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e The approximate treatment of the Original Migdal’s method

Nuclear rest frame, the electronic cloud state:
|(D’€C> — e_imeZiV.iq(DBC)

T Nucleus recoil

lonization probability : P = [(D} .| DL )|

« 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
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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

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

0 0.5 1 1.5 2 2.5 3 3.5 o 4.5
X [mm]



MARVEL Experiment-Detector

GMCP
Topmetal-Il

DD neutron source

Migdal topology

Electron Ek: 5.2500 keV, lon Ek: 0.2300 MeV
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20F

NR
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Development of the detector design

10.1088/1748-0221/13/06/P06011

2015-2018
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Detector performance

Energy resolution

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

E Energy Resolution(FWHM) 26.54
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Vertex resolution
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Simulation framework
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Neutron/gamma measurement

2. Generate the Response
matrix by GEANT4

https://qitee.com/schg_ucas/unfold-err

E E https://gitee.com/schg_ucas/unfold-multi
4.Do the unfolding
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Neutron/gamma measurement
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D-D source experiment
Run I: March, 2024 _—

scintillator Neutron and gamma

: spectra measurement

D-D source monitoring

scintillator

m

D-D source monitoring

Run |
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Migdal Detector Il

A Liquid scintillator |
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Run II: July, 2024
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Al-assisted event selection

*1
Data Moo : NR : ER . Vertex cut
preselection reconstruction reconstruction

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

YOLOv8 2\ —>
. Training B A
Labeling &, E & 1S 1500
Dataset  Tran Valid 1"'“ — :J 1250
. ;' ;.{:f
“Fe 3000 1493 ffﬁ ] / 3 1000
Exp k: rpg’ =5 13
D-D 2994 1354 i # ™ -750
§
- ER 1200 301 . ¥ E 500
Sim 3 = . 5_ 15 2 0
NR 1200 301 o - ] 2 -250
Total 8394 3449 Frg , e e R -0
y 11 True
f L *1 https://github.com/ultralytics/ultralytics
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YOLO*

. . VR
Al-assisted event selection MARTEL
cut

Data : N : ER : Vertex
preselection reconstruction reconstruction

1. Search for the NR vertex through recursive iteration:
ADC-exp (d/d,)

(XO!yO) > (Xnvyn)

2. Fit the NR(direction, diffusion o) and remove it from the
image.

3. Search for the electron vertex using adaptive cutting
algorithm.

4. Determine whether the electron vertex is adjacent to
the nucleon vertex.
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Background

Background Component
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
Muon induced o ray
Gas radioactivity
Trace contaminants
Neutron activation

Secondary nuclear recoil fork

Description

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 electron near NR track origin

Electron from decay near NR track origin
Electron from decay near NR track origin

NR track fork near track origin

Expectation value (5 - 10 keV)
0.035+0.023(stat.) =0.0068(sys.)

0.1800.022(stat.) = 0.042(sys.)
0.013

0.0010.00087(sys.)
~ 0
~ 0

Total background

0.22910.032(stat.) =0.043(sys.) 1




Radom track conincidence
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- Y Random ERs B EnvGamma_Computon
03E 1 0—4 ] NGamma_Computon deteCtor'
0.2 f [ SingleN_PhotonEle
. [__] singleN_Computon
1 5 L 1 i 1 10 1 L L 1 1]5 1 1 | Method 2 data
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« Method 2 expected background value is 0.180+£0.022(stat.)£0.042(sys.) 10



Migdal candidates
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Cross section ratio calculation

ER bg
"obs " obs
(n

£accENRE ER  bg
. accéNREER ObS-nobs)
* Probability:  Pyfig4a1(Ske V<ER<10keV, NR>35keVee)= e B o
( Mot ) SER Mot
« Parameters: raneeNR
Efficiency/Count Statistical Error Systematic Error -3 I

35F 7
Efficiency gER 14.4% +0.1% +1.9% _4:_ E
29%(YOLO)*49%(vertx rec) . C ]
< E =
AR 8.17 X 103 +903 +35880 5 Bl -
tot ;I _5 ;_ _;
ER 6 55F =
Hobs SE Min at n = 40.08 3
b 0.229 +0.032 +0.043 6.5 F- =
obs - . BT B SR | h
20 40 60 80
n
NR 2
Nmin — Mui/u 2 Mot Nmin +2 —
* Upper/lower bounds: AP = J( —) g (oemer) SRR Result: 4.9128 x 107
Nmin Niot Niot '

Theory: 3.9 X 107°
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The total transition probability

Z dp'(nl - E,) The transition probability for ionization of an electron from an

- dE, initial state (n, ) to a final state with energy E..

Migdal of H Migdal of He \ / \
1076

3
F-

— — — 1s
He . =
< < 1074 4  Experiment
Y Y10 ] T
T
10-8 ................ IR T S %)
5 6 7 8 9 10 £
E. (keV) E, (keV) It
1y 10-5
Migdal of C Migdal of O “%
1074} e o -
—~ 1078 C 2 __ 10750 O 2s | DE_ -
g » it * o
E) 10'6M E — all
g 107 ] o 1078 4
5 10 5
g 109 %% 107 _ LAy
10—10_
, ; . ‘ 10 \ . . ‘ 5.00 5.25 5.50 5.75 6.00 6.25 6.50 6.75 7.00
5 6 i 8 9 10 5 6 7 8 9 ‘Il) Energv (keV)
\ E. (keV) E, (keV) \
Transition probability of each element Total Transition probability
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Upgrade in progress

