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n Muon is implanted (Bragg peak; depth given by momentum and density of material)
n Muon is captured by the atom in higher excited states around:

£ \/:pT

n Cascades down tog p while

emitting X-rays characteristic to
the element / isotope

n Muon is unstable and decays
or

n Muon is captured by nucleus
ne ' & (+~1620 MeV)

n Nucleus loses excess energy by emitting
(some combination of) n, p, ,”

5 PSI Center for Neutron and Muon Sciences 29.05.2025



PSI

MIXE Muon Induced X-ray Emission T Example: Copper

—~ 1000 _ _
o y (b) N E ‘rg é Delayed Spectrum
E 3 T 300+ =
800 — = g N 2
o ) $200 = g2
0 9 e
~ 600 2 2 © ol
[ N o 3 @100] 4 &
= ' N S 2o 5 ﬂ
Lf) 400 - ¢ N % g g 8 0 JL_ .."lvl,‘!f"'...."";h PPV WPTRRPRL i e o
. A d — o ] T T T T . l : . |
=) J 3 . 0 1200 = 1400 1600 1800 2000
N ', -
\T ' ' 3 Energy (keV)
I" N I" O-) - -
£ 2007 < 2 3 S 5 63
5 o - < o o o
= 1 v / | O (e} — <0
/ | - ® o 0
3 e X T N AN
g e A P b ]
@) 0 -
I L] I L] I 1 I T I '

1200 1400 1600 1800 2000 2200
Energy (keV)

6 PSI Center for Neutron and Muon Sciences 29.05.2025



MIXE Muon Induced X-ray Emission T Example: Copper

X-ray cascade:
prompt, ROI: <100ns
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X-ray cascade: Nuclear Capture and

prompt, ROI: <100ns subsequent decay:
\ delayed, ROI: >100ns
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Swiss Spallation Neutron Source SINQ

Swiss Muon Source SpS &
Swiss Research Infrastructures for Particle Physics CHRISP

Ultracold Neutron Source UCN (CHRISP)

Proton Irradiation Facility PIF (CHRISP)

Radionuclide Production (IP-2 and SINQ)

High Intensity Proton Accelerator
590 MeV proton energy

current up to 2.4 mA (1.4 MW)
approx. 2x104 relative losses

~20% gridto-beam efficiency



SuS: Swiss Muon Source (+CHRISP for PP) PSI
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SUS: Swiss Muon Source (+CHRISP for PP)

Target M(mince) T 5mm graphite

designed for~ production (low rate)

" M3: 1040 MeV/c (surface) jifor uSR
" M1: 10-300 MeV/c A ple for tests/PP
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SHS: Swiss Muon Source (+CHRISP for PP)

s e S LAl Target E(epaisse) T 40mm graphite
designed for~ ghproduction (high rate)

" E5: 20120 MeV/c high rate |for PP

ME4: 1040 MeV/c it for LEMT uSR and PP
" E3: 1040 MeV/c (surface) fdfor bulk uSR
' E1: 15-60 MeV/c p for uSR, PP BIIXE

UE1: 60-120 MeV/c u for uSR MIXE (2028)

designed for~ production (low rate)
" M3: 1040 MeV/c (surface) jifor uSR
" M1: 10-300 MeV/c A ple for tests/PP
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MIXE Muon Induced X-ray Emission T Beamlines: " E1

A — High intensity * WHIJ¢ 0 0 RUIJLWE q
R WGl VT 2 #aRY 0 Navichdebayal i 2
;” 10 //,r PR n typical i" momenta: 15-60 MeV/c
s / implantation depths: ~10um to ~cm
{“’m”s "ol Rates from 13 up to 10 p¥s on target
Target E e P | n close to ideal sampling rate (cont.!)
|

Momentum (Mevic) m[ YI KOq6 3Ky ¢ 2 131 ¢ NI1J CIO
enough statistics within ~1 hour

All past MIXE campaigns hosted atE1.2
N non-permanent installation
n so far ~3 weeks beam time per year

Spin
Rotator
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n (cold-bore) superconducting decay solenoid
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High intensity pu beamline at target E

n (cold-bore) superconducting decay solenoid

n typical i" momenta: 60-120 MeV/c
Implantation depths: ~mm to ~10cm

Rates from 10 up to 10° u¥'s on target

Dual configuration: U (GPD) and Z (GIANT)
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PSI

High intensity p beamline at target E
n (cold-bore) superconducting decay solenoid
n typical i" momenta: 60-120 MeV/c

