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Overarching goal: 
 

 

 

 

 

– Self-bound, two-component quantum many-fermion system 

– Complicated interaction based on QCD with at least two- and three-

nucleon components 

– We seek to describe the properties of finite and bulk nucleonic matter 

ranging from the deuteron to neutron stars and nuclear matter; including 

strange matter 

– We want to be able to extrapolate to unknown regions 

Theory of Nuclei 

To arrive at a comprehensive and unified microscopic description of all 
nuclei and low-energy reactions from the the basic interactions 
between the constituent protons and neutrons 

There is no “one size fits all” theory for nuclei, but all our 
theoretical approaches need to be linked. We are making great 
progress in this direction. 



Building blocks of matter: 
elementary particles. 

They can be divided into two families: 
- fermions 

-bosons 
These two types of particles have very different 

properties. In general, fermions form an ordinary 
matter , whereas  

bosons are responsible for fundamental interactions 
 

 



• One has to remember however that sometimes people call 
elementary particles also particles which we know are 
complex entities like e.g. proton and neutron.  

• This is due to historical reasons: In the 50’s and 60’s physicists 
detected many particles which seemed to be elementary. 
Although later it turned out that this is not true, still in a 
broad sense elementary particles are all subnuclear particles, 
i.e. particles which appear when colliding nuclei. 

• All the elementary particles possess certain properties that 
allow to distinguish them from each other. They are: 

     -  mass (usually expressed in energy units: E=mc^2) 

     - electric charge (in units of electronic charge) 

     - spin, which is an internal angular momentum (in units of     

       Planck’s constant)  







Interactions among elementary particles are carried by bosons. 
 
Bosons      - particles with an integer spin (integer multiple of Planck’s constant) 
Fermions  - particles with an half-integer spin 



• Fundamental interactions: 
    All known phenomena in physics can be explained using the  

    concept of interparticle interaction. These interactions are  

    mediated by bosons. There are 4 types of interactions: 

    - electromagnetic 

    - weak 

    - strong 

    - gravitational 

   One of the goals of physics is to unify these interactions into  

   one in the same way like electric and magnetic forces can be  

   understood as manifestation of the unified electromagnetic field. 

 



Elementary particles 

Particles 

Composite particles 

(still called „elementary”) 

Hadrons 
Resonances 

(unstable, with short lifetime) 

baryons 

(3 quark system) 

mesons 

(2 quark system) 



One of the interesting experimental observation is 
that each elementary particle has a partner  of  
the same mass but an opposite charge. 
They are called antiparticles. 
For example positon is an antiparticle of electron, 
antiproton is an antiparticle of proton, etc. 
 
Particle and antiparticle can annihilate producing 
radiation in the form of photons. 
Antiparticles are rare on earth and has to be  
artificially created in accelerators. 
 



This makes physicists speculate that maybe there 
is somewhere an antiworld which is made of  
antiparticles, where an ordinary matter is rare. 
 
In theory such an  antiworld in principle should 
be stable unless it would contact with a normal world.  



Hadrons: strongly interacting particles 

There are few hundreds of known hadrons 

 

The most important hadrons (for us): proton and neutron. 





Quantum mechanics – language to describe the microscopic world 







Schroedinger equation (1926): 

Describes the evolution of the wave function associated with the particle of mass m 
moving in a potential V(r,t) ( Force F=-grad(V) ) 



Definition of Ψ(r,t) 

• The probability P(r,t)dV to find a particle associated 
with the wavefunction Ψ(r,t) within a small volume 
dV around a point in space with coordinate r at some 
instant t is 

 

 

– P(r,t) is the probability density 
 

• For one-dimensional case 
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Here |Ψ(r,t)|2 = Ψ*(r,t)Ψ(r,t)  



Quantum Mechanics 

• The methods of Quantum Mechanics 
consist in finding the wavefunction 

associated with a particle or a system 

 

• Once we know this wavefunction we 
know “everything” about the system! 



