Interactions of lonizing Radiation
with Matter

Reading Material:

Chapter 2 in Radiation Detection and Measurements,

Third Edition, G. F. Knoll, John Wiley & Sons, 1999.
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Interactions of X and Gamma Rays
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Figure 2.18 Energy dependence of the various gamma-ray interaction processes in Measurements, Third Edition, G. F.
sodium iodide. (From The Atomic Nucleus by R. D. Evans. Copyright 1955 by the Knoll, John Wiley & Sons, 1999.

McGraw-Hill Book Company. Used with permission.)
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N _ay and Gamma Ray Interactions
Photoelectric Effect

ejected
eleciron

/ incident

Cathode = gamma-ray
\ | is completely

absorbed

E =h-E,

h 1s the Planck's constant

photo current v1s the frenquency of the photon

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

e Photoelectric effect leaves a vacancy in one of the electron shells, which

leaves the atom at an excited state. -
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N _amma Ray Interactions — Photoelectric Effect
Photoelectric Effect Cross Section

Probability of photoelectric absorption per atom is

-

74
—— low energy
(hv)?).S
T oC <
ZS
——— high energy
\(hv)3.5
e The interaction cross section depends strongly on Z.
* Photoelectric effect is favored at lower photon energies.

Page 49, Radiation Detection and Measurements, Third Edition, G. F. Knoll, John Wiley & Sons, 1999.
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N —ma Ray Interactions — Photoelectric Effect
Photoelectric Effect (2) — Absorption Edges
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Figure 2: Total and partial atomic photoeffect of Ag. -

NPRE 435, Radiological Imaging, Fall 2019 Radiation Interactions




Photoelectric Effect (2) — Absorption Edges

Contrast enhanced CT image of the lung -
www.healthcare.siemens.com
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TLC TRANSLATIONAL LUNG CANCER RESEARCH

AN OPEN ACCESS JOURNAL FOCUSING ON CLOSING THE GAP BETWEEN "BENCH AND BEDSIDE’
Home Journal Info Manuscript Info Current Issue Archives Publish Ahead of Print Announcements

Home / Vol 1, No 1 (March 2012) / Functional CT imaging techniques for the assessment of angiogenesis in lung cancer

Perspective

Functional CT imaging techniques for the assessment of angiogenesis in lung cancer
Thomas Henzler!, Jingyun Shi?, Hashim Jafarov', Stefan O. Schoenberg’, Christian Manegold?, Christian Fink', Gerald Schmid-Bindert'

TInstitute of Clinical Radiology and Nuclear Medicine, University Medical Center Mannheim, Medical Faculty Mannheim-Heidelberg
University, Germany; 2Department of Radiology, Shanghai Pulmonary Hospital, Tongji University School of Medicine, China;

3Interdisciplinary Thoracic Oncology, University Medical Center Mannheim, Medical Faculty Mannheim - Heidelberg University, Germany

Corresponding to: Dr. Jingyun Shi. Department of Radiology, Shanghai Pulmonary Hospital, Tongji University School of Medicine, 507 Zheng Min
Road, Shanghai, 200433, China. Email: shijingyun89179@126.com.

Figure 1 Contrast enhanced calculated "virtual 120 kV"
dual energy CT image of a 56-year-old male patient
with an adenocarcinoma of the left upper lobe (A).
Fused (B) and isolated selective iodine perfusion maps
(D) revealed hyper-perfusion of the peripheral tumor
margins with less iodine uptake in the central areas.
The corresponding virtual non-contrast CT image (C)
shows hypo-attenuation of the hypo-perfused central
tumor area indicating less tumor vitality.




" A
What is Compton Scattering?

The differential scattering cross section (do) — the probability of a photon
scattered into a unit solid angle around the scattering angle 0, when passing
normally through a layer of material containing one electron per unit area.

