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Physical behavior of beta particles
traveling in media
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Interactions of Beta Particles
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What are the significant interactions of
beta particles with matter?
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Mechanisms of Energy Loss by Electrons

lonization and excitation:

Beta particles may interact with orbital electrons through the electric fields
surrounding these charged particles, which leads to excitation and ionization.

lonization process can be modeled as an inelastic collision, the energy loss by the
electron and the kinetic energy carried by the ejected electron is related by

Ek = Eloss _¢

where ¢ is the ionization potential of the absorbing medium.
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Specific Energy Loss of Beta Particles

Specific energy loss: the linear rate of energy loss by an electron through excitation
and ionization, which is given by

dE _2nq*NZx (3 x 100 { [ E,Ef _ gl MeV
dx  E_,B*1.6 x 10~%? (1 —p?) cm
where ¢ = charge on the electron, 1.6 x 10-°C,

N = number of absorber atoms per cm?,

Z = atomic number of the absorber,

NZ = number of absorber electrons per cm® = 3.88 x 10% for air at 0° and 76 cm
Hg,

E, =energy equivalent of electron mass, 0.51 MeV,

E, = kinetic energy of the beta particle, MeV,

B =vl,

I = mean ionization and excitation potential of absorbing atoms, MeV,

I =8.6x 1077 for air; for other substances, / = 1.35 x 10~°Z.
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Mechanisms of Energy Loss

Energy expenditure for creating ion pairs in media:

The average energy needed for creating an ion pair is normally 2 to 3 times greater that
the corresponding electron binding energy in the absorbing medium.

TABLE 5.1. AVERAGE ENERGY LOST BY A BETA PARTICLE IN
THE PRODUCTION OF AN ION PAIR

Mean energy
Ionization expenditure .. ; . .

Gas _potential per ion pair The deviation between the ionization
gz ;ig eV 3?? eV energy and the average energy required
N, 14.5 34.6 : e
o 136 308 to create an ion pair is due to the
Ne 21.5 36.2 . . .
A 15.7 26.2 excitation of the atoms, which does not
Kr 14.0 243 . . .
Xe 12.1 21.9 lead to ionization.
Air 33.7
CO, 14.4 329
CH, 14.5 273
C,H, 11.6 25.7
C.H, 12.2 26.3
C.H, 12.8 24.6

Cember, Introduction to Health Physics, Fourth Edition
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Specific lonization

In the context of radiation protection and health physics, it is normally important to
specify the effect of the energy deposition by a bate particle in terms of the number

of ion pairs created by the particle after traveling through a unit path length — the
specific ionization.
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FiG 5.7. Relationship between beta particle energy and specific ionization of air.
Cember, Introduction to Health Physics, Fourth Edition
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Specific Energy Loss of Beta Particles

An example:

What is the specificiionization resulting from the passage of a 0.1-MeV beta particle
through standard air?

Solution:

The specific energy loss is given by

dE  2mq*NZ x (3 x 10°)* E, Ep> MeV
dx  E,B%1.6 x 10-9? {“[12(1 [E )] B } cm

To use the equation, one needs to find 3 as the following

1
= myc? — 2 _
Ek mocC \/(1 — /32) 1 SO ,8 = 0.3010.
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Mass Stopping Power

It is also common to specify the energy loss of beta particles in a medium in terms
of mass stopping power, which given by

o specific energy loss(MeV /cm)  dE/dx

MeV -cm’
density(g/cm®) (Me /2

where p 1s the density of the absorbing medium.

Why mass stopping power?
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Mass Stopping Power
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Fig. 6.1 Mass stopping power of water for low-energy electrons.

Turner, Atoms, Radiation and Radiation Protection, 3’rd edition
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Remarks on Mass Stopping Power

e |t takes ~22 eV to produce an e-i pair in water. At low energy, the specific energy
loss of electron is increasing with energy. This does NOT agree with Beth’s

formula,

dE _ 2ng* NZ x (3 x 10%)* | E.E.p? ,| MeV
& ESU6x10-% M| Pa=p | P

e A 10 keV electron produces ~450 secondary electrons through cascade of

ionization events.

e |[n water, most of ionization events are induced by electrons with E<100 eV.
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X-ray Generation — Bremsstrahlung

e Target nucleus positive charge (Z:-p*) attracts incident e
e Deceleration of an incident e occurs in the proximity of the target atom nucleus
e Energy lost by e is gained by the EM photon (x-ray) generated

* The impact parameter distance, the closest approach to the nucleus by the
e determines the amount of E loss

e The Coulomb force of attraction varies strongly with distance (oc 1/r?); {
distance - 1 deceleration and E loss - * photon E

e Direct impact on the nucleus determines the maximum x-ray E (E,,,)

Close interaction:
Moderate energy

Distant interaction:
Low energy

_Impact with nucleus:
Maximum energy

--
w
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Radiative Energy Loss of Beta Particles — Bremsstrahlung

e Bremsstrahlung occurs when a beta particle is deflected or accelerated in the
forced field of nucleus.

Sweeping
Radiation

Beam \

Electron
Trajectory
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Radiative Energy Loss of Beta Particles — Bremsstrahlung

Part of the energy possessed by the beta particle is emitted in the form of photons.
The rate of energy loss is proportional to the square of the instantaneous
acceleration experienced by the beta particle.

dE NEZ(Z + 1)e* 2E 4
dx /, 137m0c m0c2

E: kinetic energy of the beta particle,
N: number of absorber atoms per cm?3,
Z: atomic number of the absorber,

mgy: mass of an electron

e: charge of an electron

c: speed of light

Glenn Knoll, Radiation Detection and Measurement, Fourth Edition
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Radiative Energy Loss of Beta Particles — Bremsstrahlung
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FIGURE 8.6. Mass radiative and collision stopping powers for electrons (and approximately
for positrons) in C, Cu, and Pb. (From data of Bichsel, 1968).
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2.2 Interaction of Heavy Charged Particles
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Overview
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Energy Loss Mechanisms

e Heavy charged particles loss energy primarily though the ionization and
excitation of atoms.

e Heavy charged particles can transfer only a small fraction of their energy
in a single collision. Its deflection in a collision is almost negligible.
Therefore, heavy charged particles travel in almost straight paths in the
absorber, losing energy continuously through a large number of collisions

with atomic electrons.

e At low velocity, a heavy charged particle may losses a negligible amount of
energy in nuclear collisions. It may also pick up free electrons along its
path, which reduces it net charge.
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| — Radiation with Matter — Interaction of Heavy Charged Particles

Energy Loss Mechanisms

FIGURE 5.1. (Top) Alpha-particle autoradiograph of rat bone after inhalation of **'Am,
Biological preparation by R. Masse and N. Parmentier. (Bottom) Beta-particle autora
diograph of isolated rat-brain nucleus. The '*C-thymidine incorporated in the nucleolus
is located at the track origin of the electron emitted by the tracer element. Biological
preparation by M. Wintzerith and P. Mandel. (Courtesy R. Rechenmann and E. Witten-
dorp-Rechenmann, Laboratoire de Biophysique des Rayonnements et de Methodologie
INSERM U.220, Strasbourg, France.)

Spm
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. —r 2: Interaction of Radiation with Matter

How do heavy charged particles lose energy
in absorbing media?
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Energy Loss Mechanisms

e Heavy charged particles loss energy primarily though the ionization and
excitation of atoms.

e Heavy charged particles can transfer only a small fraction of their energy
in a single collision. Its deflection in a collision is almost negligible.
Therefore, heavy charged particles travel in almost straight paths in the
absorber, losing energy continuously through a large number of collisions

with atomic electrons.

e At low velocity, a heavy charged particle may losses a negligible amount of
energy in nuclear collisions. It may also pick up free electrons along its
path, which reduces it net charge.
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Energy Loss Mechanisms

For heavy charged particles, the maximum energy that can be transferred in a single
collision is given by the conservation of energy and momentum:

2 2
IMV? = IMVT + lmoi
MV = MVI + muv,.
where M and m are the mass of the heavy charged particle and the electron. V is the

initial velocity of the charged particle. V; and v, are the velocities of both particles
after the collision.

The maximum energy transfer is therefore given by

4dmME
(M + m)*

1 1
=—-MV? — - MV} =
Qmax 2 2 1

NPRE 441, Principles of Radiation Protection, Spring 2023
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Maximum Energy Loss by a Single Collision

For a more general case, which includes the relativistic effect, the maximum energy
transferred by a single collision is

2y my?
1 + 2ym/M + m*/M?

