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Recent highlights from experiments with muons and neutrons at PSI
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The high intensity proton accelerator facility at the Paul Scherrer Institute (PSI) in 

Switzerland provides high intensities of pions, muons and ultracold neutrons for 

fundamental atomic, nuclear and particle physics measurements. Aspects of the facility 

will be shown and some of the latest experimental results will be presented.

This is what I promised for Wednesday …
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… let’s see what I can do today … 



Ring cyclotron

• at time of construction a new 
concept: separated sector ring 
cyclotron [H.Willax et al.]

• 8 magnets (280t, 1.6-2.1T), 
4 accelerating resonators 
(50MHz), 1 Flattop (150MHz), 
 15m

• losses at extraction  200W

• reducing losses by increasing RF 
voltage was main upgrade path 

[losses  (turn number)3, W.Joho]

• 590MeV protons at 80%c

• 2.4mA x 590MeV=1.4MW



The intensity frontier at PSI: p, m, UCN

n2EDM

CREMA

MEG II,  Mu3e 

PIONEER

PIF

The most powerful DC (50MHz)

proton beam to targets:

590 MeV x 2.4 mA = 1.4 MW

The highest intensity 

pion and muon beams, e.g.,

up to a few 108m+/s at 28 MeV/c
The high intensity

ultracold neutron source 

Swiss national laboratory with strong international collaborations

Precision experiments with the lightest unstable particles of their kind

MUSE

pHe

HIMB project:

muon beams with

1010m+/s  < 30 MeV/c

MuX QUARTET

muCool
LEMING

nn’
tspect

See recent Particle Physics at PSI, https://scipost.org/SciPostPhysProc.5.001

muEDM

MONUMENT  Mu-mass

Reference Radii

https://scipost.org/SciPostPhysProc.5.001


https://www.psi.ch/impact

https://www.psi.ch/media/our-research/a-two-part-upgrade-for-the-proton-accelerator

• 01/22 CDR published

• 07/22 Scientific Review 

• 12/22 ETH Board: IMPACT for

Swiss Roadmap of RIs 2023

• 2022-24 PSI funds pre-project

• 12/24 Swiss parliament

decision about funding 2025-28

• 08/28 start HIMB

• 08/30 start TATTOOS

✓

✓

✓
✓

IMPACT – Isotopes and Muon Production using
Advanced Cyclotron and Target technologies

✓

https://www.psi.ch/impact
https://www.psi.ch/media/our-research/a-two-part-upgrade-for-the-proton-accelerator


Nuclear Physics experiments at PSI - I 

MUSE measuring form factors at low momentum transfer for scattering 

m+, e+, m-, e-, (p+, p-) off protons (in liquid H2)

CREMA measuring 2S-2P Lambshift in mp, md, m3He+, m4He+ and GHS in mp

muX measuring muonic Xrays from microgram target materials to 

determine nuclear charge radii of heavy nuclei such as 226Ra

QUARTET measuring muonic Xrays from light muonic atoms of Li, …, Ne to

provide benchmark nuclear charge radii and allow for QED tests

Randolf Pohl, Friday, “Nuclear structure from muonic atom spectroscopy”

Evie Downie, Tuesday, “The Proton Radius: Are We Still Puzzled?”



Nuclear Physics experiments at PSI - II 

OMC4DBD, MONUMENT measuring ordinary muon capture on various target 

nuclei and subsequent nuclear transitions to 

benchmark nuclear theory matrix element calculations 

for neutrinoless double beta decay (136Ba, 76Se, …)
https://indico.psi.ch/event/12027/contributions/34044/attachments/20759/34144/OMC4DBD_ProgressReport_BVR53.pdf

Reference Radii measuring muonic Xrays from doublets or triplets of 

isotopes (muX method) to obtain absolute charge radii 

and benchmark laser spectroscopy on isotope chains 

(Al, K, Ag) 
https://indico.psi.ch/event/13846/contributions/41667/attachments/24171/43445/Reference%20absolute%20charge%20radii.pdf

https://indico.psi.ch/event/12027/contributions/34044/attachments/20759/34144/OMC4DBD_ProgressReport_BVR53.pdf
https://indico.psi.ch/event/13846/contributions/41667/attachments/24171/43445/Reference absolute charge radii.pdf


