
Intro and Definitions for Ionizing Radiation
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And Ionizing Radiation
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Radiation interaction
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DNA level. 
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Radiation

Non-Ionizing Ionizing
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(charged particles)

Indirectly ionizing
(neutral particles)
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• infinite “range”

• e-ux exponential attenuation

• secondary charged particles 
responsible for energy 
deposition

• neutrons and high-energy 
photons can undergo nuclear 
interactions

• finite “range”

• stopping power, linear energy 
transfer

• primary charged particle will 
deposit energy while “slowing-
down”

• produce secondary charged 
particles

• protons and heavy ions can 
undergo nuclear interactions

Directly ionizing 
(charged particles)

Electrons, protons, heavy ions

Indirectly ionizing 
(neutral particles)

Photons, neutrons
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From Amaldi and Kraft, “Radiotherapy with beams of carbon ions, Reports on 

Progress in Physics, 68, (2005)
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INFRARED UV X-RAYS GAMMA RAYS

Electromagnetic Radiation

E =12.4 meV – 1.24 eV

 = 100 m - 1 m 

E = 1.77-3.1 eV

 = 700-400 nm

E =3.1-124 eV

 =400-10 nm

E  1-120 keV

Diagnostic

E > 500 keV

Therapy
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Electron e- 0.511 MeV

Positron e+ 0.511 MeV

neutron n 939.6 MeV

proton p 938.3 MeV

pion 139.6 MeV

Alpha He-4 3727.4 MeV
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Kinetic

energy

Rest mass

energy



Intro and Definitions for Ionizing Radiation

Isotopes – atoms having nuclei with the same number of protons but different number of 
neutrons.

Isotones – atoms having nuclei with the same number of neutrons but different number 
of protons.

Isobars - atoms having nuclei with the same number of nucleons but different number of 
protons.

Isomers – identical nuclei (same number of protons and neutrons) but differ only in their 
nuclear energy state.

F18

9
Atomic number (Z) 
# of protons

Mass number(A) 
# of protons 
and neutrons

Element 
symbol
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Isomeric
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Quark structure proton.svg

http://upload.wikimedia.org/wikipedia/commons/thumb/0/00/Standard_Model_of_Elementary_Particles.svg/300px-Standard_Model_of_Elementary_Particles.svg.png

Quark structure neutron.svg

Neutron

Proton

http://en.wikipedia.org/wiki/File:Quark_structure_proton.svg
http://en.wikipedia.org/wiki/File:Standard_Model_of_Elementary_Particles.svg
http://en.wikipedia.org/wiki/File:Quark_structure_neutron.svg
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# of neutrons  >  # of protons

# of neutrons  <  # of protons
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nucleus

Electron 

“cloud”

How do we 

physically 

describe the 

electron “cloud” ?

atomic orbitals
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Stochastic Quantities (Dose)
• Values occur randomly and determined by a probability distribution

• Defined for finite volumes only

• The expectation value Ne of a stochastic quantity is the mean N of its 

measured values as the number of observations approached infinity (Monte 

Carlo simulations).

Non-Stochastic Quantities (Kerma)
• Value can be “calculated”

• A “point function” defined for infinitesimal volumes.

• Continuous and differentiable

• With respect to ionizing radiation its value is equal to or  based upon the 

expectation value of a related stochastic quantity.
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Fluence & Fluence Rate (cm-2)

• Ne is the expectation value of the number of rays striking a finite sphere

 surrounding a point p.

• Reduce the sphere to a point with great-circle area da.

da

dNe=

Arbitrary ray

of radiation

P

Great circle Area

a OR da

Volume V or dV

Mass m or dm

Sphere S









=


=

da

dN

dt

d

dt

d e



Intro and Definitions for Ionizing Radiation

Chilton’s definition of fluence
- The fluence at a point P is numerically equal to the expectation value

of the sum of the particle track lengths (assumed to be straight) that 

occur in an infinitesimal volume dV at P, divided by V.

