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vWhy study radiation-induced
degradation?
o In nuclear reactors, materials are

constantly exposed to neutrons, 𝛾-
rays, ions, and electrons.

o This exposure causes atomic-scale
damage that evolves and
accumulates.

o Over time, this leads to macroscopic
degradation:

ü swelling, embrittlement,
amorphization, reduced ductility,
cracking.

Objectives and industrial context
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constantly exposed to neutrons, 𝛾-
rays, ions, and electrons.

o This exposure causes atomic-scale
damage that evolves and
accumulates.

o Over time, this leads to macroscopic
degradation:

ü swelling, embrittlement,
amorphization, reduced ductility,
cracking.

Objectives and industrial context

Ä These effects are critical in reactor 
safety and lifetime management.
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lattice sites
⇒ Formation of vacancies and interstitials.

v Cascades multiply the damage
o One recoil atom (PKA) triggers a chain reaction of 

collisions
⇒ Hundreds of defects in picoseconds.

v Defects affect material properties
o Disorder leads to hardening, swelling, embrittlement, 

amorphization.

v Macroscopic degradation over time
o Cumulative effects alter dimensions and reduce 

mechanical integrity
⇒ Cracking, failure.

v Multi-scale problem
o Damage evolves from atomic to structural level.

Why radiation causes material degradation?

Ä Engineering solutions require linking scales: 
atomic → component.
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v Ionization
o Trapped charges in oxides

⇒ Leakage currents.

vDisplacement damage
o Defects in the silicon lattice

⇒Reduced carrier mobility, degraded 
performance.

vSingle Event Effects (SEE)
o Bit flips in memories, temporary 

malfunctions, or destructive latch-up.

vMain impact 
o Reduced reliability

Radiation effects on electronic components

ÄNeed for radiation-hardened designs in critical 
applications (aerospace, nuclear).
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v Transmutation
o Change of one element or isotope into another due to nuclear reactions. Alters the material’s chemistry and sometimes its properties.

v Swelling
o Macroscopic volume increase due to accumulation of voids or gas bubbles. Causes dimensional instability in structural materials.

v Embrittlement
o Loss of ductility caused by defect accumulation or segregation under irradiation. Makes materials more prone to fracture or cracking.
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Overview of irradiating particles

Particle Charge Mass Interaction mechanism Typical effects in solids Use in nuclear context

Neutron 0 ~1 𝑢 Elastic/inelastic nuclear 
collisions

Displacement cascades, 
transmutation

Primary cause of structural 
damage

Ion ±1 to ±𝑍 > 1 𝑢 Coulomb interaction 
(nuclei + electrons)

Dense cascades, high local 
damage

Material testing, ion 
implantation

Electron −1 ~
1

1836
𝑢 Electromagnetic with electrons Ionization, weak 

displacement (> 1𝑀𝑒𝑉)
Radiation from decay or 

accelerators

Photon 0 0 Photoelectric, Compton, pair 
production

Ionization, excitation 
(especially in polymers) 𝛾 irradiation, insulation aging

vNeutrons: 
o penetrate deeply, efficient at generating bulk displacement damage.

v Ions: 
o deposit energy locally ⇒ useful for simulating neutron damage.

vElectrons: 
o mostly cause ionization, rarely displacements unless highly energetic.

vPhotons: 
o induce electronic excitations, chemical changes in sensitive materials.
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General interactions between particles and matter
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An incoming energetic particle enters the material and 
begins to lose energy.

v This energy is transferred via two main channels:
o To electrons (inelastic) ⇒ causes ionization and excitation
o To nuclei (elastic) ⇒ causes collisions and atomic

displacements

v Electronic stopping power (𝑆():
o Delocalized energy loss through electron excitation
o No structural damage, but possible heating or chemistry

effects

v Nuclear stopping power (𝑆)):
o Localized, direct momentum transfer to atoms
o Can knock atoms out of place ⇒ defects, PKAs, cascades
o Only nuclear interactions lead to permanent lattice damage
⇒ requires energy transferred > displacement threshold (𝐸!)

v The partition of energy between 𝑆( and 𝑆) depends on:
o The mass and energy of the particle
o The atomic structure of the target material

How is energy deposited in solids?
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The main mechanisms of of particle-matter interaction

v Elastic collision
o Atom ejection
o Reflection
o Desorption
o Backscattered ions

v Inelastic collision
o X-ray
o Secondary electrons
o Visible light

v In the target
o Electronic excitation
o Ionization
o Atomic displacements
o Implanted ions
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o Accumulation or migration of certain atomic species 

at interfaces (e.g., grain boundaries), often driven by 
irradiation-enhanced diffusion or defect interactions.

v Production of defects and atomic disorder: 
(~𝟏𝟎𝟎 eV → 𝟏 MeV) 

o Creation of point defects (vacancies, interstitials) and 
disruption of the ordered atomic structure due to 
energetic particle collisions.

v Surface sputtering and erosion: (~𝟏 → 𝟏𝟎𝟎 keV)
o Ejection of atoms from a surface when bombarded 

by high-energy particles, leading to material loss and 
surface modification.