The Uncertainty Principle 

An experiment cannot simultaneously determine a 
component of the momentum of a particle (e.g., px) and 

the exact value of the corresponding coordinate, x.  

The best one can do is 
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Uncertainty principle between energy and time: 

It implies eg. that one cannot measure precisely the energy of unstable particle 



Finite Potential Well 
Discrete energies of quantum states obtained from 

Schroedinger equation.  
Graphical Results for Probability Density, |ψ (x) |2 

• The probability densities 
for the lowest three 
states are shown 

• The functions are 
smooth at the 
boundaries 

• Outside the box, the 
probability of finding the 
particle decreases 
exponentially, but it is 
not zero! 



Pauli principle: 
 
In many-particle system two identical fermions  
cannot occupy the same quantum state. 



Quantum state can be described by a set of so-called quantum numbers: 
 
Examples: 
1) Quantum state of an electron in an atom can be described by:  
-  the principal quantum number (associated with energy),  
-  orbital quantum number (associated with angular momentum),  
-  magnetic quantum number (associated with a projection of angular momentum  
      on a given axis) 
- spin quantum number (associated with a projection of spin on a given axis) 
2) Also a position in space can be regarded as a quantum state, where 4 quantum 
     numbers can be associated with positions: x,y,z and spin. 



Some history 





Mass number 

(proton and neutron number) 

Atomic number 

(proton number) 

Element 

Neutron 

 number 

N=A-Z 



Neutron number may vary for each element. 
Isotopes – nuclei of the same element possessing different number of neutrons 
Isotones – nuclei with the same number of neutrons 
Isobars   – nuclei with the same mass number 



Nuclear constituents: 
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QCD energy scale: 1000MeV 
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Baryons and mesons 

Energy scale: 100MeV 

Nucleons 

Energy scale: 10MeV 

Collective degrees of 

freedom: 0.1-1MeV 

Depends on the energy scale we are interested in:  



Masses of protons and neutrons: 

For energies lower than 100 MeV nucleus consists of  
protons and neutrons (nucleons) 

Compare to the electron mass which is 0.511 MeV only 



Due to the presence of spin nucleons possess a magnetic moment (nucleons 
behave like small magnets) 

Compare to the electron magnetic moment: 



p
ro

to
n

s 

neutrons 
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(valley of stability) 

known nuclei 

neutron stars 

126 

superheavy 

nuclei 

terra incognita 



http://www.nndc.bnl.gov/ 

Various experimental and theoretical 
data concerning nuclei can be found 
on this web page. 
In particular: binding energy, decay 
channels, half-lives, excitation spectrum, 
etc.   



Nuclear sizes 

208Pb 

(eksperyment) 

Radius of a spherical nucleus: 

r0=1.2 fm 

 

Density distribution of nucleons inside a nucleus 

 

One can parametrize the density distribution: 

Approximately  

constant inside 
Where 
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Mass density  
inside nucleus: 





To extract the density distribution 
inside a nucleus we scatter electrons 
which interact with protons and  
measure so-called charge density 
distribution. We assume that  
the distribution of neutrons is similar. 
 
However it may not be true for nuclei 
with large N/Z ratio. 







Some nuclei violate this simple picture of density distribution 

Halo nuclei: nuclei with weakly bound neutrons 



Nuclei can be deformed 

Ground-state – the quantum state with the lowest energy 

Some nuclei can exist in a long-lived 
excited state which has a different deformation 
than in the ground state – it is called an isomeric state  

Nuclei can rotate and fast rotation 
can affect shape of a nucleus: 



Binding energy of a nucleus 

Note that mass of a nucleus is smaller than the sum of masses of nucleons. 
This is the so-called the mass defect. 
 
It tells us that part of nucleon masses is used to keep the nucleus bound 
(according to the Einstein formula:                   ) 
 
Binding energy can be easily measured experimentally and gives us one of the most 
Important information about nuclei. 

