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_Quantities
for Describing
lonizing Radiation

Simple Description of Radiation Fields by Nonstochastic Quantities
1. FLUENCE

Referring to Fig. 1.1, let N, be the expectation value of the numbe: Lf rays striking
afinite sphere surrounding point Pduring a time interval extending from an arbitrary
starting time ¢, to a later time £. If the sphere is reduced to an infinitesimal at P with

a great-circle area of da, we may define a quantity called the fluence, &, as the quotient
of the differential of N, by da:

dN,

& = 1.
T (1.5)

which is usually expressed in units of m ™2 or cm ™2,

2. FLUX DENSITY (OR FLUENCE RATE)
® may be defined by (1.5) for all values of ¢ through the interval from ¢ = 1, (for which

P =0)tot =1, (for which® = &__). Then at any time { within the interval we
may define the flux density or fluence rate at P as

4 d [dN, ,
=L 1.6
L dt(da) (1.8)

where d® is the increment of fluence during the infinitesimal time interval df at time
1, and tne usual units of flux density are m™ 257 or e~ 257!,
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FIGURE 1.1. Characterizing the radiation field at a

point P in terms of th. radiation traversing
the spherical surface .

It should be noted that v and P express the sum of rays incident from all directions,
and irrespective of their quantum or kinetic energies, thereby providing a bare min-
imum of useful information about the field. However, different types of rays are
usually not lumped together; that is, photons, neutrons, and different kinds of charged
particles are ...easured and accounted for separatelv as far as possible, since their
interactions with matter are fundamentally differen:.

3. ENERGY FLUENCE

The simplest field-descriptfive quantity which takes into account the energies of the

individual rays is the energy fluence ¥, for which the energies of all the raysare summed.
Let R be the expectation value of the total energy (exclusive of rest-mass energy)

carried by all the N, rays striking a finite sphere surrounding point P {see Fig. 1.1)

during a time interval extending from an arbitrary starting time {, to a later time

t*. If the sphere is reduced to an infinitesimal at P with a great-circic area of da, we

may define a quantity called the energy fluence, ¥, as the quotient of the differential
of R by da:

dR
¥ =— 1.
da (1.9)

which is usually expressed in units of J m~? or erg cm ™%
For the special case where only a single energy £ of rays is present, Egs. (1.3)

and (1.9) are related by
f (1.9a)

and
¥ =£$ (1.9b)

Individual particle and photon energies are ordinarily given in MeV or keV, which
is the kinetic energy acquired by a singly charged particte in falling through a po-
tential difference of one million or one thousand volts, respectively. Energiesin MeV

can be converted into ergs and joules through the following statements of equiva-
lence:

1 MeV

1.602 X 107 % erg = 1.602 x 107'3 ]
lerg=107"]

i

6.24 X 10° MeV (110
1] =624 x 10" MeV = 10" erg

*ICRU (1980) ca'ls R the radiant energy, and defines it as *the encryy of particles (excluding rest energy)
emitted, transferred, or received.’'
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4. ENERGY FLUX DENSITY (OR ENERGY FLUENCE RATE)

¥ may be defined by Eq. (1.9) for all values of ¢ throughout the interval from ¢ =
Iy (f?r which ¥ = 0yto 1 =« (for which ¥ = ¥ __ ). Then at any time { within
the interval we may define the energy flux density or energy fluence rate at P as:

LY _d (4R
T a4 a’a) (1.11)

where d¥ is the increment of energy fluence during the infinitesimal time interval
dt at tim i i ST -
ok c t, and the usual units of energy flux density are Jm™ ¥ st or erg em ™’

For monoenergetic rays of energy £ the energy Rux density ¢ may be related to
the flux density ¢ by an equation similar to (1.9b):

Vv = Ep (1.13a)

KERMA
This nonstochastic quantity is relevant only for fields of indirectly ionizing radiations

(photons or neutrons) or for any ionizing radiation source distributed within the
absorbing medium.

