Chapter 1
Basic Concepts

Radiation Dosimetry |

Text: H.E Johns and J.R. Cunningham,
The physics of radiology, 4™ ed.

Units

TABLE 1-1
ental Quantitics and Units

« Special unit of energy: electron volt eV
+ 1eV=1.602x10"° C x 1 volt= 1.602x10-°J

Units

RADIATION UNITS
ergy absorbed gray (Gy)

1Gy=1] kg
1 Gy 100 rads*

becquerel (Bg) 1 Bq

disintegrations of s
J 1 curie* (Ci)

rad| aterial

Example 1

 For how many seconds a current of 2 pA must
flow into 100 nf capacitor to produce a 50 V
potential difference across the capacitor?

= 3.7 x 10* Bq A 1
I units the rad, the roentgen, and the curie be gradu- .2
f'.,‘,.“”' e T, o o e o v ‘ %-5
« Absorbed dose: describes energy deposition in water E. 25 Q It
phantom, detector, patient, etc. (it Spleytrivtieh
« Exposure: describes the ability of radiation to ionize air, used VI
for energies < 3 MeV (below typical radiotherapy range) _CV 100x107°f - 50V =5
« Activity: describes radioactive isotopes; 1 Ci is close to the I_T = 2x10°A &
activity of 1 g of radium (?%°Ra)
Example 2 Atoms
IABLE 1-3
. 2_Cc_vo|ume (Cm3) IOI'IIZatIOI"l Chamber lS placed In Atomic Numbers, Atomic Weights, and Mass Numbers of a Few of the Lighter Elements
a radiation field of 100 R/s. What is the current Nombee W of cubl oo of Unmtsblettapes
Symbol () (amu) (A) (A)

generated in amperes (p,;, = 0.0013 g/cm?3)?
A.51x10 1
B.6.3x 1010
51x10°
6.7x 108
E.5.1x107

1R =258x10™* Clkg

100 R/5=100-258x10* C(kg-s) = 258x1072C/(kg )
Mair =Vair Pair = 2 €M*-0.0013g/cm® = 00026 g = 26x10°°kg
| =258x1072Cl(kg-s)- 26x10Ckg =6.71x10°% A

H 1 100797 1,2
2 4.0026 3,4

Li 3 7
1

Atomic number Z: number of electrons (protons)
Mass number A: total number of protons + neutrons
Atomic weight (mass): Carbon 12 has atomic mass
12.0000 amu (6 protons + 6 neutrons)

Typical notation:
A, Element




Atoms

« |sotopes: have the same number of protons, but
different number of neutrons
— Same atomic number Z, and number of electrons
— Same chemical properties
— Different mass number A
+ Isotones: have the same number of neutrons (A-Z)
« Isobars: have the same atomic mass A (total
number of protons + neutrons)
« There is redundancy in full notation 4, X

— Atomic number Z determines the element X

Isomers: the same A and Z, different nuclear energy state (stable vs.
metastable, or excited); notation: A, "X

Atomic energy levels

(o) (o) \() ) (O)

Hydrogen Helium Lithium Cumcn Neon

« Electron orbits have defined energies (levels)

» The innermost is K (up to two electrons with
opposite spins), next is L (up to eight electrons), etc.

« Filled outer shell — chemically inert atom

Atomic energy levels
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Figure 1-2. Schematic diagram of the tungsten atom showing the shells on the left and an
energy level diagram on the right. The energy scale in eV is not drawn to scale. X-radia-
radiation

tion arises through transitions of electrons to the K, L, and M shells. Optica
arises by transitions of the valence electron from optical orbits to the O shell

X-rays arise from transitions to K, L, M levels (eV to keV energy range)

Nucleus and its energy levels
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o Figure 1-3, Energy level dia-

B gram for carbon 12

 System of nuclear energy levels
« Nuclear transitions produce photons (y-rays) and

particles in MeV energy range
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Mass and energy

» Photon energy: E = hv = hc/A

» Mass-to-energy conversion; E = mc2

+ Relativistic mass: S
-v2ie?

+ Rest mass m,

* Kinetic energy: K.E. = mec2— m,c?

Mass and energy

TABLE 1-7
Velocity Relative 1o the Velocity of Light and Mass Relative to the Rest Mass for Electrons and

Protons.

