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Additional Material at personal web page:
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Nuclear Physics in Everyday Life:
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Textbook on application to medicine:
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Application to Medicine (~ 2 Lectures)

Giuseppe Battistoni (INFN, Milano), Giuseppe.Battistoni@mi.infn.it
Applicazioni della fisica delle interazioni radiazione materia: 
radioterapia e adroterapia

Andrea Mairani (Heildelberg e CNAO) – fino a 2019, Andrea.Mariani@mi.infn.it

Additional seminars:
• Applications to Environmental and Cultural Heritage studies (~ 1 Lectures)
• Physics with Neutrons (~ 1 Lectures)
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Radiation Interaction

1. charged particles
2. -rays
3. neutrons

Charged particle 
Radiations

Uncharged 
Radiations

heavy charged particles

(typical distance 10-5m) 

neutrons

(typical distance 10-1m)

Fast electrons

(typical distance 10-3m)

X- and -rays

(typical distance 10-1m)

Continuous interaction 
via Coulomb force

with electrons in the medium

- NO Coulomb Interaction

- “catastrophic” interaction which alters
     the particle properties in a single hit 
     [often it involves the nucleus]

- Full/partial transfer of energy 
  to atomic electrons or nuclei



Importance for Radioprotection



Charged Particles
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From elastic collisions between 

incoming particle  m1, vi,1  and  electron at rest

Maximum energy transfer
To atomic electron

Example:  proton transfer 1/500 Ep in a single collision !!!
                    
                   mp  = 1836 me 2000 me



Maximum energy transfered from charged particle to electron is 
4Em0/m = 1/500  of the particle energy per nucleon

→ loss of energy by many interactions, gradual process

Penetration distance



=
def

=
def

= Energy loss by the particle in path length dx



Stopping Power and Range tables

SRIM & TRIM
Ziegler et al.



Zpe = particle charge

number of 

interacting electrons

1. 

# electrons 

per unit volume



2. 

rmin corresponds to maximum kinetic energy Tmax gained by e-

rmax corresponds to minimum kinetic energy Tmin gained by e-

Estimate of Radial Limits:

It corresponds to head-on-collision:
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Bethe-Bloch Quantum Mechanical Equation
 (for heavy particles  M >> me,  = v/c)

Phenomenological 
model
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T Large in dense material

Large for heavy ions

Large for slow particles

3. 

Average 
energy loss



 

for vc; 1

Wide minimum

Additional corrections:



Near Constant 
Broad Minimum

for v → c

At the minimum:
very similar behaviour
for different light particles 
at E > 100 MeV 

“minimum ionizing particles”

Electrons are at the minimum
of ionization at  E > 1 MeV !!!

very different dE/dx behaviour
for different particles at E < Emin:

Technique used for particle identification
E=mc2 = m0c

2 + Ekin



(dE/dx)min versus Z

The straight line is fitted for Z > 6. 
A simple functional dependence on Z is not to be expected, 

since ⟨−dE/dx⟩ also depends on other variables. 



velocity

N.B. Bethe-Block is accurate for pions in the range 6 MeV-6 GeV

Relativistic rise:
part of the energy is also 
Subtracted by light 
(Cerenkov radiation)



Strong correlation  → :
Cerenkov effect is used 
to identify particles 
(Cerenkov counters: photomultipliers)



Corrections to Bethe-Bloch formula

Average 
energy loss

−  - 2 C/Z

Corrections

Density correction
(importat for high energy):

- Atoms are polarized by electric field of the particle
- Far electrons are shielded→ less contribution to dE/dx

Shell correction
(important for low energy):

- Velocity of incident particle comparable to 
      orbital velocity of bound electrons

- electrons are NOT stationary with respect 
     to incoming particle

→ Picking up of electrons to the charged particle
→ Reduced charge 



Equilibrium charge state distribution for 110 MeV 127I ions 
stripped in various materials

042.0)058.0(708.0 2/1 −−= x
Z

q

Average charge depends on Energy E, and for solid absorbers is 

for 0.05 < x < 0.5

x= 3.858 Z-0.45 (E/A)1/2

average charge 
decreases with 

decreasing energy
(see Ziegler et al. )

dE/dx
decreases

R.O. Sayer, Revue de Physique Appliquee, 1977, 12 (10), 1543.

