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GOALS OF THIS LECTURE:

To assist you in gaining an understanding of the fundamental conTo assist you in gaining an understanding of the fundamental concepts of cepts of 
physics underlying the theory of physics underlying the theory of dosimetrydosimetry for ionizing radiation and to for ionizing radiation and to 
show you some examples of show you some examples of dosimetricdosimetric calculations.calculations.

Here are the topics that I hope you will gain an understanding oHere are the topics that I hope you will gain an understanding of:f:

•• Basic concepts of the nucleus and the nuclear particles involvedBasic concepts of the nucleus and the nuclear particles involved in in 
radioactive decayradioactive decay

•• The meaning and the differences between radioactivity and radiatThe meaning and the differences between radioactivity and radiationion
•• The processes that lead to emission of radiationThe processes that lead to emission of radiation
•• The processes that lead to absorption of radiation in tissueThe processes that lead to absorption of radiation in tissue
•• The approximate ranges of energies in which the various emissionThe approximate ranges of energies in which the various emission

and absorption processes operateand absorption processes operate
•• The basic definitions of The basic definitions of ‘‘exposureexposure’’ and and ‘‘absorbed doseabsorbed dose’’
•• The types of information needed to estimate external and internaThe types of information needed to estimate external and internal l 

doses and familiarity with some elementary calculations.doses and familiarity with some elementary calculations.



A reminder that we are A reminder that we are 
discussing only ionizing discussing only ionizing 
radiation in this radiation in this 
lecture…even though lecture…even though 
other types of radiationother types of radiation

are of interest in are of interest in 
epidemiology.epidemiology.

UV, microwaves, etc.



Radiation
Radiation is energy in the form of high speed particles and 
electromagnetic waves . Radiation is further defined into ionizing 
and non-ionizing radiation. 

• Ionizing radiation is radiation with enough energy so that 
during an interaction with an atom, it can remove tightly bound 
electrons, causing the atom to become charged or ionized 
atoms. Examples are X-rays and electrons. 

• Non-ionizing radiation is radiation without enough energy to 
remove tightly bound electrons from their orbits around atoms. 
Examples are microwaves and visible light.

Energy

A measure of the potential to do work (sounds simple doesn’t it?).

First, some definitionsFirst, some definitions



Part I. Part I. 
CONCEPTS OF NUCLEAR AND CONCEPTS OF NUCLEAR AND 

RADIATION PHYSICSRADIATION PHYSICS



Nuclear Properties and Terminology

•• The atom consists mainly of three basic particles, The atom consists mainly of three basic particles, electronselectrons, , neutronsneutrons, and , and 
protonsprotons. . 

•• The nucleus contains protons, which have positive charge, and neThe nucleus contains protons, which have positive charge, and neutrons, utrons, 
which have no charge. which have no charge. 

•• Both the proton and neutrons have masses approximately 1836x thaBoth the proton and neutrons have masses approximately 1836x that of t of 
orbital electrons which are generally described as surrounding torbital electrons which are generally described as surrounding the nucleus, he nucleus, 
either as discrete particles, are part of an electron either as discrete particles, are part of an electron ‘‘cloudcloud’’..

Diameter of nucleus ~10Diameter of nucleus ~10--1212 cmcm
Diameter of atom ~10Diameter of atom ~10--8 8 cmcm

This model of the atom, though This model of the atom, though 
obviously simplistic, is sufficient for obviously simplistic, is sufficient for 
the purposes here.the purposes here.



Number of protons = Z, where Z is Number of protons = Z, where Z is 
called the called the ““atomic numberatomic number””

Number of neutrons = NNumber of neutrons = N

A = Z + N, where is the A = Z + N, where is the ““atomic massatomic mass””

XA
Z

A nuclide is an atom of a particular atomic mass AA nuclide is an atom of a particular atomic mass A
Nuclides are written as:             (where X is the chemical syNuclides are written as:             (where X is the chemical symbol)mbol)



Mass and energy equivalence of some nuclear particles
Particle Mass units ‘u’ moc2 (meV)

Electron 5.48597 x 10-4 0.511007

Neutron 1.008665 939.551

Proton 1.007277 938.258

Alpha particle 4.001506 3727.323

•• The nucleus contains about 99.75% of the mass of The nucleus contains about 99.75% of the mass of 
an atom.an atom.

•• 1 mass unit or 1 mass unit or ‘‘uu’’ is equivalent to 1/12 a is equivalent to 1/12 a 1212C atom.C atom.
•• The energy equivalent of that mass, determined as The energy equivalent of that mass, determined as 
E=mcE=mc22, is 1.49 x 10, is 1.49 x 10--1010 Joules (J) or 931 x 10Joules (J) or 931 x 1066 eVeV
(931 (931 MeVMeV).).



The actual mass of an atomic nucleus is always a little smaller The actual mass of an atomic nucleus is always a little smaller 
than the sum of the rest masses of all its nucleons (protons andthan the sum of the rest masses of all its nucleons (protons and
neutrons). neutrons). 

The reason is that some of the mass of the nucleons is changed The reason is that some of the mass of the nucleons is changed 
into energy to form the nucleus (and overcome the electrostatic into energy to form the nucleus (and overcome the electrostatic 
repulsion among like charges. repulsion among like charges. 

The energy required to assemble the separate parts into a whole The energy required to assemble the separate parts into a whole 
nucleus (or atom) is called thenucleus (or atom) is called the Binding EnergyBinding Energy. The higher the . The higher the 
binding energy, the more stable the nucleus is. binding energy, the more stable the nucleus is. 

The binding energy explains the source of the energy released byThe binding energy explains the source of the energy released by
radioactive decay processes. radioactive decay processes. That energy is of primary That energy is of primary 
importance to importance to dosimetrydosimetry. . 

Using the E=mcUsing the E=mc22 formulation, the formulation, the Binding EnergyBinding Energy can be written as difference in the sum of can be written as difference in the sum of 
the rest masses of the individual nucleons and the rest mass of the rest masses of the individual nucleons and the rest mass of the assembled nucleus:the assembled nucleus:

BE = [Zmp + (A-Z)mn – ] c2mA
Z



Get a 
curve of 
the 
binding 
energy…

Binding Energy varies with mass numberBinding Energy varies with mass number



Get 
a 
curv
e of 
the 
bindi
ng 
ener
gy…

NuclearNuclear
fusionfusion

NuclearNuclear
fissionfission



•• The process of The process of spontaneousspontaneous nuclear transformation occurs generally nuclear transformation occurs generally 
because of instability in the n:p ratio or because the atom is abecause of instability in the n:p ratio or because the atom is an excited n excited 
state following a previous transformation. state following a previous transformation. 

•• This transformation process is termed This transformation process is termed radionuclide decayradionuclide decay, , nuclear nuclear 
disintegrationdisintegration, or , or radioactivityradioactivity. . 

