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• laser spectroscopy???
• material science
• fundamental physics
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Concept: 229Th nuclear laser excitation in CaF2
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The „solid state approach“:
• Th nuclei inside VUV transparent material
• large band (~10 eV) gap à fluoride crystals
• doping, implantation, diffusion…
• control of electronic environment: [Rn]
• a solid-state optical nuclear clock?



Fabrication of Th:CaF2 in Vienna
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> 10 years of painful method development…

• dedicated lab for growth of
radioactive dopants (only one in Europe)

• miniaturized crystal growth to
increase doping concentration

• fluorine annealing to reduce defects
• in-house cutting + polishing
• characterization (optical, radiological)
• 1 crystal (attempt) takes 5 days

currently working on: 
• pulling single crystal fibers
• growing bulk ThF4 crystals



Fabrication of Th:CaF2 in Vienna
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X2: 4×10!" cm-3

19 May 2021
C13: 0.8×10!" cm-3

7 Dec 2020
C10: 0.3×10!" cm-3

23 Nov 2020

3 crystals from Vienna with different „history“ and concentration

…will be used in ALL experiments shown today
* apart from the UCLA experiment on slide 4

3 mm

1 mm
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PTB Experiment

scanning for almost a year…



First laser excitation of 229Th in 2024
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PTB Experiment

𝜈!"#$%&= 2020.409(7) THz 𝜏!
"
= 670(102) s (in crystal)

laser linewidth limited
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PTB Experiment UCLA Experiment

Host: CaF2 Host: LiSrAlF6
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PTB Experiment UCLA Experiment

Host: CaF2 Host: LiSrAlF6

Isomer energy: 
8.338(24) eV or 148.71(42) nm
Isomer lifetime: 
670(102) s (in crystal)

Isomer energy: 
148.38219(4)stat (20)sys nm
Isomer lifetime: 
568(13)stat (20)sys s (in crystal)

April 2024 July 2024

First laser excitation of 229Th in 2024
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Nuclear quadrupole structure in 229Th:CaF2
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What about interactions between crystal and nuclear levels?

????



Nuclear quadrupole structure in 229Th:CaF2
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Quadrupole structure determined by nuclear and material parameters

Q – (intrinsic) quadrupole moment
Vzz – electric field gradient (EFG)
𝜂 – anisotropie parameter

„universal“

host-specific
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Quadrupole structure determined by nuclear and material parameters

Q – (intrinsic) quadrupole moment
Vzz – electric field gradient (EFG)
𝜂 – anisotropie parameter

„universal“

host-specific

can we see these quadrupole levels…?
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The „solid state approach“ to a Th-229 nuclear clock
• Basic concept and implementation
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VUV frequency comb precision spectroscopy
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• 4 strong, 2 weak lines observed
• absolute frequency determination with reference to Sr clock

JILA experiment
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JILA experiment vs. PTB/UCLA

PTB/TUW spectra
~ 7 GHz JILA lines

covering 400 MHz
individual lines ~ 30 kHz
accuracy ~1 kHz  

𝜈!"#$%&= 2 020 407 384 335(2) kHz 



VUV frequency comb precision spectroscopy
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JILA experiment vs. PTB/UCLA

PTB/TUW spectra
~ 7 GHz JILA lines

covering 400 MHz
individual lines ~ 30 kHz
accuracy ~1 kHz  

September 2024

same crystals X2 and C10 used at PTB and JILA

𝜈!"#$%&= 2 020 407 384 335(2) kHz 



Nuclear quadrupole structure in 229Th:CaF2
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• 4 strong + 1 additional line observed à asignement to nuclear quadrupole structure
• absolute frequency determination

(let‘s not totally forget about the 2 weak lines)

JILA experiment



Nuclear quadrupole structure in 229Th:CaF2

Thorsten Schumm 14 of 24Nuclear Laser spectroscopy of Th-229

• 4 strong + 1 additional line observed à asignement to nuclear quadrupole structure
• absolute frequency determination

(let‘s not totally forget about the 2 weak lines)

JILA experiment „traditional“ Mössbauer spectroscopy



Nuclear quadrupole structure in 229Th:CaF2
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• 4 strong + 1 additional line observed à asignement to nuclear quadrupole structure
• absolute frequency determination

(let‘s not totally forget about the 2 weak lines)

JILA experiment „traditional“ Mössbauer spectroscopy

VUV
laser
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Quadrupole structure determined by nuclear and material parameters

Q – (intrinsic) quadrupole moment
Vzz – electric field gradient (EFG)
𝜂 – anisotropie parameter

change in quadrupole moment…

„universal“

host-specific

∆𝑄/𝑄 = 1.791(2)%
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Nuclear quadrupole structure in 229Th:CaF2
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Quadrupole structure determined by nuclear and material parameters

Q – (intrinsic) quadrupole moment
Vzz – electric field gradient (EFG)
𝜂 – anisotropie parameter

change in quadrupole moment… Extracted electrical field gradient (EFG)

„universal“

host-specific

∆𝑄/𝑄 = 1.791(2)%
𝑉!! = 109.1(7) V/Å"

𝜂 = 0.59163(5)
extremely well reproduced over 3 different crystals



Temperature dependence of spectroscopy lines
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tracing 4 strongest lines over temperature
JILA experiment

• EFG and eta parameter „well behaved“
• compatible with thermal expansion
• interesting cancellellation in (B) transition (clock?)
• strong eta indicates breaking of lattice symmetry

transitions now clearly depend on 
host material and temperature (CaF2, LiSaF6…)
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Towards a 229Th:CaF2 solid-state nuclear clock
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JILA experiment
(B) transition (C) transition

vanishing T 
dependence

line for
thermometry

• transition frequencies consistent within ~kHz over different crystals
• linewidth 10-100 kHz, scaling with concentration („micro-strain“)
• Continuous interrogation at fixed T (over 1 year) within 1 kHz
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JILA experiment
(B) transition (C) transition

vanishing T 
dependence

line for
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Multiple doping sites in a single crystal
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Okayama experiment

• 4-wave mixing laser similar to PTB/UCLA
• linewidth 30 MHz à resolve Q-structure
• factor 50 higher excitation rate than JILA

• detection system taken from SPring-8
• 3 crystals from Vienna (always the same)
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Okayama experiment
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• at least 4 different Th sites identified
in all 3 crystals

• one of them is „JILA site“ (site 2)
• missing 6th line of „JILA site“ 

observed
• Relative occurences of sites changes

with concentration

??
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Okayama experiment
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JILA site0 EFG!

tentative assignement: single
Th and 2Th cluster without
local charge compensation
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Okayama experiment
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Okayama experiment
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selective laser excitation of nuclei in 
specific sites in the crystal
“…beyond Mössbauer“
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Okayama experiment

isomer lifetime DOES NOT seem to
depend (much) on Th doping site
(all measurements at room temperature) 
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Okayama experiment

isomer lifetime DOES NOT seem to
depend (much) on Th doping site
(all measurements at room temperature) 

isomer laser quenching DOES depend
on Th doping site
(all measurements at room temperature) 
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Multiple doping sites in a single crystal
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Okayama experiment

isomer lifetime DOES NOT seem to
depend (much) on Th doping site
(all measurements at room temperature) 

isomer laser quenchin DOES depend on 
Th doping site
(all measurements at room temperature) 
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arXiv:2509.00041v1
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