2|22 YALAISHA] (Monte Carlo Radiation Analysis)

Photon Transport
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Photon [nteractions

* The movements of a photon through a medium consists of
a series of straight flight paths interrupted by
interactions between the photon and one of the
constituent nuclei or electrons.

* A collision may

— change the enerqy and the traveling direction of the
photon (scattering), or

— cause the incorporation of the photon into any atom
(absorption), which may lead to the production of
secondary particles.
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Interaction Modes of Photons

* [nteraction with atoms or molecules

— Rayleigh scattering with no enerqy loss

* interaction with orbital electrons
— photoelectric absorption

— Compton scattering

* [nteraction with nuclei
= pair production (E>/02 MeV)
— nuclear reaction (E>>/02 Mel/)
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Total photon cross section Oy, as a function of energy, showing the contributions of different processes: T,
atomic photo-effect (electron ejection, photon absorption); G}, . coherent scattering (Rayleigh scattering—atom
neither ionized nor excited); O;,con . incoherent scattering (Comp- ton scattering off an electron); K, , pair

production, nuclear field; K, , pair production, electron field; 0}, , photonuclear absorption (nuclear absorption,
usually followed by emission of a neutron or other particle). (Figure courtesy of J. H. Hubbell.)
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Pair Production in Nucleus Field

Yy + hucleus — e* + €~ + nucleus

v’ The high—enerqy limit of the pair production cross section per
nucleus takes the form:
. 109
lim o, (a) = oPP Z? (l 200) — —)
218, Tep() = 05" 27 {In(20) = 75
where a = E,/m,c? and Off = [80x/0%" cm?/nucleus. Note that the
cross section grows logarithmically with incoming photon enerqy.

v’ Note that the rest—mass enerqy of the electron—positron pair must
be created and so this interaction has a threshold at E,= 2m,?’
The cross section is exactly zero below this enerqy.

v' The kinetic enerqy distribution of the electrons and positrons is

remarkably “flat” except near the kinematic extremes of Ky = 0
and K_ = E,/m,c’
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Pair Production in Electron Field (cont)

v+e —et+e +el

v’ Occasionally it is one of the electrons in the atomic cloud
surrounding the nucleus that interacts with the incoming
photon and provides the necessary third body for momentum
and energy conservation. This interaction channel is suppressed
by a factor of [/Z relative to the nucleus—participating
channel.

v' In this case, the atomic electron is ejected with two electrons
and one positron emitted. (“triplet” production)

v' [t is common to include the effects of triplet production by
“scaling up” the two—body reaction channel and ignoring the
3-body kinematics. This is a qood approximation for all but
the low=Z atoms.
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— A simulation of the cascade resulting from five [0 GeV electrons
incident from the left on a target.

— The electrons produce photons which produce electron—positron pairs
and so on until the energy of the particles falls below the cascade
region.

— Electron and positron tracks are shown with black lines. Photon tracks
are not shown explaining why some electrons and positrons appear to be
“disconnected”.
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Compton Scattering | v+Atom—y+e +lon*

v' The Compton interaction is an inelastic “bounce” of a
photon from an electron in the atomic shell of a nucleus

and also known as “incoherent” scattering in recognition of
the fact that the recoil photon is reduced in energy.

v' At high energies, the Compton interaction approaches
asymptotically:
: incZ
a—0C O

where 0, = 333x/0™% cm?/nucleus and a = E,/mc*

— The cross section is proportional to Z (ie. the number of
electrons) and falls off as I/E,.
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Compton Scattering (cont)

7

. inc
lim ojpe(ar) = 0y —
— OO O}

— The cross section per unit mass is nearly a constant
independent of material.

— Unlike the pair production cross section, the Compton
cross section decreases with increased enerqy.

— The energy—weighted cross section is nearly a constant
independent of enerqy.
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Compton Scattering (cont)

v' At low energies, the Compton cross section becomes a
constant with enerqy. That is,

. 0 _inc
lim ojpe(@) = 2045 2

a'—

— This is the classical limit and it corresponds to Thomson
scattering, which describes the scattering of light from
“free” (unbound) electrons.