Definition
The kerma K can be defined in terms of the related stochastic quantity energy transferred,

€, (Attix, 1979, 1983} and the radiant energy R (ICRU, 1980). The energy transferred
in a volume Vis: )

€ = (Rin)u - (Rum)::onr + ZQ (21)

where (R;)), = radiant energy of uncharged parucles entering V,
(R, )" = radiant energy of uncharged particles leaving V¥, except that which
originate.. rom radiative losses of kinetic energy by charged par-
ticles while in V, and

EQ = net energy derived from rest mass in ¥ {m — E positive, £ = m
negative).

By radiative losses, we mean conversion of charged-particle kinetic energy to pho-
ton energy, through either bremsstrahlung x-ray production or in-flight annihilation
of positrons. In the latter case only the kinetic energy possessed by the positron at
the instant of annihilation (which is carried away by the resulting photons along with
1.022 MeV of rest-mass energy} is classified as radiative energy loss.

Upon consideration of Fq. {2.1) it will be seen that energy transferred is just the
kinetic energy received b charged particles in the specified finite volume V| re-
gardless of where or how they in turn spend that energy.

We may now definc the kerma K at point of interest Pin Vas

I

dm dm

(2.2)

where (€,.), is the expectation value of the energy transferred in the finite volume
V during some time interval, d(€,), is that for the i hnitesimal volume dv at the in-
ternal point P, and dm is the mass in dv. Since the argument of any legitimate dif-
ferential quotient may always be taken to be nonstochastic, the symbo) d(g,, ), may
be simplified to de,, as indicated in Eq. (2.2).

The average value of the kerma throughout a volume containing 2 mass m is sim-
ply the expectation value of the energy transferred divided by the mass, or (¢,,),/m.

Kerma can be expressed in units of erg/g, rad, or J/kg. The latter unit is also
called the gray (Gy) in honor of L. H. Gray, a pioneer in radiological physics. The
rad is still commonly employed for kerma and absorbed dose at the time of this writ-
ing, but J/ke is to be preferred as part of a general shift to the International System
of units, Fortunately all these units are simply related by

1Gy = 1 jrkg = 10% rad = 10* erg/ 2.3
g g

Relation of Kerma to Energy Fluence for Photons
For monoenergetic photons the kerma at a point P is related to the energy fluence
there by the mass energy-transfer coefficient (i, /0) gz, which is characteristic of the photon
energy £ and the atomic number Z of the matter at F:

. ) L . - 1
Here g, ts called the linear energy-transfer cogficient in units of m "orcm™’, and

p is the density in kg/m® or g/cm’. ¥ is the energy fluence at Pin J/m?® (preferred)
or erg/em?. K is the kerma at P, expressed in J/kg (preferred) or in erg/g, respec-
tively, either of which can be converted into rads, if desired, by Eq. (2.3).

Relation of Kerma to Fluence for Neutrons
Equauon (<.4) " could be applied to neutru..s as well as x- and y-ray photons,
but this is not customnary. Usually neutron fields are described in terms of flux density
and fluence, instead of energy flux density and energy fluence as is usually the case with
photons. Thus for consistency a quantity called the kerma factor F, is tabulated for
neutrons instead of the mass energy-transfer coefficient:

(Fez = ("—) CE (2.6)
P/EzZ

If (p,/P)g, z 15 given in units of cm?¥/g, the neutron energy £ in this relation is
commonly expressed in g-rad/neutron in place of MeV/neutron.

Thus, instead of Eq. (2.4), for monoenergetic NEULrons one uses the following
relation:

K=% (F)er (rad) (2.8)



Components of Kerma

The kerma for x- or Y-rays consists of the energy transferred to electrons and pos-

itrons per unit mass of medium. The kinetic energy of a fast electron may be spent
in two 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 colision interactions.

