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What is radiation:

What is radioactive material:

What is radioactive contamination:

What is ionization:

What is dose:

What is an Isotope:

What is what?

Radiation: Radiation is the emission and transfer of energy 
through space!

Any material that spontaneously emits any type of 
ionizing radiation.

Radioactive material in an unwanted Location. 

The process of removing electrons from atoms to make
  charged ions.

The effect of radiation on mater.

Any of the different forms of an element each having a different 
mass. Isotopes of an element have nuclei with the same number 
of protons (atomic number) but different number of neutrons. 



What is dose?

Sivert (Sv): is the SI derived unit of dose equivalent. It attempts to reflect the 
biological effects of radiation as opposed to the physical aspects, which are 
characterized by the absorbed dose, measured in grays 

Gray (Gy): One gray is the absorption of one joule of radiation energy by one 
kilogram of matter.  J/kg

Röntgen (roentgen) equivalent in man or rem [rem] is a unit of radiation dose. 
It is the product of the absorbed dose in roentgens (R) and the biological 
efficiency of the radiation. 100 Rem equal 1 Sivert; the Sivert is the 
recommended SI derived unit, 

Displacement per atom (dpa): is a unit of radiation dose on 
materials. 

Counts per minute (cpm):  is a measure of radioactivity. It is the number of 
atoms in a given quantity of radioactive material that are detected to have 
decayed in one minute. 
Becquerel (Bq): is a measure for radioactivity. It is the disintegrations per 
second



Radiation damage in solids
• Radiation damage refers to the localized disruption of the crystal lattice of 

a solid (defect production) by high-energy radiation passing through it.

• Radiation effects are the consequence of radiation damage on the mechanical 
and/or physical properties of the solid

• Solids consist of stationary atoms with:
    - a massive nucleus
    - electrons bound to the nucleus with energies ranging from keV (K-shell,
      heavy atoms) to eV (ionization potential of outer shell) 
• Energetic particles of three types:
   Neutral elementary particles
    - neutrons interact with atomic nuclei of solid atoms
    - gamma rays interact with electrons within the solid (pair production, 
       compton scattering and photo-electric effect)
    Charged elementary particles
     - protons, alpha particles
     - electrons (accelerator produced, beta particles & Compton)
    High-energy atoms or ions
   - fission fragments
     - accelerator-produced heavy ions
     - recoil atoms (ions) of solid produced from primary collisions



Interactions between energetic particles and solids
• Energetic charged particles interact independently with the nuclei and the
  electrons in a solid

• Interactions are characterized by scattering cross sections
Interactions between charged particles and electrons in a solid medium
• Characterized by the stopping power, or energy loss per unit path length
• Electronic stopping is dominant at high energies
• Electrons of the medium are excited (energized) and removed from the
   nucleus leading to ionization of the medium along ion-track
• Most of the energetic electrons are thermalized and re-captured by nuclei
   - Ionization energy is degraded into heat
• In insulators, some electrons are captured in defect sites, producing changes
  in electrical and magnetic properties

Interactions between charged particles and nuclei in a solid medium
• Nuclear interactions predominate at low energies
• Nuclear interactions (scattering) involve:
   - bare nuclei at high particle energy
   - nuclei and bound electrons at low energies
• Nuclear interactions produce permanent atomic displacements within the solid
• Atomic displacements are the underlying cause of physical and mechanical
   property changes - radiation damage and radiation effects



Displacement spike: Early Qualitative Ideas

Original model of the displacement spike, 
J.A. Brinkman, Amer. J. Phys 24 (1956) 24.

Later, but still qualitative, version of the 
displacement spike (also called depleted zone). 



There are ASTM standards!



The probability  of a neutron fission is described by the nuclear cross 
section s. 

The nuclear cross section depends on the isotope and the energy of the 
incoming neutron

# of interactions/reactions

Flux Microscopic 
cross section

Macroscopic 
cross section

density of 
atoms





Cross section
collision density 
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Different types of cross sections
Cross Section Type Meaning
Total cross section Probability of ANY interaction
Elastic scattering Projectile bounces off nucleus

Inelastic scattering Nucleus excited during collision

Absorption Particle absorbed by nucleus
Capture Particle absorbed without fission
Fission Nucleus splits
Transfer / reaction Nucleons transferred
Spallation High-energy fragmentation
Fusion Two nuclei combine
Charged particle reactions Proton/alpha-induced reactions
Activation cross section Produces radioactive isotope



Energy transfer in collisions

N = atom density of solid (atoms/cm3)
 s = scattering cross-section (cm2)
 f = flux of energetic particles (#/(cm2-s)) 
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Conservation of energy in the head-on collision

M m

Before

V, E

Head-on collision:

M m

After

Vf, Ef   v, Tmax

M = mass of projectile particle
m = mass of struck atom
V, E = velocity, energy of projectile particle
v, Tmax = velocity, energy of struck particle after collision

Conservation of linear momentum in the head-on collision
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Energy transfer in collisions
Solving simultaneously by eliminating Ef yields the maximum energy transferred 

in the (head-on) collision:
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More generally, energy transferred to an atom in an elastic collision is given by:
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q = center of mass scattering angle

• In hard-sphere (billiard-ball) collisions, all values of T between 0 and Tmax 
are equally probable.

