
Nuclei	  in	  the	  Cosmos	  

•  When	  and	  where	  were	  all	  the	  known	  nuclei	  exis6ng	  naturally	  on	  
Earth	  produced?	  

•  What	  kind	  of	  nuclear	  reac6ons	  are	  involved?	  
•  What	  kind	  of	  stellar	  or	  galac6c	  or	  Big	  Bang	  environments	  provide	  

these	  reac6ons?	  
•  How	  can	  we	  learn	  more	  about	  this	  with	  experiments	  on	  Earth?	  



The	  Structure	  of	  MaDer	  
Ø  What	  nuclei	  is	  the	  Universe	  made	  off?	  
Ø  What	  nuclei	  where	  there	  in	  the	  beginning	  (right	  aHer	  

the	  big	  bang)?	  
Ø  When	  and	  how	  did	  nuclei	  important	  for	  life	  form?	  
Ø  Where	  do	  heavy	  nuclei	  come	  from?	  



All	  the	  nuclei	  in	  the	  universe	  

H,	  4He,	  Li,…	  
C,	  N,	  O,	  …	  

Fe,	  Ni,…	  

superheavies?	  

Challenge:	  Most	  nuclear	  reac6ons	  in	  the	  Universe	  are	  at	  low	  
energies	  or	  involve	  the	  weak	  interac6on	  (6ny	  cross	  sec6ons)	  =>	  
Experiments	  and	  Theory	  are	  HARD!	  (subtle	  effects	  play	  big	  role!)	  



Where	  does	  4He	  come	  from	  ?	  
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 ! What is dark matter, and how does it influence or is 

it influenced by nuclear burning and explosive stellar 

phenomena?

All of these questions are interrelated, sometimes tightly 

coupled, and nuclear physicists are making unique 

contributions in answering them.

THE ORIGIN OF THE ELEMENTS
The origin of the elements is one of the fundamental 

questions in science. The solar abundance distribution 

of the elements is a product of multiple nucleosynthesis 

events over the history of the universe. The identification 

of these processes and their astrophysical sites has 

been one of the main goals of the field (Figure 4.1).

Within the first few minutes of the Big Bang, in a rapidly 

expanding early universe, the primordial abundance 

distribution emerged, consisting of hydrogen, helium, 

and traces of lithium. These abundances provide a key 

signature for our understanding and interpretation of the 

early universe.

How did the universe evolve from an environment 

of only three elements to a world with the incredible 

chemical diversity of 84 elements that are the building 

blocks of planets and life? These elements were formed 

at the high density and high temperature conditions 

in the interior of stars. The first stars emerged a few 

hundred million years after the Big Bang. A lack of 

nuclear fuel caused their fast collapse, forming the 

first generations of supernovae. Recent observations 

detected the dust of one of the very early supernova 

explosions in our galaxy; a spectroscopic analysis of 

trace elements shows that carbon and oxygen, the 

elements that provide the basis for biological life many 

billions of years later on our earth, had been formed. 

Many star generations followed; as observations show, 

with each generation the abundance of heavy elements 

increases. This synthesis of the elements in the interior 

of stars follows a nuclear fuel cycle that is dictated 

by the fuel available and by the balance between the 

gravitational forces of the star and the interior pressure 

generated by the nuclear energy released. These 

conditions are reflected in the different burning phases 

that characterize the evolution of each star during the 

course of its life.

Figure 4.1: Development of the elemental abundances from the primordial abundances of the Big Bang, the abundances observed for the earliest star 
generations, the appearance of r-process abundance patterns in very old svtars, to the solar abundances observed today. Image credit: H. Schatz,  
Physics Today.