2. Radiative interactions with the Coulomb force field of atomic nuclei, in which

x-ray photons (bremsstrahlung, or “*braking radiation’’) are emitted as the

electron decelerates. These x-ray photons are relatively penetrating com-

pared to electrons and thuy carry their quantum energy far away from the
charged-particle track.

Since the kerma includes kinetic energy received by the charged particles whether
it is destined to be spent by the electrons in collision of radiative-type interactions,
we can subdivide X into two parts according to whether the energy is spent nearby
in creating excitation and ionization (K,) or is carried away by photons (X}: '

K=K +K = (1-g)K + gK (2.10)
where g is the fraction of the electron energy lost to photons, and
the subscripts refer to *“collision’” and “‘radiative’’ interactions, respectively.

For the case of neutrons as the indirectly ionizing radiation, the resulting charged
particles are protons and heavier recoiling nuclei, for which X, is vanishingly small.
Thus X = K, for neutrons, and we need not consider the partition of X in that case,

It will be convenient in discussing the concept of charged-particle equilibrium
(CPE) if we now define the collision kerma (K)inamanner corresponding
to that employed for X in Eqgs. {2.1) and (2.2).

Let €, be the related stochastic quantity called the net energy transferred, which can
be defined for a volume V as

€= € — R, (211
where R, is the radiant energy emitted as radiative losses by the charged particles
which themselves originated in ¥, regardless of where the radiative loss events occur.
€, and K include energy that goes to radiative losses, while €], and K, do not.
Now we can define X, at a point of interest P as
de;,

K, = -d—" (2.1
m

where €, is now the expectation value o! the net energy transferred in the finite volume
V¥ during some time interval, de,, 15 that for the infinitesimal volume db ut point P,
and dm is the mass in dv.

For monoenergetic photons X, is related to the energy fluence ¥ by another en-
ergy- and material-dependent coefficient {Hen/B)e 7 called the mass energy-absorpiion
coeffictent, so that the equation corresponding to Eq. (2.4) becomes

K = w(“—) (2.13)
P gz

where the units are as given for Eq. (2.4).

The value of (ken/P)£ 7 at 2 point Pis not only characteristic of the atomic number
Z of the material present there [as is the case for {s../0)e 2], but is also dependent
to some degree upen the material present along the tracks of the electrons which
originate at F. This is because radiative energy losses by. electrons are greater in
higher-Z materials, for which K, islarger and K, correspondingly less -

(#ea!P)e, 2 18 close to (1,/0), 2 in value for low Z and E where radiative losses are
small; Table 2.1 lists the percentage by which (ten’0) £, z 15 less than (/D) g, (and
K, less than K) for a few sample cases.

TABLE 2.1
yeray 100 (#tr - #m)‘rﬂ'lr
Energy
(MeV) Z=6 29 82
0.1 0 0 0
1.0 0 1.1 4.8
10 35 13.3 26

ABSORBED DOSE .
The absorbed dose is relevant to all types of ionizing radiation fields, whether dlr'ect]y
or indirectly ionizing, as well as to any lonizing radiation source distributed within
the absorbing medium.

Definition _ ‘
The absorbed dose D can best be defined in terms of the related stochastic quantity
energy imparted ¢ (ICRU, 1980). The energy imparted by ionizing radiation to matter
of mass m in a finite volume V is defined as

€= (Rin)u - (Roul)u + (Rin)z - (Rom)z + EQ (217)

where (R;.), and EQ are defined the same as for Eq. (2.1}, (R,u). isthe radiant energy
ol all the uncharged radiation leaving V, (R,,), is the radiant energy of the charged

particles entering V, and (Rm:)r is the radiant energy of the charged particlesleaving .
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We can now define the absorbed dose D at any point Pin V as

de
D=— (2.18)

dm
where ¢ is now the expectation value of the energy imparted in the finite volume V
during some time interval, de 15 that for an infinitesimal volume dv at point P, and
dm is the mass in do.

