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Introduction 

beyond Standard ModelOrigin of CP violation

Nuclear clock

Muonium spectroscopy

EDM

Cold molecule ・・・

Precision measurement

freq. timeLevel

Neutrino mass spectroscopy

using quantum coherence

Dark matter (Axion, DP, ..) search

slow decay

Quick decay

Amplification of “weak” process



What should be amplified
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Energy scale eV ~ meV :  neutrino mass scale 

Radiative emission of neutrino pair (RENP)

Low RENP rate 
@ E ~ eV

𝚪𝑹𝑬𝑵𝑷 ∼ 𝜶𝑮𝑭
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Trigger

Metastable state

Ground state

Intermediate state

𝑒

𝑝

𝑔

𝑒 ・Neutrino absolute mass
(mass eigen state)

・Dirac / Majorana
・NH/IH

photon spectrum
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・ Absolute mass ? 
・ Dirac-type or Majorana-type ?
・ CP-violating parameters ?

𝜈 ҧ𝜈≠

Why No antimatter in Universe ?

Why so small mass of neutrinos ?

Leptogenesis Heavy right-handed neutrino

Cosmology

Particle Physics

Majorana neutrino

Neutrino Physics Dark matter

Axions

Dark photon



Coherence amplification

if momentum conservation:

𝒌𝑒𝑥 − (𝒌1 + 𝒌2 + 𝒌3) = 0

SR beyond λ !“macroscopic “
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Dicke’s Superradiance
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Trigger

amplified decay

Atoms: Transition matrixEmitted  γ/ν : plane wave
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Performed the “basic” experiment of Macro-Coherence-Aamplification

para-H2

1=v

0 eV

0.52 eV

0=v

1=v

532nm 683nm

5mJ
90MHz

   y950s103.0 11 

0=v

1=v

4.59μm

5.05μm

Trigger
LASER

“Signal”

6x1011 photon/pulse

032.0ge

“Externally triggered coherent two-photon emission from hydrogen molecules”
PTEP 081C01 (2015).

Y. Miyamoto et al. 
“Observation of coherent two-photon emission from the first vibrationally 
excited state of hydrogen molecules”
PTEP 113C01 (2014).

Enhancement =
6 × 1011

2.4 × 10−7
≃ 1018



What’s next ?

Amplification of “weaker”-process

“Improved” methods

Γ3𝑝 ∼ 1019𝐻𝑧 ⋅
𝑛

1020𝑐𝑚−3
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⋅
𝑉

1 𝑐𝑚3 ⋅
𝜂3 𝑡

10−3

Γ𝑅𝐸𝑁𝑃 ∼ 1 𝑚𝐻𝑧 ⋅
𝑛

1020𝑐𝑚−3
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⋅
𝑉

1 𝑐𝑚3 ⋅
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Discrimination of enhanced QED background

(𝒅𝑒𝑝 ⋅ 𝑬𝑎)(𝒅𝑝𝑞 ⋅ 𝑬𝑏)(𝒅𝑞𝑔 ⋅ 𝑬𝑐)
three-photon
emission

sample:  Xe atom
three photons

0

16 Sp5

2

2

2/3

25 ][3/2s6)P(p5

596 nm

596 nm

298 nm

First excited
(metastable)

Ground

Improvements of amplification

Larger N,  Larger coherence ?

𝐼sig ∝ 𝐸sig
2
∝ 𝑁𝑖

2 ⋅ 𝜌𝑔𝑒
0 2

⋅ 𝐼trigtwo-photon

𝜌𝑔𝑒 ≃ 0.25

𝑛 ≃ 1 × 1020 [cm−3]
𝐾enhance ≃ 1020

sample: Xe atom



Discrimination of QED-process
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Polarization 
(magnetization)

wave-vector 
of “signal” photon

Doped ion in crystals

“Parity-mixed” state

Coherence amplification in Solid state (crystals)

also good for N2-amp

𝑰

𝒑
𝑒−

PV in β-decay

𝑰 ⋅ 𝒑 ≠ 0

Parity-violating 
spin component

Photonic crystal waveguide

Cutoff the mode in a waveguide

Effective photon mass > mν

Large suppression of QED



Lanthanoid elements doped in crystals

Lanthanoid ions 
doped in Crystal

4f-electron

・ Narrow linewidth
・ Long relaxation time

shielded by 5s(5p)
electrons

4f

5s, 5p

6s

“Quantum storage of 
entangled photons at 
telecom wavelengths 
in a crystal”  (Er:Y2SiO5)

Ming-Hao Jiang et al.
Nature Comm. 14:6995(2023).

~ 1 µm

4I9/2
4f11

(4f)10(5d)1

4F

4I

4I15/2

105 cm-1

104 cm-1

4I13/2

~ 103 cm-1

τ ~ 10ms

4f-4f transition

spin-orbit

The energy level of Er3+

doped in crystal



Proposals of MagRENP

Γ𝑀𝑎𝑔 =
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νiνj emission

can be accumulated 
within spin relaxation.