2E mc

Typical value of B/A is of the order of 8 MeV 



There are two ways of getting the energy from nuclear reaction: 
- either by a synthesis of light nuclei 
- or by fissioning of heavy nuclei  

fusion fission 



Some nuclei are more strongly bound than neighbors 



Some features related to binding energy behavior: 
 
-    B/A is approximately constant for a wide range of nuclei: 
     7.7 MeV < B/A < 8.8 MeV for  12<A<225 
 
- One could expect that B/A should be proportional to A if binding 
      comes from interactions between two nucleons (since there 
      are A(A-1)/2 pairs). The fact that B/A is approximately constant  
      indicates that forces between nucleons are of short range.  
      Hence there is only the interaction between nearest neighbors in nuclei  
     – saturation property of nuclear forces (of course except Coulomb interaction 
      which is long range)  
 
- Numbers of protons and neutron for which nuclei are more   
     strongly bound than nuclei in the vicinity are called: 



 
- Numbers of protons and neutron for which nuclei are more   
     strongly bound than nuclei in the vicinity are called: 
 
 

 MAGIC NUMBERS 
 
      Magic numbers: 2, 8, 20, 28, 50, 82, 126 
      Examples of doubly magic nuclei (both proton 
      and neutron numbers are magic) : 4He, 20Ca, 56Ni, 132Sn, 
208Pb 
 
-  The most strongly bound nucleus is 56Fe 



Separation energy 

Neutron separation energy 

Proton separation energy 

Separation energy: 

Energy required to separate either proton or neutron from a 

nucleus. 
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Proton drip line: 
 
 
Neutron drip line: 
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Beyond the proton (neutron) drip line the proton (neutron) separation  
Energy becomes negative indicating that such nuclei can spontaneously  
emit protons  (neutrons) from the ground state. 
 
Negative separation energy does not tell us however how fast a nucleus  
will get rid of nucleons. Some nuclei (in particular beyond proton drip  
lines) can still have fairly large lifetime.   
 
Note that so far we considered nuclei in their ground states only! 
If a nucleus is excited it can still emit particles even in the case when  
the separation energy in positive providing the excitation energy is  
large enough, i.e. if the following inequalities hold: 
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where E* is an excitation energy. 

- Possible to emit neutrons 
 
 
- Possible to emit protons 



Nuclear excited states 

Excited states of 152Dy 

Nucleus can be excited in 

various ways. Some of 

them have simple 

interpretations: 

e.g. rotations, vibration 

 

If excitation energy is not 

too large then excited 

nucleus decays by emitting 

gamma radiation. 

 

Rotational bands 



Exctited states – notation 

Total angular  

momentum 

(total nuclear spin) 

Parity 

Orbital angular 

momentum 

Spin 

Parity is an internal symmetry of wave function 
with respect to spatial inversion  (x,y,z)-> (-x,-y,-z). 
Parity is either positive or negative and it is 
conserved in processes involving strong and  
electromagnetic  interactions . 



Typical energy of gamma radiation emitted by nuclei: 10 keV – 1 MeV 
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Visible light:  400 700nm nm 

Energy of gamma photon (light quantum) is about 1000 to 100000  
times more  energetic than quantum of visible light quantum. 



Gamma detectors: 

Gamma spectrum from rotational band 
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Mass spectrometer 

Z=36 (Kr) 



Cross section 

Probability of an incident particle for hitting a sphere of a radius R reads: 

Incident particle 

N randomly distributed spheres 
with the density n=N/(L*L*dz) 



Cross section:         tells us what is the area of an obstacle as „seen” by the incident particle. 
 
