘\)e|E\ ] | |
2 07sE 45h~57h: 2.1 Counts mm? s 0 0 1 2 3 4 5
ME —=—— 57h~69h: 127 Counts mm’z s’ Time (h)
Type A TypeB TypeC TypeD TypeE s~ : :
E. P P SRR PRI IR I R |
Hole diameter 0pum S50pum S50pum 60um 30 um * - T (h;“’ stie et
Thickness 400 pm 400 pm 300 pm 300 um 300 pm
Hole pitch 60pm 60pum 60pm 80um 40 pm . . .
T seE Q0 EGO stability at different counting rates

Hydrogen reduction Without With With With Without
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https://www.sciencedirect.com/science/article/abs/pii/S0168900223004898

Performance Stability/Gain

* low leakage rate and material
degassing rate specifications

ceramic base, brazing

0.0E+00

Shell and base, laser welding
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S
NS
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s
0
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[}
Wll\l
-

g

ol pppplag g o b I | [y

750 100 150 200 250 300 350
Time (Days)

Long-term gain stability

:

10!

Gain

L

n S [ 4*444 —{40 §
: : ; . : -“El - 4 4 hd T —38§ = o — S0%DME
cathode, brazing tail sealing, ultrasonic welding = 4 B i bl & I S RS 6
| R N ¢ SR et L | s
z : H
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20%DME

10%DME

00 900

GMCP (V)

1000
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Normalized Gain

ZE:

Ty 24 26 28 30 32 34 36 38 40 42
\ 0x10 Temperature (°C)

: Gain variation with temperature
Leak rate: ~7.6-" Torr-L/s »



Spatial resolution

various gas mixtures:
He/Ar/Kr/Xe+CO,/CH,/i-C4Ho/DME(C,HsO)/CF,

8 8 &5 3 3 3

Y position (Pixel.num)

Y position (Pixel.num)

Y position (Pixel.num)
2 8 5 3 3 3

3

20%DME
10 20 30 40 50 60
X position (Pixel.num)

10%DME

10 20 30 40 50 60
X position (Pixel.num)

Y position (Pixel.num)

50%DME

40%DME

10 20 30 40 50 60 70
X position (Pixel.num)

10 20 30 40 50 60
X position (Pixel.num)

Parameter testing for various
gases and gas mixtures

70

2
S
N
~
N
R OO O]

AN

high-granularity device

10.1007/s41365-021-00903-0

70_—

pixel

Polarization
60— direction

interaction

e

40
30F

20F

10 20 ° 30 40 50 60 70
pixel

adaptive cutting
vertex reconstruction
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https://link.springer.com/article/10.1007/s41365-021-00903-0

ER vertex reconstruction

e Determine the economic center of gravity and its
trajectory based on ignition point and energy

deposition.
3 x

= Z ’
determine the head and tail(Bragg peak) of the

e Calculate the sign of, :

trajectory

e Slide a perpendicular line along the center of
gravity, compute the second-order moment M, to
measure trajectory curvature, and truncate at the
point of maximum M, change for a straightened

pixels

M,= 2 (x,—x) +(y,-»)
e Recalculate the center of gravity and its line for

path.

the truncated trajectory to identify the
photoelectric interaction point and emission
direction.

0.08 mm)

Y pixel(every pixel

70

60

20

10

llllll

barycenter ||| (][]

.......

--------
..........

gravity line

interaction point

—!IIlllill|I'I.Il.illln--ll'llli..llIIIIIII|IIII|

10 20 30 40 50 60 70
X Pixel(every pixel=0.08 mm)

Incident direction
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Vertex resolution

copper plate 6.4 keV X-ray imaging with half the area shielded
[mmmmmm——————a by a copper plate

70 | 5
( a) & :: ol 1 (’i) (b) - s 55 é X-direction
‘ o h " —800 “ 7000:_ Histhmiann Ranclin 6000+ N . Boltzmann function : “E A
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| P4 6906 = 6.7 P4 0.6784 = 0.3855 3 1 9 6 7 8
1 ! Energy (keV)
| oo Y, I - i | ! S AT PN (TN, OTRRIY - PN SR, et 1 . dff .
I 00 20 30 40 50 60 70 0 20 30 40 0 e 70 position resolution at different energies
| Pixel-X Pixel-Y
|
|
ol

r L
(b) (@) 1000/-Constant  890.7 + 1.828 (b) go0F. Constant 8202  1.79
1 [Mean 41.82 + 0.003551 F Mean 45.81 + 0.003565
I FSigma 2.533 £ 0.007552 800 Sigma 2.261 + 0.007214
I 800 700E
| [ F @
Lo £ 2 S00F
- 4 = 4[)(); A 400:—
- i 300
" - e
&3 2001 200
b 100
G...;Lunll.u i GE; I L L { i il
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spatial resolution at different positions
position resolution @ 6.4 keV