First	  “3”	  minutes:	  
§  quarks	  fuse	  to	  p,	  n	  	  

(everything	  else	  decays)	  
§  p+n	  =	  d,	  d+p=3He,	  3He+n	  =	  4He	  
§  Competes	  with	  n	  decay	  (15	  min)	  =>	  

observed	  abundance	  =	  test	  of	  Big	  
Bang	  models	  

§  SmaDering	  of	  Li,…	  

“Ordinary”	  nucleosynthesis	  in	  stars	  
(like	  the	  sun):	  
p+p	  =	  d	  +	  e+	  +	  ν	  -‐>	  4He,	  …	  



C,	  N,	  O:	  Elements	  for	  Life	  

•  How	  do	  you	  form	  C?	  
– Core	  runs	  out	  of	  H	  fuel,	  compacts	  and	  heats	  up	  
– “Helium	  burning”:	  α	  +	  α	  +	  α	  =	  12C	  	  
– α	  +	  α	  =	  8Be?	  Unbound!	  =>	  Crucial	  importance	  of	  
Hoyle	  state	  (3-‐dim	  structure	  recently	  discovered)	  	  

•  From	  C	  to	  oxygen	  
•  Other	  elements	  
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THE LIFE OF STARS
The first phase of hydrogen burning characterizes 

the so-called main sequence stars. Low mass main 

sequence stars generate energy through the pp-chains, 

direct fusion reactions between hydrogen isotopes 

forming helium. Weak interaction processes in the 

reaction sequence produce neutrinos that have been 

observed with neutrino detectors such as Sudbury 

Neutrino Observatory (SNO), SuperKamiokande, and 

Borexino. These measure ments provide a unique view 

into the interior of stars. For more massive stars the 

pp-chains are not sufficient in providing the energy 

necessary for stabilizing the star against collapse. In 

these cases, a second catalytic reaction sequence—the 

CNO cycles—dominates the conversion of hydrogen 

into helium. The CNO cycle stabilizes stars more 

massive than our sun, such as Sirius, Vega, and Spica 

to name just a few visible in the Northern Hemisphere. 

The reaction rates defining the CNO cycle are highly 

uncertain and require experimental confirmation.

When a star’s hydrogen fuel diminishes, the core 

contracts, and the nuclear burning zone extends 

outwards. The star evolves into a red giant. The increase 

in the temperature and density of the stellar core sets 

the stage for the next burning cycle. Helium is the ash 

of hydrogen burning; it will undergo fusion to carbon 

through the triple-alpha-process and to oxygen through 

a subsequent alpha capture (Sidebar 4.1). The best 

known example of a red giant star is Betelgeuse in the 

Orion constellation. When all the helium in the core 

is converted to carbon and oxygen, further energy 

production has to come from the fusion reactions 

involving these heavier nuclear species. These reactions 

can occur only in massive stars as shown in Figure 4.2. 

In low mass stars the nuclear burning stops, and they 

contract under their own gravity into white dwarfs that 

are stabilized by their internal electron capture. In more 

massive stars, temperature and density conditions can 

be reached where nuclear burning of carbon, oxygen, 

and even heavier species can proceed. This phase is 

followed by neon burning, oxygen burning, and silicon 

burning, all proceeding toward nuclei in the iron peak 

(i.e., species at the peak of nuclear binding energy).

The rates of nuclear reactions that dictate the fuel 

consumption, and, therefore, determine the energy 

production and lifetime of the various stellar evolutions 

phases as well as those that determine the change in 

chemical composition, still carry large uncertainties. 

These reactions have extremely low cross sections. 

Their measurement can only be pursued in deep 

underground laboratories that provide shielding from 

cosmic radiation background. Enormous progress has 

been made over the last decade in developing new 

techniques for these studies, but many critical questions 

remain unanswered. A high-intensity underground 

accelerator would be essential for addressing the 

broad range of experimental questions associated with 

the nucleosynthesis in stars.

Figure 4.2: Super asymptotic giant branch stars form the boundary between stars whose final fate is a white dwarf and stars whose final fate is a massive 
star supernova explosion. Left: Structure of a super asymptotic giant branch star with a carbon/oxygen burning core, surrounded by a layer of helium, 
which is then surrounded by a hydrogen envelope. The right-hand figure demonstrates the time evolution of several episodes of carbon burning flashes 
travelling towards the core at that stage. Regions in red are undergoing vigorous burning, purple are regions which are cooling, and light blue are regions of 
convection. Image credit: Rob Farmer, Carl Fields, Frank Timmes.



