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RadiationRadiation--MatterMatter InteractionInteraction

Indirectly Ionizing Radiations

Directly Ionizing Radiations

but also: Low- and High-LET radiations; or Sparsely and Densely Radiations 
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…the Target…

Conventionally: the cellular target for radiations is the DNA in the cell nucleus
…but new/recent evidences at low-dose levels question such an assumption (i.e.: 
..non-targeted, non-linear effects..)
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Cellula

Nucleo

…the Target…
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“Organizzazione” del DNA… I cromosomi
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Coggle
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Definition of the relative biological 
effectiveness, RBE, illustrated for cell survival 
curves

….Radiobiological  quantities…

dm
dD ε

= J/kg, Gy

Dose (ICRU 51): 

dt
dDD =& Gy/min

Dose rate (ICRU 51): 

dx
dELET= keV/μm

Linear Energy Transfer (Zirckle, 1952)

RBE value depends on a variety of factors
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The energy loss as function of particle energy and atomic number is given in the 
Bethe-Bloch-formula (Bethe 1930, Bloch 1933):

where:
me is the electron mass, 
v  the projectile velocity, 
N  the density of the electrons of the target material
e  the elementary charge and 
β the velocity relative to that of light (v/c)
I  the mean ionisation potential. 
Zeff the particle effective charge (empirically approximated by Barkas, 1963  )

For high energies, all electrons are stripped off the projectile and the effective  charge equals 
the atomic number.
At lower energies, electrons are collected from the target and the effective charge decreases, 
yielding zero when the particles stop. 
The change of Zeff is the main reason for the sharp decrease of the energy loss at
lower/stopping energies

…….Energy deposition in matter.Energy deposition in matter……
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StoppingStopping Power (SP) e Power (SP) e 
LinearLinear EnergyEnergy Transfer (LET)Transfer (LET)

•• SP: energia totale trasferita dalla particella senza specificareSP: energia totale trasferita dalla particella senza specificare dove sia stata dove sia stata 
depositatadepositata

•• LET: energia assorbita LET: energia assorbita localmentelocalmente dal mezzo dal mezzo 

DefDef.: rapporto tra l.: rapporto tra l’’energia media dE trasferita localmente dalla radiazione energia media dE trasferita localmente dalla radiazione 
al mezzo, in un tratto al mezzo, in un tratto dxdx del suo percorso, e la lunghezza del suo percorso, e la lunghezza dxdx del  del  
tratto stessotratto stesso

LET LET ΔΔrr = LET ristretto in = LET ristretto in rangerange ((ΔΔr: particolare range degli er: particolare range degli e-- emessi)emessi)
LET LET ΔΔE E = = LET ristretto in energia   LET ristretto in energia   ((ΔΔE: determinato intervallo di energia E: determinato intervallo di energia 

dello spettro degli edello spettro degli e-- emessi)emessi)
SP SP ≡≡ LETLET∞∞
(senza limitazioni sul (senza limitazioni sul rangerange e sulle sull’’energia degli eenergia degli e-- prodotti)prodotti)

LET usato per definire la LET usato per definire la qualitqualitàà di una radiazionedi una radiazione per quanto riguarda per quanto riguarda 
la descrizione degli effetti  la descrizione degli effetti  radiobiologiciradiobiologici indotti da RIindotti da RI
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……RBERBE dependencedependence onon……

Physical factors:

Type of radiation
Energy
Dose-rate
Dose fractionation
.
.
.

Beam production
Beam delivery
... etc…

Biological factors:

Biological end-point
Level of expression 
Type of cell, tissue, animal
Repair capability
Cell cycle phase
….

Chemical factors:

Oxygen
Sensitizers
Protectives
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……CellCell SurvivalSurvival CurvesCurves……
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SF = exp (-αD-βD2) 

SF = exp (-αD) 

……CellCell SurvivalSurvival CurvesCurves……

part)
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……CellCell SurvivalSurvival CurvesCurves……

……RBERBE……..

J. Kiefer, 1990
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… LET dependence …

……CellCell SurvivalSurvival CurvesCurves……

alpha particle
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17

… Dose fractionation …

Single dose 

2  fract. 

SF

SF2

SF1

……CellCell SurvivalSurvival CurvesCurves……
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…dose-rate effect …

marked variation for 0.1 Gy/h and 1 Gy/min

……CellCell SurvivalSurvival CurvesCurves……
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… dependence on cell line …

……CellCell SurvivalSurvival CurvesCurves……
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… dependence on cell line …

…less pronounced for
High-LET radiations

……CellCell SurvivalSurvival CurvesCurves……
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21

… dependence on cell cycle …

… less pronounced for High-LET radiations

……CellCell SurvivalSurvival CurvesCurves……
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..the oxygen acts as a radiosensitizer. 
It is a dose-modifying.