•• RadioactivityRadioactivity simply refers to the property of unstable atoms to simply refers to the property of unstable atoms to 
transform themselves and move to a more stable configuration.transform themselves and move to a more stable configuration.

•• The nuclear transformation process releases energy via photons oThe nuclear transformation process releases energy via photons or r 
emission of particles. The energy and/or particles released are emission of particles. The energy and/or particles released are loosely loosely 
termed termed radiationradiation. . 

Nuclear Decay Processes



Summary of radiation types and selected characteristicsSummary of radiation types and selected characteristics
Radiation 

Type
Charge Approximate 

energy range
Approximate range

In air In water
Primary 
Source

Energetic Particles

Alpha 
(2n+2p)

+2 3 to 9 MeV 2 to 8 cm 20 µm to 
100 µm

Some nuclei of 
high Z

Electron 
(beta, 
positron)

+ 1 0 to 3 MeV Up to 12 
m

Up to a few 
mm

Nuclei with high 
or low n/p ratio

Neutron 0 0 to 10 MeV Up to 100 
m

Up to 1 m Nuclear 
reactions

Electromagnetic Radiation

X ray None A few eV to 
several MeV

A few 
mm to 10 
m

Up to a few 
cm

Orbital electron 
transitions and 
Bremsstrahlung

Gamma ray None ~10 keV to 10 
MeV

A few cm 
to 100 m

From a few 
mm to 
several cm

Nuclear 
transitions



We will briefly discuss each decay process that leads to the We will briefly discuss each decay process that leads to the 
emission of radiation emission of radiation ……



All nuclei heavier than lead are unstable; most decay by alpha eAll nuclei heavier than lead are unstable; most decay by alpha emission.mission.

Another example is the Another example is the 
decay of decay of 241241Am, which Am, which 
itself is a product of the itself is a product of the 
decay of decay of 241241Pu:Pu:

Alpha decay

Energy released = QEnergy released = Qαα = 4.268 = 4.268 MeVMeV (KE of particle), t(KE of particle), t1/21/2 = 4.51 = 4.51 x 10x 10
99 yearsyears

α+→ 4
2

234
90

238
92 ThU

In alpha decay, 2p+2n leave the nucleus as a single In alpha decay, 2p+2n leave the nucleus as a single ‘‘alphaalpha’’ ((αα) particle. For ) particle. For 
example, natural uraniumexample, natural uranium--238 decays by alpha emission:238 decays by alpha emission:



Spontaneous fission
Some heavy nuclei can split (fission) into several smaller fragments plus 
neutrons. 

Nuclides that undergo spontaneous fission also are subject to alpha decay. In 
uranium-238, alpha decay is about 2 million times more probable than is 
spontaneous fission, whereas in fermium-256, 3 percent of the nuclei undergo 
alpha decay and 97 percent undergo spontaneous fission. 

The fission fragments are generally radioactive and decay by a chain of β
emissions toward stable nuclei. Example:



Beta decay involves a class of particles called ‘leptons’ which
include electrons (e-), positrons (e+), neutrinos (ν), and anti-
neutrinos ( ν ). Beta decay processes conserve lepton number 
as well as charge. 
 
In β decay, there are 3 processes: 

n → p + β- +  ν  (β- decay) 
p → n + β+ + ν   (β+ decay) 
p + e- → n + ν   (electron capture or ‘EC’)  

 

Beta (β) decay



Beta decay involves a class of particles called ‘leptons’ which
include electrons (e-), positrons (e+), neutrinos (ν), and anti-
neutrinos ( ν ). Beta decay processes conserve lepton number 
as well as charge. 
 
In β decay, there are 3 processes: 

n → p + β- +  ν  (β- decay) 
p → n + β+ + ν   (β+ decay) 
p + e- → n + ν   (electron capture or ‘EC’)  

 

Beta (β) decay



Negative beta decayNegative beta decay: the decay of a neutron into a proton, which remains in 
the nucleus, and an electron, which is emitted as a beta particle

e7
14
78

14
6 eNC ν++⇒

Negative beta decay



e10
18
89

18
9 eOF ν++⇒ +

Positive beta (positron) decay

Positive beta decayPositive beta decay:: the decay of a proton into a neutron, which remains in 
the nucleus, and a positive electron, which is emitted as a beta particle



Electron capture

e45
81
3644

81
37 KreRb ν+⇒+

Electron captureElectron capture: the capture of an electron by the nucleus, resulting in the 
loss of one proton and the creation of one neutron.



Nuclei can be in excited states following another type of transfNuclei can be in excited states following another type of transformation. ormation. 

Depending on the available energy, the atoms can emit heavy partDepending on the available energy, the atoms can emit heavy particles, icles, 
however, if the energy to be released is below the the binding ehowever, if the energy to be released is below the the binding energy of the nergy of the 
last n, p, or last n, p, or αα particle, the departicle, the de--excitation (or movement towards stability) can excitation (or movement towards stability) can 
be by emission of electromagnetic energy (i.e., a photon).be by emission of electromagnetic energy (i.e., a photon).

The emitted photon (usually called a The emitted photon (usually called a ‘‘gamma raygamma ray’’) has a characteristic ) has a characteristic 
wavelength determined by its energywavelength determined by its energy. For example, a 0.5 . For example, a 0.5 MeVMeV gamma photon gamma photon 
has a wavelength on the order of 50 nuclear diameters.has a wavelength on the order of 50 nuclear diameters.

Gamma Emission



Tcm99
43 Tc99

43

Example: decay of TechnetiumExample: decay of Technetium--99m (the primary radionuclide used in 99m (the primary radionuclide used in 
diagnostic nuclear medicine)diagnostic nuclear medicine)

Note that neither Z or A changes as a result of gamma emission.Note that neither Z or A changes as a result of gamma emission.

γ+→ TcTc 99
43

m99
43

Eγ = 142 keV, t1/2 = 6.02 hr



Understanding radioactivity….Understanding radioactivity….

Some things you should know:Some things you should know:

What are What are radionuclidesradionuclides??

What are their halfWhat are their half--lives?lives?

What are their origins?What are their origins?

Which of their properties are relevant to Which of their properties are relevant to dosimetrydosimetry??

What is activity?What is activity?

What is its units?What is its units?



Nuclides with identical Z are called Nuclides with identical Z are called ““isotopes.isotopes.””
Nuclides with identical A are called Nuclides with identical A are called ““isobars.isobars.””
Nuclides with identical N are called Nuclides with identical N are called ““istotonesistotones..””
A nuclide in an A nuclide in an ‘‘excitedexcited’’ (excess energy) state is called an (excess energy) state is called an ““isomericisomeric”” or or ““metastablemetastable”” state.state.