More precisely:  

Number of  deflected particles per unit of time

Number of incident particle per unit of time per unit area
 

Cross section is the quantity which is relatively easy to measure experimentally 



Generalization: 
 
Suppose we are intersted in a certain reaction type which can be triggered 
by an incident particle. In such a case we ask for a probability that an incident 
particle will induce this particular reaction:  
 
 
 
where             is the cross section for this particular reaction. r



In the case when contains several types of objects that can interact with 
an incident particles then the total probability of interactions read: 
 
 
 
 
 
where           is the density of objects of type „i” 
and           is the cross section for the reaction of incident particle with an object of type „i”   

in
i

Units:  

Cross section for a particular process/reaction can be (and usually is)  
a function of energy of incident particles. 



Cross section and mean free path 

Suppose we bombard a target having a density n with an incident particles with flux  F(0) 
Flux = number of particles per unit of time per unit area. 
 
Then 
 
 
 
 
 
 
 

 
 
 Clearly: 

 
 
F(z) is the flux of incident particles in the target at the depth z 
 



Mean free path described the average path of a particle in a medium 
between collisions, or before reaction occurs.  
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Question: 
What will be the density 
of particles „a” after time t 
providing that                  is  
the cross section for the reaction: 
     a+b -> c+d  

ab cd 

In order to solve these eq. we actually 
implicitly averaged the value of 
                    over all particles. ab cd abv 



In the case when inverse reaction: c+d->a+b is possible we will get more general form: 

Note: there is a hidden temperature dependence in the above equations coming from 

the fact that average velocity of particles depends on temperature. 



Differential cross section 

Probability that a deflected particle will scatter to a certain direction specified by two angles:  

  ;      sin
d

dP ndzd d d d
d


     





2

0 0

sin

( , )

d d
d d d

d d

d

d

 
 

   


 

  
 



  

- Differential cross section 

Types of scattering: 
- elastic:  kinetic energy is conserved 
- inelastic: part of the kinetic energy of colliding particles 
                       is tranformed into internal excitations or reactions. 







Width 
Energy 

- Lifetime of a resonance  




Resonanse 

Simplified mechanism of 
resonance scattering in the case 
of a particle in a potential 



Resonances: in this case 
creation of particles with short 
           very lifetimes: 10^(-23)s 







b  - impact parametr 

Example: Rutherford scattering 

Elastic scattering of charged particles: Z1*e, Z2*e 

Note that total cross section is divergent!  
Due to an infinite range of Coulomb potential:  1/r  



Nuclear interaction 

Nuclear interaction between nucleons  
(protons and neutrons) comes from more fundamental 
Interaction between quarks. 
 
In principle it should be possible to derive this interaction 
from quark-quark interaction, but unfortunately 
the quark-quark interaction is extremely complex and 
even though that it looks like there is a good theory  
describing quarks and gluons, the so-called  
          Quantum Chromodynamics (QCD), 
it is difficult to solve it even using supercomputers. 

The situation is somewhat analogous to the case of molecular interaction, which 
originates from electromagnetic interaction between electrons and nuclei. 



many body systems 

effective NN force 

heavy 
nuclei 

few body systems 

free NN force 

few 
body 

nucleon 

QCD 

quarks 
gluons 

vacuum 

quark-gluon 

soup 

QCD 

The Nuclear Many-Body Problem 
Energy, Distance, Complexity 
Different degrees-of-freedom 



Features of NN interaction 

■ Attractive at long distances 

■ Repulsive at short distances 

■ Short range 

■ Charge independent (the same 

     for protons and neutrons) 

■ Depend on the spin orientation 

     of nucleons 

■ Depends on relative orientation 

     of nucleon spin and angular     

     momentum (spin-orbit  

     interaction) 

■ Noncentral (partly resembles 

the interaction between electric 

dipoles) 

■ Contain also 3-body term 



Yukawa potential (1930) 

(good at large distances) 

0 1.4

140

15.5

r fm
m c

m MeV

g





 



Masa mezonu Pi 
 
Stała sprzężenia w oddziaływaniu nukleon-pion 

Meson theory of strong interaction: Yukawa  
Based on assumption that nucleon-nucleon interaction is due to exchange of 

mesons. For example: pions are responsible for long range part of nuclear interaction.  

