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Introduction
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Properties of the proton

Study of the properties of the proton
(charge radius and magnetic distribution)

1) scattering: elastic electron-proton
2) scattering: elastic muon-proton

3) spectroscopy: electronic atoms and ions
4) spectroscopy: exotic atoms
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HFS of µ-p ground level

Hyper Fine Splitting (HFS) of 
muonic hydrogen ground level

Study of the properties of the proton
(charge radius and magnetic distribution)

1) scattering: elastic electron-proton
2) scattering: elastic muon-proton

3) spectroscopy: electronic atoms and ions
4) spectroscopy: exotic atoms
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HFS of µ-p ground level

Study of the properties of the proton
(charge radius and magnetic distribution)

1) scattering: elastic electron experiments
2) scattering: elastic muon-proton

3) spectroscopy: electronic atoms and ions
4) spectroscopy: exotic atoms

Hyper Fine Splitting (HFS) of 
muonic hydrogen ground level

QED, Zemach Radius

≈0.183 eV
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The FAMU (Fisica Atomi
MUonici) experiment:

principle of operation
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HFS (µ−p)1S first measurement 
‒ RAL (UK), ISIS protosynchrotron 
       @ RIKEN muon facility
‒ Experimental method:

1. Create muonic hydrogen (muon beam 
+ hydrogen gas target)

2. Excite the transition (powerful 
tunable mid-infrared laser)

3. Wait for muon transfer from 
hydrogen to heavier atom (oxygen)

4. Detect X-ray emission from muon 
capture

5. Exploit kinetic energy dependence of 
muon transfer from µ−p to oxygen to 
find the resonance (by varying laser 
frequency)

Measurement of the 
HFS (µ−p)1S ground level
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Drawings: Cecilia Pizzolotto

Rutherford Appleton Laboratory (RAL)
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Drawings: Cecilia Pizzolotto

O2 = 196 ppm
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FAMU: a bumpy path... 
Data taking planned for March 2020 
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FAMU: a bumpy path... 
Data taking planned for March 2020 
Hit hard by pandemic!
… moved to September 2020
… then December 2020
… then June 2021
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FAMU: a bumpy path... 
Data taking planned for March 2020 
Hit hard by pandemic!
… moved to September 2020
… then December 2020
… then June 2021
Meanwhile a planned accelerator long shutdown began

ISIS long shutdown
Planned: 09/2020 → 09/2021
Planned: 01/2021 → 12/2021
Planned: 07/2021 → 07/2022
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FAMU: a bumpy path... 
Data taking planned for March 2020 
Hit hard by pandemic!
… moved to September 2020
… then December 2020
… then June 2021
Meanwhile a planned accelerator long shutdown began

and, of course, since 01 Jan 2021 Brexit took place (end 
of free movements of goods) 

ISIS long shutdown
Planned: 09/2020 → 09/2021
Planned: 01/2021 → 12/2021
Planned: 07/2021 → 07/2022
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FAMU: a bumpy path... 
Data taking planned for March 2020 
Hit hard by pandemic!
… moved to September 2020
… then December 2020
… then June 2021
Meanwhile a planned accelerator long shutdown began

and, of course, since 01 Jan 2021 Brexit took place (end 
of free movements of goods) 
Finally, Russia – Ukraine war began (and we have 
lasers built in Belarus)

ISIS long shutdown
Planned: 09/2020 → 09/2021
Planned: 01/2021 → 12/2021
Planned: 07/2021 → 07/2022
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FAMU: 2023, data taking! 

First muons:
- December 2022 (5 minutes)

Data taking in 2023: 
- May 24th – 26th beam line test
- July 17th – 23rd commissioning and first data
- October 12th – 18th first data set 
- December 7th – 18th second data set
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Apparatus setup
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Target: the design

LN2 tank
Pressurized vessel

Muon beam gas line

CAD

- Operating temperature: 
liquid nitrogen ≈80 K

- Operating pressure: ≈7 bar
- International safety 

certification (Directive 
97/23/CE PED)

- H2 compatible
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Target: the design

LN2 tank
Pressurized vessel

Muon beam gas line

CAD

GEANT4

- Operating temperature: 
liquid nitrogen ≈80 K

- Operating pressure: ≈7 bar
- International safety 

certification (Directive 
97/23/CE PED)

- H2 compatible
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Target: the design

LN2 tank
Pressurized vessel

Muon beam gas line

CAD
GEANT4
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Target: the design

