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Great Tool: LISE++ 

O. Tarasov, http://lise.nscl.msu.edu 



Discovery of Isotopes 

https://people.nscl.msu.edu/~thoennes/isotopes/ 



Papers on discovery 

https://people.nscl.msu.edu/~thoennes/isotopes/ 
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Missing Mass Spectra 

J. Cerny et al., Phys. Rev. Lett. 13 (1964) 726 

12C(3He,6He)9C 

Position in spectrometer 
focal plane 

Ejectile (6He) energy 

9C excitation energy (Q-value) 
Most transfer reactions (d,p, p,t, etc.) 
with spectrometers are basically 
missing mass measurements. 

Ejectile energy  –  Excited states energy 
    (Calibration) 

Angular distr.    –  Level spin 
    (Optical model) 

Intensity     –  Spectroscopic factor 
    (reaction dependent) 



Application to “exotic nuclei”? 

Terminology: 
Ø Exotic nuclei? 
Ø Rare isotopes? 
Ø Radioactive nuclei? 
Ø Nuclei/Nuclides/Isotopes 

“Nuclei with ratios of neutron number N to proton  
number Z much larger or much smaller than those 
of nuclei found in nature.” 
 
McGraw-Hill Concise Encyclopedia of Physics. (2002). Retrieved August 
5 2015 from http://encyclopedia2.thefreedictionary.com/Exotic+nuclei  



Reaching the extremes 

proton-rich 

neutron-rich 

superheavy 
nuclides 

N=Z neutron-deficient 



Nucleus - Nuclide - Isotope 

Nucleus:  The nucleus is the small, dense region consisting of protons and 
neutrons at the center of an atom. 

Nuclide:  A nuclide is an atomic species characterized by the specific 
constitution of its nucleus, i.e., by its number of protons Z, its 
number of neutrons N, and its nuclear energy state. 

Isotopes:  Different nuclides having the same atomic number are called 
isotopes. 

https://en.wikipedia.org/wiki/Nuclide 
E.R. Cohen and P. Giacomo,  
Document I.U.P.A.P.-25 (SUNAMCO 87-1) 

A species of atoms identical as regards atomic number (proton number) and 
mass number (nucleon number) should be indicated by the word ‘nuclide’, not 
by the word ‘isotope’. 



Different types of nuclides? 

Stable:  Nuclides which do not decay 
 (What about 128Te: T1/2 = 2.2·1024 years) 

 
Radioactive:  Nuclides which decay with a half-life longer 

than about 10-12s 
 (8Be is unstable:   
T1/2 = 82 as (8.2·10-17 s) 

 
Bound:  With respect to neutron or proton emission 



A = 21 isobars 

stable 

radioactive/ 
unstable 

unbound 

unbound 



Decay of proton-rich nuclei 

Unbound nuclides can still be radioactive: 
 

121Pr: T1/2 = 12 ms (proton emitter) 

Unbound nuclides do not have to 
decay by proton emission: 
 
135Tb: T1/2 = 1 ms   

  Sp = –1.19 MeV - β+ emitter 



Coulomb/angular momentum barrier 

neutron unbound 

proton unbound proton radioactive 



Unbound proton-rich exotic nuclides 

 Z/N = 3 :   4Li,8C 

Z/N = ∞ 

Z/N = 2 

Z/N = 1 

Z/N = 3 



First new isotope produced  
with an accelerator 

7Li + p       8Be        2α 

J.D. Cockcroft and E.T.S. Walton, Nature 129 (1932) 649 



Proton-unbound nuclei 

6Be, 7B, and 8C:  
2,3, and 4-proton 
unbound isotopes 

9B: First proton unbound isotope (1940) 

9Be(p,n)9B 

R.O. Haxby et al., Phys. Rev. 58 (1940) 1035 



Two-proton unbound nucleus: 6Be 

G.F. Bogdanov et al., J. Nucl. Ener. 8 (1958) 148 

6Li(p,n)6Be 



Three-proton unbound nucleus: 7B 

R.L. McGrath et al., Phys. Rev. Lett. 19 (1967) 1442 

10B(3He,6He)7B 



Four-proton unbound nucleus: 9C 

R.G.H. Robertson et al., Phys. Rev. Lett. 32 (1974) 1207 

12C(α,8He)8C 



Beta-delayed protons 

R. Barton et al., Can. J. Phys. 31 (1963) 2007 

27Al(p,3n)25Si 



Fusion evaporation reactions 

M. Thoennessen, Rep. Prog. Phys. 67 (2004) 1187 



1970: Proton radioactivity 

K.P. Jackson et al., Phys. Lett. 33B (1970) 281 
J. Cerny et al.,        Phys. Lett. 33B (1970) 284 