30 40 50
Pixel-X

10.1088/1748-0221/19/04/P04039



https://iopscience.iop.org/article/10.1088/1748-0221/19/04/P04039

Energy calibration

Energy Crystal Incident Diffraction

(keV) radiation angle(deg)

298 Si(111) AgLy 41.6

451 Si(220) Ti K, 45.8

540 Si(311) Cr Ky 44.5

6.40 Si(400) Fe K, 45.5

8.05 Si(224) Cu Ky 44.1 [ cotiimator 1 | erystan | | cotiimator 2 |

0.3
0.28 f
- 4.5 keV - GMCP 0.26
0.24 f

0.22f
E \.\

0.2f

0.18F T o< 1 /\/E
0.16F =
0.14F
0.12f
0.1

25000

— 4.5 keV - Topmetal

20000 0 i 1 Y L 6.4 keV - GMCP

Energy resolution

— 6.4 keV - Topmetal

15000

counts

===+ 8.0 keV - GMCP

10000

— 8.0 keV - Topmetal 2500 »

2000 -
i -

1500[-

5000

~~~~~~~~~

10.1007/s10686-023-09905-9 R R Beniden - T W
monoenergetic X-ray platform

IIIII'|II|'|III|III'IIIIII|III

Pulse Height (ADC)

1000
C

n
=3
=
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https://link.springer.com/article/10.1007/s10686-023-09905-9

Time resolution
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https://ieeexplore.ieee.org/document/10111087

Events discrimination at same frame

A o ' . . ; 1
o . Scanning position at 60
scan : signal arrival \50
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Detector performance

Counts

Energy resolution

Energy resolution

= Constant 800 +7.3
F Mean 5.889 +0.006
E  Sigma  0.6636 +£0.0094

f Energy Resolution(FWHM) 26.54%

5Fe

Energy (keV)

.
o

0.15

Good linear energy
response

20%-30% energy
resolution(FWHM)
Energy resolution follows

the relationship ~ 1/v" /

1.05

Normalized Gain
= =
s 5 s x =
-1 h e n -]

S
a
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=
=

4

3
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2
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Time (h)
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500 — fit
0001
5000
0005—
500;
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A I FEETE N FEE RE T T R FrEr
0 100 200 300 400 500 600 700 800 900
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Stable gain under different
count rates(no pile up)

Good linearity in charge

response

/

o

Dynamic range Vertex resolution

interaction
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20f

10}
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F Mean 45.81 =+ 0.003565
800F- Sigma 2.261 + 0.007214

700
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« ~200 pm vertex resolution
@ 6.4 keV
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~262 ns time resolution
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Detector unit

FEE board

BEE board

HV board

Topmetal Front-end
Sensor Circuit

Environme
ntal
monitor

Front-end
Circuit

| Configure
FPGA

Non-
volatile
Memory

External
crystals

CAN bus

Ethernet

Transformer

Power |
Management

Connector |

Environme

ntal
monitor

Dividing
circuit

HV module

HV monitor

HV Board |

|
GMCP |

Feedback

ADC &
Comparator



Online Data Compression

trigger frame subsequent frame

one_6 =
one._i (

Entries.

Judgment & Cache

Entries 10368

Real-time comparison module

Current Frame

Meanx 49.81 Mean x 5410 b
( g
Mean y 6078 3 Mean y 1412

,'i E E E i E Std Devx 1085 p( S Devx 1563
POBC ".' ClCCT (| o Std Devy st Devy 1451
F | 2
Write / .
Command ? :
Y PloEg oo
Command : L (I
docode . |[Ood Bag;-.
5184
C— . o S,
Config 1>Pixel Diflerence .~~~ * — . — ' ) @\g”?o,s FIFO
.',‘ Previous frame = :} "'S t‘__ Casho \ ]
OO0 OoE | |
E S E S E S g >Preset Singal Pixel Number
Random OO Ay IO '
Access Memory :
Width:16 ) Read g ":