Thus the absorbed dose D 15 the expectation value of the energy imparted to matter per unit
mass at a point. The dimensions and units of absorbed dose are the same as those used
for K. The average value D of the absorbed dose throughout a volume containing
mass m is (€),/m. (€), = Dm is also called the intzgral dose, expressed in units of g rad
or joules.

It should be recognized th: * Drepresents the energy per unit mass which remains
in the matter at P to produce any effects attributable to the radiation. Some kinds
of eflects are proportional io D, while others depend on I} in a more complicated
way. Nevertheless, if D = 0 there can be no radiation effect. Consequently, the ab-
sorbed dose is the most important quantity 1n radiological physics.

It is not possible to write an equation relating the absorbed dose directly to the
fluence or energy fluence of a field of indirectly ionizing radiation, as was done for
the kerma in Eqs. (2.4) and (2.8) and for collision kerma in Eq. {2.13). The absorbed
dose is not directly related to such a field, being deposited by the resulting secondary
charged-particles.

COMPARATIVE EXAMPLE OF ENERGY IMPARTED, ENERGY

TRANSFERRED, AND NET ENERGY TRANSFERRED

To see how these quantities can be applied, consider Fig. 2.1a. Photon Ap, is
shown entering volume ¥, and undergoing a Compton interaction which produces
scattered photon Ay, and an electron with kineuc energy 7. The electron is assumed
to produce one bremsstrak' g x-ray (hvs) before leaving V with remaining energy
T Itthen produces another x-ray (hv,). In this example the energy imiparted, energy
transferred, and net energy transferred in V are, respectively,

I
i

hy, — (hyy + by, + T'Y + 0

™
[l

o« =he, — by, + 0 =T

™
H
|

= hyy — hey — (kg + A} + 0

T — (hvy + hr)

FIGURE 2.1a. [INustratien of the concepts of encrgy imparted, energy transferred, and net en-

ergy transferred for the case of 2 Compton interaction followed by bremsstrahlung emission (At-
tix, 1983).

EXPOSURE
Exposure is the third of the important fundamental nonstochastic quantities with
which we are concerned in radiological physics. It is historically the oldest of the
three, and in earlier times (before 1962) was known as *‘exposure dose’”; still earlier
(before 1956}, it had no name but was merely the quantity that was measured in
terms of the roentgen (R) unit, which had been defined by the ICRU in 1928, By
convention exposure is defined only for x-ray and y-ray photons.

Definition
Exposure 1s symbolized by X, and is defined by the ICRU (1980) as *“the quotient
of d@ by dm, where the value of d0 1s the absolute value of the total charge of the

ions of one sign produced in air when all the electrons (negatrons and positrons)
liberated by photons in air of mass dm are corpletely stopped in air”” Thus
I
x=2 (2.20)
dm
In a note of clarification the ICRU also points out that '‘the iomization arising
from the absorption of bremsstrahlung emitted by the electrons is not 10 be included

indQ "

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



Definition of W

We must define precisely what is meant by “‘ionization equivalent” in the above
statemnent of exposure. Here we must introduce 2 conversion factor synibolized by
W, the mean energy expended in a gas per fon pair formed.

Wis usually expressed in units of eV per ion pair, and the best current value
forxand yraysindry airis 33.97 €V/i.p. (Boutillon and Perroche, 1985), By dividing
w by the charge of the clectron in coulombs (noting that only the ions of either sign,
not both, are counted in the definition of exposure) and converting the energy from

electron volts to joules, one obtains W in a form that is more convenient for relating
(X)), and X-
W .. _ 33.97 eV/i.p. (or clectron)
£ 1.602 x 107 "Clelectron
33.97 J/C

X 1.602 x 107"°)/ev
(2.22)

Il

We see that the conversion constants cancel each other 50 as to give W/ein J/C
the same numerical value as W has in eV/i.p., which is a convenience. Moreover W

may be regarded as a constant for each gas, independent of photon energy, for x- and
Y-ray energies above a few keV,

