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• Dose localization
• Lower entrance dose
• No or low exit dose

Robert Wilson proposed the use of Bragg Peak 
for radiation therapy (1946)
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about 25 treatment facilities are established and 
more than   45000 patients 

were treated with heavy-charged particle beams
another 20 proton and light-ion centers 

are planned to be open in the next 5 years
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Depth dose distributions
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Dose planning studies:  breast cancer

Protons IMRT-photons
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Dose planning studies: photon vs. carbon beam 
therapy

Photons 4 fields Carbon ions 2 fields

Colored areas: >90 % (red) of target dose
< 10 % (blue)

Trieste12-16 February 2007S. Vatnitsky ICTP Workshop on Biomedical application of high-energy ion beams

Proton beam Bragg peak stereotactic radiosurgery
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Proton beam stereotactic radiosurgery with 
cross-fire technique
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Scattering of proton beams
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C
p

Beam spots vs. depth- protons and carbon ions
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Scattering & straggling of ions and protons
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Med. phys. 2007

Absorbed dose and LET distributions of 
therapeutic charged-particle beams

Trieste12-16 February 2007S. Vatnitsky ICTP Workshop on Biomedical application of high-energy ion beams

Track structure of ions

Carbon ions superior to protons:
• dose localization 
• biological advantages: 

• high LET to provide 
significant differences in DNA 
damage 

• suppression of radiation 
repair

• yet avoids some 
complications with heavier 
ions 
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Biological dose distributions
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RBE values of carbon beams
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RBE OER

Biological properties of radiotherapy beams

Trieste12-16 February 2007S. Vatnitsky ICTP Workshop on Biomedical application of high-energy ion beams

The beginning of charged-particle therapy

• First studies to 
examine the physical, 
biological and clinical 
properties of helium 
and proton beams for 
radiotherapy started 
at LBNL 

• Heavier ions (argon, 
silicon and neon) 
were tested at LBNL 
in the 1970”s

• 1948- Biology experiments using protons
• 1955- Human exposure to accelerated 
protons and alphas
• 1956 - 1986: Clinical Trials– 1500 patients 
treated
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1st He patient 6/75
1st C patient 5/77
1st Ne patient 11/77
1st Ar patient 3/79
1st Si patient 11/82
Total patient treated: 1314

1977–1992
He patients 858
Heavier ions 456

Clinical trials at LBNL, 1975–1992
J.R. Castro, MD, conducted the 
LBNL clinical trials.
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The patient-treatment beam line. (1975)
Light ion treatment at Bevalac

1990

The Bevalac ceased operations on February 21, 1993.
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WHO, WHERE COUNTRY PARTICLE

MAX. 
CLINICAL
 ENERGY 
(MeV)

BEAM 
DIRECTION

START OF
 TREATMENT

TOTAL 
 PATIENTS 
TREATED

DATE         
OF TOTAL

Harvard, Boston MA.,USA p 160 horiz. 1961 9116 Apr-02***
ITEP, Moscow Russia p 200 horiz. 1969 3858 5-Dec
St.Petersburg Russia p 1000 horiz. 1975 1320 6-Oct

Chiba Japan p 70 vertical 1979 145 Apr-02***
PMRC (1), Tsukuba Japan p 230 horiz., vertical 1983 700 July-00***

PSI, Villigen Switzerland p 72 horiz. 1984 4604 6-Nov
Dubna Russia p 200* horiz. 1999 318 6-Jul
Uppsala Sweden p 200 horiz. 1989 520 4-Dec

Clatterbridge England p 62 horiz. 1989 1584 6-Dec
Loma Linda CA.,USA p 250 gantry,horiz. 1990 11414 6-Nov

Nice France p 65 horiz. 1991 3129 6-Sep
Orsay France p 200 horiz. 1991 3766 6-Dec

iThemba Labs South Africa p 200 horiz. 1993 486 6-Dec
MPRI(2) IN.,USA p 200 horiz. 1993 220 6-Sep
UCSF CA.,USA p 60 horiz. 1994 632 4-Jun

Heavy charged-particle facilities (2006)
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WHO, WHERE COUNTRY PARTICLE

MAX. 
CLINICAL
 ENERGY 
(MeV)

