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interazione radiazione materia



ELECTROMAGNETIC RADIATION SPECTRUM g

@ man's height
@ 2 paperclip blood viruses .
N O \\\Ihmkvess cells
w o be i
© nape ictena AtOMIC
) baseball B paper - nucleus —>»
- football held thickness :
1nn pm

ft 1 n 1mm 1 um n 1A
wavelength | 1 1 L 1 i 1 1 1 1 1

Am) 403 102 1 10 10—2 10° 104 10° 10° 107 10°® 10° 10" 10" 102
Biological lonizing Radiation

Effect Induced Currents Heating lonization - DNA Damage

electron volt_4 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1

(ev) 10° 10® 107 10°® 10° 10* 10° 102 10" 1 10 10  10° 104 10° 108

,—-
—
SN LT

1 MHz 1 GHz 1 THz 1 PHz 1 EHz 1 ZHz
frequency 1 1 1 1 1 1 1 1 1 L 1 1 L 1 3

Hz) 105 108 107 108 10° 10" 10': 10' 10™ 10 10' 10'® 107 10'® 10" 10%° 10%

Radio Terahertz | Infrared | [ilitraviolet X-rays & Gamma Rays

Broadcast and Wireless Soft X-ray Hard X-ray

ST

Bands

L A -
- O -
\ - m
. - 1 a ~
. _ 3 3 o ’
: Fiber telecom Dental Curing Y
i 5.5 " 0.7-1.4 ym 200-350nm -
e Baggage Screen
-
1
AM radio eaF- “1‘0:’3"’_“ Moa"e PhO"e: RADAR 60 keV
600kHz-1.6MHz 900MHz-2.4GHz 1.100 GHz :
Visible Light Ga Rays
AT 700-400nm

>10Bev

)

-

Sources and Uses of
Frequency Bands

Screening Remotes Medical X’-ray
TV Broadcast  Wireless Data '0.2-4.0 THz 850 nm 80 kev
54-700 MHz ~24GHz ; / -
mm wave P
“sub-mm” J
: Sunt ov - o
' ntan ‘
MRI (1.5T) . . u ) )
63.86 MHz N 4 400-290nm :
Microwave Oven Night Vision i ' L Biadaan <
SmallMeter 2 4 GHz 10-0.7 pm b i e L

0.9 &245GHz



Photon energy

= The EM radiation also exhibits corpuscular characteristics.
= The concept of the photon is introduced.

c= 299792458 m/s ~ 3 x 108 m/s

The discrete (particle-like) packets (or quanta) of EM energy are called photons. The
energy of a photon is given by

E=hv=—

where h (Planck’s constant) = 6.626 X 107>* J-s = 4.136 X 107'® keV-s. When E is
expressed in keV and A in nanometers (nm),

1.24

V) =
E (keV) x ()




Electron shell designations and orbital filling rules

In the Bohr model of the atom (Niels Bohr 1913), electrons orbit around a dense,
positively charged nucleus at fixed distances (Bohr radii). Bohr combined the clas-
sical Newtonian laws of motion and Coulomb’ law of electrostatic attraction with
quantum theory. In this model of the atom, each electron occupies a discrete energy

state in a given electron shell. These electron shells are assigned the letters K L,
M, N,..., with K denoting the innermost shell, in which the electrons have the low-
est energies. The shells are also assigned the quantum numbers 1, 2, 3, 4,..., with the
quantum number 1 designating the K shell. Each shell can contain a maximum num-
ber of electrons given by (2n?), where n is the quantum number of the shell. Thus,
the K shell (n = 1) can only hold 2 electrons, the L shell (n = 2) can hold 2(2)* or
8 electrons, and so on, as shown in Figure 2-5. The outer electron shell of an atom,
the valence shell, determines the chemical properties of the element. Advances in
atomic physics and quantum mechanics led to refinements of the Bohr model.
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= Electron charge: 1.602 x 101° C

= Masses
= Mass of the proton m,: 1.673 x 10%” kg = 1.007 amu
= 12 amu (atomic mass unit) is the weight of 1 mole of 12C
= one mole of a substance is the Avogadro number N, of atoms
= N, = 6.022 x 1023 mol!
= Mass of the neutron m.: 1.675 x 10?7 kg = 1.009 amu
= Mass of the electron m,_: 9.109 x 103! kg = 1/1836 m,

= Dimension
= Atomic radius ~ 1010 m

= Nucleus radius ~ 101> m
= Note that the core is 5 orders of magnitude smaller than the atom



Orbital binding energy

The energy required to remove an orbital electron completely from the atom is its orbital binding
energy. For ionization the energy transfer to the electron must be equal or exceed its binding
energy. Binding energy increases with Z.
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W FIGURE 2-6 Energy-level diagrams for hydrogen and tungsten. The energy necessary to separate electrons
in particular orbits from the atom (not drawn to scale) increases with Z and decreases with distance from
the nucleus. Note that zero energy represents the point at which the electron is experiencing essentially no
Coulomb attractive force from the protons in the nucleus (often referred to as a “free” electron). For a bound
electron to reach that state, energy has to be absorbed. Thus, the energy states of the electrons within the
atom must be below zero and are thus represented as negative numbers. The vertical lines represent various
transitions (e.g., K and L series) of the electrons from one energy level to another.

Energy required to remove 1 electron from K shell to Lshell is:
Hydrogen (Z=1): 13.5eV-3.4eV = 10.1eV
Tungsten (Z=74): 69500 eV — 11000 eV = 58500 eV (58.5 keV)



Radiation from electron transition

When an electron is removed from its shell by an x-ray or gamma ray photon or a
charged particle interaction, a vacancy is created in that shell. This vacancy is usually
filled by an electron from an outer shell, leaving a vacancy in the outer shell that in
turn may be filled by an electron transition from a more distant shell. This series of
transitions is called an electron cascade. The energy released by each transition is equal
to the difference in binding energy between the original and final shells of the electron.
This energy may be released by the atom as characteristic x-rays or Auger electrons.
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M FIGURE 2-7 De-excitation of a tungsten atom. An electron transition filling a vacancy in an orbit closer to

the nucleus will be accompanied by either the emission of characteristic radiation (A) or the emission of an
Auger electron (B).



Ionizing radiation

Not all electromagnetic radiations can cause ionization.

In general, photons of higher frequency than far UV region of EM
spectrum (i.e. wavelenght > 200 nm) have sufficient energy to remove
bound electrons from atomic shell, producing ionized atoms and
molecules.

Radiation in this range of the EM spectrum is called ionizing radiation
(i.e. x-rays and gamma rays).

EM with photon energies in and below the UV region (i.e. visible,
infrared, terahertz, microwave and radiowaves) is called non ionizing
radiation.

The threshold energy for ionization depends on the type of matter.

The minimum energy necessary to remove an electron from calcium,
glucose and liquid water are 6.1, 8.8, 11.2 eV, respectively.

Water is the most abundant molecular target in the body, so a practical
radiobiological demarcation between ionizing and non ionizing EM
radiation is about 11 eV. (lowest energy to produce ionization in water).



Characteristic X-rays

Electron transitions between atomic shells can result in the emission of radiation
in the visible, UV, and x-ray portions of the EM spectrum. The energy of this radia-
tion is characteristic of each atom, since the electron binding energies depend on Z.
Emissions from transitions exceeding 100 eV are called characteristic or fluorescent
x-rays. Characteristic x-rays are named according to the orbital in which the vacancy
occurred. For example, the radiation resulting from a vacancy in the K shell is called
a K-characteristic x-ray, and the radiation resulting from a vacancy in the L shell is
called an L characteristic x-ray. If the vacancy in one shell is filled by the adjacent
shell, it is identified by a subscript alpha (e.g., L = K transition = K , M — L transi-
tion = L ). If the electron vacancy is filled from a nonadjacent shell, the subscript beta
is used (e.g., M ~ K transition = K,). The energy of the characteristic x-ray (E__ ) is
the difference between the electron binding energies (E,) of the respective shells:

Ex-ray = Eb vacant shell ~ Eb transition shell [2'5 ]
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Auger electrons

An electron cascade does not always result in the production of a characteristic x-ray
or x-rays. A competing process that predominates in low Z elements is Auger electron
emission. In this case, the energy released is transferred to an orbital electron, typi-
cally in the same shell as the cascading electron (Fig. 2-7B). The ejected Auger elec-
tron possesses kinetic energy equal to the difference between the transition energy
and the binding energy of the ejected electron.
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De-excitation of a tungsten atom. Electron transition filling a vacancy in an orbit closer to the
nucleus accompanied by emission of an Auger electron (kinetic energy 67 keV-2.5 keV)



Fluorescent Yield

The probability that the electron transition will result in the emission of a char-
acteristic x-ray is called the fluorescent yield (»). Thus, 1— w is the probability that
the transition will result in the ejection of an Auger electron. Auger emission pre-
dominates in low Z elements and in electron transitions of the outer shells of heavy
elements. The K-shell fluorescent yield is essentially zero (= 1%) for elements Z < 10
(i.e., the elements comprising the majority of soft tissue), about 15% for calcium
(Z = 20), about 65% for iodine (Z = 53), and approaches 80% for Z > 60.




Charged particle interaction with matter

Energetic charged particles interact with matter by electrical (i.e., coulombic) forces
and lose kinetic energy via excitation, ionization, and radiative losses. Excitation and ion-
ization occur when charged particles lose energy by interacting with orbital electrons
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Specific ionization and charge particle tracks
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FIGURE 3-2. Specific ionization (ion pairs/mm) as a function of distance from
the end of range in air for a 7.69-MeV alpha particle from polonium 214 (Po
214). Rapid increase in specific ionization reaches a maximum (Bragg peak)
and then drops off sharply as the particle kinetic energy is exhausted and the
charged particle is neutralized.

. L S S S S S 3

A Path > Range B B Path = Range

FIGURE 3-3. A: Electron scattering results in the path length of the electron being greater than its
range. B: Heavily charged particles, like alpha particles, produce a dense nearly linear ionization
track, resulting in the path and range being essentially equal.



Bremsstrahlung spectrum

According to classical theory, if a charged particle is accelerated it will radiate
electromagnetic energy. When energetic electrons are incident upon a metal target
(as 1n an x-ray tube), the electrons interact with the coulomb field of the nucleus
of the target atoms and experience a change in their velocity, and hence undergo
deceleration. Bremsstrahlung radiation (“braking radiation”) is produced by this
process. The total intensity of bremsstrahlung radiation (integrated over all angles
and all energies) resulting from a charged particle of mass m and charge ze incident
onto target nuclei with charge Ze is proportional to:

Z? 7% b
Tpremsstrahlung X m2 (1.3)

The bremsstrahlung efficiency is markedly reduced if a massive particle such as a
proton or alpha particle is the charged particle. Relative to an electron, protons and
o particles are over 3 million times less efficient (1836~2) than electrons at produc-
ing bremsstrahlung x rays. Electrons therefore become the practical choice for pro-
ducing bremsstrahlung. The Z? term in Eq. (1.3) also indicates that bremsstrahlung
production increases rapidly as the atomic number of the target increases, suggest-
ing that high-Z targets are preferred.




Bremsstrahlung

While most electron interactions with the atomic nuclei are elastic, electrons can
undergo inelastic interactions in which the path of the electron is deflected by the
positively charged nucleus, with a loss of kinetic energy. This energy is instantaneously
emitted as electromagnetic radiation (i.e., x-rays). Energy is conserved, as the energy
of the radiation is equal to the kinetic energy lost by the electron.