Implantation depths: ~mm to ~10cm
Rates from 10 up to 10° u¥'s on target
Dual configuration: U (GPD) and Z (GIANT)
Future beam-ine for MIXE
n installation during 2027/2028 shutdown (HIMB)
n high momentum / high rate studies (degrader)
n shorter’ E1 campaignfor low mom. / high res.
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GIANT. Germanlum Array for Non-destructive Testing T Overview

Modular Setup
n up to 8 freely rotating armscurr. 5)
n up to 4BigMacHPGeper arm
n up to 30HPGedetectors (curr. ~12)

n shared with PP ihuX, ReferenceRadij
~8 O~E Negklds tbiklds. vogiatzi
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GIANT. Germanlum Array for Non-destructive Testing T Overview

Modular Setup
n up to 8 freely rotating armscurr. 5)
n up to 4BigMacHPGeper arm
n up to 30HPGedetectors (curr. ~12)

n shared with PP ihuX, ReferenceRadij
~8 O~E Negklds tbiklds. vogiatzi

Reproducible positions and angles
Fully movable as a unit

n final setup time ~6 hours
Fully automatic LN2 cooling system
Twin sample station in control room
n roughly 5 min sample change
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GIANT. German lum Array for Non-destructive Testing T Tagging

Tagger 8Beamport (developed formuXexperiment)

n BC-400 plastic scintillators (Counter and Veto)

n reduces uncorrelated background

n allows for discrimination of nuclear capture events

n 10um titanium foil window to sample ¢10cm air gap)

200 pm @ 18mm
H-counter active Veto
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' PSI

GIANT. German lum Array for Non-destructive Testing T Tagging

Tagger 8Beamport (developed formuXexperiment)

n BC-400 plastic scintillators (Counter and Veto)

n reduces uncorrelated background

n allows for discrimination of nuclear capture events

n 10um titanium foil window to sample ¢10cm air gap)

Upgraded version (2025)
n Much larger active area<{7x7cm?)
n Matching Window @7cm) 150 m Mylar
n Same overall material budget!
. n Optimized shielding to reduce BG
200um @ 18mm T AN n Striped design (10 individual channels)
H-counter active Veto el i e n Allows higher tracker rate (see Part IV)
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Archdologische Sensation

Pfeilspitze vom Bielersee ist aus Eisen aus

dem All

Ratsel um eiserne Pfeilspitze aus Bronzezeit gelést: Das Material

lieferte ein in Estland abgestirzter Meteorit. m_ X
‘an ‘e’
| minuten

Prahistorische Pfeilspitze vom
Bielersee soll aus Meteorit sein

Am Bielersee ist im 19. Jahrhundert eine préhistorische Pfeilspitze gefunden worden.
Nun steht fest, dass sie aus Meteorit besteht.

Diese Pfeilspitze ist nicht von die-
ser Welt
F hende haben h gefunden, dass eine b itliche

Pfeilspitze aus dem Bernischen Historischen Museum aus
i Eisen hergestellt wurde. Laut Museum ein

«extrem seltener» Nachweis.

Forschende weisen Herkunft nach

Priahistorische Pfeilspitze
vom Bielersee aus Meteorit

hergestellt BZ
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Archdologische Sen

dem All

Eisen aus dem Weltall Bronzezeitliche Pfeilspitze aus |

Meteorit entdeckt TAGESSPIEGEL

PfEilspitZE Schweizer Forscher haben bei Ausgrabung einer fast 3000 Jahre alten Siedlung eine Pfeilspitze
entdeckt, deren Material offenbar aus dem Weltall stammt. Der Fund ist tiberaus selten.

Eisen hergestellt wurde. Laut Museum ein

SELTENE KOSTBARKEIT

Bronzezeitliche Pfeilspitze aus
Meteoriteneisen kam von weit her

Eine 2.900 Jahre alte Eisenpfeilspitze aus der Schweiz wurde erstmals genauer
untersucht. Sie kann nicht aus der Umgebung stammen, sondern kam vermutlich aus
Estland

Prahistorische Pfeilspitze vom .
Bielersee soll aus Meteorit sein

Rétsel um eiserne Pfeilspitze aus BFU" DERSTANDARD

«extrem seltener» Nachweis.

Bronzezeitliche Pfeilspitze wurde aus
Meteorit gefertigt

Im 19. Jahrhundert fanden Fachleute bei Mérigen eine Pfeilspitze aus der Bronzezeit. Nun
steht fest: Das Material dafur ist kosmischen Ursprungs. Eine Spur fiihrt zu einem
Meteoriteneinschlag in Estland.