BEAM 
DIRECTION

START OF
 TREATMENT

TOTAL 
 PATIENTS 
TREATED

HIMAC, Chiba Japan ion 800/u horiz.,vertical 1994 2867
TRIUMF, Vancouver Canada p 72 horiz. 1995 111

PSI, Villigen Switzerland p** 230* gantry 1996 262
G.S.I. Darmstadt Germany ion** 430/u horiz. 1997 316
HMI, Berlin Germany p 72 horiz. 1998 829

NCC, Kashiwa Japan p 235 gantry 1998 462
HIBMC,Hyogo Japan p 230 gantry 2001 1099
HIBMC,Hyogo Japan ion 320 horiz.,vertical 2002 131

PMRC(2), Tsukuba Japan p 250* gantry 2001 930
NPTC, MGH Boston USA p 235 gantry,horiz. 2001 2080
INFN-LNS, Catania Italy p 60 horiz. 2002 114

Shizuoka Japan p 235 gantry, horiz. 2003 410
Wakasa WERC,Tsuruga Japan p 200 horiz.,vertical 2002 33

WPTC, Zibo China p 230 gantry, horiz. 2004 270
MD Anderson , Houston, TX USA p 250 gantry, horiz. 2006 114

FPTI, Jacksonville, FL USA p 230 gantry, horiz. 2006 15

Heavy charged-particle facilities (2006)
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Typical layout of charged particle radiotherapy beam facility

Accelerator

SwitchyardHorizontal
Beam delivery 

system

Gantry
Beam delivery 

system

patient positioner patient positioner
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Goitein, Lomax and Pedroni, 2002

Passive and active scattering beam delivery systems
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First scatterer

Second scatterer

Passive scattering beam delivery system: 
dual scattering foils  

Grusell et al, 1994
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Passive scattering beam delivery system: 
patent-specific devices
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From Kostjuchenko et al 2001

Range modulation techniques

Grating type ridge filters Propeller 
wheel 
modulator

Spiral ridge 
filter
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Patient-specific  devices: modulator, aperture, bolus
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Low energy proton eye beam lines
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Clinical research at the Bevalac
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Proton facility in Dubna, Russia
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Passive scattering beam delivery system: LLUMC
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Goitein, Lomax and Pedroni, 2002

Passive and active scattering beam delivery systems
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Beam scanning techniques

Lateral spread
• Wobble → circular
• Linear → continuous → raster

→ discrete → spot
→ combination of both

Variation in depth

• degrader → cyclotrons
• spill to spill variation 
of accelerator energy → synchrotrons

 

y

x
z

Beam
intensity
control

X scanning
magnet

Y scanning
magnet

Variable thickness
degrader (z control)

Target
volume
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Irradiation system at HIMAC 

Wobbler

Scatterer Main Monitor
SEM

Ridge Filter Flatness 
Monitor

Multi-leaf Collimator

Range Shifter

Compensator
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Spot scanning technique
 

 

 

 

S m a l l  B r a g g  p e a k  a t  e n d  o f  p e n c i l  b e a m :

proton beam energyOrthogonal beam scanning magnets

Proton beam dose distribution created by
 combining pencil beams, conforms to

irregular tumor shape

depth of penetration determined by

Proton pencil beam
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Disrete spot scanning at PSI 

from Pedroni et al 1995
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Positive
• No patient-specific devices
• No patient-specific 
calibrations – computer 
generated control

• More flexible dose delivery 
patterns 

• Possibility for intensity 
modulation and inverse 
planning optimization

• Fewer fields per treatment

Beam scanning with charged-particle beams: 
practical issues

Drawbacks
• More expensive
• Less reliable
• More stable beam delivery 

system is required
• Dosimetry is more difficult
• Patient positioning is more 

important
• Organ motion 

consideration is more 
critical
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Typical layout of charged particle radiotherapy beam facility

Accelerator

SwitchyardHorizontal
Beam delivery 

system

Gantry
Beam delivery 

system

patient positioner patient positioner
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• Beams should be directed 
from any angle to the 
patient in a comfortable 
and fixed supine  position

• Turning a supine patient, 
as is required with a fixed 
beam, reduces precision 
and can influence organ 
motion. 

