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RADILIGO. PRISES .

What is Radiological Physics?

Radiological physics is primarily an applied branch of physics. It is concerned with the application of
physical energy to the diagnosis and treatment of human disease. It encompasses those branches of
medical physics that are generally referred to as diagnostic radiclogical physics, therapeutic
radiological physics, and medical nuclear physics.

... alternatively ...

Radiological PhySiCS is a scientific effort that involves the use of Radiation Physics (how radiation
interacts with matter) and Engineering (design of radiation sources/design of physical systems and
software systems) to impact life.

Generally, these efforts are beneficial to life: therapeutic medical physics, radiology (imaging and
therapy).

Sometimes (unfortunately) these efforts are harmful: radiological bombs, atomic and thermonuclear

weapons.
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Volume element
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Radiotherapy set up.

From “The Hindu” London, May 11, 2010.

“New study offers hope to colon cancer patients”
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Bonner spheres in a measurements laboratory:

These measurement devices are the closest approximation to an instrument that
measures fluence according to its definition.

From Wikipedia (google “Bonner Sphere”):

Bonner spheres are used to determine the energy spectrum of a neutron beam. The methodology, which was
first described in 1960 by Rice University's Bramblett, Ewing and Bonner, employs thermal neutron

detectors embedded in moderating spheres of different sizes. Comparison of the neutrons detected by each
sphere allows accurate determination of the neutron energy.
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D. An Alternative Definition of Fluence

Chilton (1978, 1979) has proven the validity of an alternative definition of fluence,
namely:

The fluence at a point P is numerically equal to the expectation value of the sum of the

particle track lengths (assumed to be straight) that occur in an infinitesimal volume 4V
at P, divided by dV.

This statement was shown to be true for nonisotropic as well as isotropic fields,
irrespective of the shape of the volume. Thus one need not require a spherical volume
to define fluence in this way. Moreover this definition lends itself to dosimetry cal-
culations by the Monte Carlo method.

E. Planar Fluence

Planar fluence is the number of particles crossing a fixed plane in either direction (i.e.,
summed by scalar addition) per unit area of the plane. The name ‘‘planar fluence’’
was given to it by Roesch and Attix (1968), who also defined a vector-sum quantity
corresponding to the planar flux density that they called the net flow, that is, the num-
ber of particles per unit time passing through unit area of the plane in one sense (say
side 4 to side B) minus those going the other way (B — A). This quantity is of little
dosimetric relevance, however. Although vectorial methods are convenient for field
calculations, as shown by Rossi and Roesch (1962) and Brahme (1981), radiation
dosimetry finally requires scalar, not vector, addition of the effects of individual par-
ticles.

The concept of net flow was first put forward in the context of radiological physics
by Whyte (1959). He dealt with the flow of energy carried by particles, and applied
the name “‘plane intensity’’ to the vector sum of the energy flowing through a fixed
plane. Whyte’s illustrative diagram is reproduced in Fig. 1.5, which will be used
here to discuss fluence vs. planar fluence.

A plane homogeneous beam of radiation is shown perpendicularly incident upon
a flat scattering (but not absorbing) foil. All particles are shown for simplicity being
scattered through the same angle 6, at any azimuthal angle 8. A spherical and a flat
detector of equal cross-sectional area are shown positioned above and below the foil.
The flat detector is oriented parallel to the foil, and thus is perpendicular to the beam
of incident radiation. The number of incident particles striking each detector above
the foil is clearly the same, and the planar fluence with respect to the plane of the
flat detector is identical to the fluence in the same field. This can only be true in a
plane-parallel beam, orthogonal to the flat detector, as shown.

The number of scattered particles striking the spherical detector below the foil
is |1/cos 6] times the number striking the flat detector, which in turn is the same as
the number it received above the foil. Thus the fluence is |1/cos | times the planar
fluence. This increase in fluence contributes to an effect sometimes seen in broad-
beam geometry, in which the fluence behind an attenuating layer can be greater than
that incident (see Chapter 3, Section V).
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FIGURE 1.5. Particles scattered through an angle 8 in a nonabsorbing foil, illustrating effect
on fluence vs. planar fluence. (After Whyte, 1959.)

The effect of radiation striking a detector depends on the penetrating power of
the radiation. Consider the two limiting cases in which: (a) the radiation penetrates
straight through both detectors shown in Fig. 1.5, and (b) the radiation is stopped
and absorbed in both detectors. For both cases we will take the response of the de-
tector to be proportional to the energy imparted in it.

For case (a) we will also assume that the energy imparted is approximately pro-
portional to the total track length of the rays crossing the detector, or to the fluence
according to the Chilton definition. This assumption is by no means proven at this
point, but it is reasonably good for homogeneous radiation crossing a small, easily
penetrated detector. The spherical detector in Fig. 1.5 will read more below the foil
in proportion to the number of rays striking it, which is | {/cos 8] times the number
striking it above the foil. The average length of the paths in the sphere is obviously
the same above and below. The number of rays striking the flat detector is the same
above and below the foil, but the length of each track within the detector is |1/cos
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6] times as long below as it is above the foil. Thus the total track length in the flat
detector is also | 1/cos 0] times as great below the foil as above, Evidently, then, both
of the detectors read more by the factor [1/cos 8| below the foil for the case of pen-
etrating radiation.

Now consider the easily stopped radiation in case (b). The sphere again reads more
below the foil than above by the factor |1/cos 8], since that is the factor by which
the number of striking rays increases, and each ray deposits all its energy. The flat
detector, however, responds e same below as above the foil, since the number of rays
striking it does not change, and track length is now irrelevant.

In other words, for the case of nonpenetrating rays striking a flat detector or other
absorber, the energy deposited is related to the planar fluence with respect to the
detector plane, instead of the fluence. Only in this case does planar fluence arise as
a practical concept in dosimetry.

To quantify planar fluence for multidirectional radiation fields, we consider a
particular great circle of the small sphere at P in Fig. 1.2: the one that is fixed in
the x-y plane. The number of particles per unit time, having energies between £ and
E + dE, that pass through the element of solid angle dQ = sin 6 d8 40 at the given
angles  and 8 before passing through the fixed great circle, per unit area of the circle,
can be expressed [from Eq. (1.15)] as

¢'(0, B, E)|cos 8] dQ dE (1.27)

The absolute value of cos 6 means that the particles are counted positively, regardless
of the direction from which they come.

Inserting the factor |cos | into Eq. (1.16) gives an equation for the planar Aux
density ¢, with respect to the x-y plane in Fig. 1.2:

™ 2 Emax
@, = S S X »'(8, B, E)|cos 8] sin 0 46 dB dE (1.28)
#=0Jdg=0JE=0

and the planar fluence ®, is simply the time integral of ¢, over any desired time
interval, as in Eq. (1.7).

