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Chapter 3 Lecture ObjectivesChapter 3 Lecture Objectives

Describe the types of radiation Describe the types of radiation -- Electromagnetic and Particulate Electromagnetic and Particulate 
Particle interactions with matterParticle interactions with matter

Excitation, Ionization and Radiative Excitation, Ionization and Radiative 
XX--ray interactions with matterray interactions with matter

Rayleigh, Compton, Photoelectric and Pair ProductionRayleigh, Compton, Photoelectric and Pair Production
Describe the Describe the energy dependenceenergy dependence of these interactionsof these interactions
Describe and calculate the various Describe and calculate the various quantitative parametersquantitative parameters used to used to 
characterizecharacterize xx--ray ray attenuationattenuation
Differentiate between radiographic exposure Differentiate between radiographic exposure absorbed doseabsorbed dose and and 
equivalent doseequivalent dose as well as use the correct as well as use the correct radiological unitsradiological units
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RadiationRadiation

The propagation of energy through Space or MatterThe propagation of energy through Space or Matter
Can be thought of as either:Can be thought of as either:

Electromagnetic (Electromagnetic (EMEM) [visible light, radio waves, x) [visible light, radio waves, x--rays]rays]
Particulate (e.g., electron)Particulate (e.g., electron)

EMEM radiation radiation –– propagates as a pair of electric and magnetic fieldspropagates as a pair of electric and magnetic fields
Wave characteristics Wave characteristics –– c [speed, m/sec] = c [speed, m/sec] = λλ [wavelength, m] [wavelength, m] ·· νν
[frequency, 1/sec][frequency, 1/sec]

As c is essentially constant, then As c is essentially constant, then νν ∝∝1/1/λλ (inversely proportional)(inversely proportional)

c.f. Bushberg, et al. The Essential Physics c.f. Bushberg, et al. The Essential Physics 
of Medical Imaging, 2of Medical Imaging, 2ndnd ed., p.19.ed., p.19.
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Particulate RadiationParticulate Radiation

When interacting with matter, EM When interacting with matter, EM 
radiation can exhibit particleradiation can exhibit particle--like like 
behavior with bundles of energy behavior with bundles of energy 
known as photons, known as photons, E=hE=hν = ν = hchc/λ/λ
E (keV) = 1.24/E (keV) = 1.24/ λ λ ((nm) nm) 
λλ oftenoften measured  in angstroms, measured  in angstroms, 
1 1 ÅÅ=10=10--1010 m or 0.1 nmm or 0.1 nm
Multiples of the electron volt (eV) Multiples of the electron volt (eV) 
common to medical imaging are the common to medical imaging are the 
keV (1000 eV) and the MeV keV (1000 eV) and the MeV 
(1,000,000 eV)(1,000,000 eV)

The most significant charged The most significant charged 
particulate radiations of interest particulate radiations of interest 
are:are:
Alpha particles, Electrons, Alpha particles, Electrons, 
Positrons,  Protons, Neutrons (see Positrons,  Protons, Neutrons (see 
table 2table 2--1 on page 20 of Bushberg)1 on page 20 of Bushberg)

c.f. Bushberg, et al. The Essential Physics c.f. Bushberg, et al. The Essential Physics 
of Medical Imaging, 2of Medical Imaging, 2ndnd ed., p.18ed., p.18

One eV is defined as the energy acquired by an electron as it traverses an electrical potential difference (voltage) of one volt in vacuum
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Electromagnetic Radiation (EM)Electromagnetic Radiation (EM)

Physical manifestations are classified in the Physical manifestations are classified in the ĒĒMM spectrum based on spectrum based on 
energy (E) and wavelength (energy (E) and wavelength (λλ) and comprise the following general ) and comprise the following general 
categories:categories:

NonNon--ionizing radiationionizing radiationIonizing radiation (UV, xIonizing radiation (UV, x--
rays, gamma rays)rays, gamma rays)
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Electromagnetic Radiation (EM)Electromagnetic Radiation (EM)

Except for nuclear medicine, the EM radiation required also inteExcept for nuclear medicine, the EM radiation required also interacts racts 
(via absorption, scatter) with tissues it penetrates(via absorption, scatter) with tissues it penetrates

In NM, radioactive agents are injected or ingested, and the metaIn NM, radioactive agents are injected or ingested, and the metabolic bolic 
or physiologic interactions of the agent give rise to the informor physiologic interactions of the agent give rise to the information in ation in 
the imagesthe images
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Particle InteractionsParticle Interactions
Excitation, Ionization and Radiative LossesExcitation, Ionization and Radiative Losses

Energetic charged particles Energetic charged particles 
interact with matter via interact with matter via 
electrical forceselectrical forces

Lose kinetic energy through Lose kinetic energy through 
excitationexcitation, , ionizationionization and and 
radiative lossesradiative losses