Scattered photon

S

Incident phbto

4Q= 2nr snrrrzﬁ rd

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.
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" J
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(d))

hv

2
m,C

1+

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

hv
(1—-cos(0))

E, .,=hv—h'"=hv-

recoil

hv

1+ 5
m,c

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

Basic 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

NPRE 441, Principles of Radiation Protection, Spring 2019



Compton Scattering with Non-stationary Electrons —
Doppler Broadening

Erecoil (9) — hV o hV, — hV o hv

1+ hV2 (1-cosB)
Recail WIOC

electron

Incident photon
(energy = hv)

Scattered photon
{energy = hv')

' hv iy N

hv' = I _;G(hV) ,
14+ ——

m,c

NPRE 435, Radiological Imaging, Fall 2019 X-ray and Gamma Ray Interactions



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
i ) hv
1+ hv (1-cos @)

2
m,C

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
hv
1+——(1-cos(0))
c

m,

hv—hv' = hy —

In the simplified elastic scattering case, there is an 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.
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| _n of Radiation with Matter — Interaction of Photons with Matter
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

Incident photon
(energy = hv)

J AU J
Phy +pe_ P +pe'

Scattered photon E “\‘ E ; — E E
(energy = hv') hv +\\ e// hvr + er

Are those terms truly zero?

NPRE 441, Principles of Radiation Protection, Spring 2019



_ion 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 Ta i
(1—cos(0)) T

h'

I
I+
q
A
=
<

hv

2
m,c

1+

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 2019



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

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

N .

" Without Dopple?

= | -
Photons sr.”" keV™" per source
—
o
A
L
Photons sr.” keV™ per source
—
o
IS

1| ] S P SN S 10° [ e, i, 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.

NPRE 441, Principles of Radiation Protection, Spring 2019



. _ 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
1807,

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.

RELATIVE NUMBER

Tmax = 0796 MeV
1 / |

05 10
RECOIL ENERGY (MeV)

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

NPRE 441, Principles of Radiation Protection, Spring 2019



Radial distance represents the
differential cross section.

Angular Distribution of the Scattered Gamma Rays

Klein-Nishina formula:

______

id_g(g)iz Zrez( 1 Jz(l-i-COSZ(H)J(“_ : 1+ cos’(0) } o= hV2
1+ a(l1-cos(9)) 2 (1+cos®(@))[1+ a(1—cos(8))] e

Probability of Compton scattering within a unit solid angle around a scattering angle 6.
90

Incident photons with higher energy
tend to scatter with smaller angle
(forward scattering)

docldﬂ, 10 cm®str."electron™

Incident photons with lower energy (a
few hundred keV) have greater chances
of undergoing large angle scattering

(back scattering)
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—Ff Radiation with Matter — Interaction of Photons with Matter
Application of the Klein-Nishina Formula (1)

Klein-Nishina formula can be used to calculate the expected energy spectrum of

recoil electrons as the following:
VA e SN =

do dodQ db
dE dQ dO dE

recoil

recoil

and the probability that a recoil electron possesses an energy between E,___.-AE/2

and E,.,+AE/2 is

recoil

dE

recoil




. _n of Radiation with Matter — Interaction of Photons with Matter
Application of the Klein-Nishina Formula (1)

Scattered photon

do 3 do dQQ do >
JE dQ dO dE N e

recoil recoil

Incident phbto

The terms on the right hand side of the eq

4Q= 27r sinf rd6

relationships, :
S

2

d_a(g):rj( 1 J (HCOSZHJ[H 0252(1—6056’)2 ]3

dQ 1+ a(1—cosB) 2 (1+cos” O)[1+a(l—cosO)]
2
B =V =V == = - 40 me

1+ P (1 —COS 9) dEl’ecoil Ei’ecoil sin &

m,C
dQ

dQ=27rsinl@df0 = —=2xsind
do

The expected energy spectrum of recoil electrons can be evaluated numerically
using these relationships.




. _ion 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 scattering angle 0, when passing normally

through a very thing layer of scattering material that contains one electron per unit
area.

d_G(g) _ ’”ez( 1 jz(lﬂzosz Ql(H 02!2(1—0056’)2 )(m2srl)
dQ 1+a(l—cosf) 2 (1+cos” @)[1+a(l—cosH)]

Scattered photon

Incident phbto

4Q= 2nr 5":26 rd@

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 Giier s nteraction of Radiation with Miatter ~ Interaction of Photons with Mater

Angular Distribution of the Scattered Gamma Rays

920

Incident photons with higher energies
tend to scatter with smaller angles
(forward scattering).

docldﬂ, 107cm’str."electron™
—
o

Incident photons with lower energy (a
few hundred keV) have greater chance
of undergoing large angle scattering
(back scattering).

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 ...




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

Total Compton Collision Cross Section

Compton Collision Cross Section is defined as the total cross section per electron
by Compton scattering. It can be derived by integrating the differential cross
section over the 4 7 solid angle.

