
https://www.youtube.com/watch?v=ZvuMRwvJhHw&spfreload=10  

ISOTOPES discovery 

Rare Isotopes 



How did visible matter come into being and how 
does it evolve? 

The radioactive galaxy demonstrates the continuing 
formation of new radioactive isotopes 

26Al distribution 
along galactic 

plane 
 

T=7.2·105 yr 
Eγ=1.809 MeV 

A 'snapshot' view of ongoing 
nucleosynthesis in the Galaxy by 
COMPTEL and INTEGRAL…  

The mean lifetime of 26Al makes the 1.809 MeV gamma-ray line an excellent 
tracer for newly synthesized material released into the interstellar medium over 
the last several million years 



Reaction networks 
(captures, decays) 

rp-process 

r-process 

n-star crust 
processes 

Chandra 

Swift 

Keck 

Hubble 

Apache Point 

LSST 
(High Priority ASTRO 2010) 

LOFT (early 2020s ?, ESA) 

How are atoms cooked in the Cosmos? 
Chemical evolution 

FRIB, TRIUMF, RIBF, … 

NuSTAR 
 

Most elements are created in violent stellar 
explosions, and orbiting and Earth-based 
telescopes are capable of measuring these 
creation rates. 
 
To interpret observations, however, we must 
understand reactions occurring in stellar 
explosions that create and destroy rare 
isotopes. 
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S. Bruenn et al., ApJ 767, L6 (2012) S. Rosswog et al., MNRAS 430, 2585 (2013) 

Chemical evolution 

http://svs.gsfc.nasa.gov/cgi-bin/details.cgi?aid=10543  



Half of the neutron-rich atomic nuclei heavier than iron are 
built by neutron driven r-process. The final abundances reflect 
the shell structure of nuclei, which determines the respective 
nucleosynthesis trajectories. 

Curiosity 
Mars Rover 
– powered 
by 238Pu 
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from A. Gade 

Nuclear Structure: Revision of textbook knowledge 



New Closures N = 32 & 34 

Nuclear Structure: Revision of textbook knowledge 

A. Gade 
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What are the limits of atoms and nuclei? Do very long-lived 
superheavy nuclei exist in nature?  

Structure of nuclei at the limit of mass and charge (Coulomb frustration) 
Cosmic origin of superheavy nuclei? 
Very relativistic atoms with Zα → 1 
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•  Around 30 new superheavy isotopes found since 2007 
•  Z=114 (Fl) and 116 (Lv) named 
•  Z=117, 115 confirmed 
•  Unique spectroscopic data above Z>102 
•  Chemistry of Z=106, 114 

Shell energy 

9 W. Nazarewicz 



The Quest: Towards long-lived superheavy nuclei 



Exotic topologies of superheavy nuclei: Coulomb frustration 
Battle between long-range (Coulomb) and short-range (nuclear) interactions 

Self-consistent calculations 
confirm the fact that the “pasta 
phase” might have a rather 
complex structure, various 
shapes can coexist,  at the 
same time significant lattice 
distortions are likely and the 
neutron star crust could be on 
the verge of a disordered 
phase. 
 

A challenge is to assess stability of such forms 
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Fission properties of r-process nuclei 
J. Erler et al, Phys. Rev. C 85, 025802 (2012) 
S. Goriely et al., Phys. Rev. Lett. 111, 242502 (2013) 
 

Fission of neutron rich nuclei impacts the formation of heavy elements at 
the final stages of the r-process through the recycling mechanism. The 
fission recycling is believed to be of particular importance during neutron 
star mergers where free neutrons of high density are available. 
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Experiment _-decay
spontaneous fission

Super-heavy nuclei can be 
formed in the r-process. But 
their yields strongly depend 
on predicted nuclear data 
and astrophysical scenario.  
 
