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overview

Lecture 1:
• why reactions?
• reactions and big science questions
• basic concepts in reactions
• production of the exotic nuclei and FRIB

Lecture 2:
• theories for nuclear reactions
• optical model
• Bayesian uncertainty quantification
• emulators for reactions
• hands-on example



Important references

• Thompson and Nunes, Nuclear reactions for astrophysics, 
Cambridge University Press

• Nuclear Physics Long Range Plan (2015, 2023)

Several pieces borrowed from many places:
• Chloe Hebborn’s lectures in nuclear reactions
     XXII Escola de Verão de Física Nuclear Teórica 2025, Niteroi

• Gregory Potel’s slides on the optical potential
    Compound Nuclear Reactions Conference 2024

• Pablo Giuliani’s slides on reduced order methods
     STREAMLINE collaboration meeting 2026



what is a nuclear reaction?

A nuclear reaction is a process in which the projectile collides with a 
target, and the nuclei involved change due to their interaction.

It can result in the formation of one or more nuclei that often release or 
absorb momentum and energy.

inelastic 

scattering

breakup
fusion

elastic 

scattering



Nuclear medicine

why do we care about reactions?

Stockpile stewardship

Nuclear energy and 
nuclear waste

astrophysics
structure of matter



reactions connect to the big science questions

1) How did matter come into being and how does it evolve? 
2) How does subatomic matter organize itself and what 
phenomena emerge? 
3) Are the fundamental interactions that are basic to the 
structure of matter fully understood? and 
4) How can the knowledge and technological progress 
provided by nuclear physics best be used to benefit society? 



Big science questions: our history

Reactions play a role in our whole history, starting around 3 min after the BB! 



primordial nucleosynthesis

T(universe to cool down to E=2.26)=7 min

This is slightly less than T(free neutron decay)

Q-value for p(n,)d 2.26 MeV
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reactions in light stars
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radiative 
capture 
reactions 
involving 
charged 
particles



Coulomb effects in reactions are important

Astrophysical S-
factor

Sommerfeld 
parameter
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reaction rates and the Gamow peak
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Univ Colorado



reactions in light stars
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Solar 
neutrino 
problem



solar neutrino puzzle

status in the nineties: 
measured solar neutrino flux << predicted flux
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triple-alpha reaction and Hoyle state






12C
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8Be

Resonant 
capture 
reactions



heavier elements
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big bang: neutrons, protons
solar-type stars: alphas, C, O
How about Ca?
How about Iron?
How about Lead?
How about Uranium?



heavy elements and the s-process
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neutron 
capture 
reactions



medium mass elements and red giants
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Big science questions

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

FRIB theory manifesto, Balantekin et al, MPLA 2014 (arXiv:1401.6435)

Understanding the observed sequence of 
abundance enrichment of nuclides 

continues to be an active area of 
research.



heavy elements: elemental abundancies
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astrophysics on the nuclear chart

Horizon: Nuclear Astrophysics in the 2020s; JPG 2022 (arXiv:2205.07996)  

MPLA 2014 (arXiv:1401.6435)

https://arxiv.org/abs/2205.07996


neutron stars – extrapolation to N very large
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Neutron stars:

Radius ~ 10 km

Mass ~ 1.4 Msun

www.nasa.gov

A teaspoon of a neutron star matter 

weighs as much as a mountain



neutron stars and equation of state
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www.nasa.gov

Heavy Ion collisions



neutron capture for the r-process
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carnegiescience.edu/

A

B

Pb



Big science questions

1) How did matter come into being and how does it evolve? 
2) How does subatomic matter organize itself and what 
phenomena emerge? 
3) Are the fundamental interactions that are basic to the 
structure of matter fully understood? and 
4) How can the knowledge and technological progress 
provided by nuclear physics best be used to benefit society? 



How to study the organization of nucleons in nuclei?  

Reactions have been (and continue to be) 
the tool of choice to study nuclear structure



The atomic nucleus and single particle nature

Picture in the sixties: Compact bundle of 
neutrons and protons; filling in orbitals 
similarly to electrons in the atom



The atomic nucleus and single particle nature

Single nucleons transfer reactions 
provide the tool of choice to study single-
particle structure in nuclei.