In an isotropic field of radiation we have 0, = $0; hence (bp = %‘P for a given time
interval. The factor § is obtained as the ratio of Eq. (1.28) to Eq. (1.16), which can
be simplified in steps, as in Egs. (1.23)-(1.25) to give

cos @|sin 6 df
@, §6=0 | | sin” 6 |3

1
) S' —cos 0 |f 2 (1.29)

sin 0 46

=0

For the same case the net flow through the x-y plane is zero, since

.g cos 0 sin 6 df = 0 (1.30)
8=0
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4.2.1 Planar fluence

Planar fluence is often confused with fluence. Therefore it is important to clarify that point
now. Planar fluence is the number of particles that strike a surface irrespective of direction.
It may be calculated using the fluence from the relation,

. 1 dn;(z,Q, E, t)
(z, B, t) = — Q———= 4.14
@, B 1) = - [ d ( & s ) (4.14)

where ng is the inward normal to the surface. Often, one is interested in separating the
planar fluence based on its orientation with respect to the surface. In this case, we write,

dn;(Z,Q, E, t) = dn} (2, Q, E, t) + dn; (7,0, E, t) , (4.15)

for the ingoing and outgoing parts.

This planar fluence is also sometimes called the total scalar fluz. It is also possible to define
the net scalar flux as,

dn;(Z,Q, E,t) = dnt (Z,Q, E,t) — dn; (£,Q, B, t) . (4.16)
It is important to note that planar fluence and fluence are fundamentally different. Fluence is

a point function defined as a volumetric quantity, even in the limit that this volume is made
vanishingly small. The ICRU definition obscures this fact, which is probably the source of

confusion, but Chilton’s definition makes it clear. Planar fluence is a surface-related quantity,
and embeds within it, information about the source. This is best illustrated by an example.

Consider a uniform, monodirectional fluence, ® and a right cylindrical detector with radius
a and depth d. The integrated inward flux of the detector and the fluence are related by,

n(0)

@ —
ma(acosf + d|sind|) ’

(4.17)

where n(6) is the number of particles measured with orientation 6, € is the angle the normal
the flat face of the detector with respect to the incident fluence direction. Thus, a mea-
surement of planar fluence can yield the value of the fluence. Equation (4.17) appears to
be singular in the limit d — 0,0 — /2. However, in this limit, n — 0 as well. ® really is
a well-defined number in this context, and it is a constant in this example, independent of

LASEREE Y L



4.2 Radiation equilibrium pS7

All radiometric quantities measure particle fluence in some fashion, as fluence is the most
fundamental quantity describing a radiation field, from which all others may be derived. The
statement of radiation equilibrium is as follows, assuming we have a fluence measuring device
that may or may not have a directional dependence in a monodirectional field, is sensitive
to only one of the particle species in the radiation field, and is sensitive to only one energy
component, E, of the radiation field . We shall call this detector D;(FE, QD). We may also
consider that there may be an externally defined constant vector (gravity, magnetic field,
electric field, some aspect of the source) that provides a coordinate system orientation for
the detector’s QD.

A region of space, V', is considered to be in a state of radiation equilibrium with respect to
particle species i, if that radiation field is constant in time, and any measurement of ® (¥, E)
is invariant with respect to translations of the detector from T to & within V. In this case
we conclude that ®(Z, E) = ®(F) within V.

A second statement is required for isotropic radiation.

A region of space, V', is considered to be in a state of isotropic radiation equilibrium with
respect to particle species i, if that radiation field is constant in time, and any measurement
of ®(Z, E) is invariant with respect to translations of the detector from ¥ to & within V
and invariant with respect to rotations of the detector, Op — Q’D V', providing that the
detector response is uniform with respect to externally defined directions (gravity, electric
and magnetic fields). In this case we conclude that (7, E) = ®(E) within V', and that the
source 18 isotropic.

The consequences of radiation equilibrium are central to radiation dosimetry. Consider the
first case, where the radiation field has a direction associated with it, but the detector is
insensitive to it’s orientation within this fields. This idealization is closely approximated
by good radiation detectors. Let us imagine that we have such an ideal detector, and it is
spherical in shape, clearly insensitive to direction. Moreover, the size of this detector, so
long that is fits in V' always measures the same fluence. Now, take an arbitrarily-shaped
detector, still that fits in V. Form this arbitrary shape from spherical detectors of smaller
and smaller size, so that in the limit, the volume of this aggregation of spheres equals the
volume of the arbitrarily-shaped detector and the shape is the same in the limit of small

spheres. (See Figure 4.1.) Each one of these spheres measures the same fluence, and hence,
so the the arbitrarily shaped one. The conclusion is that an ideal detector is independent of
its shape and orientation in a radiation field that is in equilibrium.

Remarkably, conditions of near particle equilibrium and near ideal detectors do exist in ra-
diation physics and enable accurate dosimetry to be done without excessive concern about
exact detector positioning and orientation. (They still are, however, important.) Real de-
tectors are prone to positioning and orientation differences. Thankfully, they are minimized
so long as the radiation fields are near equilibrium.

Finally, sources that produce uniform fields maybe be realized by several means, first as
mathematical ideals, and nearly, as physical constructs. An isotropic source may be produced
at the center of a very large sphere with a uniform surface source, or uniform volume source
(R > Aa). A monodirectional source may be produced by a point source moved a very long
distance away from the detector (D > Aa). A uniform source with angular dependence
may be produced by a very large plane source (D > Aa), of some uniform thickness with
a source distributed through its volume. Self-shielding will cause an angular dependence in
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Figure to be added later

Figure 4.1: An ideal detector of arbitrary shape may be made of up small spherical ideal
detectors.




4.5 Fano’s theorem
p59

Consider the time-independent transport equation in a uniform medium,

G-Vn(z, 0, E)y+5(Z, En(z, 0, E) = S(Z,03, B)+ / TaE [ avs,(7 E — B,00)n(z, & B,
0 47
(4.40)

where n(Z, Q, E) is the total scalar flux, X(Z, F) is the “out-scattering” macroscopic cross sec-
tion (“out in the sense of out from (F, ﬁ) to a different energy and/or direction, ¥4(Z, £/ —
o8 ﬁ) is the “in-scattering” macroscopic cross section (“in” in the sense of from (F’ 7ﬁ’)
to (E,§), and S (&, Q, E) is the source. Assume that the local density, p(Z) is everywhere
non-zero, and that X, ¥, and S are proportional to the local p. That is,

(& LE) = p@)u@, E)
S(Z,E — E,Q-Q) = p(@)us(E — E,Q- Q)
S G,E) = p(@)s(, E) (4.41)

(The macroscopic usually are unless the atomic composition changes. We are making an
assumption about the source, in this case.) Divide by the local density to give,

—

Q- Vn(z,0, E)

Bz, 0 B) = s(8, B)+ fo Yo L A uo(E — E,§- 0z, &, F) .

p(Z)
(4.42)
Now consider the tentative solution for the total scalar flux,
u(E)no(, B) = 5(3, ) + [ “AB [ A po (B — B, G- F)no(Y, E') | (4.43)
0 4ar

with the same p(E), pus(E — E, Q- V), and s(, E).
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Since there should be a unique solution to the transport equation, this solution, independent
of 7 is also a solution to the space-dependent equation 4.42. Therefore, invoking this property
of uniqueness, we may identify n(Z, {2, F) in equation 4.42 with ng(€2, E') in equation 4.43.

