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Interactions of Photons with Matter

Photons
Electrons 10 GeV photon from right

it on 10 cm lead cylinder
positrons

Simulation of a photon penetrating a slab of lead, showing the secondary parti-
cles produced as a result of the photon’s interactions with Pb atoms.
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E— » photon interactions in matter involve either nuclei or
T orbital electrons of an atom
| nucleus | orbital electrons \
nuclear Thomson scattering
T photodisintegration | Compton scattering
electromagnetic triplet production
pair production photoelectric effect

» orbital electron—photon interactions occur with
loosely bound or free electrons (binding energy
Es < hv) or tightly bound electrons (Eg < hv)

» photon interactions with tightly bound electrons are
considered interactions with whole atom




Radiation Physics
Lecture 2

Interactions of
Photons with
Matter

General Aspects

Physical Processes
Thomson Scattering
Rayleigh Scattering
Compton Scattering

Photons lose energy in very few large interactions,
resulting in:

1. photon absorption and energy transferred to light
charged particles (electrons, positrons)

2. photon scattering — elastic (coherent), with no energy
transfer to electrons, or inelastic (incoherent), with
energy transfer to electrons

Light charged particles produced as a result of photon
interactions with atoms deposit their kinetic energy to the
medium via many small collisions, resulting in ionisation
losses or radiative losses.
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Interactions of

Photons with

A » linear attenuation coefficient, p (units m=1),

General Aspects

rapecs measures probability per unit path length of a photon
artow Bea Geome interaction in an absorber; depends on hv and Z

S Object
Thomson Scattering

Rayleigh Scattering

X-ray
Photons

Compton Scattering

— ATTENUATION

~ PENETRATION

Photon Energy

Thickness
Density
Atomic Number (Z)

uAX > 1 = strong attenuation of primary photon beam
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Example: water

» for 100 keVphotons, ;= 17.1m 1 =0.171cnm! —

17.1% of photons interact per cm of water (on
average)

» essentially all 100 keVphotons will have an
interaction in just (0.171 cnm!)~! ~ 5.8 cmof water

» for2MeV, = 4.94m 1 = 0.0494cnt! = 4.9% of
photons interact per cm of water (on average)

» essentially all 2 MeV photons will have an interaction
in 20.2 cmof water

Example: lead

» for 2MeV photons, = 0.514 cn! = 51% of
photons interact per cm of lead (on average)

» essentially all 2 MeV photons will have an interaction
in just 1.9 cmof lead
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Narrow Beam Geometry

» 1 measured experimentally for different absorbers
using a thin slab of thickness x placed between a
narrowly collimated source of monoenergetic
photons and a narrowly collimated detector

» intensity signal | measured by detector before and
after slab introduced

Source Source
Measurement of linear attenuation
R ] coefficient using narrow beam ge-
ometry. Incident photon beam from
V0 source must be sufficiently colli-
Vi 1 mated to prevent scattered pho-
tons from hitting detector, so only
——— T attenuated primary beam is mea-

sured. Source should be suffi-
ciently far away that photon beam
is normally incident on the slab.

b o (Fig. 7.31a in Podgorsak)

Detector Detector
Signal 1(0) Signal I (x)
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An incremental layer dX in the slab reduces beam
intensity | according to

dl = —pldx

and integration over the whole slab, 0 < X' < x, gives

I(x) =1(0) exp (— / 7 d)(> exponential attenuation (1)
0

where |(0) = intensity of primary (incident) photon beam.

» for a homogeneous medium, ;. = const, so
[(x) = 1(0) exp(—puX)

» since | « N, where N = no. of photons, the
exponential attenuation law extends to N, i.e.

X
N = Noexp(—/ pdX)
0
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» no. of interactions = AN = Ng — N = Ng(1 — e #¥)
» AN # dN = —uN dxunless x is very small

Example: Np = 1000 photons incident on x = 10cm of

absorbing material with ;z = 0.1 cn L.
N = 10001 — e 1) = 368 = AN = 632interactions.