C,	  N,	  O:	  Elements	  for	  Life	  

•  Carbon/Oxygen	  ra6o	  in	  our	  universe?	  
•  What	  reac6on	  do	  we	  need	  to	  study?	  
•  What	  is	  the	  problem?	  
•  What	  do	  we	  need	  to	  study	  it?	  



Heavier	  elements	  –	  the	  r	  process	  
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 ! What is dark matter, and how does it influence or is 

it influenced by nuclear burning and explosive stellar 

phenomena?

All of these questions are interrelated, sometimes tightly 

coupled, and nuclear physicists are making unique 

contributions in answering them.

THE ORIGIN OF THE ELEMENTS
The origin of the elements is one of the fundamental 

questions in science. The solar abundance distribution 

of the elements is a product of multiple nucleosynthesis 

events over the history of the universe. The identification 

of these processes and their astrophysical sites has 

been one of the main goals of the field (Figure 4.1).

Within the first few minutes of the Big Bang, in a rapidly 

expanding early universe, the primordial abundance 

distribution emerged, consisting of hydrogen, helium, 

and traces of lithium. These abundances provide a key 

signature for our understanding and interpretation of the 

early universe.

How did the universe evolve from an environment 

of only three elements to a world with the incredible 

chemical diversity of 84 elements that are the building 

blocks of planets and life? These elements were formed 

at the high density and high temperature conditions 

in the interior of stars. The first stars emerged a few 

hundred million years after the Big Bang. A lack of 

nuclear fuel caused their fast collapse, forming the 

first generations of supernovae. Recent observations 

detected the dust of one of the very early supernova 

explosions in our galaxy; a spectroscopic analysis of 

trace elements shows that carbon and oxygen, the 

elements that provide the basis for biological life many 

billions of years later on our earth, had been formed. 

Many star generations followed; as observations show, 

with each generation the abundance of heavy elements 

increases. This synthesis of the elements in the interior 

of stars follows a nuclear fuel cycle that is dictated 

by the fuel available and by the balance between the 

gravitational forces of the star and the interior pressure 

generated by the nuclear energy released. These 

conditions are reflected in the different burning phases 

that characterize the evolution of each star during the 

course of its life.

Figure 4.1: Development of the elemental abundances from the primordial abundances of the Big Bang, the abundances observed for the earliest star 
generations, the appearance of r-process abundance patterns in very old svtars, to the solar abundances observed today. Image credit: H. Schatz,  
Physics Today.

•  What	  is	  the	  r-‐
process?	  

•  What	  kind	  of	  nuclei	  
do	  we	  need	  to	  
study	  to	  
understand	  it?	  

•  What	  are	  possible	  
sites	  for	  it?	  

•  How	  can	  LIGO	  help?	  



Neutron	  Stars	  and	  Nuclear	  Pasta	  
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for the in-falling material in this collapse scenario 

depend on the equation of state, particularly on the 

incompressibility of neutron star matter. The bounce-

initiated and neutrino-revived shockwave traverses the 

outer layers of the star, generating conditions that lead 

to multiple nucleosynthetic pathways behind the shock 

(see Sidebar 4.2).

Thermonuclear explosions are driven by accretion 

of light element fuel in binary star systems onto a 

compact star, either a white dwarf or neutron star whose 

abundance pattern is defined by its nucleosynthesis 

history. Such events are observed as novae and X-ray 

bursts, respectively. Within a few seconds the light fuel 

material ignites and is converted by rapid alpha and 

proton capture reactions to a heavy element isotope 

distribution. The timescale of the burst, the endpoint, 

and the final abundance distribution depend upon the 

nuclear reaction and decay rates along the reaction 

path. Measurements of the key reaction cross sections 

are crucial for interpreting the burst characteristics, 

but successful measurements require the high beam 

intensities anticipated for FRIB.