The need for isocentric gantry

The first world hospital-based proton gantry:  
Loma-Linda, USA
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• Many treatment protocols 
require the beam to be 
rotated around the patient 
fixed in the treatment 
position to provide 
conformal dose distribution

• Treatment with gantry is 
much more efficient 
because the beam can be 
rotated under computer 
control allowing to treat 
more patients per shift.

The need for isocentric gantry

The first world hospital-based proton facility with 
gantry:  Loma-Linda, USA
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LLUMC Proton therapy facility passive scattering 
beam line

Trieste12-16 February 2007S. Vatnitsky ICTP Workshop on Biomedical application of high-energy ion beams

Proton facility at PSI, Switzerland
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IBA-Gantries (Kashiwa, Boston, Hyogo)
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Proton therapy facility layout at MGH 
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Cyclotron at MGH, Boston
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p-Synchrotron for the Shizuoka-Cancer Center, Japan
(230 MeV p, diameter: 6 m)
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Switchyard at MGH, Boston
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GSI carbon beam facility

Treatment room with fixed 
horizontal beam, couch, X-
ray and PET verification 
systems
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Heidelberg Ion Beam Therapy Center 
A joint project of the 
University Clinic 
Heidelberg, the 
German Cancer 
Research Center 
(DKFZ), GSI and 
Research Center 
Rossendorf (FZR)

HIT (2007)
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Carbon beam irradiation facility CHIBA 

HIMAC was commissioned in 1994                                  
and has successfully treated more than 

1800 patients.
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Hyogo Ion Beam Medical Center (HIBMC), Harima 
Science Garden City, Japan (2001)
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Italian National Centre (CNAO)

The initial layout of 
the CNAO* facility, 
designed by the 
TERA Foundation, 
and under 
construction in 
Pavia (2007)
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Med-Austron, Austria

Light ion facilities– planned

Karolinska Institute, Sweden
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treatment of large 
or deep seated    

tumours

Main clinical applications for charged-particle 
beams

treatment of ocular
tumours

stereotactic radiosurgery
(cross-fire technique)
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Consistent and
harmonized 

dosimetry  guidelines
Accurate 

beam calibration

Perform planning 
of high-precision 
conformal therapy

Provide interchange
of clinical experience
and treatment protocols 

between facilities

Ensure exact delivery 
of prescribed dose

Provide standardization
of dosimetry in radiobiology 

experiments
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Guidelines for 
absorbed dose
determination
in reference 
conditions for 
charged-particle

beams
Small fields:
low energy 
proton beams

Narrow beamsNarrow beams
for for stereotacticstereotactic
radiosurgeryradiosurgery

Large and small fields:
high-energy proton
and ion beams
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Absorbed dose
determination
in reference 
conditions for 
charged-particle

beams Calorimeter

Thimble air-filled
ionization
chamber

Faraday Cup

Lack of national and
international  

dosimetry standards
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Dosimtery of proton/ion beams

International 
Code of Practice  
(IAEA TRS-398)

Published in 2000 
on behalf of IAEA, 
ESTRO, WHO and PAHO

Ionization chamber 
dosimerty
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ND,w -based formalism - IAEA TRS-398

Dw(zref) at any user quality Q
(photons, electrons, protons, heavier particles)

Dw,Q= MQ ND,w,Qo
kQ,Qo

beam
quality
factor

calibration
coefficient
at Qo

corrected 
instrument 
reading at Q
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Dosimetry equipment

• Both cylindrical and plane-parallel
chambers are recommended for 
reference dosimetry

• Plane-parallel chambers yield higher 
uc in absolute Dw, though are better suited for relative dosimetry

• cylindrical chambers recommended 
for SOBP width>2 cm

• For SOBP widths < 2 cm plane-
parallel chambers must be used

Ionization chambers

Note that for ions no beam quality specifier is used:
atomic number, mass number, energy of the incident ion 
beam, width of SOBP and range
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Lack of standards for ion dosimetry => Qo = 60Co
kQ,Qo -> kQ
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  Q dis wall cav celp p p p p=
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S E dE
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∑∫

