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Nuclear physics with a laser? 
Why a “nuclear clock”? – figure of merit 
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Figure of merit*: 

F =Q N
to build a good clock... 
•  use high transition frequency ν0 
•  use narrow transition (small Δν) 
•  have many oscillators (large N) 
•  have long interrogation time Tint 

assuming Δν ≈ 1 / (Tintτav)-1/2 

independent of N  ideal: solid-state nuclear 
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Nuclear physics with a laser? 
What about “fundamental constants”? 
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Gamma measurements 
A brief history of the 229Th isomer energy 

S. L. Sakharov, Physics of at. Nuclei 73, 1-8 (2010) 

numbers are keV! 

Nuclear levels of 229Th 

Isomer energy from difference γ-measurements 

Problem: needs 10-4 to 10-5 precision to measure eV energies 
Knowledge on isomer energy depends on detector technology 

233U  
α-decay 

... 

84% 

2% 

0.003% 
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ΔE [eV] year method 
< 100 1976 γ-spectro 
1 (4) 1990 γ-spectro 
< 5 1990 d-scatt. 

3.5 (1.0) 1994 γ-spectro 
3.4 (1.8) 2003 γ-spectro 

New results on Th-229  

R. G. Helmer and C.W. Reich, Phys. Rev. C 49, 1845 (1994) 
V. Barci, G. Ardisson, G. Barci-Funel, et al., Phys. Rev. C 68, 034329 (2003) 

lots of (unsuccessfull) experiments 
performed based on this value... 

S. L. Sakharov, Physics of at. Nuclei 73, 1-8 (2010) 

30 years of improving detectors... 

numbers are keV 

The 229Th isomer energy until 2007: 

Gamma measurements 
A brief history of the 229Th isomer energy 
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Gamma measurements 
The 2007 measurement by Beck et al. 

What we learned from 2007 Beck et al.: 
•  transition shifted from visible into VUV (killing MANY previous attempts) 
•  still within the range of lasers (but MUCH harder!) 
•  now, excitation energy ~ ionization energy à electronic states matter 
•  indirect measurement, NO proof of existence 
•  further improving the detectors would directly reduce the error... 

(error limited by statisitics in the 29.39 keV line + abs. energy callibration + branching ratios) 
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The 2020 measurement 
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Building the worlds best gamma spectrometer (for this energy range):  
 

Magnetic microcalorimeter maXs-30  8x8 Array 

32 channels, 64 pixels   
16 mm2 detection area 
4 temp. readouts 
expected energy  
resolution:  10 eV 
20 weeks data collection 
 

collaboration Univ. Heidelberg Group Enss, Fleischmann 

specifically designed for 
Th-229 optimal performance 
@30 keV 
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Energy callibration of the magnetic microcalorimeter: 233U + 241Am 

...identify the lines from literature... 
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Energy calibration of the magnetic microcalorimeter: 233U + 241Am 

the magnetic microcalorimeter 
shows excellent linearity 
 
(in strong contrast to the „ohmic“ 
microcalorimeter used by Beck et al.) 
 
residual „calibration error“: 0.76 eV 
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Differencing scheme (as in Beck et al.) 

Eiso = (E29.39 keV + E42.43 keV) – (E42.63 keV + E29.18 keV) 
       = (E29.39 keV – E29.18 keV) – (E42.63 keV – E42.43 keV) 
       = ΔE29 keV – ΔE42 keV  

Isomer energy:  
Eiso = (8.10 ± 0.17) eV 

•  callibration error drops out (close-by lines) 
•  exact value of branching ratio not critical 
•  absolute energy callibration not critical 

Branching ratios: 
b29 = 9.3(6) % 
b42 = 0.3(3) % 



Gamma measurements 
The 2020 measurement 
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What can we learn from Sikorsky et al. 2020 
•  isomer energy around 8.1 eV (153 nm) 
•  still within the range of VUV lasers (hard!) 
•  within the bandgap of VUV materials (fluoride crystals) 
•  further improving the detectors will further reduce the error... 

4 different ways to extract the  
isomer energy from this data 
•  4-line difference (as 2007) 
•  different decay paths 
•  doublett fitting 
•  combining with Spring-8 result... 

2007 measurement  
7.8(5) eV 

2019 measurement  
8.28(17) eV 



 New results on 229Th 
Questions ??? 

Thorsten Schumm 20 out of 44 New results on Th-229  

Maybe now? 