The atomic nucleus and single particle nature

Seth, Picard, Satchler, Nucl. Phys. A 140 (1970) 577

Single nucleons transfer reactions 
provide the tool of choice to study single-
particle structure in nuclei.

Example: 40Ca(d,p)41Ca



The atomic nucleus and its collective nature

Collective effects
Vibrational modes with different shapes

Rigid enough that it can be deformed



The atomic nucleus and its collective nature

Inelastic scattering allows us to 
understand collective phenomena

example: (,’) @40 MeV

McDaniels et al., Nucl. Phys. A 140 (1960) 614



The atomic nucleus: its size

Adding more neutrons barely changes the radius,
Consistent with the compact bundle of nucleons picture

 



The atomic nucleus: its size

What???



The atomic nucleus: its size



The atomic nucleus: nuclei with halos

The valence neutron orbitals have the 
same radius as Pb!  



The atomic nucleus: nuclei with halos

wikimedia



Understanding structure at particle thresholds

very large spatial extension;

valence nucleons live in the 

classically forbidden region.

Nunes, Phys. Today 2020



weakly bound systems: halo nuclei

What’s so cool about 2n halo nuclei?
Borromean systems



Reactions as tomography of the nucleus



Limits of stability in the superheavies – terra incognita

Erler et al., Nature 2012
NP Long range plan 2015



Producing superheavies – fusion reactions

Oganessian, Pure Appl. Chem 78 (2006) 889
 

Oberacker, PRC 82, 034603 (2010)



Basic concepts in reactions



Classification of reactions



Classification of reactions

bound

continuum

Ex (MeV)

cr
o

ss
 s
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ti

o
n

direct reactions

Resonance 
reactions

Compound nuclear 
reactions

courtesy of Gregory Potel



classification of reactions

Direct reactions
transfer momentum is small compared to initial momentum
typically peripheral
short timescale (10-22 s) 
E>10 MeV
mostly one step
final states keep memory of initial states

Compound reactions
longer timescale
many steps in the reaction
all nucleons share the beam energy
loss of memory from the initial state
low energy reactions
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angular distribution: compound vs direct

Direct reactions (ID):
Forward peaked (large b)

Compound reactions 
(NC):

Distribution is generally 

isotropic (except for heavy 
ion collision where L transfer 

is large)
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compound reactions

the decay of the 
compound state 
does not 
depend on the 
initial state.
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selectivity of direct reactions
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classification of reactions

Resonance reactions
reactions that go through a resonance (peak in the cross section)
intermediate step in the reaction
longer time scale

Direct reactions
transfer momentum is small compared to initial momentum
typically peripheral
short timescale (10-22 s) 
E>10 MeV
mostly one step
final states keep memory of initial states

Compound reactions
longer timescale
many steps in the reaction
all nucleons share the beam energy
loss of memory from the initial state
low energy reactions
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interactions and nuclei
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Reactions focus on E>0



picture for elastic scattering
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Scattering theory: single channel



picture for elastic scattering: superpositions of waves 

Interference pattern tells us about the the 
projectile/target and their interaction 



cross section

Definition of cross section: 
the area within which a projectile and a target will interact
and give rise to a specific product.

Units 1b (barn) = 10 fm x 10 fm
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Number of particles per unit time scattered into 
an element of solid angle divided by the incident flux



nuclear reactions and q-value

• projectile (A)
• target (B)
• residual nuclei (C+D)

• q-value of a reaction:

A+B C+D

B(A,C)D

Notations for the reaction
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Studying stable isotopes

Direct kinematics:
 projectile (light isotope) serves as a probe
 target (heavy isotope) is the object of study
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118Sn(d,p)119Sn

Ed=10 MeV

charged 
particle 
detector



=scattering angle



Studying unstable isotopes

In inverse kinematics:
 projectile (heavy isotope) is the object of study
 target (light isotope) serves as a probe
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d(132Sn,133Sn)p

Elab=5 MeV.A

[K. Jones, S. Pain, ornl.gov]



Production of exotic nuclei and FRIB



Nuclei produced through fragmentation reactions

nearly 80% of all isotopes 
may be produced at FRIB

v



Nuclei produced through fragmentation reactions

1. Stable heavy-ion beam accelerated in linac segments
2. Collides with the production target, producing a hot mess
3. Fragment separator selects the isotope of interest

4. Driven into the experimental vault



Features of FRIB

• Heavy ion, superconducting linear accelerator with 400 kW 
beam power at 200 MeV/u 

• 400 kW corresponds to a 136Xe beam of 8x1013 ion/s and a 

sensitivity to production cross sections as low as 2x10-6 pb. 