V

T
= T1

T2
T3
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Angular Distributions
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Energy Spectra
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• Isotropic point source

• Emits N mono-energetic photons per unit time

• vacuum
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• Isotropic point source

• Emits N photons per unit time.

• Arbitrary attenuating medium.

• Arbitrary energy distribution.
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Co60

27

1=1.173 MeV

Discrete Polyenergetic Photon Sources

(via decay)

( )MeV82.2−
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Quantities for Describing the Interaction
of Ionizing Radiation with Matter

If we use an infinitesimal sphere at a point in free space as our 
reference location then….

• Kerma (K) - energy transferred to charged particles.

• Absorbed Dose (D) - energy imparted to matter by all kinds of 
ionizing radiations but delivered by the charged particles.

• Exposure (X) - described x- and -ray fields in terms of their 
ability to ionize air.
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h

h’

h’’
e

e’

Kerma occurs at the
Initial interaction point

Absorbed dose occurs 
along the path of the

secondary charged particles
(minus bremsstrahlung & in-flight annihilation)
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Kerma (Kinetic Energy Released in the Medium)

• The expectation value of the energy transferred to charged particles per unit 

mass at a point of interest, including radiative-loss energy but excluding 

energy passed from one charged particle to another.

• Relevant only for fields of indirectly ionizing radiations.

dm

d
K tr=

• The average value of the kerma throughout a volume 

containing a mass m is simply the expectation value of the 

energy transferred divided by the mass.

gergradkgJGy /10100/11 4===
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• (Rin)U = the radiant energy of uncharged particles entering V.

• (Rout)U
nonR = radiant energy of uncharged particles leaving V except from 

bremsstrahlung or in-flight annihilation.

• Q = net energy derived from rest mass in V (mass to E positive, E to mass 

negative).

• Radiant Energy (R) is defined as the energy of particles (excluding rest energy) 

emitted, transferred, or received.

+−= QRR nonR

UoutUintr )()(

dm

d
K tr=

Energy transferred is just the kinetic energy received by charged particles in the 

specified finite volume V, regardless of where or how they in turn spend that 

energy.
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• bremsstrahlung (German word for “braking radiation”)

An electron passing near a nucleus will undergo an inelastic radiative 

interaction. The electron is deflected and will give up a significant fraction 

of its kinetic energy (up to 100%) to produce an x-ray photon. 

• in-flight annihilation

An antimatter interaction whereby a positron is annihilated in 

encountering an electron before stopping.  The remaining kinetic energy of 

the positron is given to one or both of the annihilation photons.
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Kerma for photons

ZE

trK
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• K is the photon kerma at point P typically expressed in Gy

•(tr/)E,Z = mass energy-transfer coefficient (cm2/g)

•  = photon energy fluence (MeV/cm2 or J/m2)

• ’(E) = differential distribution of photon energy fluence (J m2  keV-1)
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Kerma for neutrons

( )
ZEnFK

,
Φ=

• K is the neutron kerma at point P typically expressed in rads 

• = neutron fluence with energy E (neutrons/cm2)

• (Fn)E,Z = neutron kerma factor (MeV/cm2 or J/m2)

       tabulated for neutrons versus the mass energy-transfer coefficient for photons
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RC KKK +=

Components of Kerma for Photons

• kerma for photons is basically the energy transferred to electrons or positrons 

per unit mass of medium. 

• The kinetic energy of these electrons may be spent as:

 - electrons interact via coulomb force interactions. Local energy 

 dissipation via ionization and excitation of the atoms surrounding the 

 electron track. 

 - radiative interactions via the coulomb force field of the surrounding 

 atoms. X-ray photons are enitted via bremsstrahlung. Also in-flight 

 annihilation of positrons to produce photons.
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CKK =

Components of Kerma for Neutrons

• kerma for neutrons is basically the energy transferred to protons or 

heavier recoiling nuclei per unit mass of medium. 

