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LeQixg Muonium - probing the SM and beyond
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Free fall of Mu

Test of the Weak Equivalence Principle by
measuring the coupling of gravity to:

» fundamental parameters of SM, in the

absence of masses generated by the strong
interaction

» second generation (anti)fermions of the SM -
only possible probe of this sector
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interaction :
Hadron mass Muonium mass Binding E
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L]EENg The challenges ot measuring Mu gravity

Not possible with
conventional Mu
SOUTCes
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Mu lifetime of 2.2 ps
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szagt < 1 nm
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Not possible with
conventional Mu
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Why it might be
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The challenges of measuring Mu gravity
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» Lowest velocity Mu
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» Narrowest longitudinal

distribution:

» High yield similar to the
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LEQ)INg Novel source concept - microfluidic grating

Grating
(09 Integrated
SFHe suspended by the capillary force, between
Source support bars behind the first SisNs membrane

—S3N4 nanoscopic
grating

Si support N
grating

Si support
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LEQ)INg Overview of LEMING, and 2025 updates

Horizontal cold Mu beam Interferometer Detection

SFHe
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LEQ?Ng

Horizontal cold Mu beam

Sensitivity

1 d

Ag

~ T2
2xT C\/N08,73e—2T/~c

d = 100 nm
T~ 4 us
L~ 10 mm

~ 1% sensitivity
~100 days @ PiES
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LEQ)INg Overview of LEMING, and 2025 updates

Horizontal cold Mu beam Interferometer Detection

> Microfluidic target with 1st grating integrated
B Emission from from micron-sized slits
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LEQ)INg Overview of LEMING, and 2025 updates

Horizontal cold Mu beam Interferometer Detection
» Microfluidic target with 1st grating integrated & First cryogenic prototype for Talbot interferometry b Sistripdgtectors for e+ tracking
B Emission from from micron-sized slits » Below-nm displacement and vibration measurements > Observation of below-keV'e- < 100 mK
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Setup 2024

» New positron detectors: Si strip tracker
detectors in a telescope configuration
» New microfluidic Mu converters with

optical gratings

» Microfluidic source
with grating




Le()iNg Microtluidic channels + 1 um gratings

» Sample |: grating with large opened
aperture (32x38 um)

» Sample lI-lll: First microfluidic structures
with a d = 2 um grating for near field
(Talbot) interferometry

S support B B B o
gratlng 10 um Mag= 500X EHT=10.00kv SignalA=InLens WD= 3.0mm StageatT= 0.0° :9:17:06
File Name = kj241112_LHe_1_01.tif Date :12 Nov 2024
W) (= "
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oo g% Samp'@ ”‘”I ’ 1 um slits / ,
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microfluidic =
==\ | channel walls &=

Gratings and photos
from K. Jefimovs @ PSI

10um Mag= 1.00KX EHT=10.00kV SignalA=InLens WD= 6.8mm StageatT= 30.0°  Time:9:49:34
File Name = kj241113_LHe _p2um_02.tif Date :13 Nov 2024
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» Sample |: grating with large opened
aperture (32x38 um)

» Sample II-lll: First microfluidic structures
with a d = 2 um grating for near field
(Talbot) interferometry

Mag= 500X EHT=10.00 kv SignalA=InLens WD= 3.0mm StageatT= 0.0° Time :9:17:06
File Name = kj241112_LHe_1_01.tif Date :12 Nov 2024
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um gratings

» Sample |: grating with large opened
aperture (32x38 um)

» Sample II-lll: First microfluidic structures
with a d = 2 um grating for near field
(Talbot) interferometry

e Si support |
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LE@Ng Microfluidic channels + 1 um gratings

Phase 1 Phase2 Phase3

CF, molecules

» Patterning with electron beam or laser

Fluorine free radicals _ +ve ions  Fluorine free radicals +ve ions

» Deep reactive-ion etching (DRIE)

- OI_‘

» Difficulties controlling the Si membrane
thickness (20- 40 um)
» Known steps for improvement

Sample |l.

Sample llI.

Grating quality -

DRIE process ’

Gratings and photos from K. Jefimovs @ PSI

s A A A A 4 J

~ 60 um

LA A A 2 & 4 i
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LEQ)INg Microtluidic source - ranging

Measurement - stopping in grating

© 160 -
xn— Si support -
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Beam momentum [MeV]
» Beamline is ~0.3 MeV/c off

» Ranging indicates we could tolerate more SFHe

» Design can be optimized on: trench depth, stopping close to
the surface

» ~100 nm SiN membrane in front as degrader,

» double the trench width
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Emission from micron-sized gratings

LED?Ng

» Emission indicates Mu can travel trough
long channels and bounce back from Si 1
!1;
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Emission from micron-sized gratings

» Emission indicates Mu can travel trough
long channels and bounce back from Si
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In 2025: z5 < 10 um and microfluidic channel optimization
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LE‘I’Ng Si strip detector observing positrons at < 100 mK

» Double-sided strips, 40x1T mm
32 channel (of 120) connected
(no pysics run)

» Preamplifiers cooled to
intermediate T

» Observed Michels at 60 mK
temperatures, but with low (8%
efficiency)