The four main mechanisms of structural modifications
In this lecture, we exclude effects that result from the emission of particles or radiation.
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Elastic collisions: assumptions and framework

v Main objective 
o Establish the relationships needed to calculate energy losses.

v Applicable case
o Ions from a few keV to a few hundred keV lose energy through interactions with electrons and nuclei in the target.

v Types of collisions
o Electronic collisions (inelastic):

ü Low energy transfer (𝑚# ≪ 𝑚$%&'#%()
ü High electron density & frequent collisions
ü Continuous energy loss — modeled via theoretical calculations

o Nuclear collisions (elastic):
ü Described by classical mechanics
ü Discrete events with abrupt momentum transfer and trajectory changes

v Assumptions for elastic collision calculations
o Binary collisions only (2 atoms involved)
o Classical mechanics is valid
o Electron excitation does not affect elastic collision
o Target atom is initially at rest
o Target atoms are randomly distributed
o Elastic collision: No change in internal states of the particles.



40

Prof. Antoine GUITTON

Elastic collisions: assumptions and framework

v Particles with masses 𝑚2 and 𝑚3 are located at 𝑀2 and 𝑀3 in the laboratory frame at the positions 
𝒓𝟏 et 𝒓𝟐 respectively.

(𝑚), 𝒓𝟏)

𝒗𝟏

𝒗′𝟏 𝒗′𝟐

𝒗𝟐 (𝑚,, 𝒓𝟐)

𝜃,
𝜃)

(𝐿𝐹)

Be careful! Fasten your seatbelt. And breathe.
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ℒ = 𝐸6 − 𝐸7 =
1
2𝑚2𝒓̇𝟏

3 +
1
2𝑚3𝒓̇𝟐

3 − 𝑈(𝑟)

v In the center-of-mass frame (CMF):
𝑚2 +𝑚3 𝑶𝑮 = 𝑚2𝑶𝑴𝟏 +𝑚3𝑶𝑴𝟐

𝑚2𝑮𝑴𝟏 +𝑚3𝑮𝑴𝟐 = 𝟎
o We set:

𝑮𝑴𝟏 = 𝒓𝑮𝟏 =
𝑚.

𝑚/ +𝑚.
𝒓; 𝑮𝑴𝟐 = 𝒓𝑮𝟐 =

𝑚/

𝑚/ +𝑚.
𝒓

⇒ ℒ =
1
2
𝑚/𝒓̇𝑮𝟏

. +
1
2
𝑚.𝒓̇𝑮𝟐

. − 𝑈(𝑟)

⇒ ℒ =
1
2
𝑚𝒓̇. +

1
2
𝑚𝒓̇. − 𝑈(𝑟)

o Where:
1
𝑚 =

1
𝑚!

+
1
𝑚"

(𝑚), 𝒓𝟏)

𝒗𝟏

𝒗′𝟏 𝒗′𝟐

𝒗𝟐 (𝑚,, 𝒓𝟐)

𝜃,
𝜃)

(𝐿𝐹)

Be careful! Fasten your seatbelt. And breathe.
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Elastic collisions: assumptions and framework

v Conservation of momentum in the CMF:
𝒑𝑮𝟏 + 𝒑𝑮𝟐 = 𝒑𝑮𝟏9 + 𝒑𝑮𝟐9 = 𝟎 ⇒ 𝒑𝑮𝟏 = −𝒑𝑮𝟐; 𝒑𝑮𝟏9 = −𝒑𝑮𝟐9

⇒ 𝑝:2 = 𝑝:29 ⇒ 𝑣:2 = 𝑣:29
⇒ 𝑝:3 = 𝑝:39 ⇒ 𝑣:3 = 𝑣:39
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Elastic collisions: assumptions and framework

v Conservation of momentum in the CMF:
𝒑𝑮𝟏 + 𝒑𝑮𝟐 = 𝒑𝑮𝟏9 + 𝒑𝑮𝟐9 = 𝟎 ⇒ 𝒑𝑮𝟏 = −𝒑𝑮𝟐; 𝒑𝑮𝟏9 = −𝒑𝑮𝟐9

⇒ 𝑝:2 = 𝑝:29 ⇒ 𝑣:2 = 𝑣:29
⇒ 𝑝:3 = 𝑝:39 ⇒ 𝑣:3 = 𝑣:39

v Conservation of the kinetic energy in the CMF: 
1
2𝑚2

𝒑𝑮𝟏𝟐 +
1
2𝑚3

𝒑𝑮𝟐𝟐 =
1
2𝑚2

𝒑𝑮𝟏9
3 +

1
2𝑚3

𝒑𝑮𝟐9
3

⇒
𝒑𝑮𝟏𝟐

2
1
𝑚2

+
1
𝑚3

=
𝒑𝑮𝟏9

3

2
1
𝑚2

+
1
𝑚3
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Elastic collisions: assumptions and framework

v Conservation of momentum in the CMF:
𝒑𝑮𝟏 + 𝒑𝑮𝟐 = 𝒑𝑮𝟏9 + 𝒑𝑮𝟐9 = 𝟎 ⇒ 𝒑𝑮𝟏 = −𝒑𝑮𝟐; 𝒑𝑮𝟏9 = −𝒑𝑮𝟐9

⇒ 𝑝:2 = 𝑝:29 ⇒ 𝑣:2 = 𝑣:29
⇒ 𝑝:3 = 𝑝:39 ⇒ 𝑣:3 = 𝑣:39

v Conservation of the kinetic energy in the CMF: 
1
2𝑚2

𝒑𝑮𝟏𝟐 +
1
2𝑚3

𝒑𝑮𝟐𝟐 =
1
2𝑚2

𝒑𝑮𝟏9
3 +

1
2𝑚3

𝒑𝑮𝟐9
3

⇒
𝒑𝑮𝟏𝟐

2
1
𝑚2

+
1
𝑚3

=
𝒑𝑮𝟏9

3

2
1
𝑚2

+
1
𝑚3

v The fictitious particle of mass 𝑚 is deflected (scattered) by an angle 𝜃 in the CMF, which corresponds 
to the angle 𝜃 at which the two real particles emerge after the collision in the CMF.