Since

dQ) =27sin 6do

The total scattering cross section is

Scattered photon

) Sd—‘" 6 do m’
g — T dQSln m

Incident phbto

27r sin rdf

Note that the Compton collision cross

. . ) . ) ) dQ= r2
section is given in unit of m2.




. _ion of Radiation with Matter — Interaction of Photons with Matter
Application of the Klein-Nishina Formula (1)

T T T l T

y = Y Ray energy ‘

15H vy =04 m0c2 -

€= Electron energy
myc?

% The energy distribution of the recoil

NE 1.0 }\ —
electrons derived using the Klein- 3 //1
Nishina formula is closely related to Sl // \
-~ 'y 2
the energy spectrum measured with / //M‘ 34510
‘20
“small” detectors. 0% // /%4/ 0
EW/
/
:,M:v:j
_AE:‘E:;/
ey ‘_‘—ﬂj:’
0  — t H |
0 0.2 0.4 0.6 0.8 1.0
€ly —

Figure 10.1 Shape of the Compton continuum for various gamma-ray energies.
(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.




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

Total Compton Collision Cross Section

Compton Collision Cross Section is defined as the total cross section per electron
by Compton scattering. It can be derived by integrating the differential cross
section over the 4 7 solid angle.

Since

dQ) =27sin 6do

The total scattering cross section is

Scattered photon

) Sd—‘" 6 do m’
g — T dQSln m

Incident phbto

Note that the Compton collision cross oer sin rdb

section is given in unit of m2. dQd= r2




. _ion 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 scattering angle 0, when passing normally

through a very thing layer of scattering material that contains one electron per unit
area.

d_G(g) _ ’”ez( 1 jz(lﬂzosz Ql(H 02!2(1—0056’)2 )(m2srl)
dQ 1+a(l—cosf) 2 (1+cos” @)[1+a(l—cosH)]

Scattered photon

Incident phbto

4Q= 2nr 5":26 rd@

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.




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

Question 2:

If we know the total Compton scattering cross section

do . 5
o =27 |\ — sin 8 df m

dQ

How do we drive the linear attenuation coefficient of gamma rays through
Compton scattering?

Scattered photon

/

Incident ph'oton

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.

The linear attenuation coefficient is the probability of a gamma rays Compton
scattered in the material while traveling through a unit distance.




. _on of Radiation with Matter — Interaction of Photons with Matter
Application of the Klein-Nishina Formula (3)

The differential Compton cross section given by the Klein-Nishina Formula can also
be related to another important parameter for gamma ray dosimetry — the linear
attenuation coefficient.

Suppose that the total number of atoms per m3 in the absorber is N and the atomic
number is Z, the electron density in the absorber is NZ.

Therefore the product

— -1
O-linear N Z O-compton (Cm )
and FiG. 5.15. Compton scattering diagram to illustrate dff ntial scatter g
section. S is a sphere of unit radius whose center is the scattering electro
do dQ do .
G = I 2 do - 27 | <Zsingd0 (o)

_( Y= [ 1 ]2£1+00526’](1+ 0252(1—00819)2 J(mZSFI)
1+a(l1-cosf) 2 (1+cos” @)1+ a(l—cosB)]



| _ of Radiation with Matter — Interaction of Photons with Matter
Application of the Klein-Nishina Formula (3)

Glinear — N Z o

compton

has the unit of m1, is

% The total cross section of all electrons “seen” by a photon while traversing a
unit distance in the absorber, or

% The total probability that the photon will interact with the absorber through
Compton scattering while traversing a unit distance in the absorber.

NPRE 441, Principles of Radiation Protection, Spring 2010



action of Photons with Matter

Compton Scattering for Imaging?

L R 0 | G e enter search text

Helpdesk
GODDARD CGRO What's New HEASARC Quick Links
SPACE FLIGHT CENTER Lloeiebl S iy —Quick Links—

Go to NASA Portal

HEASARC HOME CGRO HOME m DATA ANALYSIS EDUCATION & PUBLIC INFO

ABOUT CGRO WHAT'S NEW COMPTEL BATSE EGRET mm

The CGRO Mission
(1991 - 2000)

The Compton Gamma Ray Observatory was the second of NASA's Great Observatories.
Compton, at 17 tons, was the heaviest astrophysical payload ever flown at the time of its
launch on April 5, 1991 aboard the space shuttle Atlantis. Compton was safely deorbited
and re-entered the Earth's atmosphere on June 4, 2000.