Some examples: 

Isotopes: I123
53 , I124

53 , I125
53 , I126

53 , I127
53 , I128

53 , I129
53 , I130

53 , I131
53 , I132

53  

Isobars: Sn131
50 , Sb131

51 , Te131
52 , I131

53 , Xe131
54 , Cs131

55  

Isotones: Cd125
48 , In126

49 , Sn127
50 , Sb128

51 , Te129
52  

Metastable state: Im130
53 (t1/2 = 9 min), Im132

53 (t1/2 = 1.4 hr), Bam137
56 (t1/2 = 2.5 min), 

XA
Z

•• A nuclide is an atom of a particular atomic mass AA nuclide is an atom of a particular atomic mass A
•• Nuclides are written as:             (where X is the chemical syNuclides are written as:             (where X is the chemical symbol)mbol)
•• A radionuclide is a nuclide which is unstable against radioactivA radionuclide is a nuclide which is unstable against radioactive e 

decay.decay.

REMINDER

# protons = Z where Z is called the ‘atomic number.’

# neutrons = N

A = Z + N, where is the ‘atomic mass.’



•• There are about 330 nuclides found in nature. There are about 330 nuclides found in nature. 

•• About 25 are unstable but with sufficiently long halfAbout 25 are unstable but with sufficiently long half--lives to half survived from lives to half survived from 
the formation of the earth until now. the formation of the earth until now. 

•• Another 35 have shorter halfAnother 35 have shorter half--lives but are being continuously produced by the lives but are being continuously produced by the 
decay of parent nuclides. decay of parent nuclides. 

•• About 1000 artificially produced nuclides have been discovered. About 1000 artificially produced nuclides have been discovered. Artificially Artificially 
produced nuclides with Z>92 (uranium) have been produced by bombproduced nuclides with Z>92 (uranium) have been produced by bombarding arding 
smaller atoms with neutrons and/or smaller atoms with neutrons and/or αα particles. particles. 

••Those artificially produced elements beyond U are called Those artificially produced elements beyond U are called ‘‘transuranicstransuranics..’’

•• Possibly the most important Possibly the most important transuranicstransuranics is is 239239Pu which is produced by Pu which is produced by 
bombardment of bombardment of 238238U with neutrons. PlutoniumU with neutrons. Plutonium--239 can be induced to fission 239 can be induced to fission 
and thus constitutes the primary fuel for fissionand thus constitutes the primary fuel for fission--type nuclear weapons. type nuclear weapons. 

•• Exposure to Exposure to transuranicstransuranics is generally related to activities associated with the is generally related to activities associated with the 
nuclear weapons program. The importance of nuclear weapons program. The importance of transuranicstransuranics to doses received to doses received 
from nuclear power is usually minor.from nuclear power is usually minor.

RadionuclidesRadionuclides: some important points: some important points::
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Each family begins with a parent radionuclide that decays througEach family begins with a parent radionuclide that decays through a h a 
number of progeny nuclides to a final stable nuclide. number of progeny nuclides to a final stable nuclide. 

The transition between each successive nuclide is by one (or morThe transition between each successive nuclide is by one (or more) of the e) of the 
decay processes just discussed: primarily alpha and beta decay. decay processes just discussed: primarily alpha and beta decay. 

Two series are important: Two series are important: 238238U and U and 232232Th:Th:
The uranium series begins with The uranium series begins with 238238U and ends with U and ends with 206206Pb.Pb.
The thorium series begins with The thorium series begins with 232232Th and ends with the stable nuclide Th and ends with the stable nuclide 
208208Pb. Pb. 

The most important nuclide in these series, in terms of public eThe most important nuclide in these series, in terms of public exposure, is xposure, is 
222222 RnRn (radon(radon--222).222).

There are 4 families of naturally occurring There are 4 families of naturally occurring radionuclidesradionuclides..



U-238 series Th-232 series

radon



The unit of radioactivity historically was the Curie and was defThe unit of radioactivity historically was the Curie and was defined to be ined to be 
equal to the disintegration rate of 1 gm of equal to the disintegration rate of 1 gm of 226226Ra, or 3.7 Ra, or 3.7 xx 10101010 disintegrations disintegrations 
per second (d/s). per second (d/s). 

You can have subunits of You can have subunits of mCimCi (10(10--33 CiCi), ), µµCiCi (10(10--66 CiCi), ), nCinCi (10(10--99 CiCi), ), pCipCi (10(10--1212

CiCi), etc.), etc.

All other nuclides also used the definition of 3.7 All other nuclides also used the definition of 3.7 xx 10101010 d/s to define a d/s to define a CiCi..

The units of radioactivity in the international system of units The units of radioactivity in the international system of units (SI units) is the (SI units) is the 
Becquerel (Becquerel (BqBq) which is simply equal to 1 d/s. Hence, 1 ) which is simply equal to 1 d/s. Hence, 1 BqBq ≈≈ 27 27 pCipCi..

In an ensemble of atoms of a single nuclide, the number of atomsIn an ensemble of atoms of a single nuclide, the number of atoms that decay that decay 
in a unit time interval is proportional to the number available.in a unit time interval is proportional to the number available. Hence, the rate Hence, the rate 
of decay is exponential: of decay is exponential: 

N(t) = N(t) = NNooee--λλtt

where where λλ is a constant = logis a constant = logee(2)/half(2)/half--lifelife

“Activity” is simply a measure of the rate of decay (i.e., spontaneous disintegration) 
of the atoms of a nuclide.



HalfHalf--life is the length of time for half of the atoms of a given nucllife is the length of time for half of the atoms of a given nuclide to ide to 
decay. decay. 

The halfThe half--life a unique characteristic of each nuclide.life a unique characteristic of each nuclide.

HalfHalf--lives range from millionths of a second to millions of years.lives range from millionths of a second to millions of years.

Note that the halfNote that the half--life also determines the rate at which the nuclide releases life also determines the rate at which the nuclide releases 
energy, thus, doses received from individual nuclides within a uenergy, thus, doses received from individual nuclides within a unit time are nit time are 
a function of the halfa function of the half--life (as well as the energy released in each decay).life (as well as the energy released in each decay).

Half-Life



Radionuclides are thus uniquely distinguished by:

Half-life
Type of radiations emitted
Energy of emitted radiations

The number of atoms of the nuclide determines the “activity” at any 
moment.

The “radiation dose” that a nuclide can deliver is determined, in part, by all 
of these factors.



Part II. Part II. 
INTERACTIONS OF RADIATION AND MATTERINTERACTIONS OF RADIATION AND MATTER



To develop a means to estimate radiation dose (i.e., the energy To develop a means to estimate radiation dose (i.e., the energy absorbed absorbed 
by tissue), one needs to understand the processes by which radiaby tissue), one needs to understand the processes by which radiation tion 
interacts with tissue interacts with tissue -- as it those interactions that result in the transfer of as it those interactions that result in the transfer of 
energy to the tissue.energy to the tissue.

