
Elements of dosimetry



Dosimetry
• Estimate of damage caused by 

radiation on objects and in particular 
human beings:
– Evaluation of probability of damage due 

to accidentals
– Evaluation of intensity of intentional 

irradiation



Cellular biology

Nucleus

Chromatin

Key points:
• ~ 1013 cells/body
• Nucleus is the “control center” 
• Chromatin contains DNA
• Destroying DNA can prevent 

reproduction of cell or cause a 
mutation --> Cell Death or Cancer

10 µm

3 µm

~2 nm

~0.1 µm



Radiobiological effect
• Direct:

Deliver energy on tumor cells 
in order to break them in an 
irreparable way

• Indirect:
– Ionization
– electrolysis
– Reaction with water

O2 + H30 à H2O2+HO
Perossido di idrogeno

à OH- + H+

H2O + radiation à H2O+ + e-



Biological effect of 
radiation

• Neutral radiation converts into charged 
radiation before having an effect

• Charged radiation has an effect by 
ionization
– A ion and a free electron (ionizing itself) are 

produced
– The original molecule loses its chemical 

properties

Twofold effect:
• if both DNA helixes are brokenà direct damage 

(rare)
• The ion (free radical) initiates a chemical reaction 

that attacks DNA (most common)



Possible effects
• If somatic cells are affected:

– Cancer (or cure of)

• If genetic cells are affected
– Genetic mutations

• Stochastic effects: depends on the organs affected and 
have a probability to occur or not

• Non stochastic effects: due to dose to total body. 
Effects are proportional to irradiation



Key features of radiation
• To have a biological effect, radiation 

must:
– release sufficient energy per unit of 

path
– ionize with sufficient frequency
– impact molecules sensitive to the DNA 

killing

Dosimetry defines measurable quantities 
that allow to quantify these effects 



Dosimetric quantities
• Exposure (rate)
• KERMA
• Dose (rate)
• Effective Dose
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Exposure (X)
The exposure is defined as the ratio of the charge 

(of one sign) DQ produced in a medium when all the electrons 

liberated by photons in the volume element of the medium with 

mass Dm, are completely stopped in the volume. Thus

The (old) unit of exposure is the Roentgen (R) . 

The natural SI unit for exposure would be C/Kg 

but is never used. 1 Roentgen = 2.58x10-4 C/Kg

Exposure Rate: dX/dt

m
QX
D
D

=

Exposure only applies to X- and g-rays, 
not p, a, n, e- etc.

Defined if electrons stop within the volume 
of interest (typically Eg<2-3MeV)



Calculation of exposure
Sample exposed to a fluence
of photons of energy E=hv

w=
mean 
ionization 
energy =
34 eV in air 

Given the definition of mass coefficient µ



Exposure in air

Required flux for 1mR/h

The 
measurement of 
exposure is 
necessarily in air



Exposure with g sources
Activity

distance from sourcearia

Full listing in 
http://www.iem-inc.com/information/tools/gamma-ray-dose-constants

http://www.iem-inc.com/information/tools/gamma-ray-dose-constants


Dose
• Most important dosimetric quantity
• Absorbed energy due to radiation per 

unit mass

• Dose rate: 
• Units of measurement:

1 Gy=1J/kg
1 rad=10-2 Gy

D =
dε
dm

D =
dD
dt



Dose calculation
• Charged particles

• Photons

– Relationship with exposure

If not monochromatic integrate over dF/dE



Relationship with 
exposure

Translation from measurements in air 
and in a generic material:



Exercises
1) Compute dD/dt for a gamma beam 

with E=3MeV and  F=107 cm-2 s-1

in air and water
2) Compute dD/dt in water for a 

100mCi source of Co60 at a 
distance of 1cm

3) Find the rate of 4100 MeV 
Carbon ions needed to yield 2Gy 
in 1min, 1 mm before end of range. 
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KERMA (Alpen p8, p90)
Typically, when radiation (x-rays, g rays and charged particles) 
interact with their environment, they transfer kinetic energy to 
the medium in which they are interacting.
It is possible however, that not all of the transferred kinetic energy 
remains in the volume of interest. This can be due to radiative
losses (bremsstrahlung) and kinetic energy losses associated with 
secondary particles produced.

KERMA is the Kinetic Energy Release in the Medium (A is added!) 
Kerma, (K) accounts for the energy transferred to 
the volume (without correcting for energy losses 
after interaction). It is defined by the expression,
where DEK is the sum of initial kinetic energies of all the charged 
particles liberated by ionising particles or photons in a volume 
element of a specific material. Kerma is thus reflects the energy
RELEASED in a medium. Kerma has the SI unit of the gray (Gy) 

m
EK K

D
D

=

Kerma is critical for neutrons, where 
the dose is difficult to compute
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Charged Particle  Equilibrium (CPE) : Charged  particle equilibrium
is said to exist at a point p, centred in a volume V, if each charged
particle carrying out a certain energy from this volume is replaced
by another identical particle carrying the same energy into the
volume. 