Compton had four instruments that covered an unprecedented six decades of the
electromagnetic spectrum, from 30 keV to 30 GeV. In order of increasing spectral energy
coverage, these instruments were the Burst And Transient Source Experiment (BATSE),
the Oriented Scintillation Spectrometer Experiment (OSSE), the Imaging Compton
Telescope (COMPTEL), and the Energetic Gamma Ray Experiment Telescope (EGRET).
For each of the instruments, an improvement in sensitivity of better than a factor of ten was
realized over previous missions.

The Observatory was named in honor of Dr. Arthur Holly Compton, who won the Nobel prize in physics for work on scattering of
high-energy photons by electrons - a process which is central to the gamma-ray detection technigues of all four instruments.

CGRO Observation Timelines

If you have a question about CGRO, please contact us via the Feedback form.

This page was last modified on Wednesday, 30-Nov-2005 11:44:27 EST.

NPRE 435, Radiological Imaging, Fall 2019



Compton Scattering for Imaging?

Imaging Compton Telescope
(COMPTEL)

NPRE 435, Radiological Imaging, Fall 2019



" A
Principle of Compton Imaging

. Second Scattering or
"1 Photon Absorption

2 p
mc m.c
cosf@=1+—4————°¢
EO EO_EI



" A
Principle of Compton Imaging

parallel-hole collimator pinhole collimator
crystal crystal
Source
«‘, Image Plane

converging collimator diverging collimator
‘ crystal ‘ ’ crystal ‘ 1st Detec"
2nd DetegtOr \ D=
1l < Scattered

... 4 y-Rays

* No need for mechanical collimation — much higher detection efficiency.

e Requires the first detector to have a very good energy resolution. -



Experimental Compton Camera

detector

Capture detector

Developed by the Detector Physics Group, University of Michigan, lead by Neal Clinthorne and Les. Rog.



68 phle cable with SCSI 1
connectors

Interface Detector + ASIC
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Imaging Spectroscopy
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" A
Pair Production

e Pair production refers to the

creation of an electron- %% ¢ positron
. . .. incident
positron pair by an incident e
@nucleus

gamma ray in the vicinity of a
nucleus.

e electron

e The minimum energy required is

2m’c? 5
“—~2m,c” =1.022MeV

E, 2 2m,c’ +
m

nucleus

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

e The positron will soon annihilates with ordinary electrons near by
and produces two 511keV gamma rays.

NPRE 435, Radiological Imaging, Fall 2019 X-ray and Gamma Ray Interactions



" A
The Relative Importance of the Three Major Type of X
and Gamma Ray Interactions
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Page 52, Chapter 2 in Radiation Detection and Measurements, Third Edition, G. F. Knoll, John Wiley & Sons, 1999. -
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Figure 2.18 Energy dependence of the various gamma-ray interaction processes in Measurements, Third Edition, G. F.
sodium iodide. (From The Atomic Nucleus by R. D. Evans. Copyright 1955 by the Knoll, John Wiley & Sons, 1999.

McGraw-Hill Book Company. Used with permission.)
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" A
Case Study | — Dual Energy CT

What are the challenges for CT imaging?

e Compton scattering is the predominant interaction for x-ray
attenuation.

e Compton scattering depends on Z (or electron density)

e There are many materials of interest that have similar electron
density.

If we solely rely on Compton scattering as the contrast mechanism for X-

ray imaging, we are measuring the attenuation factor that is a linear

function of the density ... This may not be sufficient for many cases ...

NPRE 435, Radiological Imaging, Fall 2019 Radiation Interactions -




"
Classification of Photon Interactions

Table 1: Physical Properties of Several Materials

Densit
Chemical y
Material Compo. (g/cm3
)
Iron Fe 7.6
Aluminium Al 2.7
Polyethylen
Ly (CH,), ~1.2
3
Wood CygH,,N ~0.9
Cocaine C,;H,,0,N ~1.2
TNT C,H,O6N, 1.64
RDX C;H 0N, ~1.50
1 1 [l

NPRE 435, Radiological Imaging, Fall 2019 Radiation Interactions -
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Airport X-ray Inspection

1 [l

photon energy (keW)

NPRE 435, Radiological Imaging, Fall 2019 Radiation Interactions




Case Study | — Dual Energy CT

Regular X-ray

~—_ Dual Energy

Organic explosive material is easily visible in Orange, metallic components in Blue
and soft inorganic materials in Green

http://www.vidisco.com/node/338 -
NPRE 435, Radiological Imaging, Fall 2019 Radiation Interactions



