
David Lunney – CSNSM (IN2P3/CNRS) – Université de Paris Sud, Orsay

The uroboros of 
mass measurements 

and mass models

D. Price and S. Rosswog, Science (2006)

Woosley & Janka, Nature Phys. (2005)

23-26 April 2013 Heraeus-Seminar:  
Nuclear Masses and 
(r-process) nucleosynthesis



outline

• Quick review of experimental methods
• Some global comparisons and 

observations
• Mass table (AME2012) and its “DNA”
• Quick review of mass models 

(classification)
• Some global comparisons and 

observations
• Conclusions (specific discussion points)



Drawing by Theodoros Pelecanos; 
alchemical tract Synosius (1478). 

Early alchemical uroboros illustration; 
From the work of Cleopatra the 
Alchemist (Greco-Roman Egypt).



The Alchymist, 
In Search of the Philosophers' Stone; 
Joseph Wright of Derby, 1771
Source:  Wikipedia

The Alchemist,
by Thomas Wijck

…and mass spectrometrist!







From:  D. Lunney, “Nuclear masses:  
Experimental programs, theoretical models and astrophysical interest,” p. 296

15 years ago





Techniques

Indirect

reactions:
A(a,b)B
Q = MA+ Ma- Mb- MB

decays:
A → B + α
Qα = MΒ− MΑ

Direct 
(mass spectrometry)

time of flight:
SPEG/CSS2 - GANIL
NSCL, ESR - GSI

cyclotron frequency:
Penning-trap
Mass spectrometry
ISOLTRAP and…
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Increasing primary beam also increases contamination
very fast reflection-type mass separators (R. Wolf) 



The global mass market
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CPT @ Argonne National Lab

year article physics nuclides

2012 J. Van Shelt et al. PRC 85, 045805; r process 133-134Sb, 134-137Te,
135-139I, 137-141Xe, 
141-142Cs

2011 J. Fallis et al. PRC 84, 045807; rp process 90-92Mo, 90-93Tc,
90-94Ru, 92-95Rh

2008 J. Fallis et al., PRC 78, 022801(R) rp process 92Ru, 93Rh; 
2008 J. Van Schelt et al. POS (NIC X) 150 r process 155Pr, 153-157Nd, 

153-159Pm, 157-161Sm, 
158-161Eu, 163Gd 



Astro.:  J. L. Fisker, R. D. Hoffman, and J. Pruet, arXiv:0711.1502v1



JYFLTRAP @ IGISOL-Jyvaskyla

year article physics nuclides

2011 J. Souin et al., Eur. Phys. J. A 47 weak interaction 30S
2011 J. Hakala et al., Eur. Phys. J. A 47 structure 102,103Y, 108Nb, 111Mo, 

113,114Tc, 116Ru, 119Rh, 
121,122Pd

2012 J. Hakala et al., Phys. Rev. Lett. 109 structure 121-128Cd, 129,131In, 
130-135Sn, 131-136Sb, 
132-140Te

2013 A. Kankainen et al., Phys. Rev. C 87 isomers 121,123,125Cd, 133Te, 
129,131In, 130Sn, 134Sb

From:  T. Eronen et al., ACTA PHYSICA POLONICA B 42, 559 (2011)



LEBIT @ MSU-East Lansing:

year article physics nuclides

2009 J. Savory et al., PRL 102, 132501 rp process 68,70Se, 70m,71Br
2010 R. Ferrer et al., PRC 81, 044318 structure (N = 40) 63−66Fe; 64−67Co
2012 M. Redshaw et al., Phys. Rev. C 86 neutrino 48Ca
2013 D.L. Lincoln et al., Phys. Rev. Lett. 110 neutrino 82Se



SHIPTRAP @ GSI-Darmstadt:

year article physics nuclides

2011 E. Haettner et al., PRL 106, 122501 rp process 80,84Sr; 85-87Mo
2011 S. Eliseev et al., PRC 83, 038501 neutrino physics 96Ru, 162Er, 168Yb
2011 S. Eliseev et al., PRL 106, 052504 neutrino physics 152Gd
2012 E. Minaya Ramirez et al. Science structure 252-255No, 255-256Lr



