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Overview

Dosimetry defined

Why absorbed dose to water

Mechanisms for dosimetry

Detectors for dosimetry of light-ion beams: 

calorimeters, ionization chambers, solid state detectors, 
chemical dosimeters, microdosimeters, nanodosimeters
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Dosimetry defined

Measurement of dose (in radiation measurement dose = 
absorbed dose)

Measurement of dosimetric quantities

energy imparted (absorbed dose)

kinetic energy released (kerma)

number of particles (fluence)

a function of number and energy (e.g. product of dose 
and a quality factor)
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Absorbed Dose

Absorbed dose D

Where 𝑑 ҧ𝜀 is the mean energy imparted to matter of mass dm. 

Energy imparted is the energy incident minus the energy leaving 
plus any reduction in rest mass energy. 

The medium should always be specified.

Unit: J kg-1 = Gy (gray)

dm

d
D
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Why absorbed dose to water?

Tradition, for high-energy photon and electron beams: 

biological effect ~ f(nionizations ) ~ absorbed dose

Water is close to tissue + ionizations mainly in water

-> RT prescription is generally in terms of Dw

Easy and reproducible material
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Ionising radiation mechanisms for 
dosimetry

Ionisation

Energy cascade

Free radicals creation resulting in a chemical 
reaction chain

Physical effects
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Calorimetry
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𝐷𝑚𝑒𝑑 = 𝑐𝑚𝑒𝑑∆𝑇

Calorimetry: principle

C

(J.kg-1.K-1)

T/D

(mK.Gy-1)



(m2.s-1)

water 4182 0.24 1.44x10-7

graphite 704 1.42 0.80x10-4

𝐷𝑚𝑒𝑑 = 𝑐𝑚𝑒𝑑∆𝑇
1

1 − ℎ
Π𝑘𝑖

𝜕𝑇

𝜕𝑡
= 𝛼𝛻2𝑇 +

𝜕𝐷

𝑐𝜕𝑡
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Water calorimeter

Cooling fluid

Air
4ºC

Beam
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Water calorimeter – chemical heat defect
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Water calorimetry / chemical heat 
defect protons
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Water calorimetry / chemical heat 
defect ions

Brede et al. 2006 Phys. Med. Biol. 51:3667-82
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Graphite calorimetry

080915

13

Beam

DCDw
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Palmans et al (2004)
Phys Med Biol 49:3737

Graphite calorimetry

NPL primary standard level proton calorimeter under 
development:

Core

Inner jacket

Outer jacket

Annular PCB

Graphite vacuum body
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Dose conversion graphite calorimetry
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Ionization chambers
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Dose determination with ion chamber

Q: charge produced in the air of the chamber
W: mean energy required to produce an ion-pair in air

Unfortunately, for commercially available chambers, the volume V is 
not known with the necessary accuracy (would otherwise be a primary 
standard!).

We have to rely on methods other than “first principles”, which involve 
the use of ion chamber calibration factors

psDD 
airw,airw

Wair
m

Q
D 

air

air
Wair

V

Q
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Simple absorbed dose protocol

𝐷𝑤,𝑄 = 𝑀𝑄𝑁𝐷,𝑤,𝑄

But we have 𝑁𝐷,𝑤,𝑄0with 𝑄0 ≠ 𝑄 →

𝐷𝑤,𝑄 = 𝑀𝑄𝑁𝐷,𝑤,𝑄0𝑘𝑄,𝑄0

This is formalism of IAEA TRS-398 and ICRU Report 78
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Experimental determination of 𝑘𝑄,𝑄0

𝑘𝑄,𝑄0 =
𝑁𝐷,𝑤,𝑄
𝑁𝐷,𝑤,𝑄0

=
Τ𝐷𝑤,𝑄 𝑀𝑄

Τ𝐷𝑤,𝑄0 𝑀𝑄0

𝐷𝑤,𝑄(0) from calorimetry:
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Calculation of 𝑘𝑄,𝑄0

