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From the atomic to the nuclear clock
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The nuclear clock promises:

« High accuracy (with laser cooled trapped ions)

« High stability (in the solid state as a laser Mdssbauer system)
« High sensitivity to new physics (also to strong interaction)



Nuclear Clock:

Oscillator that is frequency-stabilized
to a nuclear (y-ray) transition

Higher accuracy:
The nuclear clock allows for a choice of a suitable electronic state

for the interrogation of the nuclear resonance.

Example: Electric fields, Stark effect:

N Electrans.shigle=the=mretens?™ Nuclear polarizability is orders
-, of magnitude smaller; electronic effects
oV 53@0& 0 are common-mode for both states
o8 of the transition.
Qe

Detailed analyses of suitable electronic configurations:
E. Peik, Chr. Tamm, Europhys. Lett. 61, 181 (2003)
C. J. Campbell et al., PRL 108, 120802 (2012)



Nuclear Clock:

Oscillator that is frequency-stabilized
to a nuclear (y-ray) transition

Higher stability:

In a M6ssbauer solid state nuclear clock, many absorbers may be interrogated

(>10%° instead of =10° (ion trap) or =104 (optical lattice)). Systematics: Crystal field shifts.
Proposed at PTB, UCLA, TU Wien

UCLA, LICAF TU Vienna, CaF,



High sensitivity of a Th-229 nuclear clock in fundamental tests:

total binding energy

Search for violations of the Einstein equivalence principle*

Transition frequency is sensitive to the strong interaction (in addition to electromagnetism)

Coulomb- and strong- contributions (MeV scale) cancel in the transition energy

Enhanced sensitivity to variations of fundamental constants: Phys. Rev. Lett. 97, 092502 (2006)

Bound system of massive particles (n, p) at high energies
Enhanced effect of LLI violation: Phys. Rev. Lett. 117, 072501 (2016)
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Work of Victor Flambaum



PTB Clock comparison data for variations of a
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Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute




The Th-229 low-energy isomer

229Th 1Isomer state
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E. Peik, T. Schumm, M. Safronova, A. Palffy, J. Weitenberg, P.G. Thirolf, Quant. Sci. Tech. 6, 034002 (2021)
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8-eV tunable VUV generation: Four wave mixing

Generating 148 nm VUV requires laser beams at 250 nm and 790 nm.
® Third order process needs high intensity to achieve suitable efficiency.

® Pulsed lasers (~10 ns, 30 Hz repetition rate) best compromise between VUV pulse energy
(>10*2 photons/pulse) and linewidth (<10 GHz).

¢  Our setup:
® Two cw Ti:Saring lasers as seed.
® Pulsed dye amplifiers (~60 mJ/pulse, 30 Hz repetition rate).
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J. Thielking, K. Zhang, J. Tiedau, J. Zander, G. Zitzer, M. V. Okhapkin, E. Peik, New J. Phys. 25, 083026 (2023)



PTB - TU Wien cooperation:
Laser excitation of ?22°Th-doped calciumfluoride crystals
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European Research Counci K. Beeks et al. (TU Wien), Phys. Rev. B 109, 094111 (2024)
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overall photon detection efficiency
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PMT counts [1/s]

Resonant laser excitation, detected in VUV fluorescence
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J. Tiedau et al. (PTB — TU Wien cooperation), Phys. Rev. Lett. 132, 182501 (2024)



Fluorescence decay curves
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Decay time constant: 618(9) s:

- ldentical for differently doped X2 and C10 crystals

- Identical for C10 before and after refluorination with CF,
- Independent of crystal temperature 100 — 320 K

F. Schaden et al. (TU Wien, & PTB), arXiv:2412.12339



Th-229 excitation in Th:LISAF at UCLA

_ (_a_)

-30 -20 -10 0 10 20 30
f — 2020407 (GHz)

R. Elwell et al., Phys. Rev. Lett. 133, 013201 (2024)
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Frequency ratio of the ***"Th nuclear
isomeric transition and the®Sr atomic clock
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Conclusion and Outlook

« We obtained laser excitation of the Th-229 nucleus.
« There is rapid progress now in nuclear laser spectroscopy (see also UCLA, JILA, ...).
« Th-229 promises high sensitivity for fundamental tests, also involving the strong interaction.

What's next?
« Building a narrow-linewidth VUV laser
« EXxciting the nuclear transitions in trapped Th ions L Edanensuyen &

229Th3* sympathetically cooled with 88Sr+

L 2 ¢ PRESGES N ¥
o000 L] 00000000 O

e _Quantum nucleonics®
 Nuclear clock for fundamental tests

G. Zitzer et al., Phys. Rev. A 109, 033116 (2024)
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The electromagnetic mode density in the dielectric medium is enhanced relative to vacuum,
leading to a n® enhancement of the M1 spontaneous transition rate:
G. Nienhuis, C. Th. J. Alkemade, Physica (Amsterdam) 81, 181 (1976).

With this correction, the half-life becomes: 1740(50) s

In Weisskopf units Th-229 isomer lifetime data from different systems
(nuclear oscillator strength): 2600F . ! ) ! 3
B(M1)=0.022 W.u.
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Nuclear structure predictions 22001 LMgF;, CERN i
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Line splitting from the interaction of the nuclear
guadrupole moments with the electric crystal field
gradient. s

) ~1 GHz
P
frequency (arb. u.nits)
Crystal Code X2 C10
Dopant isotope Th-229 Th-229
Th activity [kBq] 66 22

Concentration [em™>] 5 x 10'® 3 x 107
Column density [mm™2] 8 x 10'® 1 x 10'°

Lineshape (FWHM: 12(1) GHz) and resonance frequency (2020.4079(35) THz)

are consistent for two differently doped crystals.



