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Summary 
 
Nuclear reactions mean the interaction of atomic nuclei with electromagnetic radiation, 
electrons and other leptons, nucleons, pions and other hadrons, and with nuclei. In a 
typical reaction, a projectile is incident on a target nucleus and after the collision a 
nucleus and an outgoing particle are detected. Whether a reaction is exoergic or 
endoergic depends on the Q-value which is the difference between the kinetic energies 
in the outgoing and incident channels. The cross section expresses the number of 
emitted particles per unit time divided by the incident flux of projectile particles and is 
given by the S-matrix. One distinguishes two extreme cases, namely, compound nucleus 
and direct reactions. The compound nucleus model factorizes the cross section in the 
formation cross section of the compound nucleus and the probabilities for the decay in 
the various outgoing channels. In its simplest version compound nucleus reactions are 
describable with the one-level dispersion formula of Breit and Wigner, which is based 
on the R-matrix theory. Averaging over closely spaces resonances, typical for a 
compound nucleus formation, one arrives at the optical model which describes the 
absorption of probability out of the elastic channel by an imaginary potential. Direct 
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reactions occur in relatively short time scales of about 10-22s and only involve a few 
degrees of freedom of the system. They can be treated with the coupled channels 
method or if possible with the distorted Born approximation. Nuclear reactions with 
heavy ions are distinguished according to their kinetic energy. At low kinetic energies 
near the Coulomb barrier cluster effects may occur which show up in quasi-molecular 
resonances and in the fusion to super-heavy nuclei. At relativistic kinetic energies 
signatures are searched for a phase transition of hadronic matter to deconfined matter, 
called the quark-gluon plasma. 
 
1. Introduction 
 
Nuclear reactions mean the interaction of atomic nuclei with electromagnetic radiation, 
electrons and other leptons, nucleons and other baryons, pions and other mesons, and 
with nuclei. In a wider sense one also denotes the alpha-particle decay, the β -decay, the 
γ -decay and fission of nuclei as nuclear reactions. This article does not include the 
latter processes under the class of nuclear reactions and restricts the discussion to the 
first mentioned reactions. 
 
Nuclear reactions stand at the threshold of nuclear physics. In 1911 Lord Rutherford 
measured the scattering of low energy α -particles by the nuclei of a thin gold foil and 
interpreted his measured data as caused by the finite extension of the charge distribution 
of gold nuclei. In contrast to the historical evolution of atomic physics where spectra of 
atoms were first studied by experimental and theoretical methods, nuclear physics was 
mainly explored by nuclear reactions up to the years 1936 and 1949 when the 
compound nucleus model and the nuclear shell model were introduced, respectively. 
Since then nuclear spectroscopy and nuclear reaction physics were considered with 
equal importance in nuclear physics. 
 
Nuclear reactions can be distinguished according to the leading force between the 
constituents of the reaction. Electron- and γ -scattering on nuclei are governed by the 
electromagnetic fields of the scattered particles, whereas in nucleon and pion scattering 
the particles interact via the strong force. In high energetic collisions when hadronic 
particles are produced, it is necessary to consider the constituents of the hadrons, 
namely the quarks and gluons, and to describe the reaction with the theory of quantum 
chromodynamics (QCD) 
 
In a typical nuclear reaction, a projectile a is incident on a target nucleus A and after the 
collision a nucleus B and an outgoing particle b are observed. This is written as 
 
A a b B+ → +  (1) 
 
or 
 
( ), .A a b B  

 
Particles a and b can be photons, electrons, mesons, nucleons or nuclei. If a and b are 
nuclei, one denotes the collision as a heavy ion reaction. The basic theory for the 
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description of nuclear reactions is the quantum theory. When the quantum numbers of 
the relative motion between the particles, the kind of particles and their intrinsic 
quantum numbers like their individual angular momenta (nuclear spins) are specified, 
one speaks about a reaction channel. A nuclear reaction proceeds from the entrance 
channel to various exit channels. 
 