NowNow……a discussion of the interactions of a discussion of the interactions of 
ionizing radiation with matterionizing radiation with matter



TYPE OF COLLISION INCIDENT 
RADIATION 

IN 
COLLISION 

WITH ELASTICa INELASTICb COMPLETE 
ABSORPTION 

Alpha Nucleus Rutherford Bremsstrahlung Transmutation 
 Orbital 

electron 
(negligible) Ionization and 

excitation 
None 

Electrons (β- and 
β+) 

Nucleus Rutherford 
scattering 

Bremsstrahlung Electron capture 

 Orbital 
electron 

Causes some 
scattering 

Ionization and 
excitation 
(characteristic x 
rays) 

Annihilation (for 
positrons) 

Neutrons Nucleus Recoil with 
moderation of 
neutrons 

Resonance 
scattering 

Radio-activation 
and other nuclear 
reactions 

 Orbital 
electron 

(negligible) (negligible) None 

Photons (x and 
gamma rays) 

Nucleus Thomson 
scattering 

Mossbauer effect Photo-
disintegration 

 Orbital 
electron 

Rayleigh 
scattering 

Compton effect Photoelectric 
effect and 
internal 
conversion 

 Field Delbruck 
scattering 

(negligible) Pair production 

aelastic collisions are those where the total kinetic energy is conserved. 
binelastic collisions are those where the total kinetic energy is not conserved 
 

Types of interactions of ionizing radiation with matterTypes of interactions of ionizing radiation with matter
(most important processes in blue)(most important processes in blue)

Most commonly thought of

sometimes thought of

rarely thought of

Probably the most important



Understanding how radiation interaction with matter leads to an Understanding how radiation interaction with matter leads to an 
understanding of the why different types of radiation have understanding of the why different types of radiation have 
greater penetrating power and how to protect against each type greater penetrating power and how to protect against each type 
of radiation.of radiation.

Penetrating power: Gamma rays > Penetrating power: Gamma rays > ββ particles  > particles  > αα particlesparticles



•• Photon beams interact with the matter through which they pass anPhoton beams interact with the matter through which they pass and d 
consequently, the beam is attenuated. consequently, the beam is attenuated. 

•• These interactions attenuate the beam as well as deliver energy These interactions attenuate the beam as well as deliver energy to the to the 
matter through which the particles pass. It is that energy that matter through which the particles pass. It is that energy that is the is the 
concern of concern of dosimetrydosimetry. . 

•• There are a variety of types of interactions for photons, howeveThere are a variety of types of interactions for photons, however, there r, there 
are 3 phenomenon that are of primary importance in radiation are 3 phenomenon that are of primary importance in radiation dosimetrydosimetry::

Photoelectric absorption, Photoelectric absorption, 
Incoherent (Compton) scattering, Incoherent (Compton) scattering, 
Pair production.Pair production.

•• The likelihood of each of these phenomenon taking place is depenThe likelihood of each of these phenomenon taking place is dependent on dent on 
a number of factors, in particular, the energy of the incident pa number of factors, in particular, the energy of the incident photons and hotons and 
the Z of the irradiated material. the Z of the irradiated material. 

•• The degree to which photon beams are attenuated, and the degree The degree to which photon beams are attenuated, and the degree to to 
which each interaction type contribute to the tissue dose can bewhich each interaction type contribute to the tissue dose can be
calculated using the (incident) energy and Z dependent calculated using the (incident) energy and Z dependent ““crosscross--sectionsection””
data that are available in tables. data that are available in tables. 

Photon (x and γ ray) radiation



This process completely removes the incident photon. 

The photon is absorbed by an atom, and an electron is ejected with kinetic energy 
(KE) from the atom: 

KE = Ei – BI (Ei is the incident photon energy, BE is the binding energy of 
the atomic shell from which the electron is ejected)

Photoelectric EffectPhotoelectric Effect

The cross-section (τ) is proportional to Zm/Ei
n where m is ~4 and n ~3.



The photoelectric effect was such an The photoelectric effect was such an 
important discovery, that Albert important discovery, that Albert 
Einstein was awarded the Nobel Prize Einstein was awarded the Nobel Prize 
in 1921 for his 1905 discovery.in 1921 for his 1905 discovery.



Named for nuclear physicist Arthur Compton, this process describNamed for nuclear physicist Arthur Compton, this process describes the es the 
scattering between an incident photon and an atomic electron. scattering between an incident photon and an atomic electron. 

The incident photon is not completely absorbed but rather scatteThe incident photon is not completely absorbed but rather scattered out of the red out of the 
incident beam with a reduced energy (or conversely, with an incrincident beam with a reduced energy (or conversely, with an increased eased 
wavelength). An electron is also ejected.wavelength). An electron is also ejected.

Compton Scattering (Compton Effect)Compton Scattering (Compton Effect)

The Compton crossThe Compton cross--section section increases rapidly with increasing Z, and increases rapidly with increasing Z, and 
decreases with increasing energy, approximately as 1/Edecreases with increasing energy, approximately as 1/Eii

22..

Multiple interactions (scattering events) are likely for the samMultiple interactions (scattering events) are likely for the same incident photon.e incident photon.



The incident photon disappears and an electron and positron (positive electron) 
pair are created with a total energy equal to the energy of the incident photon. 

Pair production can only take place when the incident photon energy exceeds the 
energy equivalent of the rest mass of the electron/positron pair, i.e., Ei must > 
2moc2 or 1.02 MeV.

Pair ProductionPair Production

The crossThe cross--section section increases ~Zincreases ~Z22 and ~and ~ln(Eln(Eii).).



Interaction at low Interaction at low 
photon energiesphoton energies

Interaction at Interaction at 
intermediate intermediate 
photon energiesphoton energies

Interaction at high Interaction at high 
photon energiesphoton energies

SUMMARY OF 

SUMMARY OF 

PHOTON 
PHOTON 

INTERACTIONS

INTERACTIONS





Mass absorption coefficients for each type of interaction also sMass absorption coefficients for each type of interaction also show the how the 
importance of the processes as a function of the incident photonimportance of the processes as a function of the incident photon energy.energy.



What happens to those What happens to those electronselectrons??