The radiation emission accompanying electron deceleration is called bremsstrahl-
ung, a German word meaning “braking radiation” (Fig. 3-4). The deceleration of the
high-speed electrons in an x-ray tube produces the bremsstrahlung x-rays used.in
diagnostic imaging.

\ Bremsstrahlung ™ FIGURE 3-4 Radiative energy loss via
WWW" x-ray bremsstrahlung (braking radiation).
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Bremsstrahlung emission per atom is proportional to Z? and inversely proportional to the
square mass of the incident particle ~ Z2/m?

The energy of the Bremsstrahlung x-ray photons can have any value up to the entire
kinetic energy of the deflected electron.



X-ray interaction with matter

The 4 major interactions of x-ray and gamma-ray photons with matter are:

Photoelectric effect
Rayleigh scattering
Compton scattering
Pair production (above 1.022 MeV)

M FIGURE 3-13 Graph of the Rayleigh, Mass Attenuation Coefficients for Soft Tissue
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Figure 1.27: The region where each x-ray interaction process is most likely is shown as
a function of atomic number and x-ray energy. The transition zones between regions corre-
spond to the two cross sections being equal (t =0 and o = ).



Rayleigh scattering

In Rayleigh scattering no ionization occurs: the energy of the scattered photon is equal
to the incident photon

In Rayleigh scattering the incident photon interacts with the total atom and excites. It
occurs mainly with very low energy x-rays (such as those used in mammography). The
electric field of the incident electromagnetic wave expends energy, causing all of the
electrons in the atom to oscillate in phase. The atom’s electron cloud radiates this
energy, emitting a photon of the same energy but with a slightly different direction.
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® FIGURE 3-6 Rayleigh scattering. The diagram shows that the incident photon A, interacts with an atom and

the scattered photon A, is being emitted with the same wavelength and energy. Rayleigh scattered photons
are typically emitted in the forward direction fairly close to the trajectory of the incident photon. K, L, and M
are electron shells.



Rayleigh scattering

In this interaction, electrons are
not ejected, and thus, ionization does not occur. In general, the average scattering
angle decreases as the x-ray energy increases. In medical imaging, detection of the
scattered x-ray will have a deleterious effect on image quality. However, this type of
interaction has a low probability of occurrence in the diagnostic energy range. In
soft tissue, Rayleigh scattering accounts for less than 5% of x-ray interactions above
70 keV and at most only accounts for about 10% of interactions at 30 keV. Rayleigh
interactions are also referred to as “coherent” or “classical” scattering.
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Figure 1.16: The probability density functions for Rayleigh scattering angles are illustrated
for three x-ray energies in water. As the x-ray energy increases, forward scattering (small
angle scattering) becomes increasingly likely. The PDF at each x-ray energy is normalized
to 100%.




Photoelectric effect
In the photoelectric effect, all of the incident photon energy is transferred to an elec-
tron, which is ejected from the atom. The kinetic energy of the ejected photoelectron
(E_) is equal to the incident photon energy (E ) minus the binding energy of the
orbital electron (E,) (Fig. 3-9 left).

EW=EO—-Eb

In order for photoelectric absorption to occur, the incident photon energy must
be greater than or equal to the binding energy of the electron that is ejected. The
ejected electron is most likely one whose binding energy is closest to, but less than,
the incident photon energy.

e €

s

Figure 1.13: In the photoelectric effect, an x ray with energy E is absorbed by an atomic
electron, which is ejected from the atom causing ionization. The photoelectron will have
kinetic energy equal to Eg — Egg, where Egg is the binding energy of the electron to the
nucleus.