 New results on 229Th 
Outline 

Introduction: nuclear physics with a laser? 
•  The low-energy nuclear transition in 229Thorium 
•  On nuclear clocks and fundamental constants 

Experiment 1: Gamma measurements 
•  A brief history of the 229Th isomer energy 
•  The 2007 Beck et al. gamma measurement 
•  The 2020 measurement: isomer energy + branching ratio 

Experiment 2: IC measurements 
•  The 2017 LMU measurement: proof of existence 
•  The 2018 PTB + LMU measurement: optical transitions 
•  The 2019 measurement: isomer energy 

Experiment 3: X-ray pumping 
•  The 2019 SPring-8 experiment: isomer pumping  
+ isomer energy + branching ratio 

Thorsten Schumm 21 out of 44 New results on Th-229  



Thorsten Schumm 22 out of 44 New results on Th-229  

IC measurements 
The 2017 LMU measurement 

Exp. concept: •  populate the isomeric state via 2% decay branch in α decay of 233U 
•  spatially decouple 229(m)Th recoils from the 233U source 
•  detect the subsequently occurring isomeric decay 

triodic  
extraction 

RF + DC  
funnel  

RF quadrupole 
ion guide/ 
ion trap 

Quadrupole 
mass separator 

MCP CCD 233U 
source 

Buffer gas  
stopping cell 

Laval  
nozzle 

aperture 
electrode 

detection 
system 

229(m)Th2+,3+ 
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IC measurements 
The 2017 LMU measurement 

located at Maier-Leibnitz Laboratory, Garching: 



Thorsten Schumm 24 out of 44 New results on Th-229  

IC measurements 
The 2017 LMU measurement 

extracted 229(m)Th3+ ions:  ‘soft landing’ on MCP surface 
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IC measurements 
The 2017 LMU measurement 

electron capture on MCP surface:    neutralization of Th ions 
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IC measurements 
The 2017 LMU measurement 

isomer decay by Internal Conversion: electron emission 

§  internal conversion (IC) energetically allowed for neutral thorium:  
                      I(Th+, 6.31 eV) < E*(229mTh, ~7.8 eV)   
§  isomer lifetime expected to be reduced by ca. 10-9 (from ~104 s à ~ 10 µs)  
§  Th ions: IC is energetically forbidden, radiative decay branch may dominate 
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IC measurements 
The 2017 LMU measurement 

amplification of IC electron:    electron cascade generated,  
                                                   accelerated towards phosphor screen 

§  internal conversion (IC) energetically allowed for neutral thorium:  
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IC measurements 
The 2017 LMU measurement 

electrons hit phosphor screen:     visible light imaged by CCD camera 

§  internal conversion (IC) energetically allowed for neutral thorium:  
                      I(Th+, 6.31 eV) < E*(229mTh, ~7.8 eV)   
§  isomer lifetime expected to be reduced by ca. 10-9 (from ~104 s à ~ 10 µs)  
§  Th ions: IC is energetically forbidden, radiative decay branch may dominate 
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IC measurements 
The 2017 LMU measurement 

clear signal from Th3+, Th2+ 

no signal from U3+, U2+ 
L. v.d. Wense, B. Seiferle, P.G. Thirolf et al., Nature 533, 47-51 (2016) 

constraints: τ(229mTh2+) > 60 s 
                    6.3 eV  ≤ Eiso ≤ 18.3 eV 
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IC measurements 
The 2017 LMU measurement 

What we learned from 2017 LMU experiment: 
•  „direct“ proof of existence of isomer state 
•  internal conversion THE dominating process for neutrals 
•  lifetime of 229Thm in neutrals: 7 µs (follow-up publication) 
•  isomer energy BELOW 18.3 eV  

(2nd ionization energy, Th2+ lives „forever“) 
•  isomer energy is ABOVE 6.3 eV 

(1st ionization energy, otherwise IC would not work) 
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IC measurements 
The 2018 PTB/LMU laser spectroscopy 

E. Peik, M. Okhapkin, Comptes Rendus Physique, 
Volume 16, Issue 5, Pages 516-523 (2015) 

What we (believe to) know about the 229Th isomer 

nuclear ground and isomer 
state have different 
magnetic moments! 
(quadrupole component) 

à  different electronic 
hyperfine structures for 
ground and isomer state 

à  should be able to see that 
in „standard“ laser 
spectroscopy  
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IC measurements (not really!) 
The 2018 PTB/LMU laser spectroscopy 

Joint experiments of LMU and PTB, combining: 
•  Production and storage of 229mTh ions 
•  High-resolution laser spectroscopy of Th2+ 

Development of the  
laser spectroscopy scheme; 
reference spectra with  
229gTh2+ and 232Th2+ 