TYPE OF COLLISION INCIDENT 
RADIATION 

IN 
COLLISION 

WITH ELASTICa INELASTICb COMPLETE 
ABSORPTION 

Alpha Nucleus Rutherford Bremsstrahlung Transmutation 
 Orbital 

electron 
(negligible) Ionization and 

excitation 
None 

Electrons (β- and 
β+) 

Nucleus Rutherford 
scattering 

Bremsstrahlung Electron capture 

 Orbital 
electron 

Causes some 
scattering 

Ionization and 
excitation 
(characteristic x 
rays) 

Annihilation (for 
positrons) 

Neutrons Nucleus Recoil with 
moderation of 
neutrons 

Resonance 
scattering 

Radio-activation 
and other nuclear 
reactions 

 Orbital 
electron 

(negligible) (negligible) None 

Photons (x and 
gamma rays) 

Nucleus Thomson 
scattering 

Mossbauer effect Photo-
disintegration 

 Orbital 
electron 

Rayleigh 
scattering 

Compton effect Photoelectric 
effect and 
internal 
conversion 

 Field Delbruck 
scattering 

(negligible) Pair production 

aelastic collisions are those where the total kinetic energy is conserved. 
binelastic collisions are those where the total kinetic energy is not conserved 
 

Note that the single common outcome of the photon interactions iNote that the single common outcome of the photon interactions in n 
materials was the release of materials was the release of electronselectrons! ! 



•• Particles, unlike photons, have mass, and some have Particles, unlike photons, have mass, and some have 
charge.charge.

•• Hence, the processes that govern what happens to Hence, the processes that govern what happens to 
particles differ from those than govern what happens to particles differ from those than govern what happens to 
photonsphotons

•• Understanding particle interactions in matter (e.g., tissue) Understanding particle interactions in matter (e.g., tissue) 
is the last major requirement to understanding the  is the last major requirement to understanding the  
phenomenon that contribute to radiation dose.phenomenon that contribute to radiation dose.

PARTICLE 

PARTICLE 

INTERACTIONS

INTERACTIONS



The electrons released by photon interactions will eventually stThe electrons released by photon interactions will eventually stop because op because 
each Coulomb interaction results in a transfer of energy to atomeach Coulomb interaction results in a transfer of energy to atomic electrons ic electrons 
of the material irradiated. of the material irradiated. 

The processes that slow down the incident particles are of imporThe processes that slow down the incident particles are of importance tance 
to the theory of radiation to the theory of radiation dosimetrydosimetry because it is those processes that because it is those processes that 
impart energy to the material irradiated.impart energy to the material irradiated.

Particles (except for neutrons) are charged and cause atomic ionParticles (except for neutrons) are charged and cause atomic ionization or ization or 
excitation as they move through matter as a result of Coulomb foexcitation as they move through matter as a result of Coulomb forces (repulsion of rces (repulsion of 
like electric charges).like electric charges).



Remember that electrons are released by all photon interactions Remember that electrons are released by all photon interactions and and 
from from ββ decay and will be moving in the tissue with some kinetic energydecay and will be moving in the tissue with some kinetic energy..

Coulomb interactions with neighboring atoms will gradually slow Coulomb interactions with neighboring atoms will gradually slow them them 
down.down.

An approximation to the energy loss for electrons per unit distaAn approximation to the energy loss for electrons per unit distance in nce in 
matter is matter is 

––dE/dxdE/dx =e=e44NZ/8NZ/8πεπεoo
22mmoovv22 [log[logee ……..]  ..]  

Note the energy loss is proportional to Note the energy loss is proportional to ee (electron charge), and electron (electron charge), and electron 
density (NZ) of the material. density (NZ) of the material. 

The important point is the electrons cause ionization and excitaThe important point is the electrons cause ionization and excitation and tion and 
as they lose their energy in the material, the as they lose their energy in the material, the ““dosedose”” is delivered.is delivered.

Electrons



Charged particles (e.g. electrons) when (de)accelerated in the eCharged particles (e.g. electrons) when (de)accelerated in the electric field of the lectric field of the 
nucleus or of the orbital electrons will radiate energy, known anucleus or of the orbital electrons will radiate energy, known as s ““brakingbraking”” or or 
““brehmsstrahlungbrehmsstrahlung”” radiation. radiation. 

The radiation loss is proportional to the kinetic energy (K.E.) The radiation loss is proportional to the kinetic energy (K.E.) of the incident of the incident 
electron:  electron:  --dE/dxdE/dx ≈≈ Z e KE.Z e KE.

Electrons not only cause ionization…but also re-radiate some energy 
through BrehmsstrahlungBrehmsstrahlung

BrehmsstrahlungBrehmsstrahlung is the mechanism used in medicine to produce xis the mechanism used in medicine to produce x--rays rays 
for diagnosis and treatmentfor diagnosis and treatment



BrehmsstrahlungBrehmsstrahlung is the is the 
mechanism used to mechanism used to 
generate xgenerate x--rays for medical rays for medical 
use.use.

Typical xTypical x--ray spectrum ray spectrum 
(example is for 150 (example is for 150 keVkeV
peak)peak)



What about the interactions of other What about the interactions of other 
types of particles with matter?types of particles with matter?



Alpha particles are relatively heavy (~7300x that of electron) aAlpha particles are relatively heavy (~7300x that of electron) and have 2 units nd have 2 units 
of charge, thus, they have much shorter rangeof charge, thus, they have much shorter range……because each because each ColoumbColoumb
interaction is greater.interaction is greater.

The range can be determined from the energy lost per unit distanThe range can be determined from the energy lost per unit distance ce ‘‘xx’’::

dE/dxdE/dx = 3.80 x 10= 3.80 x 10--2525 (N Z / E(N Z / Eαα) ln(548 E) ln(548 Eαα / I)/ I) MeV/MeV/µµmm

EEαα is the alpha particle energy (is the alpha particle energy (MeVMeV))
I is the average ionization potential of absorbing atoms (I is the average ionization potential of absorbing atoms (eVeV))
NZ is the electron density (1/cmNZ is the electron density (1/cm33))

Typical range of alpha particles in tissue is 40 Typical range of alpha particles in tissue is 40 µµm. This explains why alpha m. This explains why alpha 
particles are normally only a hazard of particles are normally only a hazard of ““internal emitters.internal emitters.””

Alpha particles



The processes for slowing of neutrons in matter is the reverse oThe processes for slowing of neutrons in matter is the reverse of that of f that of 
charged particles. charged particles. 

Because neutrons are of neutral charge, there is no Coulomb inteBecause neutrons are of neutral charge, there is no Coulomb interaction. raction. 

Neutrons are primarily slowed as a result of Neutrons are primarily slowed as a result of ‘‘collisionscollisions’’ and scattering from and scattering from 
nuclei and are eventually absorbed in by the nuclei in neutronnuclei and are eventually absorbed in by the nuclei in neutron--capture capture 
reactions.reactions.