ESR @ GSI-Darmstadt:

year article physics nuclides

2010 L. Chen et al., Phys. Lett. B 691 structure 234 236Ac, 224At, 221Po, 
222Po, 213Tl

2012 L. Chen et al., Nucl. Physics A 882 structure n-rich Z = 78 - 91
2013 D. Shubina et al. PRC (submitted) structure 181,183Lu, 185,186Hf, 

187,188Ta, 189,190W, 
192,193Re, 195Os



CSR @ IMP-Lanzhou:

year article physics nuclides

2011 X.L. Tu et al., Phys. Rev. Lett. 106 rp process 63Ge, 65As, 67Se, 71Kr 
2012 Y.H. Zhang et al., Phys. Rev. Lett. 109 IMME 41Ti, 45Cr, 49Fe, 53Ni



TITAN @ TRIUMF-ISAC:

year article physics nuclides

2011 A. Lapierre et al. PRC structure (N = 28) 44-50K, 49-50Ca
2012 S. Ettenauer et al. PRL CVC 74Rb
2012 M. Brodeur et al. PRL structure 8He
2012 A. Gallant et al. PRL 109 structure (N = 28) 51K, 51-52Ca
2012 V. Simon et al., PRC 85 r process 94,97,98Rb, 94,97-99Sr



ISOLTRAP @ CERN-ISOLDE

year article physics nuclides

2012 D. Fink et al., Phys. Rev. Lett. neutrino 110Pd-110Cd
2012 F. Herfurth et al., EPJA rp process Z > 32 p-rich 
2012 S. Naimi et al., PRC 86 structure (N = 40) 58-66Mn
2013 R. Wolf et al. PRL neutron-star crust 82Zn
2013 F. Wienholtz et al., Nature structure 52-54Ca



Bρ-tof @ NSCL



ENAM 2004



ENAM 2008



ARIS 2011



Direct mass measurements
2008-2011 (ENAM → ARIS)

That dripline is far away – will we ever reach it?!



AME2003 AME2012

Total data 7773 12437
Used (-BCDFU) 6169 5556
Equations 1381 1947
Parameters 847 1176
X2 expected 534 771
X2 obtained 814 765

gs masses 2228 2438
gs estimations 951 915
isomers 201 336
iso estimations 122 128

Reactions/decays 967 1117
Mass spectrometry 414 830
X-indirect 1.27 1.02
X-direct 1.16 0.96

Data getting better (not going as far…)

The AME:  the stepping stone to theory



AME 2003 mass uncertainties

>100 keV
>10 keV
<10 keV
<1 keV
<100 eV

AME 2012 mass uncertainties

>100 keV
>10 keV
<10 keV
<1 keV
<100 eV



Observations and statistics (from results published 2008-2010):
(source:  AME2011 update of G. Audi & M. Wang)

Total of about 200 direct measurements:

TOF:  ESR-IMS (35); ESR-SMS (6); NSCL (21); 

TRAPS (160):

CPT (2)
FSU (42)
ISOLTRAP (70)
JYFL (120)
SHIP (21)
LEBIT (19) 
TITAN (7) 

100 new reaction/decay data from
RIKEN, JYFL, GSI, JINR, 
Kyoto, Berkeley, Andreyev (!)

TRAPS
TOF
DECAY

CPT
ISOLTRAP
JYFLTRAP
LEBIT
SHIPTRAP
TITAN
FSU



trap
tof
indirect

Observations and statistics (from results published 2011-2012):
(source:  AME2012)

Total of about 447 direct measurements (total data):

TOF (99) :  ESR (65); CSR (18); NSCL (16); 

TRAPS (348):

CPT (122)
ISOLTRAP (54)
JYFL (86)
LEBIT (8) 
SHIPTRAP (20)
TITAN (37)
TRIGATRAP (21) 

93 new reaction/decay data from:
RIKEN, JYFL, GSI, JINR, et al.

CPT
ISOLTRAP
JYFLTRAP
LEBIT
SHIPTRAP
TITAN
TRIGATRAP



microscopic
sculpturings of a
macroscopic blob

algebraic
formulas

microscopic
nucleon-nucleon

interaction

physics input

ease of use

Garvey-Kelson FRDM HFB

A (very) simplified overview of mass models



PHYSICAL REVIEW C 87, 024319 (2013)
Extrapolations of nuclear binding energies from new linear mass relations
D. Hove, A. S. Jensen, and K. Riisager

Do we (still) need local formulae? 

