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FAMU experiment: studies on the muon transfer process in a  
mixture of hydrogen and higher Z gas 

A. Vacchi, 1, 2 E. Mocchiutti, 1 D. Guffanti, 1, *3 on behalf of the FAMU collaboration

The final objective of the FAMU experiment is to measure
the proton Zemach radius by measuring the hyperfine 

1), 2). The experimental method 
requires a detection system suited for time resolved X-ray 
spectroscopy. The results of the first measurements 
performed at the RIKEN-RAL muon facility are presented in 
this paper.  

The characteristic X-rays from muonic atoms formed in 
different targets have been detected using a HPGe detector 
and five scintillating counters based on LaBr3(Ce) crystals, 
whose output was
digitizer to measure both energy and time spectrum of the 
detected events. With a detailed pulse analysis, considering 
also the pile-up events, the expected characteristic X-rays 
and lifetimes of various elements were measured.

The measurement of the Zemach radius of the proton Rp 
was measured in ordinary hydrogen; therefore, a comparison 
with the value extracted from muonic hydrogen may 
reinforce or delimit the proton radius puzzle. In the proposed 
laser spectroscopy experiment3), 4), muonic hydrogen atoms
are formed in a hydrogen gas target. In subsequent collisions 
with H2 molecules, -excite to the 
the (1S) F =0 state. A laser tuned on the HFS resonance
induces singlet-to-triplet transitions; therefore, the 
in the (1S) F =1 state are de-excited back to the singlet state 
and the transition energy is converted into additional kinetic 

two-thirds 
The energy dependence of the muon transfer from muonic 

hydrogen to another higher-Z gas is exploited to detect the 
occurred transition . Although in theory, the 
muon-transfer rate at low energy
independent, this is not the case for few gases. Oxygen5), 6)

exhibit pZ
epith at the 

epithermal energy. Thus, by adding small quantities of 

Fig. 1. Time difference between prompt signal (Aluminium
X-rays) and delayed signal (Oxygen X-rays).
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oxygen to hydrogen, one can observe the number of HPF 
transitions, which take place from the muon-transfer events, 
by measuring the time distribution of the characteristic 
X-rays of the added gas. 
In the first FAMU experimental test, four different targets 
were exposed to the muon beam: a pure graphite block and 
three gas mixtures (pure H2, H2+2%Ar, H2+4%CO2) 
contained in an aluminum vessel. The aim was to study 
detector response in the environment of the muon beam at 
RIKEN-RAL through the measurement of the muon transfer 
rate at room temperature.
The characteristic X-rays of muonic atoms were detected 
using scintillating counters based on LaBr3(Ce) crystals

ns) readout by Hamamatsu R11265-200 PMTs and two 
HPGe detectors were used to obtain a benchmark spectrum. 
Hence, the waveforms were processed off-line to reconstruct 
the time and energy of each detected X-ray. By studying the 
differences between the time distribution (see Fig. 1) of 
prompt events, represented by X-rays originating
atoms formed in the vessel and the delayed X-rays emitted 

, atoms it was possible to measure the muon 
transfer rate from hydrogen to oxygen (argon). The results 
will be submitted for publication in an international journal.
At present, the collaboration is focussed on the measurement 
of the temperature dependence of the muon transfer rate by 
the mean of the cryogenic 
target in order to 
determine the best high-Z 
gas type, concentration 
and temperature. The 
experiment is  on-going 
at RIKEN RAL. Figure 2 
shows the top view of the 
apparatus. Beam pipe is
on the left and the target is 
surrounded by the hodoscope, 9 LaBr3(Ce), four HPGe, and 
three lutetium aluminate detectors. Measurement of the 
Zemach radius with laser setup will be carried out in 2017.
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Fig. 2. FAMU, 2016 layout.

Development of mid-infrared laser for the measurement of 
muonic hydrogen atom hyperfine splitting energy 
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Recently, the proton charge radius was measured using la- 
ser spectroscopy of the 2s-2p Lamb shift in muonic hydrogen 
(μp). Laser spectroscopy of μp resulted in 10 times higher 
precision of the proton charge radius determination than that 
of the ordinary measurements such as e-p scattering and hyd- 
rogen spectroscopy.1) As verification of the charge radius 
measurement, e-p scattering experiments were conducted at 
Mainz2) and the Jefferson Lab3), but the discrepancy in the 
results was not resolved. This raised a question as to whether 
the magnetic radius of the proton measured with muons will 
be consistent with that measured by electrons. Thus, we plan 
an independent measurement of the proton structure, i.e., the 
Zemach radius, to answer this question by using the hyper- 
fine transition from singlet to triplet in the 1s state of muonic 
hydrogen atoms using the laser-spin-pumping method. 4) 
  Two important requirements of the laser in this experime- 
nt are a high energy and narrow spectrum width. We need to 
generate pulse energy exceeding 40 mJ at 6.7 μm. In addition,