In elastic scattering (this is where the kinetic energy is conseIn elastic scattering (this is where the kinetic energy is conserved through the rved through the 
collision), the maximum energy (collision), the maximum energy (QQmaxmax) that a particle of mass M and energy E ) that a particle of mass M and energy E 
can transfer to a free particle of mass m iscan transfer to a free particle of mass m is

QQmaxmax = 4mM/(M+m)= 4mM/(M+m)22

Since neutrons and protons have near equal mass, large energy trSince neutrons and protons have near equal mass, large energy transfers are ansfers are 
possible in proton rich material, e.g., water or tissue. Less enpossible in proton rich material, e.g., water or tissue. Less energy is ergy is 
transferred (per collision) to transferred (per collision) to 1212C or heavier atoms (because their mass m is C or heavier atoms (because their mass m is 
larger).larger).

Neutrons



Not all energy is transferred, however, in all neutron interactions. 
There is a distribution of energy transferred per interaction and multiple 
interactions may be necessary before the neutron is ‘thermalized’ (moving at 
speeds representative of typical thermal energy, i.e. within the ‘eV’ range) 
where the neutron can be captured by a nucleus.

A common neutron capture reaction is:  1H (n, γ) 2H  which releases a 2.22 MeV γ
photon that can irradiate surrounding tissue.

Another neutron capture reaction is: 23Na(n, γ)24Na results in the production of 
24Na which is radioactive (t1/2 = 15 hr). 

24Na releases 2 γ’s, one each of 1.37 and 2.75 MeV. This ‘activation’ of 
sodium in human blood can be used to indicate personnel exposures after a 
criticality accident.



Photons

• Not charged
• Zero rest mass
• V = c
• No Coulomb force
• Random and rare interactions
• Infinite range (in theory)

Comparing Interactions of Photons and 
Other Charged Particles

Electrons

• Charged
• Finite mass
• V < c
• Coulomb force
• Continuous interactions
• Finite range



Part III. 
CONCEPTS OF RADIATION DOSIMETRY



DosimetryDosimetry is not a basic science, but is simply applied physics.is not a basic science, but is simply applied physics.

The primary goal goal of radiation The primary goal goal of radiation dosimetrydosimetry in the context of this lecture is in the context of this lecture is 
a quantitative estimation of the absorption of energy in tissue.a quantitative estimation of the absorption of energy in tissue.

To make estimates of radiation dose (i.e., the energy absorbed bTo make estimates of radiation dose (i.e., the energy absorbed by tissue), y tissue), 
one needs to understand the processes by which radiation interacone needs to understand the processes by which radiation interacts with ts with 
tissue as it those interactions that result in the transfer of etissue as it those interactions that result in the transfer of energy to the nergy to the 
tissue.tissue.

TAKE NOTE:



There are several different types of interactions, but all resulThere are several different types of interactions, but all result in either t in either 
releases of electrons or photonsreleases of electrons or photons

Because not all of the energy from an incident particle or photoBecause not all of the energy from an incident particle or photon is n is 
absorbed in a single interaction, absorbed in a single interaction, radiation exposure causes a cascade of radiation exposure causes a cascade of 
events before all of the incident energy is absorbedevents before all of the incident energy is absorbed..

What did we learn from the discussion on interactions of 
radiation with matter?

Suppose 1 Suppose 1 MevMev photons are incident on carbon (as a photons are incident on carbon (as a 
simulation of tissue). Let’s see what happens inside the simulation of tissue). Let’s see what happens inside the 
material from the exposurematerial from the exposure

Example:



20 cm radius target, 30 cm deep
Photons and electrons calculated by SLAC EGS code.

Incident 1 Mev photons (n=100)



20 cm radius target, 30 cm deep
Photons and electrons calculated by SLAC EGS code.

Electrons producedScattered photons

Incident 1 Mev photons (n=100)



Interactions are random on a micro-scale but 
result in a predictable average ionization

1st 100 photons 2nd 100 photons



Three physical quantities are basic to radiation Three physical quantities are basic to radiation dosimetrydosimetry of photon beams: of photon beams: 
exposureexposure, , 
kermakerma, and , and 
absorbed doseabsorbed dose. . 

The The conventional unitsconventional units for these quantities were:for these quantities were:
•• Roentgen (R) for exposure (amount of ionizing xRoentgen (R) for exposure (amount of ionizing x--ray exposure that would ray exposure that would 

liberate 1 electrostatic unit of negative or positive charge perliberate 1 electrostatic unit of negative or positive charge per cmcm33 of air)of air)

•• radrad for for kermakerma and absorbed dose (where 100 erg/g = 1 and absorbed dose (where 100 erg/g = 1 radrad))

The The International System of Units (SI)International System of Units (SI) uses:uses:
Coulomb per kilogram (C/kg) for exposure (2.58 x 10Coulomb per kilogram (C/kg) for exposure (2.58 x 10--4 C/kg = 1 R) and4 C/kg = 1 R) and
joule per kilogram for joule per kilogram for kermakerma and absorbed dose  (1 and absorbed dose  (1 GyGy = 1 j/kg)= 1 j/kg)

The special name for the joule per kilogram is the Gray. The SI The special name for the joule per kilogram is the Gray. The SI system has no system has no 
special name for units of exposure.special name for units of exposure.

Radiation Dose Quantities and Units



First, First, ‘‘exposureexposure’’ is a sometimes useful, but somewhat outdated concept.is a sometimes useful, but somewhat outdated concept.

The The ‘‘exposureexposure’’ X is defined as:X is defined as:

X = X = dQdQ/dm/dm

where where dQdQ is the absolute value of the total charge of one sign produced is the absolute value of the total charge of one sign produced in air in air 
within the volume element dm as a result of ionization of the aiwithin the volume element dm as a result of ionization of the air.r.

Units: Roentgen (conventional) Units: Roentgen (conventional) 
or C/kg (coulomb per kilogram or C/kg (coulomb per kilogram 
of air, SI units).of air, SI units).

ExposureExposure

(the technical definition in radiation dosimetry, not the generic meaning of “being 
in contact with…”)



The ‘kerma’ (‘kinetic energy released in medium’) K is defined as: 

K = k1 (dEtr/dm)

where dEtr is the sum of the initial kinetic energies of the charged particles 
liberated by the photons (photons are often called ‘indirectly ionizing particles’
whereas electrons are called ‘directly ionizing’ particles) in the volume 
element. 

Units: joule/kg (SI with special name Gray), erg/gm (conventional with special 
name rad)

Kerma is closely related, but not exactly 
the same as absorbed dose

KERMAKERMA



Incoming radiation

Surface of tissueSurface of tissue

inside of tissueinside of tissue

Kerma = dose (region where 
number of secondary electrons 
entering equals those leaving)

Kerma > dose



Fundamental to understanding ‘absorbed dose’ is the concept of the 
‘energy imparted’, ε , within a volume: 

ε = Rin – Rout +ΣQ

where,

Rin is the incident energy on the volume, i.e., the sum of the energies 
(including ‘rest energies’) of the charged and uncharged ionizing 
particles that enter the volume,

Rout is the energy emerging from the volume, i.e., the sum of the 
energies (including ‘rest energies’) of the charged and uncharged 
ionizing particles that leave the volume,

ΣQ is the sum of the all changes of the rest mass energy of the nuclei 
and particles in any interactions which occur in the volume.