Therefore, under the conditions specified by expressions 4.41,

Vn(Z, 0, E) =0 . (4.44)

In other words, if the macroscopic cross sections and the source are proportional to density,
the total scalar flux is independent of ¥, irrespective of how the density changes. In addition,
since fluence may be derived from total scalar flux via equation 4.14.

This is a powerful result and, along with the concept of radiation equilibrium has far-reaching
consequences for radiation dosimetry. It has already been argued that if radiation equilibrium
exists in some volume of space, measurements become insensitive to position of the detector.
Now, we find that under these conditions, the density of the medium may change arbitrarily,
so long as the source and scattering physics are proportional to density. Again, we shall find
that conditions of radiation equilibrium are not uncommon in our applications. Therefore,
as we shall see shortly, we we wish to determine the dose to water (for example) in a region of
near equilibrium, we may use a detector of any density, so long as the atomic composition is
the same. Air-filled ionization chambers are such a device. It is truly remarkable that we may
take an ionization chamber measurement in water and measure the dose to within an accuracy
of a few percent. The few-percent departures account for departures from equilibrium and
atomic composition, and may be calculated or measured to within an accuracy of a percent
or so with good confidence. (We shall discuss this topic in detail later.) Were this not the
case, the entire field of radiation dosimetry, that requires accuracy to within a percent or
so for medical physics purposes, would be on very shaky ground. Fortunately, dosimetry
methods are very robust, and obtaining sufficient accuracy is always possible in the field
with enough care and practice.


Alex Bielajew
Typewritten Text
p60


Alex Bielajew
Typewritten Text


Az

: \\L-LML *Q&&&ﬂ& \'b\g\'ew.sc(g T\““‘ﬂz\“‘“

Qkuz&Q S - 3&-%\ LPOEN

o Q. & )E)S\

: g Qﬁk\&g k .
PSPIRS irwﬁy“
E ey (L)
}\M

6\3_\\ M—-“"B&; g—\\»&-m_g X G()E}-}\\ = 9N (x )E)'S:\ O
A

3 R y

m\\g W e w0 Aasswes .,\‘—\\;_ \'\K-\ W %QL& .

WA\C&&:\‘} ‘L\N"T .
INIECVR, W PR, SR SR S W
AT o S CON Yoo S

Comundin ..,.-,\‘@333

Can _QQ' G )\,,\ - q;& \:_QQ@@;\ | e ry

U-Q.-. =

. L

len 9@ Say e [N

;ﬁ. - ; €5 ; \Du}\‘

[ Lz Y (Rim)) = %az TQEN) T
%,




Ca 2y 3 - ga;_ SANCN

ERE -

(2 22) P = wAED

“6\5 % C\:ﬁ& A Vese ‘?\“‘*}“’“‘ '\5&&}:\;« ReKeolig
ex@\m*;iﬁ(}\s % | /—\L\ {%—\Jﬁm = chto\ﬁkuS “\\1\ Qwé\&
_ J i 2.\ 0&"@{‘%\; &mgxw (kékum»:\\

- “ Cill S %‘x\'\g \&gﬂn\ %(ew&&u- \‘&acuse
(8¥ satan ™

D‘h& '\f‘ﬂrcsé\“&g




p63
1.1 Basic Photon Interaction Process

~ Shey Wt A
""Q 2 S edouheus  \anes
'\vsg\ . ‘\QX& él;\l.. ' 5
- 4 SO “&\I Nocwn -;_i-s.-a&
SSoMN TR\ |
— SN o= S

S

'eg—, E_ e+’E+

/N

air production

—-\\\tts\ b\& =) Q‘NQQ?-
— \Qﬁh

=0


Alex Bielajew
Typewritten Text

Alex Bielajew
Typewritten Text
1.1 Basic Photon Interaction Process

Alex Bielajew
Typewritten Text
p63



p64

-— - -’(\'\s\\ \w:g &c’

- 2 W™ Neae" Laocd T

T >> ©
- %Qm\.n.s &\\QO.K%
B \
R->cn / k f—-: wast
e ,E. 7,k’

ko"'me:k,‘l"E_ /N

Compton scatterin



Alex Bielajew
Typewritten Text

Alex Bielajew
Typewritten Text

Alex Bielajew
Typewritten Text
p64



&Q?,A\“b Ll

&\%‘.
i\l

o

e.)‘”& &Qf
e Y 9 ~—
Ao\
’ . ’ EN* Q\*\d\hb


Alex Bielajew
Typewritten Text

Alex Bielajew
Typewritten Text
p65



P66

e .q.\q. vy LasS
— . b Q.\Qw\ GL??N‘& .
— T oS 2%Uacg &)

kO+EN

Ko ¥ K

N,E,



Alex Bielajew
Typewritten Text
p66



p67

Effect of binding on Compton cross section
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66 CHAPTER 4. MACROSCOPIC RADIATION PHYSICS
4.4 Attenuation, radiological pathlength

We start by considering the classical derivation of the attenuation law.

Imagine a monoenergetic, monodirectional beam of particles aligned with the z-axis, with
energy E, with infinitesimal cross sectional area dB impinging normally on a semi-infinite
plane of matter. The matter is composed homogeneously of identical “scattering centers”
with cross sectional area o(E). At some depth z, the probability of a single particle in the
beam interacting with one of the scattering centers is:

o
dp = n,(7)(dBdz (—) , 4.24
p = n(7)(aBdz) (- (124)
where n4(z) is the density of scatterers (units: L™2), n,(z)dBdz is the number of scatterers
in dBdz, and o/B is the fractional area covered by the scatterers. Assuming, for the time
being, that the scatterers are atomic centers, we may write,

Na

dp = p(2) " odz | (4.25)

where p(Z) is the mass density (units: ML™3), Ny is Avogadro’s number (6.023x10%*(mole™")
and A is the atomic mass (units: M-mole ). Therefore, the change in primary fluence is
described by,

APy (7) = —Po(T)pup(7)dz | (4.26)
where
N,
= TAU , (4.27)

p is the mass linear attenuation coefficient (units: L?/M). Tt is a function of the particle
energy. It is usually a constant in space unless the atomic composition of the medium
changes. The mass linear attenuation coefficient or macroscopic cross section is

X(@) = p(@)p (4.28)
is sometimes used, but is proportional to the density. We mention it here for convenience,
but shall rarely use it.

The integral in expression 4.27 is elementary, yielding,

Oy (7, E) = Oo(&;2 =0, E) exp (— /OZ dz w(E)p(x,y, z’)) . (4.29)
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The factor,

| azuE)pla.y.2). (4.30)

is called the radiological path.