16O(40Ca,p2n)53Co 

54Fe(p,2n)53Co 



Ground-state proton radioactivity 

S. Hofmann et al., Z. Phys. A 305 (1982) 111 

96Ru(58Ni,p2n)151Lu 



Two-proton radioactivity 

M. Pfuetzner et al., Eur. Phys. J. A 14 (2002) 279 
J. Giovinazzo et al., Phys. Rev. Lett. 89 (2002) 102501 

600 MeV/A 58Ni fragmentation 

75 MeV/A 58Ni fragmentation 

12 events 



Mapping the proton dripline: Z<13 

I. Mukha et al., Phys. Rev. Lett. 99 (2007) 182501 
V.Z. Goldberg et al., Phys. Lett. B692 (2010) 307 



12<Z<31 

C.L. Woods et al., Nucl. Phys. A484 (1988) 145 

40Ca(14N,15C)39Sc 



30<Z<44 
J.C. Batchelder et al., Phys. Rev C 48 (1993) 2593 

A.M. Rogers et al., Phys. 
Rev. Lett. 106 (2011) 252503 



Even-Z:   A few bound 
isotopes are still 
unknown 

51<Z<84 

Published only in a 
conference proceeding 

Odd-Z:  Still unknown isotopes 
between proton and  
β+ emitters 



Issue with conference proceedings 

NCSR Demokritos, Athens, Greece 

MSU A1200 fragment separator 



83<Z<93 

L. Ma et al., Phys. Rev. C 91 (2015) 051302(R) 

Potential 4p emitter 

191Rn 



Four-proton radioactivity 

M. Thoennessen, Rep. Prog. Phys. 67 (2004) 1187 



92<Z<103 

H.M. Devaraja et al., Phys. Lett. B 748 (2015) 199 

223Am 229Am 

233Bk 

219Np 



At and beyond the proton dripline 

M. Thoennessen, Rep. Prog. Phys. 67 (2004) 1187 

FRIB 



Most neutron-rich nuclides 

N/Z = ∞  1n 
 
N/Z = 3  8He   
 
11Li:  N/Z = 2.67 

N/Z = ∞ 

N/Z = 3 

X   not a nuclide but a nucleon 



Including unbound nuclides 

N/Z = ∞ 

N/Z = 6 

N/Z = 4 

7H:  N/Z = 6 

A.A. Korsheninnikov et al., PRL 90 (2003) 082501 
A.A. Korsheninnikov et al., PLB 326 (1994) 31 

10He:   N/Z = 4 

Γ ~ 5 MeV T1/2 = 9·10-23s  



Neutron emitting nuclei 

Dripline! 



Limits of Nuclear Stability 

Known Nuclei 

Heavy Elements? 

Terra Incognita 

The neutron-rich limit is only known up to oxygen 

Neutron-bound:       T1/2 > ms 
Neutron-unbound:   T1/2 < 10-20 s 



Quest for 40Mg 

H. Sakurai et al., PLB 448 (1999) 180 
M. Notani et al., PLB 542 (2002) 49 
S.M. Lukyanov et al., JPG 28 (2002) L41 



First Observation of 40Mg 

T. Baumann et al., Nature 449 (2007) 1022 

40Mg production:  
1 in 1017 48Ca beam particles ! 



Dripline Extends Further than Believed 

FRDM 
HFB14 

Starting with 42Al the p3/2 shell is filled, 
indicating that 45Al is bound; and even 47Al 
could be bound (p1/2) 

45 47 



RIKEN 2010 



GSI 2012 

Using the high-resolution 
performance of the 
fragment separator FRS at 
GSI we have discovered 
60 new neutron-rich 
isotopes… 



MSU: 2013 



RIBF and BigRIPS: 2011-2014 

More than 70 new isotopes! 