PRI I

Topmetal-L

Topmetal-11— Topmetal-L
Chip size [mm?] 8x9 17 x 24
Active area [mm?] 6 x6 16.02 x 23.04
Pixel array T2 X7 356 x 512
Pixel density [pixels/mm?] 145 494
Power density [W/em?] 2.778 0.195
Pixel gain [/V/e™] - 76.04
ENC [e™] 13.9 22.8
Readout mode Rolling Shutter Rolling Shutter / Sentinel

Time cost

2.6 ms/frame

0.73 ms/frame @ Sentinel

 6x6 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

20



Upgrade in progress

SOO_EIIII

Sensitive area readout:
400t

: M Sensitive pixels
SRR 0] .
s, : B Readout pixels | ;
k= m » E range 200; 1
siiits 1 100:2 ]

100 200 300 100 200 300

arXiv:2511.15130
25 M) - DESKTOR-STNES Mol 527 SN 22087268 ot 1 350 —
- D-D source test, Nov.,2025 gy 100
OO v 5.9 keV 300
o] E ] C
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= 80F 3 250 |—
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70F  photonelectron E - > neutron direction| |
60F 3 200 — < 1600
S0F % E 1 atm, Fe-55 - 9%
: ] 150 —
40F E C 400
S0 E 100 |- 50%Ar + 50%C02
20 E Ar K 30 keV - Topmetal-l| -
et F G-t Ke 50| 0.75 atm
% 20 a0 60 80 100 : | | | | |
. 0 el el B 0
arXiv:-2511.09863 X [pixel] 0 100 200 300 400 500 .




i+ Class 0: Discharge

MARVEL-IIl pilot experiment

Add collimatior N—
Counting Rate vs Time (bin = 300 s)
+ Class 2: Particle

D-D Source - ¢ Class 3: Noise
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MARVEL-IIl pilot experiment

Unfolded Neutron Spectrum

X

—_

o
w

1800

Counts

CsJL]LJ T[ITT[ITTITT T

1600

Backscatter (1.0-1.6 MeV):
1400

3.33% of total w ok

1200

1000

800

600

400

200

—

| 1 | 1 1 1 | 1 1 1 | | | | l | | | I | | 1 | 1 | 1 | | 1 1 l
1.2 1.4 1.6 1.8 2 2.2 2.4 2.6
Energy [MeV]

Back scattering neutron decress from 20% to 3%.

Use Csl + PMT to measure gamma to get better resolved spectrum.
Spectrum unfolding is underway. 23



Time conincidence

NR tracks
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Hint for lower threshold?

GMCP Time Window

With only few thousands NRs we
get new hint?
Due to better position resolution

L] ! 1 ! 1
-0.2 0.0 0.2 04 0.6
Time rel. matched GMCP (ms) 25



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 4.9%%2:§ x 10~°, 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/V@L e Shell-resolved Migdal effect measure.

e Migdal effect angular distribution measure.




DM-nucleus elastic scattering

Non-relativistic elastic scattering

_ Mmpymy
4 Eiec A "= mpy + my
2.2 2.2
1% 2u-v
E, .= a (1 —cos0O) < a
N my

mpy = 10 GeV/c2; my = 131 GeV/c?; v = 220 km/s
Eroc < 0.7 keVy,

Nucleus

mN 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
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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 R
(DME,C,HgO)

Neutron: 2.5 MeV
Nucleus: hundreds of keV

D-D source monitoring
Electron: 5-10 keV

Nature 649, 580-583 (2026) 30




MARVEL Experiment-Detector

GMCP
Topmetal-Il

DD neutron source

Migdal topology

Electron Ek: 5.2500 keV, lon Ek: 0.2300 MeV

70F
suf
505
303

20F

NR

11



GMCP-Performance Stability

e Suppress the charge
accumulation effect

10.1016/j.nima.2023.168499

—s— 0h~17h: 154 Counts mm~ s

|HH‘H“E”H|H

——s— 17h~30h: 70 Counts mm? s™'
——a— 30h~41h: 31 Counts mm? s~
——=— 41h~54h: 13 Counts mm?s™

54h~65h: 6.1 Counts mm™ s~

GMCP Development — Hydrogen

i i g ~77h: 1.5 Counts mm? s
Reduction tech for Preparing Bulk § | = e 1
Resistance to Eliminate Charge NwEl 1 1 L : ,
A Iati D, OMCTorTeA o @ —
ccumulation ZomE T 1 ;
7t T i :
Bu|k ReS|Stance oes —— 0 Sk -
M:|....i...1i.‘..m."a".m..‘.i‘..‘i....|...|‘i. L j ---------- ].02_._. »
\‘ Original electron = FR S ';?mc (hsf e 'E = 1
- ) 0.98f
E’ 0.6_ 0.961 : : : -
- - IS U T [ I I I V0T T I 00 I I PRI O OO B [ IO
" Té L "'941 15 2 25 3 35 4 45 5
|—W . W' B 50‘45 o [—TypeA
Ms; | —s— 0h~7h: 140 Counts mm? s : T Type B
2 "'93 —=—  7h~15h: 63 Counts mm? s 0.2 o] — Type C
S oasp OMCPOfTypeB | . 45n-23n: 28 Counts mm? s* 3 — Type D
B ;Ll“EIeCtron ava]anc}]e —é DRE_ :2::32: 61: gz::: ::Q Z—' _l I | Y | I g pog | § § % 4§ T1"1."1 -Il-yrljelE'J || P | l T
flh.'is? 45h~57h: 2.1 Counts mm‘i}s‘f1 [' 0 l 2 3 4 5
"_7? ——s—— 57h~69h: 127 Counts mm™ s Time (h)
Type A TypeB TypeC TypeD TypeE 06sf |
=1 EPRTEPE PSPPI APETRAT APRE ) M I I
Hole diameter 50um S50pum S50pum 60um 30 um * T il S
Thickness 400 pm 400 um 300 pm 300 um 300 pm
Hole pitch 60pm  60pum 60pm 80pm 40 um

