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MIGDAL searches for a rare event

where a neutron scatters off an atom 3.5
leaving an electron recoil (ER) and o
nuclear recoil (NR) sharing a <
common vertex. 3.0 =]
1)
MIGDAL observes “halos” in the 0,
camera, causing NRs to appear 2.5 <
brighter and larger vs what is +
observed in charge readout or =
predicted by simulation (Schueler et 2.0
al., Phys. Rev. D 111, 072004, 2025).
1.5

15 20 25 30 35

X [mm]
Optical broadening “halos” around NRs can obscure ERs sharing a common vertex.
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Hypothesis: Scintillation within GEM holes
allows some of the light to travel through the
GEM substrate (glass for MIGDAL) and exit other
holes, providing more light toward the camera
and broadening of tracks.

MIGDAL Simulations assume photons follow
electric charge.

Test of hypothesis: measure light emitted from a
single GEM hole.
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Image: Adapted from https://institut2a.physik.rwth-aachen.de/de/teaching/praktikum/Anleitungen/T08 20210310.pdf
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Glass GEM Thick GEM
PEG3 Glass + Cu FR4 (fiberglass) + Cu

Thin GEM
Kapton (plastic) + Cu
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Glass GEM Thick GEM
PEG3 Glass + Cu

M-Thick GEM
Ceramic + Cu

Light will clearly travel through GEM substrate!
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« Tape off single hole

* Drop glow-in-the-dark
phosphorescent paint/water
mix let dry

 Remove tape, check under
microscope confined to hole

« Charge paint with UV light for
S5 minutes

« Image for 30s — 10 minutes
depending on GEM

Scientific grade CCD camera model (Andor iKon-L 936) Gillon et al. used for exoplanet discovery around TRAPPIST-1 2016
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Glass GEM
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Slice Through GEM Holes ( zm)

Light travels through GEM substrate and exits neighboring holes. Hypothesis confirmed!

Light in a single GEM hole will create a multi-hole point spread function (MH-PSF).
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Thick GEM
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Slice Through GEM Holes ( zm)

MH-PSF depends on GEM substrate and geometry.
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M-Thick GEM
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Slice Through GEM Holes ( zm)

Even thick ceramic substrate will have photon transport!
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E;?%cyn(lg:\'/?em Geant4 Physics & Applications G ea nt4 (G EO m et ry A N d Tra Cki n g )

104 ' v =
A Monte Carlo toolkit for passage of particles through matter - experimental setup particle tracking

Geant4 Hadronic Physics HEP Applications

Hadronic interactidns involve three mairl regimes : high energy, with string Hieh Ensrgy Physics has bawn the flot domeln 1 Uas Ceents b production, Wit - 1 1 1 1 1 1
mode Gurk G S (05 ot 1) mermdte anry wih s 3¢ aBr xprimens. I sxarinnts bave boen s Gerid o oot eant4 IS a TooIKIT written In C++ TO create ivionte Cario simulations O
Fnuciear cascade mofiels (Bertini [BERT], §inary [BIC), and low energy, with design and are using it in physics analysis. Geantd s biso the simulation engine

Ferk breakun, G pie ot vk hodebs-and choice of the next generation of electron machines.

“radioactive decays. Ffom 20 MeV down to thermal energy neutrons are handled
by means of cross-sedtion databases, with thé High Precision [HP] package. A_

High Energy E C The CMS detector
Quark/gluon >
dominating + |
e - \
gs ! ? -

Iftermediate Energy
Nucleon
dominating:

behavior Q Responding to the simulation needs of the LHC era, ‘with the Higgs boson
ION hunting, had been the Initial motivation of the creatich of the proto-Geantd
A\ . N project, RD44, in 1994,

JASw

i the passage of particles or radiation through matter.

[ \ \\\
a ; \ Low Energy "\ Space Applicatipns
Nucleus Applications of Geant4 in space cover planetary scdle simulation for soil level

dominating media activation studies, soil composition through thzy re-emission, space ship

behaiior simulation for radioprotection and electronic single, event upset predictions,
% electronic chip scale simulation for accurate understanding of single event upset
eneration. It includes also underground, ground level or satellite cosmic ray

\ riments simulation.

