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Th-doped LiSrAlF6 crystal

The solution: Crystals
•Transition measurement 
•Host Effects

An even better approach?
•Nuclear laser spectroscopy in 
an opaque material

Rubber meets the road
•Data vs predictions

Isotope Needs
•Scarcity stifles innovation



First on the scene: L. A. Kroger and C. W. Reich, Nucl. Phys. A 259, 29 (1976).

B.R. Beck et al., PRL 98, 142501 (2007); ibid., LLNL-PROC-415170 (2009).

• The 229Th nuclear isomeric transition

229Th = 228Th + n
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7.8(5) eV 
160(10)nm

Γ = 100 μΗz λ = 



The nuclear clock

Q ~ 1019 

BBR shift minimal, small differential shifts (nuclear magneton), etc.

7.8(5) eV 
160(10)nm

Γ = 100 μΗz λ = 
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NIST F-1 Clock 

Nuclear clock @ UCLA

Nuclear clock based on 
rare thorium-229 

isotope

~10 kHz



5

Nuclear clock @ UCLA

Nuclear clock based on 
rare thorium-229 

isotope

~10 kHz

Sparked excitement 
In 

Timekeeping, navigation, 
communication, and 

fundamental science (FC 
Variation, UDM, LV, EPV)

BuT…



Finding the isomeric transition

The haystack:  
140 nm < λ < 180 nm

The challenge (~40 yrs):
The needle:  
Ɣ~ 10 μHz – 100 μHz

The solution:
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148.38219(4)stat(20)sys nm

2020407.3(5)stat(30)sys GHz

τ = 568(13)stat(20)sys sτis = n3τ

≈ 1860(43)stat(66)sys s

Laser excitation of Th-229 nucleus!?

Expected lifetime! 
Tkalya et al., 
PRC 92 054324 (2015)

Richard Elwell James Terhune
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2024: The year of thorium
Excitation in 

Crystals

Freq. Measurements

2020407.3(5) GHzLiSrAlF6 UCLA:

2020409(7) GHzCaF2 PTB/Vienna:

2,020,407.29870116 GHzCaF2 JILA/Vienna:

2,020,407.4(5) GHzThF4 JILA/UCLA:

2,020,407.5(2) GHzThO2 UCLA:

Chuankun 
Zhang

Jun Ye

Richard Elwell James 
Terhune

Andrei 
Derevianko

Piet Van 
Duppen

Ekkehard 
Peik

Thorsten 
Schumm

Christian 
Schneider

Koji 
Yoshimura

Atsushi 
Yamaguchi
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2024: The year of thorium
Excitation in 

Crystals

Freq. Measurements

2020407.3(5) GHzLiSrAlF6 UCLA:

2020409(7) GHzCaF2 PTB/Vienna:

2,020,407.29870116 GHzCaF2 JILA/Vienna:

2,020,407.5(5) GHzThF4 JILA/UCLA:

2,020,407.5(2) GHzThO2 UCLA:

Richard Elwell
Ricky Elwell won the 

2025 DAMOP Thesis Prize
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The rubber meets the road

Host effects

Shifts and quenching?

Quenching & Next order 
of accuracy?

ĤHFS = ĤE0 + ĤM1 + ĤE2 + …
Largely verified by 
experiment already!

Excitation in 
Crystals

Freq. Measurements

2020407.3(5) GHzLiSrAlF6 UCLA:

2020409(7) GHzCaF2 PTB/Vienna:

2,020,407.29870116 GHzCaF2 JILA/Vienna:

2,020,407.5(5) GHzThF4 JILA/UCLA:

2,020,407.5(2) GHzThO2 UCLA:
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ĤHFS = ĤE0 + ĤM1 + ĤE2 + …
Largely verified by experiment 

Quenching & Next order of accuracy?