Theoretical determination of kQ,Qo
based on Bragg-Gray cavity theory
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 Energy, MeV (Wair)p 1 STD 
Larsson, 1958 1.83 35.2 0.2 
Palmans et al, 1996 55 34.3 0.4 
Denis et al, 1990 65 35.6 0.6 
Hiraoka et al, 1988 68 35.3 0.7 
Petti et al, 1986 150 34.2 0.4 
Siebers et al, 1995 180 34.4 0.4 
Delacroix et al,1997 186 34.3 0.4 
Medin et al, 2006  142 33.6 0.6 
AAPM TG 20  34.3 4.0 
ECHED  35.2 4.0 
ICRU 59  34.8 2.0 
TRS 398  34.2 0.4 
Upcoming ICRU 2007  34.2 0.4 

 

 

Experimental (Wair)p for proton beams
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Stopping powers for for proton beams

TRS 398
• Basic proton 
stopping  powers 
from ICRU 49

• Calculation using 
MC  code PETRA  
following  Spencer-
Attix cavity  theory

• Transport included  
secondary  electrons 
and nuclear inelastic 
process

Trieste12-16 February 2007S. Vatnitsky ICTP Workshop on Biomedical application of high-energy ion beams

phantom
protons

ion chamber

depth, cm
0 10 20 30 40

re
la

tiv
e 

do
se

0.0

0.2

0.4

0.6

0.8

1.0

off-axis distance, cm
-12 -8 -4 0 4 8 12

re
la

tiv
e 

do
se

0.0

0.2

0.4

0.6

0.8

1.0

Reference geometry for beam calibration
(passive beam modulation)

Trieste12-16 February 2007S. Vatnitsky ICTP Workshop on Biomedical application of high-energy ion beams

0 20 40 60 80 100 120 140 160 180
0

20

40

60

80

100 20406080100120SO BP w id th

 

 

re
lat

ive
 bi

olo
gic

al 
do

se

depth in  w ater (mm)

0 20 40 60 80 100 120 140 160 180
0

10

20

30

40

50

60

70

80

90

100

110

20

40
60

80100120SO BP w id th

 

 

re
lat

ive
 ph

ys
ica

l d
os

e

depth in  water (mm)

Distributions of
“biological effective dose” for
290 MeV/u 12C beams
SOBPs of 20 to 120 mm width 
are designed to yield uniform 
biological effect in the peaks

“Physical dose” distributions 
of the 290 MeV/u 12C beams

RBERBE

Code of practice for ion beams
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•Only 40% of Carbon ions 
reach the Bragg peak
•Carbon ions deposit only 
about 40 % of the beam 
energy

Fragment spectrum affects 
depth dose, biological 
efficiency, detector response 
(solid state detectors, film) 
and complicate dosimetry 
calibration

Carbon beam dosimetry
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Calibration of ion beams: reference conditions 

Passive  
scattering 

system

Active  
scattering 

system

Calibration 
at SOBP

Calibration 
at plateau

SOBP:
• superposition of beams with   
different   intensities
• not continuous and reproducible
• mix of particles with high and low LET
fluence corrections at plateau are small
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Experimental values for Wair/e for various ions at different energies 

IAEA TRS 398:
Wair/e (weighted median) = 34.50 J C-1 ± 1.5%

17031.81Ions with Z 
between 9 and 
14

47933.4540Ar
37534.1320Ne
25035.0912C
25035.2812C

129.433.712C
6.736.212C

31.6735.73He
10.3 34.53He 

Energy (MeV/u)Wair/e (J C-
1)

Ion
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Ratio  of stopping powers water/air for heavy ions calculated using the 
computer codes developed by Salamon (for C, Ne, Ar and He) and by 
Hiraoka and Bichsel (for C). Data for protons and He from ICRU 49.
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TRS 398: a constant value of sw,air = 1.13 adopted for ions (ignores fragments)
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SHIELD-HIT (Heavy Ion Therapy)
recent modifications to the code

• Straggling and Coulomb multiple scattering
• MC transport of ions down to 1 MeV/n
• Track-length fluence of all particles and fragments
• Possibility to «switch on/off» various physical processes