= In almost all applications, the electrons are bound to
atoms and this binding has a profound effect on the cross
section at low energies.

— However, above about [00 kel one can consider these
bound electrons as "“free”, and ignore atomic binding
effects, which is a qood approximation for most materials.
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Compton Scattering (cont)

v' The differential cross section of photons scattered from a
single free electron is taken from the Klein—Nishina formula.

do
dS

where do/dQ is a differential cross section, dQ is an infinitesimal

solid angle element, A is the fine structure constant (~///13704), © is
the scattering angle; r=h/m. is the reduced Compton wave length of
the electron (~038616 pm); m, is the mass of an electron (~5/1keV/c?)
and P(EV,G) is the ratio of photon enerqgy after and before the collision

1
1+ (E,/mec?)(1 — cosb)

= o’12P(E,,0)’|P(E,,0) + P(E,,0)™" — 1 4 cos*(6)]/2

E/| E,= P(E,,0) =

v The final enerqy of the scattered photon, E,, depends only
on the scattering angle and the original photon energy:

E' (E, 8) = E, - P(E,8)
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Compton scattering
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Compton Scattering (cont)

v’ Before the formula derived by Oskar Klein and Yoshio
Nishina, JJ. Thomson derived the cross section of photons
scattered by a free electron.

v Note that If E,<m,.? P(E,B) = [ (E',~ E) and the Klein-
Nishina formula is reduced to Thomson expression.

90

8e-030

—_— 2 75eV

- — G0keV
— 511keV
1.46MeV

- 10MeV

120

180

. Klein—Nishina distribution of
%0 scattering—angle cross sections
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(Thomson Scattering)

v the elastic scattering of
electromagnetic radiation by a  Light-Matter Interaction

free charged particle. / /
v’ Just the low—enerqy limit of 774‘ d o

Compton scattering: the VZ/L,. /‘

particle kinetic enerqy and %500 3 0

O]
e © 06

photon frequency are the
same before and after the

Low-energy phenomena:
Photoelectric effect

SCaTTering. Mid-energy phenomena:
— Th/S /imiT /'5 Valid as /0”9 as Thomson scattering
. Compton scattering
the photon enerqy is much

High-energy phenomena:

less than the mass enerqgy of Pair production
the particle: hv<myc?
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E, | E

E, vs. E,

1

= P(E,,0) =

[+ (B /m)(1—cosp) ~ !+ at Ey<m.c for all ©.
=/, at all E, for 6= 0,
et

i > SES
E‘y.(l—cose) , at EV mC for 0
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electron scattering angle @ vs. photon scattering angle ©
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do/dQ vs. 0

differential Klein—Nishina cross section dol dQ
vs. photon scattering angle ©
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effect of electron binding on Compton scattering

(R — e

08

free electron

fraction of _
energytoe 1 06

>

o
(o)

o (barns/e)

0.4
i 0.2
0.0 Eimeermm el o vnedi -
10° 107 10 10° 10’
for K Is electron, Inicident y energy (MeV)

88 kel (Pb) & 116 kel (U)

Electron binding energies, in electron volts, for the elements in their natural forms

Element Kl1s Ll 2s Lz 2])1/2 L3 2[13/2 .\'11 3s R’Iz 3[)1/2 _\‘13 3])3/2 .\14 3(13/2 1\’[5 3d5/2
| H {1367

N
........

Element — Nydd3p Nsddsp Nedfsp  Nydfyp 0155 O25py2 O35p32  O45d3; Os5dsp
82 Pb 43437 412.2% 141.7% 136.9 147*b 106.41 83.3% 20.7% (18.15)
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Photoelectric Absorption | v+Atom — e +lon*

v' The dominant low—enerqy photon process.

v' The photon gets absorbed by an electron of an atom resulting
in escape of the electron from the atom and accompanying
small enerqy photons as the electron cloud of the atom
settles into its ground state.

v' The theory concerning this phenomenon is not complete and
exceedingly complicated. The cross section formulae are
usually in the form of numerical fits and take the form:

ZTTl

Oph ( E“,-‘ ) X En
~

where the exponent m on Z ranges from Y (low enerqy, below
/100 keV) to Y6 (high enerqy, above 500 keV) and the exponent
n on E, ranges from 3 (low enerqy, below /00 keV) to | (high
enerqy, above 500 kel/).
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Photoelectric Absorption (cont)

v' The high—enerqy fall-off is the same as the Compton
interaction. However, the high—enerqy photoelectric cross
section is depressed by a factor of about 77¢/07¢ relative
to the Compton cross section and so is negligible in
comparison to the Compton cross section at high energies.

zm . _ Z
oph(Fy) X EZ: VS. 11111_ Oinc(Q¥) = ﬁ%)nc: (G = Ey/mecz)

a—OC

(m ~ U6, n~ | at high photon enerqgy)
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Photoelectric Absorption (cont)

v' A useful approximation that applies in the regime where
the photoelectric effect is dominant (E</00 keV) is:

Z4
X E3

Oph ( E" )

which is often employed for simple analytic calculations.
(However, most Monte Carlo codes employ a table look—up
for the photoelectric interaction)

v' Angular distributions of the photoelectron can be
determined according to the theory of Sauter. Although

Sauter’s theory is relativistic, it appears to work in the
non—relativistic reqgime as well.
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Rayleigh Scattering

v' the (dominantly) elastic scattering of light or other
electromagnetic radiation by particles much smaller than
the wavelength of the light.

v’ coherent scattering with no enerqy loss of photon.

v' The cross section is at least an order of magnitude less
than that of photoelectric cross section.

v' There exists a photon in the final state in contrast to
photoelectric effect (vs. an electron).

v' The coherent interaction is an elastic (no enerqy loss)
scattering from atoms. [t is not good enough to treat
molecules as if they are made up of independent atoms.
The molecular structure matters!
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Rayleigh Scattering (cont)

v’ The Rayleigh differential cross section has the following form:

)

¥

Goshl iy, O] = ]76(1 + cos? O)|F(q, Z)T‘2

|

where r, is the classical electron radius (28/79x/0° 7 cm), O is
the angle b/w the photon directions prior to and following a
scattering, q is the momentum—transfer parameter,
g=(E,/hc) sin(0 /2), and F (q, Z) is the atomic form factor.
— The atomic form factor, or atomic scattering factor, is a measure
of the scattering amplitude of a wave by an isolated atom.

— X—rays are scattered by the electron cloud of the atom and
hence the scattering amplitude of X-rays increases with the
atomic number, Z, of the atoms in a sample.

— Tables of the form factors published by Hubbell and Dverb o
are available.
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Relative Importance of Interaction Modes

v' For carbon, a moderately low-Z material, note three distinct
regions of single interaction dominance: photoelectric below

20 keV, pair above 30 MeV and Compton in between.

v’ The almost order of magnitude depression of the Rayleigh
and triplet contributions is some justification for the
relatively crude approximations.
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Relative Importance of Interaction Modes (cont)

v' For lead, the “Compton dominance” section is much smaller,

now extending only from 700 keV to 4 MeV.

v’ Note quite a complicated structure below about 90 kel, the
K=shell binding enerqy of the lead atom. Below this
threshold, atomic structure effect becomes very important.

Oomponenrs O in Pb

10° J IR
photoelec@ U \ Compton/"'bair
/
©
© 107"
° Rayleigh
—
o
=
o
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@ 10~ . /f i =
“— . 5 / triplet 7
/ '/
/ : \
Y .
$. 7 \ “'.
10'3 . “.ulq".- N | PR A . AR " .\'x_.“u
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Incident vy energy (MeV)

Electron binding energies

Element Kls L;2s Ls 2p1n L3 2p3)s M 3s Mj 3pys Mj3pzs  My3dys  Mjs3dsp

82 Pb 88005 15861 15200 13035 3851 3554 3066 2586 2484
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relative contribution by process vs. photon enerqy
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Total Cross Section

v' Compton dominance region gets narrower with Z-value.

v' At _high enerqy, the Z? dependence of pair production is
evident in the lead.

v' At lower energies the Z'(n> ) dependence of the
photoelectric cross section is quite evident.