OGN rxists B sER  IEL BN = stability at different counting rates
Hydrogen reduction Without With With With Without
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Performance Stability/Gain

 low leakage rate and material LA - _ —
degassing rate specifcations 5 S N NN NS NN U N
- - 90%Ne+10%DME 1.1 atm -
sl2f R T
o +m i : -—40.§
g A “H* ' e T ‘
cathode, brazing tall seallng ultrasonic welding = F 4 _ f @ ¥ | — wile = 50%DME
. E b w44 LA T s i : H—8= 40%DME
s N 2 [ e Wt CRARNE | a4 I : = 30%DME
‘ ) — 0.91_; | 3 R W T [ - o " | —g— 20%DME
: : Q C - ' ! ; L _lap . - i— . —o——— o\ - 10%0ME
Shell and cathode, laser welding S S (PSPIPUTY. (T PSTTUTS EPSPPIT (POTUTOTT, I e g
0 50 100 150 200 250 300 350
Time (Days)
. - 10k
Long-term gain stability
1.1
Shell and base, laser welding - 7000900 joo0 " ii00 1200 1300
GMCP (V)

ceramic base, brazing

—

E _I...l‘.I-J‘..I-.l..‘L-I..‘L .l.‘l..-L"I-J.‘.1‘.1‘..L-l...l..’,..I‘.-l.‘l--L.‘I...LHI- > == g

0.0E+00 Low

Normalized Gain
[—]
5
h

0.9
L L {1y
i M _ 035
| ll 1”'””“‘ L L L L 14 L 1 L
@ 26 28 30 32 34 36 38 4 42
Temperature (°C)

Gain variation with temperature
Leak rate: ~7.6-" Torr-L/s 33



Spatial resolution

various gas mixtures:

He/Ar/Kr/Xe+CO,/CH,/i-CH,o/DME(C,HO)/CF,

-
S

2

]

40

g

Y position (Pixel.num)
»

=1

Y position (Pixel.num)

10%DME

GD 10 20 30 40 50 60 70

-
=]

2
3

2
2

'Y
FY

g

2

Y position (Pixel.num)
8

Y position (Pixel.num)

3
3

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

o

Parameter testing for various
gases and gas mixtures

20%DME
% 0 20 30 40 50 60

X position (Pixel.num) X position (Pixel.num)

50%DME
% 10 20 30 40 50 60 70

X position (Pixel.num)

high-granularity device

10.1007/s41365-021-00903-0

70?

_2 C Polarization
S0l direction

interaction

adaptive cutting
vertex reconstruction
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ER vertex reconstruction

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

0.08 mm)
\4

o

T

60

e Calculate the sign of, Mg, Mg =3, .., (d* x q),

determine the head and tail(Bragg peak) of the Incident direction

barycenter | |
\

Y pixel(every pixel
(8]
o
I

trajectory
e Slide a perpendicular line along the center of :
gravity, compute the second-order moment M, to 30F- gmmynn;'“'"i ,,,,,,

interaction point

measure trajectory curvature, and truncate at the

20i
point of maximum M, change for a straightened -
pixels [
path. M, = % (xn _xl)z +()’n _yl)z 10: ,
e Recalculate the center of gravity and its line for o il

the truncated trajectory to identify the X Pixel(every pixel=0.08 mm)

photoelectric interaction point and emission
direction. ” 35



Vertex resolution

copper plate 6.4 keV X-ray imaging with half the area shielded
by a copper plate
) pper p .
asE ¢ X-direction
Boltzmann function : 1 - Boltzmann function : = N
* . = - i - 4 } Y-direction .
PRy p4 | " J“T}‘z]lﬁ + p4 T F ‘
1+e(P2-x)p3 T 11+elP2-X)p 2 3.5 &
£ 3
—; 2.5 ¥
g LE
i 2 = 25 | 4
i/ ndf 421.6/57 i ndf 178.6/55 2 15F °
PO -15030 = 7.26 PO 5784 + 187.8 £ Ee.
El 8128+ 7.3 Pl 96.03 + 187.83 E
P2 41.87 =0.03 P2 45.86 = 0.03 05F : :
P3 0.5631 +0.0043 P3 -0.634 + 0.006 D:' - pospes ey ; . 5\ M '1; - 7| 3 ey .ﬂ X
P4 6906 + 6.7 P4 0.6784 + 0.3855 Energy (keV)
Y500 %10 2050 w0 s position resolution at different energies