• Radiative interactions for heavier particles such as protons is very 

small
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Collision Kerma

• The expectation value of the net energy transferred to charged particles 

per unit mass at a point of interest, excluding both the radiative-loss 

energy and the energy passed from one charged particle to another.

• RU
R = the radiant energy emitted as radiative losses by the charged 

particles originating in volume V.

• (en/)E,Z = mass energy-absorption coefficient (cm2/g)

R

Utr

R

U

nonR

UoutUin

net

tr RQRRR −=+−−=   )()(
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Total Mass Attenuation Coefficient

Present tabulations of / rely heavily on theoretical values 

for the total cross section per atom, tot

uA

tot




=

..nphtrippairincohcohpetot  +++++=

U = 1.660 540 2 × 10-24 g is the atomic mass unit 

A = is the relative atomic mass of the target element
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uA

fff pairpairincohincohpepetr
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Mass energy-transfer coefficient 

• fpe is the fraction of energy given to electrons after photoelectric effect

• fincoh is the fraction given to electrons after a compton scatter

• fpair is the fraction of energy given to the electron and positron after pair 

production minus the annhilation energy

Mass energy-absorption coefficient

• g represents the average fraction of secondary-electron energy that is lost in 

radiative interactions (bremsstrahlung production or in-flight annihilation)
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Energy Imparted ()

• The energy imparted by ionizing radiation to the matter in a volume is 

regarded as the fundamental quantity of radiation dosimetry (stochastic 

quantity).

• Imparted Energy ()

• Tb is the kinetic energy of the interacting ionizing particle immediately 

before the interaction.

• Ta,i is the sum of the kinetic energies of all ionizing particles created in the 

process, including the residual kinetic energy of the primary particle if this is 

still an ionizing particle after interaction.

• Q is the release of rest-mass energy of nuclei and elementary particles.

 +−=
i

iab QTT ,
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Absorbed dose (D)

Where d is the mean energy imparted by ionizing radiation to 

the matter in this volume element (1 J/kg = 1 Gy)

dm

εd
D =

Tissue-average absorbed dose (DT)

Where T is the total energy imparted in a tissue or organ and 

mT is the mass of that tissue or organ.

T

T
T

m
D


=
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Dose

• same general units of kerma except dose is usually converted to units of rads or 

Gy (100 rads = 1Gy).

• The expectation value of the energy imparted to matter per unit mass at a point.

+−+−= Q)R()R()R()R( CoutCinUoutUin

Dose Equivalent

• units of rem or sievert

• D represents the dose in rads or cGy, Q is the quality factor relating the 

biological effectiveness of the radiation relative to 250 kVp x-rays, and N 

represents other factors such as time, oxygen tension, etc.

• Necessary when evaluating the cumulative effect of different types of radiation 

to the whole body.

DQNH =
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T

T’

e

h1

h2

h3

h4

• h1 enters the volume and
undergoes a scattering 
interaction to produce an 
electron with energy T
and scattered photon with energy 
h2 

• Electron produces one 
bremsstrahlung photon (h3) and 
leaves the volume with energy T’

• Bremsstrahlung photon h4 is 
produced outside of the volume.
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T

T’

e

h1

h2

h3

h4

+−= QRR nonR

UoutUintr )()(

0hh 21tr +−=



Represents the energy transferred to the electron (T)
and assumes all energy is deposited at the i/a site.



Intro and Definitions for Ionizing Radiation
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e
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R

U
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net
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Represents the radiant energy taken away from the i/a site

via radiative interactions.
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T

T’

e

h1
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h3

h4


( )

  
outin Energy

32

Energy

1 Thhh ++−= 

+−+−= Q)R()R()R()R( CoutCinUoutUin



Intro and Definitions for Ionizing Radiation

T2h1

h=0.511MeV

T

1

h=0.511MeV

• h1 is emitted via radioactive decay 

and undergoes a pair production  

interaction producing an electron and 

positron with energy T1 and T2 

respectively.

• The electron and positron deposit all 

of their energy in the volume.