It has been introduced the:
“Oxygen enhancement ratio” (OER): 

… Oxygen effect …

Dwith O2 Dw/o O2

…less pronounced for High-LET radiations

……CellCell SurvivalSurvival CurvesCurves……
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OER~2-3, sparsely ionizing radiations

OER~1, densely ionizing radiations

… Oxygen effect …
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(Skarsgards, Physica Medica 14, Suppl 1,(1998)1-19)
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Relative Biological Effectiveness (RBE) Relative Biological Effectiveness (RBE) vsvs Linear Energy Transfer (LET) of light Linear Energy Transfer (LET) of light 
ions for cell inactivation in V79  cells, obtained at the INFNions for cell inactivation in V79  cells, obtained at the INFN--LNL . LNL . 
Such results gave the first experimental evidence that lowSuch results gave the first experimental evidence that low--energy protons are energy protons are 
more effectives than heavier particles when compared at the samemore effectives than heavier particles when compared at the same LET values.LET values.
(Belli, Cherubini et al, 1989(Belli, Cherubini et al, 1989--2000)2000)

RBE vs LET of Light Charged Particles at LNL-INFN
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RBE, LET e struttura di tracciaRBE, LET e struttura di traccia

•• Il parametro LETIl parametro LET nonnon èè indicativo della indicativo della 
qualitqualitàà della radiazionedella radiazione

•• Ciò che consente di spiegare la diversa Ciò che consente di spiegare la diversa 
efficacia delle radiazioni efficacia delle radiazioni èè la la struttura di struttura di 
tracciatraccia ……ancheanche se con limiti..se con limiti..

2626
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Microscopically… Particle Track Structure in the matter
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…….Energy deposition.Energy deposition…… and Particle Track Structure in matterand Particle Track Structure in matter……
..essential element for the use of heavy particles in tumor therapy…

…No difference whether an electron is created by 
the impact  of photon or of a heavy charged 
particle              …No difference in the biological 
action of each individual electron either. 
…..But:

• Difference in the spatial distribution between 
electrons created along a track of a heavy 
charged particle and the random distribution of 
electrons created by photons 

• Difference in ionisation density between 
particles of different energies and atomic 
numbers like protons, alphas, carbon ions…
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….track structure model…

Cucinotta et, IJRB 69(1996)593 
..but..
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…Low-dose Ionizing Radiation regime…

..evidences for Non-targeted Effects..



Roberto CHERUBINI, INFNRoberto CHERUBINI, INFN--LNL                     LNL                     
V Scuola Nazionale V Scuola Nazionale -- Legnaro, 19 Aprile 2013Legnaro, 19 Aprile 2013 3535

HyperHyper--radiosensitivityradiosensitivity and  Induced and  Induced radioresistanceradioresistance
((E.TsoulouE.Tsoulou et al., Int. J. et al., Int. J. RadRad. Biol. (2001),vol. 77, 1133. Biol. (2001),vol. 77, 1133--11391139))

LNL broad ion beam   LNL broad ion beam   
cell irradiations:cell irradiations:

•• 6060CoCo γγ−−rays and rays and 44HeHe2+2+

ions ions 
of different energiesof different energies
(59, 79 and 102 keV/(59, 79 and 102 keV/μμm m 
LET)LET)

•• Chinese hamster V79 Chinese hamster V79 
cellscells

•• Low dose Low dose 
hyperhyper--radiosensitivityradiosensitivity

•• Induced Induced radioresistanceradioresistance
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HyperHyper--radiosensitivityradiosensitivity and  Induced and  Induced radioresistanceradioresistance
((Cherubini Cherubini etet al., al., RadRad. . ProtProt. Dos. 143, 2011. Dos. 143, 2011))

LNL broad ion beam   LNL broad ion beam   
cell irradiationscell irradiations :

• Protons (1H+)
(LET: 7.7, 28.5 keV/μm)

• Chinese Hamster V79 cells

0 1 2 3 4 5
0,1

1

28.5 keV/um protons
 7.7 keV/um protons
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•No Hiper-radiosensitivity
and Induced Radioresistance
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Una cellula colpita allUna cellula colpita all’’interno di una popolazione interno di una popolazione inin--vitrovitro
Danno riscontrato in piDanno riscontrato in piùù di una celluladi una cellula

3737
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38

Adaptive ResponseAdaptive Response

1) Priming dose: 5-40 cGy RX 2) Challenging dose
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…Genomic Instability…

…Kadhim et al. (1992),Limoli et al. (1999, 2000)….
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40

RPD 143, 2011

…But also…..
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RiRi--DefinizioneDefinizione del del targettarget della radiazione ..??..della radiazione ..??..