𝒑𝑮𝟏 = 𝑚2𝒗𝑮𝟏 =
𝑚2𝑚3
𝑚2 +𝑚3

𝒗 = 𝑚𝒗 = 𝑚𝑣𝒏

𝒑′𝑮𝟏 = 𝑚2𝒗′𝑮𝟏 =
𝑚2𝑚3
𝑚2 +𝑚3

𝒗′ = 𝑚𝒗′ = 𝑚𝑣𝒏′

(𝑚, 𝒓)

𝒗 = 𝑣𝒏

𝒗- = 𝑣𝒏-

𝜃

(𝐶𝑀𝐿) G
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Elastic collisions: assumptions and framework

v Conservation of momentum in the CMF:
𝒑𝑮𝟏 + 𝒑𝑮𝟐 = 𝒑𝑮𝟏9 + 𝒑𝑮𝟐9 = 𝟎 ⇒ 𝒑𝑮𝟏 = −𝒑𝑮𝟐; 𝒑𝑮𝟏9 = −𝒑𝑮𝟐9

⇒ 𝑝:2 = 𝑝:29 ⇒ 𝑣:2 = 𝑣:29
⇒ 𝑝:3 = 𝑝:39 ⇒ 𝑣:3 = 𝑣:39

v Conservation of the kinetic energy in the CMF: 
1
2𝑚2

𝒑𝑮𝟏𝟐 +
1
2𝑚3

𝒑𝑮𝟐𝟐 =
1
2𝑚2

𝒑𝑮𝟏9
3 +

1
2𝑚3

𝒑𝑮𝟐9
3

⇒
𝒑𝑮𝟏𝟐

2
1
𝑚2

+
1
𝑚3

=
𝒑𝑮𝟏9

3

2
1
𝑚2

+
1
𝑚3

v The fictitious particle of mass 𝑚 is deflected (scattered) by an angle 𝜃 in the CMF, which corresponds 
to the angle 𝜃 at which the two real particles emerge after the collision in the CMF.

𝒑𝑮𝟏 = 𝑚2𝒗𝑮𝟏 =
𝑚2𝑚3
𝑚2 +𝑚3

𝒗 = 𝑚𝒗 = 𝑚𝑣𝒏

𝒑′𝑮𝟏 = 𝑚2𝒗′𝑮𝟏 =
𝑚2𝑚3
𝑚2 +𝑚3

𝒗′ = 𝑚𝒗′ = 𝑚𝑣𝒏′

v The particle velocities in CMF after the collision:
𝒗′𝑮𝟏 =

𝑚3
𝑚2 +𝑚3

𝑣𝒏9; 𝒗′𝑮𝟐 = −
𝑚2

𝑚2 +𝑚3
𝑣𝒏′

(𝑚, 𝒓)

𝒗 = 𝑣𝒏

𝒗- = 𝑣𝒏-

𝜃

(𝐶𝑀𝐿) G
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Elastic collisions: assumptions and framework

vTo return to velocities and momenta in the laboratory frame, the velocity 𝑽𝑮 of the center 
of mass must be added:

𝑽𝑮 =
d𝑶𝑮
d𝑡 =

1
𝑚" +𝑚#

𝒑𝟏 + 𝒑𝟐
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Elastic collisions: assumptions and framework

vTo return to velocities and momenta in the laboratory frame, the velocity 𝑽𝑮 of the center 
of mass must be added:

𝑽𝑮 =
d𝑶𝑮
d𝑡 =

1
𝑚" +𝑚#

𝒑𝟏 + 𝒑𝟐

vThe particle velocities in LF after the collision:
𝒗′𝟏 = 𝒗′𝑮𝟏 + 𝑽𝑮 = 𝒗′𝑮𝟏 +

1
𝑚" +𝑚#

𝒑𝟏 + 𝒑𝟐

𝒗′𝟐 = 𝒗′𝑮𝟐 + 𝑽𝑮 = 𝒗′𝑮𝟐 +
1

𝑚" +𝑚#
𝒑𝟏 + 𝒑𝟐

(𝑚), 𝒓𝟏)

𝒗𝟏

𝒗′𝟏 𝒗′𝟐

𝒗𝟐 (𝑚,, 𝒓𝟐)

𝜃,
𝜃)

(𝐿𝐹)

(𝑚, 𝒓)

𝒗 = 𝑣𝒏

𝒗- = 𝑣𝒏-

𝜃

(𝐶𝑀𝐹) G
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Elastic collisions: assumptions and framework

vTo return to velocities and momenta in the laboratory frame, the velocity 𝑽𝑮 of the center 
of mass must be added:

𝑽𝑮 =
d𝑶𝑮
d𝑡 =

1
𝑚" +𝑚#

𝒑𝟏 + 𝒑𝟐

vThe particle velocities in LF after the collision:
𝒗′𝟏 = 𝒗′𝑮𝟏 + 𝑽𝑮 = 𝒗′𝑮𝟏 +

1
𝑚" +𝑚#

𝒑𝟏 + 𝒑𝟐

𝒗′𝟐 = 𝒗′𝑮𝟐 + 𝑽𝑮 = 𝒗′𝑮𝟐 +
1

𝑚" +𝑚#
𝒑𝟏 + 𝒑𝟐

Ä The problem of elastic collision between two particles can be reduced, in the center-of-mass frame 
(CMF), to the study of the scattering of a fictitious particle (characterized by 𝑚, 𝒓, and 𝒗 = 𝒓̇) in a 

potential field 𝑈(𝑟).