Nuclear Physics – low energy particle physics 

n2EDM, MEGII, Mu3e, PIONEER, tauSpect, Mu-MASS, LEMING, …



B.Lauss

n2EDM Experiment

solid 

deuterium 

based

high 

intensity 

UCN source

MSR

storage chambers
B

E

B.Lauss/2023

Status:
- record magnetically shielded room - shielding factor 100`000 at 0.01Hz - operating

- 57 km coils for active magnetic shield - operating

- magnetic field system at 1 mT and 60 ppm homogeneity - operating

- UCN chambers and beamline - commissioning

- start nEDM measurements 2024  - 500 days for 10-27 ecm sensitivity goal in baseline

- planned 'MAGIC field' phase with further significant improvement

n2EDM - Search for a permanent neutron EDM

5m

MSR

1mT coil
MSR

AMS coils5m

UCN chambers

PSI2020

History of nEDM limits

ultracold neutron 

(UCN) source

Courtesy: Bernhard Lauss



First Ramsey curve with n2EDM in 2023

Courtesy: Guillaume Pignol



1/22/2024
Courtesy: Dieter Ries



1/22/2024
Courtesy: Dieter Ries



1/22/2024
Courtesy: Dieter Ries



Muon cLFV experiments at PSI

Page 14

• Neutrinoless muon decays are one of the most sensitive probes for new physics

• m→eg and m→3e only possible at DC, high-intensity machines, such as HIPA 

→ New project (HIMB) for muon experiments with unique sensitivities



• MEG II experiment searching for m → e g

aiming at B(m → e g) < 6 x 10-14 @90%CL

• MEG result 2016: B(m → e g) < 4.2 x 10-13

more than 28x improvement                            
Eur. Phys. J. C (2016) 76:434

• MEG II data taking 2021-26

• 2021 data analysis has recently been released, 
arxiv.org/abs/2310.12614 

alone: B(m → e g) < 7.5 x 10-13

combined with MEG: B(m → e g) < 3.1 x 10-13

• 2022&2023→ already ~5 times MEG data set

The MEG II Experiment
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MEG II

detector

MEG II cylindrical drift chamber

Courtesy: Angela Papa



The WaveDAQ System
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• Data acquisition system 
based on patented DRS4 
chip with                                                
5 GSPS/12 bit developed at 
PSI

• Novel custom crate design 
allows compact triggering 
and DAQ

• WaveDAQintegrates signal 
amplification, triggering, 
DAQ andbias voltage 
generation in a single system

• Boards used in MEG, FOOT 
(INFN Pisa), Beam profile 
monitorsand SwissFEL

WaveDREAM Board

DRS4 chip

MEGII TDAQ

Beam 
monitoring 

Courtesy: Stefan Ritt



• Search for LFV decay m+ → e+e-e+ 

• First phase improves BR sensitivity to 2x10-15

(500x improvement) 

• Discriminate signal from accidental background 

and conversion → use tracking and timing 

detectors

• Pixel detector with 0.1% X0 per layer
(50mm DMAPS sensors, ultralight mechanics, 

novel Helium gas cooling)

• Detector concept validated (2021), beam line 

commissioned (2022-23), engineering run 

(2024), physics runs (2025-26)

• 2028+ High Intensity Muon Beam
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The Mu3e experiment

Courtesy: Stefan Ritt



PSI muEDM

Key features:
• Magnetic only storage in 3T solenoid field

• Spiral injection using superconducting magnetic shield

• Frozen-spin technique by applying radial electric field

• Low momentum 28MeV/c (125MeV/c) in Phase I 

(Phase II)  storage orbit radius 31mm (140mm)

• Positron tracker to deduce

spin orientation as a function

of positron momentum

*
A

.C
ri

ve
ll

in
, M

. 
H

o
fe

ri
ch

te
r,

 P
SW

 P
R

D
 9

8
, 

1
1

3
0

0
2

 (
2

0
1

8
)

8 119

Phase 1: 𝑑𝜇 < 3 × 10−21ecm

Phase 1I: 𝑑𝜇 < 6 × 10−23ecm

LOI 2021

Approved at PSI 2023

Phase I:  2023-2029

Phase II: 2029-203?

