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OverviewO e e

• Dosimetry: similarities and differences with 
photon and electron beamsphoton and electron beams

• Absolute dosimetry:
C l i t fl b d t i– Calorimetry, fluence based measurements, ion 
chambers

• Relative dosimetry:• Relative dosimetry:
– Ionization chambers, solid state detectors, film, 

alanine
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Protons and ions – the advantageso o s a d o s e ad a ages
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Stopping powers – protons versus electronsS opp g po e s p o o s e sus e ec o s
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 = Ek/Erest



Stopping powers – protons versus electrons
r o,p = 1mm r o,e = 1mm

S opp g po e s p o o s e sus e ec o s

ICRU 49 ICRU 37103
1 ) 1 20

1.30ICRU 49 ICRU 37

102

M
eV

 c
m

2
g-1

1.10

1.20

s
w

,air

101

S
co

ll/ 
(M

proton water
protons air
electrons water
electrons air

1.00

sw air protons

100

10-6 10-4 10-2 100 102

0.90

sw,air protons
sw,air electrons

Hadron Dosimetry – 2009 AAPM Summer School 20-25 Jun 2009

 = Ek/Erest



High-LET component: protonsg co po e p o o s
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High-LET component: carbon ionsg co po e ca bo o s
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Attenuation – Nonelastic nuclear e ua o o e as c uc ea
interactions
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Definition of range parameterse o o a ge pa a e e s
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Residual range – beam quality for protonses dua a ge bea qua y o p o o s
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Practical range for carbon ionsac ca a ge o ca bo o s
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Practical-range scalingac ca a ge sca g
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Scattering – protons versus photonsSca e g p o o s e sus p o o s

(Palmans 2006 Scope 15:5 12)
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(Palmans 2006, Scope 15:5-12)



Scattering – carbon ions versus protonsSca e g ca bo o s e sus p o o s
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Electron slowing down spectrumec o s o g do spec u
200 MeV proton beam, z = 20 cm
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Absolute dosimetrybso u e dos e y

• Absorbed dose calorimetry
W t l i t– Water calorimetry

– Graphite calorimetry

• Fluence based methods• Fluence based methods
– Faraday cups
– Activation measurement– Activation measurement

• Calibrated ion chambers
• Alanine• Alanine
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Absolute dosimetry – Calorimetry

• Remember: T.khcD .

C
(j kg-1 k-1)


(m2 s-1)

T/D
(mk Gy-1)

kh

(j.kg .k ) (m .s ) (mk.Gy )

water 4182 1.44x10-7 0.24 0.96-1.02

• Main problem in water: chemical heat defect

graphite 704 0.80x10-4 1.42 1.000 (?)

• Main problem in water: chemical heat defect
• Main problem in graphite: thermal diffusivity 

+ dose conversion graphite to water
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Water calorimetry / chemical heat defect protons

Experiment Simulations
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Water calorimetry / chemical heat defect protonsa e ca o e y / c e ca ea de ec p o o s
Steady state dose points
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Palmans et al (1996) Med. Phys. 23:643-50



Water calorimetry / chemical heat defect protonsa e ca o e y / c e ca ea de ec p o o s
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Water calorimetry / chemical heat defect ionsa e ca o e y / c e ca ea de ec o s
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Brede et al. 2006 Phys. Med. Biol. 51:3667-82



Water calorimetry in spot-scanned protonsa e ca o e y spo sca ed p o o s
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Graphite calorimetryG ap e ca o e y

NPL primary standard level proton calorimeter 
under development:under development:

Core

Inner jacket

Outer jacket

Annular PCB

Graphite vacuum body
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Graphite calorimetry: water equivalence
interaction cross sections (ICRU49 & ICRU63)interaction cross sections (ICRU49 & ICRU63)
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Graphite calorimetry: water equivalence
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Graphite calorimetry: water equivalence
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Absolute dosimetry – Fluence based bso u e dos e y ue ce based
methods
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Absolute dosimetry – Faraday cupbso u e dos e y a aday cup

collecting electrodehousingentrance gentrance
window

N protons

B

guard
windingwinding

(e.g. Pedroni et al 2005, Phys Med Biol 50:541-61,
Grusell et al 1995, Phys Med Biol 40:1831-40)
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Absolute dosimetry – Activation bso u e dos e y c a o
measurement
• 12C(p pn)11C reaction• 12C(p,pn)11C reaction
• 4 -coincidence counting
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Absolute dosimetry – Ion chambersbso u e dos e y o c a be s
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• [PwallPcelPrepl]p = 1