(𝑚), 𝒓𝟏)

𝒗𝟏

𝒗′𝟏 𝒗′𝟐

𝒗𝟐 (𝑚,, 𝒓𝟐)

𝜃,
𝜃)

(𝐿𝐹)

(𝑚, 𝒓)

𝒗 = 𝑣𝒏

𝒗- = 𝑣𝒏-

𝜃

(𝐶𝑀𝐹) G



51

Prof. Antoine GUITTON

Trajectory equation

v In many physical systems, the force that one particle exerts on another acts along the straight line connecting their 
centers and depends only on the distance between them. This makes it a central force. 
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Trajectory equation

v In many physical systems, the force that one particle exerts on another acts along the straight line connecting their 
centers and depends only on the distance between them. This makes it a central force. 

v What is a central force?
o A central force is a force that is always directed along the line connecting a particle to a fixed point (usually called the center).
o The magnitude of a central force depends only on the distance between the particle and the center, not on the direction.

𝑭 𝒓 = 𝑓 𝑟 𝒆𝒓
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Trajectory equation

v In many physical systems, the force that one particle exerts on another acts along the straight line connecting their 
centers and depends only on the distance between them. This makes it a central force. 

v What is a central force?
o A central force is a force that is always directed along the line connecting a particle to a fixed point (usually called the center).
o The magnitude of a central force depends only on the distance between the particle and the center, not on the direction.

𝑭 𝒓 = 𝑓 𝑟 𝒆𝒓

v Angular momentum:
𝑳 = 𝒓×𝒑 = 𝑚𝒓×𝒗 = 𝑚 𝑟𝒆𝒓 + 𝑧𝒆𝒛 × 𝑟̇𝒆𝒓 + 𝑟𝜃̇𝒆𝜽 + 𝑧̇𝒆𝒛 = 𝑚𝑟.𝜃̇𝒆𝒛

⇒ 𝜃̇ =
𝐿
𝑚𝑟.

⇒ 𝜃 =
𝐿
𝑚𝑟.

𝑡 + 𝑐𝑠𝑡𝑒

(", $)

& = ()

&! = ()!

G

*

*

+

,

-
A
+ !

!./)
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Trajectory equation

v In many physical systems, the force that one particle exerts on another acts along the straight line connecting their 
centers and depends only on the distance between them. This makes it a central force. 

v What is a central force?
o A central force is a force that is always directed along the line connecting a particle to a fixed point (usually called the center).
o The magnitude of a central force depends only on the distance between the particle and the center, not on the direction.

𝑭 𝒓 = 𝑓 𝑟 𝒆𝒓

v Angular momentum:
𝑳 = 𝒓×𝒑 = 𝑚𝒓×𝒗 = 𝑚 𝑟𝒆𝒓 + 𝑧𝒆𝒛 × 𝑟̇𝒆𝒓 + 𝑟𝜃̇𝒆𝜽 + 𝑧̇𝒆𝒛 = 𝑚𝑟.𝜃̇𝒆𝒛

⇒ 𝜃̇ =
𝐿
𝑚𝑟.

⇒ 𝜃 =
𝐿
𝑚𝑟.

𝑡 + 𝑐𝑠𝑡𝑒

v The total energy of the system 𝐸4 , for a particle of mass 𝑚 in the CMF, is written as:
𝐸4 =

1
2
𝑚𝒗. + 𝑈 𝑟 =

1
2
𝑚𝒓̇. +

𝐿
2𝑚𝒓.

+ 𝑈 𝑟

⇒ 𝑟̇ =
2
𝑚

𝐸4 − 𝑈(𝑟) −
𝐿.

𝑚.𝑟.
⇒ 𝑡 = @

d𝑟

2
𝑚 𝐸4 − 𝑈(𝑟) −

𝐿.
𝑚.𝑟.

+ 𝑐𝑠𝑡𝑒
(", $)

& = ()

&! = ()!

G

*

*

+

,

-
A
+ !

!./)
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Trajectory equation

v In many physical systems, the force that one particle exerts on another acts along the straight line connecting their 
centers and depends only on the distance between them. This makes it a central force. 

v What is a central force?
o A central force is a force that is always directed along the line connecting a particle to a fixed point (usually called the center).
o The magnitude of a central force depends only on the distance between the particle and the center, not on the direction.

𝑭 𝒓 = 𝑓 𝑟 𝒆𝒓

v Angular momentum:
𝑳 = 𝒓×𝒑 = 𝑚𝒓×𝒗 = 𝑚 𝑟𝒆𝒓 + 𝑧𝒆𝒛 × 𝑟̇𝒆𝒓 + 𝑟𝜃̇𝒆𝜽 + 𝑧̇𝒆𝒛 = 𝑚𝑟.𝜃̇𝒆𝒛

⇒ 𝜃̇ =
𝐿
𝑚𝑟.