Courtesy: Philipp Schmidt-Wellenburg



⚫ Muons are injected along a spiral into a solenoid 

⚫ A short magnetic pulse stores muons on a stable 

orbit in the center of the solenoid

⚫ If the EDM ≠ 0, then there will be a vertical 

precession out of the plane of the orbit

⚫ An asymmetry increasing with time will be 
observed recording decay positrons

⚫ If the EDM = 0, then the spin should 

always be parallel to the momentum 

asymmetry should be zero

The general experimental idea
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B

𝜔𝑒

𝐴 =
𝑁𝑢 − 𝑁𝑑
𝑁𝑢 + 𝑁𝑑

Contact: philipp.schmidt-wellenburg@psi.ch

mailto:philipp.schmidt-wellenburg@psi.ch


Ground shell < 0.1mm wall thickness
Cylinder made of scintillating fibers for
positron tracking.

Kicker coils directly
on scintillator cylinder

Central electrode

Weakly-focusing coil

Field Correction coil

Entrance 
trigger
scintillators

Muon exit 
counter

Injection channel
SC – magnetic shield
@ 5K

Cold head

Heat screen
@ 50K

Overview experiment Phase I

5T solenoid

𝜇 @ 28MeV/c

Polarisation > 95%

Electrode mockup 

B

𝜔𝑒

Courtesy: Philipp Schmidt-Wellenburg



1/20/2024

PIONEER at PSI
Next Generation Rare Pion Decay Experiment 

/

 

PIONEER Goal: Improve precise SM tests by an order of magnitude.

Phase I: Le  Provide the best test of 0.005%  
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   (LYSO also under consideration)

Fast, bright scintillation response  

 Control of systematic uncerta

PSI cyclotron, E5 beamline

LXe scintillation calorimeter

Active Tracking Target "ATAR" (LGAD)  

p•

•

• inties 

  Fast timing and pulse shape;allow e decay chain obse

Fast electr yonics and

rvations

 D pipeline AQ cImprove effi ienc 

p m→ →

• →

PIONEER Proposal: ep + +→

1/20/2024

 Beamp +

Approved at PSI 2022 
Beam tests 2022,23

Learn more about PIONEER:
Doug Bryman: doug@triumf.ca
David Hertzog:  hertzog@uw.edu
Anna Soter:  anna.soter@psi.ch

LGAD Si strip tracking target (ATAR)

Calorimeter

Courtesy: Doug Bryman

mailto:doug@triumf.ca
mailto:hertzog@uw.edu
mailto:anna.soter@psi.ch
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Muonium - probing the SM and beyond
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HI. II. III. I. II. III.

Laser Spectroscopy

Fundamental constants (mμ , μμ , R∞)

Test of bound-state QED & symmetries (qμ /qe)

Effects on other precision experiments, e.g. muon g-2

e⁻

μ⁺

Purely leptonic exotic atom, dominated by QED 
effects:

Muonium HFS (22 ppb)

Hydrogen maser [3 ppb] Electron g-2 + QED [0.26 ppt]

Storage ring 

[~200 ppb]
Impact to muon g-
2

Courtesy: Anna Soter
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The LEMING experiment
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Measuring the free fall of Mu

fundamental parameters of SM (lepton masses), in 
the absence of the strong interaction

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

second generation (anti)fermions of the SM - only 
possible probe of this sector

Hadron mass

0.5109989461(31) MeV/c

Muonium mass
Binding 13.7 eV

Courtesy: Anna Soter



E field
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LEMING principle

G1 G2

g

M

SFHe

Grating period
d~100 nm

Interaction time 
~4-5 μs, L~10 mm

Atom yield N0>105/sContrast C~0.3

Losses

Δ𝑔 ≈
1

2𝜋𝑇2
𝑑

𝐶 𝑁0𝜖𝜂3𝑒−(𝑡0+2𝑇)/𝜏Sensitivity

𝐿0(𝑡0) 𝐿(𝑇) 𝐿(𝑇)

𝑑

Sign of g in ~1 day

overall 1% sensitivity

@ PSI

world’s highest intensity 

cw muons

Courtesy: Anna Soter
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LEMING setup concept

Courtesy: Anna Soter
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First synthesis of superthermal muonium from SFHe

Superfluid 
He

T<0.2K

13 MeV/c

Narrow distribution: 𝜎vx ≈ 100m/s

High yield similar to best 300 K 
sources:   𝑅(𝜇+ → Muvac) = 10%

Low mean velocity:  𝑣𝑥 ≈ 2175m/s

Courtesy: Anna Soter



The Mu-MASS experiment at PSI – Status of CW laser spectroscopy

Mu-MASS focus on precision 

spectroscopy of muonium. 

