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Atomic clock: Rely on the constancy of fundamental constants
⚫ Measure transition frequency as precise as possible
⚫ Control laser frequency to be the atomic frequency. 
⚫ Long coherence time (𝑇 > 1 s) of atoms gives narrow 

spectrum width Δ𝜈 = Τ1 𝑇 < 1Hz, requiring ultrastable laser
⚫ Quantum noise matters, many atoms 𝑁 determines Δ𝜈/√𝑁.
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⚫ 2001: Proposal of an optical lattice clock, aiming at stability ∝

Δ𝜈/√𝑁 with an engineered light shift trap (magic wavelength).
⚫ 2014: ΤΔ𝜈 𝜈 = 2 × 10−18(=1s/10billion yrs) achieved
⚫ 2018: Make lab-sized clocks transportable, relativistic sensing

Atom confined in the 
Lamb-Dicke region is 
free from Doppler shift

𝜆

Δ𝑥 ≪ 𝜆
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⚫ 2001: Proposal of an optical lattice clock, aiming at stability ∝

Δ𝜈/√𝑁 with an engineered light shift trap (magic wavelength). 
⚫ 2014: ΤΔ𝜈 𝜈 = 2 × 10−18(=1s/10billion yrs) achieved
⚫ 2018: Make lab-sized clocks transportable, relativistic sensing

clock 1

clock 2



The upper clock ticks faster (2018).
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30min. avrg.Clocks set at the 
same height

Upper clock by 1 m 
ticks 47 mHz quicker

ΤΔ𝜈 𝜈0 ≈ Τ𝑔Δℎ 𝑐2 ≈ 1.1 × 10−18 ΤΔℎ cm
Clocks measure 1cm height difference (after 3hs).

Dali’s melting clocks become a reality.
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Reading 18th digits of strontium pendulums 

⚫ Frequency beyond 16th digits indescribable with SI-second: 
Science in crisis.

⚫ Motivates redefinition of the second.
⚫ The international roadmap is moving toward a possible 

redefinition around 2030.

Upper clock:      ν=429 228 004 229 873.037 Hz
Reference clock: ν=429 228 004 229 872.990 Hz

Δν = 0.047 Hz

SI allows describing 16-digit numbers
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Optical Lattice Clock（2001）

Invention of Lasers

A Revolution in Clock Accuracy

←1s/60Million yrs. Intl Atomic Time (TAI)

←1s/30 billion yrs.

https://www.arttodayjapan.com/entry.php?type=p
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Inside of 1st Gen. 87Sr transportable clock (2018)

N. Ohmae et al., Transportable Strontium Optical Lattice 
Clocks Operated Outside Laboratory at the Level of 10-18 

Uncertainty. Adv. Quant. Tech., 2100015 (2021).

Vacuum
pumps

Main 
chamber

Zeeman 
slower

Oven 40 cm

Blackbody radiation shield: 
a key to 10-18 uncertainty.

Physics package
Temperature 
stabilized 
breadboard

−30℃

300K

radiation
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Demonstration at Tokyo SkyTree (2019)

*Galileo satellites with elliptic orbits of height difference ∆h≈8,500 km 
measure α=(0.19±2.48)×10-5, (4.5±3.1)×10-5 Phys. Rev. Lett. 121, 
231101/231102 (2018).
M. Takamoto, et al., Test of general relativity by a pair of transportable 
optical lattice clocks, Nat. Photon.  (2020).

⚫ The best gravitational redshift test 
𝛼 = 1.4(9.1) × 10−5 on the ground 𝛿ℎ ≈ 450 m.

⚫ Combined with satellite experiments*, 
gravitational redshift tested at 10−5 level 
over 500 m-10,000 km range.

⚫ The first demonstration of 10−18 level clocks 
operated outside the laboratory. An 
important step toward future applications.

Δ𝜈

𝜈
= 1 + 𝛼

Δ𝑈

𝑐2
gravitational 
redshift 

Geopotential 
difference
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Applications of clocks and next challenges

⚫ Clocks to measure spacetime, test, and use relativity. 
CHRONOMETRIC LEVELLING.

⚫ Optical Lattice Clock with CONTINUOUS interrogation

⚫ Translate laboratory technology into robust black-box
systems with industry partners. COMMERCIAL CLOCKS 
available.