Reaching the neutron dripline 



Going Beyond the Dripline 

C 

O 

Ne Mg 

Add protons to the 0d5/2: ν0d3/2 – π0d5/2 
interaction changes the N=16 shell gap 

2+ energy 



Invariant mass spectroscopy 

Secondary Beam neutrons 

fragments 

Example: 25O: 9Be(26F,25O)X 
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Sweeper 



Populating 25O in one-proton 
removal reactions from 26F 

C.R. Hoffman et al., Phys. Rev. Lett. 100 (2008) 152501  

25O 
24O+n 

~750 keV 



Populating 26O in one-proton 
removal reactions from 27F 

E. Lunderberg et al., Phys. Rev. Lett. 108 (2012) 142503 



Reconstructing 26O 

E. Lunderberg et al., Phys. Rev. Lett. 108 (2012) 142503 



Identifying real two-neutron events 

Causality cuts: 
•  Δv = 7 cm/ns 
•  Δ d = 25 cm 

  Erel = 150        keV +50 
-150 

E. Lunderberg et al., Phys. Rev. Lett. 108 (2012) 142503 



Spectroscopy of neutron-rich  
oxygen isotopes 



From decay energy to excitation energy 

Sn 

E* = Edecay + Sn 

E*(2+) = 4.72(11) MeV 

C.R. Hoffman et al., Phys. Lett. B 672 (2009) 17  

However, ENSDF:      E*(2+) = 4.82(11) MeV 



Sn is largest source of uncertainty 



Results confirmed by R3B-LAND 

C. Caesar et al., Phys. Rev. C 88 (2013) 034313  
L.V. Grigorenko et al., Phys. Rev. C 84 (2011) 021303 

Erel < 120 keV 

Lifetime limit: τ < 5.7 ns 

Ed = 100 keV ↔ T1/2 ≈ 10-11 ps 
Ed = 600 keV ↔ T1/2 ≈ 10-16 ps 



Lifetime measurement 

Z. Kohley et al., Phys. Rev. Lett. 110 (2012) 152501 

Lifetime: τ = 4.5+1.1 (stat) ±3 (syst) ps −1.5 

82%C.L. for possible finite  
two-neutron radioactivity lifetime 

improved lifetime limit: τ < 5.6 ps 



New lifetime calculations 

L.V. Grigorenko, I.G. Mukha, and M.V. Zhukov,  
Phys. Rev. Lett. 111, 042501 (2013)  

“realistic theoretical limits” 

ET < 1 keV 



Limits of beam intensity (26F to 25O) 

C.R. Hoffman et al., 
Phys. Rev. Lett. 100 (2008) 152502 

MSU 

~80 counts/100keV 

C. Caesar et al., arXiv:1209:0156v2 

GSI 
~15 counts/200keV 



Recent results from RIBF on 25O 

RIKEN 

Factor of ~40 
intensity increase 
compared to MSU 

Y. Kondo et al., Phys. Rev. Lett. 116 (2016) 102503 

>1700 counts/50keV 



Beyond the dripline in the pf-shell 
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B.A. Brown, Prog. Part. Nucl. Phys. 47 (2001) 517 
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§  The	
  single	
  par;cle	
  energies	
  within	
  the	
  
f7/2+	
  orbit	
  change	
  very	
  liFle	
  with	
  
increasing	
  neutron	
  number	
  

§  The	
  separa;on	
  energies	
  stay	
  almost	
  
constant	
  

§  Poten;al	
  for	
  several	
  neutron	
  unbound	
  
isotopes	
  with	
  low	
  decay	
  energy	
  



Four-neutron emitter 

§  The FRDM predicts 38Ne and 44Mg to be direct four neutron 
emitters. 

Neon isotopes 

38Ne 

§  They are bound 
with respect to 1-, 
2-,  and 3-neutron 
emission but 
unbound with 
respect 4-neutron 
emission. 



Summary and outlook 

Ø  There are still hundreds of proton-rich isotopes left to be 
discovered 

Ø On the neutron-rich side there are probably a few 
thousands isotopes reachable in the foreseeable future 

Ø  The driplines are not the limit. Spectroscopic 
information for nuclides beyond the dripline can be 
extracted from particle spectroscopy measurements 

Ø  The sophisticated setup require detailed simulations to 
extract the physical quantities 

Ø  It is important for the evaluators to understand the 
strengths and limitations of the various techniques 


