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Nucleosynthesis on the Chart of the Nuclides 

Astrophysical scenarios: 
high temperature =  
high degree of ionization 



Fragmentation 

Coulomb  
fission 

Production of Exotic Nuclei 



Devices for precise mass measurements 



Direct Mass Measurements on the Chart of the Nuclides 

Penning Traps 

Storage Rings 

Individual Project 
High-Precision Measurements of Nuclear Ground State Properties 

Status: 2011 



The mass of 82Zn 

Composition of the outer crust of a neutron star 

δm/m ~ 10-8 (< 1 keV) 
T1/2 ~ 80(20) ms  

S. Kreim and the ISOLTRAP Coll. (2011) ISOLTRAP (ISOLDE) 



B. Franzke, H. Geissel & G. Münzenberg, Mass Spectr. Rev. 27 (2008) 428 

Schottky and Isochronous Mass Spectrometry 

N=50, 82 N=126 



Schottky Mass Spectrometry 
1987  - B. Franzke, H. Geissel, G. Münzenberg 

N=126 



Experimental Storage Ring ESR 

ESR: B. Franzke, NIM B 24/25 (1987) 18 Stochastic cooling: F. Nolden et al., NIM B 532 (2004) 329 
Electron cooling: M. Steck et al., NIM B 532 (2004) 357 



Schottky Mass Spectrometry (SMS) 

Continuous digitizing and storage of raw data 



Discovery of New Isotopes and Isomers 

L. Chen et al., Phys. Lett. B691 (2010) 234 L. Chen et al., in preparation (2012) 



Direct Mass Measurement of 208Hg Nuclide 

one ion in two weeks 

L. Chen et al., PRL 102 (2009) 122503 

p-n interactions are sensitive to the spatial overlaps of the 
proton and neutron wave functions 



Direct Mass Measurement of 197Au Projectile Fragments

D. Shubina et al., In preparation (2012)
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FIG. 3: A part of the chart of the nuclides indicating the nuclides measured in this work as well as the nuclides in the ground
and isomeric states identified in the other part of this experiment devoted to the search of new K-isomers in this region [3].

constant, is a complicated function of the revolution fre-

quency f . If αp was constant, then the m/q would lin-

early depend on f . Figure 4 (top) shows an example of

a linear fit through calibration m/q for one of the mea-

sured spectra. The residuals of the fit (bottom panel of

the same Figure) clearly show that the calibration func-

tion is more complicated than a low-order polynomial
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FIG. 4: Top: Mass-over-charge m/q as a function of revo-
lution frequency. The solid line illustrates a straight line fit
through the calibration m/q-values. Bottom: The same as
top but with the subtracted linear fit.

function. Polynomials of up to 4th order (5 free coeffi-

cients) were tried, but different to the analyses performed

in Refs. [9, 13, 19], the quality of the fits were found un-

acceptable. Therefore, in the present analysis we have

used linear splines to determine the unknown mass-over-

charge ratios. Only interpolations have been used.

Each 10 s Schottky frequency spectrum was fitted in-

dependently. Since several settings of the electron cooler

have been recorded, there are many overlapping spectra.

Furthermore, the same nuclide can be present in different
charge states which allows for a redundant analysis. The

nuclides which masses have been measured for the first

time or which mass accuracy was improved in this work

are listed in Table III.

In order to estimate systematical uncertainties, we re-

determined the masses of each reference nuclide. This

was done consecutively by setting each of the references

as “no”-reference and obtaining its mass from the re-

maining 19 references. The re-determined mass excess

values are listed Table III along with the literature val-

ues [17]. The systematic error σsyst has been obtained

from solving the following equation:

Nref�

i=1

(ME(i)
AME −ME(i))2

σ2
(i) + σ2

syst

= Nref , (2)

where Nref = 20 is the number of reference nuclides,

ME(i) and ME(i)
AME are re-calculated and literature

mass excess values of the i-th reference nuclide, respec-

tively, and σ(i) is the statistical uncertainty of the re-



Isochronous Mass Spectrometry 
1985  - H. Wollnik, Y. Fujita, H. Geissel, G. Münzenberg, et al. 