• The average energy transferred to the struck atom is Tmax/2.

• Energy imparted to struck atoms causes displacements from the lattice sites 
in the crystal of the solid (Frenkel pairs) ® Radiation Damage



Energy transfer in collisions
Example: fission neutron collision with an iron atom

M = 1, E = 1 MeV (average energy of fission neutron); m = 56 (iron);
Substituting into Eq. (2.2):
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• The average energy of the first (iron) atom struck is 0.035 MeV = 35 keV = 35,000 
eV; this struck atom is called the Primary Knockon Atom (PKA)



• Since about 25 eV (Ed = displacement energy) is needed to displace a lattice 
atom from its site in the crystal, the PKA is displaced (often at high velocity), 
leaving behind a vacant lattice site

• The PKA strikes another lattice atom; since M = m (for atom - atom collisions), 
the average energy transferred to the second atom (Secondary Knockon Atom, 
SKA) is one-half of the PKA energy (17.5 keV)

• The average energy of the recoils of the nth generation is one half of that of the 
previous generation. The process continues as a chain reaction until the recoil 
energy is less than Ed ~ 25 eV.

Energy transfer in collisions



Displacement Energy
Because of the crystal structure of atoms in a solid, the displacement energy required 
to produce a Frenkel pair depends on PKA direction
  - Ed represents an average over all possible directions

Consider a face-centered cubic (fcc) crystal structure (Cu, Ni, stainless steel):
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Direction Ref 1. Ref 2.

Ed <100> 34 24

Ed<111> 43 80

Ed<110> - 25

1.   H.B. Huntington, Phys Rev 93 (1954) 1414.
2.   J.B. Gibson, A.N. Goland, M. Milgram, G.H. Vineyard, Phys Rev 120 (1960) 1229.

• Ed is much greater than the energy to create a V-SIA pair by equilibrium 
processes, since the collision is highly non-equilibrium.

    • Average value of Ed ~ 25 - 50 eV applies to most metals



Example of cascade by low energy PKA’s

0.5 nm

vacancy

self-interstitial
atom



Lattice displacements due to a single PKA
• Thus, the single neutron initiates a collision cascade that contains n atomic 

displacements (Frenkel pairs or vacancy-(self)-interstitial pairs)

Because the PKA energy is so large compared to the displacement energy, each 
neutron generates many tens and even hundreds of V-I pairs
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• T ≤ Ed - no displacements
• Ed ≤ T ≤ 2Ed - only one PKA 

displaced (T’ < Ed)
• For T ≥ 2Ed 

• Cascade ceases when 
average knockon energy is 
2Ed = T/2Nf

• Final number of displaced 
atoms is n = 2Nf
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For iron example: n = 35000/2/25 = 700 displacements

T
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Number of displaced atoms from nuclear collisions

A fast neutron (or ion) creates Primary Knockon Atoms (PKA) within a solid as a result
of (primarily) elastic collisions with energy T. 

              If T > Ec - consider electronic energy loss (Bethe-Bohr
              or Lindhard) - no atomic displacements

              For T < Ec - consider atomic displacements (nuclear
              stopping) which produces vacancies and self-interstitial
              atoms
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Primary collision:

E = initial neutron energy
PKA = primary knockon atom = atom 
     initially struck by energetic particle
SKA = secondary knockon atom
T (or E) = energy transferred to PKA
E’ = neutron energy following collision
Tj = energy transferred to struck atom j
Ed = displacement energy = minimum 
  energy transferred to lattice atom to 
  produce permanent displacements (~ 25 eV)
Eb = energy to form Frenkel (V + SIA) pair (~ 5eV)
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Bombarding particles 
(material affected):
• Fission fragments (fuel UO2)
• fast neutrons (cladding, 
                           structures)
• a-particles and protons 
   (fusion reactor first wall)
• photons (structures - damage
   by Compton scattering)
• thermal neutrons:

Damage caused by recoil of
Co57 nucleus due to momentum
transfer to g 

! +"#$% →"#$C→
γ'β
(F$C



Energy loss to electrons (ionization of the solid)
• I = binding energy of electrons in medium (like ionization potential)

Fermi
energy

Fermi "sea"
average e-
in metal

conducting
electrons

valence
electrons

gap

I~ {band gap in semiconductor or insulator

Fermi energy in metals



Energy loss to electrons (ionization of the solid)

• From the initial energy of the ion to Ec, the primary energy loss mechanism is 
electronic stopping, also simply called ionization

Simplified model of the interaction

• for E > Ec, all energy loss is by ionization, no displacements
• for E < Ec, all energy loss by displacement collisions with 

atoms
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• In order for energy transfer from moving atom (or ion) to electron in medium to 
occur, a head-on collision of atom (or ion) and electron must transfer minimum 
energy I.