• Stopping powers from modified Bethe-Bloch formula
• Tabulated stopping powers from ICRU and MSTAR
• Adjustment of Fermi break-up model for fragments
• MC transport of ions down to 25 keV/n 
• Double precision
• Finer energy grids and improved interpolation of 

ranges and cross sections

V1 (2003) 

V2 (2006)

GEITNER, O., ANDREO, P., SOBOLEVSKY, N., HARTMANN, G., JäKEL, O., 
Submitted to publication in Phys. Med. Biol. (2006) 
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For 391 MeV/u 12C ions on water, 
values at 10 and 26 cm depth are 1.135 and 1.151
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• agree well with sw,air in TRS-398 (1.130)• show a clear depth dependence
• show almost negligible variation with field size
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GEITNER, O., ANDREO, P., SOBOLEVSKY, N., HARTMANN, G., JäKEL, O., 
Phys. Med. Biol. (2006) 
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Ratios of water/air stopping-powers: comparison
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Krämer et al (PMB 2000) TP-physics @ GSI

• Good agreement achieved after slight adjustment of the 
energy loss in order to reproduce the measured Bragg peak 
position in water with sub-millimetre precision 

• The mean excitation energy, Iwater, which enters into the stopping power formulae, is their adjustable parameter
• A value of Iwater = 77 eV is required to reproduce the 

measured Bragg peak positions 
• Increasing Iwater by 2 eV shifts the peak position 

of a 270 MeV/u 12C beam by 0.5 mm
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Standard uncertainties in Dw

u(ND,wSSDL) = 0.6 kQ calc

Co-60 gamma-rays 0.9
High-energy photons 1.5
High-energy electrons 1.4-2.1
Proton beams 2.0-2.3
Heavy ions 3.0-3.4
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• TRS-398 needs to be extended by explicit recommendations
for the beam monitor calibration and dose verification in ion beams. 

• These recommendations should then distinguish systems using 
static and dynamic beams.

• This would ultimately lead to a dosimetry system, where the dose 
applied to a patient is traceable to the  dosimetry standards 
of the national PSDL. 
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Current status of ion beam dosimetry

• TRS 398 can be adopted for carbon beam dosimetry with 
beamline specific adjustments

• The currently recommended values of sw,air (and Wair) for absolute dosimetry should be re-considered
• Uncertainties in stopping powers, including those of the I-

values for different tissues (5-10%), must be taken into 
account to re-estimate what “precision” is really 
achievable in clinical practice
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Guidelines for 
absorbed dose
determination
in reference 
conditions for 
charge -particle

beams

Small fields:
low energy 
proton beams

Narrow beamsNarrow beams
for for stereotacticstereotactic
radiosurgeryradiosurgery: : 

CrossCross--fire techniquefire technique

Large and small fields:
high-energy proton
and ion beams
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Detectors for calibration of narrow beams: Ø 2-20 mm
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Dosimetry characterization of narrow proton beams

Physics problems

- proton disequilibrium

- perturbation effects
caused by radiation
detectors

Technical  problems

- choice of detector with   
appropriate size of 
sensitive volume

- image handling 
- analysis of measured    
data
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Calibration of narrow proton beams
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Measured depth dose for 250 MeV proton beam with  
∅ 2.5 mm
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Geometry for GEANT simulation of narrow proton 
beam 
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Water phantom

Stereotactic cone

Geometry for GEANT simulation of narrow proton 
beam 
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250 MeV aperture 5 mm
Comparison of measured  and calculated depth doses
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Current status of charged-particle dosimetry:
Protons and ions:
passive scattering
systems   TRS 398

(center of SOBP)
Protons and ions:
active scattering
system TRS 398

(plateau region)
Protons and ions Special
radiosurgery methods
(narrow beams) (MC)
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The future of charged-particle beam therapy

However, charged-particles are NOT necessarily 
competitive to conventional radiotherapy –

they could simply provide an additional treatment 
modality for those cases that can’t be satisfactorily 

treated using other techniques.

Ortho-
voltage Co60 LINACS Imaging

3D-
planning

IMRT

Improved dose 
distributionsProtons and ions can simply be considered to be the 

next logical step in the advancement of radiotherapy

p/Carbon
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Proton- or light ion therapy centres: 2006
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