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Original version in L. von der Wense et al., Nature 533, 47-51 (2016),
updated in P. G. Thirolf et al., Eur. Phys. J. Spec. Top. (2024).
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Existence of the isomer: identified via conversion

electrons
L. von der Wense et al., Nature 533, 47-51 (2016)

Lifetime of the neutral isomer: 7,0 =7 £ 1 us
B. Seiferle et al.,Phys. Rev. Lett. 118, 042501 (2017)

Hyperfine structure of 222(MThZ* measured via

collinear laser spectroscopy
J. Thielking et al., Nature 556, 321-325 (2018)

Excitation energy measurement:

via conversion electrons — E,, = 8.28 + 0.17 eV
B. Seiferle et al., Nature 573, 243—-246 (2019)

via magnetic microcalorimetry = E.,=8.10 £ 0.17 eV
T. Sikorsky et al., Phys. Rev. Lett. 125, 142503 (2020)

via radiative decay — E,, = 8.338 £+ 0.024 eV

S. Kraemer et al., Nature 617, 706—710 (2023)

Expected systematic frequency uncertainty
~ =15x10"

C. Campbell et al., Phys. Rev. Lett. 108, 120802 (2012) 2
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Transition in the nucleus:

keV - MeV
A

excited
nuclear states

ground state

E. Peik & C. Tamm, Europhys. Lett. 61(2), 181-186 (2003)




LMU | S Possible Applications of a Nuclear Clock Gﬁﬂfzﬂm

* Same operation principle as atomic clocks — but strong interaction contributes to transition frequency
— complementary to atomic clocks where the transition frequency is determined by the Coulomb force [1,2]

* Search for time variation of fundamental constants (&, A)
— 229Th provides a largely enhanced sensitivity to changes in a [1, 3, 4]

e Search for ultralight Dark Matter candidates [1, 5]
* Improved precision of satellite-based navigation [5]

* Gravity sensor: 108 relative precision corresponds
to gravitational frequency shifts caused by 1 cm height difference [5]
— systematic uncertainty = 1 mm height difference

Ocean surface
[1] E. Peik et al., Quantum Science and Technology 6, 034002 (2021)
[2] K. Beeks et al., Nat. Rev. Phys. 3, 238-248 (2021)
[3]J. P. Uzan, Living Rev. Relativ. 14, 2 (2011)
(4
[5

] V. V. Flambaum, Phys. Rev. Lett. 97, 092502 (2006)
] P. G. Thirolf et al., Annalen der Physik 531, 1800381 (2019)
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Recent Breakthroughs

@Dcfz;'yom

PTB / TU Wien Team:
Laser excitation of Th-229
in a CaF, crystal

v = 2020.409(7) THz
E = 8.355 74(3) eV
1 = 148.3821(5) nm
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UCLA Team:
Laser excitation of Th-229
in a LiSrAlF crystal
v = 2020 407.3(5)stat(30)sys GHzZ
E = 8.355 733(2)ea(10)sys €V
1 = 148.382 19(4)s(at(20)sys NM

=
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JILA Boulder / TU Wien Team:
Frequency comb spectroscopy
of Th-229 in a CaF, crystal
v1h = 2 020 407 384 335(2) kHz
VTh/VSr =4.707 072615 078(5)
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LMU | s Cryogenic Paul-Trap Experiment at LMU @fzﬂéfﬂ

N

MCP detector SIS BT SRS .

Th3* & Sr* lon source
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Laser System G-EELSL‘&.JOL‘L‘

* 422 nm diode laser
for Sr* cooling
stabilized to Rb cell

* 1092 nm diode laser
for Sr* repumping
stabilized to wavemeter

° 690 nm & 984 nm diode laser

for Th3* spectroscopy
stabilized to wavemeter

 Pulsed 532 nm
Nd:YAG laser
for Sr* ablation
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Cryogenic Extraction
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wowte 88Sr+ Ablation GEELSL‘HOEQ
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Ablation on SrTiO5-crystal with
2 mJ laser pulses of 5 ns at 532 nm

— up to 60 eV particle energy
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Counts on Channeltron
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88Sr+ Laser Cooling

thorium

G\uclear clock

88Sr+* laser cooling scheme:

Sr* lon Crystal
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88Sr+ lon Crystals

. thorium

@ uclear clock
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Sr* lon Crystal (Potential: 70, 60, 70 (V))

Sr* lon Crystal (Potential: 70, 68.3, 70 (V))
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ECCTI-8.7.2024 -

Scan of 422 nm resonance
(6 ions)

Fit a truncated Voigt profile

Gaussian width gives estimate
of ion temperature = 64 mK

Holthoff & Wiesinger - LMU Miinchen
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Cryogenic measurement

starting with 6 ions

(with parts of the thermal

shielding not yet installed = 20 K) 13




MU s 88Sr+ Storage Time @E‘cfzaﬁ'éﬂom

800000 - 61
v; '; 5
S8, S,
> 600000 =
g g ¢
E E
® 400000 - Q 4
2 2
Q Q
(7] ()]

o g2
S 200000 4 3
[TH [TH
1 4
0 -
O -

0 250 500 750 1000 1250 1500 1750

Time [s]
Room temperature measurement Cryogenic measurement
starting with 6 ions starting with 6 ions
(with parts of the thermal
ECCTI - 8.7.2024 - Holthoff & Wiesinger - LMU Miinchen shielding not yet installed = 20 K) 14




 Alpha decay of 233U (10 kBc)

* Recoil daughters %2°Th (98%) and
229mTh (2%) with
84 keV kinetic energy

 Stopped in 30 mbar He buffer gas

e Collected with RF funnel

* Re-accelerated by supersonic
gas jet through de Laval nozzle

(d = 400 um)

ECCTI - 8.7.2024 - Holthoff & Wiesinger - LMU Miinchen

23y

220mTh
a
i— B — e
W‘

Electric RF+DC funnel
Supersonic Laval nozzle

/

Radio-frequency

| quadrupole-ion guide (RFQ),
Buffer-gas stopping cell, 1072 mbar
40 mbar
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von der Wense, L. et al. Nature 533, 47-51 (2016)



o A Compact Th3* lon Source Gmf?aﬁ‘é@
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* Compactness required for
mounting on a laser table

* Implementation into a
CF100 cube

100 mm
233 source

Funnel

Nozzle 229Th3*
bunches

Segmented RFQ
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Trap <108 mbar QMS 10°® mbar
* Vacuum * Vacuum achieved:
requirement:
32 mbar He in
32 mbar He in buffer-gas cell
buffer-gas cell Buffer-gas cell

32 mbar

5x10-3 mbar in RFQ
<108 mbarin
ion trap 7x10° mbar in lon Guide

. . 6x107 mbar in QMS
* Differential

Pumping! 6x10° mbar in ion trap
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e RFQ section:
non-mass selective

* |G section:
mass selective or
non-mass selective

DC amplitude a

04 06 P
RF amplitude q

Dawson, Quadrupole Mass Spectrometry and Its Applications (1976)
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Pulsing the RFQ voltage
from trapping to extraction:
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Catching the Th3* ions in the

Paul trap:
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Mixed Th3* Sr* lon Crystals
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A mixed cloud of
Sr and Th3*ions
after loading Th3*
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Spectroscopy of the electronic transitions of 222(MTh3* and resolving the HFS

Lifetime measurement of the isomer in 22°™Th3* in vacuum

VUV frequency comb spectroscopy of the nuclear transition
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Many Thanks to the LMU-Team ...
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Thank You for
Your Attention!

ECCTI - 8.7.2024 - Holthoff & Wiesinger - LMU Miinchen 25



