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Science with optical clocks on the moon:
• Precision navigation and timing 

• Very long baseline interferometry 

• Tests of the gravitational redshift and relativity, geodesy of the moon(?) 

• Doppler tracking of the moon, gravitational wave detection(?)  

• Dark matter searches 

• ????????



• Introduction to optical atomic clocks  

• Optical clocks in space for fundamental physics 

• Recent progress and advancements 

• Testing relativity in the lab
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Local oscillator (LO)

Image credit: Wikipedia
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Principles of an atomic clock



Local oscillator (LO) Frequency reference
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T ~100 picoseconds

hν

LO frequency

Pe

Principles of an atomic clock

Counter

ν = 9,192,631,770 Hz 

cesium-133

Image credit: Wikipedia



T ~0.7 nanoseconds

t

σ ≈
δν
νo

×
1

SNR
=

1
2πνoT

T + Td

Naτ

Fractional frequency instability  
from quantum projection noise:

Clock performance
Microwave transitions

ν = 9,192,631,770 Hz 

cesium-133

F = 3

F = 4
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Huygen pendulum 
Harrison H4 
Shortt pendulum 
NBS quartz 
Ammonia maser 
Cs beam 
Cs fountain

Clock progress, 1656 - 2016

atomic 
clocks

Factor of 10  
every ~9 years.
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Ammonia maser 
Cs beam 
Cs fountain

Clock progress, 1656 - 2016

atomic 
clocks

Accurate to ~1 s in  
300 million years



Traditional atomic clock applications

Navigation: Unit definitions: Sensing/
communications:

Image credits: wikipedia.org

http://wikipedia.org


T ~0.7 nanoseconds

t

Microwave transitions

σ ≈
δν
νo

×
1

SNR
=

1
2πνoT

T + Td

Naτ

Fractional frequency instability  
from quantum projection noise:

How can we make an even better atomic clock?

ν = 9,192,631,770 Hz 

F = 3

F = 4 cesium-133
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Naτ

T ~0.7 nanoseconds

t

Microwave transitions

How can we make an even better atomic clock?

Fractional frequency instability  
from quantum projection noise:

Move from  = 1010 Hz to  = 1015 Hzνo νo

ν = 9,192,631,770 Hz 

F = 3

F = 4 cesium-133



Can we measure the gravitational redshift with clocks in the lab?

T ~0.7 nanoseconds T ~ 2.3 femtoseconds

t

Microwave transitions Optical transitions

ν = 429,228,004,229,873.4 Hz 

hν
g

e

strontium

t

ν = 9,192,631,770 Hz 

F = 3

F = 4 cesium-133



Laser frequency comb

Image credits: nist.gov

2005 Nobel prize 
Hänsch and Hall 

“optical escapement”

http://nist.gov


Alkali microwave atomic clocks



Optical atomic clocks

See Ludlow et al., Reviews of Modern Physics (2015) for other species of optical clocks

- Optical lattice clock atoms - Trapped ion clock atoms



1 mHz linewidth
Q ~ 1018

160 s lifetime

87Strontium

1S0	
mF	=	-9/2	

-7/2	 -5/2	 -3/2	 -1/2	 1/2	
7/2	5/2	 9/2	

3/2	

1 mHz linewidth
Q ~ 1018

160 s lifetime

hν
g

e

See Ludlow et al., Reviews of Modern Physics (2015) for other species of optical clocks



T = 800 KT = 2 mKT = 2 μK

1 mHz linewidth

Laser cooling



1 mHz linewidth

T = 2 μK

Δν = 40 kHz
Still too broad! 

Laser cooling



Optical lattice trap

The solution? 

nz = 0
nz = 1

nz = 2



Why do you need an optical lattice?