Spectra of  
229mTh2+ and 229gTh2+ 

J. Thielking, M. V. Okhapkin, P. Glowacki, D. M. Meier, L. v.d. Wense, B. Seiferle, C. E. Düllmann, P. G. 
Thirolf, E. Peik: Laser spectroscopic characterization of the nuclear clock isomer 229mTh 

ground state 

ground + isomer state 
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IC measurements (not really!) 
The 2018 PTB/LMU laser spectroscopy 

•  Fluorescence detection free from 
laser straylight 

•  Levels with J=2─1─0 simplify the 
analysis  

Two-step laser excitation eliminates Doppler-broadening: 
•  1st step: excitation of a narrow velocity class out of the 300 K thermal distribution 
•  2nd step: high-resolution spectroscopy, free from Doppler-broadening 
•  Spectra of step 2 for various detunings of laser 1 provide the resolved HFS of 

both transitions  
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IC measurements (not really!) 
The 2018 PTB/LMU laser spectroscopy 

Typical HFS resonances of nuclear isomeric and ground states in scan of the 2nd-
step laser. 

Nuclear ground state 
resonances 

Cyan: isomer resonances with  
F: total angular momentum 

Total data set: 70 spectra for different detunings of the 1st-step laser and in co- 
and counter-propagation beam configuations. 
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IC measurements (not really!) 
The 2018 PTB/LMU laser spectroscopy 

What we learned from 2018 PTB/LMU experiment: 
•  even more „direct“ proof of existence of isomer state 
•  laser spectroscopy can easily distinguish between ground/isomer 
•  a series a nuclear parameters measured... 

unambiguously 
confirmed 

measured to 
µ = - 0.37(6)µN  
Q = 1.74(6)×10-28 e.m2 

+ 2% branching into 229mTh in 
233U α-decay confirmed 

+ mean square charge radius 
change 
<r2>229m-<r2>229 = 0.012(2) fm2  
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IC measurements (now again!) 
The 2019 measurement 

•  neutralization of Th3+ (Th2+) by passing through graphene foil 
•  in-flight internal conversion free of surface effects (subtleties here!)  
•  kinetic energy measurement of IC electron 

Ekin = Eiso – IP + Ei-Ef 
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IC measurements (now again!) 
The 2019 measurement 

Ekin = Eiso – IP + Ei - Ef 

IP: ionization potential of neutral ground-state Thorium: 6.31 eV 
Ei: (possible) excitation energy of ion undergoing IC 
Ef: final electronic state of the remaining Th1+ ion  needs theory input! 

Simulating a statistical average of the 
„most probable“ electronic configurations 
for a given Eiso yields: Eiso = (8.28 ± 0.03stat. ± 0.16syst.) eV 
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IC measurements (now again!) 
The 2019 measurement 

What we learned from 2019 LMU experiment: 
•  isomer energy around 8.3 eV (150 nm) 
•  within the range of VUV lasers (hard!) 
•  within the bandgap of VUV materials (fluoride crystals) 
•  not much further improvement possible (systematic error) 
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NOW! 



 New results on 229Th 
Outline 

Introduction: nuclear physics with a laser? 
•  The low-energy nuclear transition in 229Thorium 
•  On nuclear clocks and fundamental constants 

Experiment 1: Gamma measurements 
•  A brief history of the 229Th isomer energy 
•  The 2007 Beck et al. gamma measurement 
•  The 2020 measurement: isomer energy + branching ratio 

Experiment 2: IC measurements 
•  The 2017 LMU measurement: proof of existence 
•  The 2018 PTB + LMU measurement: optical transitions 
•  The 2019 measurement: isomer energy 

Experiment 3: X-ray pumping 
•  The 2019 SPring-8 experiment: isomer pumping  
+ isomer energy + branching ratio 
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X-ray pumping 
An introduction to NRS 

Concept: excite the 2nd 229Th nuclear state in SPring-8 synchrotron 

BL19LXU beam line, 4 x 1012 photons/s in 0.26 eV linewidth (later reduced to 0.1 eV) 

•  1.8 kBq solid 229Th sample (~ThO2) 
•  9 APD detectors (Hamamatsu) 

•  energy resolution 21% 
•  time resolution 60 ps 
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X-ray pumping 
An introduction to NRS 

Concept: excite the 2nd 229Th nuclear state in SPring-8 synchrotron 

experimental challenges: 
•  separate NRS signal from prompt peak 
•  estimated lifetime 150 ps 
•  signal/background ratio 10-6 

