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Abstract. A small-momentum-width muon beam, so-called ultra-slow muon beam, can be 
generated by laser ionization of muonium. To realize efficient ultra-slow muon generation, the 
Lyman-alpha and below 360 nm coherent light are required to resonantly excite the muonium 
from the ground state to 2p and sequentially ionizes excited muonium to the unbound state. At 
the J-PARC MLF Ultra-Slow Muon beamline, we have successfully generated Lyman-alpha 
coherent light exceeding 10 μJ using an all-solid-state laser and high-efficiency vacuum 
ultraviolet light generation technologies. In this paper, we will describe the intense Lyman-alpha 
light source.  

1.  Introduction 
Muons are spontaneously 100% spin-polarized at the time of generation, making them an innovative 
magnetic probe particle that can directly measure the local magnetic field distribution from the 
interface/surface to the interior of a material on an atomic scale when injected into the material [1]. 
However, it has been difficult to measure the physical properties of nano-scale interfaces and thin films 
with high spatial resolution because the energy dispersion of slow muon beam results in a wide stopping 
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depth. The development of low-energy muon or ultra-slow muon beams to overcome such problems is 
still underway, which is expected to lead to new developments in material science. Conventional low-
energy muon has been produced by a low-temperature solid-state deceleration method [2, 3], but in 
principle there are problems with energy dispersion, time resolution, and production efficiency. On the 
other hand, the laser ionization method, which overcomes the above problems, uses 4-MeV muons 
which stop inside a muonium production target (2000 K heated tungsten foil), and ~0.2 eV muonium 
(hydrogen-like bound state of a positive muon and an electron) that thermally evaporates into the 
vacuum is produced. The muonium is irradiated by resonant excitation and ionization laser beams to 
efficiently dissociate the electrons. The excitation laser light requires muonium Lyman-α (Ly-α) 
resonant vacuum ultraviolet coherent light (122.09 nm), which corresponds to the 1s-2p level difference 
of muonium. A Ly-α light source with an output power of <1 μJ based on a flashlamp-pumped Nd:YAG 
laser and a Ti:sapphire amplifier has been used in the past, but it has problem in long term stability [4]. 
In this paper, we describe an intense Ly-α coherent light source to be used in the high-intensity ultra-
slow muon production experiment at the Japan Proton Accelerator Research Complex (J-PARC). 

2.  Generation of pulsed Lyman-alpha 
The wavelength of the Ly-α resonance line of muonium (122.09 nm) is in the vacuum ultraviolet region, 
and since there are no solid-state nonlinear optical crystals as well as laser media that can directly emit 
this wavelength, harmonic generation in gases, four-wave-mixing in Kr or Xe gas or in mercury vapor, 
etc. have been used [5-8]. In particular, it is known that the generation efficiency of vacuum ultraviolet 
light by two-photon resonant four-wave-mixing (FWM) using the energy levels between the ground 
levels 4s6 and 4p5-5p[1/2,0] of Kr is generally two orders of magnitude higher than that without resonant 
excitation. Therefore, we have decided to construct a light source using two-photon resonant FWM in 
Kr gas for the generation of intense Ly-α light due to its efficiency and simplicity of the device. 

Two-photon resonant FWM is a third-order nonlinear optical effect that generates Ly-α light ωLy by 
using two-photon resonant excitation light ω1 and mixed light ω2. The relation of frequencies is satisfied 
2ω1-ω2=ωLy [8]. The difference between the 4s6 and 4p5-5p[1/2,0] energy levels of Kr is 11.6675 eV, 
and the corresponding wavelength of ω1 is 212.556 nm. The Ly-α wavelength of muonium is determined 
to be 122.089 nm based on the converted masses of protons and muons, and ω2 is determined to have a 
wavelength of 820.649 nm from the relation 2ω1-ω2=ωLy. The energy diagram of two-photon resonant 
FWM in Kr gas for Ly-α generation is shown in figure 1[9]. In other words, it is necessary to build a 
laser that generates intense ω1(212.556 nm) and ω2(820.649 nm).  
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Figure 1. Energy diagram of 
two-photon resonance FWM 
in Kr gas to generate muonium 
Ly-α photons. 