GESCHICHTE UND KULTUR

Bronzezeitliche Pfeilspitze aus Meteorit-Eisen

Vor etwa 2900 Jahren fertigten Menschen in der heutigen Schweiz eine Pfeilspitze aus Eisen - und nutzten dabei laut aktuellen
Untersuchungen kosmisches Material. Nun suchen Forschende nach dem Ursprung des Metalls aus einer anderen Welt.

’ T NATIONAL
GEOGRAPHIC
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b H =1 A7 Ta 11 T 2272 1. ne.:1 24

S US\
Aum\ head made from meteorite 3.000 years IEGEL

pAg a<f‘0 found near lake in Europe P
d i il _entdeckt deren Material offenhar aus dem Weltall stammt. eitliche
er 7 NNauATION > SEENCE rischen Museum aus

meteoritisc|

Archeologlsts Discover Bronze

RatSE I SCIENCE =
L Age Arrowhead Made Of ‘Alien DA Bronze Age arrow ead 1S sole

)

Metal

2 el orbe meteorite iron work from western

Meteoriteneisen kam v E
urope

SO0C 2 bl 2 =ad =vedicd v RE Researchers have discovered the extraterresirial secret behind an artefact that had

ade o ateo - been kept in a Swiss museum for decades, Rhys Blakely writes

A new study has revealed a bronze-age arrowhead dug steht fest: Das Material dafur ist kosmischen Ursprungs. Eine Spur fiihrt zu einem
Meteoriteneinschlag in Estland.

up in Switzerland was made from a meteorite. @news VOIIT T -

i s

- THEJERUSALEM POST—

This Bronze Age arrowhead was made from
materials out of this world

GESCHICHTE UND KULTUR
Archaeologists Find 'Alien Metal' In A Bronze

Age Arrowhead indiqﬁmes

Vor etwa 2900 Jahren fertigten Menschen in der heutigen Sc
Untersuchungen kosmisches Material. Nun suchen Forschende found on Earth.

h{An arrowhead from 900-800 BCE was found to be made of materials not naturally

i
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Bronze age
n Metalworking was known
n Iron extraction from orenot yet discovered
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Bronze age

n Metalworking was known

n Iron extraction from orenot yet discovered
jHeavenlyf | Y Ut

n Iron from meteorite fragments

n Production of jewelry, weapons, tools, ...
n Veryrare and valuable trade goods
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Bronze age

n Metalworking was known

n Iron extraction from orenot yet discovered
jHeavenlyf | Y Ut

n Iron from meteorite fragments

n Production of jewelry, weapons, tools, ...

n Veryrare and valuable trade goods

Search inarchaeological collections (areaof Lake Bie)

n Twannberg largest meteorite find in Switzerland
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Bronze age

n Metalworking was known

n Iron extraction from orenot yet discovered
jHeavenlyf | Y Ut

n Iron from meteorite fragments

n Production of jewelry, weapons, tools, ...

n Veryrare and valuable trade goods

Search inarchaeological collections (areaof Lake Bie)
n Twannberg largest meteorite find in Switzerland
Such an artifact identified: Anarrowhead

n Findsite: Pile-dwelling settlement in Morigen

n Era Bronze Age(900-800 BCE)

n Made from a largaron meteorite (>2 tons)
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Arrowhead: The surprise!

MIXE Study: Comparison toTwannberg reference metorite for Iron, Nickel, and Cobalt

17 PSI Center for Neutron and Muon Sciences 29.05.2025



Arrowhead: The surprise! PSI

MIXE Study: Comparison toTwannberg reference metorite for Iron, Nickel, and Cobalt

” N|® —— Arrowhead
o X & Oxidized Twannberg iron meteorite
4 Sl F —— Unoxidized Twannberg iron meteorite
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Arrowhead: The surprise! PSI

MIXE Study: Comparison toTwannberg reference metorite for Iron, Nickel, and Cobalt

—— Arrowhead
Oxidized Twannberg iron meteorite
—— Unoxidized Twannberg iron meteorite
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Arrowhead: The surprise!

17

MIXE Study: Comparison toTwannberg reference metorite for Iron, Nickel, and Cobalt

n Arrowhead not made of Twannberg meteorite!
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Arrowhead: The surprise!

17

Ge (ppm)

MIXE Study: Comparison toTwannberg reference metorite for Iron, Nickel, and Cobalt

n Arrowhead not made of Twannberg meteorite!
Only 3 possible meteorite candidates in Europe
n Bohumilitz (Czech Republic)

n Retuerte de Bullague (Spain)

n Kaalijarv (Estonia)
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Arrowhead: The surprise!

