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Chapter 4…

…is the first ‘technical’ chapter of TRS-398 Rev.1 and is 
essential reading before implementing reference dosimetry 

for any modality.

It provides general guidance, with beam-specific details then 
provided in the subsequent chapters.

With 40 pages it is the most substantial chapter 
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IAEA TRS-398 (2000 and 2024)
simple absorbed dose formalism

𝐷w,𝑄 = 𝑀𝑄𝑁𝐷,w,𝑄

But we have 𝑁𝐷,𝑤,𝑄0
with 𝑄0 ≠ 𝑄 

→ 𝐷w,𝑄 = 𝑀𝑄𝑁𝐷,w,𝑄0
𝑘𝑄,𝑄0

 

If 𝑄0 = 60Co 

→ 𝐷w,𝑄 = 𝑀𝑄𝑁𝐷,w𝑘𝑄  
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e.g., UK calibration
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e.g., UK calibration
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e.g., UK calibration
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e.g., UK calibration
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4.1.1. Calibrations in standards laboratories 
made at multiple beam qualities

But… these are considered equivalent since 𝑘𝑄,𝑄0
=

𝑁𝐷,w,𝑄

𝑁𝐷,w,𝑄0
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4.1.2. Calibrations in standards laboratories 
made at a single reference quality Qo
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4.2. Equipment
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4.2.1. Ionization chambers - definition 
of a reference class ionization chamber 
(since AAPM TG-51 Addendum)

Parameter Specification

Chamber settling Monitoring chamber response with accumulated dose, equilibrium is 
reached in less than 5 minutes; the initial and equilibrium reading agree 
within 0.5 %.

Leakage Smaller than 0.1 % of the chamber reading

Polarity effect Smaller than 0.4% of the chamber reading. The polarity energy 
dependence is less than 0.3% between 60Co and 10 MV photons.

Recombination 
correction

1. The correction is linear with dose per pulse

2. Initial recombination (the part of the total charge recombination that is 
independent of the dose rate or the dose per pulse) is below 0.2% at 
polarizing voltages around 300 V.

3. For pulsed beams, a plot of 1/MQ (charge reading) vs 1/V (polarizing 
voltage) is linear at least for practical values of V.

4. For continuous beams, a plot of 1/MQ vs 1/V2 should be linear, describing 
the effect of general recombination. The presence of initial recombination 
disturbs the linearity but this is normally a small effect, which may be 
neglected.

5. The difference in the initial recombination correction obtained with 
opposite polarities is less than 0.1%.

Chamber stability Change in calibration coefficient over a typical recalibration period of 2 
years below 0.3 %. Same figure for long term (>5 y) stability

Chamber material Wall material does not exhibiting temperature and humidity effects
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4.2.1. Cylindrical ionization chambers
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4.2.1. Plane-parallel ionization chambers
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4.2.1. Other plane-parallel ionization 
chambers
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4.2.2. Measuring assembly
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4.2.2. Measuring assembly
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4.2.3. Phantoms
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Water phantoms
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Dosimetry is done in a phantom
Because it’s a good model
for the human body
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4.2.4. Waterproof sleeve
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4.2.5. Positioning at the reference depth

The reference points is always on the inner surface of the 
window at its centre for plane-parallel chambers and on the 
central axis at the centre of the cavity volume for cylindrical 
chambers. Sometimes this is positioned at the reference 
depth, sometimes shifted according to the effective point of 
measurement Peff

zref

plane-parallel 
chamber

cylindrical 
chamber
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4.2.5. Positioning at the reference depth

The reference points is always on the inner surface of the 
window at its centre for plane-parallel chambers and on the 
central axis at the centre of the cavity volume for cylindrical 
chambers. Sometimes this is positioned at the reference 
depth, sometimes shifted according to the effective point of 
measurement Peff

dc=x*rcyl 

zref

plane-parallel 
chamber

cylindrical 
chamber

x=0.5 for electron (ref&rel)
    0.6 for photons (rel)
    0.75 for protons (rel)
    0.75 for carbon ions (ref&rel)
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Some subtlety in positioning of plane-
parallel chambers – TRS-398 (2000)
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Positioning of plane-parallel chambers
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4.3. Calibration of ionization chambers

4.3.1. Calibration in a 60Co beam

4.3.2. Calibration in kilovoltage X rays

4.3.3. Calibration at other qualities
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A robust system of Dw standards
Water calorimetry Graphite calorimetry

Ionometry Fricke
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Calorimetry

Radiation energy turns into heat

heat is tiny, but measurable



ICTP IAEA Training TRS-398 Rev.1 – Trieste, Italy 3-7 November 2025

28

Calorimetry - principle

c
(J·kg-1·K-1)

ΔT/D

(mK·Gy-1)

water 4180 0.24

graphite 710 1.41

D  = c  ΔT



(m2·s-1)

1.44×10-7

0.80×10-4
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Calorimetry: principle

Mind: hold glass of water for 10 s  

  → the amount of energy put in corresponds to the 

energy needed to kill a tumour! (but it is non-ionizing so 

it doesn’t do anything)

  → temperature rises of level mK

  → influence of environment is huge
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Calorimeters: examples

Water calorimeter   graphite calorimeter

Core

Inner 

jacket
Outer 

jacket

Graphite vacuum 

body
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Dose determination with gas-filled 
ionization chamber

𝑄 : charge produced in the gas of the chamber

𝑊gas: mean energy required to produce an ion-pair in gas

𝐷med = 𝐷gas 𝑠med,gas 𝑝

𝐷med =
𝑄 Τ𝑊gas 𝑒

𝑚gas
𝑠med,gas 𝑝 =

𝑄 Τ𝑊gas 𝑒

𝜌gas 𝑉cav
𝑠med,gas 𝑝
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Dw from ionization chamber dosimetry
(Boutillon and Peroche 1993 Phys Med Biol 38 439-454)

