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Interaction of Radiation with matter




Introduction

* Inorder to understand the basic concepts in X-ray transmission
and gamma-ray emission imaging, we need to understand the
underlying interaction processes of the photons with the object to

be imaged and with the photon sensing detector.
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Interactions of Radiation with Matter
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hremsstrahlung

charged particles interact
sirongly and ionize directly
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neutral particles interact less,
ionize indirectly and
penstiate fanher




Interactions — Big Picture

o2+ - Alpha Particle

b« - Proton X-ray Production

Heavy

Coulombic Interactions

. e- - Electron . .
Particle A) Collisional Losses

- Excitation
- lonization
- Characteristic Xrays
Un-Charged / | Fast - Auger Electrons
No - ron . L
[ No-Neutron reere—r—s B) Radiative Losses

[ Thermal + Bremsstrahlung

Rayleigh
“INTERACTIONS” Scattering
e e
/ - IN:  photon + target outer shell e-
' Compton . OUT: scattered photon + ejected e-
) Scattering - Energy shared b/w photon/e-

- Weak Z-dependence @ Ediagnostic

Gamma Ray
Originate from nucleus °
Photon  / Image Formation
X-ray IN°  bh .
Originate from electron - IN:  photon + target inner shell e-
interactions/states | . - OUT: ejected e- (photoelectron)
Photoelectric - OUT: characteristic x-ray or Auger e-
Effect . Z*/E’ dependence

- Incident Ephoton must be > BEelec

Pair Production




Global Perspective
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Detector

X-Ray Tube /

Image Receptor:
- A) Analog Detector
* Screen-film
- B) Digital Detector
* Computed Radiography
* In-direct Digital
* Direct Digital

X-ray Source: |
- Bremsstrahlung |
- Characteristic X-rays |
|

|

X-ray Interactions in Body
—Phofo-electricc 2.7
- Compton Scatter o 1/
# of photons produced (mA) | We take advantage of the

We (or the system) control:
- photon energy (kVp)

- exposure time (sec). photon/tissue interactions to ,
Interactions of Radiation create a usable image. /
with Tissue \ - _

e This is classified as transmission imaging (i.e. photons tfransmit through patient)
* This is a 2D PROJECTION of 3D anatomy!
- Anatomical overlay (we lack some spatial information)

- SOLUTION: Different views (or a different modality):- photon energy

Z — atomic number



X-rayAbsorption and Scatter

Four major interactions are of importance to diagnostic
radiology and nuclear medicine, each characterized by a
probability (or "cross-section”) of interaction

- Classical (Rayleigh or elastic) scattering
- Compton scattering
- Photoelectric effect

» Pair production (not in diaghostic energy range, incident
x-ray must have energy > 1.02 MeV)

Ey = energy of incident photon
Ese = binding energy of orbital electron



Classical (Rayleigh or elastic) Scattering( 7 )
O, X p—
E, << Ese " E,
» Incident photon interacts with and excites the total atom
(electrons in the atom oscillate in phase)

* Occurs at very low energies (15 to 30 keV),

increases in probability with decreasing energy.
* No ionization takes place and no loss of energy
- The photon is scattered (re-emitted)

in a range of different directions

, but close to that of the incident photon
* Detection of scattered photo has negative effect on image quality
- Relatively infrequent probability (~ 5%)
for energies > 70 keV (diagnostic energy range)
. Accounts for ~10% of measured photons at 30 keV
(mammography energy range, Only important for low energies (<20 KeV, )




Compton Scattering

Ey >> Ese
- Dominant interaction of x-rays with soft tissue in the
diagnostic range and beyond (approx 30 keV - 30MeV)

- Interaction of incident photon

Cmd Cm OUTCI" She“ CICCTI"OH Compton scattering - I
- alence electrons
- Results in ionization of the atom, < ° -
@
a scattered photon, and the ¢ & o e
ejected electron d - o
- Ejected (Compton) electron LS @ A
Iose; its energy via excitation o« o e SR oS
and iohization g o &
Incidenty ~ O N "!”_,_ ..
photon ! ‘l';_:_ Y '\_\. \
(Eo) 2 ’ . . 0’ Angle of deflection
M <A e\:/\i . ‘{/, _ Scattered

" photon (Eg)



Compton Scattering

Scattering of a photon by a (free)

electron that leads to a moving
electron and a lower energy photon

Secondary photon degrades
transmission image

E
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Compton Scattering

Ey >> EBE (outer shell electron interaction)