Pixel-Y

“Cnrlslant 890.7 = 1.828 (b) 9005_ Constant  829.2 = 1.79
: = nEE,om 1 2 : I [Mean 41.82 + 0.003551 £ Mean 45.81 + 0.003565
L - - [ ] - L g . 9 EA" " 80(): o a 2.261 + 0. e
I 60—= o1 I i i -~ = .- -- ) H‘.‘{ : _'7¢ B{ijbigmd 2.533 £ 0.007552 700: Sigma 2.261 + 0.007214
| 1 [ E a
| g f £ 600E Ei
—6 £ 600} £ E 3
L i g 5 500 <
4 S 400 = 4005
0 3005
= - I
&3 200 200F
L 100
102030 40 50 e 10 010303040 50 8070
Pixel-X Pixel-Y
) spatial resolution at different positions
position resolution @ 6.4 keV

10 20 30 40

0 0 0 @ 10.1088/1748-0221/19/04/P04039 _




Energy calibration

2500

—— 8.0 keV - Topmetal F i /

Energy Crystal Incident Diffraction '
(keV) radiation angle(deg) '-"-'-’ _
298 Si(111) AgLg 41.6 -
451 S1(220) Ti K, 45.8
5.40 Si(311) Cr Ky 44.5
6.40 Si(400) Fe K, 45.5
8.05 51(224) Cu Ka 44.1 [ collimator 1 [ crystal ] collimator 2 |
0.3r
i 0.285 :
250005_ ----- 4.5 keV - GMCP _ zz:z_ | |
8 — 4.5 keV - Topmetal § sz : :
20000} £ ooz \ '
C <o 6.4 keV - GMCP JRT I — L o< 1/\/E
” . o & o16F i W=~ =
= 15000; e 6.4 keV - Topmetal "'”i
3 C 012} ?
3 L T E R Lini e 8.0 keV - GMCP A 3 I N
B 3 4 5 6 7 8
10000'_—

50003— g20005— /
e . . A 0 _I ' g 31' ::1 o | %1500E /
10.1007/s10686-023-09905-9 LB Bt = T OO //
monoenergetic X-ray platform
03” I4 HSI”(:I ",' IIS‘ 37
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Time resolution

- GMCP trigger : 100 Mhz (10 ns)

ATS04N Time diff between topmetal & gmep 7
: i ———— ,O ———— : _ Enves 119068
& T L e AR meag | TR TRIECRCE | E L e
1 s_can_ : " | o = gt p_osmon at o ¥ C
/U - :l . direction o . BE | . o]
| ‘n oo | [ 0 [
RS o = g": e il
Vhattom R4 Scanning w g4 e T8 f i 4000— —
P:Dsiticn at e . . 3 L [
T zlrgr:f;lr T P E S PO P T vy 2000:’
- : provided Topmetal timestamp I — . Fil
" by the GMCP timestamp+(0,2.592)ms % i 2 3 4 (e
:-r:-:ug FPGA |== ISE f.;n':lif;mp GMCP timestamp -(0, 2.592)ms 5 Ti ind
- A Data /e, ms lIimewinaow
Analog Signal transfer - deltaT = tpmetartomce+Pixel_order*500ns EEE T Nucl. Sci.. 70. 1288-1295
: i . ‘ rans. NUcCI. SCI. -
Topmetal trigger precision:2.6 ms/Frame - —
- °F 350 =) Entries = 11639
- —200 e - c = =
oF = eof - - i = 1558.82, = 261.98
¢ F - 2 - 1401
3 8 — 160 = F . 2500 F
= X c < 2 20
BT {140 a 40 08 5 b
5 —{120 - - T ° :
< r =] 30— 150 Q &) 80—
g 100 = & < E
2 6 7] - 3 60—
= F o 20f 100 £ B
© L 80 (o8 o @ r
2 5 60 > o 40
B o “
C 40 F PN T R BT B I A AT A . | 0 -
4 - 90 20 30 40 50 60 70 %0 1000 1500 2000 2500 3000
—"z‘;"'"f',""é""}""é”"é" 0 X position (Pixel.num) A t(ns)
GMCP event energy (keV) time resolution test results
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Events discrimination at same frame

A 70— = ' 3 ' ; "d Fa
60::' H5E o Scanning position at o -
scan : jdrtusiee s i3 signal arrival -

direction

Scannwng position at signagi il ! r i s '
arrival] provided by the — > P Ly )
GMCH timestamp s FHFEHS P . i

e ! Topmetal timestamp 101

uE ; 002‘ S o 20 a0 a0 s e 0

10 20 30 40 50 60 70

GMCP timestamp-(0,2.592)ms GMCP timestamp+(0,2.592)ms

GMCP Time vs GMCP ADC

= 400 ,
70 8 = 1 3 i i
- 5 30— i @ : :
- o USRS O O 0 L 10 . A O L L A -
o Fe-55 =t <THNE ! ! ! :
r O] — 1 I 1 1 I
E 300__....I.............. ................ [ R PR PEPPPETEPEPREPRE FEPTTRD E|....................... .......... lececnannansanshroasannannasnnnnas | P
50~ SE : ! i @ | |
= — : : 1 ]
- ® 250.._.........{ .............. feeeen : ................................ " ................................. RO D D T e Lt JEaale
40— — I ) 1 1 1 1
- — 1 : ! 1 : :
- 200:__:: ................................ : ............................... e Fe
30— = 1 1 1 1 I
Frame N - g - : | :
- @ 150__....= .............................. : ........................ ::: T S EEERRTRRPPRRRRR [
20 =R ! 1 i |
L B 1 ] 1
- 100__....| ............................. : ................................ = ............................... :. ................................. :. .....
W= = i I 1 I 1
C — 1 : 1 1 H : :
. ‘ ‘ ‘ I ‘ ‘ ‘ 50;.......: ............................. : ................................ :._... -“--.------“--t ......... : ................................. :....).
10 20 30 40 50 60 70 — 1 I 1 :
oW i V., | A 4 L .Y Y |
17.958 17.96 17.962 17.964 17.966 17.968