In order to study the structure of nuclear matter, nuclei, and nucleons, nuclear reactions 
have to be carried out. The elastic scattering of electrons and nucleons gives information 
on the charge and mass distributions of the nuclei. Nuclear states are excited by inelastic 
scattering of particles, by transfer and knock-out reactions which are named direct 
reactions. If an excited intermediate nuclear system is formed which lives up to 10-15s 
and decays with particle and γ - ray emissions, one denotes the reaction as a compound 
nucleus reaction. New nuclei, as exotic nuclei far outside the line of highest stability, e.g. 
16C, or superheavy nuclei with charge numbers 100Z ≥  can be produced with heavy ion 
reactions. The transition of hadronic matter into a quark-gluon plasma is presently 
investigated with reactions applying highly relativistic heavy ions. This brief overview 
of various types of reactions demonstrates the close connection of the nuclear reaction 
theory with the theory of nuclear structure and with nuclear models. 
 
2. Cross Section and Collision (S-) Matrix 
 
2.1. Energy Relations 
 
When the incident particle a and the target nucleus A are far separated in the initial 
channel before the collision, their interaction energy is zero and the total energy can be 
written (channel ( , )A aα =  
 

,rel A aE T E Eα
α = + +  (2) 

 
where relTα  is the relative kinetic energy of the particles in the ingoing channel and AE  
and aE  their total energies which consist of the energies of the rest masses and of the 
negative values of the binding energies. In the outgoing channel ( , )B bβ =  the 
corresponding equation is true: 
 

,B brelE T E Eβ
β = + +  (3) 

 
Since the total energy is conserved in the reaction ( )E Eα β= , the relative kinetic 
energies of the ingoing and outgoing channels can be related with the Q-value of the 
reaction from channel α  to channel β : 
 

,relrelT T Qβ α
αβ= +  (4) 

 
A a B bQ E E E Eαβ = + − −  (5) 

 



UNESCO – 
EOLS

S

SAMPLE
 C

HAPTERS

FUNDAMENTALS OF PHYSICS – VOL. III - Nuclear Reactions-Werner Scheid 

©Encyclopedia of Life Support Systems (EOLSS) 

If Q > 0, the reaction is exoergic, for Q < 0 endoergic. Exoergic reactions proceed even 
with zero initial kinetic energy. In contrast, endoergic reactions occur only if the initial 
kinetic energy exceeds the threshold energy Qαβ− . For example, the reaction 
7 10Li( , n) Bα  has a Q-value of -2.79MeV. 
 
2.2. Differential Cross Section 
 
The cross section is a measurable quantity of a nuclear reaction. It is defined as 
 

( ) Number of emissions in channel per time unit and scattering center,
Number of particles incident in channel per unit of time and area

βσ α β
α

=  

 
2 /rj r d jβ α= Ω∫  (6) 

 
Here, jα  is the current density in the direction of motion of the incident particles, rj

β  

the radial current density of emitted particles and 2r dΩ  the infinitesimal area element 
on a sphere with radius r  and solid angle dΩ . The cross section differential in the 
emission angle is given by  
 

2( ) / .r
d j r j

d
β α=

Ω
σ α,β  (7) 

   
The cross sections can be calculated by means of the wave function at a large distance 
from the reaction center. 
 
2.3. Hamiltonian and Asymptotic Wave Function 
 
In order to simplify the following presentation let us assume that the particles in 
equation (1) are nuclei, which are subjected only to inelastic excitation. Then a = b and 
A = B. This two-body  fragmentation ( , )A aα =  has the following Hamiltonian 
 
 H Hα=               
                                      

( ,{ },{ }),A aT h h W A aα α= + + + r  (8) 
 
where αr  is the relative coordinate between the centers of nuclei A and a: 

a A , relT Tα
α α= − =r R R  is the operator of the relative kinetic energy, Ah  and ah  are the 

Hamiltonians of the nuclei A and a, and W is the interaction energy between these nuclei 
described by the sets of coordinates { }A  and { }a . The interaction vanishes for large 

separations rα  up to the Coulomb interaction 2
0/(4 )A aW Z Z e rα→ πε  where AZ  and 

aZ  are the charge numbers of the nuclei. The wave function of the stationary 
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Schrödinger equation H E=Ψ Ψ  can be expanded as follows ( ( , , )rα = =r r ϑ ϕ , 
antisymmetrization neglected): 
 

