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Stochastic Quantities

» Radiant Energy, R

— R is defined as the energy of particles
(excluding rest energy) emitted, transferred or
received (ICRU 1980).

Stochastic Quantities

 Energy transferred, g, in a volume V
gtr = (Rin)u B (Rout)gonr + ZQ

(Rin )u = radiant energy of uncharged particles entering V

(R, )i = radiant energy of uncharged particles leaving V,
except that which originated from radiative losses
of kinetic energy by charged particles while in V

Z Q = netenergy derived from rest mass in V
(m -> E positive, E -> m negative)

Radiative losses = conversion of charged particle energy to photon
energy, either bremsstrahlung or in-flight annihilation of positrons.




Kerma

» Definition d(e,,) de, .
K = tr/e = tx
dm dm

(eq)e 1S the expectation value of the energy transferred in the
finite volume V during some time interval t

» Nonstochastic quantity only relevant to indirectly
ionization radiation

» K depends on the material

Kerma

Kerma is the expectation value of the of the
energy transferred to charged particles per
unit mass at a point of interest, including
radiative-loss energy but excluding energy
passed from one charged particle to another.

Kerma can be expressed in terms of ergs/g,
rad, or J/kg (Gray)

1 Gy = 1J/kg = 102 rad = 10* erg/g




Relationship of Kerma to Energy
Fluence for Photons

oo
P/EZ

w,/p is the mass-energy transfer coefficient
Y is the energy fluence at a point P

* Emax
Ko s V'(E) - (“»—) dE
JE=0 P JEz

Relationship of Kerma to Energy
Fluence for Photons

Average value of (w,/p) for the spectrum ¥’ (E) is
given by

S ¥ (E) - (“—) dE
K & P Bz

P JyEy,z L 4

S Y (E) dE
X




Relationship of Kerma to
Fluence for Neutrons

Kerma for neutrons could be defined with the same
equations as for photons, but it is costumary to
describe neutrons fields as fluence fields. Instead
of mass-energy transfer coefficients, we use the
kerma factor F,

Hir
(Frz)E.Z = <_) %
P /g z

Relationship of Kerma to
Fluence for Neutrons

MeV 5. EIE _o g rad g rad
E 602 0 = e O = Bl
neutron MeV erg neutron

K=& (F)p, (rad)

Emax
K= S ¥'(E) - (F)p,dE  (rad)
=10




Relationship of Kerma to
Fluence for Neutrons

S : Q(E) * (Fo)g,zdE

| X

(Fn)qv(fa),z =2
g ®'(E) dE
E

Components of Kerma

The kerma for gamma- and x-rays consists of energy
transferred to electrons and positrons per unit
mass of medium. This Kinetic energy can be
spent in 2 ways:

1. Coulomb-force interactions with atomic
electrons of the absorbing material resulting in
the local dissipation of the energy as ionization
and excitation in or near the electron track. These
are called collisions interactions.




Components of Kerma

2. Radiative interactions with the Coulomb
force of atomic nuclei, x-ray photons are
emitted as the electron decelerates. The x-
ray photons are relatively penetrating
compared to electrons and they carry their
quantum energy far away from the
charged-particle track.

Components of Kerma

In addition, a positron can lose an appreciate
portion of its kinetic energy through in-flight
annihilation, in which, the kinetic energy
possessed by the particle at the instant of
annihilation appears an extra quantum energy
in the resulting photon.

K=K +K,




Components of Kerma

E:’I' = (Rin)u = (‘J{nur):”m =t R:a + EQ = G [?:’:

R is the radiant energy emitted as radiative losses by
the charged particles which themselves originated
in V, regardless of where the radiative losses occur

de;;

dm

K, =

Components of Kerma

The collision Kerma (K,) is the expectation value of the net energy
transferred to cp per unit mass at the point of interest, excluding
both the radiative-loss energy and energy passed from one cp

to another.

TABLE 2.1
y-ray 100 (pie — Hen)/ Pher
0.1 0 0 e
1.0 0 L2 -

10 35 13.3 26




Absorbed Dose

Energy imparted, €
o= Ry = (Roude * (R = (Roudi + 220

b
 dm

Absorbed dose, D, is the expectation value of the energy
imparted to matter per unit mass at a point.
Absorbed dose depends on the material.

Comparative Examples
/[/V

Compton interaction
followed by
bremmssrahlung
emission

Ep = (Rin)u - (Rout)lr;onr +ZQ




Comparative Examples

Compton interaction
followed by
bremmssrahlung
emission

8tr = (Rin)u - (ROUt)SOHI’ +ZQ

e“,=fw1—iw2+0=T

Comparative Examples

‘/V e - -
’i\ Compton interaction
hs
followed by

bremmssrahlung
emission

Grr T (I{in)u = (R{nn)::m” == R:; T ZQ, = Etr = H:.-
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Comparative Examples

e _:).\_-_,....A:L’;M Compton interaction
[ ey iy, followed by

| AR g bremmssrahlung

\ e emission

Ko

& = (R = Roa 2™ = Bt 20 = & — R,

et =hy, '~ hyy — (hes + hp,) ¥ 0

Il

r[‘ = (fﬂ/g + th.)