• From Eq. (2.2) with Tmax = I, m = me, Ec = minimum ion energy for transferring 
enough energy to an electron to remove it from the atom:
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for I = 2 eV, Ec = 103M (eV)
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  Why doesn’t the metal turn to powder???

Iron example:

 s = scattering cross section for 1 MeV neutrons ~ 3x10-24 cm2

 N = atom density of iron atoms in solid ~ 8x1022 atoms/cm3

 f = fast neutron flux ~ 5x1013 n/(cm2s)

• neutron - iron atom collision rate = 1013 collisions/cm3/s
• displacement production rate = (1013)(700) = 7x1015 disp/cm3/s (see earlier slide)
• in 3 years (108 s): 7x1023 displacements/cm3

• divide by atom density of iron to obtain “dose” in displacements per atom (dpa)

Calculation dpa in Fe for example
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n

Ed 2Ed

Ec

Assume electronic losses 
only at T>Ec
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• Assumptions
– Cascade is created by a sequence of two-body 

elastic collisions between atoms
– The energy Ed consumed in displacing an atom is 

neglected in the energy balance
– Energy loss by electronic stopping is treated by a 

cutoff energy
– Energy-transfer cross section is given by a hard-

sphere model
– The arrangement of atoms in the solid is random; 

effects due to crystal structure are neglected

Kinchin-Pease model



Lindhard electronic energy loss
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Damage efficiency z   Displacements in Fe

Ec ~ m (keV)

z= fraction of energy deposited in the 
material due to collision interaction

Lindhard 
n(E)=z(E)*(T/2Ed)
Fraction of energy 
transferred into atomic 
motion



Norgett–Robinson–Torrens (NRT)



Fast neutron scattering & primary collision rate
• En = neutron energy
  f(En)dEn = flux of neutrons with energies between En and En + dEn (n/[cm2-s-eV])

        F = total fast flux    (2.4)

Neutron scattering
n + lattice atom       PKA, energy T

sn(En,T) = neutron differential energy transfer scattering cross section (elastic and inelastic)
The total neutron scattering cross section:

        

 For elastic scattering:
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Fast neutron interactions
    Fast reactor neutrons

     

     

     Fusion neutrons (14 MeV)

Displacement Cross Section
Weight the differential scattering cross section with the number of displacements
 produced by the PKA of energy E:

        (2.5)

For isotropic, elastic scattering:

        (2.6)
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Fast neutron interactions

Approximate displacement function:

                   (2.7)

For iron: A (= m) = 56 (L = 0.069);Ed = 40 eV; En = 1 MeV  [fission neutrons]
               En = 14 MeV [fusion neutrons]

  (Ec2 + LEn …) = 415 displaced atoms per neutron collision
  (Ec2 + LEn …) = 680 displaced atoms per neutron collision

Using Equ above with ss = 3 barns:
   à  sd ~ 1245 barns [fission]   sd ~ 2040 barns [fusion] 

Relationship between number of displacements and Dose Rate
    Displacement Rate:

        (2.8)

     
    atom density (atoms/cm3) = N = 1/W (W = atomic volume)

        (2.9) 
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Fast neutron interactions - neutron displacement rate

Approximation:

Evaluate sd at     = average neutron energy (> 0.1 MeV):

        (2.10)

     Example:
     Fission neutrons sd ≈ 1250 barns = 1.25x10-21 cm2

   F ≈ 5x1013 n/(cm2-s)
      

      in 5 yrs ~ 1.6x108 s, dpa = (1.25x10-21)(5x1013)(1.6x108) ≈ 10

      Each atom in the solid is displaced 10 times in 5 years!!

