UiO ¢ Department of Physics c\ Oslo
University of Oslo University Hospital

Interaction theory - Photons

Eirik Malinen

INTRODUCTION TO
RADIOLOGICAL PHYSICS
AND

RADIATION DOSIMETRY

FRANK HERBERT ATTIX
Professor of Medical Physics
University of Wisconsin Medical School
Madison, Wisconsin

ISBN-13: 978-0-471-01146-0
ISBN-10: 0-471-01146-0

Interaction .
theory Dosimetry
IO;lZl.ng Atoms Ionizing Matter
Radiation radiation radiation
source ° i -—»
>
AL .
® ——
& A
*~———>
Effects
- Photons A
- Charged particles lonizing
- Neutrons radiation Molecules Cells Humans
-—»
[ o ®
DNA
-— >
U0+ Department o rysis e 32—

¢ To understand primary and secondary effects of
ionizing radiation

e How radiation doses are calculated and measured

¢ To understand the principles of radiation
protection, their origin and applications
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e Interactions between ionizing radiation and
matter

e Radioactive and non-radioactive sources

e (Calculations and measurement of absorbed doses
(dosimetry)

¢ Radiation chemistry
+ Biological effects of ionizing radiation

¢ Principles of radiation protection
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e X-ray contrast: only a matter of differences in
density?
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Relevant issues

e X-ray and CT investigations

¢ Radiotherapy

¢ Positron emission tomography
¢ Radiation protection

e Radiation Biology
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Cross section 1

e Cross section s: “target area”, effective target
covering a certain area

e Proportional to the interaction strength between
an incoming particle and the target particle

e Consider two discs, one target and one incoming:

electron, _— incoming particle

nucleus... radius ry

radius r, (direction into the paper)
e sisthe total area: T(r” +r7)
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Cross section 2

¢ N particles move towards an area S with n atoms

Atomic cross @ Incoming particle
section, 0
. Q@O OC
QQQQ@ o
OG\ no interaction

¢ Probability of interaction: p =nag/S
¢ Number of interacting particles: Np= Nng/S

interaction

Cross section 4

e Differential cross section with respect to scattering
angle

particle beam

scatter .
element

detector

do _ numberof particlesscatteredintodQ 1

dQ numberof particles per unitarea dQ
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Cross section 3

¢ Separate between electronic and atomic cross
section
¢ The cross section depends on:
- Type of target (nucleus, electron, ..)
- Type of and energy of incoming particle
(photon, electron...)

¢ Cross section calculated with quantum mechanics
- here visualized in a classical window
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Photon interactions

« Photon represented by a plane wave A (r,t)~ P70
in quantum mechanical calculations

¢ In principle, two different processes:

- Absorption V" @ = @

An(r,t)

- Scattering ’Z\Wr\/‘ @ = @ T

n(rt) W, v, _
* Aou(r,t)

e Scattering: coherent (elastic) og incoherent
(inelastic)
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Coherent (Rayleigh) scattering

e Scattering without loss of energy: hv=hv’

¢ Photon is absorbed by atom, thereby emitted at a
small deflection angle

¢ Depends on atomic structure and photon energy

e Atomic cross section:

Z 2
URD(EJ
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Compton scattering - kinematics

e Conservation of energy and momentum:

hw=h'+T
lecos&+ pcog , v sif= psip
c c c

(pc¥ =T?+2Tm ¢

-

hv v 0
hw'=s——7——— , cotp= [ 1+ ] tar(—]
1+7h|/ (1-co9¥ ) mc 2
mc
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Incoherent (Compton) scattering

e Scattering with loss of energy: hv’'<hv

¢ Photon-electron scattering; electron may be
assumed free (i.e. unbound)

hv

[¢]
N
ey

e Thomson scattering: low energy limit, hv—0
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Compton scattering - kinematics
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Compton scattering — example

¢ An X-ray unit is to be installed, with the beam
direction towards the ground. Employees in the
floor above the unit are worried. Maximum X-ray
energy is 250 keV. What is the maximum energy
of the backscattered photons?