I.V. Panov et al., A&A 513, A61 (2010) 

J. BEUN, G. C. MCLAUGHLIN, R. SURMAN, AND W. R. HIX PHYSICAL REVIEW C 77, 035804 (2008)
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FIG. 2. The correspondence between Ye and both the number of
fission cycles, Eq. (7), and the neutron-to-seed ratio are shown for the
conditions of Fig. 1 for our τ ≈ 0.3 s standard calculation. Each data
point represents the outcome of an individual r-process calculation
with different initial neutrino and antineutrino luminosities. The
overlap in the number of fission cycles results from the influence
of neutrinos on the abundance pattern as different sets of unique
neutrino spectrum can result in similar electron fractions. Material
begins to fission when >∼200 free neutrons are present for each seed
nuclei.

a nuclide fissions, there is an increase of heavy nuclei in
abundance as multiple daughter nuclides are produced. The
doubling of the total abundance is a fission cycle,

" = log2(Yend) − log2(Ystart), (7)

where " is the number of fission cycles and Ystart and Yend
are the total abundance before and after fission cycling,
respectively. The relationship between the electron fraction,
Ye, and both the number of fission cycles and neutron-to-seed
ratio at the start of the r-process epoch is shown in Fig. 2 for
our baseline calculation as described in Sec. I. The number of
free neutrons per seed nuclei is influenced by the location
of the fission termination point of the r process. For our
standard calculation, we find fission cycling initially occurs
for a neutron-to-seed ratio >∼ 200, consistent with previous
studies, e.g., Ref. [71].

In Fig. 1, cycles occur at the minima past each bump
and extend to the next minima. For example, the first fission
cycle ranges from the minima at Ye ≈ 0.17 to the minima at
Ye ≈ 0.09. Significant fission cycling occurs for increasingly
neutron-rich conditions, and, under very neutron-rich condi-
tions, the movement of material entering and leaving a peak
reaches equilibrium, a consequence of steady β flow.

The equilibrium Rpeak, due to fission cycling, appears as
the straight region of the curve in Fig. 1 for Ye <∼ 0.1 and does
not change significantly for variations in the wind conditions.
This is depicted in Fig. 1 as the equilibrium peak ratio is not
strongly affected by choice of the outflow time scale. Here,
this stability is demonstrated for the wind outflow time scales
of τ = 0.1 s and τ = 0.3 s.

The equilibrium value of Rpeak is sensitive to properties
of the fission model. In particular, it is sensitive to the
specific location within the second peak to which fission
returns material, as the presence of waiting points here dictate
the flow and accumulation of material. Material deposited
at or below closed-shell nuclei flow to a waiting point and
remain in this peak region longer than material deposited
above the closed-shell nuclei. The accumulation of material
in the A ≈ 130 peak leads to smaller values of Rpeak. Material
arriving above the closed shell bypasses the waiting point and
continues flowing to heavier regions, leading to larger values
of Rpeak.

In Fig. 3 we show specific examples of the consequences
to Rpeak resulting from different fission daughter product
distributions. We consider cases of fission daughter product
distributions with both symmetric and asymmetric modes.
Symmetric distributions have daughter nuclides that are close
in both charge, Z, and mass, A. These distributions deposit
more material at or below the closed-shell nuclides and
have a smaller equilibrium Rpeak, shown as circles in Fig. 3.
Asymmetric distributions have daughter product distributions
whose charge and mass are separated proportionally by a
scaling factor, resulting in one daughter being larger in both
A and Z than the other. This leads to more material being
deposited above the closed-shell nuclides and a higher equi-
librium Rpeak, shown as diamonds in Fig. 3. When neutrons are
emitted during the course of fission, fewer daughter products
lie above the close-shell nuclei, lowering the equilibrium
Rpeak from the asymmetric case, shown as squares in Fig. 3.
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FIG. 3. Same as Fig. 1 but comparing the effects of different
fission daughter product distributions. The distribution of daughter
products determines if material is deposited above or below the
closed-shell nuclei in the A ≈ 130 peak. Fission distributions de-
positing material above the closed-shell nuclides, asymmetric fission
(diamonds), leads to a higher equilibrium Rpeak, as more material is
cycled through the A ≈ 130 peak. Distributions depositing material
below the peak, symmetric fission (circles), have a lower equilibrium
Rpeak and cycle less material through the peak region. Fission-induced
neutron emission deposits additional material below the closed-shell
nuclides, lowering Rpeak, and is shown above for asymmetric fission
(squares).
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J. Beun et al., Phys. Rev. C 77, 035804 (2008) 



What are chemical 
properies of superheavy 
elements? 