Electrons Protons
Total Velocity Mass Velocity Mass

Kinetic Energy Relative 1o Relative to Relative to Relative to

Energy (MeV) Vel. of Light Rest Mass Vel of Light | Rest Mass
10 keV 0.521 0.1950 1.020 0.0046 10000
100 keV 0611 0.5483 1.196 0.0147 1.0001
200 keV 0.711 0.6954 0.0208 1.0002
500 keV 1011 0.8629 0.0826 1.0005
1 MeV 1511 0.9411 . 0.0465 1.0011
2 MeV 2511 0.9791 1.916 0.0657 1.0021
5 MeV 5.511 : 10.79 0.1026 1.0053
10 MeV 10511 20.58 0.1451 1.0107
20 MeV 20.511 40.16 0.2033% 1.0213
50 MeV 50511 0 g 99.01 0.3141 1.0533
100 MeV 100.511 0.999987 19231 | 0.4283 1.1066

1 electron mass = 0.511 MeV

Mass-to-energy conversion factors: S p e
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Example 3

From the following table of particle rest masses, calculate the
gamma energy emitted when a proton captures a neutron to create a
deuteron. 1 amu corresponds to the rest mass energy of 931.5 MeV

particle rest mass. amu

Proton 1.00727
Neutron 1.00866
Deuteron 2.01355
A. 1.875MeV

B. 2.02 MeV

©2_22 MeV E, =Eimp + Ermn —Ermp =
D. 2.38 MeV (1.00727+1.00866—-2.01355 x931.5 MeV =
E. 4.03 MeV 0.00238x931.5MeV =2.21697MeV ~ 2.22 MeV

Example 4

« Find the velocity of an electron accelerated
through the potential difference of 5 MeV.
KE=5MeV

E =my? -[é—lj
N1-v?/c?
1
5MeV =0.511 MeV-(W 71J
v2/c?~1-0.01=0.99
v/c~0.995
v ~0.995-3x10° m/c
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Exponential behavior Exponential behavior
of Fapomental Betaviou
dN 1
—=—JN=—-=—
dt £
= —t/t, ~t/t,
N=Nge™“=Ne"=N,2""
The sign determines the process: decay or growth A
A - transformation constant
t, — average life; t, — half-life;
« If more than one process dN
A = 1/t, = In2/t, = 0.693/t, takes place: o (L +A4,++A4,)N
15 16
Exponential behavior Example 5
ol ' " Jode . In the case of simultaneous physical decay and biological clearance,
o when T, is the physical half-life and T, is the biological half-life,
L ol the effective half-life T is generally equal to:
fo g4 7] ‘ AT, +T,
T TN | BT 4, N
H 4u‘ \ -j ﬁ],. | C. Tp xT, dt  Shgtem t, = tp
j\r ! \ (T, + 1T, SEEE
N EyTpxTo o Lo Ly
Decoy time(days) Decoy time(days)
haLFAife of 5,00 daye. The serical cate on the ok 1 imear while che.one om che ight 1 Since Ty =t /IN2
logarithmic.
: t/t T, */( L, lJ
— eff = Il
N=N,2"" Tk
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Chapter 2
The Production and Properties
of X Rays

Radiation Dosimetry |

Text: H.E Johns and J.R. Cunningham, The
physics of radiology, 4" ed.
http://www.utoledo.edu/med/depts/radther

X-ray tube design

tungsten

md, targe!  filament {35051"9 + Filament is heated,
f— releasing electrons via
, :/mv//III//Il/ . It supply thermionic emission (V¢
~ 10V, I~ 4A, resulting
primary
beom -

o
8
F
2
a
13

in T>2000°C)

« X-rays are produced by
high-speed electrons
bombarding the target

« Typically < 1% of
energy is converted to x-
rays; the rest is heat

Tube current I

useful cone
of radiation,

electron flow

¥

L J High

voltage

milliommeter

Figure 2-1 (a). Schematic diagram of x-ray tube
and circuit
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X-ray tube current

« Electron cloud near the
dpproaching filament creates space

saturation 2

400} / charge region,
?E( Ifed.2a (07 Tp4lh o, s opp_qsing the release of
“:- 300} b (21— carrent meiiy additional electrons
§ \mited by + Increase in tube
3200 emission 1 voltage increases tube
P current; limited by
2 ool space charge ) soturotion |

filament emission

; ‘ . . . + High filament currents

o 20 40 0 80 00 120 and tube voltage of 40
Tube voltoge{kV) 2851 to 140kV must be used

Figure 2-1 (b). Tube current as function of tube
voltage. Curve 3: tube operating at a lower current

/Iimﬂed

X-ray tube: power source

+ The source of electrical power is usually ac
(easier to transmit through power lines)