PHYSICAL REVIEW C 87, 044313 (2013)
Empirical formulas for nucleon separation energies
M. Bao, Z. He, Y. M. Zhao, and A. Arima



Theoretical Mass Models: Macroscopic ‐Microscopic / Liquid Drop

FRDM: Finite Range Droplet Model ‐ New fit to 2011 AME! (2012?)
P. Moller J.R. Nix, W.D. Myers, W.J. Swiatecki, 
At. Data Nuc. Data Tables 59 (1995) 185

Kazuhiro Oyamatsu, Kei Iida, Hiroyuki Koura, Phys. Rev. C 82 (2010) 027301
Kazuhiro Oyamatsu, Kei Iida, Phys. Rev. C 81 (2010) 054302

Ning Wang, Zuoying Liang, Min Liu, Xizhen Wu, Phys. Rev. C 82 (2010) 044304
Ning Wang, Min Liu, Xizhen Wu, Phys. Rev. C 81 (2010) 044322

Wigner‐Kirkwood (only 10 parameters but even‐even cases only!):
A. Bhagwat, X. Vinas, M. Centelles, P. Schuck, R. Wyss, Phys. Rev. C 81 (2010) 044321
A. Bhagwat, X. Vinas, M. Centelles, P. Schuck, R. Wyss, Phys. Rev. C 86 (2012) 044316

Do we (still) need mic-mac models? 



From:  A. Bhagwat, et al., Phys. Rev. C86 (2012) 044316



H. Koura



An empirical study of the Duflo–Zuker mass formula
M.W. Kirson, Nuclear Physics A 893 (2012) 27–42

Inverse test:  Using exotic masses to predict stable nuclides!

39/50 predicted
stable nuclides



N. Wang et al.
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Masses from an interaction (mean field)

Deviation is in the eye of the beholder…



Bender, Bertsch, Heenen, PRC (2006)

Masses from beyond the mean field

From beyond… to infinity ?



Phys. Rev. C 87, 021303(R) (2013)
Ab initio calculations of medium-mass nuclei with explicit chiral 3N interactions
Sven Binder, Joachim Langhammer, Angelo Calci, Petr Navrátil, and Robert Roth 

Nature (2013) accepted
N = 32 shell closure in Ca
F. Wienholtz and the ISOLTRAP Collaboration
A. Schwenk et al., EFT calculations of Ca isotopes

Phys. Rev. Lett. (2012)
New Ca masses across N = 28
A. Gallant and the TITAN Collaboration
A. Schwenk et al., EFT calculations of Ca isotopes

J.D. Holt, J. Menendez, A. Schwenk
Three-body forces and proton-rich nuclei (N = 8,20 isotones)
Phys. Rev. Lett. 110 (2013)

Hagen, Hjorth-Jensen, Jansen, Machleidt, Papenbrock
Continuum effects and 3N forces in n-rich O
Phys. Rev. Lett. 108 (2012)

3N forces from chiral effective field theory
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Kelson

A (foolhardy?) attempt at classification – for discussion purposes! 

HFB‐D1M

Chiral EFT
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HFB‐5DCH

DZ
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Naimi et al. 2010
ISOLTRAP 

2013

Hakala
et al. 2011









The Garvey-Kelson relations :

single-particle picture:  
1 & 2-body terms cancel; 
residual terms uncorrelated

M(Z,N)

M(Z−2,N+2)

J. Barea, A. Frank, J. G. Hirsch, P. Van Isacker, S. Pittel, and V. Velazquez, PHYS. REV. C 77, 041304(R) (2008)







Duflo-Zuker (1995) Koura et al. (2005)

FRDM (1992) HFB-17 (2008)





















Using averages – maybe it’s enough after all?



Discussion points

• Experiment:  how much farther can we go?
• Are mic-mac models passé?
• Will (Brussels-Montreal) Skyrme HFB continue?  

Should it?!
• Beyond the mean field:  

Will we get odd nuclides?
Do we need odd nuclides?!

• What is the role of the tensor force?
• Can chiral EFT come to the rescue?  When?!
• Is there something better out there…?