P

E/m

DwDc

(E/m)0

kcav

sc,air

(/)w,c ·w,c 

·(1-)w,c 

Beam
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Dose to water determination with air-
filled ionization chamber

𝑄 : charge produced in the air of the chamber

𝑊air: mean energy required to produce an ion-pair in air

For commercially available chambers, the volume 𝑉cav is not 
known with the necessary accuracy

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

𝐷w =
𝑄 Τ𝑊air 𝑒

𝜌air 𝑉cav
𝑠w,air 𝑝



ICTP IAEA Training TRS-398 Rev.1 – Trieste, Italy 3-7 November 2025

35

Free-air chambers

primary standard of exposure (we measure the 
ionisation per mass of air), rather than of air kerma 
(we don’t measure the energy released)

every electron track producing ionisation which will be 
collected should originate when a primary photon 
scatters (or is absorbed) in air.

no electron track can reach the collecting electrodes.
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Calibration in a 60Co beam

P0 -> Dw,60Co

→  𝑁𝐷,w,60
𝐶𝑜 =

𝐷w,60𝐶𝑜

𝑀corr,60𝐶𝑜
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Reference conditions for calibration in a 
60Co beam
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Reference conditions for calibration in a 
low- or medium-energy x-ray beam
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Calibration in other qualities

P0 -> Dw,Qo

→  𝑁𝐷,w,𝑄0
=

𝐷w,𝑄0

𝑀corr,𝑄0
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4.4. Reference dosimetry in the user 
beam

𝐷w,𝑄 = 𝑀𝑄 𝑁𝐷,w,𝑄0
 𝑘𝑄,𝑄0

where 

𝑀𝑄 is the reading of the dosimeter incorporating the product 

ς 𝑘𝑖 of the correction factors for influence quantities

𝑘𝑄,𝑄0
 is the correction factor that corrects for the 

difference between the reference beam quality 𝑄0 and the 
actual quality 𝑄 being used. 
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4.4.2. Practical considerations

Stability checks (e.g., check source)

Thermal equilibration

Electrometer warm up

Pre-irradiation

Leakage

Repeatability (number of readings)
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Radioactive check source

Warm up

Temperature and pressure 
correction

Correction for decay
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4.4.2. Practical considerations, cont’d.

For relative dosimetry
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4.4.3. Corrections for influence quantities

𝑀𝑄 = 𝑀raw 𝑘elec 𝑘TP 𝑘pol 𝑘s 𝑘𝑣𝑜𝑙

Pressure and Temperature   Polarity effect
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Ion recombination (generic)

Method 1 (2V):    𝑘𝑠 =  𝑎0 +  𝑎1
𝑀1

𝑀2
+ 𝑎2

𝑀1

𝑀2

2

Method 2 (2V):   𝑘𝑠 =
𝑛 −1

Τ𝑛−𝑀1 𝑀2 
or   𝑘𝑠 =

𝑛2−1

𝑛2− Τ𝑀1 𝑀2

Method 3 (Niatel):

𝑘𝑠 = 1 +
𝑏0

𝑛−1
+

𝑏1

(𝑛−1)
𝑀1   or   𝑘𝑠 = 1 +

𝑏0

𝑛−1
+

𝑏1

(𝑛2−1)
𝑀1   

where 1+b0 and b1 are the intercept and 

slope in a M1/M2 versus M1 plot for 

different instantaneous dose rates or dose-per-pulse
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Jaffé plot
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Jaffé plot
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Niatel method, e.g., continuous beam 

𝑘𝑠 = 1 +
𝑏0

𝑛−1
+

𝑏1

(𝑛2−1)
𝑀1 
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Ion chambers, recombination

LeRoy et al., PMB 56:5637-51 (2011)
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Ion chambers, recombination

LeRoy et al., PMB 56:5637-51 (2011)
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Ion chambers, recombination

LeRoy et al., PMB 56:5637-51 (2011)

, polarity

Agostinelli et al., Med Phys 35:3293-301 (2008)
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Volume averaging
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Volume averaging FFF beams (TRS-483)
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4.5. Cross calibration of ionization 
chamber / calibration beam
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4.5. Cross calibration of ionization 
chamber / non-calibration beam
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Use of a cross-calibrated ionization 
chamber

𝐷w,𝑄 = 𝑀𝑄 𝑁𝐷,w,𝑄cross
 𝑘𝑄,𝑄cross

where 

𝑀𝑄 is the reading of the dosimeter incorporating the product 

ς 𝑘𝑖 of the correction factors for influence quantities

𝑘𝑄,𝑄cross
 is the correction factor that corrects for the 

difference between the cross-calibration beam quality 𝑄cross 
and the actual quality 𝑄 being used

   𝑘𝑄,𝑄cross
=

𝑘𝑄,𝑄0

𝑘𝑄cross,𝑄0

=
𝑘𝑄 

𝑘𝑄cross 



ICTP IAEA Training TRS-398 Rev.1 – Trieste, Italy 3-7 November 2025

58

CODE OF PRACTICE FOR xxxx BEAMS
1. General

2. Dosimetry equipment

 Ionization chambers

 Phantoms and chamber sleeves

3. Beam quality specification

 Choice of beam quality index

 Measurement of beam quality

4. Determination of absorbed dose to water

 Reference conditions

 Determination of Dw under reference conditions

5. Values for kQ,Qo

6. Cross calibration of field ionization chambers

7. Measurements under non-reference conditions

 Central-axis depth-dose distributions

 Output factors

8. Estimated uncertainty in Dw under reference conditions

9. Worksheet
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