The Type Ia supernova is interpreted as a 

thermonuclear-energy-driven explosion. In this case, 

carbon/oxygen burning ignition takes place near the 

center of a white dwarf star. Ignition and propagation 

of the burning front in this explosion depend on the 

abundance composition of post-helium burning stars. 

The rates for the fusion reactions between carbon and 

oxygen nuclei that are important for igniting and driving 

the burning front are uncertain for the temperature 

range anticipated for such an event. The flame front 

propagation speed depends on additional reactions, 

namely alpha capture reactions that require further 

experimental studies.

Merging neutron stars can be considered an extreme 

case of accretion. Two neutron stars in a double star 

system spiral into each other under the influence of 

their gravitational potential. The merging of the two 

stars generates extreme density conditions, prodigious 

neutrino emission as in core collapse supernovae, and, 

likely, very high neutron flux conditions suitable for a 

rapid neutron capture process, or r-process, with the 

reaction products being dynamically ejected by tidal 

and pressure forces during the merger. Detecting these 

events and the event rate with new instruments such 

as the Advanced Laser Interfermometer Gravitation-

Wave Observatory (LIGO) will provide us with important 

information on the possibility of identifying these events 

as r-process sites (see Sidebar 4.3).

All these explosive events occur rapidly on a timescale 

of a few seconds. This prevents radioactive nuclei 

formed in the explosion from decaying within this short 

period. They become part of the sequence of nuclear 

reactions that develop far beyond the limits of nuclear 

stability. A study of these reactions, and of the decay 

and structure characteristics of the nuclei along the 

reaction path, provides fundamental insight into the 

nature of these processes, the rapid timescale of the 

explosion, the associated energy release, and, of course, 

nucleosynthesis. FRIB will provide the beam intensities 

for a direct study of key reactions and key nuclei 

necessary for understanding the specific nature of 

the nuclear pathway during an explosive event and, 

through comparison with the emerging abundance 

distribution, the nature of the astronomical site and 

the conditions during the explosion.

THE MATTER OF NEUTRON STARS
The physics of neutron stars is of particular interest to 

the nuclear physics community. Indeed, the structure and 

composition of neutron stars in hydrostatic equilibrium 

are uniquely determined by the equation of state (EOS) 

of neutron-rich matter, namely, the relation between the 

pressure and energy density. Measurements of neutron-

star masses and radii place significant constraints on 

the EOS (Figure 4.3). Conversely, future measurement of 

both masses and the neutron-rich skin of exotic nuclei at 

FRIB will provide critical insights into the composition of 

the neutron star crust.

Figure 4.3: Astrophysical measurements of masses and radii of neutron 
stars can provide key insights into the equation of ultra-dense neutron star 
matter. Image credit: P.B. Demorest et al. Nature 467, 1081 (2010).

n	  stars	  =	  End	  states	  of	  star	  collapse	  for	  stars	  >	  several	  solar	  masses	  (supernovae)	  
Gigan6c	  nuclei:	  A	  =	  1057	  (but	  superdense	  core	  due	  to	  gravity	  >>	  nuclear	  force!)	  

models	  of	  neutron	  stars	  +	  observed	  masses	  

Measuring	  the	  n	  radius	  of	  lead	  to	  predict	  the	  radius	  of	  a	  n	  star	  
Nuclear	  Pasta	  
(crust	  of	  n	  star)	  



Summary	  
•  Much	  already	  known	  about	  nuclear	  processes	  in	  the	  

universe	  
•  S6ll	  more	  informa6on	  needed:	  cross	  sec6ons	  of	  very	  rare	  

processes,	  proper6es	  for	  very	  exo6c	  nuclei,	  equa6on	  of	  
state	  of	  nuclear	  maDer,	  r-‐process	  sites,…	  

•  Tools:	  low	  energy	  accelerators	  (future:	  underground!),	  rare	  
isotope	  facili6es	  (FRIB!),	  parity	  viola6ng	  electron	  scaDering	  
(JLab),	  LIGO	  