Figure 2. The schematic of intense Ly-α light source. The system 
consists of wavelength stable laser diode (LD), fiber amplifier, all-
solid-state laser amplifiers with special gain medium, nonlinear 
wavelength conversions and high-efficient Ly-α generation. 
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3.  All-solid-state laser for Lyman-α generation 
In order to achieve saturated ionization condition of muonium, 100 µJ pulse energy is required with Ly-
α light, which is two orders of magnitude higher than the muonium Ly-α light source at RIKEN muon 
facility in Rutherford Appleton Laboratory (RIKEN-RAL). Considering the FWM efficiency in RIKEN-
RAL (10-5) and Ref. 5 (10-4), it is necessary to generate at least 100 mJ each for ω1 and ω2. Since the 
wavelength of ω1 is 1062.78 nm when multiplied by 5, and the Nd-based as  pumped solid-state laser 
technology is applicable, we decided to generate ω1 by nonlinear frequency conversion using a 1 J-class 
1062.78 nm pulse. Figure 2 shows an overview of the light source. A precisely wavelength locked laser 
light is amplified by a fiber amplifier and an all-solid-state amplifier, and ω1 is output by generating the 
fifth harmonic using a multi-stage nonlinear frequency conversion. ω2 is obtained by parametric 
amplification using a part of the output of the first stage nonlinear frequency conversion as the pump 
light. The system is designed to generate ω1 and ω2 from the same pulse to eliminate the jitter between 
the pulses and to achieve high stability in the subsequent FWM in the Kr gas. The elements in all solid-
state laser part are described below. 

3.1.  Oscillator and fiber pre-amplifier 
To achieve highly efficient two-photon resonant excitation of Kr gas, a fiber-coupled mode-hop-free 
distributed feedback semiconductor laser with an oscillation wavelength of 1062.78 nm and a spectral 
linewidth of 1 GHz was introduced at the upstream of the system. The wavelength of the laser light 
obtained from the distributed feedback laser was stabilized by adjusting the chip temperature and 
injection current with a minimum resolution of less than 1 pm on a wavelength meter (HighFinessWS-
6). The pulse energy was increased by using multiple stages Yb fiber amplifiers. The pulse repetition 
rate and pulse width were set to 100 kHz and 2.6 ns, respectively, to suppress nonlinear effects inside 
the fiber and to avoid optical damage. The output pulse energy is 50 nJ/pulse, and amplification to higher 
energy levels is performed by an all-solid-state amplifier output in free space. The operation of the 
system after the regenerative amplifier described below is synchronized with the proton accelerator 
operation at 25 Hz.  

3.2.  Regenerative amplifier 
A regenerative amplifier was introduced in the first stage of the all-solid-state amplifier for high gain, 
beam quality, and pointing stability. For a highly efficient amplification, the gain medium of all-solid-
state amplifier requires a laser crystal with the maximum 
gain at 1062.78 nm. Since the generally used Nd:YAG laser 
medium does not provide sufficient gain at 1062.78 nm, 
Nd:Y3Sc2Al3O12 (Nd:YSAG) and Nd:Y3Ga2Al3O12 
(Nd:YGAG) which have been reported in spectroscopic 
evaluations were studied as amplifiers gain medium[10,11]. 
The fluorescence spectra of the 1at.%Nd-doped YSAG, 
YGAG, and YAG crystals are shown in Figure 3. The 
fluorescence cross sections at 1062.78 nm were 0.8 × 10-19 
cm2 and 1.1 × 10-19 cm2 for YSAG and YGAG, respectively, 
compared to 0.3 × 10-19 cm2 for YAG. The regenerative 
amplifier was designed to be a stable resonator with a 
resonator length (2.1 m) sufficient to confine the 2.6 ns 
pulse output from the fiber amplifier. From point of view of 
fluorescence cross section, the Nd:YGAG crystals were 
applied as amplifier gain medium (4 × 4 × 10 mm3) and end-
pumped by two fiber-coupled LDs (808 nm, 25 Hz quasi-
continuous-wave). The input 50 nJ seed pulse was 
successfully amplified up to 2.4 mJ with 25 mJ pump 

Figure 3. Emission spectrum of 
Nd:YAG, Nd:YGAG and Nd:YSAG. 
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energy. The center wavelength of the amplified pulse was 1062.78 nm, the same as the incident seed 
pulse.  