a narrow spectrum width  
of 50 MHz is required. A 
mid-infrared laser system 
that produces pulse ener- 
gy of 10 mJ at 6.1 μm has 
already been developed at 
RIKEN.5)  
  Based on this, we plan to 
construct a new laser syste- 
m. The schematic of the la- 
ser is shown in Fig. 1. The 
laser system consists of a 
Cr:ZnSe master oscillator, 
Cr:ZnSe power amplifiers, 
and optical parameteric os- 
cillators (OPOs) / amplifie-   

Fig. 1. Schematic of the laser   ||ers (OPAs). The Cr:ZnSe 
master oscillator and the p-  

ower amplifier generate 100 mJ pulse energy per line at 2.4 
μm. The pulse is introduced to the ZnGeP2 nonlinear crystal 
(ZGP) OPO to achieve radiation at 6.7 μm. Two independent 
optical parametric oscillators and amplifiers will be prepared 
to achieve 40 mJ laser power in total and avoid damages to 
the ZGP crystal, which is difficult to synthesize with a large 
diameter. To realize a narrow band spectrum width of 50 
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MHz, we will introduce a single mode laser diode (LD) of 
100 kHz as a seed laser. In this paper, we report the output 
characteristics of a Cr:ZnSe master oscillator (laser) and a 
single pass Cr:ZnSe power amplifier. 
  Figure 2 shows the out- 
put energy of the Cr:ZnSe 
laser. A maximum pulse 
energy of 5.8 mJ was obt- 
ained at 2.4 μm with a 
pump energy of 18 mJ. 
The conversion efficiency 
reached 32% at maximum. 
This value is excellent
compared with those of     Fig. 2. Output energy of the for 
other lasers for example,          Cr:ZnSe laser   
the Ti:Al2O3 laser and Nd:YAG laser.  
  The output enegy extracted from the Cr:ZnSe power ampl- 
ifier is shown in Fig. 3. The incident energy from the Cr:Zn 
Se laser was 5.5 mJ at 
2.4 μm, and it was ampl- 
ified to 26.3 mJ with inc-  
reasing pump energy. A 
maximum conversion ef- 
ficiency of 41.5 % was  
obtained with a pump e- 
nergy of 50.2 mJ. This is, 
to the best of our knowle-   Fig. 3. Output energy extracted 
dge, the highest conversi-         from the Cr:ZnSe power 
on efficiency ever attained         amplifier. 
for a single-pass Cr:ZnSe  
power amplifier.
  Based on the above results, to obtain an energy of 100 mJ 
at 2.4 μm, we need a pump energy of 240 mJ. However, if 
we introduce such an energy to the Cr:ZnSe, it will be dama- 
ged because the damage threshold on the surface of Cr:ZnSe 
is about 90 mJ. Therefore, we will construct three-stage 
Cr:ZnSe power amplifiers to solve this problem. 
  In the next stage, we will optimize the conversion efficien- 
cy of the Cr:ZnSe laser and the power amplifiers by controll- 
ing the crystal length and Cr2+ concentration. In addition, we 
will construct a three-stage Cr:ZnSe power amplifier and an 
OPO to generate radiation at 6.7 μm. 

References 
1) R. Pohl et al., Nature 466, 213 (2010).
2) J. C. Bernauer et al., Phys. Rev. Lett.105 242001 (2010).
3) X. Zhan et al., Phys. Lett. B705 59 (2011).
4) M. Sato et al., JPS Conf. Proc., 025005 (2015)
5) M. Yumoto et al., OSA/Nonlinear optics, NW4A.19 (2013)

 Cr:ZnSe master oscillator

AOTF Cr:ZnSe

Multi-stage Cr:ZnSe amplifier

    Cr:ZnSe amplifier

ZnGeP2 

Optical parametric oscillators and amplifiers

10 mJ 
@ 2.4 μm 

O

ZnGeP2 

Development of mid-infrared laser for the measurement of
muonic hydrogen atom hyperfine splitting energy