Neutron simulation dowr to thermal efergles:

Planetocosmics :  simulation tool for planetary
scale particle transport. The red curve is a proton

Geant4 Electromagnetic Physics e tjecory n the Eait magne e radaion

Radiation effects on Tevel around a planet, at ground level, and with
The electromagnatic physics covers inferactions of gammas, muons and modeled with Geant n elated activated isotopes can then be predicted.
electrons, and ionisation of all charged particles. A “standard” package offers an N
suited for effects below,a few ~10 keV, : :

and a “low energy”! one provides approaches (Livermore, Penelope) for more
accurate modeling of atomic shell effects allowing simulation down to ~250 eV. A
very low extension, Geantd-DNA, includes particle-molecule effects for.an energy
limit of ~10 eV. The same approach is developed for silicon.

Very Low Energy
Atomic and molecular _|
\structures dominating =

ouresy of R Aeed (Vanderbit U

&
2,
S Geanta prediction f @

o= ..\

The simulation energy resolution (in %) In two sampling calorimeters compared with one ions
standard deviation measurement (ZEUS calorimeter : . Bernardi € et oL, NIM A, 262, 229-242,

(1987); G. D'Agostini et o, NIM A, 274, 134, (1989)))

Comparison of Geant energy loss models with ALICE test-beam data (0. Antonchyk et al,
NIM A, 565, 551-560 (2006); P. Christiansen et oL, Int. J. Mod. Phys. E, 16, 2457-2462 (2007)).

e e cier i Lrg irs oot U5, urcpe
Phys, 35, 4121, 2008), and Japak CPU perfonance boost allowed by Geant MT or&vspu prototype

- versions opRn the possib¥ty for routine usage in treatment plannigg. ' \
AQUITAINE DNA Scale Level Simulation B i : /A\

Project initiated by the ESA, in view of manned mission to Mars: it is a bottom- . d s 1 BORDEAUX 1 N . . .
up approach of doskmetry. Physics processes are extended down to a few eV, k £ I .
based on particle - molecule cross-sectiohs. The approach is applied also to 2 | . . .

) i
silicon, for accurate s|mulation of Single Upspt Events

— E=—f=1 Iy ‘ N Right: 500 photons simulated inside G-GEM hole.

o =
1 T
Proton beam line, range shifter and DICOM  geometry and
deposit simulations at HIBMC (Japan). The\ gk
i ] proton energy s 150 MeV. (TAso IEEE NSS \*
NA geometry model simulated : 46 Simulation of water chemical species migration 2007 N60-1) 4

hromosomes, 332k chromatine pieces,  accounting for eectrical mutual interaction after 3 50

0 miflons nucleosomes, 6 billons base  MeY proton Iradiation. Post Irradiation” chemical

attacks amount for ~60% of total damages on ONA.

trnl sl projectile de Broglie A(fm) B Poster: Makoto Asai, SLAC National Accelerator Laboratory

10 10° 10°

M Lawrence Livermore ; oENERGY ; x 4 . SI m u |at| O nS
Facilities Council off nce

National Laboratory




GEANT4 simulations can

recreate paint measurements

using 2 parameters; 100 -

1. the fraction of GEM hole :
filled with a cylinder of paint
(50% shown )

2. intensity of uniform light
from behind (2.6% that of
the photons emitted in the
GEM hole shown green)

Geant4 G-GEM paint + reflections
Geant4 G-GEM paint

Geant4 G-GEM isotropic point
Glowing paint in G-GEM measurement
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Paint is not representative of

:
charge avalanche. Nn[ T\rﬂ N
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Simulations validated to create 106 LLA w NV | | | UI_V [

realistic MH-PSF. 0 2 4 6 8 10
Slice through GEM holes (mm)
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45

Geant4 MH-PSF

500

From paint to realistic

MH-PSF.
: Garfield++ electron 950000000
production during charge sccsscesecsssscss
.. avalanche used as proxy for cecsseesecervecrcce
E : SETTTPNT . g . = °
> - scinti llation distribution. £ Bisaislalsiatalntalntainlntalntul 2
200 ] o E g
Scintillation probability © 000000000000000 0, =
distribution is used as § 0000 60000000000880. &
“  photon start locations for 208000008 80000 00000

Geant4.

-100

0

0 50 100 150
r [pm]

Garfield++ simulations by Max Gardner x on GEM (mm)
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Geant4 simulations can be extended to include FULL GEMs, (10cm)? active region with 147,647 holes and
surrounding solid glass/copper regions. Also the full MIGDAL detector with accurate surface boundaries/reflections
for all materials inside the gas chamber!

Full detector MH-PSF can be created!