Total Photon O vs. Photon Energy
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Photon Transport: Logic Flow

v It is simplified by ignoring electron creation and
considering that the transport occurs in only a single
volume element and a single medium.

v' Imagine that an initial photon’'s parameters are present at
the top of an array called STACK, an array that retains
particle phase space characteristics for processing.

v' There is a photon transport cutoff defined. Photons that
fall below this cutoff are absorbed “on the spot”. In “real
life" low—enerqy photons are absorbed by the photoelectric
process and vanish.
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Ex. photon transport logic flow (EGSH)

Place initial photon’s parameters on stack
| ¥
Pick up energy, position, direction, geometry of [ N [Is stack
> current particle from top of stack empty?
X — Y -
Is photon energy < cutoff? » Terminate
N history

Sample distance to next interaction
Transport photon taking geometry into account

Has photon left the volume of interest?

LN
[ Sample the interaction channel:
- photoelectric
- Compton
- Ealr production
- Rayleigh

Sample energies and directions of resultant particles
and store paramters on stack for future processing
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Photon Transport: Logic Flow (cont)

v' The initial characteristics of a photon entering the
transport routine and first tested to see if the energy is
below the transport cutoff.

V' If it is below the cutoff, the history is terminated. If the
STACK is empty then a new particle history is started.

V' If the enerqy is above the cutoff then the distance to the
next interaction site is chosen.

v' The photon is then transported, that is “stepped” to the
point of interaction. If the photon, by virtue of its
transport, has left the volume defining the problem then it
is discarded.
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Photon Transport: Logic Flow (cont)

v’ Otherwise, the branching distribution is sampled to see
which interaction occurs. Having done this, the surviving
particles (new ones may be created, some disappear, the
characteristics of the initial one will almost certainly
change) have their energies, directions and other
characteristics chosen from the appropriate distributions.

v' The surviving particles are put on the STACK. Lowest
energy ones should be put on the top of the STACK to
keep the size of the STACK as small as possible.

v' Then the whole process takes place again until the STACK
is empty and all the incident particles are used up.
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Problem Definition

* Define the problem geometry

— the physical description of the geometry and the material
constituents.

= All particle interactions, flight paths and escapes from
the problem geometry are based on this description.

 Define the source

— The source may be a pdf from which the start particles
are selected or a specific set of starting points,
directions, energies, and times.
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Random Walk

* Select a source particle

— A photon is selected from the source distribution to be
given an initial position, enerqy, time, and direction of
travel.

* Determine the collision point

— A collision site for the photon is selected from the
exponential distribution of collisions along its path.

— The cross sections of the materials through which the
photon is traveling are used to obtain the probability of
collisions per unit path length.
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Random Walk (cont)

* Determine the type of interaction

— Once a point of interaction is chosen, the total cross
section is apportioned pro rata amonqg the elements (vs.
nuclear species) present.

— After selecting an element (vs. a nuclear species), the
cross section for that element (vs. species) is used to
determine which type of interaction has occurred.

— An alternative technique for handling interaction cross
section is to average or “mix’ the cross sections so that
one combined set contains the features of all the
constituents.

— A multi—group formulation is also possible, in which the
photon energies (vs. neutron enerqgies) are cast into a set
of discrete bins or groups, and a table of group—averaged
cross sections is used to determine the interactions.
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Random Walk (cont)

 Determine the result of interaction:

the result of the interaction is selected from one or more
of the following alternatives:

/. death of the photon (vs. neutron) by absorption (or

reduction of the “weight” of the particle by non-
absorption probability)

2. production of secondary particles, such as in
photoelectric absorption or pair production (vs. fission), or

3. scattering of the tracked particle through some angle
selected from the particular anqular scattering
characteristics of the atom (vs. nucleus) encountered.
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Random Walk (cont)

* Complete the history

— All secondary particles, as well as the scattered photon
(vs. neutron), are tracked to determine subsequent collision
points and products.

— This process is continued until the initial photon (vs.
neutron) and all its secondary particles produced by the
initial photon (vs. neutron) either die or escape from the
problem geometry.
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Presentation of Result

* Compute the response of interest

— Use the result of random walk to calculate the detector
response, which may be done simultaneously with the
random walk or by means of a post—random walk process.
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