Numiber of Photons Interacting with Each Layer
100 90 81 73 65 59 53 47 43 38

-

Incident
Intensity
of 1000 -
Photons —
Each Layer = 1 ¢ of Material
10004
£ w=0.1/cm
s -
z -
E 500-|- 202 Attenuation_"
E .
= =
=
. HVL
o 1 1 T T L] I 1 ) 1 ]
o1 I 8 9 10
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Characteristic Absorber Thicknesses

Some commonly used definitions for monoenergetic
photons in narrow beam geometry:
» Mean Free Path, MFP = x = p 1
average distance a photon travels before undergoing
an interaction; 1(x)/1(0) = e"! = 0.368
» Half Value Layer, HVL = Xy,
thickness at which 50% of the primary beam is
attenuated: 1(xy/2)/1(0) = 0.5 = Xy =In2/p
» Tenth Value Layer, TVL = xy/10 ; thickness at which
beam is attenuated to 10% incident intensity:
I(X1/10)/1(0) = 0.1 => X310 = IN 10/
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» spectral effects can be important in beam attenuation

» higher energy photons generally penetrate deeper (i
generally decreases with E)

» second half value layer, HVL; is thickness where | is
attenuated from 0.51(0) to 0.251(0), i.e. X174 — X1/ and

B X1/2 ~ HVL
X X4 =% HVL

homogeneity factor

» x # 1 = photon beam has spectral energy
distribution

» y < 1= spectral hardening (absorber preferentially
removes low-E photons)

» x > 1 = spectral softening (absorber preferentially
removes high-E photons)
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Number of photons
g &8 & 8§ 8

8

1 10 19 b k) 45 55 64 73 82 at 100
Energy (kev)
= = = Abumidn e filtration —— 2. 33mum 4% AlCu alloy fileation |

A bremsstrahlung spectrum produced by a thick target in an X-ray unit is often
filtered with aluminium, which hardens the spectrum. Filtration with an AlCu

alloy produces a spectrum that is harder.
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symbol definition units

rCostiien linear attenuation coefficient W o m-1
sl 1\ ss attenuation coefficient w/p m? kg1
it atomic cross-section all p/n”  m?atont!
e electronic cross-section el p/(Zf)  m?electrorm?®

» p =density of absorber

» n” =no. atoms per unit volume = pN, /A, where
N, = 6.022 x 10?%atomsis Avagadro’s number and
A = atomic mass of absorber

» N, is no. of atoms in a mass (in grams) equivalent to

A; e.g. for carbon, A = 12, so 12 gof C contains N,
atoms
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Matter

: mass-weighted cross-section (area per unit mass)
envton Cosfciris » the attenuation factor is umpx instead of ux

Example: The attenuation of a 1 mm thick copper plate,
given um = 0.420cnfg~t and p = 8.96 g cn 2 for Cu, is

Thomson Scattering
Rayleigh Scattering

Compton Scattering

N
N = EXP(—umpX) = exp(~0.420-8.96-0.1) = 0.69
0

» if p is unknown, effective "thickness”, px, of absorber
can be deduced from weight and area; e.g. a
10 x 10 cn? piece of foil weighs 0.03kg so its
thickness is px = 0.03kg/(0.1m)2 = 3kg N2
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Two other commonly used coefficients are:
1. energy transfer coefficient

E
e = pry (2)
14
where Ey = average photon energy transferred to KE
of light charged particles
2. energy absorption coefficient

Eab  Ev — Erag
Hab = pp = = (3)

where E,, = average energy absorbed in a volume of
interest in the medium and E;5q = average radiative
energy lost by charged particles
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The energy absorption coefficient can be written as

E
Mab = Hir (l - I_:_r:\rd> = ,Utr(l - G) 4)

where g is the radiative fraction — i.e. the average fraction
of energy transferred by photon interactions that is
subsequently lost to radiative interactions by secondary
charged particles. This is mostly bremsstrahlung losses.

» for low-Z materials, and low-hv, g — 0 and uy ~ pap

» g increases with Z or hv — e.g. for lead (Z = 82), with
hy =10MeV, g = 0.26 and pap = 0.74u4
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Example: carbon (Z = 6)

For 10 MeV photons, pm = u/p = 0.0196cntg~! and a
mass energy transfer coefficient uy/p = 0.0143cntg=?!
and a mass energy absorption coefficient pap/p =
0.0138cntg2. So (2) and (3) imply