⚫ Dreaming of FUTURE MOBILE ATOMIC CLOCKS



12

Chronometric leveling, relativistic geodesy

Phase stabilized fiber

𝜈2

𝜈1

Geoid

Clock2
Clock 1

Beat note
Δ𝜈 = 𝜈2 − 𝜈1

𝑊1 ≈ 𝑔1ℎ1
𝑊2 ≈ 𝑔2ℎ2

Δ𝜈

𝜈1
=
𝑊2 −𝑊1

𝑐2
≈
𝑔Δℎ

c2
= 1.1 × 10−18 ΤΔℎ cm

⚫Geopotential mapping at cm-level
⚫Temporal resolution of hours
⚫Frequency link via fiber or free space
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Why continuous clocks matter for spacetime sensing

⚫ standalone clocks as sensors of proper 
time

⚫ faster access to the quantum limit
⚫ robust operation outside the laboratory
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Laser Frequency Noise: A Persistent Challenge

1. Optical lattice clocks marked a revolution in clock stability. 
2. Synchronous comparison (2011) approached the QPN limit by 

rejecting laser noise for two lab-based clocks.
3. However, for long-distance, it is not applicable due to link noise.
4. The clock stability relied on the clock laser stability, offered by the 

“excellent and delicate” optical cavity. 
5. Think about “mobile and robust” system with QPN-limited stability, 

including space applications.

M. Takamoto, T. Takano, and H. Katori, Nat. Photon. 5, 288 (2011).
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Next challenge: Access the quantum limit faster
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⚫ An optical lattice captures 
millions of atoms, significantly 
speeding up the measurements,

⚫ But, the flywheel laser stability 
matters!
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JILA/PTB

Next challenge: Access the quantum limit faster
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⚫ Stability of OLC is not limited 
by the Quantum limit, but by 
the clock lasers.

⚫ JILA/PTB take advantage of 
ultrastable laser with cryogenic 
Si cavity.

⚫ New protocol to achieve the 
quantum limit, less relying on 
cavity stability. 

H. Katori, Longitudinal Ramsey spectroscopy of 
atoms for continuous operation of optical clocks. Appl. 
Phys. Exp. (2021).

1/𝜏



Dick effect arising from intermittent interrogation
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⚫ Periodic meas. of 𝜈𝐿 & statistical average over 𝑛 = 𝑡/𝑇𝑐 improves as 𝜎𝑦 ∝ Τ1 𝑡/𝑇𝑐. 

⚫ Measurement deadtime further degrades the stability (Dick effect, 1990). 

⚫ 𝜎Dick =
𝛿𝜈

𝜈0
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Measurement 



Continuous clock interrogation with a single clock
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Time 𝑡

Cooling, trapping of atoms, continuous delivery of atoms

 

Frequency measurement and control with lattice (Lamb-Dicke) trapped atoms

⚫ Continuous measurement and control of laser frequency over 𝑇𝐶 ≈ 𝑡. 
⚫ Frequency measurement in the Fourier limit 𝛿𝜈~ Τ1 𝑇𝐶 = 1/𝑡

⚫ 𝜎Cont. =
𝛿𝜈

𝜈0
≈

10−15

𝑡/s
until reaching 𝜎QPN (cf.𝜎Dick =

𝛿𝜈

𝜈0

1

𝑡/𝑇𝑐
~

10−15

𝑡/s
) 

𝑇𝐶 ≈ 𝑡

Separate 
in space

So far, synthesizing two clocks, Kasevich, Ludlow, Jian-Wei Pan 
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DetectionSpectroscopy chamber with B-field

Combining developed elements

① Continuous atom source & Moving optical lattice
② Clock laser to probe atoms in the Lamb-Dick regime 

(Longitudinal excitation geometry, Katori 2021)
③ Spatially localized excitation by B-field mixing on 88Sr 

(define pulse area, i.e., 𝜋-pulse excitation)
④ State-selective detection

Clock
Cold atom 

source

H. Katori, Appl. Phys. Exp. 14, 072006 (2021).
R. Takeuchi, H. Chiba, S. Okaba, M. Takamoto, S. Tsuji, and H. Katori, Appl. Phys. Exp. 16, 042003 (2023).
S. Okaba, R. Takeuchi, S. Tsuji, and H. Katori, Phys. Rev. Applied 21, 034006 (2024).
C.-C. Chen, R. Takeuchi, S. Okaba, and H. Katori, Phys. Rev. Res. 7 L022076 (2025).

1S0

3P0

Clock

3P1

Ω𝐵 = 𝛼 𝐼𝐶 𝐁

A. V. Taichenachev et al., 
PRL. 96, 083001 (2006).

Continuous 
measurement & 
feedback
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Magneto-optical trap
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Cont. Cooling, Moving Lattice, and interrogation

B-field induced 

transition

Ω𝐵 = 𝛼 𝐼𝐶|𝐁|cos𝜃 

Thanks to 
Takeuchi
Nishida
Okaba

7cm

spectroscopy
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Fourier-limited longitudinal Rabi spectroscopy

⚫Doppler shift of the moving 
lattice ≈23 kHz compensated

⚫ Transit time 
12mm/(16mm/s)=0.75s 

gives 3/(2𝜏) = 1.15 Hz
⚫Detuning from 88Sr resonance, 

≈10 Hz includes Zeeman, 
light shift, BBR

⚫Ready for continuous 
measurement and feedback.