Depth:5184 E S E S E S '."
00d Ooo

10 20 30 40 50 60 70

complete track

Compression ratio: 10*
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Simulation framework
Simulation
(T T T T 0T ! selection
_______ T T
Simulation e : Digitization
" events L

Source generator

|f Calibration |
| files !

Visualize

DetectorGDML:; . /gdml/DetectorConstyruction/gdml/Migdal det 03,
xml

OutputFile: sim Migdal Oxygen.root
AdditionalMACCommand: AddCommand.mac

‘5\ GEANT4

A SIMULATION TOOLKIT

PGType: Migdal

IonName: Oxygen

TonZ: 8

IonA: 18

ITonPosrciwn: 0.0:0. ;0.

ITonMomentumDirection: 1.0,0.,0.

Migda lRandomSeed: 2023

12 GenValidEvents: 1000

13 #Deposit enerqgy must higher than ValidEventEdp if chose

v Simulate Migdal effect interaction GenValidEvents
i 14 ValidEventEdp: 0.01 #MeV
with detector

» Simulate different interaction
\> Provide energy deposit / y




Simulation
selection

—i—r o

Simulation

Simulation framework

|
i Digitization
rd

|f Calibration |

files

X [mm)]

File 0

----------

Event 0
Event 1

_________

Insert timestamp of the |
file and read it's events. 1

i e R T e el

Event n

Step0
Step1

i EventAction |
G s ¥
Insert timestamp of each

event and collects step
information.

StepAction

. Perform drift, diffusion, and
. multiplication operations,
- insert electrons’ timestamp.

File 1

\ algorithm

_________________ Time aixs
: Check and refresh : e
: ious fi . 8 ‘
fin ELA RN ] { TopmetalControl |
Topmetal
i PixelControl
Pixel O
Performs signal :
attenuation & collection Pixel 1 Frame 0
Frame 1

' Insert collect Pixel 0
- action within N -
,_frames. -

I Output file

v Analog detector digital readout
» Simulate electron drifts, multiplies, collected procession
» Output file for data analysis and reconstruction

Filter

e


https://github.com/ElsevierSoftwareX/SOFTX-D-23-00679


Comparison of experimental/simulation results

/ 5-10 keV photo-electron \ / 241Am alpha source \

0.1p e = —— EXP dE/dX
E c 0.07— B
009 = K 0.08 E —e— Track Lenght Experiment - MC dE/dX
0.08 f o 'S —#— Experiment 0.07 f— NN ) o 0.06[—
= ¥ A C —=— Track Lenght Simulation C
0.07E f i AR simulation C NN " -
g g i Experiment Gaussian Fit 8 0.0 = 'g 0.05 :—
‘;E-; 0.06 : 3 <=+ Simulation Gaussian Fit g 0 05:_ s C
B o.0sfF i 3 F g oosf
= = 5 0.04F T -
= @ ‘ E F £ 003
z F : 4 Z 0.03f z Uk
0.03F ; = =
0.02f 1 0.02F 0.02-
E : e o -
0. 01; \ o 0.01 - : 0.01 —
m\\‘w\\\&\\\\\\.’\\\s'\ R o dodebaes aledels 0 E _,,-Q—[% 8 B E ==
800 400 500 600 700 800 200 1000 0 5 10 15 20 25 30 %_w ol b b b b Lo T
6.40keV GMCP pluse height [ADC] Track Lenghtpixel] 0 50 60 70 (?g/dx [k%% oo r:]?n(i 110 120 130 140
0.045F r : .
F - —\i —J L
i — 1 e s i v )
= Z Z( YO =YY Oy - | —— EXP eccentricity
0.035" I —— MC eccentricity
B 0.03F max __ 1 2 2
g L M,™ = 7 |Ha0 + Moz + (20 — Ho2)* + 4uy, | 2
0.02 =
E; 5; == 0 : [ — €
B 0.02F - ]
g 002 min _ ) 2 @
5 f M5 = = |20 + Moz — \/(1120 — po2)” +4ui, |, -
0.015C = 2 =
E = S
0.01— 2
=z ==
0.005 e = 102F
B %0 Th oe s s b e oo ot =

2
Eccentricity
III|IJ\|III|\II|JII|IJJ‘II|Ill|III|IIJJI
kl’).&??ﬁ 0.978 0.98 0.982 0984E0 98't3 I.')tSBB 0.99 0.992 0.994 0.996 /
ccentricity
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D-D neutron beam experiment

AN

15 m Neutron
Experiment
Hall

ssssss

Control . :
ontro { & € >
D-D Source
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Pre-experiment

\Lifuid Scintillator

Topmetal-II Cathode

Ceramic tube

GMCP

lonFlux

rme—
Count/s

o

N
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| TTTT
—_—