Courtesy of Peter Schwerdtfeger 
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Consequence:  Cu, Ag, Au    nd10(n+1)s1          
                             Zn+,Cd+,Hg+                                       
             however:  Rg, 112+ nd9(n+1)s2 (2D5/2) 

E. Eliav, U. Kaldor, P. Schwerdtfeger,  B. Hess, Y. Ishikawa, Phys. Rev. Lett. 73, 3203 (1994).
M. Seth, P. Schwerdtfeger, M. Dolg, K.Faegri, B.A. Hess, U. Kaldor, Chem. Phys. Lett.  250, 461 (1996). 
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The relativistic 7s contraction in Au and Rg



Due to the increased relativistic shielding by the  s-orbitals, the diffuse  
p3/2 and higher angular momentum orbitals will expand relativistically  
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Relativistic shell-expansions and spin-orbit

C. Thierfelder, P. Schwerdtfeger, A. Koers, A. Borschevsky, B. Fricke,  Phys. Rev. A 80, 
022501-1-10 (2009). 



-  Large relativistic bond contractions for Rg and 112 
   because of 7s contraction. Rg may be a noble metal. 
 

-  112 is closed shell and becomes chemically inert. 
    112 a metallic liquid or a gas at room temperature? 
    112 a “true” transition metal? 
 

-  6d-participation becomes important for Rg to 114. 
    113 a transition metal? 
 

-  114 is closed shell (7p1/2)2 and becomes more inert. 
    114 a metallic liquid? 
 

-  115 to 118  7p3/2 electrons are loosely bound. 
    118 not an inert gas? 

What can we expect from SHE relativistic effects? 



Zn, Cd (hcp, P63/mmc) Hg (rhomb., R-3mr) 112 (hcp, P63/mmc)

Is Copernicium a Group 12 Metal? 

N. Gaston, I. Opahle,  H. W. Gäggeler, P. Schwerdtfeger, Angew. Chem. Int. Ed. 46, 1663 (2007). 

Cn 



6d

7s

7p

NR/hcp

Metal at the nonrelativistic level (as is Zn, Cd and Hg)

Band Structure of Copernicium 



SR/hcp

Insulator at the scalar relativistic level

7s,6d

7p

0.9 eV

Band Structure of Copernicium 



FR/hcp

Semiconductor at the fully relativistic level
(cohesive energy similar to Hg)

0.2 eV

7s,6d

7p

Band Structure of Copernicium 



P. Pyykkö: A suggested Periodic Table up to Z ≤ 172, based on Dirac-Fock 
calculations on atoms and ions, Phys. Chem. Chem. Phys. 13, 161-168 (2011) 

“Half of chemistry is 
still undiscovered. We 
don't know what it 
looks like and that's 
the challenge” 

The limit of mass and 
charge is still 
undiscovered. We don't 
know what it looks like 
and that's the challenge. 

Z↵ ! 1
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Quest for understanding the neutron-rich matter on Earth 
and in the Cosmos 

Data 

Bounds on EOS  
Crustal structures 

EOS with hyperons 
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Weak interaction 
studies in N=Z nuclei 

Parity violation 
studies in francium 

EDM search 
in radium 

Specific nuclei offer new opportunities 
for precision tests of: 
§  CP and P violation 
§  Unitarity of the CKM matrix 
§  … 

How will we turn experimental signals into precise 
information on physics beyond the standard 
model? 

Testing the fundamental symmetries of nature  

ββ0ν searches 

neutron EDM 



Are the fundamental interactions that are basic to the structure 
of matter fully understood? 

Rare isotopes with enhanced sensitivity to fundamental symmetries provide 
opportunities for discovering new physics beyond the Standard Model 

Experimental tests of the Standard Model 
•  Searches of atomic EDM in rare isotopes 
•  Tests of parity violation (anapole moment of Fr) 
•  Studies of superallowed β decays in N≃Z nuclei to test the CKM matrix 

unitarity 
•  β-ν angular correlation for the search of exotic scalar and tensor couplings 
•  Measurement of asymmetry-longitudinal polarization correlation in β decay 

to test deviations from maximal parity violation  
 
Nuclear structure calculations relevant to SM tests 
•  Isospin mixing corrections for superallowed beta decays 
•  Calculations of nuclear anapole moments for parity violation tests 
•  Calculations of Schiff moments for atomic EDM searches 
•  Calculations of nuclear 2νββ  and 0νββ matrix elements and comparison 

with observables  



•  Closely spaced parity doublet gives rise 
to enhanced electric dipole correlations 