T, =17.96207 s ] M= T e m o 'GMC‘PTS(S)
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Detector performance

Energy resolution

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

E Energy Resolution(FWHM) 26.54

55F e

Energy (keV)

0.24f
0.22 : e S A S S5 3 s stk o)

e
3

0.lsf
l].lﬁf
I].llf

0.1 4 5 6

Good linear energy
response

« 20%-30% energy
resolution(F\WHM)

« Energy resolution follows

Energy resolution

1.05

—_—

0Oh~ 7h: 140 Counts mm~ 5™

7h~15h: 63 Counts mm?s™

15h~23h: 28 Counts mm? s
—=— 23h~33h; 13 Counts mm? s!
33h~45h: 6.7 Counts mm? s
45h~57h: 2.1 Counts mm? s
57h~69h: 127 Counts mm? s

——

{ GMCP of Type B

——

Normalized Gain
o 0
n

S
~
A

=
)

e
=
on

AII‘WHITITIH TT l} IHITTTI[[T”IH. l]lll

=l

T | P SRS B
30 40 50

Time (h)

i T |
60 70

&
)

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

the relationship ~ 1/VE /

response
- /

Vertex resolution

L ..10<. 'l I AW A o

- Constant 8292 + 1.79
£ Mean 45.81 + 0.003565
— Sigma 2.261 + 0.007214

Derivation

20

oo el
40 50
Pixel-Y

Ly n n
10 30

« ~200 pm vertex resolution

@ 6.4 keV
/

\

-

Time resolution

. e
Negative ;
Charged Clusters

'
’ G Analog Signa

Secondary | @

Charge Clusters -
Topmetal-L

v

- T Analog Signa
=
-

Entries = 11639
u=1558.82,c = 261.98

1000 1500

A t(ns)

2000 2500 3000

~262 ns time resolution
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DAQ system

Detector unit

FEE board

BEE board

HV board

Front-end
Circuit

Environme
ntal
monitor

Topmetal Front-end |
Sensor Circuit

Environme
ntal
monitor

Configure External Power |
FPGA crystals Management

CAN bus Connector |

Non- |
volatile Ethernet Transformer [N
Memory |

HV Board |
|

GMCP |
Feedback

Dividing
circuit

HV monitor

ADC &
Comparator

| HV module




Online Data Compression

trigger frame subsequent frame
Real-time comparison module Judgment & Cache
Current Frame
OO0 OEO;
FOBC 000 Ooo
(| G )
Write .“ N .
Command ! : : : -
L ] OO Ooo
Command : (| ||
dnceoe L o o o
é 5184 é\
* —— . s s S@p
S >Pixel B T Vi 4 - . 'G\f’fa% FIFO
' Previous frame T ! e X e
' T e : Save En‘ab‘- \ J
008 Oog e -
I:l D I:l D D ]:I E >Preset Singal Pixel Number
S | Y |
Access Memory :
Width:16 N | | B |
= | BHH BAA
0og Doos

10 20 30 40 50 60 70

complete track

Compression ratio: 10*
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Simulation framework
e .

_______ " STim_ulati;n_ 7
Simulation i Digitization
events
______ -

Source generator

: Calibration

Visualize .

/
& GEANT4

A SIMULATION TOOLKIT

| DetectorGDML: ./gdml/DetectorConstruction/gdml/Migdal det vO03.
xmi

2 OutputFile: sim Migdal Oxygen.root

3 AdditionalMACCommand: AddCommand.mac

5 PGType: Migdal

6 IonName: Oxygen

7 TanE: B

8 IonA: 18

% JTonPosstzgm: 0.0;:0.;0.

10 IonMomentumDirection: 1.0,0.,0.

11 MigdalRandomSeed: 2023

12 GenValidEvents: 1000

13 #Deposit energy 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

‘,/ 43




Simulation framework

Simulation
(CT T T | / https://qithub.com/ElsevierSoftwareX/SOFTX-D-23-00679 \

_______

! Checkandrefresh ©
- previous frame. ;| t
o, ELACIRERER, "1 TopmetalControl |

, Calibation . ¢/ S AT oTTT T T

B S—im_ulati;n_ O e File 0
\ — | Digitization > pmmmmmmmy
i Inputfile |
o -_———— g Neeeeeaeed
Visualize

] ]
\ files I i Insert imestamp of the |
______ 1 file and read it's events. |
A Topmetal
ER: 5.9 keV , NR: 300 keV pym—
Event 1
2 . Event n ' EventAction PixelCo ntrql
Simulation e g
Insert timestamp of each Performs signal ;
event and collects step attenuation & collection Plxel 1 Frame 0
information. Frame 1
Step0
Step1 StepAction PR - - :
Insertcollect | | Pixel 0
: Perform drift, diffusion, and - frames. /
- multiplication operations, I N ) ' :
- insert electrons’ timestamp. Filter
File 1 Output file