Photoelectric effect
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® FIGURE 3-9 Photoelectric absorption. Left. The diagram shows that a 100-keV photon is undergoing pho-
toelectric absorption with an iodine atom. In this case, the K-shell electron is ejected with a kinetic energy
equal to the difference (67 keV) between the incident photon energy (100 keV) and the K-shell binding energy
(33 keV). Right. The vacancy created in the K shell results in the transition of an electron from the L shell to the
K shell. The difference in their binding energies (i.e., 33 and 5 keV) results in a 28-keV K_ characteristic x-ray.
This electron cascade will continue, resulting in the production of other characteristic x-rays of lower energies.
Note that the sum of the characteristic x-ray energies equals the binding energy of the ejected photoelectron
(33 keV). Although not shown on this diagram, Auger electrons of various energies could be emitted in lieu

of the characteristic x-ray emissions.




Photoelectric effect

The probability of photoelectric absorption per unit mass is approximately
proportional to Z3/E3, where Z is the atomic number and E the energy of

the incident photon.

In photoelectric absorption there are no scattered photons to degrade the image.

Since the probability of photoelectric interaction in proportional to 1/E3, image
contrast decreases when higher energies are used for imaging.

For example, the probability for iodine (Z=53) is (53/20)3 or 18.6 times greater
than in calcium (Z=20) for a fixed x-ray energy

EXAMPLE: The K- and L-shell electron binding energies of iodine are 33 and 5 keV, respectively.
If a 100-keV photon is absorbed by a K-shell electron in a photoelectric interaction, the photo-
electron is ejected with a kinetic energy equal to E, — E, = 100 — 33 = 67 keV. A characteristic
x-ray or Auger electron is emitted as an outer-shell electron fills the K-shell vacancy (e.g., L to K
transition is 33 — 5 = 28 keV). The remaining energy is released by subsequent cascading events in
the outer shells of the atom (i.e., M to L and N to M transitions). Note that the total of all the char-
acteristic x-ray emissions in this example equals the binding energy of the K-shell photoelectron
(Fig. 3-9, right).

Thus, photoelectric absorption results in the production of

1. A photoelectron

2. A positive ion (ionized atom)
3. Characteristic x-rays or Auger electrons



Photoelectric effect

Although the probability of the photoelectric effect decreases, in general, with
increasing photon energy, there is an exception. For every element, the probability of
the photoelectric effect, as a function of photon energy, exhibits sharp discontinuities
called absorption edges (see Fig. 3-10). The probability of interaction for photons of
energy just above an absorption edge is much greater than that of photons of energy
slightly below the edge. For example, a 33.2-keV x-ray photon is about six times as
likely to have a photoelectric interaction with an iodine atom as a 33.1-keV photon.

100 B FIGURE 3-10 Photoelectric mass attenuation

Photoelectric effect coefficients for tissue (Z. .. = 7), and iodine

30 + (Z = 53) as a function of energy. Abrupt increase

in the attenuation coefficients called "absorp-

10 tion edges” occur due to increased probability of

photoelectric absorption when the photon energy

3 L just exceeds the binding energy of inner-shell
K-edge

electrons (e.g., K, [, M,...), thus increasing the
number of electrons available for interaction. This
lodine process is very significant in high-Z elements, such
as iodine and barium, for x-rays in the diagnostic
energy range.

—

©
w

0.01
Tissue

T

0.03

Mass attenuation coefficient (cm?2/g)

el 20 40 60 80 100 120 140

X-ray energy (keV)



Photoelectric effect

As mentioned above, a photon cannot undergo a photoelectric interaction with
an electron in a particular atomic shell or subshell if the photon’s energy is less than
the binding energy of that shell or subshell. This causes the dramatic decrease in the
probability of photoelectric absorption for photons whose energies are just below
the binding energy of a shell. Thus, the photon energy corresponding to an absorp-
tion edge is the binding energy of the electrons in that particular shell or subshell.
An absorption edge is designated by a letter, representing the atomic shell of the
electrons, followed by a number denoting the subshell (e.g., K, L1, L2, L3, etc.).
The photon energy corresponding to a particular absorption edge increases with the