Problem I: short range part of N-N interaction requires theory  

with many mesons (many coupling constants needed): 

Problem II: coupling constants were not small, so perturbation theory failed , , ,...  

First attempt to nuclear interaction: Yukawa theory 



Nuclear interaction should fulfill several constraints associated with comservation laws: 
 
1. Momentum conservation, 
2. Total angular momentum conservation, 
3. Galilean invariance: interaction cannot depend on the frame of reference, 
4. Parity conservation. 

 
These constraints have to be fulfill by any realistic nucleon-nucleon potential: 
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- Spin of i-th nucleon 
 

- Isospin of i-th nucleon 



Angular momentum in quantum mechanics 

1. In quantum mechanics angular momentum is quantized i.e. can take 

only discrete values. 

2. We can not determine accurately all 3 components of angular 

momentum (Heisenberg uncertainty principle). We know only the 

length (the absolute value) and projection on a specified axis, which 

      can take value: 

 

 

Jeśli cząstka/układ ma spin J to (J=0, 1/2 , 1, 3/2 , 2...): 

 

* długość: 

  

* rzut na wybraną oś: (2J+1) wartości: 

Orbital angular momentum 

Spin 



Spin 
Neutron and proton spin is half of the Planck’s 

constant. It implies that there are only two  

values of projection possible: 

 

 

 

Hence both proton and neutron 

can appear in two spin states: spin-up and 

spin-down  

Example: two protons or two neutrons can 

form in total 4  spin states:  

„Singlet state ” 

„Triplet state” 

Conclusion: 
For even (odd) number of fermions 

the total angular momentum is always 

integer (noninteger) multiple of Planck’s 

constant 



Isospin 
Since neutron and proton have similar masses and are indistinguishable 

by the nuclear interaction we can treat them as two states of a particle 

called: nucleon. 

Following the analogy with spin, we introduce the isospin of the absolute 

value 1/2, with two projections: -1/2 and +1/2  

 

In general the total isospin T can produce (2T+1) different projections: 

-T, -T+1, ..., T-1, T 

Analogously to spin states, the two-nucleon state can appear as a singlet or triplet state T=0 lub T=1: 

„isospin triplet” 

„isospin singlet” 

Deutron ground 

state 

These states are unbound 





Various components of the nucleon-nucleon interaction: 
 
- Short range spatial interaction: 
- Spin dependence of the interaction 
- Tensor (non-central) interaction: 

 
 
 
 
 
 
 
 
 

- Spin-orbit interaction: interaction 
     depends on the relative orientation of 
     the spin vector and orbital angular 
     momentum vector of particles.  

Besides in atomic nucleus there is a Coulomb repulsion between protons 
and weak interaction. 



Nucleon-nucleon (N-N) interaction is an effective interaction 

N-N force can be determined (except for the three-body term) 

 from the proton-proton and proton-neutron scattering experiments. 

Results of solving  

Schroedinger eq. 

with N-N potential. 

 
Blue – only two-body 

terms included. 

Red  – two-body 

and three-body terms. 

Green – experiment. 

3-body interaction is important! 



One valence shell CI works great, 
but… 1024 is not an option!!! 

Smarter solutions are needed 
 
• Monte Carlo Shell Model 
• Density Matrix Renormalization Group 
• Factorization schemes  

Configuration Interaction  



The simplest nontrivial nucleus: deuteron 
 
- proton + neutron (proton-proton and neutron-neutron systems are  
      unbound) 
- It exists only in the ground state. Excited states are  
      unbound. It has a relatively small binding energy: 2.225MeV  
- It has the total angular momentum equal to one Planck’s constant  (it implies 

that nucleon-nucleon force should be spin dependent). 
- Charge distribution is slightly nonspherical (it implies the presence of tensor 
      component of the nucleon-nucleon force) 
 



Nuclear Models 



Liquid Drop Model 





Valley of stability from liquid drop model 



Contributions to the LD 
formula coming from 
various terms as a function 
of nucleon number  



Stability with respect to the nucleon emission 



Stability with respect to alpha emission 
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- This value has to be taken from experiment because LD formula 
      underestimates binding energy of alpha particle. 