Neutron beam Monitor

0_;fm |
/ f-“ﬁﬂﬂ HMW*%H ““ﬁ p—— iZ

o
o
w

I‘IIII‘IIII'\III'\III
3

o
N
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21
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o~ oE s I . s | . o+ | .
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Some NR traks in pretest Flux monitor 46




Neutron/gamma measurement

2. Generate the Response
matrix by GEANT4

~ 1'25 https://gitee.com/schg ucas/unfold-err
g § i https://gitee.com/schg_ucas/unfold-multi
> P 0.8F
g E o.sf .
E b 4.Do the unfolding
16000 ' ' ' 7
Truth Energy (MeV) Tt Eneqgy (Me) :2222 g neutron E
neutron gamma S toooof 3
2 8000 E
E 6000F 3
3. Neutron/gamma selection by PSD o
0.4 —r—— T 5 900 400 500 800 T000
0.35 BT, " 10 Energy (keV)

1200 03 0.3 Neutron™ - -

1000 ] 025 0.25 E U5 i | I ]
= 800 1 5 02f A 02F 107 I g gamma 3
5 wf 1 Zosk £ 0.15F 2w '
G 400 1 = oif 0.1 g |

200F = 0.05 0.05 : 10 0 _

00_ SOIOO 10(I)00 ’ 00: — S(I)O — 10IOO — 0 . ) S e r 3 — e
Peakintegral (a.u.) Energy (keV) -0.05 0:5 1
-0.1 L 1 L . ] L 1 Energy (MeV)
500 1000
Energy (keV) measured spectra
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https://gitee.com/schg_ucas/unfold-multi
https://gitee.com/schg_ucas/unfold-err

Neutron/gamma measurement

Unfolding result: 2 0.08F ' ' | 3
e = = Neutron energy spectrum | -
o 0.07F I =
] = | 3
0.06 , Cru
E Mean 2.497 £ 0.003 1 3
S 0.05 Sigma  0.05408 £ 0.00497 =
= 0.04 F- { =
> o | 3
= 0.03 4 : =
e E ' f E
L] 0.02 . ) 3
00LE . e - ¥
* AP R i o BT R S W
¢ L5 2 2.5
Ener MeV
Energy (MeV) - ey | ]/
Correlation matrix - ——— T T
200;10}, N RE (E 1 amma energy spectrum A
180 = —— Gaus GRAVEL E 5 g gy P
160 E- e ORAVEL 3 Q0 0.5 MeV: e+/e- annihilation
s 140F " Caiseee 907 = 0.8 MeV: %6Fe
% 120 3 10°2 1.4 MeV: 4K
O 100f 5 ; 2.2 MeV: H in polyethylene
80 F- - -
60 F = 10~ 2 &
40 . " L. e P
20 F = .
0 e 107 T
1.5 2 25 | | t .
Energy(MeV) 1 —— 2 B 3 e 4 —
Measured at 87°, harder than 90° Energy [MeV] /
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Formal experiment
Run I: MarCh’ 2024 scintillator

scintillator 7 Neutron and gamma
spectra measurement

D-D source monitoring

scintillator

=

D-D source monitoring

Run |

Run II: July, 2024

Migdal detector Il

Run Il
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Experiment Setup

\

by Ground Noise £
/ Reduction

CAN Bus
L N

110.00

110.00
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Data taking

frg 14 T ; L i B S S b B S b B e b B e e m | _\ e —F- Relative Gain K \
o * Migdal Detector ._: £ : i i : i 4 ’E
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Data taking

[an)

LIJ B | T T T T I —

o = i

5 0.1 B —— Hydrogen (H) ]

| —— Helium (He) i

= —— Carbon (C) -

0.08 — Oxygen (O) -

0.06 — —

L || o

0.04 —

0.02 —]
0

1000 2000 3000
Energy (keV)

Recoil kinetic energy distribution

~ : =TT T T T T
o 5|8
(:]_, 10 j.'al —+- Data — Total
~ % "H_ZIA1  He_Z2A4
‘E 10* \ — C_Z6A12 — O_Z8A16
Q) \
>
10}
10°
[, P R Ny i’!hi!is. It | —
0 500 1000 1500 2000
dEdX
dE/dX distribution

» The recoil energy range of different nucleons is mainly in the interval of

hundreds of keV to MeV.

 Different nucleons exhibit differences in their distribution peak positions, and the
total contribution curve shows a good fit with the experimental data.
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Al-assisted event selection

Eal
Data Vele : NR : ER : Vertex cut
preselection reconstruction reconstruction

Inspired by MIGDAL collaboration’s work: 10.1103/PhysRevD.111.072004

YOLOv8 2\ —
A Training 3 1750
