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1. Introduction : Muonic Helium and its Hyperfine structure
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Fig.1: Hydrogen and He. He can be treated

as a hydrogen-like atom because  
can be seen as a pseudo-neucleus with the 
Bohr radius of   1/400 smaller than that of .
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Muonic Helium ( He, ) is an atom with one its e- 
with replaced by a . The pseudo-nucleus of 4He has same 
spin and magnetic moment as , +e charge.
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"Hyperfine structure(HFS)" means the splitting of the energy of 
the spin eigenstate. The precise value of HFS of He enables
• a test the 3-body QED.
• to determine the mass of  more precisely.
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4He HFS  is  [1].μ− Δν Δν = 4465.004 (29) MHz (6.5 ppm)
Our goal is to measure the HFS of 4He in O(10 ppb).μ−

2. Measurement principle
Microwave spectroscopy can measure the HFS of He.
In our measurement, we use the following properties.
• Polarized  beam (~ 90%) injects in 4He gas, 4He nuclei 

capture  and supplied electron by donor gas. Then muonic 
helium is formed.

• The polarization of  is reduced to ~6% in He. 
• When a microwave frequency is applied near to the HFS 

interval, the spin of pseudo-nucleus flips with a probability 
corresponding to the difference between the microwave 
frequency and HFS interval.

• The  from muon decay is emitted preferentially in the 
direction antiparallel to the negative muon spin.
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Fig.2: measurement principle

Non: Number of detected e- with microwave
Noff: Number of detected e- without microwave

Asymmetry =
Noff

Non
− 1 Determine the HFS frequency by measuring the asymmetry of 

the electron emission direction while sweeping the microwave 
frequency.
This method is same as the HFS measurement of muonium [2].

4. Toward higher precision 1 : brand-new muon beamline with the highest intensity
To get more statistics, we plan to use the J-PARC MUSE H-line 
that is a new beamline under construction. H-line will provide a 
ten times more intense muon beam than the D-line.

Fig.4: A new branch of the muon beamline
under construction

In addition, the H-line will allow us to use superconducting 
magnets. In a high magnetic field, the decay electron from  
flies in a helical path around the magnetic field, so our detector 
detects more electrons. 
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Measuring the HFS of He for 100 days in a high magnetic field, 
the statistics will be nearly 10000 times larger than previous work 
[1], and the statistic uncertainty is estimated to reach ~70 ppb.
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5. Toward higher precision 2 :  repolarization via Spin Exchange Optical Pumpingμ−
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Fig.5: Schematic of the repolarization of
muonic helium via SEOP

We also plan to integrate an SEOP system [3] to repolarize 
muons in muon helium. SEOP for muon helium involves three 
steps.
• First, a circularly polarized 795 nm laser is applied to Rb to 

polarize the outermost electron of Rb by optical pumping.
• Second,  the electron-polarized Rb collides and exchanges 

spin with unpolarized He. That makes the electron-polarized 
He.

• the two electron-polarized He collides and transfer some 
portion of their electron spin to the pseudo-nucleus. The result 
is -polarized He.

Figure 5 shows a brief illustration of these steps.
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We are currently working on the development of a test cell and 
the design of the laser optics for the first muon repolarization 
experiment.

In previous experiment of SEOP for He [3],  repolarized 
from 6% to 44%. Therefore, it is estimated that SEOP improves 
the statistical uncertainty by a factor of 2.6. Since He is ideally 
capable of 100% repolarization, further improvement is possible.
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6. Summary
• The HFS of 4He was measured with an uncertainty of 4 ppm.μ−

• There are 2 plans to improve the measurement uncertainty.
1. Using J-PARC MUSE H-line which will provide 10 times higher intensity beam than D-line.
2. Integrate SEOP system [3] that repolarizes  in muonic helium.μ−

• We ultimately plan to reach a statistical uncertainty of ~25 ppb for the HFS frequency of He , and then the mass of 
 is determined in the order of 100 ppb.
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• This is the first trial in the world to integrate SEOP system for HFS measurement.
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Fig.3: Measurement result at J-PARC
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3. Result of the First Successful measurement at J-PARC
The measurement of the hyperfine structure of He was 
done at the J-PARC MUSE D2 area in March 2021. In this 
experiment, the pressure of 4He gas is 4 atm and we dope 
2% CH4 in 4He for electron donor gas.
The mean momentum of  beam is 27 MeV/c to maximize 
the number of He.
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Fig.3 shows preliminary result (online analysis) of this 
measurement. We determine the HFS frequency is 

.
The precision of our result is comparable to World Record.
Δν = 4465.070 (18) MHz (4 ppm)
The main uncertainty is statistic uncertainty. This is due not 
only to the beam power and the beamtime but also to the 
small residual polarization of the  in He. The small 
residual polarization makes the asymmetry get small.
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