E, = /Py ~ 730 MeV
m/p

E.p— Hab/ Py, . 7,04 MeV
w/p

S0 a substantial fraction of the incident photon energy is
transferred to charged particles and virtually all the trans-
ferred energy is absorbed by the carbon atoms; a negligi-
ble amount is lost to radiation:

g=1- (Mab/ﬂ) ~ 0.035
Liar/p
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Example: copper (Z = 29)

For 10 MeV photons, pm = u/p = 0.0310cnfg~! and a
mass energy transfer coefficient uy/p = 0.0248cntg~?!
and a mass energy absorption coefficient pap/p =
0.0215cnt g1 So (2) and (3) imply

E, = /Py ~ 8.0MeV
w/p

E.p— Hab/ Py . 6.9 MeV
1w/ p

so a slightly larger amount of photon energy is transferred
compared to the case for carbon, but a smaller fraction of
the transferred energy is absorbed; i.e. a larger fraction is
lost to radiation:

g=1- <“ab/”> ~ 0.13
fur/p
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» if ideal narrow-beam geometry not attained, beam
interactions of divergence results in scattered and secondary
e photons reaching a detector
: » narrow-beam attenuation — scattered & secondary
. photons not counted (can still measure )

» broad-beam attenuation — scattered & secondary

photons counted; simple exponential attenuation no
longer valid; effective attenuation, p/ < u

Compton Scattering

Source Source

Broad beam geometry. B is the
build-up factor that accounts for
scattered and secondary photons
that reach the detector. Broad
beam geometry is used in radiation
protection for designing shielding.

(Fig. 7.31b in PodgorSak)

(-]

Detector Detector
Signal I (0) Signal BI (x)
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Physical Processes

The attenuation coefficients are determined from several
different competing physical processes, the most
important ones being the photoelectric effect, Compton
scattering, pair production, as well as Thomson and
Rayleigh scattering. Each of these processes dominates
at different photon energies and the total attenuation
coefficient at a specific energy is obtained from the sum
of the individual coefficients for each process. This is
determined from the corresponding cross sections for
photon interactions.
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Interactions of » scattering of low-energy photons (hv < mec?) off free
T (or loosely bound) electrons
General Aspect ..
» negligible energy transfer to electrons = coherent
scattering
Sroad e ety » interaction can be adequately described classically:
e photons are sinusoidal variations of electromagnetic
(EM) waves, electrons treated as classical harmonic
oscillators
» EM waves re-emitted as a result of oscillating electric
dipole
ENS = EradoSinwt  incident EM field (5)
e Xsin®
out H :
= emitted EM field 6
™ Areq  rc2 6)
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» Eraqo = amplitude of incident EM wave
» © =angle between emitted wave propagation

direction i and incident wave polarisation EIS

42

Scattered

Incident hoton
ph:ton P ,?V.
Vv

y
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» X —=electron acceleration, specified by equation of
motion for harmonic oscillator:

Physical Proc

Thomson Scattering

o nc .
meX = eBEag = eBado sinwt
Rayleigh Scattering

Compton Scattering

» use this to eliminate X from (6), giving

sinwtsin®
t
E?aud = r'eErado

(7)

where re = €2/(4reomec?) ~ 2.818 x 10~ mis the
classical electron radius
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» electronic differential cross section deo; for

re-emission into a solid angle dQ2 is
Interactions of
Photons with ’s)ut S)Ut
Matter
General Aspects deUT — gnc dA* Sncr dQ
. , where S= CeoErad = average Poynting flux
T
Rayleigh Scattering ) 5 l 5
Compton Scattering anc inc 1
S (Erad) = C€0Erados|n2 wt = E%OErado (8)
- sir? wt sir’ ©
ut _ out 2
S (Erad) = Ceole Erad,O r2
1 ,_, sife
= §C€ofe Erad,O r2 (9)
deO'T

(10)
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For unpolarised radiation, sir’ © determined
Interactions of geometnca”y'
Photons with AZ
Matter
G | A
P
i Incident J Sohoton
Thomson Scattering p h;:‘t/on hv'
Rayleigh Scatterin S
- >y
a . b a
CcosO = " , sinf = " , cosy =

= c0SO = sind cosy
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» 0 = scattering angle between incident and scattered
R photon
nteractions of

» ¢ = polarisation angle

SIf® =1—-cof0 =1—sirffcod (11)
erslll  Average over all polarisation angles:
e 2 .
oS "1 —sirffcogd
siF® = =2 5 vaw
o dv
1 2r
= 1-— sin26/ co ¢ iy
27 0
1 . 1
= 1—§sm26’:§(1+00529) (12)
deor — or2
o 2°

(14-co< §) Thomson differential cross section

(13)
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The total Thomson electronic cross section is obtained by
integrating over solid angle:

Interactions of

Photons with

Matter deO'T dQ

General Aspect ok =

: evT dQ
1 27 ™
» = rez/ qu/ (1+ cog 6) sing do

2" Jo 0
Thomson Scattering
Rayleigh Scattering
Compton Scattering

éwrez = 6.65x 10729 m?