⇒ 𝜃 =
𝐿
𝑚𝑟.

𝑡 + 𝑐𝑠𝑡𝑒

v The total energy of the system 𝐸4 , for a particle of mass 𝑚 in the CMF, is written as:
𝐸4 =

1
2
𝑚𝒗. + 𝑈 𝑟 =

1
2
𝑚𝒓̇. +

𝐿
2𝑚𝒓.

+ 𝑈 𝑟

⇒ 𝑟̇ =
2
𝑚

𝐸4 − 𝑈(𝑟) −
𝐿.

𝑚.𝑟.
⇒ 𝑡 = @

d𝑟

2
𝑚 𝐸4 − 𝑈(𝑟) −

𝐿.
𝑚.𝑟.

+ 𝑐𝑠𝑡𝑒

𝜃 = @
𝐿
𝑟. d𝑟

2
𝑚 𝐸4 − 𝑈(𝑟) −

𝐿.
𝑚.𝑟.

+ 𝑐𝑠𝑡𝑒

(", $)

& = ()

&! = ()!

G
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*
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v The trajectory is symmetric with respect to the point
of closest approach 𝐴 to the scattering center.

Trajectory equation

(𝑚, 𝒓)

𝒗 = 𝑣𝒏

𝒗- = 𝑣𝒏-

G

𝜑

𝜑

𝑏

𝑭

𝜃
A

+ 𝒓

𝒓𝒎𝒊𝒏
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Prof. Antoine GUITTON

v The trajectory is symmetric with respect to the point
of closest approach 𝐴 to the scattering center.

v Let 𝑮𝑨 = 𝒓𝒎𝒊𝒏 , and 𝜑 be the angle between the
incident direction and 𝑮𝑨.

Trajectory equation

(𝑚, 𝒓)

𝒗 = 𝑣𝒏

𝒗- = 𝑣𝒏-

G

𝜑

𝜑

𝑏

𝑭

𝜃
A

+ 𝒓

𝒓𝒎𝒊𝒏
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v The trajectory is symmetric with respect to the point
of closest approach 𝐴 to the scattering center.

v Let 𝑮𝑨 = 𝒓𝒎𝒊𝒏 , and 𝜑 be the angle between the
incident direction and 𝑮𝑨.

v Let 𝑏 be the impact parameter (i.e., the distance at
which the particle would pass if the scattering center
were absent).

𝜃 = 𝜋 − 2𝜑

𝜃 = 𝜋 − 2@
!#$%

" 𝐿
𝑟# d𝑟

2
𝑚 𝐸! − 𝑈(𝑟) −

𝐿#
𝑚#𝑟#

Trajectory equation

(𝑚, 𝒓)

𝒗 = 𝑣𝒏

𝒗- = 𝑣𝒏-

G

𝜑

𝜑

𝑏

𝑭

𝜃
A

+ 𝒓

𝒓𝒎𝒊𝒏
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v The trajectory is symmetric with respect to the point
of closest approach 𝐴 to the scattering center.

v Let 𝑮𝑨 = 𝒓𝒎𝒊𝒏 , and 𝜑 be the angle between the
incident direction and 𝑮𝑨.

v Let 𝑏 be the impact parameter (i.e., the distance at
which the particle would pass if the scattering center
were absent).

𝜃 = 𝜋 − 2𝜑

𝜃 = 𝜋 − 2@
!#$%

" 𝐿
𝑟# d𝑟

2
𝑚 𝐸! − 𝑈(𝑟) −

𝐿#
𝑚#𝑟#

v Instead of using the quantities 𝐸! and 𝐿 , it is
preferable to use the initial velocity far from the
scattering center, where 𝑈 𝑟 = 0, and then 𝐿 = 𝑚𝑏𝑣

𝜃 = 𝜋 − 2𝑏@
!#$%

"
1
𝑟# d𝑟

1 − 𝑏
#

𝑟# −
2𝑈(𝑟)
𝑚𝑣#

Trajectory equation

(𝑚, 𝒓)

𝒗 = 𝑣𝒏

𝒗- = 𝑣𝒏-

G

𝜑

𝜑

𝑏

𝑭

𝜃
A

+ 𝒓

𝒓𝒎𝒊𝒏
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v Let 𝑛 be the number of particles crossing per
unit time and per unit area of the beam cross-
section (i.e., the incident flux, in
particles/cm²/s).