( )c c
c

R r=∑Ψ ϕ  (9) 

 
with the channel functions 
 

( , ) [ ({ }) ({ })]aA
A a

IJJ J
c M

Y A a⎡ ⎤= ⊗ ⊗⎣ ⎦ϕ ϑ ϕ ϕ ϕi λ λ  (10) 

 
with ( ), , , , , , , , .A A a ac J J J I M= λ λ  
 
Here, the channel quantum number c includes the quantum number  of orbital angular 
momentum, the quantum numbers Aλ  and aλ  of the eigenstates of Ah  and ah , the 
quantum numbers J and ( I, M) resulting from the coupling of  AJ  and aJ  to J and  
and J to I, respectively. The functions ( , )Y ϑ ϕm  are spherical harmonics. For large 
separations the radial functions are given by  
 

1/ 2( ( ) ( )) /( ).c c cc c cc c c
c

R C I r S O r r= −∑ ′ ′ ′
′

δ v  (11) 

  
 In this formula enter the incoming and outgoing Coulomb waves 

exp( )( )cI G F= −σi i  and exp( )( )cO G F= − +σi i , respectively, with the regular 
and irregular Coulomb functions F  and G . The collision or S-matrix connects the 
incoming and outgoing waves. The coefficients cC ′  define the incoming wave specified 
by the reaction, and cv  is the asymptotic relative velocity in channel c. 
 
2.4. The S – Matrix, Reciprocity Relation and Principle of Detailed Balance. 
 
The S- matrix is of fundamental importance for the theory of nuclear reactions. The 
element ccS ′  is the amplitude of the transition from an ingoing channel c′  to an 
outgoing channel c. Cross sections are proportional to the absolute squares of the S-
matrix elements. On the basis of the conservation of the probability in quantum 
mechanics, one can show that the S-matrix is an unitary matrix with the property 
 

.cc cc c c
c

S S δ∗ =∑ ′ ′′ ′ ′′   (12) 

 
This relation is not fulfilled if the Hamiltonian violates the Hermitian adjoint property. 
This is the case when complex potentials are introduced in the optical model to simulate 
the absorption which means the flux of probability into not explicitly considered 
channels. 
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Another symmetry of the S-matrix arises from the concept of time reversal. The 
invariance of a theory under time reversal is connected with the invariance of the 
Hamiltonian under complex conjugation. That means 1− ∗=H T H T  where the operator 
T reverses the signs of the spins. Since the definition of the channel c depends on the 
magnetic quantum number M of the total angular momentum, we introduce the channel 
–c where M is replaced by –M. Then the invariance of the Hamiltonian under time 
reversal yields the relation 
 

, .cc c cS S− −=′ ′  (13) 
 
This relation is named reciprocity relation and states that the probability for the process 
c c→′  is the same as the probability for the time reversed process c c→ ′ . If spin-zero 
particles are involved, this relation has the consequence that the S-matrix is symmetric. 
 
The reciprocity relation leads to the important principle of detailed balance. This 
principle relates the cross section for the reaction α β→  with that of the time-reversed 
reaction β α→ : 
 

2

2

(2 1)(2 1)
( ) ( ),

(2 1)(2 1)
B b

A a

J J k

J J k
β

α

+ +
=

+ +
σ ,β σ β,αα  (14) 

 
where kα  and kβ  are the asymptotic wave numbers in the channel α  and β , 
respectively. 
 