(14)
Another commonly used unit for cross section is the
"barn”:

1b=10%cm? =10 ®m?

= eor = 0.665b

Note: the total Thomson cross section is constant; there
is no explicit dependence on photon or electron energy.
As hv — meC2, however, classical theory breaks down.




IS Rayleigh Scattering

Interactions of
Photons with

AL » photons scatter off bound atomic electrons

eneral Aspects

» coherent: total no. photons at each energy
conserved

» negligible atomic recoil
p— » small angle scattering (small 6)
» can be important at low hv, for high Z materials

v

Thomson Scattering

Incident Photon
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daO'R deO'T 2

= F(x,Z 15

o = =g [Fx2)] (15)

S — where

ETYIe:ighsqiane{rung: > d dQ . l 2 52 —dﬁ . ITh

kor/dQ2 = 5rg(1 + cos 0) = differential Thomson

cross section, given by (13)
» F(x,Z) =atomic form factor
» X = A"1sin(6/2) = momentum transfer variable
» \ =incident photon wavelength
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» F(x,Z) determined by atomic wavefunctions, so
generally complicated functions

» F(x,Z) ~ Zforf ~0
» F(x,Z) ~0forf — «

100
Q  10F
X E
w 1 L
s :
s 01
B i
S 001
o F
E o.001f
< 3 C Al Cu
0.0001 \\ \\\\
Do e 100 “1000

Momentum transfer variable x = 2 (Ay'

The atomic form factor for Rayleigh scattering for different atomic numbers rang-
ing from Z = 1 (H) to Z = 82 (Pb). (Fig. 7.18 in Podgorsak)
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> daor/dQ2 becomes increasingly asymmetric about
6 = 7/2 as hv increases due to forward beaming

10

_. [ CARBON (b)
CE 9F
.9’5 C
H F Gf
o
o E E

o 48
g 8 £ 1 keV
g 2 6f
s = T
£S5
® < a4k
By F
£ Soia
.8

T 1F

0 /4 /2 3n/4 n

Scattering angle 6 (radian)

The differential cross section for Rayleigh scattering (multiplied by 27) as a func-
tion of scattering angle 6 for varying energies of photons incident on carbon.
The corresponding differential atomic Thomson cross section is also shown.
daor/dQ2 = 6deor/dS2 for carbon. (Fig. 7.19b in Podgorsak)
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» characteristic angle for Rayleigh scattering:

1/3
6. ~ 2sin % (16)

where ¢ = hv/mec?

» opening half angle of cone containing 75% of
scattered photons

» for high photon energies (hv > 1 MeV), scattering
restricted to small angles
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» total atomic cross section
s = T2 / sind(1+ co20) {Fx(0),Z}2 do  (17)
0

» mass attenuation coefficient

ORr Na
= alRr (18)
) A
1000:
§E oo
O m© E
23
; i 10
eq
oo
E®
s _ o
<g
0.01

0.001 0.01 0.1 1
Photon energy hv (MeV)

The atomic cross section for Rayleigh scattering (solid curves) compared to that
for Compton scattering (dotted curves) plotted against incident photon energy
for varying Z atoms. (Fig. 7.20 in PodgorSak)



el Compton Scattering
» incoherent scattering of photon off free (or loosely

Int ti f
Photons wih bound) electron
Matter ) B 3
» Compton recoil electron ejected from atom with
: kinetic energy Ex
Broad Beam Y
e
Rayleigh Scz p, cos8
Compton Scattering
p.sing / Recoil electron
A m,v
Pe= ?
i)
Incident phot
nciagent photon ¢