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

X [mi] k algorithm /44




Comparison of experimental/simulation results

\

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

0.08[
0.1 F F — EXP dE/dX
= £ 0.07— N
0.09 = e 0.08 :— " —e— Track Lenght Experiment | MC dE/dX
.08 ;_ + Exqpatiment . o .07 i_ ~&— Track Lenght Simulation N s }
0.07 :_ M Simulation — E ¢ 0 F
2 = Experiment Gaussian Fit 8 0.06 F 'g 0.05—
£ 0.06 e . B = - c E
% E Simulation Gaussmr.l Fit qc) 0.05- ‘g -
B 005 8 F g 004
g = T 0.04F = F
E 0.04F- E ¢ €0 03
2 = Z 003 Z T E
0.03 E F
0.02F 0.02- 002
0.01E- T 0.01—
g R TR T ok . = ol
00 400 500 600 700 800 900 1000 0 5 10 15 20 25 30 %_uu ol by b by by vy Ly a1 I
6.40keV GMCP pluse height JADC] Track Lenght[pixel] . [k%UVee fr:]?‘% 10 120 130 140
m e E : E = = B
0.04— ‘4 Liei Experiment ﬂff - (x x) (y y) Q.l‘_\" o EXP eccentrICIty
F P _t "‘ - .
0035 /%/ N— 2 —— MC eccentricity
2 0.03fF . Mmax — 1 2 44 2
S 2 T3 Moo + Moz + ) (U20 — Ho2)* + dui, | @
0.025 y 2
E E 4= l . [ =
S .02 : b
£ - min __ 3 2 g
Tl M, = = [p20 + po2 — \/(ﬂzo — Ho2)” + 4uy, | o
0.015F 2 2 £
= = S
0.01F =
0.005 f— 1072
88 082 084 086 088 098 092 094 096 098 1 -
Eccentricity L

111 | 11 1 | 11 I L1 1 | 1 11 | L1 1 I L1 1 ‘ 1 1 1 ‘ 111 I L1 1 ‘ 1
0.976 0.978 0.98 0.982 0.984 0986 0.988 0.99 0.992 0.994 0.996
Eccentricity
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D-D neutron beam experiment

,,,,,,,

15 m Neutron ) h '—a“ZhOU
Experiment N SN e o
Hall

Control

Laboratory
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. N\
Pre-experiment MARV-L
e

\Liiluid Scintillator

N
A\L \ Neutron generator

Topmetal-l| Cathode

Ceramic tube

GMCP

el 10
» 0.5
E
2 lonFiu:
! 8 0.45 }\ 80
‘% 0.4 Neutron beam Manits
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F 4 03 }L—H ]l HJ[ }l }[ ]l 60
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Neutron/gamma measurement

2. Generate the Response
matrix by GEANT4

https://qitee.com/schg_ucas/unfold-err

E E https://gitee.com/schg_ucas/unfold-multi
4.Do the unfolding
g g
: £ ~ 16000 E ‘ - ' =
V4 x , 14000 F 3
" \( Sfd t t Truth Energy (MeV) Truth Energy (MeV) . neUtron E
o etector. o ;
' 3 neutron gamma £ 10000 E
\ <\ : = 8000F c
\ -\ g 6000; 3
3. Neutron/gamma selection by PSD i 3
0.4 g 3 $0a 400 600 800 T000
03 10 Energy (keV)
1200 . 0
1000 ; 0.25 A : ' sl
g F 1 s a 02 = by gamma
@ 400F ] < 0.18 § '+
200 | 0.05F " 10 "E
" 000 o0 O TS T T T - it L . .
Peaklintegral (a.u.) Energy (keV) -0.05 5 | i i 05 1
-0.1E ARMMra LA A Ly A 1 Energy (MeV)
500 1000
Energy (keV) measured spectra
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Neutron/gamma measurement

Energy (MeV)

Counts

200 F

180

160
140

120
100
80

60
40

20

Measured at 87°, harder than 90°

10

Energy (MeV)
Correlation matrix

—— Gaus GRAVEL
Gaus MLEM
—— Plain GRAVEL
~——— Plain MLEM
—— CalSpec  90°

| T SO T S N SO

L35 2 25
Energy (MeV)

/3‘ 008 . . —‘\
£ ,o,£ Neutron energy spectrum | E
A E | E

0.06 . -
= Mean 2.497 £ 0.003 1 <
0.05F  Sigma  0.05408 +0.00497 ’ E
0.04 | =
0.03 4 E
0.02 i E
0.01F o VoS
* PR P Bt e IR B —
0 1.5 2 2.5
\_ Energy [MeV] )
ﬂ;\ | Eh S X Biad f AT LS T ET \
£ gamma energy spectrum
Q10 0.5 MeV: e+/e- annihilation
0.8 MeV: %6Fe
102 1.4 MeV: 49K
: 2.2 MeV: H in polyethylene
107 . &
1 0_4 e gt T N,
FE S e bl PR ol S
1 2 3 i

Energy [Me\/y
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Formal experiment
Run I: MarCha 2024 scintillator

scintillator Neutron and gamma
spectra measurement

D-D source monitoring

scintillator

L

D-D source monitoring

Run |

Run II: July, 2024

Migdal detector Il

~

Run Il
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Data taking

/

/r;! 14 T L B I E A S o B S S e S S S B e e B | ._\ 121 —¥ Relative Gain \ / \
b ! i ™ ™ E T T y T y T ™
c * Migdal Detector s 8 E M
g 12 5 2024 Run I Liquid scintillator | n 104 H\E_—I——H__I__E g 855 ' Presure rf A :
B g % Liquid scintillator I i 0 5= o Temperature (/ " : 1
- - N = E i | g
5 . c v flp= - = "
2 08 4? - 8 3 " i
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Data taking

m - l T T T L] I —
e, L. .
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Recoil kinetic energy distribution
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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