3.3.  Intermediate amplifier 
Approximately 2 mJ pulse from the regenerative amplifier was amplified to a level of 100 mJ using 
intermediate amplifier. The pumping chamber consists of a gain medium with a diameter of 4 mm and 
a length of 80 mm, which is pumped from three sides by six stacked LD bars (peak power 1 kW at 25 
Hz). Nd:YGAG is suitable for the gain medium of 1062.78 nm, but it was difficult to obtain transparent 
Nd:YGAG single crystals of this size because of the difficulty in controlling the gallium concentration 
during the crystal growth. To solve this problem, we fabricated Nd:YGAG rods using a novel ceramic 
technology and realized amplification while maintaining high beam quality. The pulse from the 
regenerative amplifier is passed through a polarizingref beam splitter (PBS) and injected into the gain 
medium of the first amplification chamber. The amplified pulse is reinjected into the same gain medium 
by a normal-incidence mirror and amplified again. When the pulse is folded back by the mirror, the 
reinjected pulse polarization is 90° rotated by the waveplate, so that the amplified pulse is totally 
reflected by the PBS and sent to the second amplification chamber. The reflected amplified pulse is 
passed through another gain medium of the second amplification chamber. A maximum output of 106 
mJ was obtained for a total pump energy of 2.5 J by passing through the gain region a total of three 
times. The output spatial beam profile was nearly circular with a diameter of 1.8 mm and M2=1.3, and 
the pulse width was about 2.2 ns. The required pulse energy of the light source is in the 1 J-level, but 
due to quality issues with the large aperture Nd:YGAG laser ceramic for the final stage amplifier, the 
output from the intermediate amplifier was used to perform this subsequent wavelength conversion. 

3.4.  212.556 nm pulse generation 
The 100 mJ pulse with wavelength of 1062.78 nm from the intermediate amplifier was applied to 
generate 212.556 nm pulse by wavelength conversion using multiple nonlinear crystals. After the beam 
diameter of the fundamental pulse was expanded and collimated to 4.5 mm by a lens pair, the second 
harmonic pulse (531.39 nm) was generated with 60% of conversion efficiency using a LiB3O5 (LBO) 
crystal (15 × 15 × 20 mm3, θ = 90°, φ = 0°) [12] whose temperature was controlled to achieve noncritical 
phase matching conditions. Half of the second harmonic pulse was used for nonlinear frequency 
conversion for ω1 generation, and the other half was used as pump pulse for ω2 generation. 30 mJ second 
harmonic pulse was converted to the fourth harmonic pulse using CsLiB6O10 (CLBO) crystal (15×15×15 
mm3, θ = 62.2°, φ = 45°). Subsequently, the converted 8.7 mJ fourth harmonic pulse and, 35 mJ of 
1062.78 nm pulse that was not converted to the second harmonic by the LBO crystal were injected into 
another CLBO crystal (15 × 15 × 15 mm3, θ = 68.5°, φ = 45°) to generate the fifth harmonic pulse. 
Finally, 3.2 mJ fifth harmonic pulse was 
obtained. These CLBO crystals used for the 
fourth and fifth harmonic generation were 
sealed in a dry cell with a strictly dehumidified 
atmosphere and kept at a temperature of 
150±0.1°C. The obtained ω1 pulse energy has 
been stable for more than seven years without 
any significant optical degradation of the 
nonlinear crystals.  

3.5.  820.65 nm pulse generation 
In order to achieve resonant excitation of 
muonium, it is necessary to optimize the 
wavelength of ωLy. A tunable Ti:sapphire laser 
was introduced as a seeder of ω2 to control the 
central wavelength. The output wavelength 

Figure 4. The schematic of nonlinear wavelength 
conversions. The optical pass length of ω1 and ω2 
to achieve timing jitter free for Ly-α generation 
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from the seeder was tuned by the yield of ultra-slow muons. For parametric amplification, pump pulse 
(10 mJ, 25 Hz, Δτ = 2.2 ns) was injected into two LBO crystals (5 × 5 × 20 mm3, θ = 90°, φ = 0°) placed 
in series with a beam diameter of approximately 1.1 mm. The crystals temperature was adjusted to 
119.6±0.1°C to keep the output central wavelength of the parametric generation near 820.65 nm. The 
crystal faces were coated with anti-reflection coatings for the pump, signal, and idler wavelengths, and 
only the 820 nm amplified pulse was extracted by a dichroic mirror. When the timing and mode of seed 
pulse (10 μJ, 250 Hz, λ≃820 nm, Δν≃80 GHz) was matched to pump pulse (10 mJ, 25 Hz), a maximum 
pulse energy of 2.8 mJ was obtained.  

3.6.  355 nm pulse generation 
For the ultra-slow muon generation process, not only the Ly-α pulse but also below 360 nm pulse is 
required. The all-solid-state light source can provide timing jitter free 355 nm pulses (8 mJ/pulse) using 
the residual 1062.78 nm and 531.39 nm pulses in the wavelength conversion process. The schematic of 
nonlinear wavelength conversions is shown in Figure 4. 