ExcitationExcitation: transfer of some of : transfer of some of 
the incident particlethe incident particle’’s energy to s energy to 
electrons in absorbing material electrons in absorbing material 
promoting them to higher promoting them to higher 
electron orbitalselectron orbitals
Imparted E < EImparted E < Ebb →→ emits EMemits EM
(de(de--excitation)excitation)

c.f. Bushberg, et al. The Essential Physics c.f. Bushberg, et al. The Essential Physics 
of Medical Imaging, 2of Medical Imaging, 2ndnd ed., p.32.ed., p.32. KanalKanal 88

Particle InteractionsParticle Interactions
Excitation, Ionization and Radiative LossesExcitation, Ionization and Radiative Losses

IonizationIonization: imparted E > E: imparted E > Ebb
→→electron ejected from atomelectron ejected from atom
Ion pair formed consisting of Ion pair formed consisting of 
ejected electron and positively ejected electron and positively 
charged atomcharged atom
sometimes sometimes electrons electrons with with 
enough kinetic energy produce enough kinetic energy produce 
further ionizations (secondary further ionizations (secondary 
ionizations)ionizations)

Such eSuch e-- are called are called ‘‘delta delta 
raysrays’’

Approx. 70% of electron Approx. 70% of electron 
energy deposition leads to energy deposition leads to 
nonnon--ionizing excitationionizing excitation

c.f. Bushberg, et al. The Essential Physics c.f. Bushberg, et al. The Essential Physics 
of Medical Imaging, 2of Medical Imaging, 2ndnd ed., p.32.ed., p.32.
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Specific IonizationSpecific Ionization

The number of primary and secondary ion pairs produced per unit The number of primary and secondary ion pairs produced per unit 
length of the charged particle is called specific ionization (IPlength of the charged particle is called specific ionization (IP/mm)/mm)

SI increases as the particle charge increases and decreases as tSI increases as the particle charge increases and decreases as the he 
velocity of the incident particle increases velocity of the incident particle increases 

SI of alpha particle can be as high as 7000 IP/mm in airSI of alpha particle can be as high as 7000 IP/mm in air
SI of electrons is much lower in the range of 50 to 100 IP/mm inSI of electrons is much lower in the range of 50 to 100 IP/mm in
airair
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Linear Energy Transfer (LET)Linear Energy Transfer (LET)

Amount of energy deposited per unit length (eV/cm)Amount of energy deposited per unit length (eV/cm)
Product of the SI (IP/cm) and energy deposited per IP (eV/IP)Product of the SI (IP/cm) and energy deposited per IP (eV/IP)
LET LET ∝∝ qq22/KE/KE, q = charge of particle and KE is kinetic energy, q = charge of particle and KE is kinetic energy
Describes the energy deposition density which largely determinesDescribes the energy deposition density which largely determines
the biologic consequence of radiation exposurethe biologic consequence of radiation exposure
High LET radiation: High LET radiation: alpha particles, protons etc.alpha particles, protons etc.
Low LET radiation:Low LET radiation:

Electrons (electrons, beta particles, positrons)Electrons (electrons, beta particles, positrons)
EEMM radiation (xradiation (x--rays or rays or γγ--rays)rays)

High LET High LET >>>> damaging than low LET radiationdamaging than low LET radiation
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Particle InteractionsParticle Interactions
Radiative Interactions Radiative Interactions -- BremsstrahlungBremsstrahlung

Deceleration of an electron around Deceleration of an electron around 
a nucleus causes it to emit a nucleus causes it to emit EMEM
radiation or bremsstrahlung radiation or bremsstrahlung 
(German): (German): ‘‘breaking radiationbreaking radiation’’
This radiation energy loss is This radiation energy loss is 
responsible for the majority of xresponsible for the majority of x--
rays produced by an xrays produced by an x--ray tuberay tube
Probability of bremsstrahlung Probability of bremsstrahlung 
emission emission ∝∝ ZZ2 2 of the absorberof the absorber
Ratio of Ratio of electron electron energy loss due energy loss due 
to to bremsstrahlung vs. excitation bremsstrahlung vs. excitation 
and ionization = KE[MeV]and ionization = KE[MeV]··Z/820Z/820
Thus, for an 100 keV electron and Thus, for an 100 keV electron and 
tungsten (Z=74) tungsten (Z=74) ≈≈ 1%1%

c.f. Bushberg, et al. The Essential Physics c.f. Bushberg, et al. The Essential Physics 
of Medical Imaging, 2of Medical Imaging, 2ndnd ed., p.35.ed., p.35.