•  photoelectric and NRS signature similar 
 
...5 beam times, 4 years of work... 
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X-ray pumping 
The 2019 Spring-8 measurement 

NRS resonance curve Lifetime and excitation yield 

E2nd = (29189.93 ± 0.07) eV T½ = (82.2 ± 4.0) ps   

Γγ,cr= (1.70 ± 0.40) neV   transition linewidth,  
quite some subleties here 

combined with known  
Γγ,in= (14.3 ± 1.40) neV   à bγ,cr = 1/(9.4 ± 2.4)  

IC branching ratio: bIC,in = 0.58 ± 0.07, isomer pumping rate 25 kHz 
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X-ray pumping 
The 2019 Spring-8 measurement 

Extracting the isomer energy: 
•  SPring-8 measures ONLY the cross-band energy 
•  Gamma spectroscopy measures PREDOMINANTLY the intra-band energy 

(small correction for branching ratio required) 

à isomer energy can be extracted from „old“ 
gamma spectroscopy data... 

•  yields energy interval 2.5 eV < Eis < 8.9 eV (bof!) 
•  approach suffers from poor ABSOLUTE calibration of detectors 

(absolute error not even quantified in Beck et al.) 
•  combined with 2020 HD measurement :  Eiso = (7.8 ± 0.8) eV using b = 1/9.4 
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New results on 229Th 
Summary + Outlook 

•  isomer energy consistently measured around 8.2 eV 
•  clearly VUV (currently no CW laser) 
•  clearly compatible with solid-state approaches (if IC suppressed) 

•  2nd nuclear level measured with 0.07 eV error 
•  branching ratio confirmed to be ~ 90% - 10% (in-band – cross-band) 

STILL, no direct excitation of isomer  
from ground state or radiative decay detected! 

Whats next (from our subjective perspective): 
•  use X-ray pumping to populate isomer + detect VUV photon 

...ongoing at SPring-8 
•  directly excite the isomer in 229Th-doped crystals 

...ongoing at Vienna + MLS synchrotron Berlin (also UCLA) 
•  use beta-decay of 229Ac   

...pioneered by Piet Van Duppen, Leuven... 
Vienna crystals at Spring-8 

à new ERC Synergy  
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We want YOU… 
…for Thorium research! 

new ERC Synergy project started Feb. 2020  
laser spectroscopy of Th-229 (and much more) 

Marianna	
  SAFRONOVA	
  
University	
  of	
  Delaware	
  

Peter	
  THIROLF	
  
Ludwig-­‐Maximilians-­‐Universität	
  	
  
München	
  	
  

Thorsten	
  SCHUMM	
  
Technische	
  Universität	
  Wien	
  

Ekkehard	
  PEIK 	
  	
  
Physikalisch-­‐Technische	
  	
  
Bundesanstalt	
  	
  

...looking for PhDs and PostDocs! 
contact thorsten.schumm@tuwien.ac.at 
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New results on 229Th 
Who’s doing that? 

Gamma measurements 
J. Geist, S. Kempf, A. Fleischmann, L Gastaldo, Chr. Enss   Uni Heidelberg 
C. Mokry, J. Runge, C. E. Düllmann     GSI, Uni Mainz, HIM 
T. Sikorsky, J. H. Sterba, V. Rosecker, K. Beeks, G. Kazakov, T. Schumm  TU WIEN 

IC measurements 
B. Seiferle, L. v.d. Wense, I. Amersdorffer, P. Thirolf    LMU 
P. V. Bilous, A Pàlffy       Max-Planck Kernphysik 
C. Lemell, F. Libisch, S. Stellmer, T. Schumm     TU Wien 
C. E. Düllmann       GSI, Uni Mainz, HIM 
 
SPring-8 measurments 

T. Masuda, A. Yoshimi, A. Fujieda, H. Hara, T. Hiraki, H. Kaino, Y. Miyamoto,  Okayama University 
K. Okai, S. Okubo, N. Sasao, S. Uetake, M. Yoshimura, K. Yoshimura, K. Suzuki 
H. Fujimoto, T. Watanabe      AIST Tsukuba  
H. Haba, A. Yamaguchi, T. Yokokita, K. Tamasaku    RIKEN 
Y Kasamatsu, Y. Yasuda, Y. Shigekawa     Osaka University 
S. Kitao, M. Seto       Kyoto University 
K. Konashi, M. Watanabe      Institute f. Material res. Tohoku 
S. Stellmer, T. Schumm      TU Wien 
Y. Yoda        SPring-8 beamline 
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last chance! 