Note that we can also estimate kinetic energy of emitted alpha particle: 
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Finding possible decay channels of atomic nucleus 
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This reaction is possible if the following 
condition is fulfilled: 

A nucleus can have in principle several decay channels. The probability of decaying 
into a specific channel depends on both the energetics (above) as well as the details 
of a nuclear structure. 



Beta decay from the LD formula 

Note that for even A one 
has two parabolas shifted by 
the value of pairing term.  



Fermi gas model 
We assume that nucleons 
move independently of each 
other in a certain volume V 
corresponding to the volume 
of a nucleus. 
 
This counterintuitive assumption 
can be justified taking into 
account Pauli principle which 
says that two nucleons cannot 
appear in the same state. 
 
as a consequence in a nucleus 
nucleons occupy states up to the 
highest one (corresponding to  
The highest energy – Fermi 
energy). 
nucleons in turn hardly interact 
because there is no space to  
scatter in particular for those 
with low energy 
 









Shell Model 

Problems with the Liquid Drop Model 







There exist numbers of nucleons for which 
the nucleus have enhanced stability:  

magic numbers  

There is a similarity between this effect and the existence of so called noble gases 
in chemistry. 
 
We know that noble gases appear due to the existence of shells which are occupied 
by electrons in atoms. 
If a given shell is fully occupied (according to Pauli principle) then such an atom is chemically 
very stable (hardly reacts with anything). 



The mean nuclear potential 

For protons we have additional  
Coulomb potential:   

The shape of nuclear potential reflects 
the density distribution of nucleons 
inside a nucleus. 



Notation: 
s, p, d, f, g, h, i, j, k,… 
denote orbital angular momentum: 
 0, 1, 2, 3, 4, 5, 6, 7, 8, … respectively 
 
The half integer number denotes 
the value total angular momentum: 
orbital angular momentum + spin. 
 
Remember that on each state 
corresponding to the total angular 
momentum j one can place (2j+1) 
neutrons or protons. 
 
The spin-orbit term in the potential 
is crucial to obtain the magic numbers 



 
Shell model adds to the smooth liquid drop 
behavior an oscillating part related to the 

ordering of single particle levels: 

 

LD shell

shell

E E E

E

 

- Can be extracted from 
the structure of single 
particle levels in the mean 
field potential. 





Magic and semimagic nuclei have: 











Decay lifetimes span an interval from 10^(-22) sec. to 10^(21) years 















Radiative decay 

<= gamma decay  



Discrete spectrum of 

radiation 

Not all transitions  

are allowed! 











Internal conversion 



















Beta decay from the LD formula 

Note that for even A one 
has two parabolas shifted by 
the value of pairing term.  





These reactions are governed by 
weak interaction 



- + - 

 

czas 

Beta decay on the quark level 



Protons Neutrons 



Beta decay usually leads to  

excited nuclear configuration 

 



Parity nonconservation in beta decay 





Neutrino detection 





















Fission 

-spontaneous fission 





example 











Induced fission 

Fission induced by photon 
(photo-fission) 

About  5.7MeV 
has to be added to 
236U to increase  
significantly fission 
probability.  
It is about 1 MeV less 
than the height of the 
Coulomb barrier but it 
is enough to make the 
tunneling process 
rapid. 
 





Neutron induced fission 

Separation energy depends on A 

(pairing energy!) 

About 1 MeV less than  

the height of the fission barrier 

Due to pairing energy it is easier to induce fission (by neutron capture) 
 in even-even nucleus. 
 
Above we assumed that neutrons are thermal: their kinetic energy is very small 
(small fraction of eV) and coming from thermal motion only. 







Three even-odd nuclei used most frequently as a fuel in 
reactors: 
They rapidly fission after thermal neutron capture. 