𝑘𝑄,𝑄0 =
𝑊𝑎𝑖𝑟 𝑄

𝑊𝑎𝑖𝑟 𝑄0

𝑠𝑤,𝑎𝑖𝑟 𝑄

𝑠𝑤,𝑎𝑖𝑟 𝑄0

𝑝𝑄
𝑝𝑄0
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Water/air stopping power ratio
ro,p = 1mm ro,e = 1mm
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Perturbation correction factors
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Initial recombination

E
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Volume recombination
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Track structure

Electron:

Alpha:

Heavy ion:



Vorlage / template. ZA000_10700_1310013, Vers4.0Advanced School on Medical Accelerators and Particle Therapy, Vienna, 1-5 April 2019 

28

Initial recombination

E
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Initial recombination

E
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Quenching in chemical and solid 
dosimeters

Ionisation density

Radical formation

Termination reactions

Transport phenomena 0,0

1,0

2,0

3,0

LET / keV mm-1

G
 /
 1

0
0

 e
V

-1

10-1 100 101 102

H+

OH•

e¯aq

H•

OH¯

H2

HO2

H2O2

60Co (100 MeV) (1MeV)

protons

0,0

1,0

2,0

3,0

LET / keV mm-1

G
 /
 1

0
0

 e
V

-1

10-1 100 101 102

H+

OH•

e¯aq

H•

OH¯

H2

HO2

H2O2

OH¯

H2

HO2

H2O2

60Co (100 MeV) (1MeV)

protons



Vorlage / template. ZA000_10700_1310013, Vers4.0Advanced School on Medical Accelerators and Particle Therapy, Vienna, 1-5 April 2019 

31

Protons

Kempe et al. (2007) Med. Phys. 34:183-92
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Carbon ions

Kempe et al. (2007) Med. Phys. 34:183-92
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Ferrous sulphate dosimeter

• Fe2+ + HO2 → Fe3+ + HO2
−

• Fe2+ + H2O2 → Fe3+ + •OH + OH−

• Fe2+ + •OH → Fe3+ + OH−
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EPR or ESR - Alanine
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Alanine/EPR
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Alanine/EPR dosimetry
Bassler et al, NIMB 266 929-936, 2008 CERN anti-proton beam

Birmingham 15 MeV beamGSI 12C ion beamHerrmann et al 2011 Med Phys 38:1859
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Radiochromic film
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Radiochromic film – energy dependence

Kirby et al. 2010 Phys Med Biol 55:417
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Polymer gel dosimetry

BANG3-Pro2:BANG:

Heufelder et al. 2003. Zeidan et al. 2010 Med Phys 37:2145
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Natural diamond detector

Fidanzio et al 2002 Med Phys 29:669
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CVD diamond
HE protons: Mandapaka, Med Phys 40:121702 HE carbon ions: Marinelli, Med Phys 42:2085

LE carbon ions: Rossomme et al. (BHPA 2016) 
/ submitted Med Phys

LE protons: Rossomme et al. (BHPA 2016)
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Silicon-based detectors

Kohno et al 2006 Phys Med Biol 51:6077
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TLD - protons
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TLD - protons
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Scintillators

Safai et al. 2004 Phys. Med. Biol. 49:4637
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Scintillators

Safai et al. 2004 Phys. Med. Biol. 49:4637
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Scintillators

Safai et al. 2004 Phys. Med. Biol. 49:4637
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Microdosimetry…
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Microdosimetry

500 µm 14 µm

9 µm

E stage

Guard~2 μm

∆E element
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∆E element

Colautti et al 2017 ESTRO Physics workshop Glasgow
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Nanodosimetry…

Ion counter / PTB Startrack / INFN
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Schulte et al 2011 AIP Conf Proc 1345:249
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Conclusions

No ideal detectors for proton and carbon ions

Calorimeters can serve as primary standards

Ionization chambers remain workhorse for light-ion 
reference dosimetry

Most chemical and solid state dosimeters exhibit signal 
quenching in the Bragg peak

Micro- and nano-dosimetry 
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