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Nuclear reaction

a + A → b + B

A(a,b)B

Q-value = masses (before) – masses (after)

= Ma + MA – MB –Mb

Q-value > 0 : exothermic

Q-value < 0 : endothermic

Q = 0          : elastic scattering



Why do we study nuclear 

reactions?

• Probe to nuclear structure 
properties of the nucleus

• Interaction of particles and 
radiation with matter

– Inventories of particles and nuclei

– Radiation transport



Nuclear fission and fusion

• Production of energy – safety and security (decay 

heat, waste management)

Images from w eb - IAEA 



Chain reactions – nuclear 

inventories
• Production of energy – safety and security (decay 

heat, waste management)

Images from w eb - IAEA 

Fission chain 

reaction



Materials analysis

Ion Beam Analytical 

Techniques

Surface 

composition

Images from w eb - HZDR 



Nuclear reactions are
the fuel of the stars

• Stellar Nucleosynthesis



Cross section σ

• Probability of a projectile to ‘hit’ a 
target nucleus and interact with it 
(scatter, break up, transfer a particle 
etc)

• Formal definition (Fermi Golden Rule)

Probability = n•x•σ

n = # nuclei per volume; 

x = thickness;           

σ = effective area of nucleus for reaction

• σ (units = 10-24 cm2 or 1 barn) –
in nuclear physics mb (10-3 b) or μb 
(10-6 b)



Cross sections σ(θ), σ(E,θ)

• Total cross sections σT (in 4π)

• Angular distribution dσ/dΩ (in dΩ)

• Double-differential cross sections d2σ/dEdΩ

(emission spectrum: in dΩ with E’)

E’



Reaction types

Charge-

exchange (Preequilibrium)

(10-22 s)

(10-18 s)



Angular distributions dσ/dΩ

90 1800

Direct: probe spin-parity

Compound
Preequilibrium



Reaction Mechanisms
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Reaction Models
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2
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E
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Ω

Statistical models (Hauser Feshbach)
Evaporation (Weisskopf-Ewing)

Exciton models (cluster exciton, hybrid exciton, 
geometry dependent exciton, cascade exciton)
Collective models (TUL)
QM model (FKK)

Distorted-Wave Born 
Approximation (DWBA)
Plane-Wave Impulse 
Approximation (PWIA)-HE
Coupled-Channels  
Direct capture models



Cross section calculations

• Depending on incident energy more than one 

reaction mechanism may contribute

• Use different models to describe reaction 

mechanisms

• Models make use of parameters that have to be 

adjusted to experimental cross-section data

• Independent experimental information can be used to 

constrain the parameters



Direct reactions
• Inelastic scattering, transfer, knockout, breakup

• Only a few nucleons involved

• Periphery – forward angles

• Mainly one-step processes

• Selective – initial and final states 

connected by transferred angular 

momentum I = ℓα - ℓβ; 

parity conservation

Spectroscopic factors:  how much 

the wavefunction of a given state 

can be described by a single-

particle motion within the nucleus



Compound nucleus reactions
• Statistical model: excitation to energies where excited 

states are overlapping



Ingredients of HF cross sections



Ingredients of HF cross sections

Fission (n,f): compound nucleus formation



Reference Input Parameter 

Library (RIPL)

• Produced by series of IAEA CRPs

• Recommends models and data for ingredients of 

direct, preequilibrium and compound nucleus 

reaction cross-section calculations

• Adopted by widely used reaction codes:  Empire, 

TALYS, CCONE, COH2, etc.



Reference Input Parameter 

Library

https://www-nds.iaea.org/RIPL

discrete levels and 

branchings (ENSDF)
masses, Qvlaues, etc

AME, models

optical potentials 

(phenomenological, 
semi-microscopic, 

dispersive)

nuclear level density 

models, D0s, 
cumulative levels

photon strength function models 

(Lorentzian, QRPA models)
Fission barriers, saddle-

point level densities 

https://www-nds.iaea.org/RIPL


Resonant reactions

Breit-Wigner formula



R-matrix theory

Use finite number of poles

ER, ГR: initial values 
taken from ENSDF



Nuclear reaction codes
• R-matrix analysis codes (public)

– AZURE2: https://azure.nd.edu/ 

– SAMMY: RSICC (ORNL)

– Other: EDA (LANL), CONRAD (CEA Cadarache), AMUR (JAEA), FRESCO (LLNL), RAC 
(Tsinghua), RFIT (GEEL)

• Nuclear reaction codes (public)

– Empire: https://www-nds.iaea.org/empire

– TALYS: https://www-nds.iaea.org/talys

• Direct reactions (transfer, inelastic, knockout, breakup)

– FRESCO (Surrey, LLNL) 

https://www-nds.iaea.org/talys


Nuclear reactions for 

applications

• Measured cross sections (total, ang. 