Qmax =

where ¥ = 1/v/1 — 8%, 8 = Vic, and c is the speed of light
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Maximum Energy Loss by a Single Collision

TABLE 5.1. Maximum Possible Energy Transfer, Q.. in Proton Collision with

Electron
Proton Kinetic Maximum Percentage
Energy E Qrnax Energy Transfer
(MeV) (MeV) 1000Q,,.,/E
0.1 0.00022 0.22
1 0.0022 0.22
10 0.0219 0.22
100 0.229 0.23
10° 3.33 0.33
10* 136. 1.4
10° 1.06 x 10* 10.6
10° 5.38 x 10° 53.8
10’ 9.21 x 10° 92.1
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Paying attention to the single-collision
energy-loss spectrum
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| _diation with Matter — Interaction of Heavy Charged Particles
Single Collision Energy-Loss Spectrum
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Fig. 5.3 Single-collision energy-loss spectra for 50-eV and
150-eV electrons and 1-MeV protons in liquid water. (Courtesy
Oak Ridge National Laboratory, operated by Martin Marietta
Energy Systems, Inc., for the Department of Energy.)
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| —on of Radiation with Matter — Interaction of Heavy Charged Particles
Single Collision Energy-Loss Spectrum

Example

Estimate the probability that a 50-MeV proton will lose between 30 eV and 40 eVin a
collision with an atomic electron in penetrating the soft tissue of the body.

Solution:

Soft tissue is similar in atomic composition to liquid water (Table 12.3), and so we

use Fig. 5.3 to make the estimate.

As implied in the text, the energy-loss spectrum

for 50-MeV protons is close to that for 1-MeV protons, except that it extends out to
a different value of Qmax-

Therefore,
W(Q)AQ = (0.019 eV™')(40 - 30) eV = 0.19.

Thus, a 50-MeV proton has about a 20% chance of losing between 30 eV and 40 eV
in a single electronic collision in soft tissue.

NPRE 441, Principles of Radiation Protection, Spring 2023
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Linear Stopping Power for Heavy Charged Particles

The linear stopping power for heavy charged particles may be estimated using the
single collision energy-loss spectra discussed previously.

For a given type of charged particle at a given energy, the stop-
ping power is given by the product of (1) the probability ;« per unit distance of travel
that an electronic collision occurs and (2) the average energy loss per collision, Q,,.
The former is called the macroscopic cross section, or attenuation coefficient, and
has the dimensions of inverse length. The latter is given by

lela}.
Qavg = QW(Q)dQ,

in

where Qpin Was introduced at the end of the last section.

Therefore, the linear stopping power is given by

dF Omax
S =uQu=n [ QW(QdQ

n

NPRE 441, Principles of Radiation Protection, Spring 2023
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Can you derive the linear stopping power
for heavy charged particles?

NPRE 441, Principles of Radiation Protection, Spring 2023



| _f Radiation with Matter — Interaction of Heavy Charged Particles

Linear Stopping Power of a Medium for Heavy Charged
Particles (revisited)

The linear stopping power of a medium is given by the Bethe formula,

dE  4wkjzie'n 2mc* B?
—_— = n J—
dx mc* 3 I(1 - B

62

= 8.99 x 10° N m* C™? (Appendix C),

= atomic number of the heavy particle,

= magnitude of the electron charge,

number of electrons per unit volume in the medium,
electron rest mass,

speed of light in vacrum,

Vic = speed of the particle relative to c,

mean excitation energy of the medium.

o

~ A IS
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Linear Stopping Power — A Semiclassical Treatment

Consider the following diagram

<¥

ze

7

Charged particle

Step 1: Deriving the energy
transfer from the heavy
charged particle to a free
electron nearby.

foe

e -

X

_e\

Fig. 5.4 Representation of the sudden collision of a heavy

charged particle with an electron, located zat the origin of XY

coordinate axes shown. See text.

electron: assumed stationery
during the impact.

and assuming the electron is stationary during the collision...

P 117, <<Atoms, Radiation, and Radiation Protection>>, by James E Turner.



| _f Radiation with Matter — Interaction of Heavy Charged Particles
Deriving the Linear Stopping Power for Heavy Charged

Particles — A Semiclassical Treatment

The total momentum imparted to the electron Ex Y
is given by =

o0 o0 o0 9 —~
P= / Fy dt = / Fcos6dt = koZBZ / o> dt. ) . ko2 b

2
00 00 —0 T

koze i F,

(5.11)

Coulomb force F = 5 :
T i

-— x

To carry out the integration, we let t = 0 represent the time at which the heavy

charged particle crosses the Y-axis in Fig. 5.4. Since cos6 = b/r and the integral is
symmetric in time, we write

 cosf b o0 dt
LO > dt:Z/O -rgdt_—_beO v

t > 2
— = —. 1
2 [bz(bz ; v2t2)1/2]0 Vb 42

r =+/b% + V22

P 118, <<Atoms, Radiation, and Radiation Protection>>, by James E Turner.
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Linear Stopping Power — A Semiclassical Treatment

Combining this result with (5.11) gives, for the momentum transferred to the elec-

tron in the collision,?)
2koze? I N
p=—y (5.13)
F- k°§ez b
The energy transferred is N
p? | 2k z%et B
Q...._ +r 0 F, mi-e .

T om . mVRR

P 118, <<Atoms, Radiation, and Radiation Protection>>, by James E Turner.
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Linear Stopping Power — A Semiclassical Treatment

dx
db ’é’l-\
/ Step 2: Integrate the energy
transfer to all the electrons
g\ surrounding the path of the

heave charged particle.

<yt

Fig. 5.5 Annular cylinder of length dx centered about path of heavy charged particle. See text.

In traversing a distance dx in a medium having a uniform density of »n electrons
per unit volume, the heavy particle encounters 2znbdbdx electrons at impact pa-
rameters between b and b + db, as indicated in Fig. 5.5. The energy lost to these
electrons per unit distance traveled is therefore 27nQbdb. The total linear rate of

Therefore, the total linear rate of energy-loss is given by

== — 1 : 1
i 27n o Qbdb - el - (5.15)

P 118, <<Atoms, Radiation, and Radiation Protection>>, by James E Turner.

dE / Qmax 4rkdz?e'n [ max dh  Ankdzietn | bmax
b

min
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Linear Stopping Power — A Semiclassical Treatment

The maximum value of the impact parameter can be estimated from the physical
principle that a quantum transition is likely only when the passage of the charged
particle is rapidzompared with the period of motion of the atomic electron. We de-
note the latter time by 1/f, where f'is the orbital frequency. The duration of the col-
lision is of the order of b/ V. Thus, the important impact parameters are restricted
to values approximately given by

~ duration of the collision t»d/x"

¢ o

Bl o b~ Y ‘\ u
o< Or max ~ -

Y ] SR

o -y

S~

f

period of the orbital electron

<t

P 118, <<Atoms, Radiation, and Radiation Protection>>, by James E Turner.
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Linear Stopping Power — A Semiclassic Treatment

For the minimum impact parameter, the analysis implies that the particles’ posi-
tions remain separated by a distance by, at least as large as their de Broglie wave-
lengths during the collision. This condition is more restrictive for the less massive
electron than for the heavy particle. In the rest frame of the latter, the electron
has a de Broglie wavelength A = h/mV, since it moves approximately with speed V
relative to the heavy particle. Accordingly, we choose

bmin ~ L (517)

.
_—
N

<yt
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Linear Stopping Power — A Semiclassic Treatment

Qmax bmax
dE / Ob db = 47rk0z 2 n[ db 4nk0z et nln bmax. (5.15)
b

=2
o m V2 m V2 bmin

dx in min

Combining the relations (5.15), (5.16), and (5.17) gives the semiclassical formula
for stopping power,

dE 47rk%zen mV?2

== s (5.18)

NPRE 441, Principles of Radiation Protection, Spring 2023
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Linear Stopping Power — A Semiclassical Treatment

Example

Calculate the maximum and minimum impact parameters for electronic collisions
for an 8-MeV proton. To estimate the orbital frequency f, assume that it is about the
same as that of the electron in the ground state of the He" ion.

bmin ~ V'

Or bmax ™~

<=
=
—| <

P 119, <<Atoms, Radiation, and Radiation Protection>>, by James E Turner.
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| _tion with Matter — Interaction of Heavy Charged Particles

Linear Stopping Power — A Semiclassical Treatment

Solution

vV
The proton velocity is given by V = (2T/M)'/?, where T is the kinetic energy and M is
the mass:

bmax ~

~ [2x8MeV x 1.60 x 107"°] MeV""
B 1.67 x 10?7 kg

1/2
] =3.92 x 10’ ms™. (5.19)

The orbital frequency of the electron in the ground state of He* can be found by using
Eqgs. (2.8) and (29) with Z=2and n=1:

i 4.38 x 10° ms™!

