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Quantum Monte Carlo Calculations of Light Nuclei 

Pieper & Wiringa. Ann. Rev. Nucl. Part. Sci. (2001) 



4 

Halo Nuclei 6He and 8He 
 

Isotope Half-life Spin Isospin Core + Valence 

He-6 0.8 s 0+ 1 α + 2n 

He-8 0.1 s 0+ 2 α + 4n 
 

Borromean Rings Borromean Nucleus 

4He 

8He 

6He 

Quantum 
Monte Carlo 
 calculation 

Proton 

Neutron 



5 

Nuclear Volume Effect 
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  Perturbation theory with corrections: 
  relativity  
  QED 
  finite nuclear mass  
  nuclear charge radius 

  Uncertainty on transition frequency: ~ MHz 
  Uncertainty on isotope shift: (MHz) x (me/MN)   kHz 

Atomic Theory of Helium 

3PJ 

3S1 

For 23S1 – 33P2 transition @ 389 nm: 
6He - 4He : δν6,4 = 43196.171(2) MHz – 1.010 (<r2>c,6 – <r2>c,4) MHz/fm2 

8He - 4He : δν8,4 = 64702.509(2) MHz – 1.011 (<r2>c,8 – <r2>c,4) MHz/fm2 

100 kHz error in IS  ~ 1% error in radius 

Isotope Shift    dn  =  dnMS  + dnFS 

Drake, Can. J. Phys. (2006); 
Pachucki & Sapirstein, J. Phys. B (2002) 



6He @ ATLAS (2005)	
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“As a user of Ptolemy, a code developed by Steve, I 
appreciate his great contribution to the community.” – 
Xiaodong Tang	
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He-6 Collaboration 
P. Mueller, L.-B. Wang, K. Bailey, J.P. Greene, D. Henderson, R.J. Holt, R. Janssens, C.L. Jiang,  

Z.-T. Lu, T.P. O’Conner, R.C. Pardo, K.E. Rehm, J.P. Schiffer, X.D. Tang - Physics, Argonne 
 G. W. F. Drake - Univ of Windsor, Canada 

 

He-8 Collaboration 
P. Mueller, K. Bailey, R. J. Holt, R. V. F. Janssens, Z.-T. Lu, T. P. O'Connor, I. Sulai - Physics, Argonne; M.-

G. Saint Laurent, J.-Ch. Thomas, A.C.C. Villari - GANIL, Caen, France 
G. W. F. Drake - Univ of Windsor, Canada   L.-B. Wang – Los Alamos Lab 



Jan. 26th 2007 
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Atom Trapping of 6He & 8He at GANIL (2007) 

~1x108 6He+/s 

~5x105 8He+/s 
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Spectroscopy 
389 nm 

23S1 

11S0 
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Trap 
1083 nm 

He level scheme  

Capture efficiency 
1x10-7 

     Source 
6He ~ 5x107/s 

8He ~ 1x105/s 

      Trap 
6He ~ 5 /s 
8He ~ 1x10-2/s 
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He-8 Trapped! 

First He-8 Atom 
June 15th 2007 
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50 kHz 

6He 

~30 6He atoms/s 

110 kHz 
60 atoms 

8He 

~30 8He atoms/hr 

For 23S1 – 33P2 transition @ 389 nm: 
6He - 4He : δν6,4 = 43196.171(2) MHz – 1.010 (<r2>c,6 – <r2>c,4) MHz/fm2 

8He - 4He : δν8,4 = 64702.509(2) MHz – 1.011 (<r2>c,8 –<r2>c,4) MHz/fm2 

Field Shifts: 
6He - 4He : δν6,4 = 1.430 (7) [30] MHz 

8He - 4He : δν8,4 = 1.020 (42) [45] MHz 



Proton and Matter Radii of 6He & 8He 

Wang et al., PRL (2004) 
Mueller et al., PRL (2007) 