17

Ge (ppm)

MIXE Study: Comparison toTwannberg reference metorite for Iron, Nickel, and Cobalt

{ Ni Mérigen arrowhead

Ni Twannberg TW1 fresh metal

n Arrowhead not made of Twannberg meteorite!
Only 3 possible meteorite candidates in Europe
e Bohumilitz (Czech Republic)

e Retuerte de Bullaque (Spain)

n Kaalijarv (Estonia)
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Arrowhead: The surprise!

17
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MIXE Study: Comparison toTwannberg reference metorite for Iron, Nickel, and Cobalt

n Arrowhead not made of Twannberg meteorite! | p—
Only 3 possible meteorite candidates in Europe |

e Bohumilitz (Czech Republic) = f_%
* Retuerte de Bullaque (Spain) 1 g
n Kaalijarv (Estonia) —
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AUse and trade of iron meteorites in Europe as early as
the Bronze Ager 800 BCE (or eatrlier)

ATransport and trade over 1.600 kilometers

AProbably brought to Switzerland viamber trade routes
from the Baltic region

AHigh likelihood of additional similar discoverie$
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MIXE-T(omography): Introduction
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MIXET(@mography): Completely New Possibilities!

a) Vincent van Gogh's Flower Still Life with Meadow Flowers and Roses,
summer 1886 KrollerrMuller Museum, Otterlo, the Netherlands), rotated
for illustration purposes.
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PSI

MIXET(@mography): Completely New Possibilities!

a) Vincent van Gogh's Flower Still Life with Meadow Flowers and Roses,
summer 1886 KrollerrMuller Museum, Otterlo, the Netherlands), rotated
for illustration purposes.

b) Hg fluorescence signal of the area in the red box, flowers are visible.
c) Zn fluorescence signal of the same area, hints of a human face visible.

d) Zn fluorescence measured from the back of the painting with less
absorption, revealing the human face as part of an overpainted wrestling
scene..

M. Alfeld and J. A.C. Broekaert , Spectrochimica Acta PartB 88,211 -230 (2013)

Study usingXRF
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MIXET(@mography): Completely New Possibilities!

a) Vincent van Gogh's Flower Still Life with Meadow Flowers and Roses,
summer 1886 KrollerrMuller Museum, Otterlo, the Netherlands), rotated
for illustration purposes.

b) Hg fluorescence signal of the area in the red box, flowers are visible.
c) Zn fluorescence signal of the same area, hints of a human face visible.

d) Zn fluorescence measured from the back of the painting with less
absorption, revealing the human face as part of an overpainted wrestling
scene..

M. Alfeld and J. A.C. Broekaert , Spectrochimica Acta PartB 88,211 -230 (2013)

Study usingXRF

MIXET could image all elements over full
canvas with much higher depth -resolution!
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MIXET(@mography): Muon Tracking

n Adaptation of existingtracking detector prototype
n Collaboration with HIP & DRD1, CERN
n Designedfor heavyion tracking @ GSI/FAIR
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MIXE-T(@mography): Muon Tracking

n Adaptation of existingtracking detector prototype
n Collaboration with HIP & DRD1, CERN
n Designedfor heavyion tracking @ GSI/FAIR
n Twin TimeProjection-Chamber (Active Area ~20x10 cm?)
n Triple GEMstack amplification stage
n 1D strip readout T 1024 ch in total T 0.4 mm pitch
n Xposition givenby cluster on strips
n Y position by drift time(s) wrequires calibration

15t GEM-TPC 2" GEM-TPC

Electric Field
PI214 2143199|3

o l “
Entrace __
. = SN~
Windows - :
el — L
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MIXE-T(@mography): Muon Tracking PSI

n Adaptation of existingtracking detector prototype
n Collaboration with HIP & DRD1, CERN
n Designedfor heavyion tracking @ GSI/FAIR
n Twin TimeProjection-Chamber (Active Area ~20x10 cm?)
n Triple GEMstack amplification stage
n 1D strip readout T 1024 ch in total T 0.4 mm pitch
n Xposition givenby cluster on strips
n Y position by drift time(s) wrequires calibration
n Home-made, 3D-printed drift time calibration detector

n 3 scintillating fibers in
exactly 4mm distance

n High speedSiPM

1t GEM-TPC 2" GEM-TPC

—
—_

Electric Field

Pl2l4 211993

Entrace ‘
Windows +—l A | .
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MIXET(@mography): Muon Tracking ) PSI
n Adaptation of existingtracking detector prototype
n Collaboration with HIP & DRD1, CERN
n Designedfor heavyion tracking @ GSI/FAIR
n Twin TimeProjection-Chamber (Active Area ~20x10 cm?)
n Triple GEMstack amplification stage