= = =263 x 10571, 5.20
S = o T <265 <10 m X APS (5-20)

Equation (5.16) gives for the maximum impact parameter

V  3.92x 10" ms™!
bmax ~=_=

f 2.63 x 106 g1

=149 x 107 m=15A. (5.21)

NPRE 441, Principles of Radiation Protection, Spring 2023
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Linear Stopping Power — A Semiclassical Treatment

bmin ~ .

mV

The minimum impact parameter is, from Eq. (5.17),

ho 6.63 x 107 Js
mV  9.11 x 10731 kg x 3.92 x 107 ms™!

bmin -~

=1.86 x 10 m=0.19 A. (5.22)

NPRE 441, Principles of Radiation Protection, Spring 2023
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Linear Stopping Power for Heavy Charged Particles

The linear stopping power of a medium is given by the Bethe formula,

Combining the relations (5.15), (5.16), and (5.17) gives the semiclassical formula

for stopping power,
speed of the charged particle

dE  4mkiz’e'n  mV?

dx mV?2 In

(5.18)

hfs
SN frequency of the orbital electron

ko = 8.99 x 10° Nm* C™?

z = atomic number of the heavy particle,

e = magnitude of the electron charge,

n = number of electrons per unit volume in the medium
m = electron rest mass,

NPRE 441, Principles of Radiation Protection, Spring 2023



MLJ1
—_ _f Radiation with Matter — Interaction of Heavy Charged Particles

Linear Stopping Power of a Medium for Heavy Charged
Particles (revisited)

The linear stopping power of a medium is given by the Bethe formula,

dE  4wkjzie'n 2mc* B?
—_— = n J—
dx mc* 3 I(1 - B

62

dE  4nx kézze"'n l mV?2
— n

" mV2 W

= 8.99 x 10° N m* C2 (Appendix C),

= atomic number of the heavy particle,

= magnitude of the electron charge,

= number of electrons per unit volume in the medium,
electron rest mass,

speed of light in vacium,

Vic = speed of the particle relative to c,

mean excitation energy of the medium.

1 T L |

~NA S aanaS
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Mean Excitation Energies

The main excitation energy (/) for an element having atomic number Z, can
be approximately given by

19.0 eV, Z =1 (hydrogen)
[=Z111.2+11.7 ZeV, 2<2Z2<13
52.8+8.71 ZeV, Z>13.

For compound or mixture,

If there are N; atomscm™ of an element with atomic number Z; and
mean excitation energy I;, then in formula (5.23) one makes the replacement

mean excitation energy for compound

ninl=) N;ZInl,

mean excitation energy for a
given element



| _diation with Matter — Interaction of Heavy Charged Particles

What is the restricted stopping power?

NPRE 441, Principles of Radiation Protection, Spring 2023
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Restricted Stopping Power

Energy lost  versus  energy

absorbed...

Restricted Stopping Power s
introduced to better associate the

energy loss in a target with the

energy actually absorbed there.

dE A
(‘E)A = u an QW(Q)dQ.

.06 —— v
i w
—~ h
- 50-eV ELECTRONS
v .04 -
> !
Qo
p—_ B -
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00 — - SEe
0 50

ENERGY LOSS Q (eV)

Fig. 5.3 Single-collision energy-loss spectra for 50-eV and
150-eV electrons and 1-MeV protons in liquid water. (Courtesy
Oak Ridge National Laboratory, operated by Martin Marietta
Energy Systems, Inc., for the Department of Energy.)
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Restricted Stopping Power

In hard collisions, the scattered electron
— or delta ray - can receive significant
amounts of energy. .

Secondary Electron

S
The delta ray can carry this energy a %e:’qo,,%
significant distance from the initial %

interaction site.

Need to separate this from the energy (b)
. . \ delta ray
loss that is deposited locally. \
K.E.

NPRE 441, Principles of Radiation Protection, Spring 2023
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The Rationale behind Restricted Stopping Power

e |f we are interested in microscopic events, in which incident particles
deposit energy in local regions with finite sizes ...

e Since the predominate way for heavy charged particles to loss energy is
to transferring its energies to energetic delta-rays ...

e If the range of the delta-ray is large compare to the dimension of the
region-of-interest (ROI), it is likely that the energy carried by these delta-
rays will not be fully deposited in the ROI.

e To account for this effect, we will consider those delta-rays that carry
energy less than a threshold, this give rise to the Restrict Stopping
Power.

e The value for the threshold is typically determined by the dimension of
the ROI associated with the given application.

NPRE 441, Principles of Radiation Protection, Spring 2023



_ation with Matter — Interaction of Heavy Charged Particles
Restricted Stopping Power

Table 7.1 Restricted Mass Stopping Power of Water, (~dE/odx) o in MeV cm? g~ for Protons

Energy (MeV) (—I?TE?C)lOO eV (_%) 1 keV (_%)10 keV (_ch%c)oo
0.05 910. 910. 910. 910.
0.10 711. 910. 910. 910.
0.50 249. 424. 428. 428.
1.00 146. 238. 270. 270.
10.0 24.8 33.5 42.2 45.9
100. 3.92 4.94 5.97 7.28

NPRE 441, Principles of Radiation Protection, Spring 2023



2.3 Interaction of Photons
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Classification of Photon Interactions

Table 1. Classification of elementary photon interactions.

Type of Scattering
interaction Absorption Elastic Inelastic
Interaction (Coherent) | (Incoherent)
with:
Atomic Photoelectric Rayleigh Compton
electrons effect scattering scattering
Pt Eq L.E. F g~ 32 =
Tpe { ro EEEH.E.}} (L.E.) oC~ 4
Nucleus Photonuclear Elastic Inelastic
reactions nuclear nuclear
(7v.n),(7¥,P), scattering | scattering
photofission, etc. (o, ) ~ Z2 | (v,%")
Tphae. ™ Z
(her >10MeV)
Electric field | Electron-positron
surrounding | pair production in
charged field of nucleus,
particles Opair ~ Z°
(hir = 1.02MeV)

NPRE 441, Principles of Radiation Protection, Spring 2023




. _on of Radiation with Matter — Interaction of Photons
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Figure 2.18 Energy dependence of the various gamma-ray interaction processes in
sodium iodide. (From The Atomic Nucleus by R. D. Evans. Copyright 1955 by the
McGraw-Hill Book Company. Used with permission.)

From Page 50, Radiation
Detection and
Measurements, Third
Edition, G. F. Knoll, John
Wiley & Sons, 1999.
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Photoelectric Effect and its implication to
shielding design and dosimetry calculation
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. _ of Radiation with Matter — Interaction of Photons with Matter
Photoelectric Effect

In photoelectric process, an incident photon transfer its energy to an orbital
electron, causing it to be ejected from the atom.

ejected

incident electron

gamma-ray
s completely
absorbed

E_=hv-E,
h 1s the Planck's constant

v s the frenquency of the photon

% Photoelectric interaction is with the atom in a whole and can not take place
with free electrons.

= Photoelectric effect creates a vacancy in one of the electron shells, which
leaves the atom at an excited state.

NPRE 441, Principles of Radiation Protection, Spring 2023
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Photoelectric Effect Cross Section

Probability of photoelectric absorption per atom is

-

Z4
low energy
35
o o d (hvs)
Z
) high energy

< The interaction cross section for photoelectric effect depends strongly on Z.

® Photoelectric effect is favored at lower photon energies. It is the major
interaction process for photons at low hundred keV energy range.

Page 49, Radiation Detection and Measurements, Third Edition, G. F. Knoll, John Wiley & Sons, 1999.
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. —f Radiation with Matter — Interaction of Photons with Matter
Photoelectric Effect — Absorption Edges

% Requires sufficient photon energy for
P.E. interaction.

% Interaction  probability decreases
dramatically with increasing energy.

% P.E. interaction is significant only for

Photoelectric cross section (barn/atom)

low energy photons, when the

Photon Energy (keV) photon energy is close to the binding

Figure 2: Total and partial atomic photoeffect of Ag. energies of the target atoms.
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Relaxation Processes after Photoelectric Interaction

& The excited atoms will de-excite through one of the following processes:

<:| Competing [>
Processes

Generation of characteristic X-rays Generation of Auger electrons

Characteristic
X ray
Auger electron

= Auger electron emission dominates in low-Z elements. Characteristic X-ray
emission dominates in higher-Z elements.

1.2 ————
1 T -
- \
08| //
3 06 : \ / K-Fluoreseenee ]
Q F X -— K-Auger
> [
04 ‘\
02 ,/ AN
[ N
O'J... T e et

0 20 40 60 80 100

Atomic Number, Z
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| _ eChapter 1: Radioactivity
Auger Electrons

The relative probability of the emission of characteristic radiation to
the emission of an Auger electron is called the fluorescent yield, w:

Number K x ray photons emitted
Number K shell vacancies

Wk = (3-12)
Values for wg are glven in Table 3-1. We see that for large Z values flu-
orescent radiation is favored, while for low values of Z Auger electrons
tend to be produced.

From this table we see that if a nucleus with Z = 40 had a K shell hole,
then on the average 0.74 fluorescent photons and 0.26 Auger electrons
would be emitted.

TABLE 3-1
Fluorescent Yield
YA Wk A wg Z wg
10 0 40 74 70 .92
15 .05 45 .80 75 93
20 .19 50 .84 80 .95
25 .30 55 .88 85 .95
30 .50 60 .89 90 .97
35 .63 65 90

From Evans (E1)
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A few things about Compton scattering

* Angular distribution of the scattered photon and

* Energy transfer to recoil electrons.

NPRE 441, Principles of Radiation Protection, Spring 2023



. _ of Radiation with Matter — Interaction of Photons with Matter

Compton Scattering

< |n Compton scattering, the incident gamma ray photon is deflected by an orbital
electron in the absorbing material.