1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8
 Nuclear Radii, fm

4He
  rms point-proton     matter     
                              Experiment
                              Theory

8He
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Experiment 
Theory 

Nuclear Radii, fm 
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Steve Pieper wrote in RMP (2013)  



Proton- & Matter-
Radii of 6He & 8He 

Lu et al., RMP (2013) 



Zheng-Tian  Lu 
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University of Science and Technology of China (USTC) 
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and Quantum Physics 

ICEQT    September 2019 
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Atom Trap Trace Analysis – 
Method and Applications in the Earth Sciences 



Atom Trap Trace Analysis (ATTA) – Krypton 

Ultrasensitive isotope trace analyses with a magneto-optical trap 
Chen et al., Science 286, 1139 (1999) 

5p[5/2]3 

5s[3/2]2 

4p6 Ground-level 

Metastable τ ≈ 40 sec 

811 nm 

10 eV 
electron collision 

CCD	  image	  profile	  	  
of	  a	  single	  81Kr	  atom	  



Google “ATTA Primer”  

 
Hydrology 
Glaciology 

Oceanography 

 
Sampling 

& 
Sample prep 

 
 

ATTA 

Collaboration of Earth Science and Physics 

Sampling	  &	  sample	  prep	  
•  Bern,	  Switzerland	  
•  U.	  Chicago,	  U.S.	  
•  IAEA,	  Vienna	  
•  USTC,	  China	  
•  Heidelberg,	  Germany	  
•  U.	  Delaware,	  U.S.	  
•  CSIRO,	  Australia	  
•  Hamburg,	  Germany	  
•  ……	  

Atom	  Trap	  Trace	  Analysis	  
•  Argonne,	  U.S.	  
•  Heidelberg,	  Germany	  
•  USTC,	  China	  
•  CSIRO,	  Australia	  
	  
	  

In	  development	  
•  IAEA,	  UN	  
•  Hamburg,	  Germany	  
•  Bern,	  Switzerland	  



Radioactive gas isotopes for tracing and dating 

40 – 1300 ka 

2 – 50 a 

50 – 1300 a 

   Gas: Even distribution around the world 
   Inert: Simple production, transport and deposition process  

85Kr, 39Ar, 81Kr:  Ideal isotopes for dating / tracing 



Water/Ice sample size needed 
over the years 

~ 6%	  efficiency	
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ATTA Instrument for Kr-81 at USTC 
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85Kr ATTA 39Ar ATTA 81Kr ATTA 

Laser  system
 

Laser  system
 

Laser  system
 

•  1x	  Kr-‐81	  beamlines,	  	  	  	  200	  samples/year	  
•  1x	  Kr-‐85	  beamlines,	  	  	  	  500	  samples/year	  
•  1x	  Ar-‐39	  beamlines,	  	  	  	  200	  samples/year	  

USTC ATTA Lab (2019) 
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85Kr ATTA 39Ar ATTA 81Kr ATTA 

Laser  system
 

Laser  system
 

Laser  system
 

•  2x	  Kr-‐81	  beamlines,	  	  	  	  400	  samples/year	  
•  2x	  Kr-‐85	  beamlines,	  	  1000	  samples/year	  
•  2x	  Ar-‐39	  beamlines,	  	  	  	  400	  samples/year	  

USTC ATTA Lab (2021) 





Groundwater Ocean 

Glacier Nuclear	  safety 

Atom	  Trap	  
Trace	  Analysis	  

26 
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China	  Na[onal	  
Nuclear	  Corp 

Beishan,	  China	  

81Kr	  characterize	  old	  (isolated)	  groundwater	  environment	  
for	  sites	  of	  nuclear	  waste	  repository	  

•  Waste	  Isola[on	  Pilot	  Plant	  (WIPP),	  New	  Mexico,	  USA	  
•  China	  Na[onal	  Nuclear	  Corp.,	  Beishan,	  China	  

•  Central	  Res.	  Inst.	  of	  Electric	  Power	  Industry	  (CRIEPI),	  Japan	  



With	  Laboratory	  for	  Sciences	  of	  Climate	  and	  Environment	  （LSCE）	  
Arc[c	  and	  Antarc[c	  Research	  Ins[tute（AARI）	  

•  Depth	  :	  Below	  3500m	  
•  3	  Consecu[ve	  samples	  
•  Weight	  :	  ~	  6	  kg!	  	  