Chain reactions 







Time scales: 
The fission process is much  
faster than the subsequent 
neutron emission. 









Moderators and neutron thermalization 









Probability of radiative capture 
of a neutron: 

Probability of neutron survival 
in the thermalization process: 







Neutron transport in matter and critical mass 



n(r,t) – local density of neutrons 
J(r,t)  -  neutron current density 
S(r)   -   source term: increase of neutron number due to fission 

Simplified analysis neglecting inhomogeneities of a material, neutron-neutron scattering, 
finite neutron lifetime and assuming the neutron mean free path is much shorter than 
size of the system: 

n_239 – density of scattering centers eg. 239Pu 
v  - mean neutron velocity.  



In the local quasi-equilibrium state we may use the diffusion law (Fick’s law): 

- Diffusion coefficient 



Assume that the mean neutron kinetic energy is about 2 MeV  











Fusion 

Some typical exothermic reactions: 



Coulomb barrier: 

Fusion can occur even at energies below the Coulomb 
barrier due to the tunneling process. 

Probability of tunneling: 



The integral can be easily performed under condition: 

Leading to: 



It means that for nuclei of charge 1 (e.g. d+d) probability varies with the incident energy:  

In stars the energy of fusing nuclei comes from the thermal motion. 
1 eV corresponds to the temperature of about 10000 K 



Gamow formula for the cross section 
for fusion reaction. 
S(E) is a smoothly varying function 
of energy in the center of mass frame.  







Reaction rate in a medium 

Consider a mixture of two types of light elements where the fusion reaction can occur 
 (e.g. deuterium and tritium) 
 
Probability for fusion reaction when one element is moving with velocity 
v among elements of concentration n_2 reads: 

Consequently  reaction rate per unit volume can be estimated as: 

Taking into account that the system is at fixed temperature and therefore  
velocities have to be averaged,  one gets: 













Resonant fusion 





Nuclear Astrophysics and nucleosynthesis 

Stability condition: pressure vs gravitation 







Hydrogen burning: 

PPI: 

preferred by low mass stars 



PPII and PPIII: 

The luminosity of our Sun comes predominantly from PPI (about 90%) and PPI (about 10%) 



CNO cycle : 

preferred by high mass stars (large temperatures required) and later generations  
of stars 



Helium burning 

There is no exothermic two-body reaction involving 4He 

Endothermic reaction: 

In equilibrium the relative abundaces of 4He and 8Be is a function of temperature: 









Advanced stages of burning 



Advanced stages of burning 

After Fe is created in the star core 
nuclear reactions in the core cease 
and the star starts to implode. 
The increase of the density leads 
to the production of neutrinos 
through the electron capture process. 
This leads subsequently to neutronization 
of the star. 





Latest stage of star evolution  

During the collapse the process of neutronization 
starts: 
 
It is energetically favourable to turn proton and 
electron into neutron when the density of matter 
is increasing. 
It is the quantum effect: consequence 
of uncertainty and Pauli pirinciples. 

Estimate: 10^8 supernova explosions in 10^10 years in our galaxy 



This energy is mostly carried out by neutrinos which escape  
from the star (neutrinos weakly interact with matter). 

The outer layers of exploding star 
are blown off into the interstellar 
medium. They consist of light and 
medium nuclei 4<A<56 and are 
immersed in large neutrino and  
neutron fluxes. 



Stellar nucleosynthesis 

Light nuclei are created mostly in various 
stages of burning in stars . 
Later they possibly were dispersed 
in the interstellar medium due  to  the 
process of supernova explosion. 

Alpha nuclei – consist of integer 
number of 4He  



S- process 

S – process is the process of creation of heavy elements in stars through the neutron capture. 