= Part of the energy carried by the incident photon is transferred to the target
electron in the atom, causing it to be ejected from the atom.

j\
MO Kq /‘\
X RAYS:A = 0714 A / g
T\
R Vo U o VAV, V.V 0 TRE _ e ———

GRAPHITE TARGET

FIGURE 8.2. Compton measured the intensity of scattered photons as a function
their wavelength N at various scattering angles 6. Incident radiation was molybdenu
K, X rays, having a wavelength A = 0.714 A.
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. _n of Radiation with Matter — Interaction of Photons with Matter

Kinematics in Compton Scattering

The energy transfer in Compton scattering may be derived as the following:

& Assuming that the electron binding energy is small compared with the energy of
the incident photon — elastic scattering.

& Write out the conservation of energy and momentum:

Conservation of energy

hy + me? = hy' + E'

Conservation of momentum

@ hv'

/ = —cos 0 + P’ cos ¢
/8 c c
_________ -
) hv' o
—sin § = P’ sin ¢
(b) AFTER COLLISION ELP N C



. _n of Radiation with Matter — Interaction of Photons with Matter

Energy Transfer in Compton Scattering

If we assume that the electron is free and at rest, the scattered gamma ray has an
energy

hv

h' = :
(1-cos @)

hv

2
m,C

1+

and the photon transfers part of its energy to the electron (assumed to be at rest
before the collision), which is known as the recoil electron. Its energy is simply

hv
(1—-cos(0))

E. .=h—h'=hv-

hv

1+ 5
m,c

In the simplified elastic scattering case, there is a one-to-one relationship between
scattering angle and energy loss!!

Reading: Page 51, Radiation Detection and Measurements, Third Edition, G. F. Knoll, John Wiley & Sons, 1999.



. _ of Radiation with Matter — Interaction of Photons with Matter
Energy Transfer in Compton Scattering

% The maximum energy carried by the recoil electron is obtained by setting 0 to
180",

Emax: 2h12/
2+mc’/hv

& The maximum energy transfer is exemplified by the Compton edge in measured
gamma ray energy spectra.

Figure from Atoms, Radiation, and
Radiation Protection, James E
Turner, p180.

Tmax = 0796 MeV

V

05 10
RECOIL ENERGY (MeV)

FIGURE 8.5. Relative number of Compton recoil electrons as a function of theiren
for 1-MeV photons.

RELATIVE NUMBER
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Derivation of the Relationship Between Scattering Angle
and Energy Loss

The relation between energy the scattering angle and energy transfer are derived
based on the conservation of energy and momentum:

Recoil /

electron SN
J Uy U J
phv _hpe“\_ phv' +pe'

Incident photon
(energy = hv)

Scattered photon E . E ,": E E
(energy = hv') hv +\\ e’ ' + e’

Are those terms truly zero?

NPRE 441, Principles of Radiation Protection, Spring 2023



. _n of Radiation with Matter — Interaction of Photons with Matter

Compton Scattering with Non-stationary Electrons —
Doppler Broadening

& |t is so far assumed that (a) the electron is free and stationary and (b) the
incident photon is unpolarized.

< When an incident photon is reflected by a non-stationary electron, for example
an bond electron, an extra uncertainty is added to the energy of the scattered
photon. This extra uncertainty is called Doppler broadening.

hv it o

hv - |

(1-cos(9))

h'

I
+
q
A
=
<

1+

2
m,c

The one-to-one relationship between scattering angle and energy loss holds only
when incident photon energy is far greater than the bonding energy of the

electron...

NPRE 441, Principles of Radiation Protection, Spring 2023
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Compton Scattering with Non-stationary Electrons

— Doppler Broadening

Comparison of the energy spectra for the photons scattered by C and Cu samples. E, =40keV,

0=90 degrees
With Doppler broadening

* Measurement
—— EGS4(CP)
----- EGS4(S)

* Measurement
——EGS4(CP)
----- EGS4(S)

With Doppler
broadening

e Ll P

1 -1
Photons sr.”" keV'' per source
—
o
A
L
Photons sr.” keV”’ per source
—
o
IS

10°L 9 e . 107 : N
.----.l ‘."‘l._'ll é
I-"- Without Doppler
0 e 109 o Meen, £, proadening |
30 32 34 36 38 40 30 32 34 36 38 40

Photon Energy, keV Photon Energy, keV

Without Doppler broadening

The Doppler broadening is stronger in Cu than in C because of the Cu electrons have greater

bonding energy.
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Angular Distribution of the Scattered Gamma Rays

The differential scattering cross section of per electron is given by the Klein-
Nishina formula:

do 0 = 2 1 ? 11+ cos? 6 a?(1 — cos 0)? s 4
E( ) =71 <1+a(1—c059)> < 2 ><1+(1+c0529)[1+a(1—c059)]>' (m?sr™7)
where
hv koe? _ _ _15
a= and 7, = —— is the classic electron radius (2.818 x 10 m)

moc? moc?



—n of Radiation with Matter — Interaction of Photons with Matter
Angular Distribution of the Scattered Gamma Rays

The differential scattering cross section per electron — the probability of a photon scattered into
a unit solid angle around the a given scattering angle 6, when the incident photon is passing
normally through a thin layer of scattering material that contains one electron per unit area.

do 1 ? (14 cos? 6 a?(1 — cos 8)? ~
d_Q(H) =% (1 + a(1 — cos 0)> ( 2 ) (1 * (14 cos?0)[1+ a(1 — cos 9)]) (msr™)

koez

— and 7, = e is the classic electron radius (2.818 X 10~ 15 m ).
0 0

where a =

Scattered photon

Incident phbto

Q= 27r su:ze rdf

FiG. 5.15. Compton scattering diagram to illustrate differential scattering cross
section. S is a sphere of unit radius whose center is the scattering electron.



. _diation with Matter — Interaction of Photons with Matter

Angular Distribution of the Scattered Gamma Rays

20

Incident photons with higher energies

tend to scatter with smaller angles
(forward scattering).

do_/dQ, 10¥cm?str. "electron™
-
o

Incident photons with lower energies (a
few hundred keV) have a greater chance

of undergoing large-angle scattering

(backscattering).
Radial distance represents the

differential cross section.

The higher the energy carried by an incident gamma-ray, the more likely that the gamma-ray
undergoes forward scattering ...



. —n of Radiation with Matter — Interaction of Photons with Matter

Total Compton Collision Cross Section for an Electron

Compton Collision Cross Section is defined as the total cross section per electron
for Compton scattering. It can be derived by integrating the differential cross

. do .
section, 1 Over 4 1t solid angle.

Since

dQl = 2msin 0 do,

then the Compton scattering cross section per electron is given by

Scattered photon

=2 fda ing-do (cm?)
O = 4Tl a0 Sin cm
0

Incident phbto

4Q= 27r sin rd6

Note that the Compton scattering cross rZ

section per electron is given in unit of cm?. S
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Energy Distribution of Compton Recoil Electrons

Given the Klein-Nishina formula, how do we derive the energy spectrum of recoil
electrons? In other words, how do we derive the probability of a gamma-ray
undergoing a Compton scatting and transferring an energy falling into an energy

window, Eyecoy € |E' — S AE,E' + AE|?

Scattered photon

Incident phbto

4Q= 27 sirrwzﬁ rdf
S
/
78 FiG. 5.15. Compton scattering diagram to illustrate differential scattering cross
_________ ~¢) section. S is a sphere of unit radius whose center is the scattering electron.

(b) AFTER COLLISION ! ~

h do ) = 12 1 % 11+ cos? 6 ) a?(1 — cos 6)? -
d_Q( )=T <1+a(1—cos€)> ( 2 )( +(1+c052 9)[1+a(1—c059)]>(cm s



. _ of Radiation with Matter — Interaction of Photons with Matter

Energy Distribution of Compton Recoil Electrons

Klein-Nishina formula can be used to derive the energy spectrum of recoil
electrons as the following:

do do df do

=——. . m? - keV~1
dErecoil dR do dErecoil( )

If a gamma-ray underwent a Compton Scattering, then probability of the gamma-ray
transferring a given amount of energy falling into a small energy window, E, .01 €

[E’ — %AE, E" + %AE] would be proportional to

X AE < do )
p . —_—
dErecoil £/

NPRE 441, Principles of Radiation Protection, Spring 2023



. _n of Radiation with Matter — Interaction of Photons with Matter

Energy Distribution of Compton Recoil Electrons

The energy distribution for the recoil electrons could be derived with the following differential
cross section

do  dodQ do
dE dQ do dE

recoil recoil

The three partial derivative terms on the right-hand side of the equation can be derived from the
following relationships:

*  From Klein-Nishina formula:

2 2 204 )
Z_g (6) = T'ez ( = ) (1+COS 6) (1 -|— a (1 cos 9) ) Scattered photon

1+a(1-cos 0) 2 (14cos? 8)[1+a(1—cos 6)]

*  From Compton equation:

Incident_p_ﬂbto B
hv 27nr sinf rd6
5 = dQ= ——F——

Erecoii = hv — hv' = hv —

v
1+m062(1—cos 0) .
2
ae moc? moc? hv
= i 20.91+ 2(1—c056?)]
dErecoil (W=E; i) "SiN (hv)?- sin mgc

) ) an )
*  From the known scattering geometry: df) = 2w sindf = = 2 Ssin 6
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Energy Distribution of Compton Recoil Electrons

Remember that the maximum amount of energy Vv

that a photon can transfer to an electron in a E =
P " 24 me? [hv

90 single Compton scattering is given by:

I I T T T

v = Y Rayi energy ]
15+ Yy =04 moc? _
— Electron energy

\ mgc?

do /dQ, 10%cm?str. 'electron™

T Ng 1.0 ///\ -
A //1
<l // / N
>~ // I 2
//4/ //h\ 345
- 1020
— i e -
“  The energy distribution of the recoil electrons \'/ ’ /
&Y ————— ;%‘ﬂ)/j/;
derived using the Klein-Nishina formula is :E;;E:W
a—— J—‘—_’:
closely related to the energy spectrum o T \
. . . 0 0.2 0.4 0.6 0.8 1.0
measured with “small” detectors (in particular, ey —>
Figure 10.1 Shape of the Compton continuum for various gamma-ray energies.
the so-called Compton continuum)_ (From S. M. Shafroth (ed.), Scintillation Spectroscopy of Gamma Radiation.

Copyright 1964 by Gordon & Breach, Inc. By permission of the publisher.)

From Page 311, Radiation Detection and Measurements, Third Edition, G. F. Knoll, John Wiley & Sons, 1999.
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Average fraction of energy transfer to the recoil electron

through a single Compton Collision

Average recoil electron energy £, .., is of special interest for dosimetry is the,
since it is an approximation of the radiation dose delivered by each photon
through a single Compton scattering interaction.

The average fraction of energy transfer to the recoil electron through a single
Compton scattering is given by

Eavg recoil _ Erecoil do
hv — f hv ) /U ) dErecoil ’

Erecoil dErecoil

where o is the Compton scattering cross section per electron and is given by

- 19 sing - 2
O'—ZT[jﬂdQ sin@ -df (m~).
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Pair Production

Definition:
Pair production refers to the creation of et positron
an electron-positron pair by an incident imid‘:ﬁt%"‘w
gamma ray in the vicinity of a nucleus. gamma-=rdy &

nucleus
Characteristics

o ] ) e electron
% The minimum energy required is

2 2
2m’c

E, >2m,* +——~2m,c" =1.022MeV
m

nucleus

% The process is more probable with a heavy nucleus and incident gamma rays
with higher energies.

% The positrons emitted will soon annihilate with ordinary electrons near by and
produces two 511keV gamma rays.

NPRE 441, Principles of Radiation Protection, Spring 2023
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Photonuclear Reaction

& A photon can be absorbed by an atomic nucleus and knock out a nucleon.
This process is called photonuclear reaction. For example,

Be+hv=>,Be+,n, Q-—value:-1.666MeV
"H+hv=/H+,n, Q-value:-2.226MeV

# The photon must possess enough energy to overcome the nuclear binding
energy, which is generally several MeV.

% The threshold, or the minimum photon energy required, for (y,p) reaction is
generally higher than that for (y,n) reactions. Since the repulsive Coulomb
barrier that a proton must overcome to escape from the nucleus.

% QOther nuclear reactions are also possible, such as (y, 2n), (y, np), (y, o) and
photon-induced fission reaction.

NPRE 441, Principles of Radiation Protection, Spring 2023
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Interaction of Photons in Matter
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Figure 2.18 Energy dependence of the various gamma-ray interaction processes in
sodium iodide. (From The Atomic Nucleus by R. D. Evans. Copyright 1955 by the
McGraw-Hill Book Company. Used with permission.)

From Page 50, Radiation
Detection and
Measurements, Third
Edition, G. F. Knoll, John
Wiley & Sons, 1999.
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The Relative Importance of the Three Major Types of X
and Gamma Ray Interactions

T T T T I T T 1 T
120 — S
- ~ 2
c ("]
2 100+ — 2
2 - _ 5
(7)) S c
g S 80 - g
: 2 F — :

Feo]

2 S 60| - I
I g 1
v O
" N 40 = — @
0 - — a
T o
3 20 - — c
y 0 I T 16 1 I O O 1 | 3
g 0.01 0.05 0.1 05 1 5 10 50 100 S
hv in MeV 5

Page 52, Chapter 2 in Radiation Detection and Measurements, Third Edition, G. F. Knoll, John Wiley & Sons, 1999.
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What are the energy transfer coefficient and energy
absorption coefficient? and their implication to dose
calculation?

NPRE 441, Principles of Radiation Protection, Spring 2023
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Comparison Between Linear Attenuation Coefficient and
Energy Absorption Coefficient

10

OEFFICIENT (cm™)
o

The fraction of photons removed from the

beam after traveling through a unit
distancg.

. O ,‘\4\ ~ S P
The fraction of energy /0,0/1— e \\\‘ . \\,x’ —
carried by the photons /Z," ‘\‘ . \,\'\:’ N Oy
being absorbed in ‘:‘\\ / \‘\Os \\
material. i\ ’ AR
0.001 — ' >
0.01 0.1 10 100

ENERGY (MeV)

AGURE 8.13. Linear attenuation and energy-absorption coefficients as functions of

energy for photons in water.

Figure from Atoms, Radiation, and Radiation Protection, James E Turner, p195
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Linear Attenuation Coefficients for Gamma-Rays
]

— je—x

A narrow beam that carries /

AM.BM/\)M’ e JdEa e as J

N;, (photons) N,,+ = N;e H*

S —

FIGURE 8.7. lllustration of ‘“good’’ scattering geometry for measuring linear attenuatior
coefficient u. Photons from a narrow beam that are absorbed or scattered by the ab
sorber do not reach a small detector placed in beam line some distance away.

& Considering a thin slab of absorbing media, the number of photons being
removed/attenuated from the beam through the distance x is given by

AN = Niy — Noye = Nin(l —e M) = UNdx

where U is the linear attenuation coefficient (the probability that a photon is
removed from the beam by the absorbing media per unit distance it travels)

/u — Tphotoelectric + GCompton T K pair
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Linear Attenuation Coefficients for Gamma-Rays

NARROW BEAM /

mmm’ 'aaa o I VoV ¥

Nin (photons), Eput = Nout - Ey=Nip - €™ - E
Ein = Nin - Ey

Instead, if we consider the gamma-ray beam as a flow of energy, where E;;, = N;y, - E,,

for each unit distance that the beam transmitted through, what is the fraction of the
incident energy that is transferred to the secondary electrons within the absorbing media?
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Linear Attenuation Coefficients

Linear attenuation coefficient u is the probability that a photon is attenuated
(removed from the beam) in the absorber per unit distance it travels,

U = Tphotoelectric + O-Compton + Kpair

Can we define a linear energy transfer coefficient, u;,-, which is the fraction of
the energy carried by the incident beam that is subsequently transferred to the
absorber per unit distance the beam is transmitted through?

Her = Tphotoelectric X? +GCompton X?7? +Kpair X777
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Energy Transfer by a Gamma-Ray Beam

Compton
scattering

Photoelectric
effect

Dy
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t
s

elec

lfv/
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Multiple Compton

ﬁ,, / scattering ignored
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pE. A V4 P
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What is Energy Transfer Coefficients?

For a parallel beam of monochromatic gamma rays transmitting through a unit
distance in an absorbing material, the energy-transfer coefficient is the fraction of
energy that was originally carried by the incident gamma-ray beam and
transferred into the kinetic energy of secondary electrons per unit distance of

travel.
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Photoelectric Effect

In photoelectric process, an incident photon transfer its energy to an orbital
electron, causing it to be ejected from the atom.

ejected

incident electron

gamma-ray
s completely
absorbed

E_=hv-E,
h 1s the Planck's constant

v s the frenquency of the photon

% Photoelectric interaction is with the atom in a whole and can not take place
with free electrons.

= Photoelectric effect creates a vacancy in one of the electron shells, which
leaves the atom at an excited state.

NPRE 441, Principles of Radiation Protection, Spring 2023
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Relaxation Process after Photoelectric Effect

& The excited atoms will de-excite through one of the following processes:

<:| Competing [>
Processes

Generation of characteristic X-rays Generation of Auger electrons

Characteristic
X ray
Auger electron

= Auger electron emission dominates in low-Z elements. Characteristic X-ray
emission dominates in higher-Z elements.

1.2 ————
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3 06 : \ / K-Fluoreseenee ]
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Energy-Transfer Coefficients through Photoelectric Effect

Based on these considerations, we can define the mass energy transfer coefficient,
which is the fraction of photons that interact by photoelectric absorption per g-cm??,

Tt'l" =1 hU

6 is the fraction of the gamma ray energy got converted into characteristic x-rays
following the photoelectric interaction.

Note that the photoelectrons and Auger electrons may also lead to secondary photon
emission through Bremsstrahlung. So the energy transfer coefficient defined above
does not fully describe energy absorption in the slab. We will return to this point
later.

NPRE 441, Principles of Radiation Protection, Spring 2023
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Energy-Transfer Coefficients Through Compton Scattering

For Compton scattering of monoenergetic photons,
the mass energy transfer coefficient

hu,% mc2
—— = AV e —
(a) BEFORE COLLISION
/
O = O Favg L st
tr — =
hv d
//
. 6
The factor E,/hv is the fraction of the incident =~ --------- -
photon energy that is converted into the initial
kinetic energy of Compton electrons. (b) AFTER COLLISION NN

As with the photoelectric effect, the above mass
energy transfer coefficient does not take into
account the subsequent photon emission due to
bremsstrahlung.
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Energy Transfer by a Gamma Ray Beam
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. _f Radiation with Matter — Interaction of Photons with Matter

Energy-Transfer Coefficient through Pair Production

For the pair production process, the initial energy carried by the electron-positron
pair is hv-2mc2. Therefore, the energy transfer coefficient for pair production is
related to the mass attenuation coefficient as the foIIowing:'}y

QAN

0

i\

>

QF. l
Zm CZ %/éf/p;sﬁron
e .

Kio = K11 ——— incident ~>
tr hv gamma-—ray \;’4
@nucfeus -

n

e electron
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Energy-Transfer Coefficient

The total energy transfer coefficient is given by

The fraction of energy that is carried

The fraction of energy that is carried away by the two 511keV gamma-rays

away by characteristic x-rays following generated during the annihilation of

the photoelectric effect.\ the positron.
5 E,, 2mc?
g
=T 1 —_ + o) + K 1 T
Htr hvu hv hv

The average fraction of energy that is transferred to
recoil electron through Compton scattering.

For a parallel beam of monochromatic gamma rays transmitting through a unit distance in an
absorbing material, the energy-transfer coefficient is the fraction of energy that was originally
carried by the incident gamma ray beam and subsequently transferred into the kinetic energy
of secondary electron inside the absorber.
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Energy Transfer by a Gamma Ray Beam
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_n of Radiation with Matter — Interaction of Photons with Matter
What is Energy Absorption Coefficients?

The total mass energy transfer coefficient is given by

) Eqvg 2mc?

—r{1-=)+ +rl1 -2
Her =T w! T\ )T ho

Consider the fraction of energy that may be carried away by the subsequent
bremsstrahlung photons, one can define the mass energy-absorption coefficient as

Hen = .utr(l — g)

where g is the average fraction of energy of the initial kinetic energy transferred to
electrons that is subsequently emitted as bremsstrahlung photons.

For a parallel beam of monochromatic gamma rays transmitting through a unit distance in an
absorbing material, the energy-absorption coefficient is the fraction of energy that was
originally carried by the incident gamma ray beam and eventually absorbed inside the absorber.
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Energy Loss by Bremsstrahlung

e For beta particles to stop in a given medium, the fraction of energy loss by
Bremsstrahlung process is approximately given by

fg=35%10"* ZE,,

where fz = the fraction of the incident beta energy converted into photons,
Z atomic number of the absorber,
E.. = maximum energy of the beta particle, MeV.
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Mass Energy Absorption Coefficient

Mass attenuation coefficient Mass energy absorption coefficient
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FIGURE 8.11. Mass energy-absorption coefficients for various elements. [Reprinted with
permission from K. Z. Morgan and J. E. Turner, eds., Principles of Radiation Protection,
Wiley, New York (1967). Copyright 1967 by John Wiley & Sons.]

FIGURE 5.12. Curves illustrating the systematic variation of attenuation coefficient with atomic
number of absorber and with quantum energy.

Figure from Atoms, Radiation, and Radiation Protection, James E Turner, p195
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Mass Energy Absorption Coefficient

Mass attenuation coefficient Mass energy absorption coefficient
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FIGURE 8.9. Mass attenuation coefficients for various materials. [Reprinted with per ) © on. _nergy ev)
mission from K. Z. Morgan and J. E. Turner, eds., Principles of Radiation Protection, FIGU.RE' 8.12. Mass energy-absorption coefficients for various materials. [Reprinted with
Wiley, New York (1967). Copyright 1967 by John Wiley & Sons.] permission from K. Z. Morgan and ). E. Turner, eds., Principles of Radiation Protection,

Wiley, New York (1967). Copyright 1967 by John Wiley & Sons.]

Figure from Atoms, Radiation, and Radiation Protection, James E Turner, p195
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Energy-Transfer and Energy Absorption Coefficients

TABLE 8.3. Mass Attenuation, Mass Energy-Transfer, and Mass Energy-Absorption
Coefficients (cm? g~ ") for Photons in Water and Lead

Photon

Water Lead

Energy

(MeV) plp el HenlP ulp tulp Hen/P
—> (.01 5.33 4.95 4.95 131. 126. 126.

0.10 0.171 0.0255 0.0255 5.55 2.16 2.16

— 1.0 0.0708 <—0.0311 0.0310 0.0710 0.0389 0.0379
—> 10.0 0.0222 0.0163 < 0.0157 0.0497 0.0418 =— 0.0325

100.0 0.0173 0.0167 0.0122 0.0931 0.0918 0.0323

Source: Based on P. D. Higgins, F. H. Attix, J. H. Hubbell, S. M. Seltzer, M. J. Berger, and C. H.
Sibata, Mass Energy-Transfer and Mass Energy-Absorption Coefficients, Including In-Flight Positron
Annihilation for Photon Energies 1 keV to 100 MeV, NISTIR 4680, National Institute of Standards
and Technology, Gaithersburg, MD (1991).

& As expected, bremsstrahlung is relatively unimportant for photon energy of less
that ~10MeV, whilst it accounts for a significant difference between the mass
energy-transfer coefficient and the mass energy absorption coefficient.
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Comparison Between Linear Attenuation Coefficient and
Energy Absorption Coefficient

10 | I T

T The fraction of photons removed from

the beam after traveling through a unit

OEFFICIENT (cm™)
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The fraction of energy 0
carried by the photons

being absorbed in

material.
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AGURE 8.13. Linear attenuation and energy-absorption coefficients as functions of
energy for photons in water.

Figure from Atoms, Radiation, and Radiation Protection, James E Turner, p195
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Calculation of Energy Transfer and Energy Absorption

For simplicity, we consider an idealized case, in which

% Photons are assumed to be monoenergetic and in broad parallel beam.

= Multiple Compton scattering of photons is negligible.

= Virtually all fluorescence and bremsstrahlung photons escape from the absorber.

& All secondary electrons (Auger electrons, photoelectrons and Compton electrons)
generated are stopped in the slab.

Under these conditions, the transmitted energy intensity (the amount of energy

transmitted through a unit area within each second) can be given by

\F — \Fﬁoe_/uenx
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Calculation of Energy Transfer and Energy Absorption

Assuming p..Xx<<1, which is consistent with the thin slab approximation and the
energy fluence rate carried by the incident gamma ray beam is ¥,(J - cm™2 - s~ 1).
Then the energy absorbed in the thin slab per second over a unit cross section area is
given by

AV~ Wt -x (J-cm™2-571)
The rate of energy absorbed in the slab of area A (cm?) and thickness x is

Atpo.uenx VE S_l)

Given the density of the material is p, the rate of energy absorption per unit mass
(Dose Rate) in the slab is

h = A(em?) Wy (J:em =257 pen(em™ ) -x (cm)

J

p(g-cm™3)-A(cm?)-x(cm)

[1;56 rate in the absorber: D = ‘PO% J-gt- s‘lﬂ




. _Radiation with Matter — Interaction of Neutrons with Matter

Interactions of Neutrons with Matter

Reading Material:

& Chapter 5 in <<Introduction to Health Physics>>, Third edition, by Cember.
& Chapter 9 in <<Atoms, Radiation, and Radiation Protection>>, by James E Turner.

& Chapter 2 in <<Radiation Detection and Measurements>>, Third Edition, by G. F. Knoll.
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. _ of Radiation with Matter — Interaction of Neutrons with Matter
Interactions of Neutrons with Matters

Neutrons can interact with an atomic nuclei through
= Elastic scattering: the total kinetic energy is conserved — the energy loss by the
neutron is equal to the kinetic energy of the recoil nucleus.

= Inelastic scattering: the nucleus absorbs some energy internally and is left to
an excited state.

% (Thermal) neutron capture: the neutron is captured or absorbed by a nucleus,
leading to a reaction such as (n,p), (n,2n), (n,a) or (n,y). The reaction changes
the atomic number and/or atomic mass number of the struck nucleus.
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Elastic Scattering of Neutrons

Elastic scattering is the most important process for slowing down fast neutrons.
Due to the rapid increase in the probability of neutron capture, the neutrons, once
slowed down, will eventually be captured by target nuclei.

Here we will discuss several aspects of neutron scattering in matter:
= Maximum energy transfer.

& Angular distribution of scattered neutrons.

< Energy distribution of scattered neutrons.

& Average logarithm energy decrement of a neutron in multiple scattering.
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Elastic Scattering of Neutrons

The elastic scattering plays an important role in neutron energy measurements.
For example, a proton-neutron telescope illustrated below can be used to

accurately measure the spectrum of neutrons in a collimated beam.

INCIDENT
NEUTRON

E

neutron

= cos’ &

proton neutron

PARTICLE
IDENTIFIER

FIGURE 10.36. Arrangement of proton-recoil telescope for measuring spectrum
neutron beam.