*1
Data Moo : NR : ER . Vertex cut
preselection reconstruction reconstruction

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

YOLOv8 2\ —>
. Training B A
Labeling &, E & 1S 1500
Dataset  Tran Valid 1"'“ — :J 1250
. ;' ;.{:f
“Fe 3000 1493 ffﬁ ] / 3 1000
Exp k: rpg’ =5 13
D-D 2994 1354 i # ™ -750
§
- ER 1200 301 . ¥ E 500
Sim 3 = . 5_ 15 2 0
NR 1200 301 o - ] 2 -250
Total 8394 3449 Frg , e e R -0
y 11 True
f L *1 https://github.com/ultralytics/ultralytics
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YOLO*

. . VR
Al-assisted event selection MARTEL
cut

Data : N : ER : Vertex
preselection reconstruction reconstruction

1. Search for the NR vertex through recursive iteration:
ADC-exp (d/d,)

(XO!yO) > (Xnvyn)

2. Fit the NR(direction, diffusion o) and remove it from the
image.

3. Search for the electron vertex using adaptive cutting
algorithm.

4. Determine whether the electron vertex is adjacent to
the nucleon vertex.
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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 9 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
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Recoil induced 0 electron

—— Fit: y = (2.89e + 04)e!—480e + 00)x
I Data with Error Bars
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No 0 above 5 keV were found.
Estimate by extrapolating from

the exponential fit 56

e Consider the selection efficiency for 0-electrons.

e Finally get: 0.035+0.023(stat.)



Particle Induced X-ray Emission (PIXE)
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Bremsstrahlung processes:

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
P
@ PhP w<T,=m,—;
& N, m,
P,
T, << Ty =4m,—;
m p
2maZyv, _
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mr
WAB <W < WNB = Ep,
mr +m,
CYGNUS|2026, Tim Marley s




[barn-sr !.keV ]

dao

dwdf)

emsstrahlu

—— QFEB
— SEB |4

— AB

— NB 1

Target: 'H

E,=25MeV 7}

p

g=90°

[barn -sr ! -keV ']

do
dwd)

8 9 10 11 12 13 14 15

g processes:

T T

—— QFEB
—— SEB 4

— AB

—— NB 1

Target : *He

E,=25MeV 3

f = 90°

Expected number of bremsstrahlung photons with energy >5
keV per million nuclear recoile:

8 0 10 11 12 13 14 15

e

16

—— QFEB ]

— SEB
— AB
—— NB

Target: *C 7§

E,=25MeV ]
8=90

16

Expected X-Ray / IM NR QFED SEB AB NB
H 6.85 x 1071 515x10710 7095 x 107 2.39x 10~
He 518 x 10712 875 x 10711 496 x10°% 9.15x 107
C 1.21 x107%  599x 1077 216x 1072 6.54 x 107°
@) 651 %1077 4.09x1077 6.84x107* 1.76x107°
H 313 x1071% 1.02x1071% 630x1071° 225 x 102
He 368 x 10719 272x10717 7.49x10711 1.36x 103
C 561 x 10716 150%x 10713 146 x 1077 6.25 x 102
@) 362x1071% 144x1071 1.19x1077 1.95x 1072

Target: '*0 1
E, =25 MeV
=190

barn-sr ! -keV ']

10 11 12 13 14 1

16 10 11 12 13 14 1

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

GEANT4 simulation for potonelectron

Background Photoelectron / 1M NR QFED SEB AB NB

247 x 107 1.85x107* 485x107° 4.05x 10~1°

202 I0—% 338x10* 1MxI—® l192xi1pd
C 309107 S8k @AOx10? F¥xIp™
0 286 x 10713 1.72x107"  3.08x107% 2.64 x1071°
H LI0 =10 2egx10= 230 x 1™ 90 xI0°
He 163 » 10— 0,95 %10~ 19853 10—~ 3.00x 10"
c 284 %1072 301 k107 BI2xioT® Q06w 10®
O 1.3 x 1072 475 x107'® 451 x 1072 1.95x 10~ "

16

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

- 1 Zoosf L, S T T T

R 10 ST 3 [ =

432%1075  1.06 x 10°° 1 005  migm  wmscEsupeEr | 2

= 0.04 I L

[l 1 6.06 X 10_6 ~3.63 x 1078 1073 . Xy 0_032_ . T‘ _z
§ e 0.02F Lo

1] 1  311x107° 715x1077 . . 001E . PP .
Energy [MeV] Energy [MeV]

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



Radom track conincidence

e Method 2: Estimated from Data

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.)

[e—

> A T AT
g 09 = S =
= 9 e 3
= = | S S— -
o 0.8 g _ | I
= \—’—
o a i) A
QO 0.7 8 10 =
0.6 ‘5‘0
G
0.5 %Fe 3 10_3
0.4 A [ EnvGamma_PhotonEle
0.3 B EnvGamma_Computon
' 107 [ NGamma_Computon
0.2 I SingleN_PhotonEle
L L L L L L L 1 I 1 L L L D singleN_Computon
5 10 15 | Method 2 data

dE/dX [keV/mm] 5 6 7 8 9 0keV

The results from the liquid
scintillation + GEANT4 are
consistent with the data
obtained from the Migdal
detector.
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7\
N

20.0 nﬁ!:'
| T \ At

1550 B decay between 5-10 keV

. : Po - Po Po contributed by the 222Rn decay chain:
! AP, P, _ . (7.25+ 0.94) x 10-7/s
SRR )

{ Pb/; I Pb/; . Pb Combined with the natural

B W L W @ W abundance values of the working

251 a - ¢ gas:

~g « (3.3 £271) x 106 /s
T ; ; ; : ; Hg

Day 8.1 Min.