6=180"= Wv'=— v = héh/
1+ (1-co¥ ) B—

mc’ m¢

_ L 250 _
hy = 250 keV= h = ZXZSO_MV
1+
511
IO+ et s (S1—

Compton scattering - cross section 2

¢ Cylinder symmetry results in:

N2/
[d—aj =} (V—j (V— +2Z _sin? 9) sind
dg v v v
e ~ probability of finding a scattered photon in the
interval [0, 6+d0]

e Total electronic cross section:

m N2/
J:Imj VL +Y —sin2g |sing g
Y v)\v v

e Atomic cross section: ,0=Z.,0
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Compton scattering - cross section 1

e Klein and Nishina derived the cross section for
Compton scattering, assuming free electron

o Differential cross section:

(daj:roz('/')z ['L'+£
dQ 2 v %
dQ =sinddd dp

ry: classical electron radius

incoming photon along z-axis
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Compton scattering - cross section 3

¢ Scattered photons are more forwardly directed
with increasing photon energy:

3.0e-25

2.5¢-25 4
— 0.01 MeV

20025 —— o1 Mev
06231 1 Mev
10 Mev

1.5e-25

do;d6 [em’/radian]

1.0e-25

5.0e-26 4
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Compton scattering - cross section 3

¢ Cross section may be modified with respect to

energy:
do do dQ do .
= =——2mrsind
d(bv) deo d(v") d2 d(r ")

h' = hv

hy
1+@(1 coy )
, 2
', v —1+[1—(W—1j”1'6] 1
v W' ' hv
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do _ mimc’
- SRS
d(hv) (Y

Compton scattering - cross section s

e Correct atomic cross section:

102
10
Effect of electron
“E binding energy
S
% I Klein-Nishina \
= 10 Carbon (Z=6) N
Copper (Z=29)
Lead (Z=82)
107 T T T T T
0.001 0.01 0.1 1 10 100 1000
hv' [MeV]
U108 Do P ¢ 1 S——

Compton scattering - cross section 4

Backscatter edge

hv=0.5 MeV Compton edge

4.0e-25 4 hv=1 MeV
2.0e25 A ‘——’_’_I
00 ! . . : |
0.0 0.2 0.4 06 0.8 1.0
hv' [MeV]
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Compton scattering - transferred energy 1

e The energy transferred to an electron in a
Compton process:
T=-t'
e The cross section for energy transfer:
do, _do T _do v’
dQ dehw d2 W
e Mean energy transferred:

_ [1%%40 [V W g
To) de _ v de =% xhy
J' do do g g
de
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Compton scattering - transferred energy 2

e The fraction of incident energy transferred:
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Photoelectric effect 2

e Inthe kinematics, the binding energy of the

ejected electron should be taken into account:

T=Ww-E-T=W-§

e Assuming E, =0, the atomic cross section is:

712
E:Zx/Erzcr“Z5 M sinfg| 1+ 4£ cod
d,w ’ v m¢

a: The fine-structure constant
Solid angle Q2 gives the direction of the ejected electron
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Photoelectric effect 1

¢ Photon is absorbered by atom/molecule; the
result is an excitation or ionization

X X+ T,

¢ Atom may deexcite and emit characteristic
radiation:

@ﬁ@m
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Photoelectric effect 2

Photoelectric cross section (do/d6)/s
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Characteristic radiation

e Energy of characteristic radiation depends on
elektronic structure and transition probabilities

¢ "K-and L-shell” vacancies < hvyg and hv,

¢ [sotropic emission

¢ Fraction of photoelectric interactions:
Py [hv>(E}) ] and P, [(E},), <hV<(E},)]

¢ Probability for emission: Yy og Y| (flourescence
yield)

e Energy emitted from the atom:
Py Yhv+(1-Py)P, Y, hv,
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Photoelectric cross section

e General formula:

T Dzi)m , 4<n<5, 1<m<3

(hv
e Fraction of energy transferred to photoelectron:
T _h-EF
[
e However: don’t forget Auger electron(s)

e Cross section for energy transfer to

photoelectron:
- = (W=RX W, -(1-R )PYR)
" hv
110+ Goarment ot rysis & -

Auger effect

e Energy release by ejection of losely bound
electron

e Energy of emitted electron equal to deexcitation
energy

¢ Low Z: Auger dominates

e High Z: characteristic radiation dominates
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Pair production 1

e Photon absorption in the nuclear electromagnetic
field where an electron-positron pair is created

e

T

hy

> i

@ 7
,

)

nucleus

,
¥
Ta =0; mom.= pg

e Triplet production: in the electromagnetic field of
an electron
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Pair production 2
e Conservation of energy:
hw=2mé+T+T

e Average kinetic energy after absorption:

F_hv-2m ¢é
2

o Estimated electron/positron scattering angle:

p=mC

T
e Total cross section:
K=ar?Z?P
UIOF Bapaiment f Pyses & 1 S—

Triplet production
e Inthe electromagnetic field from an electron, an
electron-positron pair is created

e Energy conservation:

tw=2mcé+T+T+T
e Average kinetic energy:

F_hv-2m é
3

e Primary electron is also given energy
e Threshold: 4m,c?
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Discovery of pair production

@ Magnetic field
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Pair- and triplet production

¢ Pair production dominates:

Se-27
27
Ny 7, — C(z=6)
: — A=) |,

297 4 P
£ 7 cu(z=29) [ "
k Pb (z=82)
NS w7 T
SE Triplet
e

1e-27 4 /

]

1 10 100
hv [MeV]
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Photonuclear reactions

e Photon (energy above a few MeV) excites a
nucleus

e Proton or neutron is emitted

¢ (Y, n) interactions may have consequences for
radiation protection

¢ Example: Tungsten W (y, n)
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Summary, interactions 2
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Summary, interactions 1

Photon-
nuclear
reactions

@—)[ Compton ]—[ Rayleigh H Photoel. eff. ]—[ Pair/triplet

hv

hy'=

|

¥ (v /rpé )(1-cosd)
T=hv-hv
cotg=[ ¥ (v /m¢ Jtan(@/2)

Kinematics

v )z(% +5 —sir? HJHU” a) (%/jz]_[r 0 (ri/")"y

Atomic
cross section

Mean

T=hn-E,-T, P: hn = 2m,c?+ 2T
=hn-E, T: hn = 2myc?+ 3T

«, 0 Z°P(hv)
k, 0 ZP(hv)

energy ?=hV% [77: = PY v - (- RORYhw,
transferred

UiO £ Department of Physics c\ Oslo
University of Oslo Uni

iversity Hospital

Attenuation coefficients 1

e nyatoms per volume = p(N,/A)

e Number of atoms:

n=n,V=n,Sdx ;
¢ Interaction probability N> OO
p=no/S=n,0dx VIV OOO
e Probability per unit length: %

H=p/dx=ny0=p(N,/A)C o
H: linear attenuation coefficient

dx
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Attenuation coefficients 2

* N, :Avogadro’s constant; 6.022 x 1023 mole!
e A:number of grams per mole

¢ N,/A: number of atoms per gram

e N,Z/A: number of electrons per gram

e Number of atoms per volume: r(N,/A)

e Etc.
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Attenuation coefficients 4
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Attenuation coefficients 3

e Total mass attenuation coeffecient:
H_ T, 0, K,%
p PP PP
¢ Coefficient for energy transfer:
He _HT
p phy

e Braggs rule for mixture of atoms:

sy e

m

i=1
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Attenuation 1

e Beam with N photons impinge absorber with
thickness dx:

dx
N — ., N-dN

¢ Probability for interaction: dx

e Number of photons interacting: Nudx
- dN _
dN=Nudx = JW‘I’Ud)

= N=N,e”
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Attenuation 2

* Note that is the interaction probability per unit
lenght - not the absorption probability

e e corresponds to a narrow beam measurement
geometry:

Shield

- __» Scattered photons

—
—_—

o
B
—

- detector
\

Attenuator, thickness dx
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Attenuation 4

1.0 Water
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- 06 . ;
Z Photon energy in MeV
“ 04
02
0.0
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Attenuation 3

e ’'Probability’ for photon not interacting: e#
¢ Normalized probability
P, = Ce* J nde 1= n=y ¢
0
¢ Mean free path:

(x)zojxp, dx:T e det
0 " 0 /1
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Attenuation - example

e 2 MeV photons
Pb: pM=0,516 cm™?
H,0: p=0,049 cm?

e‘HHzoXHzo - e—upbpr
= XHzo - p‘Pb
Xpp  Hu,0

e 10 times as much water necessary

02.09.2013
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Scattered photons

e e’™: number of primary photons at a given
depth

e What about the scattered photons?

[RA]

e Monte Carlo simulations
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Primary and scattered photons, 1 MeV
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Primary and scattered photons, 100 keV
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