K. Shima, T. Ishihara, T. Mikumo, Nuc. Inst. Meth. 200, (1982) 605.

Z=53



Nuclear physics

  < 1

Capture of low energy electrons
decreases the particle charge
[the ion may become neutral]

dE/dx on large scale

Boundaries between 
different approximations



Exception to Bethe-Block formula: Channeling Effects

importat for material with spatially symmetric atomic structure:

Series of correlated scattering 
guiding the particle down 
an open channel of the lattice

→ Less electrons encounterd as compared to 
amorphous material (assumed by 
Bethe-Block)

→ Importance of crystal orientation

Critical angle for channeling is small (≈ 1° for  ≈ 0.1) 

a0 = Bohr radius
d = interatomic spacing

For  > c channeling does NOT occurn → the material can be treated as amourphous
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Examples for Nuclear Physics
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Application:
Particle identification

E

E

Very useful method to separate ions up to more than A = 30



Bethe-Bloch Quantum Mechanical Equation
 for FAST electrons

FAST electrons can loose energy by 

- Ionization/collisions

- Radiation (bremsstrahung)
Trajectories are complex: 
mass is small and equal to orbital electrons
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Similar to heavy-ions
relativistic terms

large for energetic electrons 
in heavy materials

with E in MeVrad

Coll



For typical electron energy, bremsstrahlung photon energy is quite small 
 it is reabsorbed close to its point of origin

E

In nuclear physics  



→ it corresponds to thickness x  where N(x) = N0/2



Landau has shown that the asymmetric tail 
is due to great energy losses in close collisions

The distribution is Gaussian
only if x is large enough

After absorber

Important in Nuclear Rections with Thick Targets



- mean distance over which a high-energy e- reduces to 1/e of its energy by bremsstrahlung
 - 7/9 of the mean free path for pair production by a high-energy photon
 - appropriate scale length for high-energy electromagnetic cascades

After absorber

Important in Nuclear Rections with Thick Targets



Importance in application of
Monte Carlo Simulation programs !!!

(… See Lectures on hadron therapy)



Absorbed dose (also known as total ionizing dose, TID) :  
energy deposited in a medium by a ionizing radiation per unit mass 

Unit of measurements: 
Joules/Kilogram = 1 gray (Gy) in SI or rad in GGS             

N.B. The absorbed DOSE depends on: Incident particle and Absorbing material 
Example: an X-rays can deposit up to 4 times more energy in a bone than in air and none at all in vacuum! 
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The Bragg Peak

Absorbed Dose

D = dE/dm

dE = enery deposit

dE = mass



Charge is reduced
due to electrons
pick up 

1/E



Radiation Effects



Basic effect of radiation on cells:

Energy loss in matter leads to 

defects in the DNA – double strand 

breaks of the DNA kills the cell. 

Tumor cells have less repair 
capabilities than normal cells.

Physics and Biology of Radiation Therapy



Calculated dose 

distribution

(Monte Carlo Simulation)

Accurate Simulation Calculations of Radiation 

interaction and Dose Distribution are needed
(also verified experimentally)

Hadron beam 

Hadron 
beam 



Treatment on moving organs coming soon .. 
(lung cancer, …)



Centers for hadron therapy worldwide

117 operating centers
(12 using carbon beams)

38 under construction
(6 using carbon beams)



Pavia, Italy - possibility for visits of Schools

The Gantry
(beam line extraction

and heavy magnet) 

can rotate 360°
around the patient

Synchrotron Accelerator 
25 m diameter, 80 m circumference

250 MeV protons, 4800 MeV Carbon  

Whole-body 

proton therapy

with the gantry
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Heidelberg Ion-Beam Therapy Center (HIT)

Gantry
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