1 photon 1000 photons

Aluminum
vacuum
| chamber _

Camera
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MH-PSF is applied to simulated particle tracks™* (“convolution”) to determine effects on observables.

Convolution of simulated particle tracks

1. Assign each image pixel to a GEM hole
(left image).

2. Measure the original scintillation
intensity in each source hole (middle
image).

3. Normalize the MH-PSF to that source-
hole intensity (right image).

4. Add the normalized MH-PSF outside

) ] ] . the source hole using Poisson

No noise or image processing example of convolving statistics.

MH-PSF with a simulated particle track. 5. Repeat for all GEM holes.

**Simulated particle tracks described in;
% 2 4 6 s % > 4 6 e 0 Arauijo et al. (2023) Astroparticle Physics 151, 102853
o mm Schueler et al. (2025) Phys. Rev. D 111,072004
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Particle Direction
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the interaction vertex for Gaussian fitting 0 ., . : ” - ” 0
to the track width and calculation of the e
standard deviation o. All measured after 0.4 F— . : T
. . . . Intensity @ Track width
adding real noise and image processing @ Number of pixels B o
used in real analysis. 8 c03f *
£s w !
. . -
Intensity increase up to 23% 52 0.2 %
NR track widths increase up to 31% § Y o $ 9 ¢ i
g2 |
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Correcting optical broadening

Convolution of simulated particle tracks

1. Assign each image pixel to a GEM hole
(left image).

2. Measure the original scintillation
intensity in each source hole (middle
image).

3. Normalize the MH-PSF to that source-
hole intensity (right image).

4. Add the normalized MH-PSF outside
the source hole using Poisson
statistics.

5. Repeat for all GEM holes.

Deconvolution follows the same physical model, but the original source-hole intensity

is unknown because the measured image already contains MH-PSF broadening and noise.
The first step is therefore to fit the original scintillation intensity of each GEM hole. The
fitted source intensities are then used to normalize and subtract the MH-PSF halo.

In order to fit the original intensity, a MH-PSF library is needed (MH-PSFs across the imaging
plane for each GEM).
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Creating MH-PSF libraries

2 stacked Glass GEM Simulation, comparing single hole scintillation from each GEM across the imaging plane

GEM-cam center GEM-cam +30mm x GEM-cam +17mmy GEM-cam +30mm x +17mmy
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Same images as 18, zoomed into each hole

GEM-cam center GEM-cam +30mm x GEM-cam +17mmy GEM-cam +30mm x +17mmy
central = 0.5861 | halo = 0.4139 central = 0.6429 | halo = 0.3571 central = 0.6954 | halo = 0.3046 central = 0.6388 | halo = 0.3612
3 r90 = 35.7338 mm 3 r90 = 2.4102 mm 3 r90 = 1.2052 mm 3 r90 = 2.4946 mm
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o
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-3 -3 -3 -3 -25 1
-2 0 2 -2 0 2 -2 0 2 g
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GEM-cath center GEM-cath +30mm x GEM-cath +17mmy GEM-cath +30mm x +17mmy | -2 i

central = 0.1871 | halo = 0.8129 central = 0.0018 | halo = 0.9982 central = 0.0419 | halo = 0.9581 central = 0.0016 | halo = 0.9984 %:L
3 r90 = 32.9692 mm 3 r90 = 6.8906 mm 3 r90 = 3.0169 mm 3 r90 = 5.4457 mm )
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Ay from source-hole [mm]
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o
R
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@
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o
@
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Ax from source-hole [mm] Ax from source-hole [mm] Ax from source-hole [mm] Ax from source-hole [mm]

Note the MH-PSF is position dependent AND orientation dependent! Particle tracks will have different halos depending on
their location in the camera and their orientation!
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How to determine the GEM hole original source intensity

Simple 3-hole example
Assume three holes in a row: 4, B, C.
Each hole contributes 100% of its own source intensity to its measured central-hole signal, plus 10% to the
nearest neighbor and 2% to the next neighbor. Measured intensities:
My =S5,+0.10S5 + 0.02S,
Mg = 0.10S4 + Sg + 0.105,
M. = 0.025, + 0.1055 + S

Matrix form:
M, 1  0.10 0.02]|Sa
[MB]=[O.10 1 0.10(|Ss
M. 0.02 0.10 1 IS,

MATLAB/Python solves for S,, Sg, S¢, requiring them to be non-negative (can’t have negative intensity).
(https://www.mathworks.com/help/matlab/ref/lsqgnonneg.html)

Those fitted S values estimate the original scintillation before GEM optical redistribution.