We often consider the case where the density of the material is a constant. In this case, the
above simplifies to:

(2, E) = Oo(&; 2 = 0, B)e HEw2 | (4.31)

the most familiar form of the exponential attenuation “law”.

4.4.1 Solid angle subtended by a surface

We shall have need for this type of calculation shortly, and establish the notation now.

Consider a surface S, a surface element dS at g, and its unit normal 7(Zg). The solid angle
element of that surface element

7(Ts) - (T — Ts)|
|7 — T3

dQ = ds , (4.32)

which is just the surface element, divided by the =2 term, times the magnitude of the cosine
of the angle between n and the vector ¥ — Z's.

The total solid angle of the surface with respect to the point ¥ is:

0o [ aglil@s) - (F =)

Su |f—fg|3

, (4.33)

where the integral only includes surface elements that are visible to point Z.

Clearly, the solid angle of any closed surface enclosing 7 is 4m. Also, for closed surfaces,
whether or not 7' is located inside the surface, we can relax the visibility criterion, and
integrate over the entire surface, as follows.

Qg =

/Sdsﬁ(fs)'(f_fs) . (4.34)

|7 — Zs]?

The absolute value is required because the direction of n is arbitrary.


Alex Bielajew
Typewritten Text
p73



pr/4

68 CHAPTER 4. MACROSCOPIC RADIATION PHYSICS

4.4.2 Primary fluence determinations
Distributed volumetric source

Consider an elemental volumetric source, in vacuum, of radiation emitting particles with
energy E at a rate n(2,), F,t)dZ’. A measurement of fluence at 7 is,

—

dgs(Z, E, 1) = 4;”(5 ( = ? LA, (- /;dl,u(E, l)p(l)) , (4.35)

where the integral over [ is the straight-line path from the source element to the point of
fluence measurement, and accounts for attenuation. Note that both the material composition
and the density of the medium can vary along this path.

Integrating over the source gives

—

0i(Z,E,t) = %/‘/h(f/ (g = ﬁ;’t)df/ exp (— /;dlu(E, l)p(l)> . (4.36)

A common example is for a fluence measurement at £ = 0, due to a point, isotropic, mo-
noenergetic source, constant in time, with uniform intervening medium, for which the result
is:

®(E) = ng . (4.37)

4.4.3 Volumetric symmetry

The result of the previous section may be used to illustrate an interesting symmetry. Imagine
that a measurement, M, involves an integral over the volume of a detector, and the response
function of the detector R(E). The measurement is expressed as follows,

I, f E)dZ z
Mp._s(E) = /D A7 (7, EYR(E) = 1~ / / e q, 2 exp (— / dlu(E, l)p(l)) ,
(4.38)

where the subscripts D and S refer to the detector and source regions respectfully, and the
source is homogeneous and has the symmetry, n(Qz_z, E) = n(Qz_#|, E). This is the case
for isotropic sources, and can be arranged for directional sources.

Note that
Mp.s(E) = Mg p(E) , (4.39)
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20 MeV electrons in water
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Figure to be added later
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CHAPTER 5. PHOTON DOSE CALCULATION MODELS

Figure 5.1: Idealizations of photons interacting in matter, employed to construct the Kerma.
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Figure 5.2: Trapping the primary charged particles within a small volume to illustrate Kerma.
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Figure to be added later

Figure 5.4: Trapping all the charged particles within a small volume to illustrate collision
Kerma.
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An analytic theory of the point-source non-uniformity correction
factor for thick-walled ionisation chambers in photon beams

Alex F Bielajew

Division of Physics, Ionizing Radiation Standards, National Research Council of Canada,
Ottawa, Canada K1A OR6

Received 6 June 1989, in final form 26 September 1989

Abstract.  In exposure and air kerma measurements, axial and radial non-uniformity
perturbation correction factors are used to account for the non-uniformity of the incident
photon field in the vicinity of the ionisation chamber cavity. An analytic theory for
calculating the point source non-uniformity correction factor for thick-walled ionisation
chambers is developed. The theory developed herein is compared with Monte Carlo
calculations for chambers with pancake, cylindrical and spherical geometries similar in size
to the instruments employed by Standards laboratories. The agreement between Monte
Carlo calculations and the analytic theory is excellent and demonstrates the viability of
the analytic theory at large and small source to chamber distances. The perturbations,
which differ from those calculated or measured by some Standards laboratories, suggest
that corrections of the order of 0.3% should be applied to typical pancake geometries,
smaller corrections of the order of 0.05% or less for typical Farmer-type chambers, and no
correction for spherical chambers. The analytic theory predicts chamber geometries which
can either minimise or maximise the effect of point source non-uniformity. An experiment
is described that would measure the correction with good accuracy.

1. Introduction

When a detector is placed in the field of a radiation source, the point at which the
radiation field is being measured is uncertain, owing to the finite size of the detector. In
the realm of exposure or air kerma measurement performed in Standards laboratories,
one usually assumes that the ‘point of measurement’ is at the geometric centre of
the chamber and the correction for the departure in ion chamber response from the
inverse-square law is accounted for by the ‘axial’ and ‘radial’ non-uniformity correction
factors, k., and km, respectively. The axial factor is a correction for the non-uniformity
of the photon field along the line from the source through the cavity centre while
the radial factor accounts for non-uniformity in the transverse direction. The radial
correction also accounts for the transverse field non-uniformity due to finite-size source
effects and scatter from the collimator and room.

There are divergent views as to how the correction for point source non-uniformity
is to be applied (Gray 1937, Failla and Marinelli 1937, Mayneord and Roberts 1937,
Spiers 1941, Burlin 1959, Kondo and Randolph 1960, Boutillon and Niatel 1973, Loftus
and Weaver 1974, W H Henry as reported in Shortt and Ross 1986). For example, the
BIPM (Bureau International des Poids et Mesures, France) ®Co-exposure standard
has a calculated correction of 0.9968+0.0020 (Boutillon and Niatel 1973) for the axial

© 1990 NRCC, Government of Canada S




The point-source non-uniformity correction factor 525

from Nelms (1953) while the photoelectron distribution is from the theory of Sauter
(1931). Sauter’s theory was also employed to model the photoelectron angle in the
Monte Carlo calculations (Bielajew and Rogers 1986).) Thus, the location of the peak
is determined by the cutoff energy. At low incident energies approaching the cutoff
energy, the use of the present theory is inappropriate since it neglects the electrons
generated in the cavity gas. At higher energies, well above the cutoff, the values of
are more realistic and only weakly dependent on the cutoff energy.

3.0 L SR e i A R R YL g U e e ) o ey e o
'_ 1

Compton

Photaelectron

i

12k

Mante Carlo

0.6

e

il T S T UG S SN B A 18 G A S

0 250 500 750 1000 1250

Incident photon energy {keV)

Figure 3. Values of @ against incident photon energy for the energy-deposition weighted electron distributions
(o-rays included) above 10 keV. w-values for theoretical distributions Compton and photoelectron angular
distributions are shown as well.