       For D-T fusion  sd ≈ 2040 barns ≈ 2.0x10-21 cm2

   F ≈ 5x1013 n/(cm2-s)
      

      in 5 yrs ~ 1.6x108 s, dpa = (2.0x10-21)(5x1013)(1.6x108) ≈ 16

      Each atom in the solid is displaced 16 times in 5 years (actually too low)

At high neutron energies
     • inelastic scattering  begins: n + m       m* + n’
     • anisotropic scattering dominates: Eq. (2.6) is no longer applicable
     • (n,p) and (n,a) transmutations occur
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• A completely numerical representation of damage due to fast neutrons can be achieved by 
following the atomic trajectories in a crystallite of N lattice atoms, when one atom is given 
kinetic energy characteristic of a neutron scattering event

• The force on the ith atom in the crystal is the sum of forces from all neighboring  atoms in 
the crystal, with Newton’s 2nd law of motion applied to each atom (mass m):

Computer Simulation of Neutron Damage: 
Molecular Dynamics of Displacement Cascades
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= position of the atom
      rij = separation between atoms i and j
      V(rij) = potential energy between i-j pair

• The system of 3N (coupled) differential equations is 
solved for 

• Note that the displacement energy, Ed, need not be 
specified a priori

• Shown to the right are early simulation results of a 
40 eV PKA in the (100) plane of Cu



Damage structure: high energy PKA

0.5 nm

vacancy

self-interstitial
atom

Many atomic displacements (V-SIA) created at higher PKA energy and atomic displacement
structure is clustered and spatially correlated (high energy PKAs typically result from 
heavy ion or fast neutron irradiation)

20 keV PKA in Fe:
the average energy
transferred by a 550 keV
neutron



Comparison of ion and fast neutron damage
Since the energy transfer cross section for ions

 is an atomic cross section (~10-17 cm2) while that
 for neutrons is a nuclear cross section (~10-24 cm2),
 (sd)ions >> (sd)neutrons
Examples:
1) 20 MeV C+:  I = 1014 cm-2sec-1
        gives ~4x10-3 dpa/s in a thin layer;
        dpa varies with penetration depth

2) neutrons give ~6x10-8 dpa/s;
        dpa distribution is uniform



SRIM The Stopping and Range of Ions in Matter



















So we created displacements.
So What??



Five recovery stages in electron-irradiated Cu I and V denote single interstitials and vacancies,
respectively; and I2 and V2, di-interstitials. 
Stage I: The lower temperature substages IA, IB, and IC are due to collapse of close Frenkel pairs. ID is due to correlated 
recombination and IE due to uncorrelated recombination. 
Stage II: Interstitial clusters grow, leading to identifiable small interstitial loops. 
Stage III: Vacancies migrate and adulate at interstitial clusters.
Stage IV: The vacancy clusters surviving stage III grow in size. The vacancy clusters dissociate thermally.



Fate of the displaced atoms
• Recombination of vacancies and interstitials: V + I ® null (perfect lattice)

• Vacancies coalesce into:
  - small clusters (depleted zones or displacement spikes) - in fcc metals, 
     these are usually stacking fault tetrahedra (SFT); in bcc metals, these are 
     ultra-small, sub-nanometer cavities (nanovoids)

  - large clusters (voids or cavities)

• Interstitials coalesce into dislocation loops

• It is these point defect clusters (along with radiation induced/enhanced diffusion, 
precipitation and segregation) that are responsible for mechanical (hardening and 
embrittlement) and/or physical property changes



Radiation effects are governed by the ultimate fate of 
point defects (& transmutants)
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Nascent cascade
Number of defects:
Nascent cascade: Ni = Nv = n(T)

“Quenched” cascade: Ni’ = Nv’ < n(T)

“Quenched” cascade

Voids, I-loops
&  precipitates

in stainless steel
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Formation of dislocation loops in a perfect lattice
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Perfect Lattice + Interstitial Point Defect
In a monoatomic solid, this would be called a self-interstitial 

atom
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Perfect Lattice + Freely-Migrating Self-Interstitial Atom (SIA)
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Perfect Lattice + Freely-Migrating SIA #1
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Perfect Lattice + Freely-Migrating SIA #2
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Perfect Lattice + Freely-Migrating SIA #3
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Perfect Lattice + Freely-Migrating SIA #4
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Perfect Lattice + Several Freely-Migrating 
SIAs
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Perfect Lattice + Interstitial Loop
Loop condensed from freely-migrating SIAs
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Dislocation loops
(a) Condensation 
of vacancies to 
form a vacancy 
loop 
(a missing plane of 
atoms)

(b) Condensation 
of interstitials to 
form an interstitial 
loop (an extra 
plane of atoms)

Edge-on View of Loop
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Dislocation Loops II
Top-View of Loop
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Void formation:
Perfect Lattice + Vacancy Point Defect
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Vacancy Before Migration
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Vacancy After Migration
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Perfect Lattice + Freely-Migrating Vacancy
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Perfect Lattice + Freely-Migrating Vacancy 
#1
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Perfect Lattice + Freely-Migrating Vacancy 
#2
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Perfect Lattice + Freely-Migrating Vacancy 
#3
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Perfect Lattice + Freely-Migrating Vacancy 
#4
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Di - Vacancy Formation
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Di - Vacancy Formation
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Di - Vacancy Migration
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Freely-Migrating Vacancy Point Defects - Void Nucleation
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Freely-Migrating Vacancy Point Defects - Void Formation



Void swelling effects