atomic number (Z) of the element. For example, the primary elements comprising
soft tissue (H, C, N, and O) have absorption edges below 1 keV. The elements
iodine (Z = 53) and barium (Z = 56), commonly used in radiographic contrast
agents to provide enhanced x-ray attenuation, have K-absorption edges of 33.2 and
37.4 keV, respectively (Fig. 3-10). The K-edge energy of lead (Z = 82) is 88 keV.
At photon energies below 50 keV, the photoelectric effect plays an important
role in imaging soft tissue. The photoelectric absorption process can be used to

amplify differences in attenuation between tissues with slightly different atomic
numbers, thereby improving image contrast. This differential absorption is

exploited to improve image contrast in the selection of x-ray tube target material
and filters in mammography




Compton scattering

Compton scatt_ering (inelastic scattering) is predominant interaction in diagnostic energy
range of soft tissue above 26 kev and also up to approximately 30 MeV.  An incident

X-ray with energy E, interacts with an outer- (valence) shell electron which is ejected.
For conservation of energy and momentum:

EO - Esc + Eelectron
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Compton scattering

Compton scattering results in the ionization of the atom and a division of the
incident photon’s energy between the scattered photon and the ejected electron. The
ejected electron will lose its kinetic energy via excitation and ionization of atoms in
the surrounding material. The Compton scattered photon may traverse the medium
without interaction or may undergo subsequent interactions

The energy of the scattered photon can be calculated from the energy of the incident
photon and the angle of the scattered photon with respect to the incident trajectory

E,

E
]+ ——(1 —cos0)
511 keV

E, =

where E_ = the energy of the scattered photon, E = the incident photon energy, and
0 = the angle of the scattered photon.



Compton scattering: angular distribution

As the incident photon energy increases, both scattered photons and electrons
are scattered more toward the forward direction (Fig. 3-8). In x-ray transmission
imaging, these photons are much more likely to be detected by the image receptor.
In addition, for a given scattering angle, the fraction of energy transferred to the
scattered photon decreases with increasing incident photon energy. Thus, for higher
energy incident photons, the majority of the energy is transferred to the scattered
electron. For example, for a 60-degree scattering angle, the scattered photon energy
(E_) is 90% of the incident photon energy (E ) at 100 keV but only 17% at 5 MeV.
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Compton vs. Photoelectric

The photoelectric process predominates when lower energy photons
interact with high Z materials (Fig. 3-11). In fact, photoelectric absorption is the
primary mode of interaction of diagnostic x-rays with screen phosphors, radi-
ographic contrast materials, and bone. Conversely, Compton scattering will pre-
dominate at most diagnostic photon energies in materials of lower atomic number
such as tissue and air.
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Pair production
Pair production can only occur when the energies of x-rays and gamma rays exceed
1.02 MeV. In pair production, an x-ray or gamma ray interacts with the electric field of
the nucleus of an atom. The photon’s energy is transformed into an electron-positron
pair (Fig. 3-12A). The rest mass energy equivalent of each electron is 0.511 MeV,
and this is why the energy threshold for this reaction is 1.02 MeV. Photon energy in
excess of this threshold is imparted to the electron (also referred to as a negatron or
beta minus particle) and positron as kinetic energy. The electron and positron lose
their kinetic energy via excitation and ionization. As discussed previously, when the
positron comes to rest, it interacts with a negatively charged electron, resulting in the
formation of two oppositely directed 0.511-MeV annihilation photons (Fig. 3-12B).
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Pair production

Pair production does not occur at diagnostic x-ray energies

E =511 keV
e'.f\_ positron
o e+
negatron [
E =511 keV

Figure 1.21: The positrons produced in pair and triplet production will lose their kinetic
energy by interaction with the medium, and then rapidly interact with any available nega-
tive electron (negatron) and annihilate, producing two 511-keV photons being emitted in
opposite directions. The photons produced are called annihilation radiation.