•  Large intrinsic Schiff moment 
•  199Hg (Seattle, 1980’s – present) 
•  225Ra at ANL and KVI 
•  223Rn at TRIUMF 
•  Potential at FRIB (1012/s w ISOL target 

(far future); 1010 initially 

The violation of CP-symmetry is responsible for the fact that the Universe is dominated 
by matter over anti-matter 

http://www.nature.com/news/pear-shaped-
nucleus-boosts-search-for-new-
physics-1.12952  



Two	  Major	  Types	  ISOL	  and	  In-‐Flight	  

ISOL	  
	  
	  
•  Highest	  intensiZes	  for	  a	  
limited	  set	  of	  beams	  –	  
40%	  of	  the	  periodic	  
table	  

•  TRIUMF	  ISAC/ARIEL	  
•  HE	  ISOLDE	  at	  CERN	  
•  GANIL/SPIRAL2	  
•  EURISOL	  (Future)	  

In-‐Flight	  
	  
	  
•  All	  elements	  and	  half-‐lives	  
•  Experiments	  at	  200	  MeV/u	  
–	  luminosity	  gain	  of	  104	  

•  FRIB	  
•  GSI/FAIR	  
•  RIKEN	  –	  current	  leading	  
facility	  

beam 

target 

beam 

target 



Worldwide	  Rare	  Isotope	  FaciliZes	  

Vibrant	  field	  with	  two	  facility	  classes:	  Large	  scale	  and	  
targeted.	  The	  large	  faciliZes	  could	  do	  everything,	  but	  targeted	  
programs	  yield	  faster	  overall	  progress,	  more	  innovaZon,	  and	  
are	  more	  economical	  



What FRIB’s power buys you (examples) 
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FAIR - 11 cases
RIBF - 13 cases
FRIB - 24 cases

FRIB

RIBF

FAIR

22C

24O

30Ne

34Ne

37Na

40Mg

42Si

47P

50S 53Cl

54Ar 60Ca 78Fe 84Ni 87Cu

Access to nuclei with large neutron skins 

Reach into the r-process nuclei: 
masses and detailed spectroscopy 
of the r-process path nuclei 

DFT	  
FRIB	  

current	  

More discovery potential 

Access to the N/Z dependence and continuum effects broadly. This will allow us to 
explore new paradigms of nuclear structure in the domain where many-body 
correlations, rather than the nuclear mean-field, dominate.  



1teraflop=1012 flops 
1peta=1015 flops (today) 
1exa=1018 flops (next 10 years) 

Tremendous opportunities 
for nuclear theory! 

Theoretical Tools and Connections to Computational Science 

33.9 pflops  

November 2014 



Towards predictive capability 

The crucial role of High Performance 
Computing 

30 W. Nazarewicz 

Future: large multi-institutional efforts 
involving strong coupling between 
physics, computer science, and applied 
math 



Validated	  Nuclear	  
InteracZons	  

Structure	  and	  ReacZons:	  
Light	  and	  Medium	  Nuclei	  

Structure	  and	  ReacZons:	  
Heavy	  Nuclei	  

Chiral	  EFT	  
Ab-‐ini4o	  

Op4miza4on	  
Model	  valida4on	  
Uncertainty	  Quan4fica4on	  

Neutron	  Stars	   Fission	  
Neutrinos	  and	  

Fundamental	  Symmetries	  

Ab-‐ini4o	  
RGM	  
CI	  

Load	  balancing	  
Eigensolvers	  
Nonlinear	  solvers	  
Model	  valida4on	  
Uncertainty	  Quan4fica4on	  
	  
	  

DFT	  
TDDFT	  

Load	  balancing	  
Op4miza4on	  
Model	  valida4on	  
Uncertainty	  Quan4fica4on	  
Eigensolvers	  
Nonlinear	  solvers	  
Mul4resolu4on	  analysis	  
	  

Stellar	  burning	  

fusion	  

Neutron	  drops	  
	  

EOS	  
Correla4ons	  

hLp://compuZngnuclei.org	  	  	  
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Progress in ab-initio calculations



femto… 

Physics 
of Nuclei 

nano… 

Quantum
 many-

body p
hysics 

Giga… 

Astrophysics Astronomy 

How do collective 
phenomena emerge from 
simple constituents? 

How can complex systems 
display astonishing 
simplicities? 