- Original photon 'deflected’ which in turn decreases subject
contrast

Compton scattering

- As incident Eo increases, the O, L Velenco slciuns
photon & electron are scattered « [
in more forward direction, A S W
increasing likelihood of being . ¢
measured by the imaging ¢ |\ @ < | ¢
detector (decreased contrast) . « ¢ "5 oomen

- Compton scatter is greatest < "9/“
contributor of scattered x-raysis .- / N
in diagnostic imaging i NS

" photon (Eg)



Compton Scattering

Ey>> EBE outer shell electron interaction

- Conservation of energy & momentum:

E.=E.+E
Compton sotho Valence electrons
o © ) —
E, = incident photon energy e, @
=] [ (=]
E.= scattered pho’ron energy | il ) \
=] ‘ ' .
Ee = ejected electron energy Loe | @ |+ 4
e 0 S e,
- At diagnostic energies (20-100 « 7
Incident\ ~ A A N J._rf/r‘?__,_ ——
keV) most energy transferred to phoon A \
the scattered photon ° R pomottcsor
M<A ki \ Scattered

" photon (E4)



Compton Scattering

Ey>> EBE (outer shell electron interaction)

- Probability of Compton interaction
is primarily dependent on electron
density, increasing with increased
electron density

- In TiSSUC, the number of electrons Compton scattering

© _. Valence electrons

per gram is fairly constant, o iy
of o . L
therefore the probability is ¢ & o e
roughly proportional to material . o
density (o) @ -
o e 0T & N e
S ¢ , #
e
(Eo) /f\ ‘ .. - 0‘.) Angle of deflection
M<hi / \JA\\"\ Scattered

" photon (Ego)



Klein-Nishina Formula

Differential cross section per electron
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Energy-Sharing in Compton Scattering
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We need to distinguish between

the maximum and average
energy that is transferred to
the Compton (recoil) electron o

Higher-energy photons lose on

06 |-

average more energy to the L L]
. . 01 10 MeV 100
recoil electron during Compton . = n ety =
scattering Fioo . |
For energies below ~1.5MeV, ’ il .
more energy remains in the O " ion |1 | |
photon than transferred to the ¢ e N |
Sh —p t ' {
sorption cross \l
electron. ? [ e §\
1 1 \ 4
AT TTT 1] N
0S5 4 Proportion of energy shared between | \ -
} scattered photon and absorbed electron
02— | — ! \
G"b01 01 0 1 10 MeV |(j)3
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Photoelectric Absorption

* Entire photon energy is transferred to a bound (most
likely K-) electron

* Only secondary particle is short-ranged electron,
therefore no transmission image degradation

E_=hv—E;, E =hv

Binding Energy (keV)
/ 66 keV Photoelectron \
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Photoelectric Absorption

- Entire photon energy is transferred to a bound (most
likely K-) electron

* Only secondary particle is short-ranged electron,
therefore no transmission image degradation

E_=hv-E,, E =hv

Binding Energy (keV)
/ 66 keV Photoelectron \
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Photoelectric Effect (PE)

E,>>E,
- Interaction of incident photon with inner shell electron:

Results in a photoelectron and characteristic x-ray (or Auger

electron)
All incident photon energy (E,) is transferred to the

ejected photoelectron (Ee)
- E. = E, - Ex

Binding energy (keV) —
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Photoelectric Effect (PE)

(inner shell electron interaction)

Ey>> EBE

- The empty electron shell immediately fills with an electron
from an outer orbital resulting in the emission of

characteristic x-rays (or Auger electron)

- The energy of the characteristic x-ray emitted (En) is the
difference in the binding energies of the orbitals

- Binding energy (keV) -

7 e
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X-rays:

A: 1 keV (N—M)

B: 4 keV (ML)

C: 28 keV (LK)



Photoelectric Effect (PE)
Ey >> EBE

- Probability of photoelectric absorption proportional to
Z/E

- Due to the absorption of the incident x-ray without
scatter, maximum subject contrast arises with
a PE interaction

- Explains why contrast decreases as higher energy
x-rays are used in the imaging process (in addition
Compton scatter decreasing contrast); as E, is

increased, the probability of PE is decreased
eight- fold

- Increased probability of photoelectric absorption just

above the inner shell E,. ("absorption edges)



Photoelectric Effect (PE)

E>>FE, (inner shell electron interaction)

100 - Causes discontinuities in the
attenuation profiles

Photoelectric effect

- K-edges become significant factors

for higher Z materials as the E,; are
in the diagnostic energy range

Mass attenuation coefficient (cm#qg)