Labeling - B £ g 1e 1500
{
Dataset  Train Valid . i | _ 1250
Fe 3000 1493 |« zi ff . 5 1000
Exp ,tl gf - =
D'D 2994 1354 | ﬁ - f.".——""jl -750
®__ Fi
ER 1200 301 | \j" . 500
Slm i ER I g
NR 1200 301 i I g i ° 250
Total 8394 3449 / " " ko 0
I),"r-"f' ll' True
- 4 L *1 https:/github.com/ultralytics/ultralytics
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https://github.com/ultralytics/ultralytics
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.072004

Al-assisted event selection

YOLO™ NR ER

Data , : : Vertex cut
preselection reconstruction reconstruction
1. Search for the NR vertex through recursive iteration: - -
ADC-exp (d/dy) i R A AR
: (@) g (b) 1
(XO’yO) > (Xn’yn) 60 60 =5
2. Fit the NR(direction, diffusion o) and remove it from thel ~ * 3 Ja
image. FOF op L E
%303— o suf- i 1T =
3. Search for the electron vertex using adaptive cutting oF 5 " T
algorithm. : M D 1
10} 10 ﬂ’;,/ E
4. Determine whether the electron vertex is adjacent to e oOE' s s b e Los g
the nucleon vertex. B el el
R = <0.5
LER
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Background

Background Component Description
Recoil induced 6 ray 0 electron near NR track origin
Particle Induced X-ray Emission
X-ray emission Photoelectron near NR track origin
Auger electrons Auger electron near NR track origin

Bremsstrahlung processes

Quasi-Free Electron (QFEB) Photoelectron near NR track origin
Secondary Electron (SEB) Photoelectron near NR track origin
Atomic (AB) Photoelectron near NR track origin
Nuclear (NB) Photoelectron near NR track origin
Random track coincidences Photo-/Compton electron near NR track
Muon induced 6 ray 0 electron near NR track origin

Gas radioactivity
Trace contaminants Electron from decay near NR track origin
Neutron activation Electron from decay near NR track origin

Secondary nuclear recoil fork NR track fork near track origin .




Recoil induced 0 electron

—— Fit: y = (2.89e + 04)e!~4.80e +00)x
10? 4 I Data with Error Bars
R W . . - =
> & ] 4 E .
g%¢ H E I
> 5 E‘ : g 10° 4
5 4.5E 3 4 10° 4
8 4F : " 107
35F ,
K 8.715 3E = 10 A 15 2.0 25 3.0
EslkeV] = —=FE,[MeV] 5 = 6 ray Ek [keV]
(1+A)?2" 258 ¥ )
2:_ . 10 Z 25F T T T T .
§ § 8 C Prob 0.4509 ]
1.5 3 E O 20F 5(1) oomios
{E | - 1 C ]
- 2 0 1 2 3 IsE 5 ray ;
el L P O T T s -y 9‘-:_"!:* Hadron Energy [MCV] N Exp fitting (Integral: 0.59 +/- 0.40) -
T —————————— Only H has the & electron > 5 keV. 10f -
- Exp data
SE p
: : .. SR B .
e Consider the selection efficiency for &-electrons. > % 9 . ke\}o

No 0 above 5 keV were found.
Estimate by extrapolating from
the exponential fit 56

e Finally get: 0.035+0.023(stat.)



Particle Induced X-ray Emission (PIXE)

m
rd td

PIXE step 1 PIXE step 2

—8s Oxygen electronic configuration

D
»

. Label Orbital eV [literature reference]
. K 1s 543.1 [2]
o - L, 2s 41.6 [2]

Schematic electronic configuration of oxygen.



Bremsstrahlung processes:

N’

Quasi-Free Electron Bremsstrahlung, Low The electrons are scattered in the Coulomb field of the recoiling ion.

QFEB

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.

° E}_}
SEB w<l,=m,—;
@ W ”Ip
E
T, <w<T,=4m,—:
m,
2maZyv,
L << Wag = :
(ZPZT mf(l r mF.ZT ))11;4
mr
WAB <W < WNB = EP’
mr +mp
CYGNUS| 2026, Tim Marley 58


https://indico.global/event/15704/contributions/142330/attachments/67213/130282/CYGNUS 9 - Characterising Backgrounds in the Search for the Migdal Effect with gas TPCs.pdf

Bremsstrahlung processes:

104 g

Y LA 10 T
= : — ares 1 Expected number of bremsstrahlung photons with energy >5