Therefore, the appropriate value of « also depends indirectly on the size of the
cavity through the parameter A of Spencer—Attix cavity theory (Spencer and Attix
1955). Electrons below this energy in a cavity should be considered to have been
generated there through knock-on electron interactions. Recall that a basic assumption
of the analytic theories was that electrons that deposit dose in the cavity are generated
in the walls of the cavity. Therefore, only the electrons above A should be considered.
Large cavities, where an appreciable part of the dose to the cavity comes from primary
photon interactions within the cavity gas, are beyond the scope of the present theory. A
plot of w versus A in graphite is given in figure 4 for a monoenergetic incident energy
of 1.25 MeV for a range of A covering almost any small chamber. The variation in @
is monotonic from about 0.88 to 1.15 for A ranging from 1 to 25 keV. Smaller values
of w are obtained for smaller values of A since more energy is deposited from more
isotropically distributed d-rays. For a typical ®Co incident photon spectrum (Rogers
et al 1988), w was calculated to be 1.058+0.0011, and for a typical 1*’Cs spectrum
(Costrell 1962) the value 0.975+0.006 was obtained. Having determined the size of
one’s chamber in terms of A, one should use the w-value from figure 4 in conjunction
with the appropriate expressions from the previous section or the x-factors depicted in
figure 1.

3. Monte Carlo comparisons

In this section Monte Carlo calculations of ion chamber response and correction factors

(g




524 A F Bielajew

The Kondo and Randolph isotropy assumption is represented by the constant line at
unity. The anisotropy approximation, 1 +w cos 6, is a first order expansion in Legendre
polynomials. Therefore, & was obtained from the Monte Carlo data by the integral

3 1
=3 f d(c0s 6) cos OdP/d(cos 6)] ey (22)
—I ario

It is clear, at least for this example, that the Kondo and Randolph isotropy assumption
is an over-simplification. The simple anisotropy assumption, 1 + w cos 6, fits the Monte
Carlo better but a closer fit would require more terms in a Legendre series. Fortunately,
the inclusion of just one term seems to work well for the calculation of Apy for the
cases studied. For 1.25 MeV photons, @ = 1.055 + 0.006(1c). Although values of w
such that w| > 1 are unphysical (the electron distributions can be negative!), one can
accept this as part of the over-simplification of the first-order modelling of the electron
distribution.

Monte Carlo

llll}\ll\LlIALSI

l(‘rl]‘r“!’ll!‘lll

Kondo and Randolph .-

dP/d (cos 6)

llll]

" This wock. e = 7.055

Fl‘l‘llll

o -

S N P R T8 e L e e

-1.0 -05 0 05 1.0
cos 9

Figure 2. The energy-deposition weighted angular distribution of primary electrons {d-rays included) above
10 keV for 1.25 MeV incident photons.

The dependence of w with incident photon energy is given in figure 3 for the energy-
deposition weighted primary electron distribution above a 10 keV cutoff in graphite.
The maximum energy shown is for 1.25 MeV incident photons. As the incident energy
is reduced, one sees a slow decrease in w as increased multiple scattering causes the
electron distribution to become more isotropic. However, a local minimum of about
0.95 occurs in the vicinity of 500 keV. Below this there is a sharp peak at around
85 keV. The explanation for this behaviour is that by employing energy weighting
and restricting the contribution to electrons above the cutoff energy, the average
Compton electron recoil angle for contributing electrons decreases as the incident
photon energy is decreased. At a limit of about 55 keV incident photon energy,
the only Compton electrons contributing are just above threshold and directed in
the forward direction. Below this threshold, no Compton electrons contribute and
the distribution is determined by the photoelectron distribution. The values for w
that would be obtained by using purely Compton or photoelectrons without muitiple
scattering are also shown in figure 3. (The unbound Compton distribution was taken
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Model II: The isotropic model, ® = 0
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Model II: The semi-isotropic model, ® = 1




Model II: The semi-isotropic model, & = 2
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Figure 4. Values of o for 1.25 MeV incident photons against A.

are described and the calculations to obtain the energy-deposition weighted primary
electron distributions in § 2.1 are outlined. The EGS4 code system (Nelson et al 1985)
is employed along with the PRESTA electron transport algorithm (Bielajew and Rogers
1987) that has been shown to calculate absolute ion chamber response reliably for
carbon-walled chambers. For the anisotropy parameter, it was found necessary to
employ an additional restriction on electron step-size whereby the maximum amount
of energy lost to ‘continuous’ processes for each electron step was restricted to 2.0%.
(ESTEPE was set to 0.02 (Rogers 1984).) Because PRESTA can take large electron steps,
the additional restriction was found necessary to sample the angular distributions
smoothly.

The EGS4 user codes employed in this report, DISTRZ (electron angular distribu-
tions, cylindrical-planar geometry) CAVRZ (cylindrical-planar geometry) and CAVSPH
(spherical-conical geometry), are offspring of CAVITY, which has been used previously
to calculate scatter and attenuation correction factors (Bielajew er al 1985, Rogers et
al 1985). The reliability of the Monte Carlo calculations is considered to be within the
stated uncertainties, which were estimated by dividing each calculation into 10 batches
and calculating the estimated variance of the mean. For the angular distribution
simulations, 10°~10° primary photon interactions were used for each simulation which
was performed on a uVAX 3600. Typical simulation times were 1~30 CPU minutes
per incident photon energy. For the cavity chamber simulations, a minimum of about
8 x 10° primary photon interactions were employed for each simulation although as
many as 9 x 10° were used for some cases. The cavity chamber simulations were
performed on an IBM 3090 and typical simulation times were 1-7 h CPU per chamber
for each distance. For both types of calculations, the primary photon was ‘forced’ to
interact at least once in the chamber (a standard ‘variance reduction’ technique, see,
for example, Rogers and Bielajew (1984)).

The angular distribution calculations were performed in a cylindrical-planar geome-
try. The medium was uniform 1.70 g cm™ graphite, and the energy-deposition weighted
angular distributions from electrons set in motion from the primary interactions as well
as -rays set in motion by these electrons were scored. The electron transport threshold,
below which no electron is transported, was set to A, the d-ray creation threshold. (In
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NERS590/Dosimetry/Lecture 7

e Cavity theory

e Review of electron transport applicable to the above

e The Convolution Method for photon dose deposition

e Prerequisite reading, Chapters 10 (Cavity Theory) in Attix.
e Read Attix, Chapter 12, for next time
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Cavity theory and dosimetry

e Some of the most precise measurements in dosimetry involve instruments that
can be characterized by “Cavity Theory".

e A cavity instrument is made up of walls, and a sensitive medium, from which
a signal is extracted.

e There are 2 main types, depending on the material, and geometry of the
sensitive medium

— Thin chambers where the sensitive medium scatters very little, for ex-
ample, gas or air-filled ionization chambers. The picture on the next page
shows a Monte Carlo calculation that prodiced a graphical output of elec-
tron tracks in a thin chamber.

