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Why coherent VUV light?

Muonium Hydrogen Antihydrogen

Muon manipulation Atomic interferometry Precision tests



Ultra-Slow Muons: Muonium manipulation
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requires intense coherent Lyman-a light.



© % D

KEK 2% -PRRC

Lyman-a Generation by TPR-FWM
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Requirements for High-Power Lyman-a

13.6 eV

Four-wave mixing in lonization of for Ultra-slow muon generation
Krypton gas Muonium _
2360 nm Pulse energy : ~100uJ
4p>-5p° Pulse width : 2 ns (1.6 ns lifetime @2p state)
02 op Line width : 230GHz or 80GHz (depend on Muonium target)
"""""" Timing synchronization : required for accelerator operation

W1

w1:212.556 nm

w2 : 820.65|nm (Mu)

WLy = 201 - (02

"""" 122.09 nm for Lyman-a generation

Lyman-a - Wavelength locking for Kr gas resonance (212.556 nm)

- Generate synchronized 212 nm and 820 nm pulses from
(V)
WLy AVAVAVAVAV e a single pulse

- Good beam quality for efficient conversion
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All-Solid-State Lyman-a Laser System

Distributed  Yb fiber amplifier All-solid-state amplifier (Nd:YGAG, Mag. ~108)

feedback laser
Regen. amp.
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1062.78 nm 50nd@100kHz
Av=1kHz ~2ns

Power amp

Intermid. amp.

~200 md

~3 mMJ@25Hz ~100 mJ
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Nonlinear frequency conversion
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1062.78-nm High-Energy Laser Development

Gain peak wavelength of generally used Nd:YAG is 1064 nm. Emission spectrum of Nd:YGAG and Nd:YSAG ceramic
1062.78 nm
i (a) Nd:YSAG n Emission cross secti%n : i

@1062.78 nm (10 cm )
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Several gain media emitting around 1062.78 nm have been

reported by partially substituting Ga or Sc for Al in YAG crystals.
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We introduced a transparent ceramic fabrication technique.
Wavelength (nm)

Transparent Nd:YGAG and Nd:YSAG ceramics enabled high-energy amplification at 1062.78 nm.



High-Energy UV Generation

CelLiBsO10 (CLBO) crystals are applied for 212 nm pulse
generation. Y. Mori et. al., Jpn. J. Appl. Phys. 34 L296 (1995).
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Four-wave-mixing in Kr

N

18.5 md @355 nm

LBO The driving pulses for Lyman-a generation
10x10x15L are now available.



Coherent Lyman-a generation at J-PARC

81%9595361 MgF2 6° wedged window metal enhanced mirror
' nm \ R=80% @122 nm Sodium salicylate plate + CMOS camera
MgF2 window
| \ Surface muon beam
H “ (Ex4MeV AE~600keV)
Omega 2 B
820 nm Gas cell °o_ol%,s Muionium
T ', '-’-’Y’: e*  prpduction
target
Omega 1 Kr/Ar gas .@ a (~2000K W foil)
Omega 2 /1\/ plpc’tron é\é 8%‘2{?)
Lyman-a \l/
355 nm - mirror ! tﬂ Ultra-glow muon
(E<30keVY AE=0.2eV)

Gas cell

Sensitivity calibrated SXUV 300 (Opto diode Corp.) +
122nm bandpass filter (Acton optics)

Detection area : 22 mm x 16 mm
Response time: 15~20 ns




Up to 32 ud Coherent Lyman-a Generation S "{FHHL_@
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26.1 pyJ Lyman-a pulse is available for Ultra-slow muon generation
32 ud is estimated inside the gas cell

High-power coherent VUV generation demonstrated.



From High Power to High Precision

a High power VUV I Advanced VUV
(Achieved) (Next step)
32 uJ coherent Lyman-a 100 MHz / 5 ns / phase control

e 4p'5p wl2 m ml/2

= 5_ | > ﬁ 100 GHz / Qo8 etz
v 45%4p° Add precision ) f
control to the

® All-solid-state laser system VUV source ®Narrow linewidth
O Nd:YGAG / Nd:YSAG ® Pulse burst
e Efficient Lyman-a generation ® Multiple beam

\ ® USM generation / ® Phase measurement & control

Precision control is the next step
Toward quantum sensing

High power is the foundation
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Lyman-a wavelength and linewidth control

The wavelength of Lyman-a

The wavelength and linewidth of Lyman-a can be controlled

for muonium (J-PARC) by adjusting IR wavelength and linewidth.
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Narrowed and Phase-Controlled VUV Pulses

Narrow-linewidth and phase-control capabilities are not yet available at J-PARC.
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CurrentTi:S straight cviy + O tuabl ﬁlte Ti:S ring cavity + single-mode ECLD seed laser
(broad & random phase) (narrow linewidth & phase coherent)

Phase measurement & active control

The technology will be developed and installed
with Prof. Momose (UBC) and Dr. Imai (QUP).




VUV Laser Requirements for Hydrogen Atom Interferometry & & o
Hydrogen fountain ~ ©

Temporal and phase diagram
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Required Changes to the Light Source
- Narrowing of spectral line width
* Pulse duration expansion 2Ns = 5ns

» Multiple beam counter propagation
- Pulse train arrangement

- Phase measurement & control

80GHz — 100MHz

single pulse 25Hz — 25Hz with burst of 3 pulses at 1ms intervals
optical phase measurement method



Maintaining Lyman-a Conversion Efficiency

New configuration of pulse structures
- longer pulse duration (decided by linewidth)
— |ower pulse peak power of driving laser

Intensity of Lyman-a

P w1 intensity Ak : phase matching

P, : w; intensity x : nonlinear susceptibility

P, =N*[x®] B*P,F(AKL,b/L)

Hollow-core fiber technique to recover conversion efficiency by extending the interaction length

current spot size : P
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interaction length : L

future
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iInteraction length : L



Toward Muonium, Hydrogen and Antihydrogen

Muonium Hydrogen Anti-Hydrogen
Ultra-slow muon Atomic fountain Precision tests
Material science with uSR Atomic interferometry

Muon g-2/EDM
ransmission Muon microscope




Summary & Outlook

/ High power VUV \ Advanced VUV

32 uJ coherent Lyman-a 100 MHz / 5 ns / phase control Coherent atomic manipulation

® All-solid-state laser system

® Hydrogen atom interferometry

|* e Narrow linewidth *

®Nd:YGAG / Nd:YSAG ®Pulse burst ® Precision spectroscopy
e Efficient Lyman-a generation ® Phase measurement & control ® Future applications to Mu /
® USM generation ® Tunable Mu/H Lyman-a H / antihydrogen
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From high-power VUV to precision quantum sensing
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