AP At T 7Y I S

p.cosd

Pys8nB. . NF N L
Scattered photon

'’
Py=—

c
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hv = h/ + Ex energy conservation (29)
P, =P, + Pe momentum conservation (20)

Thomson Scattering
Rayleigh Scattering

e where

> Ex = (v — 1)mec?, with y = (1— §2)7/2

» p, = hv/c =initial photon momentum (prime denotes
quantity after scattering)

> Pe = vOMeC = momentum of recoil electron
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Momentum parallel to initial photon propagation:

Interactions of

/
Photons with hV hV
Matter - =

= — C0SH + y3MeCCOSH
General Aspect C C

where ¢ =recoil angle (measured w.r.t. incident photon
= propagation) and 6 = photon scattering angle.

Momentum conservation normal to incident photon:
Rayleigh Scattering

Compton Scattering

. h' .
0= —vyBmeCsing + = sing
Solving simultaneously using identity 42 — 1 = 4?32 gives

h' = hv [1+ (1 — cosd)] ~* (21)

Ex = hve(1—cosf) [1+ (1 — cosh)] *

(22)
where ¢ = hv/mec?.
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» Ex — 0as § — 0= Thomson limit
» max energy transfer when ¢ = = = backscatter
In terms of photon wavelength:

AN =) — )\ = Ac(1 - cosh) (23)

where Ac = h/mec &~ 0.0243A is the Compton
wavelength. So the wavelength shift is independent of
incident photon energy. But the frequency shift is not.
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CLEVA, » photon scattering angle 6 and electron recoil angle ¢
are related by

Interactions of
Photons with

Matter Cthb - (1 + 5) tan <9> (24)

eneral Aspects 2

» recoil restrictedto 0S¢ <m/2
» ¢ ~ 0 for photon backscatter (0 =~ =)

Thomson Scattering

Rayleigh Scattering g 71:/2
Compton Scattering —
©
=
<
o e=0
o
c Tt/at g=1
©
=3
2
-
Q
o2 £E=S
1
'3 e=10 \
o ]
x 0 /2 T

Scattering angle 6 (radian)
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» for & > 0, hv' saturates; h' cannot exceed 511 keV

Interactions of

Photons with for 9 > 71—/2; regardless Of hV

Matter

» high energy photons lose more energy

Thicknesses 100 ¢
Other Coefficients ; E
Broad Beam Geometry Q F
Physical Prox ‘E, B 0=0
Thomson Scattering 5 o
Rayleigh Scattering & 10 E
Compton Scattering - F
o H @=m/6 -
g [
g L
2
o 1k H=7C/3 & m.c
e E e
.g e T e 9=m2 —
- L e el -t —
3 E e % ~ HLCQ
E 01 2
= E
Q F
= =
©
Q
(7]
0.01 PSR 0, 7| M B £ R T ol & < s Sl B
0.01 0.1 : 10 100

Incident photon energy hv (MeV)
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Interactions of :\ g l CED ‘T
Photons with % 2 I T s
b % . hv
Matter 0.8 Vi E “
General A hv hv 7 ST

c b N
o 06f R N hv
S e A Pe.
Broad Beam Geometry (] o | /
e \ .
Physical Proc: £ = \\ ‘ s
Thomson Scattering w 04f N N
Rayleigh Scattering 5 w5,
Compton Scattering o / \\ Thel
. ¥ S
0.2} / e &
%
<
- S
L . - ey
S | T~
[ et T L il do b l.allig O T U W0 W Ay e SO O AN W W E T
0.01 0.1 1 10 100

Incident photon energy hv (MeV)

Fraction of incident photon energy hv transferred to: maximum recoil energy
(Ex)max (for backscatter), mean recoil energy EZ, maximum scattered photon

energy hv/, mean scattered photon energy hv/, and minimum scattered photon
energy hv/ . . (Fig. 7.8 in PodgorSak)

min*
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» photon backscattering gives maximum energy
transfer to electrons; (22) with § = 7 implies

(EK)max _ 2e
hv 1+ 2¢

(25)

» range of recoil energies for other 6

» mean recoil energy EZ determines energy transfer
cross-section for Compton scattering (to be
discussed in next lecture)

» mean energy of scattered photons:
h/ EZ
— 1=K
hy hv

» minimum energy of scattered photons:

hy hy 1+ 2¢

h/fin —1_ (Exmax _ 1
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