"

Classification of Photon Interactions

Type of Scattering
interaction Absorption Elastic Inelastic
Interaction (Coherent) | (Incoherent)
with:
Atomic Photoelectric Rayleigh | Compton |
electrons effect ering scattering
B Z‘Tﬁ oRp ~ Z2 /
o= { ~ Z5(H.E.) (L.E.) T
Nucleus Photonuclear Elastic Inelastic
reactions nuclear clear
(v,m),(v,p), scattering | scattering
photofission, etc. (v,7) ~ (v,7")
Oph.n. ™~ VA

(hv >10MeV)

Electric field
surrounding
charged
particles

Electron-positron

Opair ™~ z?
(hv > 1.02MeV)

Electron-positron
pair production in
electron field,

Ttrip ™~ Z2

(hv > 2.04MeV)

Nucleon-antinucleon
pair production
(hv > 3 GeV)

— Note the difference!

NPRE 435, Radiological Imaging, Fall 2019
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Energy Loss Mechanisms for Fast
Electrons

NPRE 435, Radiological Imaging, Fall 2019 Interaction of Fast Electrons



—l — Interaction of Beta Particles
Tracks of Beta Particles in Absorbing Medium

e Since beta particles have the same mass as the orbital electrons, they are easily
scattered during collision and therefore follow tortuous paths in absorbing
medium.

e The electrons are “wondering” more significantly near the end of their tracks.

e Energy-loss interactions are more sparsely distributed at the beginning of the track.

2000
800-keV ELECTRONS IN LIQUID WATER
1000 + «A
\ /(J
F4 T
e 0 fgrmmiis it N
5 T ..\_;;7..>_,\:‘_‘;/\: \j
s RN N
/;\ \\\Jg
S R
..
-1000 - )
Y
_2000 1 1 i)
0o 1000 2000 3000
MICRONS

FIGURE 6.7. Calculated tracks (projected into the plane of the figure) of 800-keV elec-
trons in water. Each electron starts moving horizontally toward the right from the point
0 on the vertical axis.

Figure from Atoms, Radiation, and Radiation Protection, James E Turner, p150
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Specific Energy Loss of Fast Electrons

e The specific energy loss of electrons by excitation and ionization is

—(In2)2y1-8% -1+ p )j

(dEj 2me* NZ (1 217 (1 ,8) g="

o i) c

Page 44, Chapter 2 in Radiation Detection and Measurements, Third Edition, G. F. Knoll
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Specific Energy Loss of Fast Electrons

e The linear specific energy loss through Bremsstrahlung is

Specific energy loss by Bremsstrahlung increases with particle energy.

(dEj NEZ(Z +1)e* 2E 4
—|—| = | 4lIn——
dx ), 137m;c m,c

more important for higher-Z materials, such as lead and tungsten.

Page 44, Chapter 2 in Radiation Detection and Measurements, Third Edition, G. F. Knoll
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Energy Loss by Bremsstrahlung

e For beta particles to stop completely , 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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Specific Energy Loss of Fast Electrons

e The total specific energy loss of electrons is

) )l
dx tot dx coulomb dx radiation

e The ratio of specific energy loss is

(dE/dx). _EZ
(dE/dx). ~ 700

12

MIP( Minimum
lonizing Particle)

¢
Total /’_5— Bremsstrahlung

-dT
dx

lonization
/ /
)/. se v & 0 0 4 4
} l .
~3mc? T, T

Bremsstrahlung is the
favored process at
higher electron
energies and for high-Z
materials.

Minimum occurs when v>0.96c¢c

The critical energy
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Specific Energy Loss of Fast Electrons

e The energy for which the two terms become equal, is called the
critical energy.

700
E.~-——(MeV)
/
) o Critical Energy
Material Radiation Length (g/cm?)
(MeV)

H, 63 340
Al 24 47
Ar 20 35
Fe 13.8 24
Pb 6.3 6.9
H,O 36 93
Nal(Tl) 9.5 12.5
BGO 8.0 10.5

e At keV-MeV energy range, ionization is the dominant mechanism for
energy loss.
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Range of Fast Electrons
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Range of Fast Electrons in Medium

: 1
0
|o Det.
Source
\
~/ R, t
—d t L‘_ The Electron Range

From page 45, fig. 2.13, Radiation Detection and Measurements, Third Edition, G. F. Knoll, John Wiley & Sons, 1999.