Z=atomic number

KanalKanal 1212

XX-- and Gammaand Gamma--Ray Interactions with MatterRay Interactions with Matter

There are several ways for xThere are several ways for x--rays and gamma rays to be absorbed rays and gamma rays to be absorbed 
or scattered by matteror scattered by matter
Four major interactions are of importance to diagnostic radiologFour major interactions are of importance to diagnostic radiology y 
and nuclear medicine, each characterized by a probability of and nuclear medicine, each characterized by a probability of 
interactioninteraction

Rayleigh (classical or coherent) scatteringRayleigh (classical or coherent) scattering
Compton scatteringCompton scattering
Photoelectric effectPhotoelectric effect
Pair productionPair production
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Rayleigh (Classical or Elastic) ScatteringRayleigh (Classical or Elastic) Scattering

Excitation of the total atom Excitation of the total atom 
occurs as a result of interaction occurs as a result of interaction 
with the incident photonwith the incident photon
No ionization takes placeNo ionization takes place
The photon is scattered (reThe photon is scattered (re--
emitted) in different directionemitted) in different direction
No loss of energyNo loss of energy
Interaction occurs at very low Interaction occurs at very low 
energy diagnostic xenergy diagnostic x--rays such rays such 
as in mammographyas in mammography
Relatively infrequent Relatively infrequent 
probability probability ≈≈ 5 5 -- 13%13%

c.f. Bushberg, et al. The Essential Physics c.f. Bushberg, et al. The Essential Physics 
of Medical Imaging, 2of Medical Imaging, 2ndnd ed., p.37.ed., p.37.
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Compton (Nonclassical or Inelastic) ScatteringCompton (Nonclassical or Inelastic) Scattering
Dominant interaction of xDominant interaction of x--rays with soft tissue in the rays with soft tissue in the 
diagnostic energy range  (26 keV diagnostic energy range  (26 keV –– 30 MeV)30 MeV)
Occurs between the photon and a Occurs between the photon and a ““freefree””
outer shell electronouter shell electron
EEoo >> BE>> BEee

EEoo = E= Escsc + E+ Eee-- ((BEBEee ignored since very small)ignored since very small)

where mwhere meecc22 = 511             = 511             
keVkeV

The probability of Compton interaction The probability of Compton interaction 
proportional to material density (proportional to material density (ρρ))
Max. energy transferred to electron at 180 deg Max. energy transferred to electron at 180 deg 
backscatterbackscatter
Max energy to scattered photon is 511 keV at 90 degMax energy to scattered photon is 511 keV at 90 deg

c.f. Bushberg, et al. The Essential Physics c.f. Bushberg, et al. The Essential Physics 
of Medical Imaging, 2of Medical Imaging, 2ndnd ed., p.38.ed., p.38.

( )
0

sc
0

2
e

EE = E1+ 1- cosθ
m c
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Compton (Nonclassical or Inelastic) ScatteringCompton (Nonclassical or Inelastic) Scattering

Esc as a function of E0 and angle (θ) – Excel spreadsheet 
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Compton (Nonclassical or Inelastic) Scattering (2)Compton (Nonclassical or Inelastic) Scattering (2)

As incident photon energy increasesAs incident photon energy increases
Both scattered photons and Both scattered photons and 
electrons are scattered more electrons are scattered more 
towards the forward direction towards the forward direction 
For a given scattering angle, the For a given scattering angle, the 
fraction of energy transferred to the fraction of energy transferred to the 
scattered photon decreasesscattered photon decreases

At low diagnostic xAt low diagnostic x--ray energies, the ray energies, the 
majority of the incident photon energy is majority of the incident photon energy is 
transferred to the scattered photon, transferred to the scattered photon, 
which if detected by image receptor which if detected by image receptor 
would reduce contrastwould reduce contrast

c.f. Bushberg, et al. The Essential Physics c.f. Bushberg, et al. The Essential Physics 
of Medical Imaging, 2of Medical Imaging, 2ndnd ed., p.39.ed., p.39.
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Photoelectric EffectPhotoelectric Effect
Interaction of incident photon, Interaction of incident photon, EE00 with inner shell electronwith inner shell electron
All E transferred to All E transferred to ee-- (ejected photoelectron) as kinetic energy (E(ejected photoelectron) as kinetic energy (Eee) ) 
less the binding energy: Eless the binding energy: Eee = E= E00 –– EEbb

Photon totally absorbedPhoton totally absorbed
Empty shell immediately filled with Empty shell immediately filled with ee-- from outer orbitals resulting in from outer orbitals resulting in 
the emission of characteristic xthe emission of characteristic x--raysrays

c.f. Bushberg, et al. The Essential Physics c.f. Bushberg, et al. The Essential Physics 
of Medical Imaging, 2of Medical Imaging, 2ndnd ed., p.41.ed., p.41. KanalKanal 1818

Photoelectric Effect (2)Photoelectric Effect (2)