Resolved motional sidebands

Doppler broadening

Tunneling

Strongly confined

SK et al., Nature (2016)



A “magic wavelength” optical lattice
3P0 polarizability
1S0 polarizability

M. Martin, CU Boulder PhD Thesis, 2013, X. Zheng, SK et al., Nature, 602, 425–430 (2022)
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Optical lattice clock

Local oscillator (LO) Frequency reference

T ~ 2 femtoseconds

ν = 430 THz 

Counter

LO frequency

Pe

?
1 mHz linewidth

hν g
e



40 cm ultrastable ULE cavity

Martin et al., Science, (2013)

115

-2x10-12

0x10-12

2x10-12

Fr
ac

.y
se

ns
. (

1/
m

s2
)

-4 -2 0 2 4

Position along mirror (mm)

-2x10-10

0x10-10

2x10-10 Frac.x
sens. (1/m

s 2)

a

b c

Figure 4.11: The Big ULE cavity and Zerodur support structure. (a) The final design of the Big
ULE removed the teflon legs in favor of a Zerodur support shelf. The cavity rests on Viton hemi-
spheres (not pictured). (b) Exaggerated cavity deformation in response to a vertical acceleration
and when held at the optimal points via finite element analysis (FEA). (c) FEA-predicted mirror
displacement per acceleration as a function of vertical (left) and horizontal (right) displacement
along the mirror surface when the cavity is supported optimally.
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Figure 4.12: The double-layer vacuum system for the Big ULE. The inner vacuum chamber is
actively temperature stabilized by Peltier elements (visible at right) to the level of several mK
(sub-mK) per day (hour). The outer vacuum is kept below 10 Torr to provide thermal isolation
from the outside world and promote temperature homogeneity over the surface of the inner vacuum
chamber. A vacuum level of 2 ⇥ 10�8 Torr is maintained in the inner chaber with a 75 L/s ion
pump. The measured time constant between the inner vacuum chamber and the cavity is 1.6 days.
Inset: Measurement of the thermal time constant of the system. A large temperature change was
applied to the system and the optical beat of the laser stabilized to the Big ULE was measured
with a second stable laser system.
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Figure 4.12: The double-layer vacuum system for the Big ULE. The inner vacuum chamber is
actively temperature stabilized by Peltier elements (visible at right) to the level of several mK
(sub-mK) per day (hour). The outer vacuum is kept below 10 Torr to provide thermal isolation
from the outside world and promote temperature homogeneity over the surface of the inner vacuum
chamber. A vacuum level of 2 ⇥ 10�8 Torr is maintained in the inner chaber with a 75 L/s ion
pump. The measured time constant between the inner vacuum chamber and the cavity is 1.6 days.
Inset: Measurement of the thermal time constant of the system. A large temperature change was
applied to the system and the optical beat of the laser stabilized to the Big ULE was measured
with a second stable laser system.

Linewidth: 26 mHz
Q ~ 2 x 1016

ΔL  ~ 10-16 m  (1/10th rproton)

rproton

∆L=0.05 fm

Coherent for ~10 round trips 

40 cm ultrastable ULE cavity

Martin et al., Science, (2013)



Optical lattice clock

Local oscillator (LO) Frequency reference

T ~ 2 femtoseconds

ν = 430 THz 

Counter

LO frequency

Pe

1 mHz linewidth

hν g
e



UC Berkeley strontium optical lattice clock



Huygen pendulum 
Harrison H4 
Shortt pendulum 
NBS quartz 
Ammonia maser 
Cs beam 
Cs fountain 
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Clock progress, 1656 - 2018

optical 
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Atomic clock progress, 1949 - 2019

optical 
clocks

Accurate to ~1 s in  
14 billion years



Shifts and Uncertainties in Fractional Frequency Units × 10-18

First Evaluation Second Evaluation

Systematic Effect Shift Uncertainty Shift Uncertainty

BBR Static -4962.9 1.8 -4562.1 0.3

BBR Dynamic -346 3.7 -305.3 1.4

Density Shift -4.7 0.6 -3.5 0.4

Lattice Stark -461.5 3.7 -1.3 1.1

Probe AC Stark 0.8 1.3 0.0 0.0

1st Order Zeeman -0.2 1.1 -0.2 0.2

2nd Order Zeeman -144.5 1.2 -51.7 0.3

Line pulling and tunneling 0.0 <0.1 0.0 <0.1

DC Stark -3.5 2 0.0 0.1

Background gas collisions 0.0 0.6 0.0 <0.6

AOM Phase Chirp -1 1 0.6 0.4

2nd-Order Doppler 0.0 <0.1 0.0 <0.1

Servo Error 0.4 0.6 -0.5 0.4

Total -5923.1 6.4 -4924.0 2.1

Figures of merit for clock performance:

σ(τ) ≈ 3.4 × 10−16/ τ

Bloom et al., Nature (2014), Nicholson et al., Nature Communications, (2015)

Averaging time  (s)τ
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Atomic clock progress, 1949 - 2019
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Ammonia maser 
Cs beam 
Cs fountain 
Ion optical clock 
Sr optical lattice clock 
Yb optical lattice clock

What (else) is all this precision and accuracy 
good for, anyway?



Novel applications of optical clocks

Huntemann et al. PRL (2014); Takano et al. Nature Photonics (2016); Dereviako, Pospelov, Nature Physics (2014)
SK et al. PRD (2016); SK et al., Nature (2017); Arms, Serna, arXiv (2016)

Tests of relativity

Dark matter detectionSearches for new physics

GW detection

Geodesy

Quantum simulation

δ f
f GR

≈
gΔh
c2

δ f
f SR

≈
aΔl
c2



Huntemann et al. PRL (2014); Takano et al. Nature Photonics (2016); Dereviako, Pospelov, Nature Physics (2014)
SK et al. PRD (2016); SK et al., Nature (2017); Arms, Serna, arXiv (2016)

Tests of relativity

Dark matter detectionSearches for new physics

GW detection

Geodesy

Quantum simulation

δ f
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δ f
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≈
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c2

Optical clocks in space for fundamental physics



Challenges

• Need low-SWaP and rad-hard lasers, opto-electronics, and cold-atom packages. 

• Need to improve the robustness and autonomy of optical lattice clocks. 

• Need ultra-stable clock lasers and frequency combs in low SWaP packages.



State of the art space-based clocks

https://www.esa.int/Science_Exploration/Human_and_Robotic_Exploration/ACES_Atomic_Clock_Ensemble_in_Space

ACES: PHARAO (ultra-cold cesium clock) + SHM (space hydrogen maser)



State of the art space-based clocks

T. Ely, et al. "Deep space atomic clock technology demonstration mission results." 2022 IEEE Aerospace Conference

Deep Space Atomic Clock (Hg+ microwave clock)



J. Xia, et al. "Optical system for a strontium optical lattice clock aboard the Chinese Space Station." Review of Scientific Instruments (2025).

State of the art space-based clocks



State of the art portable optical clocks

T. Bothwell, et al. "Deployment of a transportable Yb optical lattice clock." Optics Letters 50.2 (2025)



Huntemann et al. PRL (2014); Takano et al. Nature Photonics (2016); Dereviako, Pospelov, Nature Physics (2014)
SK et al. PRD (2016); SK et al., Nature (2017); Arms, Serna, arXiv (2016)

Tests of relativity

Dark matter detectionSearches for new physics

GW detection

Geodesy

Quantum simulation

δ f
f GR

≈
gΔh
c2

δ f
f SR

≈
aΔl
c2

Optical clocks in space for fundamental physics



Gravitational wave detection - GW170817

Abbott et al., (LIGO collaboration + 1/3 world’s astronomers), AJL (2017) 



LIGO collaboration, https://dcc.ligo.org/P1600088/public/ (2016)

Gravitational wave detection - LIGO



Plot from http://rhcole.com/apps/GWplotter/

Gravitational wave detection



LISA and eLISA: 
• Drag-free, space based 

version of LIGO 

• d = 5x109 m arm length 

LISA and eLISA

See e.g. Amaro-Seoane et al., (LISA collaboration), Classical and Quantum Gravity (2012) 



Plot from http://rhcole.com/apps/GWplotter/

Gravitational wave detection



=

- Intermediate Mass BH binaries (IMBHs)
- Stellar mass binaries 
- Intermediate mass-ratio inspirals (IMRIs)
- Stochastic GW background (SGWB)?