Relation of Exposure to Energy Fluence
It is now possible to describe specifically what is meant by “*ionization ¢quivalent”’
in the statement of exposure at the end of Section JILA. Referring o Eq. (2.13),
we can write that the exposure at a pointdue toan energy fluence ¥ of monoenergetic
phutons of energy £ is given by

x=w(“7) (=—) =(K,)ai,(%). = (K)u/33.97  (2.23)

where ¥ is most conveniently expressed in J/m?,
(lu'en"p)f,air is in mzlkg’

K, isin J/kg, NOTE: K j Ko/ (1-9)
(/W) = (1/33.97) C/, and = B.76(-3)x/(1-g)
X is the exposure in Crkg. where X 1s in R.

The roentgen (R) is the customary and more commonly encountered unit of ex-
posure. It is defined as the exposure that produces, in air, one esu of charge of either
sign per 0.001293 g of air (i.¢., the mass contained in 1 cm® at 760 Torr, 0°C) ir-
radiated by the photons. Thus

1 usu 1C 10°g
1R = R e x —.®
0.001293g ~ 2.998 X 10% esu = 1 kg

= 2.580 X 107* Crkg {2.24)

serves as a conversion factor from R to C/kg. That is

X (Cr/kg) = 2.58 x 10°* X (R)
X (R) = 3876 X (Clkg)

(2.25)

10

Significance of Exposure

Exposure (and its rate) provides a convenient and useful means of characterizing
an x- or y-ray field, for the following reasons:

1. The energy Auence ¥ is proportional to the exposure X for any given photon
energy {see Eq. (2.23)] or spectrum [Eq. (2.26)).
2. Themixtureofelementsin airis sufficienty similar in '“effective atomic num-

ber’’ to that in soft biclogical tissue {i.e., muscle) to make air an approximately

*‘tissue-equivalent’” material with respect to x- or y-ray energy absorption. Thus
ifone isinterested in the effects of such radiations in tissue, air may be substituted
as a reference medium in a measuring instrument.

3. Because ofthe approximate tissue equivalence of air noted in itern 2, the value
of the collision kerma X, in muscle, per unit of exposure X, is nearly independent
of photon energy. This follows from the fact that for a given energy fluence ¥
of photons of enr-gy E, the exposure X is proportional to (u,./0)g ..., while &, in
muscle is proportional to (/) mu [see Egs. (2.13) and (2.23), and (ten!
P)E muse! (Hen! 8)g uir is nearly constant (1.07 + 3% total spread) vs. Eover the range
4keV-10MeV, asshown in Fig. 2.24. That figure also shows corresponding ratios
of (p../p)g 7 for water/air,

relative to air. Water/air (1.07 + 3%} is nearly as constant as muscle/air, but
both acrylic plastic and compact bone show larger differences from air, especially
below 0.1 MeV, due to the pholoelectric effect, which will be discussed in Chapter
7.

4. 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
question. The staternent that “‘the exposure at point Pis X"’ simply means that the
photon energy fluence ¥ {or its spectrum ¥ ‘(£)] atthe point is such that Eq. (2.23)
[or (2.26)] would give the stated value of X. Similar remarks apply also to the
kerma K or collision kerma X, except that the reference medium is not necessarily
air, and must therefore be specified,

Li2r

=3
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FIGURE 2.2a. Ratio of mass encrgy-absorption coefficients for muscle and water relative to air,
{Based on data of Hubble, as given by Evans (1968) for kv > 0.15 MeV, and by Greening, (1972)
for kv = 0.15 MeV.]
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CHARGED-PARTICLE EQUILIBRIUM

Charged particle equilibrium (CPE) exists for the volume v if each charged particle
of a given type and energy leaving v is replaced by an identical particle of the same
energy entering, in terms of expectation values