Products:Products:
Characteristic xCharacteristic x--rays and/or auger electronsrays and/or auger electrons
Negative ion (photoelectron) and positive ion (atom)Negative ion (photoelectron) and positive ion (atom)

Probability of photoelectric absorption Probability of photoelectric absorption ∝∝ ZZ33//EE33

Due to the absorption of the incident xDue to the absorption of the incident x--ray without scatter, ray without scatter, maximum maximum 
subject contrast arises with a subject contrast arises with a photoelectricphotoelectric effect interactioneffect interaction
Explains why Explains why contrast contrast ↓↓ as higher energy xas higher energy x--rays are usedrays are used in the in the 
imaging processimaging process
If photon energies are doubled, the probability of photoelectricIf photon energies are doubled, the probability of photoelectric
interaction is decreased by a factor of 8interaction is decreased by a factor of 8
Increased probability of Increased probability of photoelectricphotoelectric absorption just above the absorption just above the EEbb of of 
the inner shells cause discontinuities in the attenuation profilthe inner shells cause discontinuities in the attenuation profiles (e.g., es (e.g., 
KK--edgeedge))
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Photoelectric Effect (3)Photoelectric Effect (3)

c.f. Bushberg, et al. The Essential Physics c.f. Bushberg, et al. The Essential Physics 
of Medical Imaging, 2of Medical Imaging, 2ndnd ed., p.43.ed., p.43.

33.2 keV

37.4 keV
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Photoelectric Effect (4)Photoelectric Effect (4)

Edges become significant factors for higher Z materials as the EEdges become significant factors for higher Z materials as the Ebb
are in the diagnostic energy range:are in the diagnostic energy range:

Contrast agents Contrast agents –– barium (Ba, Z=56) and iodine (I, Z=53)barium (Ba, Z=56) and iodine (I, Z=53)
Rare earth materials used for intensifying screens Rare earth materials used for intensifying screens –– lanthanum lanthanum 
(La, Z=57) and gadolinium (Gd, Z=64)(La, Z=57) and gadolinium (Gd, Z=64)
Increased absorption probabilities improve subject contrast and Increased absorption probabilities improve subject contrast and 
quantum detective efficiencyquantum detective efficiency

At photon E << 50 keV, the photoelectric effect plays an importaAt photon E << 50 keV, the photoelectric effect plays an important nt 
role in imaging soft tissue, amplifying small differences in tisrole in imaging soft tissue, amplifying small differences in tissues of sues of 
slightly different Z, thus improving subject contrast (e.g., in slightly different Z, thus improving subject contrast (e.g., in 
mammography)mammography)
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The photoelectric process dominates when lower energy photons 
interact with high Z materials. This it the primary mode of interaction of 
x-rays with screen phosphors, contrast materials and bone.

Compton scattering will dominate at most photon energies in 
materials of lower atomic number such as tissue and air.

c.f. Bushberg, et al. The Essential Physics c.f. Bushberg, et al. The Essential Physics 
of Medical Imaging, 2of Medical Imaging, 2ndnd ed., p.43.ed., p.43.
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Pair ProductionPair Production

Conversion of energy to mass occurs upon the interaction of a hiConversion of energy to mass occurs upon the interaction of a high gh 
E photon (> 1.02 MeV; rest mass of eE photon (> 1.02 MeV; rest mass of e-- = 511 keV) in the vicinity of a = 511 keV) in the vicinity of a 
nucleusnucleus
Creates a negatron (Creates a negatron (ββ--) ) -- positron (positron (ββ++) pair) pair
The The ββ++ annihilates with an annihilates with an ee-- to create two 511 keV photons to create two 511 keV photons 
separated at an separated at an θ of 180of 180oo

Not important in diagnostic xNot important in diagnostic x--ray imaging because of the high ray imaging because of the high 
energy threshold requirement for this to occurenergy threshold requirement for this to occur

c.f. Bushberg, et al. The Essential Physics c.f. Bushberg, et al. The Essential Physics 
of Medical Imaging, 2of Medical Imaging, 2ndnd ed., p.44.ed., p.44.
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QuestionQuestion

In comparison to 20 keV photons, the probability of photoelectriIn comparison to 20 keV photons, the probability of photoelectric c 
interaction in bone at 60 keV is approximately:interaction in bone at 60 keV is approximately:

A. 27 times as great.A. 27 times as great.
B. 3 times as great.B. 3 times as great.
C. The same.C. The same.
D. 3 times less.D. 3 times less.
E. 27 times less.E. 27 times less.

remember: PE remember: PE ∝∝ ZZ33//EE33

≈≈ (Z/60)(Z/60)33//(Z/20)(Z/20)33 = (20/60)= (20/60)33 = (1/3)= (1/3)33 = 1/27= 1/27
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QuestionQuestion

Electrons lose energy when passing through matter by:Electrons lose energy when passing through matter by:
1. Production of bremsstrahlung.1. Production of bremsstrahlung.
2. Photoelectric interactions.2. Photoelectric interactions.
3. Collisions with other electrons.3. Collisions with other electrons.
4. Production of delta rays.4. Production of delta rays.