⚫Continuous superradiance…

1.2 Hz
Stabilize clock laser 
by referencing 𝑃𝑒
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Future compact mobile clocks in scope

Direct 
vapor 
loading

3-cm-long 
ULE cavity or 
solid etalon

⚫ Compact physics package 20L

Multi-zone
interrogation

⚫Compact clock laser (1L) without 
relying on half-a-meter long cavities 

⚫ZDT interrogation allows achieving 
10−15/𝜏 stability

⚫Multi-zone measurements allow a 
wide frequency capture range.
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Transferring our technology to industry

Design compact, 
robust and 

extremely accurate 
clocks to explore 

applications

Modularization 

and 

networking 

technology

Relativistic 

geodesy, 

fundamental 

physics

Commercialization
Networking

Application Search 
(Geophysicists, 
space agency)

Fundamental Physics
New ideas
Technologies

⚫ Mirai-project: 2018.11(-2028)
⚫ Envision future society with 

advanced clocks.



Compact package and cold atoms
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Strontium Optical Lattice Clock

Application

✓ Optical frequency standards for time keeping

✓ Reference clocks for next generation telecommunication

✓ Gravitational potential-meter

Feature

✓ Level of 10−18 systematic uncertainty

✓ Compact (W 1140 mm × H 1093 mm × D 650 mm*)

✓ Robust laser optics

✓ Easy maintenance

✓ Automatic operation (laser locking)

✓ Embedded reference cavity of < 2 × 10−15 (1s) stability

Contact
Corporate Communication Department

Shimadzu Corporation pr@group.shimadzu.co.jp
SW&P 250L, 180kg, 450W (28V DC) 
Water cooled

Designed to fit within JEM (Kibo) payload constraints on the ISS.

Lasers/Electronics

Ref. cavity

Pity cavity cannot fully utilize thousands of atoms. 

Continuous operation will help.

mailto:pr@group.shimadzu.co.jp
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Release from Shimadzu to start taking orders

6, March, 2025, Yomiuri Shinbun
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Year Group Species Physics Pkg. Optics Electronics Uncertainty Ref.

2014 LENS/PTB 88Sr < 2000 L 648 L 7×10-15 Poli (2014)

2015 ESA 88Sr 970 L 590 L (Target) 5×10-17 Bongs (2015)

2017 PTB 87Sr Trailer-Mounted ( 640L , ~50L , - ) 5×10-17 Koller (2017)

2018 HHU/UoB/PTB 88Sr 1000 L - 2×10-17 Origlia (2018)

2020 CAS 87Sr 650 L - - Kong (2020)

2020 UTokyo/RIKEN 87Sr 300 L 620 L 4×10-18 Takamoto (2020) 

2021 CAS 87Sr 62 L - - (Target) 6×10-17 Guo (2021)

2022 UoB 88Sr 121 L - - Kale (2022) 

2024 CAS 87Sr 63 L + 50 L (partial) - Chen (2024)

2025 NIST 171Yb 120 cm height rack ×3 - Bothwell (2025)

2025 PTB 87Sr Trailer-Mounted (Total 700 kg) 2.1×10-18 Nosske (2025)

This work UTokyo/RIKEN/JST 87Sr 49 L 200 L 1.9×10-18

2017 CAS 40Ca+ 540 L - 8×10-17 Cao (2017)

2021 Opticlock 171Yb+ 19″ rack ×2 (Target) 2×10-17 Stuhler (2021) 

2022 CAS 40Ca+ 330 L - 1×10-17 Cao (2022) 

2023 JPL 202Hg+ 1.1 L (Stability) 1×10-14 Hoang (2023)

Summary of transportable clocks



SEED-DRIVEN VISION FOR FUTURE 
CLOCKS

Dreaming beyond miniaturization of clocks

What if an optical lattice clock could fit inside a 30-cm cube?
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Black-boxed clocks alter our view of spacetime

Absolute time in 
Newtonian mechanics
Clocks should be 
synchronized.

With 10−18 clocks, if you rely on the constancy of fundamental 
constants, losing less than 30 ps/yr without adjustment.
Standalone clocks measure the proper time of the owner, 
functioning as sensors for spacetime

Clocks will be further downsized and more 
robust by continuous scheme. A portable  
standalone clock is in scope.