4.  Lyman-alpha light generation 
The generated pulses from the all-solid-state laser were transported to the radiation-shielded area to 

generate Ly-α pulse. The schematic view of the Ly-α generator and the ultra-slow muon generation is 
shown in Figure 5. The ω1 and ω2 pulses were spatiotemporally superposed and focused into the center 
of 1 m long gas cell with loose focusing configuration. For temporal overlapping, the optical path lengths 
of ω1 and ω2 were adjusted with an accuracy of <5 mm. To increase the generated Ly-α pulse intensity, 
Ar gas was mixed to Kr gas to satisfy the phase matching condition. Under our conditions, the highest 
conversion efficiency was obtained at Kr:Ar = 1:5.5, and the optimum mixture gas pressure was about 
2200 Pa. The Ly-α pulse was generated coaxially with the incident ω1 and ω2 pulses. To separate from 
incident pulses, a 6° wedged window (LiF, t=8 mm, T≃40%@122 nm) was used as an output window. 
The spatially separated Ly-α pulse in ultrahigh vacuum was steered by flat and cylindrical mirrors to 
the muonium ionization region. These mirrors were coated with enhanced aluminum (Al+MgF2, 
R≃80%@122 nm). The shaped beam was measured by inserting a dielectric mirror in the optical path 
and was reflected to a sodium salicylate fluorescent plate which was placed at a position equivalent to 
the ionization region. The pulse energy of the Ly-α was measured by inserting a sensitivity calibrated 
photodiode (OptoDiodeInc., SXUV-300). 
The actual ω1 and ω2 pulse energies injected into the gas cell were 1.6 mJ and 2.1 mJ, respectively, due 
to losses in mirrors, focusing lens and beam combiner. The measured maximum pulse energy of Ly-α 
reached 5 μJ which include losses of the window at the exit of the gas cell and two steering mirrors. The 
conversion efficiency from ω1 to Ly-α at immediately after the exit window of the gas cell was almost 
5×10-3 [13]. This high conversion efficiency was achieved because the beam obtained from the all-solid-
state laser is of high quality, which makes it easy to control the propagation with focusing, suppresses 
ionization of Kr gas due to hot spots, etc., and at the same time, short pulses and low jitter are achieved.  

Figure 5. The experimental setup of Ly-α generation and ultra-slow muon generation. The beam 
overlap and shape is confirmed by observation of the sodium salicylate fluorescent plate image. 
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5.  Lyman-alpha beam steering and ultra-slow muon generation 
To increase the yield of ultra-slow muons, the Ly-α and the 355 
nm beams were shaped by a cylindrical mirror and lens, 
respectively. The measured Ly-α beam profile (8.7 mm in vertical 
and 2.0 mm in horizontal direction) is shown in Figure 6. The Ly-
α and the 355 nm beams were spatially superposed with an angle 
of approximately 30 mrad, and were propagated parallel to a 
muonium production target (70 mm wide and 40 mm height). The 
generated ultra-slow muons by photoionization were 
electrostatically accelerated to 30 keV, and the generation yield 
was measured by a micro channel plate detector. To determine the 
resonance wavelength of muonium, the center wavelength of ω2 
was swept from 819.4 nm to 822.0 nm at intervals of about 0.2 nm. 
When the wavelength of ω2 was 820.6 nm, the maximum yield of 
ultra-slow muon was obtained. The wavelength of muonium Ly-α was determined to be 122.088 nm. 
Applying the pulses irradiation conditions to the ionization rate equation, it is calculated that about 20% 
of the muonium in the optical pass volume is converted to ultra-slow muon. The apparatus and 
experiment of ultra-slow muon generation is described in Ref. [14].  

6.  Summary 
In this paper, we introduce an intense Lyman-α coherent light source for the generation of ultra-slow 
muons. The light source consists of an all-solid-state laser part and the Ly-α generation using two-
photon resonant four-wave mixing in Kr gas. In the all-solid-state laser section, Nd:YGAG ceramic was 
developed as a medium to efficiently amplify the 1062.78nm pulse, and was the first amplifier crystal 
to be put to practical use, achieving an output power exceeding 100 mJ. In the wavelength conversion 
section, timing jitter free 212.556 nm and 820.65 nm pulses were generated for stable two-photon 
resonant four-wave mixing. In the feature of a long interaction length by a long-focus configuration, the 
generation of Ly-α achieved a high conversion efficiency of 5×10-3 and a pulse energy level of 10 μJ. 
The successful stable generation of ultra-slow muons using this light source and the muon beam at J-
PARC has raised expectations for further developmental research in fundamental physics and condensed 
matter experiments in the future.  
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