Aim is to reach an accuracy of 

the 1S-2S transition at the 10 

kHz level (currently 10 MHz)

→ Muon mass @ 1 ppb

→ Ratio of qe/q𝜇 @ 1 ppt

→ Search for New Physics

→ Test of bound state QED 

(1x10-9)

→ Input to muon g-2 theory

→ Rydberg constant @ ppt level

→ New determination of 𝛼 @ 1 ppb

Development of high (1.8 W) 

power CW laser @ 244 nm 

& a new technique for long-

term spectroscopy in DUV

THIS WORK IS SUPPORTED BY an ERC consolidator grant (818053 -Mu-MASS) 

and by the Swiss National Foundation under the grant 197346. 

Novel efficient muon →

muonium converters

Low-energy m+facility (LEM) at mE4 beam line

At 1.6 mA proton current, “slanted” muon target E 

~4.6 • 108 m+/s total, Dp/p = 9.5% (FWHM) 
~2.0 • 108 m+/s on LEM moderator       
~1.2/1.8 • 104 m+/s moderated (solid Ar/solid Ne) 

T. Prokscha, E. Morenzoni, K. Deiters, F. Foroughi, D. George, R. Kobler, A. 
Suter and V. Vrankovic,

Nucl. Instr. Meth. A595, 317  (2008).

Detection scheme: 

BKG <1 event/day

A. Antognini et al, 

Phys. Rev. A 106, 052809 (2022)

P. Crivelli, Hyp. Int 239, 49 (2018).

arXiv:1811.00310

I. Cortinovis et al., Eur. Phys. J. D 77, 66 (2023) 

First CW laser spectroscopy

Muonium expected for 2024-

2025

Low energy muon beam

line (LEM)

Courtesy: Paolo Crivelli



The Mu-MASS experiment at PSI – Status of MW spectroscopy

Precision improved by an 

order of magnitude and 

new transitions measured 

for the first time -> 2S HFS. 

Results in agreement with theoretical 

calculations. Constraints on new 

physics in the muonic sector

Those measurements 

pave the way to much 

higher precision in the 

near future with the great 

prospects of MuCool and 

HiMB at PSI

THIS WORK IS SUPPORTED BY an ERC consolidator grant (818053 -Mu-MASS) 

and by the Swiss National Foundation under the grant 197346. 

Courtesy: Paolo Crivelli



Reference Radii
Absolute radii to benchmark laser spectroscopy investigations of exotic 

nuclei

Courtesy: Thomas Cocolios



Laser spectroscopy of exotic nuclei

Laser spectroscopy is a very 
versatile technique that can study 
the changes in the mean-square 
charge radius across long chain of 
isotopes, with half-lives down to a 
few ms.

Those radii are used to investigate 
intricate details of nuclear 
structure and to challenge the 
state-of-the-art nuclear models, 
whether the ab initio models 
based χEFT or the global energy 
density functionals [1].

Those radii are also important 
input in the search for physics 
beyond the Standard Model, e.g., 
the radii of mirror nuclei are 
needed to extract Vud from beta 
decay [2].

20Ca

https://www.ikp.tu-
darmstadt.de/forschung_kernphysik/gruppen_kernphysik/
experiment/ag_w_noertershaeuser/forschung_ag_w_noer
tershaeuser/exotische_kerne_ag_w_noertershaeuser/laser
spektroskopie_uebersicht/index.en.jsp

[1] R.F. Garcia Ruiz et al., Nature Physics 12 (2016) 594-598.
[2] P. Plattner et al., Physical Review Letters 131 (2023) 222502.