N=50, 82 



Heavy Ion Research Facility in Lanzhou (HIRFL)!

CSRe	  

SFC	  (K=69)	  
SSC(K=450)	  	  

CSRm	  	  

RIBLL1	   RIBLL2	  



CSRm-CSRe Complex at IMP in Lanzhou 

W.L. Zhan et al., Nucl. Phys. A834 (2006) 694c 



Time-of-Flight detector for the IMS 



IMS: Time-of-Flight Spectra 

About 13% in mass-over-charge range 
Nuclei with half-lives as short as 20 µs 

M. Hausmann et al., Hyperfine Interactions 132 (2001) 291 M. Matos et al., Proc. EXON 2004 
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New half-live domain for storage-ring 
experiments 

Genevey et al., EPJA 7, 463 (2000) 

17 µs isomeric state in 133Sb (neutral atom) 

Expected half-live of bare isomer: ~ 17 ms, αt~991  
A new half-live domain for storage-ring experiments 

RIMS=200 000 

B. Sun, et al., Phys. Lett. B 688 (2010) 294 



X.Tu, et al., PRL 106 (2011) 112501 

Mass Measurements Relevant for Nucleosynthesis in Stars 

Rate of 71Kr was just 2 ions/day 



Limitation of the Isochronicity 

Bρ =
m

q
vγ

Magnetic rigidity Good isochronous conditions are fulfilled only in a small range 



CSRm-CSRe Complex at IMP in Lanzhou 

W.L. Zhan et al., Nucl. Phys. A834 (2006) 694c 



Direct Mass Measurements on the Chart of the Nuclides 

Penning Traps 

Storage Rings 

Individual Project 
High-Precision Measurements of Nuclear Ground State Properties 

Status: 2011 
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RIKEN Radioactive Ion Beam Facility 



Next-Generation Heavy-Ion Beam Facility HIAF  

Cooler-Synchrotron	  
ECS-45	  

(High Pulse Power) 

Isochronisms' 	  
Mass Measurement	  

(High Accuracy) 

U-RIBLL	  
(Large Acceptance) 

i-LINAC	  
(Multi-Charge State) 

ECR LIS 

4 Beam Line   5 Exp. Setups 

• HEP Setup 10s kJ 

• Irradiation Setup 

• Material Setup 

• Multi-Function Setup 



FAIR - Facility for Antiproton and Ion Research 

100 m 

UNILAC 
SIS 18 

SIS 100/300 

HESR 

Super 
FRS 

NESR 

CR RESR 

GSI today Future facility 

ESR 

FLAIR 



ILIMA: Masses and Halflives  



1913 - J. J. Thompson, Entdeckung der Isotope  
(Nobelpreis 1906) 

Sir Joseph John Thomson (1856-1940) 



- Special Issue of International Journal of Mass Spectrometry “Birth 
of Mass Spectrometry”  
(Klaus Blaum, Yuri Litvinov (Eds.)) 

 
- Dedicated Symposium “100 Years of Mass Spectrometry”, DPG-
Meeting, Hanover, 2013 
(Klaus Blaum, Yuri Litvinov (Org.)) 

 
- 513. WE-Heraeus Seminar on “Astrophysics with Ion-Storage Rings”  
(Yuri Litvinov, Rene Reifarth and Kerstin Sonnabend (Org.)) 
 
- 530. WE-Heraeus Seminar on “Nuclear Masses and 
Nucleosynthesis”  
(Almudena Arcones, George Bertsch and Klaus Blaum (Org.)) 
 
 
 
 
 
New Atomic Mass Evaluation (AME2012) is to appear in 2012/2013 
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