Engineering a Quantum Frontier for Clocks & Fundamental Physics

Jun Ye
JILA, NIST & Univ. Colorado

841. Heraeus Seminar on Quantum technologies, Steinbach, September 1 —4, 2025




Time scales

Quantum pendulum period: 1035 s The mid point (geometric mean) ~ 1 minute
(0.000,000,000,000,001 second)

Quantum superposition / coherence Lifetime of the Universe: 14 billion years (1018 s)
1000,000,000,000,000,000 seconds



A new generation of stable lasers

Optical coherence > 10 s
Matei et al., PRL 118, 263202 (2017); Zhang et al., PRL 119, 243601 (2017).

IIMYAAANAAVAV A Y S

Optical frequency comb

Cryogenic silicon crystal cavity

e SRk L R A

1015 cycles
0.3 F per second

——

The achuairatio is 1

(

| |
100,000}

-

-

Signal amplitude

0.2 F
0.1 L .\ ‘
() J PSRRI, N T O e— -V

-0.10  -0.05 0 0.05 0.10
Beat frequency (Hz)



A new generation of stable lasers

Optical coherence > 10 s
Matei et al., PRL 118, 263202 (2017); Zhang et al., PRL 119, 243601 (2017).
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A new generation of stable lasers

Optical coherence > 10 s
Matei et al., PRL 118, 263202 (2017); Zhang et al., PRL 119, 243601 (2017).
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Scaling up atomic clocks: from one to many

Single Hg" ion
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Clock with many identical fermions

Martin ... Gorshkov, Rey, Ye, Science 2013;
Zhang ... Safronova, Zoller, Rey, Ye, Science 2014.
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A Wannier-Stark lattice clock
Bothwell ... Ye, Nature 602, 420 (2022). Aeppli ... Rey, Ye, Science Adv. 8, eadc9242 (2022).
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Optical atomic coherence of 2 minutes
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Kim ... Rey, Ye, Phys. Rev. Lett. (in press, 2025).
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Clock precision reaches <10-%°
Bothwell ... Ye, Nature 602, 420 (2022). Kim ... Rey, Ye, Phys. Rev. Lett. (in press, 2025).
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Clock precision reaches <10-%°
Bothwell ... Ye, Nature 602, 420 (2022). Kim ... Rey, Ye, Phys. Rev. Lett. (in press, 2025).

Resolving the gravitation redshift on length scale of quantum wavefunction ?
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Wannier-Stark offsite resonances
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Atomic clock & atom interferometer: all in one

Simultaneous measurement of gravity (g) & gravitational potential (time)
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Single photon mass: equivalence to gravitational time dilation
Aeppli et al., in preparation (2025).
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Quantum Phase Noise of Atoms
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Spin squeezed clock

e Spin Squeezing at 6 x 10/
* Robinson ... Thompson, Ye, Nature Phys. 20, 208 (2024).

1l
Cavity QED

Clock laser [

Pedrozo-Penafiel ... Vuletic, Nature 588, 414 (2020).
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Challenges: chasing the absolute state of the art
Single clock instability: squeezed ~1 x 1071°/4/T vs. (JILASr1) 1.5 x 10718 /7

Generation of squeezed state of large N

Long-lived quantum entanglement

High fidelity spin preparation & readout
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Making QND truly non-demolition (coherence)
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Chasing the absolute state of the art

Spin-squeezed clock: 5.7 x 1017 (1s), 1 x 108 (3000 s)

x20 improvement
Yang ... Ye, arXiv:2505.04538 (2025).
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Degenerate Fermi gas of Sr atoms:

1 million atoms

Coherence 120 s

Precision4x 1020 at1s

Milner ... Ye,
PRA 107, 063313 (2023).

Scaling up atom number

Quantum simulator & sensor (Fermi Hubbard model)
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Historical lesson & Number scaling

Can we have an Avogadro’s number of quantum absorbers?

Mossbauer spectroscopy
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Coherent Mossbauer spectroscopy for nuclear clock
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Uniquely low energy transition in 22°Th
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High resolution extreme/vacuum ultraviolet light

229Th
Visible
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Table-top coherent VUV and XUV radiation

Harmonic Generation with a single IR pulse - a train of attosecond pulses

Time domain

Frequency domain
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Table-top coherent VUV and XUV radiation

Harmonic Generation with a train of IR pulses - XUV frequency comb
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Making a VUV frequency comb

R. J. Jones & J. Ye, Opt. Lett. 27, 1848 (2002)
R. J. Jones ... Ye, Phys. Rev. Lett. 94, 193201 (2005)
C. Gohle ... Hansch, Nature 436, 234 (2005)
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Comb parallelism — high resolution, broad bandwidth

Thorsten
Schumm
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Quadrupole moment ratio

Qis

2 Nuclear structure & new physics beyond standard model

Beeks ... Schumm, Ye, Safronova, arXiv:2407.17300 (2024).
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Connecting 2°™Th isomeric frequency to 8/Sr atomic clock
Zhang ... Thirolf, Schumm, Ye, Nature 633, 63 (Sept. 5, 2024).

V22914

= 4.707 072 615 078(5)

v87Sr

Sr |
' ' i

HHHIM.,

VUV

S




Vi - 2020 407 298 784 kHz [kHz]

Mo
=1

=
1

;

L
=

;

;

229Th:CaF, : Frequency reproducibility

Higgins ... Schumm, Ye, Phys. Rev. Lett. 134, 113801 (2025); 0Ooi ... Schumm, Ye, arXiv:2507.01180 (2025).
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229Th:CaF, : linewidth vs. doping concentration

X2: 4 x 108 /cm3 Temperature-independent linewidth
C13: 0.8 x 10'%/cm3

C10: 0.3 x 1018/cm3
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Precision sensing for fundamental physics

Source Absorber

Mossbauer spectroscopy

\ 1=5/2 5'Fe nuclear transitions
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Precision sensing for fundamental physics

Source Absorber
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Sr optical clock: guantum meets precision
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