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Outline

PART 1:

• State-of-the-art

• International dosimetry protocols

• Reference dosimetry in PBS beams

• Beam quality correction factors (Monte Carlo calculation)

PART 2:

• Calorimetry

• Ion recombination
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International Codes of Practice

Published in 2000 Published in 2007
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Historical perspective

Source: www.ptcog.ch (April 2015)

TRS-398

1st PBS

system

(PSI Gantry 1)

2nd PBS

system

ICRU 78

http://www.ptcog,ch/
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IAEA TRS-398 reference conditions

Department of Oncology, Laboratory of Experimental 

Radiotherapy
6

How to deliver a SOBP?

Gomà et al PMB 2016 61 6594

(PSI Gantry 1 & Mevion)

(IBA & Varian)
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IAEA TRS-398 reference conditions
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IAEA TRS-398 reference conditions
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Cylindrical chambers

Peff Pref
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Cylindrical chambers

Peff Pref7%
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Cylindrical chambers

Peff Pref4%
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Cylindrical chambers

Peff Pref3%
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Can we use TRS-398?
Type I Type II

✓
✓
✓

✓

✓
✓

✓

✓

✓

✓

✓

minimize dose gradient
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𝐷𝑤,𝑄 = 𝑀𝑄𝑁𝐷,𝑤,𝑄0
𝑘𝑄,𝑄0

𝑀𝑄 = 𝑀′𝑄𝑘𝑇𝑃𝑘ℎ𝑘𝑒𝑙𝑒𝑐𝑘𝑝𝑜𝑙𝑘𝑠

Dose determination
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Beam quality correction 
factors

Monte Carlo calculated
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Mono-energetic beams SOBP
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Literature review

Gomà et al PMB 2016 61 2389 Sorriaux et al Med Phys 2017 44 4919
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Cylindrical chambers

MC-calculated kQ factors 

Gomà et al PMB 2016 61 2389
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Plane-parallel chambers

MC-calculated kQ factors 

Gomà et al PMB 2016 61 2389
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RTNORM

www.rtnorm.eu

Reference dosimetry 
in PBS proton beams

Part 2 : calorimetry/ionometry

http://www.rtnorm.eu/
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Calorimetry: principle 
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A calorimeter determines the absorbed dose
from its definition

 [m²/s]

water 4180 0.24 mK 1.44 . 10-7 0.96-1.02 Dose-to-water

graphite 710 1.41 mK 0.80 . 10-7 1.000 Dose-to-graphite

heat defectsensitivity

conversion

𝑫𝒎 = 𝒄𝒑,𝒎 ∆𝑻 𝒌
𝑐𝑝,𝑚: specific heat capacity

𝑘: corrections
∆𝑇 : temperature rise

NPL graphite calorimeter

UCL water calorimeter

Graphite calorimeter or water calorimeter ? 

Each system has 
advantages and 
disadvantages  

Water or Graphite calorimetry

22

Graphite calorimetry: dose conversion
¤ 𝒔𝒘,𝒈 : water-to-graphite stopping power ratio

¤ 𝒌𝒇𝒍 : fluence correction factor (nuclear interaction cross sections)

𝐷𝑤 = 𝐷𝑔 𝑠𝑤,𝑔 𝑘𝑓𝑙

Water calorimetry: chemical heat defect
¤ cause: chemical reactions induced by ionizing radiation
¤ consequence: loss/gain of temperature 
¤ solution: pure water saturated

heat transfers
¤ cause: conduction and convection
¤ consequence: loss/gain of temperature 
¤ solution: 

Palmans et al., PMB (2013) 58(10): 3481           Rossomme et al., PMB (2013) 58(16): 5363

 Convection: temperature of calorimeter ~ 4 °C (the volumetric 
expansion coefficient of water is zero)

 Conduction: numerical simulations
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Direct comparison between our water 
calorimeter and ionisation chambers

Irradiation

∆𝑻

Calorimetry in a 226 MeV proton pulsed PBS First IBA Proteus®ONE (S2C2) at Centre 
Antoine Lacassagne, in Nice (France)

Accelerator: IBA superconducting synchrocyclotron 

– Pulse frequency of the accelerator = 1 kHz 

– Typical pulse length ~ 4-6 sec 

Beam characterisations

– 10 x 10 cm² mono-energetic beams (mono-layer) 

– Clinical dose rate

– Depth of measurement: 3.1 g/cm² in water

24

• Positive preliminary results demonstrate the feasability of
water calorimetry in pulsed PBS proton beams.