• 238U intensity of 5x1013 ion/s 

• FRIB laboratory will have beams of rare isotopes at a wide 

range of energies 

• Stopped beams for trapping, laser spectroscopy, etc. 

• Reaccelerated beams to 15 MeV/u (goal) with 15 – 22 MeV/u 

depending on A/Q) 

• Fast beams up to 250 MeV/u (used in-flight with no slowing) 

• Limited multi-user capability through harvesting 

Features of FRIB 

Brad Sherrill 



FRIB production in particle per second

http://groups.nscl.msu.edu/frib/rates/ 
Separated fast beam rates

O. Tarasov LISE++



Types of studies as a function of beam energy

FRIB400 whitepaper



Questions



Activity Time

63

1. What are the neutron separation energies 
for 12C and 22C ? 16O and 23O? What are the 
lifetimes?

2. Calculate the Q-value for 48Ca(d,p)49Ca(gs) 
and 132Sn(d,p)133Sn(gs) and discuss the 

differences in the final state.



backup
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relevant scales for nuclei



understanding nuclei

nuclear shell model

electronic shells



understanding nuclei

nuclear shell model

magic numbers

16O

40Ca, 48Ca

56Ni, 78Ni

100Sn, 132Sn

208Pb



properties of nuclei: chart of nuclei



Traditional shell model: single particle basis
From Thomas Papenbrock’s lecture slides

Based on these ideas, what is the expected spectrum for 13C?



nuclear states: example
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nuclear bulk properties: liquid-drop model
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nuclear stability
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CNO cycles
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Big science questions

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

FRIB theory manifesto, Balantekin et al, MPLA 2014 (arXiv:1401.6435)

Strong interplay of various subfields:
• Nuclear Data (experiments)
• Nuclear theory input complements those data
• Observations (astronomy) that provide additional constraints
• Astrophysics simulations



Big science questions: origin of the elements

o The stability of matter is closely related to its origin. 
o Our field explores the likely series of nuclear reactions and 
decays that have led to the synthesis of the elements and their 
isotopes.
 
o Experimentally the study of the origin of matter has two parts

o nuclear astrophysics with intense stable beams studies the 
reactions of stable isotopes in stars – role for stable beam 
facilities and an underground accelerator

o the key role unstable isotopes play in astrophysical processes
(radioactive beam facilities)



Superheavies

• Elements 113 and 115 were 
confirmed 

• Flerovium (Z=114) and 
Livermorium (Z=116) joined the 
periodic table

• New chemical element 117 was 

discovered and experimentally 
confirmed

• Recently discovered nuclei (red and 
blue) show a trend of longer half-
lives as the neutron number 
increases

Reaching for the Horizon, Nuclear Physics Long Range Plan 2015



rare isotope beams facilities worldwide

TRIUMF*

Kubo, NPA376 (2016)102



• Funded by DOE Office 
of Science Office of 
Nuclear Physics. T. 
Glasmacher, Project 
Director 

• Key Feature is 400kW 
beam power (5 x1013 

238U/s) 

• Separation of isotopes  
in-flight 

• Fast development time 
for any isotope 

• Suited for all elements 
and short half-lives 

• Fast, stopped, and 
reaccelerated beams 

Facility for Rare Isotope Beams, FRIB 

Brad Sherrill 

Facility for Rare Isotope Beams (FRIB)



FRIB Scientific Program
Properties of nuclei 

– Develop a predictive model of nuclei and their interactions

– Many-body quantum problem: intellectual overlap to mesoscopic 

science, quantum dots, atomic clusters, etc.

– The limits of stability of elements and isotopes

Astrophysical processes
– Stellar archeology

– Origin of the elements in the cosmos

– Explosive environments: novae, 

supernovae, X-ray bursts …

– Properties of neutron stars

Tests of fundamental symmetries
– Effects of symmetry violations are 

amplified in certain nuclei

Societal applications and benefits
– Biology, environment, energy, material 

sciences, national security

Sherrill HITES 2012



Our nucleus factory

Nearly 80% of all isotopes up to Uranium may be produced at FRIB
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