D

D = k1

The absorbed dose  D is:

where  dε is the mean (average) energy imparted by ionizing radiation to matter in 
a volume element dm. As the volume approaches zero, the absorbed dose is 
defined at that point. 

dm
εd

Note: The coefficient k1 has the value of 1.0 for SI absorbed dose units 
(joule/kg with the special name of Gray [Gy]) and a value of 100 for 
conventional dose units (ergs/gram with the special name of rad).

D = k1



For small volumes, there is statistical variation of the absorbed dose since the 
likelihood of interaction per unit distance is characterized by a probability. 

The stochastic (random) variation of absorbed dose as a function of 
volume is shown here.

When averaged over the mass of an organ, the When averaged over the mass of an organ, the ‘‘absorbed doseabsorbed dose’’ is is 
probably the most useful measure of radiation dose for epidemiolprobably the most useful measure of radiation dose for epidemiologic ogic 
studies.studies.



Up to this point, weUp to this point, we’’ve discussed ve discussed dosimetrydosimetry on a theoretical level, on a theoretical level, 
emphasizing the processes leading to the release and absorption emphasizing the processes leading to the release and absorption of of 
energy.energy.

However, However, dosimetrydosimetry, for the purposes of epidemiologic studies, , for the purposes of epidemiologic studies, 
depends primarily on the application of the principles discusseddepends primarily on the application of the principles discussed..



•• ‘‘internal internal dosimetrydosimetry’’ where the energy delivered to tissue from sources where the energy delivered to tissue from sources 
within the body, e.g., within the body, e.g., radionuclidesradionuclides, and, and

•• ‘‘external external dosimetrydosimetry’’ where the energy delivered to tissue originates from where the energy delivered to tissue originates from 
sources of radiation outside the body.sources of radiation outside the body.

Though there are specific techniques in Though there are specific techniques in 
dosimetrydosimetry for medical, occupational, and/or for medical, occupational, and/or 
environmental exposures, environmental exposures, the basic the basic 
physics remains the same.physics remains the same.

Applied Applied dosimetrydosimetry can be loosely subdivided into:can be loosely subdivided into:



Almost all of the differences in medical, occupational, and enviAlmost all of the differences in medical, occupational, and environmental ronmental 
dosimetrydosimetry can be attributed to:can be attributed to:

•• Differences in the sources of the radiation, and Differences in the sources of the radiation, and 

•• Whether the amount received by individuals was completely controWhether the amount received by individuals was completely controlled, as lled, as 
in medical exposures, in medical exposures, 

•• Was received with moderate control but with some monitoring (typWas received with moderate control but with some monitoring (typical of ical of 
occupational exposures), or occupational exposures), or 

•• Was received with no control and no monitoring on the individualWas received with no control and no monitoring on the individual level level 
(typical of environmental exposures).(typical of environmental exposures).

The major technical challenge of The major technical challenge of dosimetrydosimetry for epidemiologic purposes is for epidemiologic purposes is 
not in the physics of radiation interactions (something already not in the physics of radiation interactions (something already well well 
understood), but in determining how much of the radioactive mateunderstood), but in determining how much of the radioactive material rial 
and/or the radiation the individual was exposed to.and/or the radiation the individual was exposed to.



DosimetryDosimetry + Exposure Assessment = Dose Assessment+ Exposure Assessment = Dose Assessment

DosimetryDosimetry for purposes of epidemiologic studies requires both for purposes of epidemiologic studies requires both 
the concepts of physics and the concepts of exposure analysis. the concepts of physics and the concepts of exposure analysis. 



Part IV. Part IV. 
SOME EXAMPLE PROBLEMSSOME EXAMPLE PROBLEMS

(only physics, not exposure assessment)(only physics, not exposure assessment)



Problem #1: What is the temperature rise in water that results from 1 Gy of 
radiation dose?

1 1 GyGy = 1 Joule/kg.= 1 Joule/kg.

A calorie = 4.18 J. Therefore,A calorie = 4.18 J. Therefore,

1 1 GyGy = 1 J/kg = 1 J/kg xx 1 kg/1000 g 1 kg/1000 g xx 1 calorie/4.18 J  = 2.4 x 101 calorie/4.18 J  = 2.4 x 10--66 cal/gcal/g

The energy required to change the temperature of water is calledThe energy required to change the temperature of water is called the the 
specific heatspecific heat and is equal to 1 cal/gm of Hand is equal to 1 cal/gm of H22O per O per ooCC..

Hence, the temperature rise is only 2.4 Hence, the temperature rise is only 2.4 xx 1010--66 ooCC !!



Problem #2: What is the dose rate in air at 1 m distance from a 1 Ci (Curie) 
point source of 137Cs? (Note: 1 Ci = 3.7 x 1010 dis/sec)

Cesium-137 decays by releasing a 0.662 MeV gamma ray in 85% of the 
disintegrations. Thus, the energy fluence ψ (energy per area) would be:

ψ = [(0.662 MeV/dis) x 0.85 x 3.7 x 1010 dis/s] / [4 π (100 cm)2 ]
= 1.66 x 105 Mev/(cm2 s)

Dair = ψ (µen / ρ) 

= 1.66 x 105 Mev/(cm2 s) x (0.027 cm2/g) = 4.47 x 103 Mev/(g s) 

Dair = 4.47 x 103 Mev/(g s) x 1.6 x 10-13 J/MeV
= 7.2 x 10-7 J/(kg s) 
= 7.2 x 10-7 Gy/s
= 7.2 x 10-7 Gy/s x 3600 s/hr 
= 2.58 x 10-3 Gy/hr 
= 2.6 mGy/hr

Now, convert to joules and kg, then to Gy

Note that cesiumNote that cesium--137 also emits 137 also emits 
beta particles but those would beta particles but those would 
generally be removed by the source generally be removed by the source 
encapsulation.encapsulation.



A 2.75 MeV photon is incident on a 20 g mass of tissue and causes 
a cascade of energy transfer events.
Problem #3:

At point A, Compton scattering creates a 1.65 Compton photon and 1.1 Mev
electron.
At point B, the 1.1 MeV electron creates a 0.6 MeV Bremsstrahlung photon 
before coming to rest at point C.
At point D, the 1.65 MeV Compton photon is scattered again creating a 0.65 
Compton and 1.0 Mev electron.
The photon escapes but the electron deposits 40% of its energy before exiting 
the tissue.
What is the kerma and absorbed dose averaged over the tissue?