Ion chambers : wair values from calorimetryair y
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Ion chambers : wair values from calorimetryair y
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Ion chambers : water to air stopping power ratioo c a be s pp g p
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Ion chambers – perturbation correction factorso c a be s p

• Gradient correction factors
• Secondary electron correction factors
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Ion chambers – analytical 
Integrating the depth dose curveIntegrating the depth dose curve
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(Palmans 2006, Phys Med Biol. 51:3483 501 
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Ion chambers – Comparison with o c a be s Co pa so
experiment PDD’s

Mobit et al 2000 Med Phys 27:2780 2787 Jäkel et al 2000 Phys Med Biol 45:599 607Mobit et al. 2000 Med. Phys. 27:2780-2787
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Ion chambers – cavity theory for pcav

protons
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Calculation of (S/) from ICRU49Ca cu a o o (S /) o C U 9
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Compared with Medin and Andreo (1997)Co pa ed ed a d d eo ( 99 )
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Ion chambers – cavity theory for pwall
(cfr Nahum in Dosimetry in Radiotherapy Vienna: IAEA 1988: for electron beams )
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(cfr. Nahum, in Dosimetry in Radiotherapy. Vienna: IAEA, 1988: for electron beams.)
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Ion chambers – cavity theory mono-
energetic protonsenergetic protons
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Ion chambers – cavity theory modulated 
protonsprotons
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Comparison with experiment perturbations
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Alanine dosimetrya e dos e y
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(Palmans 2003, Technol Cancer Res Treat. 2:579-86)
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Relative dosimetrye a e dos e y

• Lateral profiles in general not problematic 
(except for volume averaging in small fields)(except for volume averaging in small fields)

• Depth dose profiles: LET dependence!• Depth dose profiles: LET dependence! 
Resulting in an under response in the Bragg 
peak
– Single hit theory (saturation of the sensitive site 

with one ionisation), e.g. alanine, film
– Inter-radical recombination e g gel dosimeters– Inter-radical recombination, e.g gel dosimeters
– More complex models including charge transport, 

e.g. TLD
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Relative dosimetry – ion chamberse a e dos e y o c a be s
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Relative dosimetry – Solid state detectors : e a e dos e y So d s a e de ec o s
diamond

(Fidanzio et al 2002, Med Phys 29:669-675)
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Relative dosimetry – Solid state detectors : 

1 10

e a e dos e y So d s a e de ec o s
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(Palmans et al 2009, unpublished data)
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Alanine – stack in PMMA
(Palmans 2003 Technol Cancer Res Treat. 2:579) 
experimental data from Onori et al 1997 Med.experimental data from Onori et al 1997 Med. 
Phys. 24:447
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Alanine in anti-protonsa e a p o o s
N. Bassler, et al, Nucl. 

Instr. Meth. B 266 
929-936, 2008
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Relative dosimetry – Solid state detectors : e a e dos e y So d s a e de ec o s
mosfet

(Kohno et al 2006, Phys Med Biol 51:6077-86)
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(Kohno et al 2006, Phys Med Biol 51:6077 86)



Relative dosimetry – Radiochromic filme a e dos e y ad oc o c

(Piermattei et al 2000,Med Phys 27:1655-60)
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Relative dosimetry – Gel dosimetrye a e dos e y Ge dos e y

(Gustavsson et al. 2004 Phys. Med. Biol. 49:3847-55)
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Relative dosimetry – TLDe a e dos e y
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Relative dosimetry – Solid state detectors : e a e dos e y So d s a e de ec o s
diode

(Grusell and Medin 2000 Phys. Med. Biol. 45:2573-82)
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Relative dosimetry – Plastic scintillator

(Safai et al. 2004 Phys. Med. Biol. 49:4637-55)
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ConclusionCo c us o

• Absolute dosimetry
C l i t d l d i i t t– Calorimeters developed as primary instruments

– Faraday cups, activation
Ion chambers for clinical reference dosimetry– Ion chambers for clinical reference dosimetry

• Relative dosimetry
– Ion chambers for PDD as well as other detectors– Ion chambers for PDD as well as other detectors 

(but LET dependence!!)
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Thank you
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