※ Accumulation time 
= 1 ms assumed. 
(spin relaxation time) 
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atomic matrix element

proposed scheme with Er3+:LiYF4
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“First-step” experiments with crystals 

Superradiance in crystal

H. Hara, 
Y. Miyamoto

0.1%-Er, 
4x5x6mm

T~ 4K

Y → Er 5000

10000

15000

4I15/2

4I13/2

4I11/2

4I9/2

809 nm

4F9/2

20000
4S3/2

2H11/2

1.5 µm

NR

NR

𝜏 = 11 𝑚𝑠

Crystal-field splitting

|MJ|

coherence

development

0

Coherence developed in the crystal environment

Er3+:Y2SiO5:  good condition for “4f-e”-coherence



“First-step” experiments with crystals 

4I15/2

4I13/2

4I11/2

4I9/2

809 nm

1.5 µm

NR

NR τ= 11 ms

Spontaneous formation of 
atomic coherence

with inhomogeneously broadened 
(~ 1 GHz) Er-ion

Output pulse of λ=1.5 µmCW excitation to metastable level

More controllable SR?

for example, “triggered SR”

τ= 0.4 μs
coherence

~150 µs

1012 photon/pulse

𝐼 𝑡 = 𝐴 ⋅ sech2
𝑡 − 𝑡0
𝐵

Pulse shape of SR-emission



“First-step” experiments with crystals 

4I15/2

4I13/2

4I11/2

4I9/2

809 nm

1.5 µm

NR

NR τ= 11 ms

Spontaneous formation of 
atomic coherence

with inhomogeneously broadened 
(~ 1 GHz) Er-ion

Output pulse of λ=1.5 µmCW excitation to metastable level

More controllable SR?

for example, “triggered SR”

τ= 0.4 μs
coherence

~150 µs

1012 photon/pulse

𝐼 𝑡 = 𝐴 ⋅ sech2
𝑡 − 𝑡0
𝐵

Pulse shape of SR-emission



On-going experiments with crystals 

For coherence generation in Er:YLF

𝑛𝑒𝑥𝜔𝑒𝑥 = 𝑛𝑡𝑟𝑖𝑔𝜔𝑡𝑟𝑖𝑔 + 𝑛𝑠𝑖𝑔𝜔𝑠𝑖𝑔

𝜃 = 42.6∘

𝑛3
𝑜𝜔3 ≠ 𝑛1

𝑜𝜔1 + 𝑛2
𝑜𝜔2

Dispersion of refractive index Measurement of refractive index

Junseok Han

4I15/2

4I13/2

4I11/2

4I9/2

809 nm

1.5 µm

NR

NR

Trigger

tuning Laser-incident angle θ

Transmitted intensity for YLF crystal

Signal
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4I15/2

4I13/2
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4I9/2
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4F9/2

20000
4S3/2

2H11/2

Trigger
1.5 µm
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𝜈𝑖(𝑝1)

𝜈𝑗(𝑝2)

τ=O(10ms)
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RENP scheme with Er:YLF

0.01%-Er:Y7LiF

Low-concentration <0.1%
Isotope-enriched 7Li

2024.3.11

Electron spin resonance

@𝑇 = 5.0 K

𝑇1 ∼ 𝑂(1) 𝑚𝑠 @ 5𝐾
go to Narrower-width!

Fabrication of Er:YLF

0.1%, 0.01%-Er:YLF

Micro Pulling down 
method
@ Tohoku University

0.01%-Er:YnatLiF

Magnetic field [G]

Δ𝐵𝑝𝑝 = 12.0 [G]

≃ 130 MHz



Dark-matter search with cold Cs

• Principle
• Generate coherence between Cs levels |i> 

and |f>

• Transition induced by photons (gdm) of axion-
Bext scattering or dark-photon.

• Detect signal photons (gs) via |e>--|g>

• Signal rate 
• G~10 Hz

• N=10^14, Bext=1 T  for axion

• N=10^10, c=10^(-12) for dark-photon

• Backgrounds
• Black body:  need to cool down below  T<4K

• Detector dark counts < 1Hz or less

Axion dark-matter

Jing Wang,
N. Sasao et al.



• Key feature: coherence
• How to confirm it experimentally? 

• Measure the forbidden transition rate |i>-|f> 
and compare with theoretical expectation.

• Necessary matrix elements are measured.

• Near-future plan
• Coherence measurement at 4K. 

• Blackbody detection at >4K.

• Dark photon search/axion search

E2 forbidden

poster 
presentation 
by Jing Wang

Dark-matter search with cold Cs



Summary

・ RENP process is a unique key for neutrino physics

・ Macro-coherence amplification is important for neutrino / DM - physics

・ Amplification of 2-photon emission with pH2 ; 1018

・ Coherence in Lanthanoid-ion doped in crystals is useful

Estimation of PV-magnetization, 
Superradiance experiment in Er:YSO crystals
Preparation of coherence generation in crystals

Superradiance in crystals

Coherence generation in crystals
Decoherence time

Excitation rate (Matrix element)

Non-radiative decay time 

Spin-related experiments in crystals
Spin relaxation

Spin decoherence

RENP/DM experiments

Better scheme of