A. 1 and 2A. 1 and 2
B. 3 and 4B. 3 and 4
C. 1, 3 and 4C. 1, 3 and 4
D. 1, 2 and 3D. 1, 2 and 3
E. All of the above.E. All of the above.
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QuestionQuestion

Which is characteristic of photon interaction with soft tissue?Which is characteristic of photon interaction with soft tissue?
A.A. Some Compton, some PE, no pair production.Some Compton, some PE, no pair production.
B.B. Some Compton, some pair production, no PE.Some Compton, some pair production, no PE.
C.C. Brehmstralung only.Brehmstralung only.
D.D. Pair production only.Pair production only.
E.E. Compton only.Compton only.

Answer: AAnswer: A
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QuestionQuestion

In Compton interactions, the primary x ray will interact with anIn Compton interactions, the primary x ray will interact with an outer outer 
electron resulting inelectron resulting in
A) ejected electron + positronA) ejected electron + positron
B) ejected electron + characteristic x rayB) ejected electron + characteristic x ray
C) recoil electron + photon of less energyC) recoil electron + photon of less energy
D) conversion electron + photon of less energyD) conversion electron + photon of less energy
E) auger electron + photon of less energyE) auger electron + photon of less energy

Answer: CAnswer: C
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AttenuAttenuation of Xation of X-- and Gamma Raysand Gamma Rays
AttenuAttenuationation is the removal of photons from a beam of xis the removal of photons from a beam of x-- or gamma or gamma 
rays as it passes through matterrays as it passes through matter
AttenuAttenuation is cation is caused by both absorption and scattering of the aused by both absorption and scattering of the 
primary photonsprimary photons
Linear Linear AttenuAttenuation Coefficient (ation Coefficient (μμ))

Fraction of photons removed from a Fraction of photons removed from a monoenergeticmonoenergetic beam of xbeam of x--
and gamma rays per unit thickness of materialand gamma rays per unit thickness of material (cm(cm--11))

The number of photons removed from the beam traversing a very The number of photons removed from the beam traversing a very 
small thickness small thickness ΔΔxx can be expressed as:can be expressed as:

nn = = μ μ ΝΝ ΔΔxx
nn = number of photons removed from beam= number of photons removed from beam
NN = number of photons incident on the material = number of photons incident on the material 
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AttenuAttenuation of Xation of X-- and Gamma Rays (2)and Gamma Rays (2)

nn = = μ μ ΝΝ ΔΔxx
However, as the thickness increases, the relationship is not linHowever, as the thickness increases, the relationship is not linearear
Thus for a Thus for a monoenergeticmonoenergetic beam of photons incident upon either beam of photons incident upon either 
thick or thin slabs of material, an exponential relationship exithick or thin slabs of material, an exponential relationship exists sts 
between the number of incident photons (Nbetween the number of incident photons (N00) ) aandnd trtraansmittednsmitted
photons (N) through thickness x without interphotons (N) through thickness x without interaactionction

N = NN = N00ee--μμ··xx

μμtotaltotal(E(E) = ) = μμRSRS(E) + (E) + μμPEPE(E) + (E) + μμCSCS(E) + (E) + μμPPPP(E)(E)
Energy dependent, Energy dependent, μμ(E) (E) ↓↓ as E as E ↑↑ (except (except at kat k--edge)edge), , 
e.g., for soft tissuee.g., for soft tissue

μμ(30 (30 keVkeV) = 0.35 cm) = 0.35 cm--11 and and μμ(100 (100 keVkeV) = 0.16 cm) = 0.16 cm--11

Multiply by 100% to get % removed from the beam/cmMultiply by 100% to get % removed from the beam/cm
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AttenuAttenuation of Xation of X-- and Gamma Rays (3)and Gamma Rays (3)

At At low xlow x--ray Eray E: : μμPEPE(E) dominates and (E) dominates and μμ(E) (E) ∝∝ ZZ33//EE33

At At high xhigh x--ray Eray E: : μμCSCS(E) dominates and (E) dominates and μμ(E) (E) ∝∝ ρρ
Only at veryOnly at very--high E (> 1MeV) does high E (> 1MeV) does μμPPPP(E) contribute(E) contribute
The value of The value of μμ(E) is dependent on the phase state:(E) is dependent on the phase state:

μμwater vaporwater vapor < < μμiceice < < μμwaterwater

c.f. Bushberg, et al. The Essential Physics c.f. Bushberg, et al. The Essential Physics 
of Medical Imaging, 2of Medical Imaging, 2ndnd ed., p.46.ed., p.46.
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AttenuAttenuation of Xation of X-- and Gamma Rays (4)and Gamma Rays (4)