MH-PSF library provides exactly the missing information, for any given GEM hole the intensity contribution
to neighboring holes can be measured.
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https://www.mathworks.com/help/matlab/ref/lsqnonneg.html

Simulated 5.9 keV ER

MH-PSF Convolved MH-PSF Deconvolved

Adding/removing optical
broadening from simulated
particle tracks.

logig(Intensity + 1)

5.9 keV ER (top), 200 keV F (middle),
600 keV C (bottom). All shown after

@ s @ @ w 6 N omomo e s adding real noise and image processing

MH-PSF Convolved MH-PSF Deconvolved I4 used in real anaIySiS-

Simulated 200 keV F NR

Original image (left), MH-PSF convolved
image (center), MH-PSF deconvolved
image (right).

425

logig(Intensity + 1)

H2

I Same color intensity scale, different xy
1s scale (zoomed per track).

Simulated 600 keV C NR MH-PSF Convolved MH-PSF Deconvolved

logio(Intensity + 1)




Correcting optical broadening from REAL DATAI!! This is the same
camera frame as slide 3 with coincident ER and NR.

13

Real MIGDAL Camera Frame MH-PSF Deconvolved

125

logio(max(l,0)+1)

12

I15

18 20 22 24 26 28 30 18 20 22 24 26 28 30
X (mm) X (mm)
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Summary

Light will travel through GEM substrate and exit neighboring holes.

All GEM based OTPCs are expected to observe brighter and larger particle tracks vs charge measurements or
charge based simulations.

GEM optical effects can be modeled to characterize optical readouts.

Accurate characterization of optical readouts allow deconvolution methods to be created, reducing the effects
and improving the spatial resolution for particle tracks.

Paper is available on the arXiv (https://arxiv.org/abs/2604.27399) and accepted for publication with Nuclear Inst.
and Methods in Physics Research, Al

.'.

THE UNIVERSITY OF

NEW MEXICO.

(MIGDAL

CPAD 2026 Dustin Edgeman: dedgeman2023@unm.edu


https://arxiv.org/abs/2604.27399

Backup
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Inputs that constrain the fit

1. MH-PSF library
MH-PSFs across the imaging plane for each GEM layer.

2. Relative charge production per GEM
Determined with Garfield++. Changes in GEM gain can alter the combined MH-PSF
because the different GEM layers have different halo fractions.
Expected to be a relatively small correction because the GEM closest to the camera
dominates the detected light.

3. Charge diffusion between GEMs
Determined with Garfield++. Used to determine where contributions from additional GEM
layers are expected across the track.
Also expected to be a relatively small correction.
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convolved —original

Fractional increase = < > + 1 std

original

4,900 5.9 keV ERs, 4,000 fluorine NRs,and 6,500 carbon NRs. The simulated NR energy spectra are
uniformly distributed between 50 and 450 keVr for fluorine and 50 and 700 keVr for carbon, with the upper
limits chosen to approximately match the elastic scattering endpoint energies of 2.5 MeV neutrons in CF4.
The energy bin widths are from left: O for 5.9keV ERs, 35 keVee for the lowest energy NRs, 50 keVee for
all other NR bins.
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What is the secondary source?

1) Outside light leaking into experiment (will always have some light leak)
2) Reflections within experiment (old experiments with mirror-like filter

created bright reflections on GEM) \ d .

Experiment possible reflective surfaces

‘
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Geant4 handles photon position and IMAG E FORMATION

direction after leaving GEM surface Python / MATLAB handles disk intersection method for
determining which photons would hit a camera lens. For
each photon hit, the position at the GEM surface is used
assuming lens would focus back to that point.

Y 0 (photon angle
relative to +x)

Thin lens approximation™* (numbers matching MIGDAL):
Distance = 119mm
Radius = 14.7mm

Separating disk intersection method allows Geant4 simulation to be
applied to various experiment geometries.

**Complete ray-tracing for lens may not be possible due to proprietary
y[ complex lens systems used

g e

X
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   M A =  S A + 0 . 10  S B + 0 . 02  S C


   M B = 0 . 10  S A +  S B + 0 . 10  S C


   M C = 0 . 02  S A + 0 . 10  S B +  S C


   [      M A    M B    M C ] =  [     1  0 . 10  0 . 02   0 . 10  1  0 . 10   0 . 02  0 . 10  1 ]  [      S A    S B    S C ]


   S A ,  S B ,  S C
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