2.5. Cross Sections for Neutron – induced Reactions 
 
The cross sections can be obtained from a given S- matrix. We illustrate the general 
procedure for reactions with neutral particles in order to circumvent the more 
complicated formulas with Coulomb wave functions for charged particles. Introducing 
the uncoupled channel functions (see equation (10)) 
 

( ) { }( ) { }( ), A A
A A

JJ J
c J Y A aμ μ

⎡ ⎤= ⊗⎣ ⎦ϑm mi λ λϕ ϕ ϕ ϕ  (15) 

  
with ( ), , ,A A a ac J J= λ λ  
 
and defining the asymptotic forms of the ingoing and outgoing radial wave functions as 

exp( ( / 2))c cI k r→ − −i π  and exp( ( / 2))c cO k r→ −i π , we can write the asymptotic 
wave function as  
 

{1/ 2 1/ 2 1/ 2
0(2 1) ( ) /( )

c c c c Jk I O rμ= + −∑Ψ ϕi
cv

π  

}1/ 2
0 0( ) / ( )c J c J c J c J c c J c

c J
S O rμ μ μ μ μ

μ
+ −∑ ′ ′ ′ ′ ′, ′ ′ ′ ′ ′, ′ ′ ′ ′ ′ ′ ′ ′

′ ′ ′ ′ ′
δ ϕm m m

m

v  (16) 
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The first part of this equation describes the incident plane wave in the channel cJμ , the 
second part the radially outgoing wave. The differential cross section for the reaction 
from channel cJμ  to c J′ ′μ′  is given by  
 

cJ c J

c

d
d
μ μσ → =
Ω

′ ′ ′

′
 

2
2 1/ 2

, 0 , 0
,

(2 1) ( ) ( , )c c J c J c J c J c cS Yμ μ μ μ+ −∑ ′ ′ ′ ′ ′ ′ ′ ′ ′ ′ ′ ′ ′ ′
′

δ ϑ ϕm m mπ  (17) 

 
For the special case that the channel spins J  and J′  are zero, the orbital angular 
momenta of the outgoing channels are equal to the ones of the ingoing channels: =′ . 
If it is further assumed that the energy is so low that only the s-wave of the ingoing 
channel contributes, the reaction is isotropic and the total cross section is 
({0} ( 0, 0, 0, 0))J μ= = = = =m  
 

22
{0} {0} {0}, {0} .c c c cc c cS→ = −′ ′ ′σ δπ  

 (18) 
 
The total cross section for unpolarized beams can be obtained by integrating equation 
(17) over the angles and summing over μ′  and averaging over μ . Since the total 
angular momentum I J+=  is conserved in the reaction, it is convenient to 
introduce a S-matrix depending on the indices c JI  and defined as (Here, 

1 1 2 2 3 3( )j m j m j m  are Clebsch-Gordan coefficients.): 
 

, ,
, , ,

( ) ( ) .I
c J c J c J c JS J I M J I M S μ μ

μ μ
μ μ= ∑′ ′ ′ ′ ′ ′ ′ ′

′ ′
′ ′ ′ ′ m m

m m

m m  (19) 

 
Then the total cross section for unpolarized beams and the transition cJ  to c J′ ′  is  
 

2 2
, ,

, ,
(2 1) .

2 1
Ic

cJ c J c J c J c J c J
I

I S
J→ = + −
+ ∑′ ′ ′ ′ ′ ′ ′ ′

′
σ δ

π
 (20) 

 
If initially the two particles have internal states Aλ  and aλ  and nuclear spins AJ  and 

aJ , respectively, the total cross section including elastic and inelastic channels is 
obtained as ( ( , , , ) ) :A A a ac J Jλ λ= : 
 

2

, ,
, ,

2(2 1)(1 ( ))
(2 1)(2 1)

Ic
c c J c J

A a J I
I Re S

J J
= + −

+ + ∑σ
π

 (21) 

 
When the particles are charged the in- and out-going asymptotic wave functions are 
Coulomb functions. In this case the reaction amplitude consists of a sum of two parts: 
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The Rutherford amplitude and the amplitude containing the nuclear effects. In general 
the electrostatic Rutherford amplitude contributes to small scattering angles whereas the 
nuclear effects arise at larger angles. 
 