Distributions, double-differential cross 

sections

• Theoretical cross sections at any energy 

and angle

• Evaluated cross sections



Evaluation of nuclear cross 

sections



Evaluation methodology I

➢ Compile available exp. data for a specific incident 
particle on a target nucleus up to energy of interest –
include all data in all open reaction channels 
(absolute cross sections, differential and double-
differential, ratio cross sections, etc.)

➢ Assess exp. data: identify outliers; adopt final 
datasets 

➢ Fit cross sections (total, angular distributions, partial 
cross sections) in open channels using suitable 
models

➢ Correlation matrices (covariances) of parameters or 
cross sections



Evaluation methodology II

➢ Compile available exp. data for a specific incident 
particle on a target nucleus up to energy of interest –
include all data in all open reaction channels

➢ Assume a prior cross section (theory, previous 
evaluation)

➢ Fit experimental data using no model fit  - Bayesian 
inference assuming known prior

➢ Include correlations in experimental data

➢ Produce recommended cross sections and 
covariances



Uncertainties

• Mean:

• Variance:

• Standard deviation:

• Covariance: 𝑐𝑜𝑣 𝑥, 𝑦 =
σ(𝑥𝑖−𝜇)(𝑦𝑖−𝜈)

𝑁−1

• Correlations: measure of the degree to which two 

variables move together :

-1 to +1: 0 means they are not related

spread of the data

How two variables change together:

Positive

Negative



Different evaluations



Different evaluations 

cont’d



Databases
• EXFOR: EXchange FORmat

contains experimental nuclear reaction data for incident neutrons, charged-particles 
and photons - 24,390 experiments

– 1970: USA, NEA, IAEA, USSR agreed on format and established exchange between 
data centres

– Nuclear Reaction Data Centres (NRDC): 13 data centres contribute ~ 500 entries per 
year

– Central maintenance at IAEA – dissemination at IAEA, NNDC, and NEA

– Distribution (EXFOR, X4+, C4, C5, XML, Html, plots): Web, CD/DVD ROM

– Connection (import-export) to other databases: ENDF, CINDA, NSR

• ENDF: Evaluated Nuclear Data File is a collection of evaluated libraries

– ENDF-6: format to store and exchange evaluated data

– Fixed and well-defined, (“computer readable”)

– developed to be convenient for programming (Fortran)

– The system offers “interpreted” and XML (GND) output formats

– Contributors: IAEA-NDS, WPEC, CSEWG, IPPE, CNDC, JAEA, NRG, CCFE, FZK

http://www-nds.iaea.org/
https://www.oecd-nea.org/download/wpec/
http://www.nndc.bnl.gov/csewg/
http://www.ippe.ru/
http://www.nuclear.csdb.cn/
http://wwwndc.jaea.go.jp/
http://www.nrg.eu/?L=1
http://www.ccfe.ac.uk/
http://www.fzk.de/


EXFOR retrieval interface

Use examples

Video Guide

https://www-nds.iaea.org/exfor/



Quick search: Examples, More 
examples

• Examples of 

how to fill in the 

form



Data selection

Select datasets

Search by author

Go to journal

NSR

keynumber

Data formats

Next step



EXFOR plotting page
Output data

formats

Similar search in

ENDF

Get plotted data

in x,y format



Select corresponding 

ENDF data
Select and plot



Interactive plotting
Select data

Plotting options



Other reaction databases
• Medical portal (evaluated): https://www-nds.iaea.org/medportal



Medical isotope production

• TENDL (Talys Evaluated Nuclear Data Libraries

• Stopping powers



Other cont’d
• IBANDL (experimental): https://www-nds.iaea.og/ibandl



Other cont’d

• Stopping powers
– Unique database of experimental electronic 

stopping powers

https://www-nds.iaea.org/stopping



Thank you!