15t GEM-TPC 2" GEM-TPC

_ _ _ t o :
n 1D strip readout T 1024 ch in total T 0.4 mm pitch - 1
.. . . 2 D |7
n Xposition givenby cluster on strips © IE
n Y position by drift time(s) wrequires calibration 3 I
Q.
n Home-made, 3D-printed drift time calibration detecto N l
1 3 scintillating fibers in | - ——agiiip— 1 —aiilig—o | P
exactly 4mm distance o ll— 1]
n High speedSiPM - 15‘GEMTFC§ %2 I GEMTPC m U
G i il ¥, = ! Entrace -
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MIXET(mography): First Elemental Imaging (Jun 23) E“MIMM

Experimental setup

n Tracker mounted after beam port (roughly aligned)
n Standard Ar/CO2 (75:25) gas mixture

n SingleHPGedetector

n 60 MeV/c muon beam
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MIXE-T(@mography): First Elemental Imaging (Jun 23)

Experimental setup

n Tracker mounted after beam port (roughly aligned)
n Standard Ar/CO2 (75:25) gas mixture

n SingleHPGedetector

n 60 MeV/c muon beam

Reference targets
n Four metals:

n Brass (37% Zn)

n Aluminium

n Copper

n Stainless Steel: Fe, Cr, Ni, Mo, Mn, Si + traces
n Thicknesses optimized to stop downstream

24 PSI Center for Neutron and Muon Sciences
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MIXE-T(@mography): First Elemental Imaging (Jun 23)

Experimental setup

n Tracker mounted after beam port (roughly aligned)
n Standard Ar/CO2 (75:25) gas mixture

n SingleHPGedetector

n 60 MeV/c muon beam

Reference targets
n Four metals:
n Brass (37% Zn)

20

10}

n Aluminium g
n Copper - o i
n Stainless Steel: Fe, Cr, Ni, Mo, Mn, Si + traces ~10} = .
n Thicknesses optimized to stop downstream IO I i o AR
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X [mm]
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Upgrades

n Layered targets & Momentum Scans

n Detector flanged directly tobeamport

n Low density gas mixtures to reduce scattering
n He/CO2 (90:10) in 2024
n He/CO2 (97:3) planned for 2025
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Upgrades

n Layered targets & Momentum Scans

n Detector flanged directly tobeamport

n Low density gas mixtures to reduce scattering
n He/CO2 (90:10) in 2024
n He/CO2 (97:3) planned for 2025

Results
n Spatial Resolution >50MeV/c:
2.501 *
n XY:~1 mm ol
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Momentum (MeV/c)
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Upgrades
n Layered targets & Momentum Scans
n Detector flanged directly tobeamport

n Low density gas mixtures to reduce scattering

n He/CO2 (90:10) in 2024
n He/CO2 (97:3) planned for 2025

Results

n Spatial Resolution >50MeV/c:

n X/Y:~1 mm

n Z: ~0.1 mm v

25 PSI Center for Neutron and Muon Sciences
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Upgrades

n Layered targets & Momentum Scans

n Detector flanged directly tobeamport

n Low density gas mixtures to reduce scattering
n He/CO2 (90:10) in 2024
n He/CO2 (97:3) planned for 2025

Results , — o e
n Spatial Resolution >50MeV/c: 275 MIXE Freiminary o= 3o
n X/Y:~1 mm ;
n Z: ~0.1 mm : o3
Limited by large gas volume { l | ool
Specialized prototype detector * { t ; l o1
in development! T B N S | TR AT
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5 Roman iron nail (fresh findr conservation study)
5 ~1.5 hours data collection with 46MeV/c muons
5 Spot size covering only ~50% of the nall
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5 Roman iron nail (fresh findr conservation study)
5 ~1.5 hours data collection with 46MeV/c muons
5 Spot size covering only ~50% of the nail
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DRD

SDSC

Thank you for your attention!

PSI MIXE Teamii IO 6 ¢ YA LW IOW7 1 Rt RAW~KOWx ¢ G YaqallJALW] OWs ¢ Ut ¢
HIP GEMTPC:F. Garcia

DRD1/GDD TeamK. Flothner, L.Scharenbergd LUE FOWE G R2 1J1 RALWB.