e As a very crude estimate, electron ranges tend to be about 2mm per
MeV in low-density materials and 1mm per MeV in materials of
moderate density.

e To a fair degree of approximation, the product of the range times the
density of the absorber is a constant for different materials for
electrons of equal initial energy.
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Absorption of Beta Particles

e The number of beta particles emerging
from a absorber of a given thickness -

tends to follow a exponential behavior, 103
E s Aluminum
L a Copper
I ° Silver
I=1¢e™" s
o 0 §102_
3 ¢t
e Note that there is no fundamental E
basis for interpreting this exponential |
behavior, as does in gamma ray 10 L

20 40 60
Absorber thickness mg/cm?

attenuation.

From P.46, Radiation Detection and Measurements, Third
Edition, G. F. Knoll, John Wiley & Sons, 1999.
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Interaction of Positrons

e Positron shares the major mechanism of energy loss with their negative
counterparts (electrons).

e However, positrons differ significantly in the annihilation radiation
process that results in 0.511MeV gamma rays.
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A Useful Website

http://physics.nist.gov/PhysRefData/contents.html

By NIST, Physics Laboratory,
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Interaction of Heavy Charged Particles

NPRE 435, Radiological Imaging, Fall 2019



" J
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 its energy in a single
collision. Its deflection in collision is almost negligible. Therefore heavy charged
particles travel in a almost straight paths in matter, 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 its net charge.

e Energetic heavy charged particle can also induce nuclear reactions.
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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.)
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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 2
%MV = %MVI + %mvl

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
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Energy Loss Mechanisms

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

2v2mV?
1 + 2ym/M + m?/M?

Qmax =

where ¥ = 1/V1 — 8%, 8 = Ve, and c is the speed of light

In extreme relativistic case, ym/M<<1. So the above equation reduces to
Omax = 27°mV? = 24> mc?B?

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

Electron
Proton Kinetic Maximum Percentage
Energy E Qnmax Energy Transfer
(MeV) (MeV) 100Q,,,/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 o 5.38 x 10° 53.8
10 9.21 x 10° 92.1
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Linear Stopping Power of a Medium for Heavy Charged
Particles

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

_dE _ 4mkozie'n [m 2mc*g 62}
dx mc? 3 11 - 8%

In this relation

8.99 x 10° Nm’ 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.

{

~NA Ssanas
I
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Linear Stopping Power of a Medium for Heavy Charged
Particles

The Bethe formula can be further simplified by substituting known constants, which
gives

dE  5.08 X 10_3'z2n{ 1.02 x 10°3?
» 32 n I (1 - 52) 6 } MeV cm

It is further simplified to emphasize some important quantities related to the
stopping power, the “speed” of the particle 3, atomic mass of the charged particle z,
the number of electron per cm3 n and the mean excitation-ionization potential I:

_dE_5.08 x 107*'%n
dx B

[F(B) —InI ] MeV cm™!

where
1.02 x 10°8?

1 - 3 6’

F(B) = In
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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 _ 4mkozie'n [m 2mc*g 62}
dx mc? 3 11 - 8%

In this relation

8.99 x 10° Nm’ 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.

{

~NA Ssanas
I
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Range for Heavy Charged Particles

1
d Iy
: :Det
osp—————————
Source '
s I
Iy
_'l v
— e fee— Rm Re t

Figure 2.5 An alpha particle transmission experiment. / is the detected
number of alpha particles through an absorber thickness ¢, whereas I, is
the number detected without the absorber. The mean range R,, and
extrapolated range R, are indicated.

There are two related definitions of the range of heavy charged particles:

1. Mean range: the absorber thickness that reduces the alpha particle count to
exactly one-half of its value in the absence of the absorber.

2. Extrapolated range: extrapolating the linear portion of the end of the
transmission curve to zero.
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Range for Alpha Particles

& The range of alpha particles in air (15°C, 1atm) can be approximately given by

R = 0.56E, E < 4
R=124F - 262, 4 < E<S8.

where E is given in MeV and R is given in cm.

% The range of alpha particles in any other medium with a similar atomic
composition can be computed from the following relationship:

R_, mg/cm? = 0.56A!3 R,

where A = atomic mass number of the medium,
R = range of the alpha particle in air, cm.

& Because the effective atomic composition of tissue is not very much different
from that of air, the following relationship may be used to calculate the range of
alpha particles in tissue:

R, X py = Ry X py.
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