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Radiation to produce biological damageRadiation to produce biological damage
•• Doses of the order of 1 Gy have to be providedDoses of the order of 1 Gy have to be provided

•• 1 Gy = 1 Joule / 1 Kg1 Gy = 1 Joule / 1 Kg

•• In which way the tissues have to absorb this amount of energy to obtain In which way the tissues have to absorb this amount of energy to obtain 
the desired result?the desired result?

•• Radiobiological damage deals with chemical bondsRadiobiological damage deals with chemical bonds

•• Energies of the order of 10 eVEnergies of the order of 10 eV

•• …but 1 J is one billion of billions larger! (1 eV = 1.6 E…but 1 J is one billion of billions larger! (1 eV = 1.6 E--19 J) 19 J) 

•• We have to find good carriers of energy (i.e. particles) in order to distribute We have to find good carriers of energy (i.e. particles) in order to distribute 
i id th t t l l b f “bit f ” ( f th di id th t t l l b f “bit f ” ( f th dinside the target volume a very large number of “bits of energy” (of the order inside the target volume a very large number of “bits of energy” (of the order 
of 10 eV)of 10 eV)
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•• This has to be done uniformly and sparing at best the surrounding volumesThis has to be done uniformly and sparing at best the surrounding volumes



PhotonsPhotons

• Single photon energy of the order of 10 MeVSingle photon energy of the order of 10 MeV

No interaction, no energy is transferredNo interaction, no energy is transferred

Interaction charged particles (ex electrons)Interaction charged particles (ex electrons)Interaction, charged particles (ex. electrons)Interaction, charged particles (ex. electrons)

with energy of the order of 1 MeV are formedwith energy of the order of 1 MeV are formed

These particles produce other interactions These particles produce other interactions 
releasing energy “in 10 eV bits” (ionization, releasing energy “in 10 eV bits” (ionization, 

biological damage)biological damage)

The process for a single photon is unpredictable. The process for a single photon is unpredictable. 
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Statistics governs these processes.  Statistics governs these processes.  



PhotonsPhotons

•• Since thousends of billions of MeV photons are used in radiation Since thousends of billions of MeV photons are used in radiation 
therapy, the effects are deterministic and can be calculatedtherapy, the effects are deterministic and can be calculated

About 20'000 patients per year every 10 million inhabitantsAbout 20'000 patients per year every 10 million inhabitants
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About 20 000 patients per year every 10 million inhabitants About 20 000 patients per year every 10 million inhabitants 
are treated with photons produced by electron linacsare treated with photons produced by electron linacs



And charged particles such as protons?And charged particles such as protons?

• Single proton, energy of the order of 140 MeV

13.5 cm

Bragg peak regionBragg peak region

The proton slows down, producing some 
interactions (ionization) releasing energy  

( b t “10 V bit ”)

The proton comes to rest, producing 
many interactions (ionization) 

Bragg peak regionBragg peak region
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(about “10 eV bits”) a y te act o s ( o at o )
releasing energy in 10 eV quantities 

(large biological damage!)



One important issueOne important issue

•• Protons and ions produce a Bragg peak and STOP! Fantastic but…Protons and ions produce a Bragg peak and STOP! Fantastic but…

•• …where?…where?

•• Statistical processes determine the penetration and deviations from Statistical processes determine the penetration and deviations from 
linear trajectory!linear trajectory!

F t t l billi f t (i ) d f th Th ff tF t t l billi f t (i ) d f th Th ff t•• Fortunately, billions of protons (ions) are used for therapy. The effects are Fortunately, billions of protons (ions) are used for therapy. The effects are 
deterministic and can be calculated!deterministic and can be calculated!
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Simulation of protons in waterSimulation of protons in water

•• Proton Energy 135 MeVProton Energy 135 MeV•• Proton Energy 135 MeVProton Energy 135 MeV

•• 140 mm of water140 mm of water

•• Each “slice” is 1 mmEach “slice” is 1 mm
S Studer LHEP UniBe

Rome - 15-18.03.10 - SB - 5/8 7

S. Studer, LHEP, UniBe



Charged particles in matterCharged particles in matter

The BetheThe Bethe--Bloch formula:Bloch formula:

=

dx expressed in g/cm2

= 0.3071 MeV / (g/cm2)

Notes: Notes: 

•• Ionization + eccitationIonization + eccitationIonization + eccitationIonization + eccitation

•• MIP = Minimum Ionizing ParticleMIP = Minimum Ionizing Particle

•• MIP in water 2.0 MeV/cm → 0.2 eV/nm  MIP in water 2.0 MeV/cm → 0.2 eV/nm  

Rome - 15-18.03.10 - SB - 5/8 8

very low LET radiation !very low LET radiation !