If CPE exists at a point, the dose = kerma (D = K) at that point
(provided that the secondary radiation losses by the charged
particles such as bremsstrahlung are negligible). 

Dose is the energy absorbed in the unit volume, 

while

kerma is the energy transferred from the original particle  in the same 
unit volume.



Example: photon beam
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Equivalent Dose
• Needed to account for different 

biological effects 
• H=D*Q

– Q depends on 
• Radiation
• Microscopic details of energy release è

LET for charged particles

Units of measurement:
1 Sv=1J/kg
100 rem=1Sv (old)



Quality factor (Q)
• Q depends on LET and particle type



Equivalent dose 
for neutrons 

Neutron flux that yields 
H=10-5 Sv/h  on healthy tissue



Exercises
1) Compare the equivalent dose to healthy tissues in the 
case of 

BNCT: 30’ of thermal neutron flux F~109/m2/s 
HT with carbons (4100 MeV) before the BRAGG 

peek. Beam sufficient to deliver 10 Gy 1mm before the 
bragg peak
2) A 226Ra-Be source produces 108 n/s with E>1MeV. For 
each neutron also 350 gamma of E~1MeV are produced. If 
an operator moves the source with a poke that allows him to 
be 2.5m away from the source, how long can he hold the 
source in a year to be within the limits of law (20mSv/y)?



RELATIVE BIOLOGICAL EFECTIVENESS (RBE)

RBE = Dose X / Dose T
§Dose X = dose of 200 keV X rays needed to achieve a given biological 
effect
§Dose T = dose of the kind under consideration needed to achieve the 
same effect



LET and RBE
The biological effectiveness depends on the distance between 
deposits  energetic enough to break a molecule



RBE vs LET



Oxygenation Enhancement Ratio



Effective Dose
The measurement of biological effects 
needs to include 

- which organs are affected
- by which radiation



Esempi: fondo naturale



Esempi: radiazione medica



Other sources
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ICRP Recommended Annual Dose Limits
Body Part Occupational General Public

Whole body
(HE)

20mSv 1mSv

Eye lens (HT) 150mSv 15mSv

Skin (HT) 500mSv 50mSv

Hands & Feet
(HT)

500mSv ---------

Note these recommended limits EXCLUDE any medical or natural
background radiation doses.

ICRP= International Commission in Radiation Protection
www.icrp.org/



RADIATION DOSIMETERS

Ionization chamber dosimetry systems
Film dosimetry
Luminescence dosimetry
Semiconductor dosimetry
Neutron dosimeters



Dosimeter
• Dosimeter is a device that measures 

directly or indirectly
– Exposure
– Kerma
– Absorbed dose
– Equivalent dose
– Or other related quantities.

• The dosimeter along with its reader is 
referred to as a Dosimetry System.



Properties of dosimeters
• A useful dosimeter exhibits the following 

properties:
– High accuracy and precision
– Linearity of signal with dose over a wide range
– Small dose and dose rate dependence
– Flat Energy response
– Small directional dependence
– High spatial resolution
– Large dynamic range



Characteristics of Dosimeters

• Linearity
– The dosimeter reading should be linearly 

proportional to the dosimetric quantity. 
– Beyond a certain range, usually there is non 

linearity.
– This effect depends on the type of dosimeter.

















I.C.



Ionization Chamber
• Cylindrical (thimble) ionization chamber

– Most popular design
– Independent of radial beam direction
– Typical volume between 0.05 -1.00 cm3
– Typical radius ~2-7 mm
– Length~ 4-25 mm
– Thin walls: ~0.1 g/cm2
– Used for: electron, photon, proton, or ion 

beams.















Film Dosimetry
• Radiochromic film

– A new type of film well suited for radio-therapy 
dosimetry.

• This film type is self-developing, requiring neither a 
developer nor a fixer.

– Principle: Contains a special dye that is polymerized 
and develops a blue color upon exposure to radiation.

– Similarly to radiographic film, the radiochromic film 
dose response is determined with a suitable 
densitometer.

– The most commonly used radiochromic film type is 
the GafChromic film.













neutrons

gammas











CR-39 detectors

Slabs of poly-allyl-
diglicol-carbonate 
(PADC) produced by 
intercast

Cut in pieces (2.224cm2)

Sensitive to fast neutrons:
• After n,p scattering 

protons leave a track
• Etching with potassium 

hydroxide at 70oC
• Read with a custom 

reader

Number of tracks proportional 
to integrated  impinging 
neutrons



CR-39 detectors
for thermal neutrons

<1.8 MeV a particles 
produced via

B(n,a)Li

The a release tracks in 
CR-39 detectors

Wrap detectors in 
Boron films

CR-39

50µm B film support



Activation detectors: 
Indium disks

5cm Indium disks (30g total)
Two steps:
• Neutrons activate Indium

– More sensitive to thermal 
neutrons

• Gamma lines @1293, 1047 
and 416 keV with  
T1/2=log(2)/l=54 min

• The activity (a) from  an 
irradiation lasted tr is 
measured with a HPGe
detector ( after a time ta)

From activity to flux (f) 

Also Cd and Au