107 ¢ —— SEB 3 105k —— SEB 3 Oy .
- g R —as | keV per million nuclear recoile:
3 — M 3% U — M 1 “Expected XRay /IMNR | QFED SEB AB NB
- 107 i i ARV P H 685x10 11 515x10 10 7.95x10° 239x10 °
6= 90° g 6= 90° ’ - He 518 x 10712 875 x 10711 4.96 x 1076  9.15x 107
g 407 g 10k C 121 x107% 599 x 1077 216x107% 6.54x 107°
= = @) 6.51 x 107  4.09x 107" 6.84x107* 1.76 x 1073
s 10 o 109}
&[5 R H 313 x 100 102x1IF™ 630xTM0 Y 225 x 0™
10-10p 1010} C He 3.68 x 1071? 272x10717 749x10°1' 1.36x 1073
: C 561 x 10719 150 x 1071 1.46 x 1077  6.25 x 1072
108 g e e I I 1y 3 4 516 0 910 11 12 13 14 15 O I 14107V 119x 1077 186 x 102
w [keV] w keV]
T T GEANT4 simulation for potonelectron
—— QFEB I —— QFEB
10% g — sEB 1 107 — SEB 1
- AT . : — Background Photoelectron / 1M NR QFED SEB AB NB
L 107 T L 107 e I3 PAF % I0® 185x 10 ° 48 x10> 408xnl0 T
B i n 8 o — ] - He 2.02 x 10716 3.33x 1071 1.79 x 10720 1.92 x 1011
5, o e g B | C 3.09 x 1071% 258 x 107! 6.71x 107 523 x 10710
3 10° P % 105} et O 2.86 x 10713 1.72x 107'!  3.08 x107% 2.64 x 1071°
: g H TI0x 10 22 296 x 10 2T 239x 10 ™ 292 x 10 7
8 10° £ 10°%¢ o He 1.62x 1072 925 x 10722 1.95x 1075  3.00 x 1078
B 107 <107 s 22410720 391 x 10718 512x 10712  1.06 x 10~
s L 0 1.34x 1072 475x1071® 451 x 1072 1.95x 1077
108 10°8¢
10 g S I T R S T 5 16 05 6T e o 0 Il 12 15 14 15 16

w [keV] w [keV]
The bremsstrahlung radiation induced by 2.5 MeV
proton for differential target: H, He, C, O

Bremsstrahlung background is negligible.
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Radom track conincidence
Method 1: n/y spectrum measured by LS + GEANT4

? | E I N [ O s B O A B %\ 0.08 z_ % & o LW w %o &g
-m Geiendce 2 Gamma spectrum g ok Neutron spectrurﬁ E
Q 10-1 Q - E_ | _E
- — 3 006 Mean 2.497 £ 0.003 y £
4.32x107° 1.06 x 107> - 0.05 Sigma  0.05408 + 0.00497 i =
e 0.04 B
I 1 606x107° -~363x107® F'- . 0.03F CL
EY e 0.02F y &
1l 1 311x107° 715x107" .l L — 001 . I B
E S Emin B BES T B 8 kd o o B i P D o= HEP A R A PP
" ) 3 4 1.5 2 25
Energy [MeV] Energy [MeV]

* The expected background contribution of the 3 components in total is: 0.16+0.01(stat.)



Ra

dom track conincidence

e Method 2: Estimated from Data

[u—

0.9
0.8
0.7
0.6
0.5
0.4

Circularity

0.3F
02E

e Get the number of electron tracks within the 5-10 keV energy range that appear in the
same frame as the nucleon tracks.

e Considering the accidental coincidence of NR and ER with a vertex selection efficiency,

e the final expected background value is 0.180+0.022(stat.)+0.042(sys.)

glo'l?llllllllll =
E 0 ————t— -
L L | — a
E o - | =
2 5 107 =
3 gﬂ The results from the liquid
o scintillation + GEANT4 are
E A e 2 107 consistent with the data
E N a — obtained from the Migdal
aneomErs I EnvGamma_Computon detector.
1 0—4 ] NGamma_Computon
I SingleN_PhotonEle
. o TR B [__] SingleN_Computon
5 10 15 | Method 2 data

dE/dX [keV/mm] 5 6 7 8 9 0keV )
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0.0 /;
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The detector's alpha decay countrate  1he gecay 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 219Pb.

B decay Dbetween 5-10 keV
contributed by the 222Rn decay chain:
e (7.25£0.94) x 1077 /s

Combined with the natural
abundance values of the working
gas:

« (3.34 £2.71) x 106 /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.
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Secondary nuclear recoil fork

Primary nuclear recoil Secondary nuclear recoil

.._.."- e ,&’
b ‘x‘““ ,0’“
- - & ¥
6x10 o~ ‘A‘(‘ &
" **
e

e Definition:

. s +*