— Thick chambers where the sensitive medium scatters very significantly,
for example, lead-encased Thermoluminescence Detectors (TLDs).
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Thin chambers

e Thin chambers are the instruments upon which accurate transfer dosimetry
is between Standards’ Labs and hospitals are based.

e Standards'Labs can make measurements with these chambers to about a
0.01% relative precision, and an absolute uncertainty (for the dose to water)
of less than 1%.

e In Hospital environments, relative precisions of 0.1% (or better) and absolute
dose to water of about 2%.

e Thin chambers come in a variety of shapes, that are specific their application.
We'll discuss that later.

e For now, we will focus on the reason why they work so well.
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A photon dose distribution model employing convolution calculations

Arthur Boyer and Ed Mok

Department of Radiology, The University of Texas Health Science Center at San Antonio, San Antonio, Texas
78284 and The Cancer Therapy and Research Center, San Antonio, Texas 78229

(Received 5 March 1984; accepted for publication 25 October 1984)

A three-dimensional photon beam calculation is described which models the primary, first-
scatter, and multiple-scatter dose components from first principles. Three key features of the
model are (1) a multiple-scatter calculation based on diffusion theory, (2} the demonstration of the
modulation transfer function of the radiation dose transport process, and (3) the use of the finite
fast Fourier transform to perform the required convolutions. The results of calculations for
cobalt-60 in 2 homogeneous phantom are used to verify the accuracy of the model.

Key words: photon dose distribution, photon scatter, multiple-scatter dose, convolution,

modulation transfer function

INTRODUCTION

A number of empirical and analytic models have been ex-
ploited to calculate the distribution of dose in radiation fields
used for external beam radiation therapy.’~ The model de-
scribed here is analytic and employs computed attenuation
coefficients and scattering cross sections. The model con-
volves single-point interaction kernels with the primary
beam fluence to build up the first-scatter and multiple-scat-
ter components of the field. Use of convolution techniques to
calculate scatter components has been described previously
by Dean® and Mackie.” Convolutions can be carried out us-
ing Fourier transform methods which employ the Cooley—
Tukey finite fast Fourier transform algorithm.®

The model described here is to be employed in the energy
range 1-20 MeV. In a previous communication® it was
pointed out that in principle considerable savings in compu-
tation time could be realized if the dose components could be
calculated using convolutions of the form

Dir)= J;- @ (') k(r — r)dV". (1)

The application here considers @ to be a photon fluence dis-
tribution and & to be an interaction kernel which describes
how radiation spreads out from the point r’ after an interac-
tion there. & can also be viewed as a Green’s function for
radiation dose transport. A formulation is given by which
the dose components can be computed in this form assuming
a homogeneous water phantom as the medium of propaga-
tion. It will be shown that k (r) can be calculated for the entire
radiation dose transport process. When this is done, k (r} can
be interpreted as the three-dimensional impulse response of
the dose transport process. This is possible only when ap-
proximations are made which allow k (r) to remain spatially
invariant. Although all the physical processes involved are
not strictly spatially invariant, the spatial variations are
small enough to be ignored, at least in the lower end of the
therapy energy range. In this case, the Fourier transform of
k (r) is the modulation transfer function for the physical pro-
cesses which connect a photon fluence to the radiological
dose produced by that fluence. We demonstrate these con-
cepts and calculate an analytic form of the impulse response
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k (r). We then present the results of our calculations of the
dose components and total depth dose obtained by convolu-
tion employing the finite fast Fourier transform.

METHOD

Consider a flux of photons @, [photons/cm?] of energy E,
[MeV] moving in the + z direction and incident upon a wa-
ter surface at z = 0. The beam may in fact be multienergetic.
In this more general case the calculations described below
must be carried out for either an average energy or for sever-
al representative energies of the incident beam spectrum and
added with appropriate weighting. In what follows we will
not consider each energy explicitly, but will let it be under-
stood that an energy spectrum may be involved for x-ray
beams. Let the photons originate from a source a distance
SSD[cm] from the surface. The primary fluence distribution
in a homogeneous phantom can be calculated by essentially
tracing rays originating from the radiation source and by
applying inverse square and exponential attenuation to the
fluence along a ray. A continuous phantom is replaced in
this model by an array of calculation points. Each point is
located in the center of a voxel and can be identified by in-
dices corresponding to displacement in three dimensions.
We will, however, continue to locate the calculation points
by the vectors r. The formulas required are

@,(r) [photon/cm?]

— 2, [photonven’] (SO TIe % @)

SSD +d/

where &, is the photon fluence of the ray passing through the
surface tor, d is the depth into the phantom, and g2 [em ™ '] is
the total linear attenuation coefficient for energy E, at the
voxel 7 along the ray trace path from the surface

d=s—s, =Y Ad, 3)

where s is the distance from the source to the point of calcu-
lation, s, is the distance traveled by the photons from the
source to the phantom surface.

The kerma deposited by this primary fluence K, is calcu-
lable'® using the mass absorption coefficient x,, /p and con-

®© 1985 Am. Assoc. Phys. Med. 169
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A convolution method of calculating dose for 15-MV x rays

T.R. Mackie,® J. W. Scrimger, and J. J. Battista
Department of Medical Physics, Cross Cancer Institute, Edmonton, Alberta, Canada T6G 172

(Received 1 May 1984; accepted for publication 14 August 1984)

Arrays were generated using the Monte Carlo method representing the energy absorbed
throughout waterlike phantoms from charged particles and scatter radiation set in motion by
primary interactions at one location. The resulting “dose spread arrays” were normalized to the
collision fraction of the kinetic energy released by the primary photons. These arrays are
convolved with the relative primary fluence interacting in a phantom to obtain three-dimensional
dose distributions. The method gives good agreement for the 15-MV x-ray dose in electronic
disequilibrium situations, such as the buildup region, near beam boundaries, and near low-density
heterogeneities.

icles, collision KERMA, Monte Carlo,
corrections

Key words: photon dosimetry, convolution, ¢
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15-MYV x rays, tissue-maximum ratios

I. INTRODUCTION

Present dose calculation methods are based on the assump-
tion that all of the charged-particle energy liberated by pho-
ton radiation is deposited locally at the site of interaction.
While this assumption is acceptable for cobalt-60 radiation,
it weakens for higher energy x-rays for which the range of
charged particles set in motion can be several centimeters.
The need for considering this nonlocal energy deposition has
been documented. '~ Some photon dose calculation methods
have accounted for electronic “buildup” longitudinally
along the central axis, but none have rigorously treated the
lateral spread of charged particles set in motion.® Young
and Kornelson” have taken into account the dose reduction
caused by a lack of charged particles equilibrium using a
semiempirical “loss factor.”