Vostok Ice Core	  

Collaborators: 
Vladimir Lipenkov, AARI 
Amaelle Landais, LSCE 
Barbara Stenni, Venice	

1	  million	  years	  old	  	  



Guliya Ice Cap 

81Kr ages of 8 samples 
Ages < 15 - 74 ka 

Li-‐De	  Tian	  et	  al.,	  	  
Geophys.	  Res.	  Leg.	  (2019) 



First	  39Ar-‐da-ng	  of	  small	  ocean	  samples	  

	  
Sampling:	  	  
•  Three	  depth	  profiles	  from	  the	  

North	  Atlan[c	  	  
(Eastern	  tropical	  North	  Atlan[c	  
Oxygen	  Minimum	  Zone)	  

•  5	  liters	  of	  water	  per	  data	  point	  
•  Sampling	  with	  standard	  Niskin	  

bogles	  
	  
Main	  results:	  	  
•  39Ar	  &	  CFC	  constrain	  transit	  [me	  

distribu[ons	  
•  Mean	  ages	  of	  up	  to	  800	  years	  
•  Reveal	  ocean	  ven[la[on	  pagerns	  
•  Advec[on	  in	  intermediate	  depths	  

much	  more	  important	  than	  
previously	  assumed	  	  

Ebser,	  S.	  et	  al.,	  Nat.	  Commun.	  9,	  5046	  (2018)	  

PPT	  by	  Sven	  Ebser 

Heidelberg	  University	  (Markus	  Oberthaler	  and	  Werner	  Aeschbach)	  
GEOMAR	  Kiel	  (Toste	  Tanhua)	  



Lamont-‐Doherty	  Earth	  Observatory	  
Columbia	  University	  
William	  Smethie	  Jr.,	  Mar[n	  Stute	  et	  al.	  
	  
•  900	  Atlan[c	  samples	  collected	  in	  the	  80’s	  
•  39Ar	  da[ng	  by	  USTC	  and	  Heidelberg 

Z.-‐T.	  Lu	  et	  al.,	  Earth-‐Sci.	  Rev.	  
(2014) 

“a more dense survey of 39Ar with 
higher accuracy measurements would 
prove of great value in constraining 
ocean general circulation models.” 
--- Broecker and Peng (2000) 

1931	  –	  2019 
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Radiokrypton unveils dual moisture 
sources of a deep desert aquifer 

Yokochi	  et	  al.,	  PNAS	  116,	  16222	  (2019) 

Atlan[c	  ocean	  
361±30	  ka 

Mediterranean	  
<	  38	  ka 

  Inves[gated	  the	  paleo-‐
hydroclimate	  proper[es	  of	  
the	  Nubian	  Sandstone	  Aquifer	  
in	  the	  Negev	  Desert,	  Israel.	  	  

  Resolved	  subsurface	  mixing	  
and	  iden[fied	  two	  dis[nct	  
moisture	  sources	  of	  recharge.	  

  Reveals	  that	  tectonically	  
ac[ve	  terrain	  can	  store	  
groundwater.	  	  

Reika	  Yokochi	  
U	  Chicago	  
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81Kr in the 
Atmosphere 

- production rate and 
abundance	

(A) 	  Geomagne[c	  field	  
(B) 	  Produc[on	  rate	  
(C) 	  81Kr	  age	  correc[on	  

	  <	  4%	  
-‐-‐	  C.	  Buizert	  et.al.,	  Proc.	  Natl.	  Acad	  
Sci.	  111,	  6876	  (2014)	  