+ X-ray tubes are designed to operate at a single
polarity: positive anode, negative cathode

» Need to manipulate available power source
(suppress or rectify wrong polarity)

The highest x-ray production efficiency can be
achieved at a constant potential
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Alternating currents and voltages

a)

)

< phase / ; ;
s mw phowe siis ng/i

N 1/240 1120 1/60 —=

" time

N ‘Vn/

Rectified

o s~
mlﬂm 2 overage
0 volue 2Vo
/ W‘l

* Phase changes from 0 to 360° during the 1 cycle time of 1/60 s
« Negative wave is suppressed or rectified

« Averaging: \/aV:EV0 OF Vs =
T

5|

Alternating currents and voltages

d) 120kVp

n
o

Tube voltage(kv)
2
<]

25
< =
Current flows in & 400
one direction:
series of pulses

Tube current|

23

24




’——- T T T — T
|
[ Si__s P type
L n type G +800
n n
pn * £
junction D =
juncti P F 3 1600
g
£
Anode jeqyy Cothode 3 |
1 1400
Bamam g
L — —— H
| 300 Silicon rectifiers S
I in assembly 25cm long 200
500 400 300 200 100
= : .
. . 04 0B
n positive to p (volts) Reverse sifive T
-— current | | P positive to n
L [ Al g —luolts)
Temr
Figure 2-4, Sche nmm du;,: am of a p,n silicon rectifier. The operating characteristics
are for the MR2: al silicon rectifier. Note that the volt age i and current scales are
different for the forward and reverse directions. In the insert is shown a Machlett recti-
ﬁ{r which consists of some 300 rectifiers in series in a tube 25 cm long and capable of
withstanding an inverse voltage of 150 kV

Three phase units

» Need to increase pulse repetition rate to deliver high x
ray flux in a short period of time

» Three phase units: voltage between any pair of 3 wires

Tube potential is almost
constant, with a “ripple”

Tigue 34 Dgra a1 s i o eseraees. G T
sL,
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. i Example 2
Xamp e Ratio of the turns in a transformer is N. Given an input RMS
5 (primary) voltage, what is the peak output (secondary) voltage?
« Which type of x-ray generator produces the
highest effective tube voltage, assuming the “win’  Faraday’s law:
peak voltage is applied across the tube? il ‘ q q
ES vs:Nsi), v, =N, 92
A. One-phase ES dt dt
B. Three-phase ES7 Vi _Ns
Constant potential Pyl Vo N,
D.a'tl;gsl :ffective voltage is the same for all types V=N V2 N
In C - effective voltage = peak voltage Vaws =Vo /\/E
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Diagnostic x r
agnostic x ray tubles Example 3

» The objective is to deliver x ray beam from a point source in
a very short time

» To overcome heating need to spread electrons over some
area that appears as a point

» What energy (kJ) is imparted to a rotating anode
(0.25 kg) during a 2 s exposure that produced a
temperature of 2500°C. Specific heat of tungsten
is 0.035 kcal/kg°C, and 1 cal = 4.186 J

A. 179
B. 45.7
C. 875 - e
915 Duration of exposure is irrelevant
E. 1829 E =cmAT =

0.035-4.186x10° - 0.25-2500=
91.5x10° =91.5kJ
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Diagnostic x ray tubes

Image from
hutp e slideshare netjdtominesix-ray-tube

« X-rays that are emitted from the
target travel through different
thickness of cathode material

Heel effect: radiation intensity
toward the cathode side of the x-
ray tube is higher than on the
anode side

Cathode is typically mounted over
the thicker part of the patient to
balance the amount of transmitted
\ ‘I photons on the imager

Il

Imensity- profile

Rating of diagnostic tubes

« Focal spot loading determines the
maximum permissible exposure: there is a
maximum power that can be tolerated
before target starts melting (T eying=3400°C
for tungsten)

 Anode cooling and housing cooling rates
determine the number of exposures that
may be given in a sequence

150 e et A ety ettty kLt
T | Byramex &5 TS R L TR G 2 T
1o - L T 10.6 mm x0.6mm 3 k0 Dynomox 69 1400 HUZ 15 K10 Dynomax 69
130 {Full wave rectification ——1 : \
[ | | e o max.cooling rate 1200HUA max.cooling rate
120 180Hz = 5000rpm 3 125GHU/s = 2 C 300HU/s
& or 5 1000HWs 3 ~600HU/s
£ o s 2 X0
g =0 g‘ 80OOHU, g
s %OF e ] without air
& ol 5 /E‘Zﬁ‘—%’—‘ £ - circulator
- s
so § 1 pxi0?, 3
S0 < >
a0
Circulator
0.001
o Z 3 a4 5 6 7 8 O 20 40 60 80 100