Anna Soter 11.02.2025
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LEQ)INg Design of the first Mu interferometer

» With d = 2 um, the Talbot-length of Mu is on the ~ 5 mm scale.
» Setup is optimized for the 1/2 Talbot lenght, with an expected contrast of 0.5
» No contrast from Moire-fringes (classical shadow) with a=0.5

, ! 0, x| smgle microfluidic slit ~ periodic sources Contrast
........................... _ _ 1.0
.'..' ..' . '.. ... ..' . '.. .. ..' ........ E E
S BELARBREARBIEX §5 §5 . ‘ . . . . ‘ ‘ ‘ . 0.8
“ '-' .';', 'l' : 'l - ,';'. "' - '. - -' ’.' 54 % 4 0 6 _
L RER KKK KKK KR §4 %)4 0
v '.' " I kA I I I I A I I A I ke 2 %3 %35 0.4>
/3 AT A T A AT AN § 30 ‘ § 3.0 0.2 Distance
Rk 225 825 [ | NV .\~ along
V| R SRR LR : 8 6 -4-20 2 4 6 8 10 25 30 35 40 45 50 55 6.0 optics
'''''' RRSRH F AN ARk istance along gratings [um -8 6 -4-20 2 4 6 8 10 i
12 - ot ong gratings uml Distance along gratings [um] axis [mm]
S A > Self-aligning design on the
o eSS S e um scale, based on pivoting
KRR XL and guiding around um-
precise Si balls
0 |

0 1 x/a
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LeQixg Study of nanopositioning and vibrations

» Cryogenic Fabry-Perot probe, measuring relative displacements on a pm-scale
» Vertical piezo stage, with ~30 nm hysteresis, and < 5 nm reproducibility on the full 2 um range

» Accelerometers operated in the cryostat

~5 nNm
- positioning

1000

0.100

0.075

0.050

a<0.1 m/s2

U ’

0.025 J ‘ l| |

0.000{ | n L
i M

Zoom 1.8to 2.2V

Displacement/ nm

-0.025 | W

Acceleration (ms~2)

-

-0.050

~

Ji -0.075

195 200 205 210 215 2.20 -0.100
Voltage (V) T T
— 0.000 0.002 0.004 0.006 0.008 0.010
time/ s

Y

:

0
Voltage (V)

Pulse tube on 840mK. Detrended Position vs. Time (0.01s window)
Standard Deviation: 1.517 nm. 50kHz sampling

————§

.

W\
d‘
\

!

PT on measurements :
-still acceptable for 1st
interfe rometry s FFT of Position Data

0.4 1

-y
-\

\

Amplitude [arb]
=3 =

Frequency [Hz]

Anna Soter 11.02.2025



LEOCI)Ng

Below 1 keV electron detection

» Continuing issues with HV electrodes

» Meandering (nanoscopic) superconductive wires on a
Si substrate, operated close to the critical currents

> Limited size 16 X 16 ym?*

» Improvements on the way, constant discussions with

the company

n (%)
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& 9 : "
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L 4 e L
E ! i = . |
P i , *

0 0.3 0.6 0.9
X' (um)

Detection efficiency of SCNW for single electrons

(30 keV) from [M. Rosticher et al., Appl. Phys.
Lett. 97, 18 (2010)]
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N Beamtime 2025

3 weeks of beamtime at piE1 requested for:

» Characterisation of 2 microfluidic gratings, (V1 - thin SiN membrane degrader in front, V2 -
less risky, optimized version of the 2024 gratings),

» Commissioning of a Si strip telescope at both sides, (320 channels) and the new DAQ.
Detailed tomography of the beam, including atomic electron coincidences

3-4 days setup, beam alignment, cooldown

2 davs alignment and momentum tuning on dry V1 grating, Si
y tracker commissioning, BG measurement

1 da ranging on SFHe filled grating
y atomic electron detector commissioning.

2 davs characterization of emitted Mu, using the Si trackers and
y atomic e detector

3-grating |
interferometer

warmup, mounting V2 grating and cooldown. Reparations

2 days of the detectors if necessary
Ranging and characterization of Mu emission from V2 Si
3 days * :
target M beam Piezo
actuator

SFHe bath

vertical scans of the third grating, attempt on observing an
interference pattern

2 davs Warmup, disassembly, mounting the better microfluidic
y grating with the 3-grating setup and cooldown

5 days
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Le)ing LEMING summary & further plans

Goal: measurement of gravitational acceleration of
muonium, and next generation laser spectroscopy

Status:

» Novel Mu source from
superfluid helium

Si3N4 nanoscopic
grating

» Cold Mu mission from micron
sized gratings

Plans:

» Construction of the first
Talbot interferometer

Timeline

> Further optimization of
stopping

» Demonstration of Mu
(Talbot) interferometry |
e W—— ———
Anna Soter 11.02.2025 19

Dev. Demo Construction
2025 | 2026 | 2027 | 2028




LEQ)INg Thank you!

SNSF
Starting

LF@Ng

YEAH,
SCREW
THE MATH.
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The expected experimental outcome when
LEptons in Muonium INteracting with Gravity:
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