This s further demonstrated in Fig. 4.3 for the simplified case of straight charged-
particle tracks, all emitted at angle § with respect to the monodirectional primary
rays. Consider first the track of charged particle ¢y, generated by the total absorption
of an indirectly ionizing ray at a point P, just inside the boundary of v. Particle ¢,
crosses yand carries out of that volume a kinetic energy of, say$ofits original energy.
A second identical interaction occurring at point P, generates charged particle ¢,,
which enters v with § of its original energy, and leaves with § of that energy. Likewise
a third identical interaction at Py generates charged particle ¢3, which enters » with
j of its original energy, and Laperds all of that energy in v. Thus CPE exists for the
nonstochastic limit, and the wtal kinetic energy spent in v by the threc particles equals
that v hich ¢; alone would have spent if its entire track had remained inside of u.

—

PHOTONS
OR
NEUTRONS

FIGURE 4.3. Charged-particle equilibrium conditions for an external source. The volume ¥
contains 2 homogencous medium, uniformly irradiated throughout by indirectly ionizing radia-
tion (i.¢., attcnuation of the latter is assumed 1o be negligible). Secondary charged particles are
thus produced uniformly throughout F, not necessarily isotropically, but with the same direc-
tional and energy distribution everywhere. If the minimum distance separating the boundaries
of ¥ and smaller internal volume v is greater than the maximum range of charged particles pres-
ent, CPE exists in v. (Also see text.)

Reducing v to the infinitesimal volume dv, containing mass dm about a point of
interest P, we can write =

—n CPE
€ =g, £ = -dﬁ: and hence D = K, (4.6)
dm dm
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Eq. (4.6) isa very imporcant relationship, as it equates the
measurable quantity D with the calculable quantity K, (=¥ - 4 /p).
Moreover, if the same photon energy fluence ¥ is presentin media A and B having
two different average energy absorption coefficients (Ben/P)a and (Een’/P)s, the ratio
of absorbed doses under CPE conditions in the two media will be given by

1
DT (K)e  (madpha

Da (K)a  (hed®)s (#-72)

where (41../p), » can be calculated for the photon fluence spectrum V'(E) from a

formula corresponding to Eq. (2.3a). Likewise for the same neutron fluence ®'(E)Y
present in the two media,

(4.7h)

where the average kerma factors (Fn),'_a can be calculated from Eq. (2.9a).
Note that Dy can differ from Dgin E

positions of 4 and A& are different,
identical.

qgs. (+.7a, b) cither because the atomic com-
or because the radiation spectra present are not

CPE IN THE MEASUREMENT OF EXPOSURE

A

FIGURE 4.5. The role of CPE in the measurement of exposure X. The average exposure in the
Rinite air volume v equals the total charge of either sign released in air by all clcc.trons {e,} that
originate in o, divided by the air mass m in v. If CPE exists, each clectron c:rrymlg an energy
(say, T) out of v is compensated by another electron (¢;) carrying the same energy in. Thus the
same ionization occurs in v as if all electrons ¢, remained there. The measurement of that charge
divided by m is thus equivalent to a measurement of the average exposurc in v. Radiative losses
are assumed to escape from v, and any ionizatien they produce is not to be included in X.
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RELATING ABSORBED DOSE TO EXPOSURE FOR x- AND y-
RAYS

It is sometimes useful to know how much absorbed dose would be deposited at some
point in air as a result of an exposure X. The relationship is indeterminate in the

absence of CPE,* since
CPE P_V
Dulr = (Kf air X-|—

4

(4.8

Jrke g Cikg 33.97 J/C

where the first equality is valid only if CPE exists at the point in question,
Irp,

"

is cxprossed in rads and X in roentgens, Eqgs. (2.3) and (2.24) can be used
{or converting units to rewrite b . (4.8) as

GIE
0.01D,, = 0.0l (K = 2.58 X 107" x 33.97X (4.9)
or
CPE
D,, = (K). = 0.876X (4.10)
where (K.),;; and D,,, are in rads, and X in roentgens. It should be emphasized that

Eq. (4.10) is valid only where X is the exposure at the point of interest in air, under
CPE conditions.