Courtesy: Thomas Cocolios

https://www.ikp.tu-darmstadt.de/forschung_kernphysik/gruppen_kernphysik/experiment/ag_w_noertershaeuser/forschung_ag_w_noertershaeuser/exotische_kerne_ag_w_noertershaeuser/laserspektroskopie_uebersicht/index.en.jsp
https://www.ikp.tu-darmstadt.de/forschung_kernphysik/gruppen_kernphysik/experiment/ag_w_noertershaeuser/forschung_ag_w_noertershaeuser/exotische_kerne_ag_w_noertershaeuser/laserspektroskopie_uebersicht/index.en.jsp
https://www.ikp.tu-darmstadt.de/forschung_kernphysik/gruppen_kernphysik/experiment/ag_w_noertershaeuser/forschung_ag_w_noertershaeuser/exotische_kerne_ag_w_noertershaeuser/laserspektroskopie_uebersicht/index.en.jsp
https://www.ikp.tu-darmstadt.de/forschung_kernphysik/gruppen_kernphysik/experiment/ag_w_noertershaeuser/forschung_ag_w_noertershaeuser/exotische_kerne_ag_w_noertershaeuser/laserspektroskopie_uebersicht/index.en.jsp
https://www.ikp.tu-darmstadt.de/forschung_kernphysik/gruppen_kernphysik/experiment/ag_w_noertershaeuser/forschung_ag_w_noertershaeuser/exotische_kerne_ag_w_noertershaeuser/laserspektroskopie_uebersicht/index.en.jsp


Radii extraction from laser spectroscopy
In laser spectroscopy, high precision 
measurements of the atomic transitions are used 
to measure the perturbations induced by the 
nuclear charge distribution on the atomic levels.

However, this response function has to be 
benchmarked to extract the changes in the mean 
square charge radius. This requires the 
measurements of 3 absolute radii (1 reference + 2 
measurements).

However, no odd-Z element not any beyond lead 
have 3 stable isotopes with which conventional 
investigations can be performed.

Al

Courtesy: Thomas Cocolios



Reference radii 2022/23
Using the highly sensitive approach developed by 
muX, we can now perform muonic x-ray 
spectroscopy on samples as small as 5 μg, with 
~1016-1017 particles.

We have demonstrated the ability to use samples 
implanted at shallow depth in carbon, using 
electromagnetic mass separators such as a 
commercial high-current implanter for stable 
isotopes, or ISOLDE at CERN for radioisotopes.

The first case completed in 2023 is 39K-40K-41K, 
using a 40K sample produced with the new mass 
separator at iThemba LABS (South Africa).

Thanks to loans from ILL and ORNL, we could also 
perform the first muonic x-ray spectroscopy with 
enriched 35Cl and 37Cl.

First tests were performed with 107Ag and 109Ag 
in preparation for a future measurement of 108mAg 
(T1/2=438 years) in the near future.

39K
40K

41K

Courtesy: Thomas Cocolios



MONUMENT project (Measurement of ordinary muon capture (OMC) for 
verification of nuclear matrix elements of 2β-decays)

Nuclear Matrix
Element (NME)

2
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Effective Majorana Mass

Probability of the 0 process
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➢In case of observed 0 decay the experimental results could
help to improve NME calculations to define the effective
Majorana neutrino mass

➢ Right virtual transitions in DBD will be tested by
Ordinary Muon Capture -> OMC and 0νββ operate in
the q ≈ 100 MeV momentum-exchange region – high-
lying states will be populated

Results of the nuclear matrix elements 

computation using different models

34
Courtesy: Daniya Zinalutina



Status and plans of the MONUMENT project 

➢ OMC is the sensitive tool to probe properties
of DBD process. It is based on mature experimental
technique successfully developed during many years,
which demonstrates satisfactory agreement between
experimental and theoretical data;

➢ The unique information obtained at OMC
provide a significant experimental contribution
to the nuclear spectroscopy, which is very actual in
the nowadays;

Purpose
OMC targets 

(enrichment)
Year/Status

experimental input for DBD NME 
calculations

76Se (99.97%)
2021 / analysis and 

publication

experimental input for DBD NME 
calculations

136Ba (95.27%)
2021 / analysis and 

publication

experimental input for astrophysics 
investigations with SN

100Mo (97.3%)
2022 / started data 

analysis

Nuclear spectroscopy, total cap. 
rates, yields

natMo
2022 / started data 

analysis

testing nuclear shell model (SM) 
calculations

48Ti (99.9%) 
2023 / started data 

analysis
experimental input for DBD NME 
calculations, ab-initio calculations

96Mo, 12C, 13C, 56Fe
2025-2028 / in 

preparation
35

Courtesy: Daniya Zinalutina



Users at CHRISP (CH Research InfraStructure for Particle physics)
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Thank you!
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