What are unique 
properties of open 
systems? 

How do nuclei shape 
the physical universe? 

What is the origin of 
the elements? 

subfemto… 
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What is the New 
Standard Model? 

Profound intersections 



Societal Benefits 
•  Energy, transmutation of waste… 
•  Medical and biological research 
•  Materials science 
•  Environmental science 
•  Stockpile stewardship 
•  Security 
• … http://science.energy.gov/~/media/np/pdf/

Accelerating_Innovation_9_01142011.pdf  

The pie chart above shows that many scientists who receive Ph.D.s in 
nuclear science go on to apply their knowledge working in professions 
outside the field after five to 10 years. 



Example: Targeted Alpha Therapy in vivo 

G.-J. Beyer et al.  Eur. J. 
Nucl. Med. and Molecular 
Imaging 33, 547 (2004) 

The radionuclide 149Tb decays to alpha particles 17 percent of the time and has 
a half-life of 4.1 hours, which is conveniently longer than some other alpha-
emitting radionuclides. Low-energy alpha particles, such as in 149Tb decays, 
have been shown to be very efficient in killing cells, and their short range means 
that minimal damage is caused in the neighborhood of the target cells. 

α-knife! 
First in vivo experiment to  demonstrate 
the efficiency of alpha targeted therapy 
using 149Tb produced at ISOLDE, CERN 

What are the next medically viable radioisotopes required for enhanced and 
targeted treatment and functional diagnosis? 
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2 days later the mice have been devided into 4 groups: 

5*106 

Monoclonal Antibody 
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Survival of mice…  

5 MBq  149 Tb, 5 µg MoAb 

no MoAb 

  5 µg MoAb, cold 

300 µg MoAb, cold 



Over the last decade, tremendous progress has been made in 
techniques to produce and describe  designer nuclei, rare 
atomic nuclei with characteristics adjusted to specific research 
needs and applications 

+ 
+ 
+ 
+ 
+ 

- 
- 
- 

- 
- 

225Ra 

45Fe 

18F,22Na 149Tb 

nuclear structure 

astrophysics 
applications 

tests of 
fundamental laws 

of nature 

Some nuclei are more important than others 



Philip Bredesen, Governor of Tennessee 2003-2011, PAC05 welcome address 
(he earned a bachelor's degree in physics in 1967 from Harvard University in 1967) 

“People who truly understand something, who truly have command of a subject, 
can explain it at some level to anyone who asks and is willing to try to understand 
an answer. The point is that if you were asked about something and had to resort to 
that's all very complicated and until you take a course in differential equations and 
then give me a blackboard I can't possibly make you understand, that that was more 
often a signal of a failure of the physicist to have a real command of the issue than 
of the failure of the person asking the question.

I have adapted it to my own life is the "Walmart Test." When I propose to take 
some course of action in the public sector, I do a thought experiment and imagine 
how I will explain it to the Walmart checkout person. Let me clear that I don't mean 
in any way dumbing-down the idea, I mean taking the principle that if I understand 
well enough what I am doing, I can cogently explain it to another human being with 
a different reference point. If I can successfully do this thought experiment, I have 
the makings of a plan.”

What about YOU? 



Big science has had a great run for the last 60 years: Manhattan 
project, Sputnik and space exploration, the explosion and 
excitement of particle physics and accelerator; the rationale was 
obvious and easy. But those rationales are getting long in the tooth 
now, and need to be reinvigorated.

(...) the reality is that resources are scarce, the reality is that big 
science needs resources that only the government can supply, and 
the reality is that those scarce resources will go to those things that 
ordinary citizens think are important to themselves and to their 
children and to our nation. That's our job, to remake that connection 
in the 21st century.

There's nothing wrong or demeaning in this; even Michelangelo 
had patrons who had a seat at the table and needed to be satisfied.

Philip Bredesen, cont. 



Importance of basic research 



Outlook  

• Cool  
• Deals with fundamental and complex 
•  Interdisciplinary 
• Relevant 

The study of hadronic matter makes the connection between the 
fundamental building block of matter, complex systems, and the cosmos 

•  Significant progress and discoveries worldwide in the physics of nuclei 
and nuclear astrophysics 

•  Comprehensive and validated theory of nuclei on the horizon 
•  World-class science program 

https://www.youtube.com/watch?v=677ZmPEFIXE&spfreload=10  


