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The FAMU experiment (Fisica degli Atomi MUonici), led by INFN at the Rutherford Appleton
Laboratory (UK), is designed to measure the hyperfine splitting of the muonic hydrogen ground
state. This measurement, aiming to give an accurate insight of the proton’s electric and magnetic
structure, plays a key role in verifying the most accurate QED calculations and tests the interaction
between proton and muon. A 55 MeV/c pulsed negative muon beam is produced by the ISIS
synchrotron at the RIKEN-RAL muon facility. The beam is directed against a gaseous hydrogen-
oxygen target, where a pulsed Mid-InfraRed laser with a tunable wavelength around 6.8 µm is
injected. The aim is to determine the laser wavelength stimulating the resonant spin-flip in µH
atoms, which is related to on the proton Zemach radius. The experiment data talking started in
2023, and a new set of data is being taken in 2024 and 2025. In this presentation, the status of the
FAMU experiment, its performance and its future development are presented.
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1. Introduction

FAMU [1, 2] is a nuclear and atomic physics experiment funded by Istituto Nazionale di
Fisica Nucleare (INFN, Italy) currently in operation at the Rutherford Appleton Laboratory (RAL,
United Kingdom). The experiment aims at measuring the ground state hyperfine splitting (1S-hfs)
in muonic hydrogen (µH). This energy level is particularly interesting as it allows to extract the
Zemach radius of the proton, which is defined as [3]:

𝑟𝑍 =

∫
𝑟𝑑3𝑟

∫
𝑑3𝑟 ′𝜌𝐸

(
®𝑟 − ®𝑟 ′

)
𝜌𝑀 (®𝑟) (1)

where ®𝑟 is the spatial position, 𝜌𝐸 is the electric charge space density and 𝜌𝑀 the magnetic dipole
space density inside the proton.

The experimental method, further described in Section 2, consists in finding the laser wave-
length which excites the spin-flip transition, corresponding to the hyperfine splitting energy.

To do so, the FAMU experiment is featured with a gaseous target to contain a mixture of
hydrogen and oxygen at 7.5 bar. This target, cooled at LN2 cryogenic temperature, is hit with the
RIKEN 55 MeV/c negative muon beam. The beam momentum is specifically set to maximise the
amount of muons stopped in the gas. A tunable Mid-InfraRed (MIR) laser beam is injected in an
optical cavity placed inside the target to maximise the probability of interaction of the photons with
the µH atoms. The experimental setup in presented in more detail in Section 3.

2. Experimental method

Figure 1: The FAMU experimental method [1].

The experimental method adopted by FAMU to carry out this measurement is shown in Figure 1.
Muonic hydrogen atoms are produced by injecting a beam of end-of-range µ− in a gaseous target
containing H2 with a contamination of O2 (1.5% in mass). Both µH and µO atoms can be produced,
and this is followed by a prompt emission of characteristic X-rays. If a pulsed muon beam is used,
this prompt emission can be time-correlated with the incoming beam spill.

After some tens of ns, muons will be either captured by the nuclei or in muonic atoms: if a laser
beam excites the spin flip of µH (i.e. excites the atom to the 1S-hfs level), then the de-excitation
(time scale < ns) will be followed by a recoil of the µH atom, with a kinetic energy of approximately
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Figure 2: CAD drawing of the FAMU experimental setup.

120 meV. This kinetic energy is enough to enhance the probability of collision between the µH
atom with a O atom and the transfer of the muon to the oxygen atom (µH + O → H + µO) [4–6].
This transfer is followed by characteristic µO X-ray emission, corresponding to 𝐾𝛼 ≃ 133 keV,
𝐾𝛽 ≃ 158 keV and 𝐾𝛾 ≃ 167 keV. As a consequence, if the laser is injected after the muonic atoms
have stabilised (few hunderds of nanoseconds after the beam pulse), and the wavelength of the laser
corresponds to the 1S-hfs, an excess in µO X-rays is expected after the injection of the laser.

The FAMU experiment consists in carrying out a measurement of delayed µO X-rays as a
function of the laser wavelength, in order to look for a resonance which would allow to extract the
estimation for 1S-hfs.