For photon energies comparable to those of cobalt-60 ra-
diation, existing methods rely on measured tissue—air ratio
(TAR) data that assume that the primary dose is equal to the
TAR extrapolated to a “zero-area field.” This leads to a
number of technical and fundamental problems for higher
energy photon beams. Firstly, the TAR concept is usually
replaced by a tissue—phantom ratio (TPR) which is based on
measurements made in a phantom. It becomes more difficult
to separate the contributions of primary and scattered radi-
ation because the increase in TPR caused by scatter within
the phantom must be isolated from increases caused by ex-
ternal factors® (e.g., collimators). Furthermore, extrapola-
tion to a zero-area field to obtain the primary dose is not
physically acceptable because lateral electronic equilibrium
is lost and the dose is greatly reduced.

In this work, a physically sound and consistent method
has been developed which allows calculation of three-dimen-
sional dose distributions in homogeneous or heterogeneous
phantoms irradiated with rectangular or irregularly shaped
fields of high-energy photons. The use of measured data as a
data base is abandoned and replaced with data generated
from first principles by Monte Carlo techniques. The Monte
Carlo method is used to map the spatial distribution of
charged-particle energy away from a primary photon inter-
action site. This distribution, called a primary dose spread
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array, is convolved spatially, with the kinetic energy released
at all the primary interaction sites to yield the primary dose
distribution. In a heterogeneous phantom, the dose spread
arrays need to be modified during convolution.

Any current method separating primary from scatter dose
can be improved with the methodology proposed here. Since
convolution is a well understood and documented tech-
nique, there are conceptual advantages for implementing a
convolution framework for the spread of energy due to scat-
tered photons, as well as charged particles set in motion.
(Dean has used this approach to find where the scatter dose
was being absorbed from cobalt-60 primary photons inter-
acting in one location of a water phantom.®)

The proposed method was based on concepts which will
not become obsolete as improved computational power be-
comes available. The fundamental reason for this is the
sound physical basis of the Monte Carlo and convolution
procedures. Another reason is an inherent flexibility to com-
promise between speed and accuracy. Therefore, as comput-
ers become faster, greater accuracy can be achieved without
modifying the algorithm substantially.

Il. PRIMARY DOSE SPREAD ARRAYS

A primary dose spread array (analogous to the point
spread array used in image processing) is the three-dimen-
sional spatial distribution of energy deposited by electrons
and positrons which spread from the site of the primary pho-
ton interactions. It is generated by tracking the motion of
charged particles away from primary interaction sites occur-
ring within a cubic volume element (voxel). These charged
particles are followed, using the Monte Carlo method, in a
homogeneous phantom consisting of voxels of the same size,
atomic number, and density. The amount of energy deposit-
ed at, and in the neighborhood of, the interaction voxel is
scored. Figure 1 illustrates the procedure schematically.

The incident photon fluence spectrum was not known and
could not easily be measured. However, the spectrum was
chosen by comparing measured depth dose values with the
results of “electron gamma shower” (EGs) Monte Carlo sim-

© 1985 Am. Assoc. Phys. Med. 188
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FIG. 1. Schematic representation of the generation of a primary dose spread
array.

ulations with various monoenergetic photon energies. (The
15-MV photon beam was obtained from a Siemens Meva-
tron-77. The measuring device was a Capintec PR-06C ion
chamber with a Capintec 192A electrometer.) The EGs code
was developed originally at Stanford University by Ford and
Nelson,'® and modified by Rogers at the National Research
Council of Canada.'"'? A monoenergetic 5.0-MeV beam du-
plicates the measured depth dose for a 15-MV x-ray beam to
within 5% at depths up to 20 cm for a field size of 10X 10 cm.
(The EGS program employed cylindrical geometry so the
equivalent circular field was used to model rectangular
fields."®) A mixture of monoenergetic incident photon ener-
gies 0of 0.18, 0.67, 2.57, 6.61, 11.12, and 13.78 MeV with the
photon fluence weighted in the proportions 0:11:11:11:5:0,
respectively, improved the agreement to within 0.5%.

The dose spread arrays were actually generated by a
homemade Monte Carlo code called MOCA, developed in our
Institute. Both MOCA and EGS take into account the photoel-
ectric effect, Compton effect, and pair production. EGS dis-
tinguishes positrons from electrons, whereas MOCA tran-
sports positrons as if they were electrons. Both programs
produce photons when the positron annihilates. MOCA em-
ploys the approximations of continuous slowing down (with-
out generation of secondary “knock-on” electrons) and
Gaussian lateral scattering for charged particles. Brems-
strahlung was not included in MOCA.

Figure 2 shows voxel elements of two primary dose spread
arrays for a pencil beam of 15-MV x rays interacting in a
homogeneous phantom with cubic voxel dimensions of 1.0
cm. The density of the array on the left is 1.0 g/cm?, and that
on the right is 0.2 g/cm®. The two media are assumed to be
waterlike in chemical composition. The voxels shown in Fig.
2 are in the same plane as the interaction voxel. The beams
have the same cross-sectional area as the voxels, and are
made to interact only in the interaction voxel (bold borders).
At least 10° charged particles/cm> were set in motion by
primary photons to generate these arrays. The dose spread
arrays are quadrilaterally symmetric about the primary pho-
ton direction, which is designated as the Ak axis. Tospeed up
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F1G. 2. Primary dose spread arrays. The numbers represent the dose depos-
ited in the voxel normalized to the collision KERMA in the interaction
voxel (bold borders).

the convolution process for rectangular fields, the dose
spread arrays are produced in a three-dimensional Cartesian
geometry.

Figure 2 clearly illustrates that the assumption of local
energy deposition at 15 MV is untenable. The value of the
dose spread array at the interaction voxel (location 0, 0, 0) in
a1.0 g/cm® phantom with a voxel size of 1 cm is 0.325, which
indicates that 32.5% of the energy released at the interaction
site is deposited there. The value at the same location for a
0.2 g/cm?® phantom with a voxel size of 1 cm is only 0.112.
The maximum longitudinal range of charged particles set in
motion in a 1.0 g/cm® phantom is about 46 cm, and in 2 0.2
g/cm’ phantom, the maximum longitudinal range is about
16~18 cm! In the lateral direction, charged particles can con-
tribute to dose about 1-3 cm and 5-7 cm from the interaction
site for 1.0 g/cm” and 0.2 g/cm® phantoms, respectively.

The primary dose spread array values indicate the pri-
mary energy deposited in each voxel normalized to the total
energy released in the interaction voxel

T (p, 1, 4i, 4j, Ak)

Aplp, I, Ai, 4j, Ak )= KER.p, 1,0,0,0)° (1)
where 4p(p, /, Ai, 4j, Ak ) is the primary dose spread array at
adistance 41, 47, Ak from theinteraction voxel, T o, 1, 44,45,
Ak )is the energy deposited at the site, and KER, 2, 1,0,0,0)
is the total energy of charged particles set in motion at the
interaction site that is lost to electron collisions (not brems-
strahlung) in the phantom. '

Since the phantom is homogeneous, the interaction and
dose deposition voxels have the same density. Therefore, the
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FIG. 11. Tllustration of the extension of the algorithm to waterlike hetero-
geneous media. 5 is the average density between the interaction and dose
deposition voxels.