This process is rather slow as there not too many free neutrons in the stars. Typical 
reaction being a source of free neutrons:  

The s-process is slow in comparsion 
to beta decay. Consequently it 
produces nuclei along the stability 
valley. 

s-process 

r-process 



R-process 

R-process is the process of neutron capture which occurs during supernova explosion. 
Nuclei are immersed in a large neutron flux at high temperature and consequently the process 
is fast (much faster than beta decay). 
Consequently it produces very neutron-rich nuclei which subsequently decay towards  
stability valley. 



S-process stops here since nuclei A=210, 211 have too short lifetime with 
respect to alpha emission. 

Nucleosynthesis 





Bird’s view on nuclear physics 



many body systems 

effective NN force 

heavy 
nuclei 

few body systems 

free NN force 

few 
body 

nucleon 

QCD 

quarks 
gluons 

vacuum 

quark-gluon 

soup 

QCD 

The Nuclear Many-Body Problem 
Energy, Distance, Complexity 
Different degrees-of-freedom 



o How do protons and neutrons make stable nuclei and rare isotopes? 

o What is the origin of simple patterns in complex nuclei?  

o What is the equation of state of matter made of nucleons?  

o What are the heaviest nuclei that can exist? 

 

 

 

o When and how did the elements from iron to uranium originate?  

o How do stars explode?  

o What is the nature of neutron star matter? 

 

o How can our knowledge of nuclei and our ability to produce them  

      benefit the humankind? 
– Life Sciences, Material Sciences, Nuclear Energy, Security 

 

 

Physics 
of nuclei 

Nuclear 
astrophysics 

Applications 
of nuclei 

Questions that Drive the Field 



And for something different: 

• Nuclear system at the extreme: 

    Giant nucleus – neutron star. 



Neutron star discovery 
-The existence of neutron stars was predicted by Landau (1932), Baade & Zwicky (1934) and  

  Oppenheimer& Volkoff (1939). 

- On November 28, 1967, Cambridge graduate student Jocelyn Bell (now Burnell) and her advisor,    

  Anthony Hewish discovered a source with an exceptionally regular pattern of radio flashes. These    

  radio flashes occurred every 1 1/3 seconds like clockwork. After a few weeks, however, three more  

  rapidly pulsating sources were detected, all with different periods. They were dubbed "pulsars."  

Nature of the pulsars Pulsar in the Crab Nebula 



 Conclusion: the pulses are produced by 

rotation! 

Calculated energy loss 

due to rotation of a possible 

neutron star 

Energy radiated 

pulse rate = 30/second 

slowing down rate = 38 nanoseconds/day 



Basic facts about neutron stars: 

Radius:        10 km 

Mass:           1-2 solar masses 

Average density: 

Magnetic field:                      G 

Magnetars:                    G 

Rotation period: 1.5 msec. – 5 sec. 

8 1210 10

14 310 /g cm

1510

    Gravitational energy 

of a nucleon at the surface 

       of neutron star 

100 MeV 

Binding energy per nucleon in an atomic nucleus:      8 MeV 

Neutron star is bound by gravitational force 

Number of known pulsars: > 1000 

Number of pulsars in our Galaxy:                 
810



Birth of a neutron star 

      Supernova explosion and formation of proto-neutron star       
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For   < 100 years: 

Cooling wave 

Thermal evolution of a neutron star: 

  Temperature: 50 MeV      0.1 MeV 

      URCA process: 
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Temperature: 0.1 MeV      100eV 

    MURCA process:  
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Energy transfer between core 

and surface: 
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URCA &  

MURCA 
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5( 10 .)t yr



Relaxation time: a typical 

time for the cooling wave  

to reach the surface 

No URCA 



Structure of a neutron star 

NS~0.01-0.02 M
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 plasma? 

14 3ρ≈10 g/cm

56∼ Fe

6 3ρ10g/cm

Nuclei 

Crystalline solid 

11 3ρ≈4×10g/cm



Crucial questions of high energy 
physics: 

- nuclear phase diagram 
- probing early stages of our 

UNIVERSE 
 
 
 





 



THE END 