Cross section

𝑏 𝑏 + d𝑏

d𝜃
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v Let 𝑛 be the number of particles crossing per
unit time and per unit area of the beam cross-
section (i.e., the incident flux, in
particles/cm²/s).

v Let d𝑁 be the number of particles scattered
per unit time into the angular range between 𝜃
and 𝜃 + d𝜃:

𝑑𝑁 = 2𝜋𝑏𝑛d𝑏

Cross section

𝑏 𝑏 + d𝑏

d𝜃
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v Let 𝑛 be the number of particles crossing per
unit time and per unit area of the beam cross-
section (i.e., the incident flux, in
particles/cm²/s).

v Let d𝑁 be the number of particles scattered
per unit time into the angular range between 𝜃
and 𝜃 + d𝜃:

𝑑𝑁 = 2𝜋𝑏𝑛d𝑏

v The scattering process is characterized by the
ratio d𝑁F , which has the dimension of an area:

d𝜎 =
d𝑁
𝑛

⇒ d𝜎 = 2𝜋𝑏d𝑏 = −2𝜋𝑏(𝜃)
d𝑏(𝜃)
d𝜃

d𝜃

Cross section

𝑏 𝑏 + d𝑏

d𝜃
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v Let 𝑛 be the number of particles crossing per
unit time and per unit area of the beam cross-
section (i.e., the incident flux, in
particles/cm²/s).

v Let d𝑁 be the number of particles scattered
per unit time into the angular range between 𝜃
and 𝜃 + d𝜃:

𝑑𝑁 = 2𝜋𝑏𝑛d𝑏

v The scattering process is characterized by the
ratio d𝑁F , which has the dimension of an area:

d𝜎 =
d𝑁
𝑛

⇒ d𝜎 = 2𝜋𝑏d𝑏 = −2𝜋𝑏(𝜃)
d𝑏(𝜃)
d𝜃

d𝜃

v There is a one-to-one correspondence
between 𝜃 and 𝑏 since only the particles with
an impact parameter between 𝑏 and 𝑏 + d𝑏 are
scattered into the angular range between 𝜃
and 𝜃 + d𝜃.

Cross section

𝑏 𝑏 + d𝑏

d𝜃
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The Rutherford cross section
v For the Colomb potential:

𝑈 𝑟 =
𝑞'𝑞#
4𝜋𝜀(

1
𝑟
= 𝛼

1
𝑟

𝜃 = 𝜋 − 2𝑏@
!#$%

" 1
𝑟# d𝑟

1 − 𝑏
#

𝑟# −
2𝑈(𝑟)
𝑚𝑣#

d𝜎 = −2𝜋𝑏(𝜃)
d𝑏(𝜃)
d𝜃

d𝜃 =
𝛼

2𝑚𝑣#
# dΩ

sin) 𝜃2
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The Rutherford cross section
v For the Colomb potential:

𝑈 𝑟 =
𝑞'𝑞#
4𝜋𝜀(

1
𝑟
= 𝛼

1
𝑟

𝜃 = 𝜋 − 2𝑏@
!#$%

" 1
𝑟# d𝑟

1 − 𝑏
#

𝑟# −
2𝑈(𝑟)
𝑚𝑣#

d𝜎 = −2𝜋𝑏(𝜃)
d𝑏(𝜃)
d𝜃

d𝜃 =
𝛼

2𝑚𝑣#
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The Rutherford cross section
v For the Colomb potential:
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v Implantation: ion-atom approach distances are relatively large, so the Coulomb potential is screened by the

electronic shells:
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v The screening function Φ 𝑟 is determined by constructing an electronic density distribution 𝜌(𝑟) around the
nucleus that minimizes the total energy of the system.
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The Rutherford cross section
v For the Colomb potential:
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v Implantation: ion-atom approach distances are relatively large, so the Coulomb potential is screened by the

electronic shells:
𝑈 𝑟 =

𝑞'𝑞#
4𝜋𝜀(

1
𝑟
R Φ 𝑟

lim
!→(

Φ 𝑟 = 1; lim
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Φ 𝑟 = 0

v The screening function Φ 𝑟 is determined by constructing an electronic density distribution 𝜌(𝑟) around the
nucleus that minimizes the total energy of the system.

Ä The Rutherford cross section provides a fundamental framework to quantify the probability of 
elastic scattering events between charged particles and target atoms. Understanding this cross 

section is essential for predicting the number and distribution of atomic displacements, which in turn 
control the nature and extent of irradiation-induced defects in materials.
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v The nuclear stopping power (𝑆2):
o If 𝐸 is the energy of the ions in the plane parallel to the surface at

position 𝑥, they will lose an average energy ∆𝐸 due to elastic
collisions after passing through a layer of thickness ∆𝑥:

𝐸 = 𝐸. − ∆𝐸
o The probability d𝑃 that an ion undergoes an elastic nuclear

collision within a layer of thickness ∆𝑥 and a density of 𝑁 ,
corresponding to a differential cross section d𝜎 , is:

d𝑃 = 𝑁∆𝑥d𝜎
o The average energy lost within ∆𝑥 will be: (𝑇 is the energy

transferred to 𝑚₂ in the LF)
∆𝐸 = −7

.

"!
𝑇𝑑𝑃 = −𝑁∆𝑥7

.

"!
𝑇d𝜎

⇒
d𝐸
d𝑥

= −𝑁7
.

"!
𝑇d𝜎

o The stopping power (𝑆$):
𝑆$ = −

1
𝑁
d𝐸
d𝑥

The stopping powers and the total range

!

Trajectories of 128 
B⁺ ions at 50 keV in 

Si (Monte Carlo 
simulation)



69

Prof. Antoine GUITTON

v The nuclear stopping power (𝑆2):
o If 𝐸 is the energy of the ions in the plane parallel to the surface at

position 𝑥, they will lose an average energy ∆𝐸 due to elastic
collisions after passing through a layer of thickness ∆𝑥:

𝐸 = 𝐸. − ∆𝐸
o The probability d𝑃 that an ion undergoes an elastic nuclear

collision within a layer of thickness ∆𝑥 and a density of 𝑁 ,
corresponding to a differential cross section d𝜎 , is:

d𝑃 = 𝑁∆𝑥d𝜎
o The average energy lost within ∆𝑥 will be: (𝑇 is the energy

transferred to 𝑚₂ in the LF)
∆𝐸 = −7

.