• Due to the gradient of the depth-dose distribution, a depth
inferior to 3.1 cm would be more suitable for the lowest
energy to minimise the uncertainty in positioning.

• Ionometry has to be carried out with care, in particular the
determination of ion recombination correction factors

Calorimetry: take home messages
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Ionometry - recombination
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𝑫𝒘,𝑸𝟎

IC = 𝑴𝑸𝟎
𝑵𝑫,𝒘,𝑸𝟎

𝒌𝑸𝟎,𝑸𝟎

• 𝑴𝑸: corrected response of the ionization chamber for air 
temperature and pressure, ion recombination and polarity

• Ion recombination correction factors

- ions created in the same ionisation track 
- independent of the dose rate
- depends on the ion density within the track

- ions created in different ionisation tracks 
- depends on the dose rate
- Independent of the ion density within the track

Jaffé’s theory Boag’s theory

Initial recombination Volume recombination

• Volume recombination: Boag’s models

• Initial recombination: Jaffé’s model

General model for particle beams
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𝑘𝑠
ini =

𝑒−1/𝑔

𝑔
 𝑞
𝑉

𝑙𝑖 𝑒
1
𝑔
+ln 1+

 𝑞
𝑉 − 𝑙𝑖 𝑒1/𝑔

−1

with  𝑞 =
2 𝑑2 𝐷

𝑘 𝑏2 and 𝑔 =
𝛼 𝑁

8 𝜋 𝐷

𝑇2 ≪ 𝜏𝑐 ≪ 𝑇1Pulsed beams:

𝑘𝑠
vol, pulsed

= 1 +
𝛼 𝐼𝑠𝑎𝑡
𝑉

Continuous beams

𝑘𝑠
vol, cont

= 1 +
𝛽 𝐼𝑠𝑎𝑡
𝑉2

ion density

voltage

𝒌𝒔
tot = 𝒌𝒔

ini 𝒌𝒔
vol

𝑘𝑠
ini~ log

1

𝑉
~𝟏 +

𝟏

𝑽
(Taylor development)
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96.17 MeV pulsed PBS proton beam
Black: 3.1 cm    Blue: peak (7 cm)
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symbols : experimental ks-values
lines : theoretical ks-values

Rossomme et al., PMB (2017) 62:5365

100 MeV PBS proton beam
(depth: plateau)

Plane-parallel ionisation chamber: IBA PPC40

Experimental ks-values

𝒌𝒔 = 𝟏 +
𝑨

𝑽
+

𝑩

𝑽𝟐Niatel (1967):

@ 100 V : ks  1.004-1.008

(0.22% initial )

96.17 MeV pulsed PBS proton beam
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100 MeV PBS proton beam

Use of 2V-method in PBS proton beams

2V-method (ratio:3) Niatel Difference

300 V 1.0008/1.0006/1.0007 1.0014/1.0011/1.0009 0.1%/0.1%/0.0%

100 V 1.0068/1.0036/1.0020 1.0083/1.0054/1.0038 0.1%/0.2%/0.2%

(plateau) 2V-method (ratio:3) Boag/Jaffé Difference

300 V 1.0053/1.0067/1.0094 1.0035/1.0052/1.0081 0.2%/0.2%/0.1%

100 V 1.0083/1.0128/1.0214 1.0090/1.0139/1.0227 0.1%/0.1%/0.1%

Plane-parallel ionisation chamber: IBA PPC40
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For plane-parallel ionisation chambers (IBA PPC40) 

• ks cannot be neglected in scanned proton beams.

• Excellent agreement between experimental and theoretical
values.

• The solution to minimise ks is to use the chamber at high
voltage. However, that brings a risk to observe charge
multiplication in the chamber.

• For the chamber tested (PPC40): 300 V can be safely used.

• Initial recombination contribution  the two-voltage
method as detailed currently in dosimetry protocols has
to be used with care

Recombination: take home messages
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