Plot from http://rhcole.com/apps/GWplotter/

Gravitational wave detection



Doppler tracking searches

Previous limits on GW density:

1Aoyama et al., PRD (2014)



Previous limits on GW density:

1Aoyama et al., PRD (2014), 2Image credit: NASA/JPL

Doppler tracking searches
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Detector transfer function:Previous limits on GW density:

Doppler tracking searches

1Aoyama et al., PRD (2014), 2SK et al., PRD (2016)



Gravitational wave detection with clocks

Satellite A

AOM

photodiode 1A

laser A

Sr atoms 
in lattice

lattice
light free

mass A

lattice 
retro mirror

from satellite B

to satellite B A B
d

y x

z

gravitational
wave

steering 
mirror

mirror

photodiode 2A

(fA)

beamsplitter

σ τ( ) = δν
νo τ

=
ΔA

νo 2πτN

SK et al., PRD (2016), also Graham et al., PRL (2013), Vutha, NJP (2015)

d = 5x1010 m arm length 
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Clock based detector 
d = 5x1010 m arm length 

N = 7x106 Sr atoms per clock 
160 s coherence time

SK et al., PRD (2016), see also Graham et al., PRD (2016) 

Gravitational wave detection with clocks



Clock based detector 
d = 5x1010 m arm length 

N = 7x106 Sr atoms per clock 
160 s coherence time

Gravitational wave detection with clocks

SK et al., PRD (2016), see also Graham et al., PRD (2016) 



Huntemann et al. PRL (2014); Takano et al. Nature Photonics (2016); Dereviako, Pospelov, Nature Physics (2014)
SK et al. PRD (2016); SK et al., Nature (2017); Arms, Serna, arXiv (2016)

Tests of relativity

Dark matter detectionSearches for new physics

GW detection

Geodesy

Quantum simulation

δ f
f GR

≈
gΔh
c2

δ f
f SR

≈
aΔl
c2

Optical clocks in space for fundamental physics



Dark matter searches with atomic clocks

1Dereviako, Pospelov, Nature Physics (2014), 2Arvanitaki et al., PRD (2015), 3Wcisło et al., Science Advances  (2018)

Long distance clock comparisons: Multi-species comparisons:
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Atom-cavity comparisons:
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Dark matter searches with atomic clocks

1Dereviako, Pospelov, Nature Physics (2014), 2Arvanitaki et al., PRD (2015), 3Wcisło et al., Science Advances  (2018)

Long distance clock comparisons: Multi-species comparisons:

!" ∝ $%&'( !" ∝ $"%&'

Atom-cavity comparisons:
!"#$ ∝

&'
2) ∝ *!"# ∝ %&



Scalar dark matter searches with atomic GW detectors 

Hogan et al., PRA (2018), Arvanitaki et al., PRD (2018)
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Clock based detector 
d = 5x1010 m arm length 

N = 7x106 Sr atoms per clock 
160 s coherence time

SK et al., PRD (2016), see also Graham et al., PRD (2016) 

Gravitational wave detection with clocks
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1Best independent clocks today

1Oelker et al. Nature Photonics (2019)

Gravitational wave detection with clocks



A strontium optical lattice clock for tests of relativity



Racked mounted 12 cm ULE cavity: 
87Sr in a “magic wavelength”  

optical lattice:

1 mHZ linewidth!

1S0, g

3P0, e

698 nm  
clock

A strontium optical lattice clock for fundamental physics



Limitations from local oscillator noise

T2*~96 ms

Time

TInitialize Measure

P|↓⟩ =
1
2 (1 + cos(θ)) θ = δT + ϕ

πθ

2
π
2



Limitations from local oscillator noise

T2*~96 ms
σ(τ) ≈ 4 × 10−16/ τ

σQPN(τ) =
1

2πνoC(T)T
T + Td

Naτ



Limitations from local oscillator noise

Westergaard et al., IEEE Transactions on Frequency control (2010)

σDick(τ) =
σLO

2ln2

∞

∑
m=1

sin(πmT/(T + Td)
πmT/(T + Td)

T + Td

mτ

σQPN(τ) =
1

2πνoC(T)T
T + Td

Naτ



Limitations from local oscillator noise

σ(τ) ≈ 6 × 10−15/ τ

σDick(τ) ∝
σLO

T
T + Td

τ

T ≈ 20 ms

Td ≈ 1.5 s

σQPN(τ) =
1

2πνoC(T)T
T + Td

Naτ
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GW waves, 
dark matter, ????