Harry 
Morgan

Andrei 
Derevianko
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The next steps

Material optimization:
• TH:CaF2 Limit = uncontrolled strain 
•Host quenching 
• Doping segregation
• Vacuum and VUV lasers add 
Complexity & SWaP
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The next steps

• TH:CaF2 Limit = uncontrolled strain 
•Host quenching 
• Doping segregation

Cr:LiSAF and Ce:LiSAF Th:LiSAF

• Vacuum and VUV lasers add 
Complexity & SWaP

Material optimization:
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The next steps

• TH:CaF2 Limit = uncontrolled strain 
•Host quenching 
• Doping segregation

Stoichiometric material Defect free

• thin films: nuclear integrated 
photonics

• Bulk Stoic. Mat.: optimum 
performance

ThF4, NaThF6, 
…

• Vacuum and VUV lasers add 
Complexity & SWaP

Material optimization:

Jaideep 
Singh

Xing 
Wu
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The next steps
These stoichiometric materials require a more 
flexible furnace
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The next steps

• TH:CaF2 Limit = uncontrolled strain 
•Host quenching 
• Doping segregation
• Vacuum and VUV lasers add 
Complexity & SWaP

Material optimization:
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The next steps

Needs only 297 nm and does not require vacuum“Verified”

Th:BaMgF4, Th:BaZnF4, Th:SrB4O7, Th:BPO4, Th:SrMgF4

• Vacuum and VUV lasers add 
Complexity & SWaP

Material optimization:
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The next steps

Th:BaMgF4, 
Th:BaZnF4, 
Th:SrB4O7, …

BaMgF4

BaMgF4

Excellent 
transmission
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Disruptive new path: nuclear 
spectroscopy in an opaque 

material?
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Small band gap materials?

Excitation in 
non-transparent 

material

SS electroplated 
with ThO2

Challenges:  
1. laser absorbed  
2. Internal conversion



Thorium metal Target 

Small band gap materials?
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Excitation in 
non-transparent 

material

SS electroplated 
with ThO2

Challenges:  
1. laser absorbed  
2. Internal conversion

Look Mom, No Crystals!



24

Excitation in 
non-transparent 

material

2020407.3(5) GHzThO2 UCLA:

SS electroplated 
with ThO2

12 us!

Look Mom, No Crystals!
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ThO2: Nuclear Spin Free 
s: similar linewidthτIC ≳ 30 μ

An IC clock?

Th:CaF2 linewidths 
20-100 kHz

In Fluoride crystals I 
expect ~5 kHz is 
possible (M1 limit)

Vs

ThO2 nuclear spin 
free (no M1 LImit) 

Lifetime broadening
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Excitation in 
non-transparent 

material

2020407.3(5) GHzThO2 UCLA:

SS electroplated 
with ThO2

Big advantage for a clock?

A

Look Mom, No Crystals!

Current readout!

Chemical tuning of lifetime

1/τIC =
2π
ℏ

|W |2 ρ(E)
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arXiv:2607.08941 (2026)
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Chemical tuning of lifetime?

After plasma cleaningAfter plasma cleaning

Ar +
Preliminary



Scarcity stifles innovation
Isotope Needs

Lessons from History

semiconductor material: 
Field-effect Transistor 

patent 1930
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3He shortage:  
neutron detection, Low T 

physics



Scarcity stifles innovation
Isotope Needs

Lessons from History

3He shortage:  
neutron detection, Low T 

physics

semiconductor material: 
Field-effect Transistor 

patent 1930

28Si Shortage:  
Quantum computing



Scarcity stifles innovation
Isotope Needs

GROWTH RUN O(1 MG)

~20 RUNS/YR

20 MG/YR (MY GROUP)

PURITY NEEDS

Specific Activity:  
Th-229: 0.2 Ci/g  

Th-228:  820 Ci/G

99.98% Pure for similar activity

All thorium can be recaptured in 
“failed” samples



Summary

New paths!

Solid-state clock and the search

Colloquia: Nuclear Clocks 
arXiv:2606.11048RMP Article:


