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Introduction

® Radiation emitted by radioactive nuclides, both inside and outside our bodies,
interacts with our tissues.

® Photons (EM waves) are far more abundant than matter in our universe; for
every nucleon there are about 10° photons.

® Cosmic rays and the subatomic debris they create during interactions in the
atmosphere also impinge on us (e.g. ~10° neutrinos/cm?-s).

® For radiation to produce biological damage, it must first interact with the tissue
and ionize cellular atoms, which, in turn, alter molecular bonds and change the
chemistry of the cells. Likewise, for radiation to produce damage in structural
and electrical materials, it must cause interactions that disrupt crystalline and
molecular bonds.

® Such radiation must be capable of creating electron-ion pairs and is termed
ionizing radiation (directly ionizing or indirectly ionizing).

® We will study how the ionizing radiations interact with matter. Particular
emphasis is given to how the radiations are attenuated as they pass through a
medium, and to quantify the rate at which they interact and transfer energy to the
medium.
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General aspects of charged particles interaction with matter

Spum

o Alpha particle

Beta particle
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® A charged particle is surrounded by its Coulomb
electric field that interacts with orbital electrons
and the nucleus of all atoms it encounters, as it
penetrates into matter.

® Charged particle interactions with orbital

electrons of the absorber result in collision loss
(collisional stopping power), interactions with
nuclei of the absorber result in radiation loss
(radiation stopping power).

Hard collision Soft collision Radiation collision
b=a b>>a b<<a
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General aspects of stopping power

® Linear stopping power (—dE/dx): the rate of energy loss per unit of path length
(typically expressed in MeV cm) by a charged particle in an absorbing medium.
It is also referred to as the linear energy transfer (LET) of the particle (usually
expressed as keV um- in water).

® Mass stopping power (—dE/pdx): linear stopping power divided by the mass
density of the absorber (typically expressed in MeV-cm?/qg).

Slot — Srad + SCD|'

® Radiation stopping power (also called nuclear stopping power): Only light
charged particles (electrons and positrons) experience appreciable energy loss
through these interactions that are usually referred to as bremsstrahlung
Interactions. For heavy charged particles (protons, a-particles, etc.) the radiation
(bremsstrahlung) loss is negligible in comparison with the collision loss.

® Collision stopping power (also called ionization or electronic stopping power):
Both heavy and light charged particles experience these interactions that result
in energy transfer from the charged particle to orbital electrons through impact
excitation and ionization of absorber atoms.
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Energy-loss mechanism of heavy charged particles

® A heavy charged particle traversing matter loses energy primarily through the
lonization and excitation of atoms. (Except at low velocities, a heavy charged
particle loses a negligible amount of energy in nuclear collisions.)

® The moving charged particle exerts electromagnetic forces on atomic electrons
and imparts energy to them.

® The energy transferred may be sufficient to knock an electron out of an atom
and thus ionize it, or it may leave the atom in an excited, non-ionized state.

® A heavy charged particle can transfer only a small fraction of its energy in a
single electronic collision. Its deflection in the collision is negligible. Thus, a
heavy charged particle travels an almost straight path through matter, losing
energy almost continuously in small amounts through collisions with atomic
electrons, leaving ionized and excited atoms in its wake.

® Occasionally, however, as observed in Rutherford’s experiments with alpha-
particle scattering from a gold foil, a heavy charged particle will undergo a
substantial deflection due to elastic scattering from an atomic nucleus.
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Maximum energy transfer in a single collision

® Energy and momentum conservation

%MV2=%MV%+%H’LV% MV = MV; + mvy.
® The maximum energy transfer Omax = IMVE 1MV2 _ 4mME
gy ax—z 2 1 — (M.|.m)2
2v2mVv?

® The exact relativistic expression Omax =
1+ 2ym/M +m? | M?

m/M<<1
ym/ > Omax = 2}/2}%1”2 = 2y2mL2ﬂ2
M,V m
. ——— @ s v e - — —— —— — —— — —
/;) Before coilision \
Heavy charged particle with speed V Free electron initially at rest
E= MV2/2
M|V41 m, V1
—_— e e — & Faw Bemmnnlls e e S— c——

(b) After collision
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Maximum energy transfer in a single collision

Example
Calculate the maximum energy that a 10-MeV proton can lose in a single electronic
collision.

Solution

For a proton of this energy the nonrelativistic formula (5.4) is accurate. Neglecting m
compared with M, we have Quax = 4mE/M =4 x 1 x 10/1836 = 2.18 x 1072 MeV =
21.8 keV, which is only 0.22% of the proton’s energy.

Proton Kinetic Maximum Percentage
Energy E Omax Energy Transfer
(MeV) (MeV) 100Qmax/ E

0.1 0.00022 0.22

1 0.0022 0.22

10 0.0219 0.22

100 0.229 0.23

103 3.33 0.33
104 136. 1.4
10° 1.06 x 104 10.6
100 5.38 x 10° 53.8
107 9.21 x 106 92.1
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Single-collision energy loss spectra

® The ordinate gives the probability density W(Q) per eV, such that W(Q)dQ is the
probability that a given collision will result in an energy loss between Q and Q +
dQ, with Q expressed in eV.

.06 —
Slow pafticle: long interaction time

...|
—~ . 1
T .04 ] :
> | 1 Fast particles: energy-loss
2 / spectrum is similar in the
— [ | energy range of 10 ~ 70 eV
S .02 i gy rang
Z ' j
.00 : ' ' : ‘ ‘ S
100

\Y
ENERGY LOSS Q (e ) Fig. 5.3 Single-collision energy-loss spectra for 50-eV and

Minimum threshold energy 150-e\{ E|ECtI'OI’.IS and 1-MeV protons in liquid Watler‘ (Co.urtesy
Oak Ridge National Laboratory, operated by Martin Marietta

Energy Systems, Inc., for the Department of Energy.)
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Stopping power

® For a given type of charged particle at a given energy, the stopping power is
given by the product of (1) the linear attenuation coefficient (u, the probability of
electronic collision per unit distance of travel) and (2) the average energy loss
per collision (Qayg)-

dE‘ Qmax
X Omin
Example

The macroscopic cross section for a 1-MeV proton in water is 410 um™, and the
average energy lost in an electronic collision is 72 eV. What is the stopping power in
MeVcm™ and in Jm™?

Solution 3 1 )4
. . = — = 4.4 1M
With 1 =410 pm™ and Q,y, =72 €V, Eq. (5.10) gives u
dE 4 -1
- = 11Quy =410 x 72=2.95 x 10* eV jum™,

Since 1 eV = 10° MeV and 1 um = 10~* c¢m, we obtain —dE/dx = 295 MeV cm L.
Converting units further, we have —dE/dx = 295 MeVcm™ x 1.60 x 107"° JMeV~! x
100 cmm™ =4.72 x 10~ Jm™.

10
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Semiclassical calculation of stopping power

® In 1913, Bohr derived an explicit formula giving the stopping power for heavy
charged particles. He calculated the energy loss of a heavy particle in a collision
with an electron at a given distance of passing and then averaged over all

possible distances and energy losses.

Y ® The total momentum imparted to the electron
____________ in the collision is
o0 o o0 S 6|
p=/ F},dt=] Fcos@dt=kozezf C(:'Z dt.
—00 —00 —00
N \ J
Impact parameter Y
* cosd *b > dt
/ COZ dt=2/ _3dt=2b/ 2 L \212)\3/2
o I o T 0 (b + V-t ) /
* t > 2
= 2b = —.
[bZ(bZ + V2t2)1/2:|0 Vb

. . 2koze?
® The momentum transferred to the electron in the collision: p= \O/b
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Semiclassical calculation of stopping power

® The energy transferred to the electron in the collision:

0= p? _ 2k3z%e? '%
2m  mV2p2 db

® In traversing a distance dx in a medium having a ‘\ /
uniform density of n electrons per unit volume, the ‘
heavy particle encounters 2nnb db dx electrons at  _ ‘
Impact parameters between b and b + db. v

® The energy lost to these electrons per unit distance
traveled is therefore 2mnQbdb.

® The total linear rate of energy loss is found by integration over all possible
energy loses:

d_E 2 / Qﬂ]ilx Qb db 4?{}{(2}22 64 n / bmax db 47Tk{%2:2 64 n l b]nax
T T T = — = n :
dx Qmin sz bmin m VZ bmin

?
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Semiclassical calculation of stopping power

® Maximum possible energy transfer (Q,.x) ~ the energy transfer by head-on
collision (2mV?2).

® Minimum possible energy transfer (Qnin) ~ the mean excitation energy of the
medium (1).

® For a given atom, its mean excitation energy is always larger than the ionization
energy of the atom, since I accounts for all possible atomic ionizations as well as
atomic excitations, while the atomic ionization energy pertains to the energy
required to remove the least bound atomic electron (i.e., valence electron in the
outer shell).

Table 6.3 Mean ionization/excitation energy [/ for various absorbing materials (from the ICRU

2 Report 37)
1000+
5 [ [=1157 P Element |H C Al Cu Ag W Pb Ra U Cr
8 _ 8004 e z | 6 13 29 47 74 82 88 92 98
$ %’, [ B R T I (eV) 19.2 |78 167 322 470 727 823 826 890 966
.93 — u I - 10 Z . i ”
c~ 600+ NG
._g > [ e " 2L, N Table 6.4 Mean ionization/excitation energy / for various compounds of interestin medical physics
S g s i A=9.1Z(1+ 1.927) (from the ICRU Report 37)
ow » NIST data Compound [ (eV) Compound I (eV)
% 200 -E Air (dry) 85.7 Lithium fluoride 94
%’ Water (liquid) 75 Photographic emulsion | 331
0+t Water (vapor) 71.6 Sodium iodide 452
0 25 50 75 100 Muscle (skeletal) 75.3 Polystyrene 68.7
Atomic number Z Bone (compact) 91.9 A-150 plastic 63.1
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Semiclassical formula for stopping power

® |n the logarithm

dE Omax Amk2z2e*n  [Pmax dp 4rikiz?e*n bimax
__=2sz deb:”o—/ 2 In 2
b m V2 bmin

2
dx Omin mVv
1/2 1/2
Bimax _ <Qmax> . <zmv2> /
bmin Qmin I

min

® The final form of semiclassical stopping power:

dE  2mkiz?e*n_  2mV? .
gBohr — _ = In No. of electrons per unit volume
dx mV? | /
° M ‘00D _ _ZNo. ofatoms_ZNA
ass stopping power: n= volome 2P
2,2 ,4 2
GBohr _ _ldE _ 2nkgz“e* ZNy In 2mV
p p dx mV2 A I

14
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Bethe formula for stopping power

® Using relativistic guantum mechanics, Bethe derived the following expression for
the stopping power of a uniform medium for a heavy charged patrticle:

GBethe _ _ dE _ 4kiz?e*n " 2mc®p® e
dx mc? B2 I(1-p2%)
® Mass stopping power
gBethe _ _ldE _ Ankgz’e* ZN, In 2mc?p? 2 Not valid at low energy
p pdx  mc?B? A I(1-p%) /

1000

ko = 8.99 x 10 N m? C? (Appendix 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,

¢ = speed of light in vacuum,

B = V/c = speed of the particle relative to c,

I = mean excitation energy of the medium.

Protons
Aluminum

100

wll
— o

Mass collision stopping power
Scat (MeV-cm?/g)
o

0.01
0.001 0.01 0.1 1 10 100 1000 10000

Proton kinetic energy E« (MeV)
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Energy-loss mechanism of electrons or positrons

® Ve treat electron and positron energy-loss processes together, referring to both
simply as “electrons” or “beta particles.” Their stopping powers and ranges are
virtually the same, except at low energies.

® Like heavy charged particles, beta particles can excite and ionize atoms. In
addition, they can also radiate energy by bremsstrahlung. The radiative
contribution to the stopping power becomes important only at high energies.
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16 Introduction to Nuclear Engineering, Fall 2022




Collisional stopping power

® The collisional stopping power for beta particles is different from that of heavy
charged particles because of two physical factors:

1) A beta particle can lose a large fraction of its energy in a single collision
with an atomic electron, which has equal mass.

2) A B~ particle is identical to the atomic electron with which it collides and a 3*
is the electron’s antiparticle.

® The collisional stopping-power formulas for electrons and positrons

dEN®  4mkletn l mc? T/t + 2 . T
) ] L
co mc
where
1— 2 2
F~(B) = Zﬁ [1 + % —(2t+ 1) In 2} For electrons
F* In2 p* [23 14 10 4 ] For positrons
p— _— +
B)=tn2= | B T Y err T ey
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Radiative stopping power

® Bremsstrahlung occurs when a beta particle is deflected in the electric field of a
nucleus and, to a lesser extent, in the field of an atomic electron. At high beta-
particle energies, the radiation is emitted mostly in the forward direction, that is,
in the direction of travel of the beta particle.

Sweeping
Radiation

Beam \

Electiron
Trajectory

Fig. 6.3 Synchrotron radiation. At high energies, photons are
emitted by electrons (charge —e) in circular orbits in the
direction (crosshatched area) of their instantaneous velocity v.
The direction of the electrons’ acceleration a is also shown.

18
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Accelerated charged particle: emission of radiation

® An accelerated or decelerated charged particle emits some of its kinetic energy
in the form of photons referred to as bremsstrahlung radiation.

® The intensity of the emitted radiation is defined as the energy flow per unit area
A per unit time t and is given by the Poynting vector S

EB - | g*a®sin? ¥4
S=|S]| = — =cgc&° = . (4.17)

Th 16729 3 12

The following characteristics of the emitted radiation intensity are notable:

|. Emitted radiation intensity S(r, #) is linearly proportional to: ¢, square of
particle’s charge; a”, square of particle’s acceleration; and sin® 0.

2. Emitted radiation intensity S(r, @) is inversely proportional to r2, reflecting an
inverse square law behavior.

3. Emitted radiation intensity S(r, #) exhibits a maximum at right angles to the
direction of motion where = 1. No radiation is emitted in the forward direction

2
(0 = 0) or in the backward direction (0 = 7).

q 1s the charge of the charged particle, identical in both reference frames.
r is the radius vector connecting the origin of X with the point-of-interest P.
0  1is the angle between v and r in the reference frame X.
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Radiation power emitted by accelerated charged particle

® The power P (energy per unit time) emitted by the accelerated charged particle
in the form of bremsstrahlung radiation is obtained by

m

dE
P = - = /S{r, 0)dA = [S(r._ 0)r*d2 =2x /S(f‘.. 0)r” sin ) df
C
. B . D
21 g*d?
- 1 /si1129d(0059) o ze
l6m2sy 3 a X
.G / :
g*a* r | g*a?
= — { 3 /{1 — coszf-?]d(cos 0) =- ! 3 Larmor formula
8mege- . 6meg ¢
0

® Cross section for emission of bremsstrahlung (Hans Bethe and Walter Heitler)

Opag X ariZ* (cm?®/nucleus) (6.5)

where

« 1s the fine structure constant [ez [/ (dmeghe) = 1/ 137’].
re is the classical electron radius [e?/ (4msgmec?) = 2.818 fm)|.
Z 1s the atomic number of the absorber target.
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Total mass stopping power for electrons

Table 6.1 Electron Collisonal, Radiative, and Total Mass
Stopping Powers; Radiation Yield; and Range in Water

1(@—) l(dﬁ) I(dE) dENT dENT dENT
Kineti p\dx col p\ dx rad p\ dx tot Radiati R [ —_ R + [
Inetic adiation ange
Energy B2 (MeVem? gy (MeVem?gl) (MeVem?gl) Yield (gem™2) dx tot dx col dx rad
10V 0.00004 40 — 4.0 —  4x108
30 0.00012 44, — 44. —  2x107
50 0.00020 170. — 170. — 3% 1077 o ApprOXImate formula
75 0.00029 272. — 272. —  4x107
100 0.00039 314. — 314. 5% 1077
200 0.00078 298, — 298. — 8x107 (—dE/ dx)‘ d ZE
500V 0.00195 194, — 194. —  2x10°® ac ~ .
1keV  0.00390 126. — 126. — 5 x 1070 (—dE/ dx)‘ 1 800
2 0.00778 77.5 — 77.5 —  2x10° o
5 0.0193 42.6 — 42.6 —  8x107 _
10 0.0380 23.2 — 23.2 0.0001 0.0002 E: total energy in MeV
25 0.0911 11.4 — 11.4 0.0002 0.0012
50 0.170 6.75 — 6.75 0.0004 0.0042
75 0.239 5.08 — 5.08 0.0006 0.0086 ® Radiation y|e|d (rad|at|0n loss
100 0.301 4.20 — 4.20 0.0007 0.0140 ..
200 0.483 2.84 0.006 2.85 0.0012 0.0440 divided by total loss)
500 0.745 2.06 0.010 2.07 0.0026 0.174
700 keV  0.822 1.94 0.013 1.95 0.0036 0.275 6x 10747T
1 MeV  0.886 1.87 0.017 1.89 0.0049 0.430 Y = )
4 0.987 1.91 0.065 1.98 0.0168 2.00 1+6x1047T
7 0.991 1.93 0.084 2.02 0.0208 2.50
10 0.998 2.00 0.183 2.18 0.0416 4.88
100 0.999+ 2.20 2.40 4.60 0.317 325 T: incident kinetic energy in MeV
1000 MeV ~ 0.999+ 2.40 26.3 28.7 0.774 101

% SEOUL

MNATIONAL
UNIVERSITY
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Stopping power of water for various charged particles
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Fig. 5.6 Stopping power of water in MeV cm™! for various heavy charged particles and beta particles. The muon,
pion, and kacn are elementary particles with rest masses equal, respectively, to about 207, 270, and 967 electron
rest masses. (Courtesy Oak Ridge National Laboratory, operated by Martin Marietta Energy Systems, Inc,, for the
Department of Energy.)
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Range

® The range of a charged particle is the distance it travels before coming to rest.
The reciprocal of the stopping power gives the distance traveled per unit energy
loss. Therefore, the range R(T) of a particle of kinetic energy T is the integral of

this quantity down to zero energy:

R(T) =

ABSORBER /COUNTER
MONOENERGETIC
PARTICLE |
BEAM .
LADDIT!ONAL

ABSORBER LAYERS

dedE__jﬂ' dE ‘1dE
rdET )y dx

[5®

RELATIVE
COUNT RATE

1.0

0.5 -

ABSORBER THlCKNESSK\EXTRAPOLATED RANGE
MEAN RANGE
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Range

® Most of the collision and radiation interactions individually transfer only minute
fractions of the incident particle’s kinetic energy, and it is convenient to think of
the particle that is moving through an absorber as losing its kinetic energy
gradually and continuously in a process often referred to as the “continuous
slowing down approximation” (CSDA).

Heavy charged
(Ex)o AE particle
RCSDA — / ’ 1
. ‘Stl:)t ( E) -
0 R :
R = Rcson
Respa  is the CSDA range (mean path length) of the charged particle in the .
absorber (typically in cm?.g~"). Light Charged
(Ex)p is the initial kinetic energy of the charged particle. particle
Swt(£)  is the total mass stopping power of the charged particle as a function of v
the kinetic energy Ex.
® The CSDA range is a calculated quantity that
represents the mean path length along the particle’s R ;
trajectory and not necessarily the depth of penetration R < Reeon

in a defined direction in the absorbing medium.
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Range: air vs. water

3
405 T 10
4 / ‘02
e} / —
ELECTRONS‘/
3 - 10!
o / PROTONS A
5 &
o« 5
=4 og
z 10° - L R = ° 7
o [T]
w z
g <
z ALPHA z
g PARTICLES ELECTRONS
Pb
BONE
MUSCLE , H,0
w |— / . o ™\ PROTONS
Pb
BONE MUSCLE, Hz0
/ MUSCLE ,Hp0
1 // . _ 1072 / / [P U
y /] B . _ /
1o =2 -1 (o] 1 2 3 10 - -1 (4] 1 2 3
o) 0 10 10 10 10 1072 10 10 10 10 10
ENERGY (MeV) ENERGY (MeV)
- - - SEOUL
25 Introduction to Nuclear Engineering, Fall 2022

UNIVERSITY



Specific ionization

® The average number of ion pairs that a particle produces per unit distance
traveled is called the specific ionization. This quantity, which expresses the
density of ionizations along a track, is often considered in studying the response
of materials to radiation and in interpreting some biological effects.

® The specific ionization of a particle at a given energy is equal to the stopping

power divided by the average energy required to produce an ion pair at that
particle energy.

Svecific ionizat _1dE
pecific ionization = 7 I
required energy energy loss
one ion pair unit length
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Bragg curve and Bragg peak (1903)

® Stopping of 100-MeV proton in various materials
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Application: cancer therapy
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Application: semiconductor doping (ion implantation)

High voltage section Deflector End Station
M :
: Magnetic
. ration
Analyzing gﬁtpa &itio Quadrupole
magnet lenses
lon < —
electrode
Loclle'erat_on Electronic Step 1: H' implantation Step 3: Bonding
i | Scannin
Extraction | kiR 9 "
voltage (Baseamgtgr'al) .
i
gadda T
__LAcceleration ' e
vokage sssmerasos e
lon source T oS N T oy
layer
Step 2: Cleaning and Step 4: Annealing and
activation exfoliation
Stiffener (Si)
© 50,
© € implanted ions 2 _
L © © T “ Si0, |
::000000:: :9 °° . ;l::\;lrlhed surface / B siifices Exfoliated Layer —
© © . LoSsossmaros = o= a
0000 °0°°°° ] arent crystallin
arent Crysta C e NI SRR S e
0000000000600 .~ Sl Sas o 7
0000060060060 _ p-Si B i
p-Si
. H H % SEOUL
29 Introduction to Nuclear Engineering, Fall 2022

UNIVERSITY



Homework

® J. Turner, Atoms, Radiation, and Radiation Protection, Wiley (2007), chapter 5
Problems: 22, 26

® J. Turner, Atoms, Radiation, and Radiation Protection, Wiley (2007), chapter 6
Problems: 14
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