Novel applications of optical lattice clocks

Geodetic limit

At a stability of 

it would take ~11,000 years to average 
down to 1 × 10−20

σ(τ) ≈ 6 × 10−15/ τ



Inspiration from other experiments

Asenbaum et al., PRL (2017), Abbott et al., (LIGO collaboration), PRL (2016) 

LIGO:AI Gradiometers:



A multiplexed strontium optical lattice clock
z

x
y

By

g

813-nm
lattice retro
νL+ δνL

698-nm
clock

813-nm
lattice in, νL

Δh ΔBy

Sr atoms

X. Zheng, SK et al., Nature, 602, 425–430 (2022)



Differential clock comparisons around the world

Ye group, JILA:

Kaufman group, JILA: Katori group, RIKEN:

Young et al., Nature (2020) Takano et al., Nature Photonics (2016)

Marti et al., PRL (2018)

And others!

Hobson group, Imperial:

Bowden et al., PRX (2020)



A multiplexed strontium optical lattice clock
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Atom-atom coherence times

96 ms

26 s

X. Zheng, SK et al., Nature, 602, 425–430 (2022)



6 mm

High performance differential comparisons

Atom number:  per region natoms ≈ 2400 Dead time:  seconds Tdead = 1.69Ramsey dark time:  seconds TRamsey = 8.205 Contrast:  C(TRamsey) ≈ 0.65

X. Zheng, SK et al., Nature, 602, 425–430 (2022)



6 mm

High performance differential comparisons

Atom number:  per region natoms ≈ 2400 Dead time:  seconds Tdead = 1.69Ramsey dark time:  seconds TRamsey = 8.205 Contrast:  C(TRamsey) ≈ 0.65

X. Zheng, SK et al., Nature, 602, 425–430 (2022)

8.9 × 10−20

9.7 × 10−18/ τ



Atom-atom coherence times

S. Ma, J. Dolde, X. Zheng, SK et al., arXiv:2505.06437

429,228,004,229,873 Hz transition!



High performance differential comparisons

J. Dolde, X. Zheng, SK, et al., in preparation



σDick(τ) ∝
σLO

T
T + Td

τ
T = 20 ms T ≈ 10 s

High performance differential comparisons

σ(τ) ≈ 6 × 10−15/ τ σ(τ) ≈ 6.8 × 10−18/ τ

σQPN(τ) =
1

2πνoC(T)T
T + Td

Naτ

Standard clock: Synchronous differential comparison:



σDick(τ) ∝
σLO

T
T + Td

τ
T = 20 ms T ≈ 10 s

High performance differential comparisons

σ(τ) ≈ 6 × 10−15/ τ σ(τ) ≈ 6.8 × 10−18/ τ

σQPN(τ) =
1

2πνoC(T)T
T + Td

Naτ

Standard clock: Synchronous differential comparison:

At a stability of 

it would take ~6 days to average 
down to .1 × 10−20

σ(τ) ≈ 7 × 10−18/ τ
At a stability of 

it would take ~11,000 years to average 
down to .1 × 10−20

σ(τ) ≈ 6 × 10−15/ τ



Gravitational wave detection with clocks in space
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SK, Pikovski, et al., PRD (2016), also Graham et al., PRL (2013)

6 mm



Record differential stabilities

Jun Ye

K. Kim, …, J. Ye, et al. Phys. Rev. Lett. 135 103601 (2025), published two weeks ago!
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Clock based detector 
d = 5x1010 m arm length 

N = 7x106 Sr atoms per clock 
160 s coherence time

1Best independent clocks today

1Oelker et al. Nature Photonics (2019)

Gravitational wave detection with clocks
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d = 5x1010 m arm length 

N = 7x106 Sr atoms per clock 
160 s coherence time

1Best independent clocks today

1Oelker et al. Nature Photonics (2019), 2Kim et al. PRL (2025)

Gravitational wave detection with clocks

2Best differential clock comparison



Challenges for optical clocks in space

• Need low-SWaP and rad-hard lasers, opto-electronics, and cold-atom packages. 