•• TargetTarget extraextra--nuclearinucleari:: citoplasma citoplasma …… oltre al nucleo oltre al nucleo ……

•• TargetTarget extraextra--cellularicellulari:: cellule non direttamente irraggiatecellule non direttamente irraggiate
……oltreoltre a quelle irraggiate a quelle irraggiate ……

Il DNA ha perso il ruolo di target della radiazione?

Quali sono i meccanismi di induzione e trasmissione 
del danno?

Implicazioni in radioprotezione per le valutazioni di
rischio alle basse dosi?

Implicazioni in adroterapia per le valutazioni di rischio 
per i tessuti sani circostanti il volume tumorale 
irraggiato?

4141

…problemi aperti…



Roberto CHERUBINI, INFNRoberto CHERUBINI, INFN--LNL                     LNL                     
V Scuola Nazionale V Scuola Nazionale -- Legnaro, 19 Aprile 2013Legnaro, 19 Aprile 2013 4242



Roberto CHERUBINI, INFNRoberto CHERUBINI, INFN--LNL                     LNL                     
V Scuola Nazionale V Scuola Nazionale -- Legnaro, 19 Aprile 2013Legnaro, 19 Aprile 2013 4343

physicsworld.com; Aug. 1, 2003
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physicsworld.com; Aug. 1, 2003
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….Advantages offered by Accelerated Charged particles
for tumor treatment (Hadrontherapy)

Small values of range and straggling
Inverse depth-dose profile (Bragg peak at the target 
volume)

High values of RBE (Relative Biological Effectiveness)
Small vallues of OER (Oxygen Enhancement Ratio)
Reduced dependence on the cell radiosensitivity (and on the 

cell cycle)
Possibility for a on-line depth-dose profile monitoring by

the  in-beam PET (Positron Emission Tomography)
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…hadrontherapy application….
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…depth dose profiles of X-rays, 60Co-gamma and Röntgen-Bremsstrahlung
with Carbon ions of 250 MeV/u and 300 MeV/u

(G. Kraft, GSI)
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Comparison of the physical dose 
distribution (upper diagram) and 
the survival rate of cells (lower 
diagram) as a function of 
penetration depth for ion and 
photon beams. 

The enhanced energy deposition 
at the end of the particle range 
and the corresponding dramatic 
decrease of cell survival show 
that heavy ion beams are 
excellent tools for the treatment 
of deep seated tumours. 

(Kraft et al, GSI)
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Tumour Painting
Conformal irradiation

GSI, Darmstadt
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A spherical volume of 
6 cm diameter between 
9 and 15 cm depth in 
water was irradiated 
with carbon ions of 
270 MeV per nucleon. 
CR-39 nuclear track 
detectors were placed in 
water in steps of a few 
mm. After etching they 
show the precise 
delivery of dose in the 
target volume. 

GSI, Darmstadt
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Measured depth dose distributions (Bragg curves) in water (pointMeasured depth dose distributions (Bragg curves) in water (points) s) 
compared with GSI model calculations (red curves). compared with GSI model calculations (red curves). 

www.gsi.de

When heavy ions pass 
through a thick absorber 
like the human body even 
small cross sections for 
nuclear reactions produce a 
significant amount of 
lighter reaction products. 

In radiotherapy the 
change in biological 
effectiveness 
between the primary 
ions and the lighter 
secondaries has to be 
taken into account in 
treatment planning, 
as well as their longer 
range.
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SOBP 
Spread Out Bragg Peak

Conributions from primary ions of various energies
…and, for light-ions (i.e. C12), from various lighter ions 

(primary ion beam fragmentation)

SOBP: Spread Out Bragg Peak
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Physical dose Biological dose

DBiol (x = xi) = DPhys (x = xi) x RBE (x = xi), i= 1… n

(Kagawa 2002  - HIBMC di Hyogo, Japan)
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(Kramer et al, Phys Med Biol 45 (2000)3319)

SOBP 
Spread Out Bragg Peak

Physical dose Biological dose

DBiol (x = xi) = DPhys (x = xi) x RBE (x = xi), i= 1… n



Roberto CHERUBINI, INFNRoberto CHERUBINI, INFN--LNL                     LNL                     
V Scuola Nazionale V Scuola Nazionale -- Legnaro, 19 Aprile 2013Legnaro, 19 Aprile 2013 5555

GSI treatment planning package TRiP98
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““UsefulUseful fragmentsfragments”…”…. . InIn--beambeam PETPET
Before collision After collision

Projectile fragment

Target fragment
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Atomic nucleus 
of tissue

12C 11C
16O 15O Neutron
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….Grazie….
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..!!!...Lateral Scattering… !!!
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