‘\\ “ ,, . . . . .
oot N\ - “K-edge” 1s important in diagnostic
p Issue . .
. \,
0.03 £ imaging
0.01! 1 1 PN 1 1 1
20 40 60 80 100 120 140
X-ray energy (keV) :
Use in Symbo Atomi k-edge
. Element c
Radiology | #(2) Energy
lodine I 53 33 keV
Contrast Barium Ba 56 37 keV
Agents
Gadolinium Gd 64 50 keV
Imaging Cesium Cs 55 36 keV
Detectors (DR)




Photoelectric Effect (PE)

Ey >> EBE

attenuation coefficient (cm?yg)
o
w w

e
=
s

Mass
=3
(=]
w

Photoelectric effect

0.01

20 40 60 80 100 120 140
X-ray energy (keV)

(inner shell electron interaction)

- At photon E <« 50 keV, the PE plays
an important role in imaging soft
tissue, amplifying small differences
in tissues of slightly different Z and
improving subject contrast (e.g., in
mammography)

Increased absorption probabilities

improve subject contrast and

quantum detective efficiency

Use in
Radiology

Element
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k-ed
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PE is also the dominant interaction

contributing to dose to the patient

Contrast
Agents

lodine

Barium

Ba

53

56

33 ke

37 ke

Imaging
Detectors

Gadoliniu
m

Cesium
(DR)

Gd

Cs

64

55

50 ke

36 ke




Pair Production

E,> 1.02 MeV

- Only occurs if incident photon has energy exceeding 1.02
MeV (beyond diagnostic & NM energy range)

- Interaction with the nucleus, e lien
creating an electron-positron = < * Ectaionans
pair (both lose their energy™ ", .
via excitation/ionization) 1 (@ )T ]

© L
e

- When positron comes to rest, * . <,

it intferacts with an electron  * = ..
and produces two 511-keV
photons.

i k\\ - ,\...;‘.,“‘r\"\'
Er VYU 0511 MeV

“\\\I‘v \ 'O
’ ¥/_Annihilation Radiation

m_\_"‘J" ah
L7051 MeV 8 -180



X-ray Interactions with Matter (Summary)

Photon interactions
* Rayleigh
- Compton (dominant interaction, primary contribution of
scattered photons (for a wide-range of Eo)
* Photoelectric effect (PE, improved contrast b/c of
k-Edges, higher probability at low Eo)
* Pair Production (n/a in radiography, used in PET imaging)
Effect on image
Rayleigh Scattering: image degradation (~5% at 70 keV)

Compton Scattering: image degradation Diagnostic ~ Nuclear
. . Radiology = Medicine
Photoelectric Effect: increased contrast/dose 20 «<—(70-80)~— 511
§ 10K
B
@
Q2
©
-
Y S\ S
T
L
2
Q
-
S
& 100

0 | 1 |
10 100 1000
keV

Janess uoydwo) Juadiad



QUANTIFYING INTERACTIONS



Quantifying Interactions (attenuation)

What is 'attenuation’?

- A photon can interact or just pass through the patient's tissue
- Attenuation

1. Absorption - Photoelectric
2. Scattering - Rayleigh, Compton

How can we estimate how much attenuation is occurring?

Interactions are a stochastic process, driven by probabilities The factor that
attempts to get a handle on this is the linear attenuation coefficient (u)
fraction of incident photons that will be attenuated per unit thickness
Units of cm

Must know photon energy and the medium in which the interaction is occurring
Example: [ ooy sisse = 0.16 cm

N remaining photons

No — starting photons
i — linear atten coeff
x — thickness of material



Attenuation of X-rays and Gamma-Rays

Fraction of photons removed (due to
absorption or scattering) from mono-

energetic beam of photons per unit

thickness of material is called linear

attenuation coefficient :
AN =—uxNxAx; pU=nxo

n: number of atoms per volume (p/AN,)

o. cross-section per atom or atomic cross-section (“area”)

= N(x)=N,e™

Migiar = Mg T Hpp + Hes T Hpp

1L

depends on
E,Z, A p,p.