+ The combination of current and voltage must lie to the left of
the appropriate curve

+ The maximum duration of a single exposure depends on spot
size, anode rotation speed, current, voltage, power supply type

 Heat stored in the anode and its cooling rate limits the
number of exposures given in a sequence

 Heat unit HU characterizes the energy deposited within the
anode in a single exposure
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X ray tubes for radiotherapy

Mostly for superficial treatments

No need for a small spot source

The instantaneous energy input is small (about 1/10)
but the average energy input is ~ 10 times greater
compared with a diagnostic tube

Due to much higher energy (>200keV) of electrons
bombarding the target, there is a problem of
secondary electrons emerging from the target

— Solution: the target is placed in a “hood” - hollow tube
with copper shielding intercepting the secondary electrons

X-ray spectra
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Figure 2-13. Observed spectra from a diagnostic x ray tube excited at 60, 80, 100, and

119 kV,, due to Yaffe (Y1), added filter 2 mm Al
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Interactions of electrons with
the target to give x rays

K characteristic
iation

_ surtace of
T T toraet
&
%:%\%’L
o 2o,
el
Most probable; no \P,I{r/\dﬂq
o
X-rays produced K electron wl. @5.\:,.\:
ejected il
deita rafs o
etectran Breaking radiation
omes fo
est
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tions with a

get. (a) Electron suffers ionizational
ventually heat. (b) The electron ejects a K electron,
se to characterist . (€) Collis ctween an ele of 1a
ding to bremsstrahlung of energy he. The electron recedes from the “colli-
nergy E — hv. (d) Rare collision when the electron is completely stopped in
sion, giving rise to a photon of energy E = hy.

nucleus,

Characteristic radiation

TABLE 2-3
Principal Emission Lines in keV for Tungsten and Molybdenum

K Lines Tungsten J L Lines Tungsten
T
Energy  Relative Energy  Relative
Iransiion  Symbol  (keV)  Number I'ransition  Symbol  (keV)  Number
K-NgNpy KB: 69.081 7 LN Lys 11.674 10
K-Myy K&, 67.244 21 LNy Ly 11.285 24
K-My KB, 66.950 1 LurNy LB: 9.962 18
K-Liy Ka, 59.321 100 Li-My LBy 9817 37
KL, Kay 57.984 58 LirMy LB, 9.670 127
K lines Molybdenum LMy LB, 9.523 29
K-MyMyy KBy 19.602 24 LMy La, 8.395 100
K-Ly Ker, 17.479 100 LMy La, 8.333 11
K-Ly Ka 17.375 52

From Storm and Israel (S1)

« Different transitions have different probabilities, according to

quantum mechanics selection rules (some transitions are forbidden)
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Bremsstrahlung interaction

Thick target N 1Lm.Thin target
- T unfiltered 100 kVp o it -
® | ungreredsomve e ) Heoseenmzsrreren
3 -

« Thin target approximation: one collision per electron
+ Thick target approximations: I(E) = C Z (E,, - E)

Example 4

» The energy levels of K, L, and M shells in
tungsten are -69.5, -11.0, and -2.5 keV. What
photon energies will be present in its characteristic
X-ray spectrum?

Photon energies are equal to the differences
between corresponding energy levels

(A)67.0,585,85 keV
B. 80.5, 72.0, 13.5 keV
C.69.5,11.0,25keV
D. Continuous spectrum from 2.5 to 69.5 keV
E. Continuous spectrum below 2.5 keV
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Example 5
P Summary

A target material has the following binding energies: K=30

keV, L=4 keV, M=0.7 keV. If 40.0 keV electrons are fired at . X : : ;

the target, what kind of x-rays can have the following % ré}ys are produced via brtsm;strahlung nteractons

energies? of high-energy electrons within a target
* 6-1: 34 keV — Efficiency is low, most energy goes into target heating
* 6-2: 26 keV — Continues spectrum includes characteristic x-ray due to
* 6-3:40.7 keV target material

o Answers:  Required high voltage (~50-100 kV) to accelerate

A. Characteristic only “6.1-B electrons

B. Bremsstrahlung only : . .

C. Both A and B «6-2:C — Power source: ac to dc conversion

D. Neither A nor B *6-3:D
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