CAUSES OF CPE FAILURE IN A FIELD OF INDIRECTLY
IONIZING RADIATION

There are four basic causes for CPE failure in an indirectly ionizing feld
a. Inhomogeneity of atom’r composition within volume V.
b. Inhomogeneity of density in V.

Non-uniformity of the field of indirectly ionizing radiation in V.

2]

d. Presence of a non-homoegeneous electric or magnetic field in V.

Some practical situations where CPE failure oceurs are the following:

Proximity to a Source
Ifthe volume Vin Fig. 4.3 istoo close to the source of the indirectly ionizing radiation,
then the energy fluence will be significantly nonuniform within ¥, being larger on
the side nearest the source, say on the left. Thus there will be more particles ()
produced at points like Py than particles ¢, at P, and more particles will enter v than
leave it. CPE consequently fails for .

14

High Energy Radiation
As the energy of indirectly ionizing radiation increases, the penetrating power of
the secondary charged particles increases more rapidly than the penetrating power
of the primary radiation. Table 4.1 expresses this for both y-rays and neutrons, and
shows that, for example, a 7% attenuation of y-rays would occur in a water layer
equal in thickness (=5 cm) to the maximum range of secondary electrons produced
by 18-MeV y-rays. The neutron effect is much smaller (1 %) at that energy, assuming
hydrogen-recoil proton secondaries.
As aresult of this phenomenon, the same type of CPE failure occurs as described
above. That is, in Fig. 4.3, the number of charged particles gen-
erated at point Py is greater than at P, because of the attenuation of the indirectly
ionizing radiation in penetrating from the depth of P, to that of P, in the medium.
The degree of CPE failure becomes progressively larger for higher energies, as the
table indicates. )
Because of this kind of CPE failure, and the usual dependence of x- and vy-ray
exposure measurements on the existence of CPE as noted in Section IV, exposure

TABLE 4.1. Approximate Attenuation” of Gamma Rays and Neutrons within a
Layer of Water Equal to the Maximum Range of Secondary Charged Particles

Gamma-Ray Neutron
Primary Attenuation (%) Attenuation (%) in
Radiation in Maximum Maximum Proton
Energy {(MeV} Electron Range Range
0.1 0- 0
1.0 1 0
10 7 ) 1
30 13 4

“For *'broad-beam'’ geometry, see Chaprer 3, employing k., as an eflective attenuation cocllicient.

measurements have been conventionally assumed to be infeasible for photon energies
above about 3 MeV. Thislimitation is sometimes erroneously interpreted asa lailure
of the definition of exposure itself; hence the exposure would simply not be defined
for high-energy photons, or indeed for any other situation where CPE cannot be
achieved. This is not the case however; only the measurement of exposure usually de-
pends upon CPE. Morcover, even that constraint has a *‘loophole”: If some other
known relationship between D,;, and (X,},;, can be attained under achievable con-
ditions, and substituted for the simple equality that exists for CPE, exposure can
still be measured, at least in principle (Attix, 1979). Such a relationship does exist
for a situation known as TCPE, which will be considered in the next section.
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TRANSIENT CHARGED-PARTICLE EQUILIBRIUM (TCPE)

TCPE is said to exist at all points within a region in which D is proportional to K,
the constant of proportionality being greater than unity. This relationship 15 illus-
trated in Figs. 4.7aand b. In both cases abroad*® “‘clean’” beam of indirectly ionizing
radiation (i.e., unaccompanied by charged particles) is shown falling perpendicu-
larly on a slab of material whose surface is supposed to be coincident with the ordinate
axis of the figure. In Fig. 4.7a the kerma at the surface is shown as K, attenuating
exponentially with depth as indicated by the K-curve. We assume in this case that
radiative losses by the secondary charged particles are nil (K, = 0), which would
be strictly true only for incident neutrons. However, in carbon, water, air, and other
low-Zmedia K, = K — K, remainsless than 1 % of K for photons up to 3 MeV. Figure
4.7b shows the corresponding situation where X, is significant and the radiative-loss
photons are allowed to escape from the phantom.