Bone: Z~13
E(C)=35 keV

Tissue: Z~7
E(C)=25 keV

Z

16 .
1.4 -
T2
§
S 1.0 F
-g 0.8
§ 06
§ 0.4
-]
<
0.2 - \ 7\\ on
\\y / \.<: Cm
0.0 ool Bl LT
0.1 1.0 10 100 100
Photon energy (hv/lnocz)
[7"'7.'7'"*“71 T T T T T T
120 .
100~  Photoelectric etfect Pair production
dominant dominant
80 — —
60,, .
40+ Compton effect -l
B 7 dominant
20+ 4
// —
e NI R TITT  EE EETTTEE e
0.01 0.05 0.1 05 1 5 10 50 100

hv in Mev



Poly-Energetic Beams - Beam Hardening

Averago Pheton Energy and HVL Incroasos

° POIY"ener‘geTiC phOTon beam Photon Intensity (... quantity) docroases
loses smaller energies more ~~B ~—§ A
quickly than larger energiesina ~ 7VV- || V'V @ VYV
. e B v B v B o 8
medium. LT T T T
» Although overall reduction in ~ @ ~ B d 3
e [ wawwwye ) wwvawwy WWWWW» e
the number of photons, the el Bl Dol ;
average or effective energy ~_- —t i
ncr'eaSes (VTS | HRNAVN P P Ll S
| .
 Low-energy (soft) X-rays wil ’ YT RE T

nhot penetrate most tissues in
the body, increasing the dose to
the patient and not contributing
to the diagnostic quality.
Therefore, filters made out of

Photon intensity
T L

! | X)L ' Entrance and exit

. . I ' | 80kV X-ray spectra
thin plates of e.g. aluminum are .
used o remove soft X-rays. = Hreree TRSREE Y (
Photon energy (keV)




For 100 photons @ 100 keV passing through 6-cm of tissue, how many remain?

* N=N,e*=100e(-16%6) =38 %

« Stated differently, 62% of the original photons were
attenuated. Higher energy photons have lower y and
experience lower attenuation. Higher p indicates higher
attenuation and lower transmission

Htotal = HRayliegh + Upg * Hcomp + MUpp
« The equation above seems to indicate that thickness is the only driver of
attenuation

« If we took a radiograph of a cup of ice water, would we be able to see the
ice?

« Interaction probability is really proportional to number of atoms per
volume (density)




Quantifying Interactions

* Mass attenuation coefficient (i/p) — normalization of the
linear attenuation coefficient (p) for standard unit density (p)

»  Example: water, ice, and vapor
Hyater = Hijce =~ H vapor

IJ/ Pwater = LI/ Pice = LI/ Pvapor



Contrast

e Transmitted intensities: I =T x e-(/lzxz)
2 *0

Attenuation - Subject Contrast

]1 — 10 % e—(ﬂlxl)

- Transmitted fraction/ suvject
ce i
1,/1 = o~ 2—s)x;

0.01

Q1pg

10

NN Soft tissueffat -

Lungbone

N :
\ S ﬂtissu_e!air :

— 1 (xl —X3 )

Xe

Subject contrast, i.e.
differences in
attenuation
coefficients between
lung and bone, soft S
tissue and air, and soft -/ Frr s

tissue and fat. LD, L St
' P \ ! Intensity

transmitted

3

Effective kilovoltage ranges:
g\ :CMgmemggr;‘%ﬁhgad, raph

: Co 0 i
H: Higﬁ EV inves‘riga‘r?on Qe?g;. chest)



Mass attenuation coefficient (cm?/g)

T T T e e—n w— w—— — — —

© O
=W

- Photoelectric /4

0.03 -
Ra i: h Compton
i
0.01 - g : -
: Pair production
0.003 |- ; >
0.001 i ! ! !
10 MESEEEE, | ¢ o MEESPEROREGy B0 ¢ o FEN 10,000
:lL Energy (keV) :
Note

Crossover point where dominant interaction transitions
between being PE and Compton is ~25 keV in tissue



Interactions — Big Picture

Heavy

Particle

o2+ - Alpha Particle

Un-Charged /
/ no - Neutron

- High LET
- Path = Range
p+ - Proton
Coulombic Interactions
e- - Electron | - Low LET . .
. Path > Range A) CoI.I|5|_onaI Losses
B - Positron - Excitation
: - lonization
B) Radiative Losses
Fast - Bremmstrahlung
/ Intermediate

[ Thermal

Rayleigh
“INTERACTIONS” Scattering
- IN:  photon + target outer shell e-
Compton - OUT: scattered photon + ejected e-
Scattering - Energy shared b/w photon/e-
Gamma Ra - Weak Z-dependence @ Ediagnostic
Originate from nucleus
Photon /
X-ra .
/Originatmvelec"on - IN:  photon + target inner shell e-
interactions/states ) - OUT: ejected e- (photoelectron)
Photoelectric - OUT: characteristic x-ray or Auger e-
Effect - Z3/E3 dependence

- Incident Ephoton must be > Beelec
Pair Production

Mass attenuation coefficient (cm?/g)