"!
𝑇𝑑𝑃 = −𝑁∆𝑥7

.

"!
𝑇d𝜎

⇒
d𝐸
d𝑥

= −𝑁7
.

"!
𝑇d𝜎

o The stopping power (𝑆$):
𝑆$ = −

1
𝑁
d𝐸
d𝑥

v The electronic stopping power (𝑆3):
o In the low-velocity regime relevant to ion implantation, inelastic

electronic collisions involve only small energy transfers. They will
therefore be treated as a frictional force acting on the moving
atom.

The stopping powers and the total range
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o If 𝐸 is the energy of the ions in the plane parallel to the surface at

position 𝑥, they will lose an average energy ∆𝐸 due to elastic
collisions after passing through a layer of thickness ∆𝑥:

𝐸 = 𝐸. − ∆𝐸
o The probability d𝑃 that an ion undergoes an elastic nuclear

collision within a layer of thickness ∆𝑥 and a density of 𝑁 ,
corresponding to a differential cross section d𝜎 , is:

d𝑃 = 𝑁∆𝑥d𝜎
o The average energy lost within ∆𝑥 will be: (𝑇 is the energy

transferred to 𝑚₂ in the LF)
∆𝐸 = −7

.
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𝑇d𝜎

⇒
d𝐸
d𝑥

= −𝑁7
.

"!
𝑇d𝜎

o The stopping power (𝑆$):
𝑆$ = −

1
𝑁
d𝐸
d𝑥

v The electronic stopping power (𝑆3):
o In the low-velocity regime relevant to ion implantation, inelastic

electronic collisions involve only small energy transfers. They will
therefore be treated as a frictional force acting on the moving
atom.

v Total range of the ions in the solid:

𝑅4 = I
5

6 d𝐸
𝑁 𝑆2 + 𝑆3

Since 𝑅& is a broken (zigzag) path, it will be much greater than the 
projected range 𝑅' along the direction perpendicular to the surface.

The stopping powers and the total range

!

Trajectories of 128 
B⁺ ions at 50 keV in 

Si (Monte Carlo 
simulation)
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vThe concentration profile 𝐶(𝑥) for a
fluence 𝜙 (ions/cm²) of ions implanted
into a target with atomic density 𝑁
(atoms/cm³) is reasonably well
approximated at low fluence levels
(< 10"& cm⁻²) by a Gaussian distribution:

Distribution of implanted ions

𝑅'

∆𝑅'𝐶 𝑥 =
𝜙

2𝜋𝑁Δ(𝑅')
exp −

𝑥 − 𝑅' #

2 ∆𝑅' #
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vThe concentration profile 𝐶(𝑥) for a
fluence 𝜙 (ions/cm²) of ions implanted
into a target with atomic density 𝑁
(atoms/cm³) is reasonably well
approximated at low fluence levels
(< 10"& cm⁻²) by a Gaussian distribution:

vThe maximal concentration is:
𝐶( =

𝜙
2𝜋𝑁Δ𝑅'

Distribution of implanted ions

𝑅'

∆𝑅'𝐶 𝑥 =
𝜙

2𝜋𝑁Δ(𝑅')
exp −

𝑥 − 𝑅' #

2 ∆𝑅' #
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v A displacement cascade is a sequence of atomic
displacements initiated when a high-energy incident
particle (such as an ion or neutron) transfers
sufficient kinetic energy to a target atom in a solid,
displacing it from its lattice site. This primary knock-
on atom (𝑃𝐾𝐴) can in turn collide with other atoms,
creating a chain reaction of further displacements.
The result is a localized region of atomic disorder,
typically consisting of interstitials, vacancies, and
defect clusters.

Characteristics of the displacement cascade

Ion

Cascade of collisions

Solid

Defects

Depth (𝑥)
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v A displacement cascade is a sequence of atomic
displacements initiated when a high-energy incident
particle (such as an ion or neutron) transfers
sufficient kinetic energy to a target atom in a solid,
displacing it from its lattice site. This primary knock-
on atom (𝑃𝐾𝐴) can in turn collide with other atoms,
creating a chain reaction of further displacements.
The result is a localized region of atomic disorder,
typically consisting of interstitials, vacancies, and
defect clusters.

o Longitudinal half-width of the damage distribution
∆𝑥9:
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v A displacement cascade is a sequence of atomic
displacements initiated when a high-energy incident
particle (such as an ion or neutron) transfers
sufficient kinetic energy to a target atom in a solid,
displacing it from its lattice site. This primary knock-
on atom (𝑃𝐾𝐴) can in turn collide with other atoms,
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o Transversal half-width of the damage distribution
∆𝑦9: = ∆𝑧9:
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v A displacement cascade is a sequence of atomic
displacements initiated when a high-energy incident
particle (such as an ion or neutron) transfers
sufficient kinetic energy to a target atom in a solid,
displacing it from its lattice site. This primary knock-
on atom (𝑃𝐾𝐴) can in turn collide with other atoms,
creating a chain reaction of further displacements.
The result is a localized region of atomic disorder,
typically consisting of interstitials, vacancies, and
defect clusters.