Figure from Atoms, Radiation, and Radiation Protection, James E Turner, p281
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Elastic Scattering of Neutrons

The maximum energy that a neutron of mass M and kinetic energy E_ can transfer
to a nucleus of mass m in a single elastic collision given by

TABLE 9.4. Maximum Fraction of Energy Lost,
Qma/E, from Eq. (9.3), by Neutron in Single
Elastic Collision with Various Nuclei

Nucleus Qmax'En

H 1.000

E =EF 4Mm H 0.889
max n ( M + m)2 ‘He 0.640
’Be 0.360

'&C 0.284

%0 0.221

>eFe 0.069

'5oSn 0.033

2% 0.017
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Elastic Scattering of Neutrons

% The elastic scattering is the dominating mechanism whereby fast neutrons
deliver dose to tissue.

% The recoil nuclei are essentially ionizing particles traveling in media and losing
their energy through ionization and excitation.

= As we will see later, over 85% of the “first-collision” dose in soft tissue

(composed of H, C, O and N) arises from n-p scattering for neutron energy below
10MeV.
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How do we derive the average energy transfer per
single elastic collision between an energetic neutron
and a target nucleus?
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Angular Distributions of the Scattered Neutrons

& For neutron energies up to 10MeV, it is experimentally observed that the
scattering of neutrons is isotropic in the center-of-mass coordinate system. The
neutron and the recoil nuclei are scattered with equal probability in any direction

in this 3-D coordinate system.

scattered neutron

Incident neutron

40 27r snrrwze rdf
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Angular Distributions of the Scattered Neutrons

Neutron

Neutron
0 -
m. 7 Center-of-mass

Recoil nucleus
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Angular Distributions of the Scattered Neutrons

Before collision,
in laboratory system

Before collision,
in the center-of-mass (CM) system

é

o= @ >_vc
m,vV — 0—>
0 M, 0 ~®
M m
V v
m M+m Y
V. = v
After collision, " M+m°
. After collision,
in laboratory system
- in the center-of-mass system

. o/ v = V0
+UZ /@ 0.

0: scattering angle in m

the CM system < M+ m
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Angular Distributions of the Scattered Neutrons

The speed of the scattered neutron
within the laboratory frame is

=/

Therefore
v'?* = v2 4 v2 — 2v,v, cos(m — 6) 0

=vi + v + 2v,v cos 6.

The kinetic energy of the scattered neutron, E’, is

1 2
E' = Emv’ )

and
1/ m 2 m 2 M m
— = 2( vo) +( vo) + 2 vé cosb|.
Eg vy | \M+m M+m M+m M+m

Therefore,

E' M2+m?2+2Mm cos 6

EO (M+m)2
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Energy Spectrum of the Scattered Neutrons

Since the scattering in the CM system is isotropic, the probability of the scattered
neutron falling into an angular interval [8,0 + dO] is

p(0) - d = [2rr?sin O dO]/(4nr?) = %sin@ - dé.

The probability of the outgoing neutron carrying a kinetic energy falling into a given
window [E', E’ + dE'] is given by

p(E")dE" = —p(0) - db

scattered neutron, E’

1, 1, dg"\ "1 ,
=—Esm0-d9=—gsm0-(d9) -dE /

=——51n9[E0(1\:Mm (— sm@)]

. M+m)2 1 Incident neutron, E
=2sing . o 1 g i
2 2Mmsin 8 E, 27nr sinf rdf
M+m)? 1
=( ) . dEI S
4Mm EO



. —n of Radiation with Matter — Interaction of Neutrons with Matter

Angular Distributions of the Scattered Neutrons

scattered neutron

Srrt——
-

Incident neutron

40 27r snrrwze rdf

Since the scattering of the neutron is isotropic in the CM system, the probability of the
scattered neutron going into an angular interval d© can be written as

75(9)' doe = f2z Sin 9‘0‘«97/«-1 = -‘.,_isme'd.‘)
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Energy Spectrum of the Scattered Neutrons

The probability of the outgoing neutron carrying kinetic energy falling
into a given window [E’, E’ 4+ dE"] is given by

(M+m)? 1 dE =L .1 gE
4AMm  E, 1-a E, ’

p(E')dE’ =

where

_ (M-m)*?
 (M+m)2
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Energy Spectrum of Scattered Neutrons

P(E’)

R N / / /

a =
M + m)?
(M + m) ok, 0 E’: Energy of scattered neutrons

The fraction of energy carried by the scattered neutron is

E' M? +m? + 2Mm cos 8
EO_ (M + m)?

The distribution of the energy of the scattered neutrons is given by

1
—,E' C [aEy, E].
1—ak, [aEo, Eo]

p(E") =
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Energy Spectrum of Scattered Neutrons

Average energy carried by the scattered neutron:

(M—m)?
E’ _ 1+aE . 1+(M+m)2 __ M?*+m?
P(E') avg 2 0 2 0™ (M+m)z2 70

1/[(1-)Eg] |---mmme--

\

E, E’: Energy of scattered neutrons

(M —m)?

—F, = aF
(M +m)2"° *5o

ok,

Average energy transferred to the recoil nucleus:

. 2Mm
Eavg_energy_loss = Eg — Eavg — (M + m)? - Ey




. _diation with Matter — Interaction of Photons with Matter

Important neutron capture reactions

NPRE 441, Principles of Radiation Protection, Spring 2023



_ of Radiation with Matter — Interaction of Neutrons with Matter

Interaction of Slow Neutrons (E<0.5eV)

e The most important interactions between slow neutrons and absorbing
materials are neutron-induced reactions, such as (n,y), (n,a), (n,p) and (n,

fission) etc. These interactions lead to more prominent signatures for neutron
detection.

-

recoil nucleus

protons
neutron + target nucleus = <

alpha particles

fission fragments
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Neutron Induced Reactions
01n+11H—>fH+87/

& Neutron absorption followed by the immediate emission of a gamma-ray
photon.

& Since the thermal neutron has negligible energy by comparison, the gamma
photon has the energy Q=2.22 MeV released by the reaction, which represents
the binding energy of the deuteron.

% The capture cross section per atom is 0.33 barn.

& When tissue is exposed to thermal neutrons, this reaction provides a source of
gamma rays that delivers dose to the tissue.



. _ of Radiation with Matter — Interaction of Neutrons with Matter

Neutron Induced Reactions

1 14 14 1
& Cross section for thermal neutron is 1.70 barns.

& Q=0.626MeV.

& Since the range of the proton and the !4C nucleus are relatively small, their
energy is deposited locally at the site where the neutron was captured.

& Capture by hydrogen and nitrogen are the only two processes through which
neutron deliver a significant does to soft tissue.
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Neutron Induced Reactions

1 3 3 1
o+ He—>TH+p
& Cross section for thermal neutron is 5330 barns.

& Q=765keV.

& Commonly used in proportional counters for fast neutron detection.

RELATIVE
NUMBER OF | ;AMMA RAYS
COUNTS AND NOISE
3He(n,p)
REACTION
EPITHERMAL /
PEAK
l ELASTIC
SCATTERING
0.765 075T T T+0.765
ENERGY (MeV)

FIGURE 10.35. Pulse-height spectrum from *He proportional counter for monoener-
getic neutrons of energy T.
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Neutron Induced Reactions

A+sLi—> He+ H

& Cross section for thermal neutron is 940 barns.
& Q=4.78MeV.
= Widely used for thermal neutron detection.

Neutron sensitive Lil scintillator can be made or Li can be added to other
scintillator to register neutrons.

6Li is 7.42% abundant and Li enriched in the isotope °Li is available.
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Neutron Induced Reactions

n+7:Na—>'Na+,y

& Cross section for thermal neutron is 0.534 barns.
& Q=0.626MeV.

& 24Na undergo radioactive decay with the emission of two gamma rays, having
energies of 2.75MeV and 1.37MeV per disintegration with a half-life of 15
hours.

& Since 22Na is a normal constituent of blood, activation of blood sodium can be
sued as a dosimetry tool when persons are exposed to relatively high does of
neutrons, for example, in a criticality accident.
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Energetics of Threshold Reactions

& Consider the following reaction

o”+165—> P+1p

% The neutrons must have an energy of above a certain threshold to enable this
reaction.