3. Experimental setup

A scheme of the FAMU experimental setup is shown in Figure 2. The experiment is being
deployed at the RIKEN-RAL Port1 negative muon beamline [7] at the ISIS Neutron and Muon
Source, part of the Rutherford Appleton Laboratory (RAL) in Didcot, United Kingdom. The
synchrotron has a frequency of 50 Hz and delivers a beam spill made of two 50 ns proton bunches
with a distance of 320 ns. Every five beam spills, four are delivered to the ISIS muon production
target. The RIKEN beamline is tuned to deliver a negative muon beam with momentum 55 MeV/c.
The muon beam is pulsed and has the same double-bunch structure as the incoming proton beam.
The beam is delivered in Port1 and, after crossing the FAMU beam monitor and a lead collimator,
it enters the FAMU target.

The FAMU beam monitor [8] is a beam hodoscope composed of two planes of 32 scintillating
fibres, squared with 1 mm pitch, interspaced by 1 mm. The two planes are placed with fibres
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Figure 3: Box plot of the energy resolutions for the three types of scintillators and the HPGe detectors,
calculated in the FAMU 2023 setup on the µAg 141 keV peak from the prompt X-ray emission. The SiPM 1”
detectors with custom read-out PCB enabled to have energy resolution comparable to the one of ½” detectors
without compromising the timing performance.

perpendicular with each other and with the beam in order to enable a 2D map of the beam spot. In
addition, the detector is also used as flux-meter, given the fixed muon momentum.

The target is a LN2-cooled cryostat with a total gas volume of 1 litre. In normal experimental
conditions, the gas consists in a mixture H2-O2, where the oxygen component is 1.5% in mass. A
custom optical cavity, specifically designed to maximise the reflectivity at the required wavelength,
is placed inside the target, immersed in the gas. Typical working conditions are a pressure of 7.5 bar
and a temperature of 90 K. The pressure and temperature were optimised to minimise the thermal
transfer of the muon from hydrogen to oxygen, which would enhance the amount of delayed µO
X-rays in the signal region, reducing the signal-to-noise ratio. The cryostat is divided in three
main volumes: the first volume is the target, which is filled with H2-O2 mixture at 7.5 bar at the
beginning of each data taking period, and then sealed to avoid gas loss. The second volume is the
liquid nitrogen tank, which is filled every ∼12 hours to ensure the cooling of the target. Lastly,
the cryogenic vacuum cavity provides thermal insulation for the target and the LN2 tank, and its
vacuum is continuously pulled at 10−9 bar throughout the data acquisition.

A custom Mid-InfraRed (MIR) laser [9] has been developed for the experiment. It allows
to span the 6730-7135 nm wavelength range with a very narrow linewidth (9 pm), a small pulse
duration (7 ns) and an energy output per pulse of about 1.2 mJ.

The FAMU X-ray detection system consists in 34 scintillating LaBr3 crystals of different
size, and different read-out. In particular, 6 detectors are 1”-diameter 1”-thickness cylinders and
they are read-out by Hamamatsu R11260-200 PhotoMultiplier Tubes (PMTs) [10]. Since 2024,
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the other 28 detectors [11, 12] are 1”-diameter ½”-thickness cylinders read-out by Hamamatsu
S14161- Silicon PhotoMultipliers (SiPMs). In 2023, only 16 detectors had these features, whereas
the remaining 12 detectors were ½”-side cubed read-out by SiPMs. The 2024 detector upgrade
increased the geometric acceptance of the detection system by ∼32%. In addition, a coaxial High-
Purity Germanium (HPGe) detector ORTEC GEM-S has been installed since the beginning of the
experiment to monitor the target purity and for inter-detector calibration purposes. Figure 3 shows
a comparison among the energy resolutions for the four types of detectors in the FAMU experiment
at the 141 keV prompt muonic silver peak.

4. Summary

The FAMU experiment, with the setup discussed above, has been operating since 2023 with
assigned beamtime at the RIKEN-RAL Port1 beamline at ISIS, with the aim of measuring the 1S
hyperfine splitting in µH to extract the proton Zemach radius.

A spectral range of 400 pm with steps of 25 pm has been measured by the FAMU experiment
in 2023, around the latest theoretical predictions [3]. Each measurement lasts about 24 hours and a
total of 21 days of data acquisition were carried out in 2023 and 10 days in 2024. The performance
of the laser system, the target and the detectors is in line with the expectancy with no specific issues
to address.

The data acquisition is currently ongoing and it is expected to be carried out also in late 2024
and in 2025.
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