The linear attenuation coefficient, The linear attenuation coefficient, 
normalized to unit density is called normalized to unit density is called 
the mass attenuation coefficientthe mass attenuation coefficient
μμmm = = μμ [[cmcm--11]] / / ρρ [g/cm[g/cm33]]
μμm m [cm[cm22/g]/g]
Independent of density (Independent of density (ρρ))

N = NN = N00ee--(u/(u/ρρ)) ··ρρxx

ρρxx -- mmaassss thickness or thickness or aarereaal l 
thicknessthickness

125 kVp Radiograph of 
two ice cubes

c.f. Bushberg, et al. The Essential Physics c.f. Bushberg, et al. The Essential Physics 
of Medical Imaging, 2of Medical Imaging, 2ndnd ed., p.47.ed., p.47.
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Linear and Mass Attenuation CoefficientsLinear and Mass Attenuation Coefficients

c.f. Wolbarst. Physics of Radiology, pp. 108, 110.c.f. Wolbarst. Physics of Radiology, pp. 108, 110.
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Half Value LayerHalf Value Layer

Thickness of material required to reduce the intensity of the inThickness of material required to reduce the intensity of the incident cident 
beam by beam by ½½
½½ = e= e--μμ(E)(E)··HVL HVL or or HVL = 0.693/HVL = 0.693/μμ(E)(E)
Units of HVL expressed in Units of HVL expressed in mm Almm Al for a Dx xfor a Dx x--ray beam ray beam aandnd is is aa
surrogsurrogaatete memeaasure of the sure of the aaververaagege energy of the photons in the energy of the photons in the 
bebeaamm
Reduction in beReduction in beaam intensity cm intensity caan be expressed n be expressed aas s ((½½))nn

The HVL is  function of photon energy, geometry The HVL is  function of photon energy, geometry and attenuating and attenuating 
materialmaterial
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QuestionQuestion

If the linear attenuation coefficient is 0.05 cmIf the linear attenuation coefficient is 0.05 cm--11, the HVL is:, the HVL is:
A. 0.0347 cmA. 0.0347 cm
B. 0.05 cmB. 0.05 cm
C. 0.693 cmC. 0.693 cm
D. 1.386 cmD. 1.386 cm
E. 13.86 cmE. 13.86 cm

HVL = 0.693/HVL = 0.693/μμ = 0.693/0.05 cm= 0.693/0.05 cm--11 ≈≈ 0.7 x 20 cm = 14 cm0.7 x 20 cm = 14 cm
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Effective Energy, Mean Free Path and Effective Energy, Mean Free Path and 
Beam HardeningBeam Hardening

The The effective (avg.) Eeffective (avg.) E of an polychromatic xof an polychromatic x--ray beam is ray beam is ⅓⅓ to to ½½ the peak the peak 
value (kVp) and is essentially an estimate of the penetration povalue (kVp) and is essentially an estimate of the penetration power of the xwer of the x--
ray beamray beam
Mean free pathMean free path (avg. path length of x(avg. path length of x--ray) = 1/ray) = 1/μμ = HVL/0.693 = 1.44 HVL= HVL/0.693 = 1.44 HVL
Beam hardeningBeam hardening

The Bremsstrahlung process produces a wide spectrum of energiesThe Bremsstrahlung process produces a wide spectrum of energies
As lower E photons have a greater attenuation coefficient, they As lower E photons have a greater attenuation coefficient, they are are 
preferentially removed from the beam, thus the mean energy of thpreferentially removed from the beam, thus the mean energy of the e 
resulting beam is shifted to higher E resulting beam is shifted to higher E 
Homogeneity coefficient = 1Homogeneity coefficient = 1stst HVL/2HVL/2ndnd HVLHVL

c.f. Bushberg, et al. The Essential Physics c.f. Bushberg, et al. The Essential Physics 
of Medical Imaging, 2of Medical Imaging, 2ndnd ed., p.51.ed., p.51.
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QuestionQuestion

The intensity of a beam is reduced by 50% after passing through The intensity of a beam is reduced by 50% after passing through x x 
cm of an absorber. Its attenuation coefficient, cm of an absorber. Its attenuation coefficient, μμ, is:, is:

A. (0.693)A. (0.693)··xx
B. x/0.693B. x/0.693
C. 0.693/xC. 0.693/x
D. 2xD. 2x
E. (0.693)E. (0.693)··xx22

HVL = 0.693/HVL = 0.693/μμ, so , so μμ = 0.693/HVL = 0.693/x= 0.693/HVL = 0.693/x
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Fluence, Flux and Energy FluenceFluence, Flux and Energy Fluence