LN2 tank
Pressurized vessel

gas line

CAD

muons

GEANT4

laser beam
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Target: some pictures 
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Main requirements:
- High solid angle coverage
- High speed
- Good energy resolution @100 keV

17 LaBr3:Ce 1’’ read by PMT
11 LaBr3:Ce 1’’ read by SiPM
15 LaBr3:Ce ½’’ read by SiPM

1 HPGe (Ortec GEM-S)

1 hodoscope for beam monitoring (64 channels, 
   1 mm square fibers read by SiPM)  
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Detectors: LaBr3:Ce crystals

Time/2 [ns]
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C 
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≈80 ns
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X-rays distribution from simulation

GEANT4
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Detectors: placement 

LaBr - PMT

LaBr - SiPM

LaBr - SiPM

LaBr - PMT
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Detectors: pictures
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Detectors: pictures
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Laser: characteristics 

Wavelength range           6800 ± 50 nm           ≈ 44 THz
Energy output                 > 1 mJ                      up to >4 mJ
Linewidth                       < 0.07 nm                 450 MHz
Tunability steps              0.03 nm                   200 MHz 
Pulses duration               10 ns
Repetition rate                25 Hz
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Laser: scheme

0.8-1.2 mJ

10-42 mJ

10-250 mJ

1-4 mJ
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Laser: scheme

0.8-1.2 mJ

10-42 mJ

10-250 mJ

1-4 mJ

1262 nm tunable beam
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Laser: scheme

0.8-1.2 mJ

10-42 mJ

10-250 mJ

1-4 mJ

1068 nm fixed beam
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Laser: difference frequency 
generation 

• Required output > 1 mJ
• Inputs: ≈70 mJ @ 1064 nm and ≈35 mJ  1262 nm
• Output Wavelength: 6758 nm

1262 nm tunable beam

1068 nm fixed beam
6800 nm tunable beam

BaGa4Se4

10x10x27 mm3
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Laser: pictures 
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Laser: pictures 
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Laser: pictures 
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Laser: pictures 
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Present status
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Measurement plan 

• Measurement range: ≈ [6786.5 ; 6791] nm (width 4.5 nm)

• Natural Doppler broadening @80K ≈ 45 pm (σ, FWHM ≈ 80 pm)

       ≈ 100 steps to cover the whole range with 45 pm steps…

Theoretical predictions
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Measurement plan 

• Measurement range: ≈ [6786.5 ; 6791] nm (width 4.5 nm)

• Natural Doppler broadening @80K ≈ 45 pm (σ, FWHM ≈ 80 pm)

       ≈ 100 steps to cover the whole range with 45 pm steps…

The first already allocated beam time for FAMU sum up to 
25 days = 2 commissioning + 3 test + 3 background + 17 data taking

24 hours for one wavelength measurement 

Scan of the most probable signal range
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Laser wavelength: excellent 
stability over time and energy output 

Energy of >1 mJ
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Data analysis: oxygen signal 

Energy spectrum 500 ns after muons arrival, one detector only, 14 hours data taking

background

De-excitation oxygen lines
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Data taking up to now 

14 wavelength measurements (plus background)

σ ≈ 3 pm
FWHM ≈ 7 pm
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Expected accuracy 
FAMU expected measurement uncertainty < 5 pm (i.e. < 0.0002 meV on HFS, theo. ≈183 meV)
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Data taking up to now 

14 wavelength measurements (plus background)

σ ≈ 3 pm
FWHM ≈ 7 pm
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Perspectives
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2024 beam time approved 
Beam time request submitted in November

Approved in January

Time allocated: 40 days
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Future 
Progetto PRIN 2022 “MENPHYS”:
replace the current Cr:Forsterite laser system with tunable emission at 1262 nm with an 
Optical Parametric Oscillator/Amplifier with improved performances in terms of output energy 
(x2), stability and spectral purity

Current configuration
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Future 
Progetto PRIN 2022 “MENPHYS”:
replace the current Cr:Forsterite laser system with tunable emission at 1262 nm with an 
Optical Parametric Oscillator/Amplifier with improved performances in terms of output energy 
(x2), stability and spectral purity

New configuration
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• FAMU: measurement of the (µ-p)1S hyperfine splitting
• Target, detectors, cavity, and laser are performing as

expected
• Finally in 2023 about 25 days of commissioning and

data taking
• Data analysis ongoing
• Future: 2024 new measurements, 1262 nm laser

improvement

Summary
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