Comparative Examples

N
b 7 Compton interaction
e = hry
o/ followed by
-—n.n.llrlu . _‘—-._\_\h}‘._( \'|‘1L"\‘1 bremmssrahlung
\ s emission
\ /

EX= (Rin)u i (Rc)ut)u + (Rin)r W (Ruul):. i ZQ,

11



Comparative Examples

N

e Compton interaction
/ .-II = - h.’ﬁ!
o e followed by
T T T bremmssrahlung
\ iy emission
\_\ '_,u"
b -‘//

s ERL L (B, (R = (Bt 20

€ == hVI _(hVQ +}ZV3 1= 7”) 4+ 0

Comparative Examples

’Qhwo.w Mev
— Gamma-ray emission
/ K e pair production and
f S positron annihilation
| i

&y = (Rin)u _(F\)out)zonr +ZQ
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Comparative Examples

't hv=0,51 MeV
//’ A\\MV Gamma-ray emission
/ :‘;f\\. pair production and
|l o Ty positron annihilation

\hlﬁ Q.51 Mev

—

e=¢, =€ =0— 1.022 MeV + 20

ZQ ="Fy, — 2m052 & Zamoc2 = hr,

€ = E“_ = E,[Ir = ]”"1 = 1022 Mev

=Ty T

EXxposure

» Exposure, X, is by convention defined only for x-ray and
gamma-ray photons and air.

d
40
dm

dQ is the absolute value of the total charge of the ions of one
sign produced in air when all the electrons (and positrons)
liberated by photons in air of mass dm are completely
stopped in air.

The ionization arising from the absorption of
bremsstrhalung emitted by the electrons is not to be
included in dQ.
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EXxposure

The exposure X is the ionization equivalent
of the collision kerma in air, for x- and
gamma-rays.

Definition of W

W is the mean energy expended in a gas per
ion pair formed.

T, initial kinetic energy of i" electron set in
motion by the x- or gamma-ray in volume
dV at point P

g; the fraction of Ti that is spent by the i
particle along its full path in air in radiative

interactions S T(1-g)
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Definition of W

Ni total number of ion pairs that are produced in air
by the it" electron set in motion by the x- or
gamma-ray in volume dV at point P

g; the fraction of N; that is spent by the it particle
along its full path in air in radiative interactions

Z Nz(l _gz{)

Definition of W
e Z’Ti(l_gi)
il Ni(1—g)

W = 33.97 eV/ip for dry air

Wm,. _ 33.97 eV/i.p. (or electron)
e 1.602 x 10~ Clelectron
= 33.97 J/C

X 1.602 X 107 "J/eV
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Relation of Exposure to Energy
Fluence

= g o [HBen L) = (K)ul=) =(K)./335¢
X=v (\ﬁ);-;,i.-..("’l" ) ("\‘)"“(W ) (K,)../33.97

V¥ is most conveniently expressed in J/m?,
(Ben/P)E, ir 15 1N m"":'kg.
K, is in J/kg,
(¢/ W), = (1/33.97) C/], and
X is the exposure in C/kg.
1 R is the exposure that produces, in air, 1 esu of charge
Of either sign per 0.001293 g of air, irradiated by the photons.
I esu 1C lUJ’u,'
1R = K=z 5 A=
0.001293g = 2.998 x 10° esu = 1 kg
Mass contained in 1 cm3at
760 mm Hg and 0° C

= 2.580 x 10~* C/kg

Relation of Exposure to Energy
Fluence

Elnil.‘{
X = S (H’en/p)ﬁ“,air (€/W )air \Ir’(E) dE
0

B
Exposure spectrum

(e/ W), = (1/33.97) C/J,
dE is in keV, and
X 1s in C/kg;
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Significance of Exposure

» The energy fluence W is proportional to the
exposure X for any given photon energy or
spectrum

» The mixture of elements in air is sufficiently
similar in “effective atomic number” to that in soft
biological tissue to make air an approximately
“tissue-equivalent” material with respect to x- or
gamma-ray energy absorption. Thus if one is
interested in the effects of such radiations in
tissue, air may be substituted as a reference
medium in a measuring instrument.

Significance of Exposure

» Because of the approximate tissue equivalence
of air, the value of kerma in muscle, per unit
exposure X, is nearly independent of energy.

110

/Plair

1.0

@

& o
T T

en’/Plx/(Ben

M

Loz

10 I 103
PHOTON ENERGY, keV

17



Significance of Exposure

» One can characterize an x-ray field at a
point by means of a statement of exposure
or exposure rate regardless of whether there
Is air actually located at the point in
guestion. This means that the photon energy
fluence at the point is such that it would
give a stated value of X at the point.

Quantities and units for use in
radiation protection

» Quality Factor, Q

— Dimensionless variable weighting factor to be applied
to D to provide an estimate of relative human hazard of
different types of ionization radiation

5
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Quantities and units for use in
radiation protection

» Dose Equivalent, H
H = DQN

Sievert when D is in Gy and rem when D is in cGy
(rad)

H = DON

Q= é S[, OD(Lo)dL.,

Specification of Ambient
Radiation Levels

 Absorbed dose index (D))

— D, in a field of ionizing radiation is defined as
the maximum absorbed dose occurring within a
30 cm diameter sphere of tissue, centered at a
point.

« Dose-equivalent index (H,)

— H, is defined as the maximum dose equivalent
occurring in the same sphere, also centered at
the point.
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Operational quantities were defined by ICRU for
evaluation of occupational radiation doses to workers
and public in general. This is for external sources of

radiation only.
Ambient Dose

Equivalent
2 H*(10)
2
<
8
® Personal Dose
: - QO
e Equivalent
—
S Hp(10)
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