Mass Attenuation Coefficients for Soft Tissue

\ Pair production

1,000
Enerav (keV)

100 10,000




- X-ray spectra, have a range of energies
and every x-ray tube can be different

Characteristic
Radiation Spikes
(Tungsten)

Eer = 1/2kVp/to*l7'.’.'RV‘; \I
/l 1 1 1 3|

1 1 1
0 10 20 30 40 50 60 70 80 90
Energy (keV)

Relative cutf:gt

« PROBLEM: Difficult to measure (especially accurately)
* PRACTICALITY:  Half Value Layer (HVL) Measurement



Quantifying Interactions

« Half Value Layer —

Half Value Layer

The thickness of Aluminum needed to reduce the

SN
VAVAVAR
WM
WINKYANAYAY -
N
SN
MINWWN-
FAVAVAW

N
WINRYINAYAY-

exposure down to half of the initial value  warvauevayer
Average Photon Energy and HVL lncraasus 10 o
= 0.9934e
- Phoiminlomwi (e quamv)idwnm B 09\ ) Ré = 0.997
| N \
ravavas FAVAVANS 08
WMWY VIV WMWY 2 \
WA IEMA CVINAIAIA NNV~ OIRANANANAN)- d o7
3 \
& NS 06
AW WM MWW \\
AVaVaull | RVoVLVAN . —
AINAYINAYAS CNINRIRINR- AYNTNCNNG | ANV 04 an ug i ,*5 20 * 26 38 ’ 35 4
mm Al

* This takes advantage of the fact that photons of different

energies have f"'“orx... penetrabiliti

From same tube, 80 kVp or 100 kVp has
higher HVL?

Two different tubes, 80 kVp in both cases,
one has higher HVL. Why?




Photon and Energy Flux and Fluence

- Definitions -
Fluence: o - Photons [ 1 }
Area cm’

Flux: ¢=0 =

Photons [ 1 }

; 2
Area x time cm- xS

Energy fluence: Photons y Energy _ O F kel’
Area Photon cm”

: Photons  Eneregy kel
Energy flux: w=%= xS { }

= _ -
Areaxtime Photon cm- X s

(or intensity in [J/mas])



Energy Transfer and Energy Absorption

- Assume uniform, broad, parallel beam of

mono-energetic photons normally
incident on an absorber of thickness & Attenuator

D, D

« Detector receives uncollided as well as

scattered and other (e.g.
Bremsstrahlung and fluorescence)
photons

 Thus, not all of the energy of the

interacting photons are necessarily
absorbed T
0

W ‘L

\

2422222
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« The decrease in beam intensity with AX
increasing x can be expected to be less
than described by the linear _ 5
attenuation exp(-( x) Eluence. @ [photon/cm?]

« The energy transfer coefficient Incident energy fluence rate: ¥
describes the actual energy that was Transmitted energy fluence rate: ¥
transferred (to the short-range Linear Attenuation Coefficient: u [1/cm]

electrons) in the interaction process



Energy Transfer and Energy Absorption

« Assume uniform, broad, parallel beam of

mono-energetic photons normally
incident on an absorber of thickness & Attenuator

. . @ ¢

« Detector receives uncollided as well as 0
scattered and other (e.g.
Bremsstrahlung and fluorescence)
photons

 Thus, not all of the energy of the
interacting photons are necessarily
absorbed : : '

. . . . — ) fp— .
« The decrease in beam intensity with \PO (DOE AX v 4

increasing x can be expected to be less
than described by the linear

attenuation exp(-[ x) . 5
« The energy transfer coefficient Fluence: @ [photon/om]

. .
describes the actual energy that was Inmdent energy fluence rate: °
transferred (to the short-range Transmitted energy fluence rate: ¥

electrons) in the interaction process  Linear Attenuation Coefficient: p [1/cm]

2442222




Mass Energy Transfer & Energy Absorption

Coefficients
1 | ! I
. 1
P Water |ad 5
Energy =
(Y S S S R c
00 5B 4% 4% BL 6 9 Xh
00 0171 0085 0085 555 216 216 0.01 - ‘{'.‘ “\:;,\;:""
00008 OMI OB 000 0By 00 S i A
00 00 006 0057 008 0N OGS o TR
00 00 0067 002 0% 0MI 00 - 00 0.1 1 10 100

ENERGY (MeV)




Quantifying Interactions Linear Energy Transfer

* Another thing to keep in mind, different particles deposit energy in
different ways.

A Path > Range B B Path = Range

Linear energy transfer (LET) -
amount of energy deposited per unit length (eV per cm)
- High LET more damaging than low LET radiation