The absorbed-dose curve is shown rising with increasing depth near the surface
as the population of charged particles flowing toward the right is augmented by more
and more interactions of indu cctly lonizing rays. The dose curve rearhes a maximurm

*The beam diameter must be at least twice the maximum range of secondary charged particles, and points
of interest must be distant from the edge of the beam by at least that range
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FIGURE 4.7a.  INustrating transicnt CPE for high-encrgy indirectly ionizing radiation incident
from the left on a slab of material. Radiative losscs (e.g., bremsstrahlung) are assumed to be
absent, s0 K, = Qand K = K_.
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FIGURE 4.7b. Same as Fig. 4.7¢, except that radiative losses are significant, so X = K, + X,
= K, (u,/n,..), and the resulting photons are assumed to escape from the phantom.
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(Drmax) at the depth where the rising slope due to buildup of charged particles is bal-
anced by the descending slope due to attenuation of the indirectly ionizing radhation,
For a “clean’ beam of indirectly ionizing radiation D_,_ occurs at approximately
the same depth as where the D-curve crosses the K,-curve.* However, the presence
of charged-particle **contamination’’ in the beam is often observed to shift the depth
of D, closer 10 the surface, where it no longer approximates the depth at which
D = K, (Biggs and Ling, 1979). Thus one should not assume that D = KaD_,

Atasomewhat greater depth 7,,,,,, equal to the maximum distance the secondary
charged particles starting at the surface can penetrate in the direction of the incident
rays, the D-curve becomes parallel to the K- and K-curves, although all may grad-
ually change slope together with depth. D therefore becomes proportional to X, and
we say that TCPF. exists. Roesch (1958) suggested a relationship between the D- and
K-curves for TCPFE conditions, but he assumed that no radiative interactions oc-
curred, and ignored scattered photons. In terrns of present terminology we can write
that:

TCPE 3%
= K (1 b4 B3 +) (4.11)

TCPE - 2!
= K (I +p%)

where D and K, are for the same given depth, at which TCPE is required, ' is the
common slope of the D, K, and K, curves at that depth; and x is the mean distance
the secondary charged particles carry their kinetic energy in the direction of the pri-
mary rays while df:;;ositing itasdose. xisshown in Fig. 4. 7g as the distance scparating
the depths of the points P, and P, where K, and D have equal values. x' and x of
course must be expressed in consistent reciprocal units so their product is dimen-
sionless. :

The “*“TCPE"" above the equal signs in Eq. (4.11) indicates that these equalities
are valid only where transient CPE exists. The final relation in Eq. (4.11) should
actually be an approximation, since only the first two terms of the series are em-
ployed. However, the higher-order terms are truly negligible in practical cases.

The above discussion applies equally wel! to Fig. 4. 7aand b, where radjative losses
are or ar- not neghgible, respectively, The D-curve continues to bear the same re-
lationship to the K -curve, but where K, # 0 the K,-curve moves down below the
K-curve by the amount X, = [(ee = Bend it ]K. (We assume here that the radiative-
loss photons escape from the medium.)

“l_r;“c_onclusion, with rcépe_c( to Eq. (4.11), this relationship in principle allows the
relating of D and K, where transient CPE conditions exist for high-energy indirectly
ionizing radiations. However, a knowledge of x and the effective attenuation coef-
ficient ' is required for each case, so Eq. (4.11) is not as readily applicable as the
simple equality of I and X, that exists under CPE conditions.
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