A

B C

D

2.75 MeV

20 g

0.6 MeV
Bremsstrahlung
photon

0.65 MeV
Compton
photon

1.0 MeV
Compton e -

1.1 MeV
Compton
e -

1.65 MeV
Compton
photon

0.5 MeV e -



The kerma, K = dEtr/dm, 
where Etr is the sum of the kinetic energies of the charged particles liberated by 
uncharged ionizing radiation:

KermaKerma = 2.1 = 2.1 MeVMeV / 20 g / 20 g 
= 105 = 105 MevMev/kg/kg
= 1.05 = 1.05 MeV/gMeV/g xx (1.6 x 10(1.6 x 10--1313 J/J/MeVMeV) ) 
= 1.7 x 10= 1.7 x 10--1111 J/kg J/kg 
= 1.7 x 10= 1.7 x 10--1111 GyGy

ee11 = 2.75 = 2.75 MeVMeV -- 1.65 1.65 MevMev == 1.1 1.1 MevMev
ee22 = 1.65 = 1.65 MeVMeV -- 0.6 0.6 MevMev = = 1.0 1.0 MevMev

Total = 2.1 Total = 2.1 MeVMeV

A

B C

D

2.75 MeV

20 g

0.6 MeV
Bremsstrahlung
photon

0.65 MeV
Compton
photon

1.0 MeV
Compton e-

1.1MeV
Compton
e -

1.65 MeV
Compton
photon

0.5 MeV e -



The electron e1 is 1.1 MeV, but loses a 0.6 MeV photon that escapes. 
Therefore, the tissue absorbs 0.5 MeV. 

The electron  e2 is 1.0 MeV, but the target only absorbs 0.4 Mev of its 
energy. 

Therefore, the total dose is:Therefore, the total dose is:
D = (0.5 + 0.4 MeV)/20 gD = (0.5 + 0.4 MeV)/20 g

= 45 = 45 MeVMeV/kg/kg
= 45 = 45 MevMev/kg (1.6 x 10/kg (1.6 x 10--1313 J/J/MevMev))
= 7.2 x 10= 7.2 x 10--1212 GyGy.. (note: the absorbed dose is about 42% of the (note: the absorbed dose is about 42% of the kermakerma))

To determine the absorbed dose, the energy absorbed in the tissue must be 
summed:

A

B C

D

2.75 MeV

20 g

0.6 MeV
Bremsstrahlung
photon

0.65 MeV
Compton
photon

1.0 MeV
Compton e -

1.1 MeV
Compton
e -

1.65 MeV
Compton
photon

0.5 MeV e -



CLOSING REMARKS…specifically for CLOSING REMARKS…specifically for 
epidemiologistsepidemiologists

All doses are not created equal !



shallow dose, shallow dose, 
deep dose, deep dose, 

deep equivalent dose, deep equivalent dose, 
absorbed dose, absorbed dose, 

dose equivalent, dose equivalent, 
equivalent dose, equivalent dose, 

effective dose, effective dose, 
effective dose equivalent, effective dose equivalent, 

committed dose, committed dose, 
committed effective dose, committed effective dose, 

committed effective dose equivalent, etc.committed effective dose equivalent, etc.

CLOSING REMARKS…specifically for CLOSING REMARKS…specifically for 
epidemiologistsepidemiologists

There are a variety of ‘types’ of doses used in the literature including:



•• Be wary of the many convoluted doseBe wary of the many convoluted dose--related terms and dose estimates available related terms and dose estimates available 
in historical literature, particularly if no contact with the orin historical literature, particularly if no contact with the original investigators has iginal investigators has 
been made. been made. 

•• Understand that:Understand that:
•• Some dose estimates serve purposes that are probably not of intSome dose estimates serve purposes that are probably not of interest to you, erest to you, 

such as for establishing compliance in radiation protection actisuch as for establishing compliance in radiation protection activities, etc. vities, etc. 

•• Some dose estimates may have been calculated by methods, modelsSome dose estimates may have been calculated by methods, models, or with , or with 
definitions that are no longer in use or accepted.definitions that are no longer in use or accepted.

•• Doses may be averages over multiple organs or weighted by factoDoses may be averages over multiple organs or weighted by factors rs 
unknown to you or are irrelevant to you. unknown to you or are irrelevant to you. 

•• Dose estimates other than Dose estimates other than organ absorbed doseorgan absorbed dose will likely not be what is needed will likely not be what is needed 
for your research purposes. for your research purposes. 

•• Stick with Stick with GyGy (or (or radrad) in epidemiology.) in epidemiology.

•• When collaborating with other scientists who might not appreciatWhen collaborating with other scientists who might not appreciate the e the 
requirements of epidemiology, seek clarification on exactly whatrequirements of epidemiology, seek clarification on exactly what kindkind of dose is of dose is 
being provided.being provided.

•• Finally, ask for legitimate statements of uncertainty (or converFinally, ask for legitimate statements of uncertainty (or conversely, the precision) sely, the precision) 
of dose estimates and never assume that doses are known with absof dose estimates and never assume that doses are known with absolute olute 
certainty.certainty.

Having worked with epidemiologists, my adviceHaving worked with epidemiologists, my advice is…



•• Be wary of the many convoluted doseBe wary of the many convoluted dose--related terms and dose estimates available related terms and dose estimates available 
in historical literature, particularly if no contact with the orin historical literature, particularly if no contact with the original investigators has iginal investigators has 
been made. been made. 

•• Understand that:Understand that:
•• Some dose estimates serve purposes that are probably not of intSome dose estimates serve purposes that are probably not of interest to you, erest to you, 

such as for establishing compliance in radiation protection actisuch as for establishing compliance in radiation protection activities, etc. vities, etc. 

•• Some dose estimates may have been calculated by methods, modelsSome dose estimates may have been calculated by methods, models, or with , or with 
definitions that are no longer in use or accepted.definitions that are no longer in use or accepted.

•• Doses may be averages over multiple organs or weighted by factoDoses may be averages over multiple organs or weighted by factors rs 
unknown to you or are irrelevant to you. unknown to you or are irrelevant to you. 

•• Dose estimates other than Dose estimates other than organ absorbed doseorgan absorbed dose will likely not be what is needed will likely not be what is needed 
for your research purposes. for your research purposes. 

•• Stick with Stick with GyGy (or (or radrad) in epidemiology.) in epidemiology.

•• When collaborating with other scientists who might not appreciatWhen collaborating with other scientists who might not appreciate the e the 
requirements of epidemiology, seek clarification on exactly whatrequirements of epidemiology, seek clarification on exactly what kindkind of dose is of dose is 
being provided.being provided.

•• Finally, ask for legitimate statements of uncertainty (or converFinally, ask for legitimate statements of uncertainty (or conversely, the precision) sely, the precision) 
of dose estimates and never assume that doses are known with absof dose estimates and never assume that doses are known with absolute olute 
certainty.certainty.

Having worked with many of you, my adviceHaving worked with many of you, my advice is…