• The positron annihilates at end of 

range to produce two 511 keV photons.
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tr
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T2h1

h=0.511MeV

T

1
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+−= QRR nonR

UoutUintr )()(

T2h1

h2

T

1
h3

T3

 211tr TTh022.10 +=+−= 

Assumes the total electron energy created at the

pair production i/a is deposited on the spot.
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T2h1

h2

T

1
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T3

R
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T2h1

h2

T

1
h3

T3

+−+−= Q)R()R()R()R( CoutCinUoutUin
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Exposure

• The absolute value of the total charge of the ions of one sign produced in 

air when all the e-‘s (+&-) liberated by photons in air of mass dm are 

completely stopped in air.

• The ionization arising from the absorption of bremsstrahlung emitted by 

the e-‘s is not to be included in dQ.

• The exposure is the ionizational equivalent of the collision kerma (Kc) in 

air for x- and gamma rays.

dm

dQ
X =
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Relation of exposure to collision kerma

• W/e = the mean energy expended in a gas per ion pair formed

• W/e for air = 33.97 ev/i.p.

97.33
,

air
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kgcx
kg

g

esux
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charged-particle

equilibrium

This relationship is

significant because it 

allows one to calculate the 

absorbed dose based upon 

the exposure reading from 

a calibrated ion chamber
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Equivalent dose (HT,R)

Where DT,R is the average dose from radiation R in the tissue 

or organ T and wR is the radiation weighting factor (1 J/kg = 1 

Sv)

RTRRT DwH ,, =

Effective dose (E)

Where HT is the equivalent dose in tissue or organ T and wT is 

the weighting factor for tissue T.

∑=
T

TT HwE
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Type and energy range
Radiation weighting factor 

(wR)

Photons, all energies 1

Electrons & muons, all energies 1

Neutrons, energy < 10keV 5

10 keV to 100 keV 10

100 keV to 2 MeV 20

2 MeV to 20 MeV 10

> 20 MeV 5

Protons, other than recoil protons,  E>2MeV 5

Alpha particles, fission fragments, heavy nuclei 20

Radiation Weighting Factors
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Tissue or organ Tissue weighting factor (wT)

Gonads 0.20

Bone Marrow (red) 0.12

Colon 0.12

Lung 0.12

Stomach 0.12

Bladder 0.05

Breast 0.05

Liver 0.05

Esophagus 0.05

Thyroid 0.05

Skin 0.01

Bone surface 0.01

Remainder 0.05

Tissue Weighting Factors
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Radiation Exposure Limits 

(10 CFR 20)

Whole Body: 50 mSv/yr

Eyes: 150 mSv/yr

Extremities & Skin: 500 mSv/yr

Member of Public: 1 mSv/yr

Embryo-Fetus: 5 mSv/9 mo. 
Minors: 10% of above 

Annual Limit
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Bremsstrahlung intensity distribution
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Target

Z=74 (W)

t=0.9 mm

To = 10 MeV

1.0E-07

1.0E-06

1.0E-05

1.0E-04

0 2 4 6 8 10

Energy (MeV)

R
e
la

ti
v
e
 F

lu
e
n

c
e



Intro and Definitions for Ionizing Radiation

Planar fluence
- The number of particles crossing a fixed plane in either direction

(i.e., summed by scalar addition) per unit area of the plane.

The number of incident 

particles striking each 

detector above the 

scattering foil is the same 

and the planar fluence is 

equal to the fluence. This is 

only true for a plane-

parallel beam orthogonal to 

the flat detector.
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For the sphere

• The number of scattered particles striking 

the spherical detector below the foil is 1/cos 

times the number striking above.

• The average track length through the sphere 

is the same, above and below

cos

FluencePlanar
Fluence =

In broad beam geometry, the 

fluence behind an attenuating layer 

can be greater than that incident.

For the foil

• The number of scattered particles striking 

the foil detector is the same above and 

below.

• The average track length through the foil  is 

1/cos times the number striking above.
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