. ‘Pr‘rﬁyNR vertex / ‘ * U 5 e .f...., .‘(‘A“::‘.‘QQ
x107 “‘A‘ ”.6'
. ; = A T
[ ] MethOd: \ QESautlereeTenc(t)f:~llizke track 2x107 K“““A‘ y"“’ ___.“_ Ee
/‘ : 0
e 1.Using GEANT4 to simulate the primary 7 —
nucleus spectrum. . | | | | B
. . 2 g
e 2.Using TRIM to simulate the cascade = ;[ g
. . = E S
process of primary nucleus in the gas. g 2
. . . 8 p2U —
e 3.Selecting nucleus with deposited T e
energy in the range of 5-15 keVee base, ol — i
on the quenching factor (QF). E — ] = __
e Comparing the qualified secondary lo[r 02 04 06 0s 1 04' R

98% electron tracks remain. Secondary nuclei
background nearly eliminated.

Energy cut H He C O
E / keV 5-16 6.5-17 10-25 12-30 Another notable distinction: electrons

exhibit a significant Bragg peak.
Qualified secondary particle table -




Background

Background Component

Description

Expectation value (5 - 10 keV)

Recoil induced 6 ray
Particle Induced X-ray Emission
X-ray emission
Auger electrons
Bremsstrahlung processes
Quasi-Free Electron (QFEB)
Secondary Electron (SEB)
Atomic (AB)
Nuclear (NB)

Random track coincidences

0 electron near NR track origin

Photoelectron near NR track origin

Auger electron near NR track origin

Photoelectron near NR track origin
Photoelectron near NR track origin
Photoelectron near NR track origin
Photoelectron near NR track origin

Photo-/Compton electron near NR track

0.0350.023(stat.) & 0.0068(sys.)

0.180+0.022(stat.) = 0.042(sys.)

Muon induced 6 ray 0 electron near NR track origin 0.013
Gas radioactivity
Trace contaminants Electron from decay near NR track origin 0.001+0.00087(sys.)
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.) 64
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Characteristic distribution of ERs and NRs

5 < <10 , > 35

70

/\-98%

MigdalER 4-10 keV k4 Migdal ER candidates
? #4  Migdal NR candidates

add

50

40

N /et

-90%

| 5.9keV 55Fe photon-e- | jr

data

o
o

iH]]ilII]III[IIIIlllllT}IlT\}]lil[T
o
1
1
1
\
\
AY
1
/
{
1
\
1
1
1
/
1
~
-

70%

70

Circularity

o
>

60—

50—

a0 > ! :

— A >
3 0.2 i ~ e

= :

- 1 1

==
-
s
——
-
-
-
-
-
—-_—
-

—_-_—
o

20

... Recoiled ion 95%

25%

20 40 60 80 100
dE/dX (keV/mm)

66



Cross section ratio calculation

ER bg
Mobs M obs
(n

- (SaccgNRSER Eé{s EES)
* Probability:  Pygio4a1(Ske V<ER<10keV, NR>35keVee)= 0
( ”tot ) SER "ot
« Parameters: face®NR
Efficiency/Count Statistical Error Systematic Error -3 ;_ _':-
0 0 0 -3.5 ;— ;
Ffficiency i 14.4% +0.1% +1.9% _4:_ E
29%(YOLO)*49%(vertx rec) . - -
=< - =
R 8.17 X 10° +903 +35880 5 i :
tot al -5 ;_ _;
ER 6 53 =
M s SE Min at n = 40.08 E
n' 0.229 +0.032 +0.043 6.5F : _ =
obs - Lt 5 5 ¥ ¢ 5 5 i
20 40 60 80
n
NR 2
Nmin — Nui/u 2 Ntot Nonin + —
- upper/lower bounds: AP = ‘/( ) + (%) = Result: 49728 x107°
Nmin Mot Mot '

Theory: 3.9 x 107>
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The total transition probability

-

The transition probability for ionization of an electron from an
initial state , to a final state with energy

Migdal of H Migdal of He \ / \
107 ]

_;\
S
H

£ T —e— Theory
0] [] -4 f
S| < 1074 H+H  Experiment
Ll w 107 T
k] K i
K] <
< <
o} (o R =5
o © o
1076 | [ T
= I |
L | L L 10—8 | I L I (] I 1
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Upgrade In progress

AT L

Topmetal-I1™ Topmetal-L
Chip size [mm?] 8 x9 17 x 24
Active area [mm”] 6 X 6 16.02 x 23.04
Pixel array 2R T2 356 x 512
Pixel density [pixels/mm?] 145 494
Power density [W/cm?] 2778 0.195
Topmeta|_|| TopmetaI-L Pixel gain [ V/e™] - 76.04
ENC [e™] 12.9 22.8