 
- 
- 
- 
 

 
TO ACCESS ALL THE 24 PAGES OF THIS CHAPTER,  
Visit: http://www.eolss.net/Eolss-sampleAllChapter.aspx 

 
 
 
 
Bibliography 

Blatt J.M. and Weisskopf V.F. (1952). Theoretical Nuclear Physics, New York: John Wiley & Sons. 
[Detailed representation of nuclear reaction theory: general theory, application of theory to experimental 
data, formal theory of nuclear reactions, spontaneous decay of nuclei, interaction of nuclei with 
electromagnetic radiation, beta-decay] 

Csernai L.P. (1994). Introduction to Relativistic Heavy Ion Collisions, Chichester, West Sussex: John 
Wiley & Sons Ltd. [Theory of relativistic heavy ion collisions, especially: relativistic Boltzmann transport 
theory, relativistic hydrodynamics, quark-gluon plasma] 

Eisenberg J.M. and Greiner W. (1970). Excitation Mechanisms of the Nucleus, Amsterdam North-Holland 
Publishing Company. [Nuclear photo-excitation, photon scattering and photo-absorption by nuclei, 
electron scattering on nuclei, Coulomb excitation] 

Glendenning N.K. (1983). Direct Nuclear Reactions, New York: Academic Press, Inc. [Book describing 
the theory of direct nuclear reactions including low-energy heavy ion scattering] 

Golberger M.L. and Watson K.M. (1964). Collision Theory, New York, London, Sydney: John Wiley & 
Sons, Inc. [Basic book for the general theory of collisions, description of the scattering process, two-body 
problems with central and non-central forces, lifetime and decay of virtual states, dispersion theory, 
scattering of systems of bound particles] 

Jackson D.F. (1970). Nuclear Reactions, London: Methuen & Co Ltd. [Monograph on nuclear reactions, 
classical theory starting with nuclear models, introducing basic scattering theory, containing several 
chapters on direct reactions] 

Mayer-Kuckuk T. (1994). Kernphysik, Stuttgart: Teubner. [An introductory representation of nuclear 
physics, experimental and theoretical facts equally well described in detail, including nuclear reaction 
theory ] 

Preston M.A. (1962). Physics of the Nucleus, Reading, Mass: Addison Wesley Publishing Company. 
[Book on theoretical nuclear physics with useful part on nuclear reactions: basic reaction theory, 
compound nucleus and statistical theories, optical model, direct reactions] 

Satchler G.R. (1983). Direct Nuclear Reactions, Oxford: Oxford University Press. [Compendium on 
direct nuclear reactions: Method of direct reaction theory, coupled equations, polarization phenomena, 
optical models, rearrangement reactions, transfer reactions, many applications to heavy ion reactions]  
 
Biographical sketch 

Werner Scheid, was born 28 June 1938 in Offenbach/ Main (Germany), studied physics at the 
Technische Hochschule Darmstadt from 1958 up to 1964, received Diploma in Physics in 1964 (adviser 

https://www.eolss.net/ebooklib/sc_cart.aspx?File=E6-06B-06-03


UNESCO – 
EOLS

S

SAMPLE
 C

HAPTERS

FUNDAMENTALS OF PHYSICS – VOL. III - Nuclear Reactions-Werner Scheid 

©Encyclopedia of Life Support Systems (EOLSS) 

Prof. Scherzer), Dr. phil.nat. in 1967 from University of Frankfurt (adviser Prof. Greiner), and completed 
Habilitation in 1971 at University of Frankfurt. During 1967-1968 he was a Research Associate at 
University of Virginia (Charlottesville, Va., USA), during 1971-1976 Associate Professor at University of 
Frankfurt, and in 1972 Guest Professor at University of Erlangen-Nürnberg. Since 1976 he is Professor of 
Theoretical Physics at the Justus-Liebig-University in Giessen.  During 1984-1985 he served as Dean of 
the Department of Physics of University of Giessen, and during 1991-1994 was Speaker of the Giessen 
part of the Graduate College “Theoretical and experimental heavy ion physics”. In 1993 he received the 
honorary doctoral degree from University of Bucharest (Romania). Dr. Scheid’s research is in theoretical 
physics especially in atomic and nuclear heavy ion physics, acceleration of electrons by lasers, inverse 
scattering problems, algebraic scattering theory. He has co-authored a book: Nuclear Molecules (1995) 
together with W. Greiner and J.Y. Park.  