The basic concept of hadrontherapyThe basic concept of hadrontherapy

Fundamental physicsFundamental physics
Particle identificationParticle identification

L3 t LEPL3 at LEP

Medical applicationsMedical applications
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pppp
Cancer hadrontherapyCancer hadrontherapy



The Bragg peakThe Bragg peak

Straggling andStraggling and 
multiple scattering

Fragmentation
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Ionization at nanometric scaleIonization at nanometric scale

Courtesy GSICourtesy GSI

Low LET High LETLow LET High LETLow LET                             High LETLow LET                             High LET
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Calculations and experimentsCalculations and experiments

Simulation on a nucleus of a cell

Photons Carbon ions

Simulation on a nucleus of a cell

(about 10 um x 10 um)
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Why ions have a large biological effectiveness?Why ions have a large biological effectiveness?
X RBE = 1 RBE = 3X

quantum

40 mm from
the end of the range

carbon
ionBreak of a the end of the rangeion

single/double
helix of DNA

electron

ionization

cromosome

Multiple breaks of
both helixes

t b i d
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cromosomecannot be repaired



Single beam comparisonSingle beam comparison

X raysX rays Protons or Carbon ionsProtons or Carbon ions
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Protons and ions are more precise than XProtons and ions are more precise than X--raysrays

Tumour between the eyesTumour between the eyes

9 X ray beams                                            1 proton beam9 X ray beams                                            1 proton beam
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The first idea The first idea –– Bob Wilson, 1946Bob Wilson, 1946

Bob Wilson was student of Bob Wilson was student of 
Lawrence in BerkleyLawrence in Berkley

Study of the shielding for theStudy of the shielding for theStudy of the shielding for the Study of the shielding for the 
new cyclotronnew cyclotron

I t di i li i tI t di i li i tInterdisciplinary environment Interdisciplinary environment 
= new ideas!= new ideas!

Use of protons and charged Use of protons and charged 
hadrons to better distribute hadrons to better distribute 
the dose of radiation in cancer the dose of radiation in cancer 
therapytherapy
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A very interesting and still actual paper!A very interesting and still actual paper!
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R.R. Wilson, Radiology, 47 (1946) 487R.R. Wilson, Radiology, 47 (1946) 487



The beginning of hadrontherpay 1954 at BerkeleyThe beginning of hadrontherpay 1954 at Berkeley
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C.A. Tobias, J.H. Lawrence et al., Cancer Research 18 (1958) 121C.A. Tobias, J.H. Lawrence et al., Cancer Research 18 (1958) 121



The basic figures of hadrontherapyThe basic figures of hadrontherapy

27 cm
Tumour

t t

Protons Protons 
200 MeV200 MeV

1 nA1 nA

Beam of hadrons

target1 nA1 nA

Carbon ionsCarbon ions Beam of hadrons
which slow down in matter4800 MeV4800 MeV

0.1 nA0.1 nA

Bragg peakBragg peak
B tt f it f th d t th t tB tt f it f th d t th t t h lth ti ih lth ti i–– Better conformity of the dose to the target Better conformity of the dose to the target →→ healthy tissue sparinghealthy tissue sparing

Hadrons are chargedHadrons are charged
–– Beam scanning for dose distributionBeam scanning for dose distributiongg

Heavy ions Heavy ions 
–– Higher biological effectivenessHigher biological effectiveness
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Energy and currentEnergy and current

Why 200 MeV protons and 400 MeV/u C ions?Why 200 MeV protons and 400 MeV/u C ions?Why 200 MeV protons and 400 MeV/u C ions?Why 200 MeV protons and 400 MeV/u C ions?
–– Range in water: 200 MeV p → 27 cm penetration depthRange in water: 200 MeV p → 27 cm penetration depth

4800 MeV C ions → 27 cm penetration depth4800 MeV C ions → 27 cm penetration depth–– 4800 MeV C ions → 27 cm penetration depth4800 MeV C ions → 27 cm penetration depth

Why 1 nA current?Why 1 nA current?
Requirement: 2 Gy per Kg per minuteRequirement: 2 Gy per Kg per minute–– Requirement: 2 Gy per Kg per minuteRequirement: 2 Gy per Kg per minute

–– (2 J / 200 MeV) x (e) x (1/60 sec) ≈ 1 nA(2 J / 200 MeV) x (e) x (1/60 sec) ≈ 1 nA
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Exercise: calculation of range, straggling and Exercise: calculation of range, straggling and 
scattering with different materials and scattering with different materials and gg

configurations using SRIMconfigurations using SRIM
(www.srim.org)(www.srim.org)
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End of part VEnd of part VEnd of part VEnd of part V
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