Fluence (Fluence (ΦΦ) = number of photons/cross sectional area [cm) = number of photons/cross sectional area [cm--22]]
Flux (dFlux (dΦΦ/dt)/dt) = fluence rate = fluence/sec [cm= fluence rate = fluence/sec [cm--22--secsec--11]]
Energy fluence (Energy fluence (ΨΨ) = (photons/area)) = (photons/area)··(energy/photon) =  (energy/photon) =  ΦΦ ··E [keVE [keV--
cmcm--22] or [J] or [J--mm--22]]
Energy flux (dEnergy flux (dΨΨ/dt)/dt) = energy fluence rate = energy fluence/sec [keV= energy fluence rate = energy fluence/sec [keV--
cmcm--22--secsec--11 ]]
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KermaKerma

KermaKerma = Kinetic Energy Released in MAtter= Kinetic Energy Released in MAtter
Defined as the kinetic energy transferred to charged particles bDefined as the kinetic energy transferred to charged particles by indirectly y indirectly 
ionizing radiation, per mass matter.ionizing radiation, per mass matter.
Units are J/kg or grayUnits are J/kg or gray
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Absorbed DoseAbsorbed Dose

Absorbed Dose = energy deposited Absorbed Dose = energy deposited 
by ionizing radiation per unit mass of by ionizing radiation per unit mass of 
materialmaterial
ΔΔE/E/ΔΔm m [J/kg][J/kg]
SI units of absorbed dose =   gray SI units of absorbed dose =   gray 
(Gy); 1 Gy = 1 J/kg(Gy); 1 Gy = 1 J/kg
Traditional dose unit:  Traditional dose unit:  radrad ((rradiation adiation 
aabsorbed bsorbed ddose) ose) = 10 mGy; 100 rads = 10 mGy; 100 rads 
= 1 Gy= 1 Gy

c.f. http://www.uic.com.au/ral.htmc.f. http://www.uic.com.au/ral.htm
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Exposure and DoseExposure and Dose

Exposure (X): the amount of Exposure (X): the amount of 
electrical charge (electrical charge (ΔΔQQ) produced by ) produced by 
ionizing radiation per mass (ionizing radiation per mass (ΔΔm) of m) of 
airair = = ΔΔQ/Q/ΔΔm m [C/kg][C/kg]
Traditional units: Roentgen (R) = Traditional units: Roentgen (R) = 
2.58x102.58x10--4 4 C/kgC/kg

also mR = 10also mR = 10--33 RR
Measured using an airMeasured using an air--filled filled 
ionization chamberionization chamber
Output intensity of an xOutput intensity of an x--ray tube (I) ray tube (I) 
= X/mAs [mR/mAs]= X/mAs [mR/mAs]
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Exposure and DoseExposure and Dose

Dose (Gy) = Exposure (R) Dose (Gy) = Exposure (R) ·· (R to (R to 
or or Gray conversion factor)Gray conversion factor)

R to Gray conversion factor = R to Gray conversion factor = 
0.00876 0.00876 ≈≈ 11 for air for air 

DDaairir (mGy) = 8.76 (mGy) = 8.76 ·· X (R)X (R)
DDairair ((μμGy) = 8.76 Gy) = 8.76 ·· X (X (mRmR))
Exposure is neExposure is nearly proportional to arly proportional to 
dose in soft tissue over the dose in soft tissue over the 
diagnostic radiology rangediagnostic radiology range
For bone, the roentgenFor bone, the roentgen--toto--radrad
conversion factor approaches 4conversion factor approaches 4

c.f. Bushberg, et al. The Essential Physics c.f. Bushberg, et al. The Essential Physics 
of Medical Imaging, 2of Medical Imaging, 2ndnd ed., p.55.ed., p.55.
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Imparted Energy and Equivalent DoseImparted Energy and Equivalent Dose

Imparted Energy [J] = Dose [J/kg] Imparted Energy [J] = Dose [J/kg] ·· mass [kg]mass [kg]
Equivalent Dose (H) [Sievert or Sv]Equivalent Dose (H) [Sievert or Sv]

In general, In general, ‘‘high LEThigh LET’’ radiation (e.g., alpha particles and protons) radiation (e.g., alpha particles and protons) 
are much more damaging than are much more damaging than ‘‘low LETlow LET’’ radiation, which include radiation, which include 
electrons and ionizing radiation such as xelectrons and ionizing radiation such as x--rays and gamma rays rays and gamma rays 
and thus are given different radiation weighting factors (and thus are given different radiation weighting factors (wwRR))

XX--rays/gamma rays/electrons: LET rays/gamma rays/electrons: LET ≈≈ 2 keV/2 keV/μμm;  m;  wwRR = 1= 1
Protons (< 2MeV): LET Protons (< 2MeV): LET ≈≈ 20 keV/20 keV/μμm;  m;  wwRR = 5= 5--1010
Neutrons (E dep.): LET Neutrons (E dep.): LET ≈≈ 44--20 keV/20 keV/μμm;  m;  wwRR = 5= 5--2020
Alpha Particle: LET Alpha Particle: LET ≈≈ 40 keV/40 keV/μμm;  m;  wwRR = 20= 20