Readout mode Rolling Shutter Rolling Shutter / Sentinel
Time cost 2.6 ms/frame 0.73 ms/frame @ Sentinel

 6Xx6 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
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Upgrade In progress

500 e b
Sensitive area readout: : ;
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i |
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: e o _
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arXiv:2511.15130
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:1100: LI L B L LI BN 5-9 kev 300_—
Q F ] C
] 20t Topmetal-L E ol TOpmetaI-L —800
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405— = E 400
S0F B 100 |- 50%Ar + 50%CO0O,
20F ) Ar k Y - Topmetal-Il -
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https://arxiv.org/abs/2511.15130
https://arxiv.org/abs/2511.09863

Single-element Migdal effect cross-section measurement
a%Ar-b%CO.,/ EREPIEIBB0l dual-detector combined measurement

(Assum ,, >> )
Ratio of Migdal cross section to neutron- + 2 =—= HeMigdal (1)
nucleus scattering cross section:
Het  +2  =—— HeNR (2)
J— J—
= T = Ar Art +2 =% ArMigdal (3)
Ar t +2  =—F ANR (4)
_ rMigda eMigda
ngw " A A — -_
a,b gas composition ratio riAr P Ar Ar He He

nuclear neutron scattering cross section

flux

N Number of events
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Charge absorbtion

Tk
‘\
LY
=T
= b o
S NAY alpha calibation
2 ' © —
EXE \h £ 4008
P —% 3 =
£ o 4000 —
o + \1\\ : =
T 3500
b Ii\ N =
= NN 3000
- iu it . - —
= o
= S ‘-\\ 2500 —
‘T X, =
S \ - 2000 —
T -
3 N He/ms 1500 —
g’ = =
c \*\ 1000 =
E o8 Snitzer data \.‘ 500:_
-"; oo Stier etal. data — R
o~ 11 | T ) ]
S % 250 300
dE/dX
0 100 200 300 400 500

Kinetic Energy in kev

F1c. 4. Ratios He’/He™ and He?/He** for a helium beam
in a molecular hydrogen.
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Muon induced O ray

e Adopt Local Cosmic Muon Flux Measurement Results

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

e Set Nuclear Recoil Rate Benchmark and Calculate d-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 d-ray production to nuclear recoil as 1.85x10-5.

e Considering random track coincidence
e Include detector’s muon exclusion efficiency

Normalize to the number of experimental data points and determine that d-rays
contribute 0.013 events.
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Trace contaminants

e Other major trace radioactive elements in
the atmosphere include:

e In the Working gas the naturally Nuclides specific activity electron (5-10keV) Weight
occurring radioactive nuclides present 2R 10£1.0 Bq/m? 0.0188 0961
at natural abundance are:

40K 62.4+32.5 u Bg/m® 0.00220 7.02x107
e *H:(6.38+6.38)x10-8 Bq
210pg 50 uBg/m’ 0 0
e C:(4.58 £ 4.58)x10-% Bq
e B decay between 5-10 keV: R S 4 By Gt st
e *H:(2.29+£2.29)x10-8 /s ¥7Cs 1.75+1.09 44 Bq/m* 0.0172 1.54x107
e “C:(2.59+£2.59)x10-¢ /s 131) 20.89+34.43 11 Bq/m? 0.0172 1.84x 106
%o 0.63+1.56 mBg/m? 0.0323 1.04x10
85Ky 0.667+0.018 Bg/m3 0.0110 3.75x107
FAr 0.964 Bg/kg- Ar 0.00997 6.08x10™
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Merged Sentinel

Merged Cluster [2(Particle), 1(Electron)]

Individual Frame 1/1 [l1=Electron] 10:11:06.173

« Prev 1 T

GMCP ADC

Entry 2785 / 3417 MergeCount = 2

SenTopL 2026-06-18 10:11:06.169
TopL 10:11:06.169

Merged Classes:
@:Pactigle 1:Electron

—a-Coincidence —
GMCP ADC 4095
GMCP Time 10:11:06. 168
Time Diff  -0.898 ms
Window 2 triggeris)

GMCP Time Window

[ [ | [ [
-4 -2 0 2 4

Time rel. matched GMCP (ms)

MNext » Go: | 2665