# These reactions are called endothermic reactions, in which energy is converted
into mass and therefore Q<O.
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Energetics of Threshold Reactions

Exam'){e.
Calculate ﬂfe threskoln enerqy fw the veaction 315‘(",/3)};9
Solution -
The réacfn'em
‘n ot S — H +hp
The atomi mass dilference i 3o'ocn b&l
a= Ay A32S - A, -Asp

= -0.9276 MeV

T‘ﬁc tﬁre.r{o/d encrry /S

M

Eb= -Q (14—
‘ M3+M4‘Ml

) :Ofe7g [I+

)

1+32-)

= 0. 757 Mev.
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Energetics of Threshold Reactions

Mass Difference

Major Radiations,

Natural A =M-A (MeV) Energies (MeV), and
Abundance (at. mass —at. Type of Frequency per
Nuclide (%) mass No.) Decay Half-Life Disintegration (%)
#2Na — ~5.182 B+ 89.8% 2.602y B* :0.545 max (avg 0.215)
EC 10.2% v:0.511 (180%, y¥), 1.275 (100%),
Ne X rays
23Na 100. -9.528 — — —
24Na — -8.418 B 15.00 h B~ : 1.390 max (avg 0.554)
v : 1.369 (100%), 2.754 (100%)
24
24Mg 78.60 -13.933 — — —
Mg 11.3 -16.214 —_ —_ —
2A1 — -12.211 B* 81.8% 7.16 x 10° y B* :1.174 max (avg 0.544)
EC 18.2% v:0.511 (164%, y¥), 1.130 (2.5%),
1.809 (100%), Mg X rays
26m A _ -11.982 Bt 6.4s B*:3.21 max
v:0.511 (200%, y*)
32p — -24.303 B~ 14.29d B~ :1.710 max (avg 0.695)
Novy
323 95.0 -26.013 — — —
3S — -28.847 B~ 87.44d B~ :0.167 max (avg 0.0488) No y
37s — -27.0 B~ 5.06 min B~ : 1.6 max (90%)
4.7 max (10%)
Y 1 3.09 (90%)
38s — -26.8 B~ 2.87h B~ :1.1 max (95%), 3.0 max (5%)

v : 1.88 (95%)
Daughter radiations from 38Cl
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Energetics of Threshold Reactions
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Energetics of Threshold Reactions

M, M, M M,
..,.{ . ° ° ° °
L ]
7 : AFTER COLLISION
I € ecom Servadion aj eam&?d )‘efw res BEFORE COLLISION
FIGURE 9.7. Schematic representation of a head-on collision producing a nuclear re-

action in which the identity of the particles can change.
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Energetics of Threshold Reactions

{ o .
Aubstitute <45 iny <25 anct ”"‘"’”E?e terms e {twc
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FIGURE 9.7. Schematic representation of a head-on collision producing a nuclear re-
action in which the identity of the particles can change.
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. _ of Radiation with Matter — Interaction of Neutrons with Matter

Neutron Activation

= For endothermic reactions, the minimum energy carried by the neutron (the
threshold energy) can be derived based on the conservation of energy and
momentum:

E1=E3+E4—Q

P1=P3 t P4
< The threshold energy is slightly greater that the Q value (the mass difference
before and after the reaction).

M,
En=-0(1+
th
M, + M, — M,
M, M, M M,
° o ° ° > @
BEFORE COLLISION AFTER COLLISION

FIGURE 9.7. Schematic representation of a head-on collision producing a nuclear re-
action in which the identity of the particles can change.
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. _ of Radiation with Matter — Interaction of Neutrons with Matter

Energetics of Threshold Reactions
5 Energy release: Q = M; + M, — (M3 + M,) (1)

Conservation of energy: E; = E;+ E,+Q = E, = E; — E3(2)

L Conservation of momentum: p; = p3 + ps = M, E;) /2 = (2M3E3) 72+ (2M,E,) 2 (3)

Substitute (2) into (3), we have
(2M,E1)"/2 = (2M3E3) /24 (2M, (B, — E3)) 2. (4)

Rearranging the terms in (4),

2 M3E)2 e (Ma=My)Ei+MyQ _
ks Ms+M, Es Ms+M, =0. (5

Solving (5) and considering E5 should take a real value, we need to have

2
[_ 2(M1M3E1)1/2] _ 4[_ (M4—M1)E1+M4Ql >0,
M3+M4_ M3+M4

or
M{M3zE4 (My—M;)E1+M4Q
(M3+M,)? M3+My

>0, (6)

which finally leads to



. _ of Radiation with Matter — Interaction of Neutrons with Matter

Average Thermal Neutron Capture Cross Section

® The thermal neutron capture cross section for neutron reactions with a
threshold usually increase steadily from zero at E,, to a maximum and then
decline at higher energies.

# The neutron energy at which the cross section has approximately its average
value is called the effective threshold energy, which is greater than E,.
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" A
Energy Dependence of Thermal Neutron Absorption
Cross section

& Capture cross sections for low energy neutrons generally decreases as the
reciprocal of the velocity as the neutron energy increases (the 1/v law).

" So if the capture cross section o, is known for a given velocity v,, then the cross
section at velocity v can be estimated from the following relation,

# This equation can be used for neutrons of energies up to 100eV or 1keV,
depending on the absorbing nucleus.

Interaction of Fast Electrons



Energy Dependence of Thermal Neutron Absorption Cross
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FIGURE 5.23. Neutron absorption cross section for boron, showing the validity of the 1/v law
for neutrons from 0.02 to 1000 eV in energy. The equation of the curve is ¢ =“%/m barns.
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. _iation with Matter — Interaction of Photons with Matter

Neutron Activation Analysis
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. _ of Radiation with Matter — Interaction of Neutrons with Matter

Neutron Activation

& Neutron activation is the production of a radioactive isotope by the absorption
of a neutron, such as in the (n,p) reaction.

% Neutron activation is important to health physicist for several reasons.

(a) Materials irradiated by neutrons may become radioactive. A radiation
hazard may therefore persist after the irradiation by neutron is terminated.

(b) Neutron activation provides a convenient way to measure neutron flux.

(c) By spectroscopic examination of the induced radiation, quantitative analysis
of the unknown samples is also possible.
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. _ of Radiation with Matter — Interaction of Neutrons with Matter

Neutron Induced Reactions

0 n+11Na—> Na+0 4

& Cross section for thermal neutron is 0.534 barns.

& Q=0.626MeV.

& 24Na undergoes radioactive decay with the emission of two gamma rays, having
energies of 2.75MeV and 1.37MeV per disintegration.

& Since 23Na is a normal constituent of blood, activation of blood sodium can be
used as a dosimetry tool when persons are exposed to relatively high doses of
neutrons, for example, in a criticality accident.
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. _ of Radiation with Matter — Interaction of Neutrons with Matter

Neutron Activation

@ Considering the case that an object is irradiated by a constant flux, ¢(n/cm?/
s), of neutrons, which activates a given types of atoms. Then the net rate of
increase of radioactive (daughter) atoms is given by

dN
y bon — AN,
where ¢ = flux, neutrons per cm? per s,
¢ = activation cross section, cm?,
A = transformation constant of the induced activity,
N = number of radioactive atoms,
n = number of target atoms.

% The radioactivity induced by neutron activation (the number of disintegration
of the activated daughter atoms per second) is given by

AN = $on(l — e™™)
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. _n of Radiation with Matter — Interaction of Neutrons with Matter

Neutron Activation

% The radioactivity induced by neutron activation (the number of disintegration
of the activated daughter atoms per second) is given by

AN = ¢on(l — e™)

where ¢ = flux, neutrons per cm? per s,
¢ = activation cross section, cm?,
A = transformation constant of the induced activity,
N = number of radioactive atoms,
n = number of target atoms.

% The saturation activity is given by ¢aon. For an infinitely long irradiation time,
it represents the maximum obtainable activity with any given neutron flux.

% The analysis leading to these results is identical to that used for analyzing the
secular equilibrium for radioactive decay chains, in which the daughter has a
much shorter decay time than that of the parent.
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. _adiation with Matter — Interaction of Neutrons with Matter

Neutron Activation

AN

do B U —_—

0 t

FIGURE 9.8. Buildup of induced activity AN, as given by Eq. (9.36), during neutron
imadiation at constant fluence rate.
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. _ion of Radiation with Matter — Interaction of Neutrons with Matter

Example

A 3-g sample of 32§ is irradiated with fast neutrons having a constant fluence rate
of 155 cm™2s7. The cross section for the reaction *2S(n, p)**P is 0.200 barn, and the
half-life of 32P is T = 14.3 d. What is the maximum 2P activity that can be induced?
How many days are needed for the level of the activity to reach three quarters of the

maximum?

Solution

The total number of target atoms is Nt = 2 x 6.02 x 10%* = 5.64 x 10**. The max-
imum (saturation) activity is ®o Ny = (155 cm™2571)(0.2 x 1072* cm?)(5.64 x 10??) =
1.75 s = 1.75 Bq. [Expressed in curies, the saturation activity is 1.75/(3.7 x 10%%) =
4.73 x 107! Ci.] The time t needed to reach three-quarters of this value can be found
from Eq. (9.36) by writing 2 =1-¢e™™. Then e = { and t = 2T = 28.6 d. Note that
the buildup toward saturation activity is analogous to the approach to secular equilib-
rium by the daughter of a long-lived parent (Sect. 4.4).

From Turner’s textbook, Page 229
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Example
Estimate the fraction of the 32S atoms that would be consumed in the last example in
28.6 days.

Solution

The rate at which 32S atoms are used up is ®o N = 1.75 s71. Since t = 28.6d =
2.47 x 10% s, the number of *2S atoms lostis 1.75 x 2.47 x 10® = 4.32 x 10°. The frac-
tion of 32S atoms consumed, therefore, is 4.32 x 10%/(5.64 x 10??) = 7.66 x 1077,
a negligible amount. Note that fractional burnup does not depend on the sam-

From Turner’s textbook, Page 230
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