The detector's alpha decay countrate  1pe decay chain of 222Rn GEANT4 simulation of trace
radioactivity generating 5-10 keV

pseudo-Migdal events yields a

Assuming: selection efficiency of 11.4%

- All alpha rays are attributed to the decay chain of 222Rn.

The final expectation for the
background contribution from trace
radioactivity is: 0.001 + 0.001.

« The secondary nuclides with a half-life of less than 1 year
have completely decayed.

« Decay process ultimately ceases at 219PD.
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Secondary nuclear recoil fork

Primary nuclear recoil

o

— @ ‘pﬁa /
.\

Secondary nuclear recoil

. ‘ * Secondary NR vertex

N

Acquire enough E
Create electron-like track

e Definition:

e Method:

e 1.Using GEANT4 to simulate the primary
nucleus spectrum.

QF

_____

e 2.Using TRIM to simulate the cascade
process of primary nucleus in the gas.

e 3.Selecting nucleus with deposited
energy in the range of 5-15 keVee base
on the quenching factor (QF).

Nucleus Tracks per IM NR

——— Hydrogen
= Helium
Carbon

—— Oxygen

——— Electron (10000 Events) -

TR - el A 0 S ik i

e Comparing the qualified secondary 1
nuclei with electrons

Pl PR
12 14
Energy [keV]

0.4 0.6 0.8 1 T 10‘

Track Length [mm]

98% electron tracks remain. Secondary nuclei

H
- 16

He
6.5~ 17

C
10 - 25

@)
12 - 30

Energy cut
E / keV

() |

Qualified secondary particle table

background nearly eliminated.

Another notable distinction: electrons
exhibit a significant Bragg peak.
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Background

Background Component
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
Muon induced o ray
Gas radioactivity
Trace contaminants
Neutron activation

Secondary nuclear recoil fork

Description

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 electron near NR track origin

Electron from decay near NR track origin
Electron from decay near NR track origin

NR track fork near track origin

Expectation value (5 - 10 keV)
0.035+0.023(stat.) =0.0068(sys.)

0.1800.022(stat.) = 0.042(sys.)
0.013

0.0010.00087(sys.)
~ 0
~ 0

Total background

0.22910.032(stat.) =0.043(sys.) o4




Characteristic distribution of ERs and NRs

5keV,, < Ee <10 keV,,, E, > 35keV,,
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Cross section ratio calculation

ER bg
"obs " obs
(n

£accENRE ER  bg
. accéNREER ObS-nobs)
* Probability:  Pyfig4a1(Ske V<ER<10keV, NR>35keVee)= e B o
( Mot ) SER Mot
« Parameters: raneeNR
Efficiency/Count Statistical Error Systematic Error -3 I

35F 7
Efficiency gER 14.4% +0.1% +1.9% _4:_ E
29%(YOLO)*49%(vertx rec) . C ]
< E =
AR 8.17 X 103 +903 +35880 5 Bl -
tot ;I _5 ;_ _;
ER 6 55F =
Hobs SE Min at n = 40.08 3
b 0.229 +0.032 +0.043 6.5 F- =
obs - . BT B SR | h
20 40 60 80
n
NR 2
Nmin — Mui/u 2 Mot Nmin +2 —
* Upper/lower bounds: AP = J( —) g (oemer) SRR Result: 4.9128 x 107
Nmin Niot Niot '

Theory: 3.9 X 107°
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Single-element Migdal effect cross-section measurement
a%Ar-b%CO,/ ERHEIBBOl dual-detector combined measurement

(Assum ra,. >> 1y, )

Ratio of Migdal cross section to neutron- bocre + 2bopry = %NHeMigdal (1)
nucleus scattering cross section:
i o aoye + boc + 2boy = MNHeNR (2)
f : p(ENR)dENR f : p(ENR)dENR kgT
ri J_ do.i dE O'i aO-ArTAr + bO‘CTC + Zbo-oro — mNAergdal (3)
dENR NR
Ao ar + boc + 2bog = mNArNR (4)
Y gt
N B kgT ( ArMigdal HeMigdal)
gas composition ratio ATTAT ™ 6tIP\ a ArTAL AHeMHe
o nuclear neutron scattering cross section
0 flux

N Number of events
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Charge absorbtion
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: \ - -
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F1G. 4. Ratios He?/He* and He’/He*™ for a helium beam
in a molecular hydrogen.
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Muon induced 0 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 6-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 2201, 10£1.0 Bq/m? 0.0188 0961
at natural abundance are:

40K 62.4+32.5 1 Bq/m’ 0.00220 7.02x107
e °H:(6.38+£6.38)x10-8 Bq
3
e 4C:(4.58 + 4.58)x 105 Bq i eI 0 2
e B decay between 5-10 keV: “Pb 300 Bigfrn 0.328 8.38x10"
e °H:(2.29+£2.29)x10-8 /s e ¥ 1.75+1.09 £ Bq/m® 0.0172 1.54x107
“o 0.63+£1.56 mBq/m3 0.0323 1.04x10*
85Kr 0.667+0.018 Bg/m3 0.0110 3.75x10%2
Ar 0.964 Bg/kg- Ar 0.00997 6.08x10™
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