If we go for a drive with an Optical Lattice Clock

100km/h for 2h→-30ps

1000m for 2h→+700ps

100km/h for 2h→-30ps

t = 0

Δt = -15ps

Δt = -30ps

Δt = +670ps

Δt = +640ps

⚫ What would happen if optical lattice clocks were linked to Google timelines?
⚫ Relativistic time delay (advance) linked to location information
⚫ Return to RIKEN and measure relativistic time delay/advance. Your colleagues 

stay in the past (a bit).
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Find targets that only optical clocks can access

Conventional 
clock applicable

Optical Clock 
mandatoryOptical Clock 

applicable

⚫ Cs/Rb microwave clocks became indispensable to 
modern society, such as GNSS navigation with 
smartphones.

⚫ Social implementation of optical clocks allows 
finding unexpected clock applications in the future.

Chronometric 
leveling
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Many thanks to The team: 
M. Takamoto, I. Ushijima, N. Ohmae, Y. Takahashi, M. Kokubun, S. Okaba, R. Takeuchi, K. Nishida, K. 

Suekane, S. Yo, R. Yamashita, H. Chiba, S. Tsuji, T. Muramatsu, T. Hiroki, Y. Sakai, T. Takahashi,…
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Summary and outlook

⚫OLCs demonstrate Dali’s melting clocks.
⚫Continuous spectroscopy demonstrated. 

Toward 1/𝜏 stability compact clock. 
⚫OLCs commercialized. 
⚫Envision unexpected applications with 

clock precision: The untouched 
science/business platform with 
“Quantum & Relativity.”

Final Chapter of a High School Physics 
Textbook: Physics and the Future.
Novel quantum clocks alter future 
physics and society.


	既定のセクション
	スライド 1
	スライド 2
	スライド 3
	スライド 4
	スライド 5
	スライド 6: The upper clock ticks faster (2018).
	スライド 7: Reading 18th digits of strontium pendulums 
	スライド 8: A Revolution in Clock Accuracy
	スライド 9: Inside of 1st Gen. 87Sr transportable clock (2018)
	スライド 10: Demonstration at Tokyo SkyTree (2019)
	スライド 11: Applications of clocks and next challenges
	スライド 12: Chronometric leveling, relativistic geodesy
	スライド 13: Remote clocks will see the NOISE of the earth
	スライド 14: Why continuous clocks matter for spacetime sensing
	スライド 15: Laser Frequency Noise: A Persistent Challenge
	スライド 16: Next challenge: Access the quantum limit faster
	スライド 17: Next challenge: Access the quantum limit faster
	スライド 18: Dick effect arising from intermittent interrogation
	スライド 19: Continuous clock interrogation with a single clock
	スライド 20: Combining developed elements
	スライド 21: Cont. Cooling, Moving Lattice, and interrogation
	スライド 22: Fourier-limited longitudinal Rabi spectroscopy
	スライド 23: Ramsey spectroscopy with ZDT-stabilized laser
	スライド 24: Future compact mobile clocks in scope
	スライド 25: Transferring our technology to industry
	スライド 26: Compact package and cold atoms
	スライド 27: Strontium Optical Lattice Clock
	スライド 28: Budgets for a commercial clock prototype
	スライド 29: Release from Shimadzu to start taking orders
	スライド 30: Summary of transportable clocks
	スライド 31: Seed-driven vision for future clocks
	スライド 32: Black-boxed clocks alter our view of spacetime
	スライド 33: If we go for a drive with an Optical Lattice Clock
	スライド 34: Find targets that only optical clocks can access
	スライド 35: Many thanks to The team: 
	スライド 36: Summary and outlook
	スライド 37
	スライド 38
	スライド 39: State evolution inside the spectroscopy chamber
	スライド 40: Magnetic field dependent Rabi dynamics
	スライド 41: Simulated stabilities for multi-zone extension
	スライド 42: Simultaneous multi-zone measurements
	スライド 43: Longitudinal excitation: Applicable as flying qubits
	スライド 44: Background Gas Collision Shift
	スライド 45: Comparison of optical lattice clocks at mid 10-18
	スライド 46
	スライド 47: Change the power law of the clock stability
	スライド 48: Modern Ramsey spectroscopy on an atomic beam?
	スライド 49
	スライド 50
	スライド 51: Simulated stabilities for ファイ 下付き atom イコール 10 じょう 4 番目 割る s
	スライド 52
	スライド 53: Tidal effect for clocks over 500 km
	スライド 54: Improving stability with zero-dead-time operation
	スライド 55: Improvement of the stability with ZDT operation
	スライド 56: Optical Lattice Clock (2001): Next challenge
	スライド 57: Clocks 500 km apart will sense tidal oscillation
	スライド 58
	スライド 59: Ramsey spectroscopy with ZDT-stabilized laser
	スライド 60: Roadmap for Compact Atomic Clocks
	スライド 61: Background Gas Collision Shift
	スライド 62: Quantum sensors for gravity
	スライド 63: Zero Dead Time operation combining two clocks