H = D H = D ·· wwRR; 1 Sv = 100 rem (traditional unit), 1 rem = 10 mSv; 1 Sv = 100 rem (traditional unit), 1 rem = 10 mSv
Replaced the quantity formerly known as dose equivalentReplaced the quantity formerly known as dose equivalent
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Effective DoseEffective Dose

Not all tissues equally Not all tissues equally 
radiosensitiveradiosensitive
ICRP publication 60 (1991): tissue ICRP publication 60 (1991): tissue 
weighting factors (weighting factors (wwTT))
First calculate the equivalent dose First calculate the equivalent dose 
to each organ: to each organ: ((HHTT) [Sv]) [Sv]
Effective Dose (E) [Sv]Effective Dose (E) [Sv]
E = E = ∑∑ wwTT ·· HHTT

Replaces the Replaces the quantity formerly quantity formerly 
known as effective dose known as effective dose 
equivalent (equivalent (HHEE) using different ) using different wwTT
per ICRP publication 26 (1977)per ICRP publication 26 (1977)

c.f. Bushberg, et al. The Essential Physics c.f. Bushberg, et al. The Essential Physics 
of Medical Imaging, 2of Medical Imaging, 2ndnd ed., p.58.ed., p.58.
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SummarySummary

c.f. Bushberg, et al. The Essential Physics c.f. Bushberg, et al. The Essential Physics 
of Medical Imaging, 2of Medical Imaging, 2ndnd ed., p.59.ed., p.59.

Used to Used to 
compare compare 

assessment assessment 
of equipment of equipment 
performance performance 

etc.etc.

Used to Used to 
calculate organ calculate organ 
dose such as dose such as 

dose to uterusdose to uterus

Used to Used to 
compare risk of compare risk of 
stochastic stochastic 
effects, effects, 
compare compare 
different different 
imaging proc.imaging proc.
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QuestionQuestion

Match the type of radiation with its description.Match the type of radiation with its description.
A. Ionizing elementary particlesA. Ionizing elementary particles
B. NonB. Non--ionizing elementary particlesionizing elementary particles
C. Ionizing photonsC. Ionizing photons
D. NonD. Non--ionizing photonsionizing photons
E. OtherE. Other

G46G46. Betas. Betas
G47G47. Heat radiation. Heat radiation
G48G48. Visible light. Visible light
G49G49. X. X--raysrays
G50G50. Ultrasound. Ultrasound
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QuestionQuestion

Match the quality factor (Q) or radiation weighting factor (wMatch the quality factor (Q) or radiation weighting factor (wRR) used in ) used in 
radiation protection with the type of radiation:radiation protection with the type of radiation:

A. 10A. 10
B. 2B. 2
C. 1C. 1
D. 0.693D. 0.693
E. 20E. 20

G2G2. 1.25 MeV gammas. 1.25 MeV gammas
G3G3. 100 keV x. 100 keV x--raysrays
G4G4. 200 keV neutrons. 200 keV neutrons
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QuestionQuestion

Match the following units with the quantities below:Match the following units with the quantities below:
A. Bq A. Bq 
B. SvB. Sv
C. C/kgC. C/kg
D. GyD. Gy
E. JE. J

G3G3. Absorbed dose. Absorbed dose
G4G4.. ActivityActivity
G5G5. Exposure. Exposure
G6G6. Equivalent Dose. Equivalent Dose
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QuestionQuestion

EquivalentEquivalent Dose is greater than absorbed dose for __________.Dose is greater than absorbed dose for __________.
A. XA. X--rays above 10 MeVrays above 10 MeV
B. Kilovoltage xB. Kilovoltage x--raysrays
C. ElectronsC. Electrons
D. NeutronsD. Neutrons
E. All charged particlesE. All charged particles

Remember: Remember: H = D H = D ·· wwRR

XX--rays/gamma rays/electrons: LET rays/gamma rays/electrons: LET ≈≈ 2 keV/2 keV/μμm;  wm;  wRR = 1= 1
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QuestionQuestion

Match the unit with the quantity it measures. (Answers may be usMatch the unit with the quantity it measures. (Answers may be used ed 
more than once or not at all.)more than once or not at all.)

A. Frequency.A. Frequency.
B. Wavelength.B. Wavelength.
C. Power.C. Power.
D. Absorbed dose.D. Absorbed dose.
E. Energy.E. Energy.

G2G2. Electron volt. Electron volt
G3G3. Hertz. Hertz
G4G4. Joule. Joule
G5G5. Gray. Gray