• Need to improve the robustness and autonomy of optical lattice clocks. 

• Need ultra-stable clock lasers and frequency combs in low SWaP packages.
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Challenges for optical clocks in space



Loading more than two regions

X. Zheng, SK et al., Nature, 602, 425–430 (2022)
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Multiplexing - a miniature clock network
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X. Zheng, J. Dolde, H.-M. Lim, and SK, arXiv:2207.07145 (2022) 
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Multiplexing - a miniature clock network

X. Zheng, J. Dolde, H.-M. Lim, and SK, arXiv:2207.07145 (2022) 



Huntemann et al. PRL (2014); Takano et al. Nature Photonics (2016); Dereviako, Pospelov, Nature Physics (2014)
SK et al. PRD (2016); SK et al., Nature (2017); Arms, Serna, arXiv (2016)

Tests of relativity

Dark matter detectionSearches for new physics

GW detection

Geodesy

Quantum simulation

δ f
f GR

≈
gΔh
c2

δ f
f SR

≈
aΔl
c2

Optical clocks in space for fundamental physics



Gravitational redshift

g
Δh

Image credits: wikipedia, space.com
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 For Δh = 1 m:  
δ f
f GR

≈
gΔh
c2

≈ 1 × 10−16

http://space.com
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Cs beam 
Cs fountain 
Ion optical clock 
Sr optical lattice clock 
Yb optical lattice clock

Gravitational redshift and clocks

1 cm redshift 
(geodetic limit) 

1 m redshift 

1 km redshift 



Relativistic geodesy

Grott et al., Nature Physics (2018), Takano, et al., Nature Photonics (2016), McGrew et al., Nature (2018), Takamoto et al., Nature Photonics (2020) 

PTB-INRiM

NIST

RIKEN/U. Tokyo
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Test of the gravitational redshift in the lab

1 cm

2.5 mm

X. Zheng, J. Dolde, M.C. Cambria, H.-M. Lim, and SK, Nature Communications 14, 4886 (2023)



1 cm

2.5 mm

Gravitational redshift height resolution
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X. Zheng, J. Dolde, M.C. Cambria, H.-M. Lim, and SK, Nature Communications 14, 4886 (2023)
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Gravitational redshift height resolution

~1.3 mm

1.5 mm

X. Zheng, J. Dolde, M.C. Cambria, H.-M. Lim, and SK, Nature Communications 14, 4886 (2023)



Bothwell et al., Nature, 602, 420-424 (2022)

Redshift across a single atomic ensemble

δf
f GR

≈ 1 × 10−19

Jun Ye



Test of the gravitational redshift in the lab

Measured redshift gradient: 12.4 ± 0.7(stat) ± 2.5(sys) × 10−19/cm
10.9 × 10−19/cm

δf
f GR+

≈ (1 + α)
gΔh
c2 1 + α = 1.13 ± 0.23

Expected redshift gradient: 

X. Zheng, J. Dolde, H.-M. Lim, and SK, arXiv:2207.07145 (2022) 
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Tests of the gravitational redshift

Lab-based optical clocks 
Portable optical clocks 
Mössbauer 
Space-based MW clocks

10−3 10−1 101 103 105 107

10−4

10−3

10−2

10−1 JILA, 2022

UWM, 2022
NIST, 2010

Pound-Rebka, 1960

Pound-Snider, 1965 PTB-INRiM, 2018

RIKEN-U. Tokyo, 2016

RIKEN SkyTree, 2020

Gravity Probe A, 1983

Galileo satellites, 2018

McGrew et al., Nature (2022), Takamoto et al., Nature Photonics (2020), Bothwell et al., Nature (2022)

α

Δh (m)

NIST, 2018
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NIST, 2018

Tests of the gravitational redshift

Optical clocks  
on the moon



Science with optical clocks on the moon:
• Precision navigation and timing 

• Very long baseline interferometry 

• Tests of the gravitational redshift and relativity, geodesy of the moon(?) 

• Doppler tracking of the moon, gravitational wave detection(?)  

• Dark matter searches 

• ????????



Thank you for your attention!

Questions?