o Longitudinal half-width of the damage distribution
∆𝑥9:

o Transversal half-width of the damage distribution
∆𝑦9: = ∆𝑧9:

o Damaged volume (ellipsoid):

𝑉9 =
4
3𝜋 ∆𝑦9

: ∆𝑥9:
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v A displacement cascade is a sequence of atomic
displacements initiated when a high-energy incident
particle (such as an ion or neutron) transfers
sufficient kinetic energy to a target atom in a solid,
displacing it from its lattice site. This primary knock-
on atom (𝑃𝐾𝐴) can in turn collide with other atoms,
creating a chain reaction of further displacements.
The result is a localized region of atomic disorder,
typically consisting of interstitials, vacancies, and
defect clusters.

o Longitudinal half-width of the damage distribution
∆𝑥9:

o Transversal half-width of the damage distribution
∆𝑦9: = ∆𝑧9:

o Damaged volume (ellipsoid):

𝑉9 =
4
3𝜋 ∆𝑦9

: ∆𝑥9:

o Displacement per atom (𝑑𝑝𝑎):
𝑑𝑝𝑎 =

0.8
2𝐸!

𝑆2
Φ
𝑁

(𝐸0 is the energy lost by each incident ion through elastic collisions)

Characteristics of the displacement cascade
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v There are three sputtering mechanisms:
o Single-impact regime: surface target atoms receive

enough energy from individual ion impacts to be
ejected.

Surface sputtering and erosion
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v There are three sputtering mechanisms:
o Single-impact regime: surface target atoms receive

enough energy from individual ion impacts to be
ejected.

o Linear cascade regime: at low to moderate energy
densities deposited in the cascade, successive collisions
transfer sufficient energy to surface atoms for
sputtering.

o Thermal spike regime: at high deposited energy
densities, a dense cascade leads to the simultaneous
motion of many atoms, resulting in sputtering.

v Sputtering yield:
𝑌 =

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑝𝑢𝑡𝑡𝑒𝑟𝑒𝑑 𝑎𝑡𝑜𝑚𝑠
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v There are three sputtering mechanisms:
o Single-impact regime: surface target atoms receive

enough energy from individual ion impacts to be
ejected.

o Linear cascade regime: at low to moderate energy
densities deposited in the cascade, successive collisions
transfer sufficient energy to surface atoms for
sputtering.

o Thermal spike regime: at high deposited energy
densities, a dense cascade leads to the simultaneous
motion of many atoms, resulting in sputtering.

v Sputtering yield:
𝑌 =

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑝𝑢𝑡𝑡𝑒𝑟𝑒𝑑 𝑎𝑡𝑜𝑚𝑠
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑖𝑜𝑛𝑠

v Consequences of sputtering on implantation profiles
o An initially Gaussian profile at low fluence broadens, and a

plateau corresponding to a maximum concentration appears
when the sputtered thickness equals 𝑅' ; the maximum
(plateau) concentration is approximately 𝐶(~

!
) .

Surface sputtering and erosion
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v Vacancy
o Missing atom from its lattice site
o Very frequent – one of the primary defects

Production of point defects

Vacancy Interstitial
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v Vacancy
o Missing atom from its lattice site
o Very frequent – one of the primary defects

v Self-interstitial Atom
o Lattice atom displaced into an interstitial position
o Very frequent – paired with a vacancy (Frenkel pair)

v Frenkel pair
o Vacancy + self-interstitial created simultaneously
o Frequent – fundamental damage unit

v Substitutional foreign atom
o Incident ion replaces a host atom
o Less frequent – requires a pre-existing vacancy or high solubility

v Foreign interstitial atom
o Incident ion trapped between lattice sites
o Frequent in implantation, especially for small ions (e.g., H, He)

v Anti-site defect (in ordered compounds)
o Atom A occupies site of atom B
o Rare, but relevant in compound semiconductors or ordered alloys

v Defect clusters (e.g., vacancy clusters, interstitial loops)
o Aggregation of primary defects
o Frequent at high dose or temperature

Production of point defects

Vacancy Interstitial
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Production of point defects

Always present at an equilibrium
(thermal agitation)

𝑁) = 𝑁 exp −
𝑄*
𝑘+𝑇

𝑄*: formation energy ≈ 1 𝑒𝑉
𝑇: temperature
𝑘+: constant of Boltzmann
𝑁: number of atoms
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Production of point defects

Always present at an equilibrium
(thermal agitation)

𝑁) = 𝑁 exp −
𝑄*
𝑘+𝑇

𝑄*: formation energy ≈ 1 𝑒𝑉
𝑇: temperature
𝑘+: constant of Boltzmann
𝑁: number of atoms

Varies with temperature
(thermal agitation)

𝑁, = 𝑁 exp −
𝑄,
𝑘+𝑇

𝑄, : formation energy
𝑇: temperature
𝑘+: constant of Boltzmann 

𝑘+ = 1.381L10-23 J/K
𝑁: number of atoms



93

Prof. Antoine GUITTON

Thanks for your listening!

If you need further information:

Prof. Antoine GUITTON
Full Professor at Université de Lorraine

Phone (LEM3): +33 372 747 826

Email: antoine.guitton@univ-lorraine.fr
Website: www.antoine-guitton.fr
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