SDSC SAMURAI TeatlOllu ¢ # Gl Act AW7 IOW7ij T¢ | Alls

PP PartnersmuX, ReferenceRadij and MONUMENT collaborations

Michael W. Heiss (on behalf of the team)
Laboratory for Muon Spin Spectroscopy (LEM group)

Muon4Future Workshop, Venice29 May 2025




Backup
Muon Induced X-ray Emission
Tomography

PSI Center for Neutron and Muon Sciences



MIXE-T(0omography): Determining the Resolution [Bil!ﬁﬂi
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MIXET(@mography): Determining the Resolution
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Step 1: Select the desired element (Mo)
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MIXET(@mography): Determining the Resolution

Target signal (target_z=0)

hist X_0
Entries 3602
Mean -16
Std Dev 15.54
¥2 / ndf 142.7 / 96
Prob 0.001397
p0 1.015x0.014
p1 -0.2226 + 0.0724
p2 1.397 £ 0.090

p3 1.256 £ 0.013
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Step 1: Select the desired element (Mo)

Step 2: Normalize the data by thebeamspot

Step 3: Select a X/Y range to remove background
Step 4: Sum the data along the X/Y axis

Step 5: Fit result using a Gaus=rror function

") UV[o] O TMQ
P[1]: mean  P[2]: sigma
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MIXET(@mography): Determining the Resolution

Target signal (target_z=0)

hist Y 0
Entries 6191
3.5 Mean 16.83
Std Dev 15.67
5| ¥2/ndf 100.8/ 96
Prob 0.3484
p0 -1.022 £ 0.015
25| p1 -0.1406 £ 0.1145
p2 1.662+0.134
o| P3 1.235+0.015
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Step 1: Select the desired element (Mo)

Step 2: Normalize the data by thebeamspot

Step 3: Select a X/Y range to remove background
Step 4: Sum the data along the X/Y axis

Step 5: Fit result using a Gaus=rror function

P[1]: mean  P[2]: sigma
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SAMURAI:Smart Analysis of MUonic x-Rays with Al T Basics PSI

A Challengea Plebay ¢ FOc Uc G ! + Rt IORU2 Y G 213t IO+ qlJUt R21IJKOI YO ¢ R
A Usually >100 (complex!) spectra taken each biannual measurement campaign
A High degree of involvement of MIXE scientists in preparation, dataking, and analysis
A This leads to increasing backlog of sample analyses
A SAMURAI Software development in ollaboration with Swiss Data Science Center
A Software package for fully automated analyses of MIXE spectra
A User-friendly, no need for specialized domain knowledge or computational skills
A Provides online analyses as immediate feedback to users
A Allows for live changes in the experimental parameters (implantation depth, position, etc.)
A Based on cuttingedge, efficient Al methods for rapid results (~1 minute on standard CPU)
A Leveraging customized, problemspecific machine learning algorithm
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SAMURAI:-Demo |
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A Step 1: Heuristic Background and Efficiency correction of raw spectra
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SAMURAI:Regression Problem

A Datafit : Use distance between event counts (as opposed

qYWt hvec!l JT W Wt RT ecit ballce B T DL mAaslisinne v L g
for this and for efficient optimization %az for |a| < 6,

A Penalty: use Hierarchical Sparsity, where main weight Huber;la] = 5 - (|a| - %5), otherwise. 5
HYUq!l YOt Waqdé JWu, WiRUPt AUt UE L |1

A Optimization : coordinate descent, alternating LASSO
problems for w and v, fast and stable, using sparse
representation of the feature (30k, 30k) matrix which

saves memory and time Secondarytemplate  Main penalty
1

"

z=7Z =T,
Huber; |y — Z w, | X+ Z U X,
z=1 \ =2

Measured / K tamplate \ ‘
spectrum Main " Secondarypenalty
amplitudes Secondary

amplitudes 29.05.2025
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scaled counts

scaled counts

SAMURAI:Demo Il

PRELIIMARY

Sturniolo, S, Hillier, AMudirac: A Dirac equation solver for elemental analysis with muonicZays. XRaySpectrom. 2020

A Step 2: Simultaneous fitting of all theoryNluDirac 1.0) peaks, using hierarchical sparsity
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SAMURAI:Qualitative Results

Confusion matrix

A Almost all large elements
are detected

A Very few false negatives
A manual check pending
A Few false positives

A Usually very small
proportion

A Detection threshold
can be tuned by user
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