Dose contribution (i + 41,/ + 4j, k + Ak)
< ®(i, j.k) M@w-l, 4i, 45, Ak ). (8)
p

(Note that the dose spread array value Ap(p-1, Ai, Aj, Ak) is
not invariant for the same value of Ai, 4j, Ak at different
values of 7, /,k because p changes throughout the phantom.
Convolution with a noninvariant kernel is called superposi-
tion.) The factor p(i, j,k )/p takes into account the difference
in the amount of kinetic energy released in the heterogen-
eous interaction voxel compared to the amount set in motion
in the interpolated homogeneous voxel of density /. Other-
wise, the calculation is carried out in the same mannerasin a
homogeneouns phantom. Therefore, this procedure avoids
the need to first compute the dose in water and then calculate
a correction for inhomogeneity, separately.

The TFS dose spread array is scaled using the same algo-
rithm. In fact, using this algorithm, the TFS dose spread
array gives the exact correction. This is because a first-scat-
ter photon interacting at the dose deposition voxel could not
have interacted anywhere other than along the path between
the primary interaction and dose deposition voxels. Since the
same algorithm is used for the primary and TFS dose spread
arrays, and they are stored for the same values of p-/, these
arrays may be combined where they coincide spatially. The
TFS dose spread array need only be dealt with separately
where it extends beyond the border of the primary dose
spread array.

Multiple-scatter photons may have interacted anywhere
within the phantom, not just between the primary interac-
tion and dose deposition voxéls.”” Therefore, the average
density of the phantom is used in Eq. (8) instead of the mean
density along the path between the interaction and dose de-
position voxels. This approximation is further justified be-
cause multiple scattering is a minority contribution to the
total dose.'” This approximation avoids calculating the
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FIG. 12. Comparison of measured and various calculated correction factors
(TMR in a heterogeneous medium normalized to the TMR in a unit-density
medium) along the central axis. The measuring probe was kept at a constant
100 cm from the source. The thickness of overlying material was a constant
15.5 cm. The parameter A is the distance from the first interface to the
probe. The field size is 55 cm. {) = TAR ratio; (1 = Batho; O = equiva-
lent TAR; A\ = convolution; and — = measured.
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mean density between the interaction and dose deposition
voxels of the RFMS dose spread array, resulting in a saving
of computation time.

Figures 12 and 13 illustrate the TMR correction factor
along the central axis for a heterogeneous phantom consist-
ing of horizontal slabs of low- and unit-density materials for
field sizes of 5X 5 and 10X 10 cm. The experimental mea-
surements were obtained using cork and polystyrene slabs.
No buildup cap was used on the ion chamber when measur-
ing the dose in cork. The cork density was measured gravi-
metrically to be 0.30 + 0.02 g/cm®. The ion chamber was
kept at a constant distance of 100 cm from the source, and
the position of the cork region, with respect to the chamber,
was varied. The parameter 4 is the distance from the first
cork interface to the ion chamber. The cork thickness was
7.90 + 0.2 cm. The correction factor (CF) is the dose in the
heterogeneous phantom normalized to the dose in a unit-
density homogeneous phantom. The correction factor is less
than 1.0 in cork at 5X 5 cm, which indicates that the dose to
cork is less than the dose in the homogeneous phantom, even
though the primary photon fluence is greater. Thisis dueto a
loss of lateral electronic equilibrium, because the distance
from the central axis to the field boundary is smaller than the
lateral range of charged particles. The doses calculated by
some existing methods are shown for comparison in Figs. 12
and 13. The existing methods assume electronic equilibrium,
and poorly predict the dose in this situation. The convolu-
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FiG. 13. Same as Fig. 12, except the field size is 10X 10 cm.
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Abstract. . The EGS Monte Carlo code was used to generate photon energy deposition
kernels which describe the energy deposited by charged particles set in motion by primary,
first scattered, second scattered, multiple scattered and bremsstrahlung plus annihilation
photons. These were calculated for a water medium irradiated with monoenergetic photons
with energies in the range 0.1-50 MeV. In addition to the primary energy deposition
kernels, primary charged particle transport was further characterised by computing the
effective centre of the voxels, and the effective penetration depth, effective radius and
effective lateral distance travelled by these particles. The dose per unit collision kerma for
parallel monoenergetic primary photons B’ was calculated. Additional applications of the
energy deposition kernels are discussed.

1. Introduction

A number of authors have proposed that photon dose be calculated using convolution
mathematics (Dean 1980, Mackie 1983, 1984, Mackie and Scrimger 1984, Boyer and
Mok 1984, 1985, Ahnesjo 1984, Boyer 1984, Chui et al 1984, Mackie er al 1985b,
Mohan et al 1986). The technique involves convolving the primary photon fluence
with a kernel that describes the transport and deposition of energy by secondary
particles. The convolution kernel has been termed a dose spread array because it
describes the spread of dose from a primary photon interaction site (Mackie et al
1985b). Mohan et al (1986) have called the convolution kernel a ‘differential pencil
beam’.

In principle, the energy deposition kernels can be obtained by deconvolving
measured narrow beam dose distributions (Ahnesjo 1984). Alternatively, one can
calculate monoenergetic energy deposition kernels using Monte Carlo simulation. In
this approach, the contributions from each photon scattering order (e.g. primary, first
scatter, etc) may be obtained separately (Mackie et al 1985b). The transport of several
orders of photon scattering may be modelled analytically, but higher-order scattering
is more effectively modelled with the Monte Carlo method.

Roesch (1958) defined a distribution called an ‘influence function’ which is
equivalent to a primary energy deposition kernel and showed how it could be used to
obtain the amount of dose deposited in situations of electronic disequilibrium. The
influence function was not calculated but its first moments, called ¥ in the incident
photon direction and j in the perpendicular direction, were estimated. The first moment
X was used to approximate the ratio of dose to collision kerma B (Loevinger 1981).
Brahme (1977) analytically estimated a distribution equivalent to the primary energy
deposition kernel and the influence function.

| Currently at: Department of Medical Physics, 1300 University Avenue, University of Wi'scénsin, Madison,
WI 53706, USA.

0031-9155/88/010001 +20802.50 © 1988 IOP Publishing Ltd 1
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The EGs (electron gamma shower) Monte Carlo code is a general purpose photon-
charged-particle transport simulation system which can be used for medical physics
problems (Ford and Nelson 1978, Rogers 1982, 1984, Mackie et al 1985a, Rogers and
Bielajew 1985, Mohan and Chui 1985, Mohan er al 1986). It was originally written
at Stanford Linear Accelerator Center (SLAC) to describe the transport through matter
of photons and charged particles (electrons and positrons) from very high-energy linear
accelerators and cosmic rays. It has recently been modified (Rogers 1984, Nelson et
al 1985) for improved simulation of the transport of particles with energies relevant
to those encountered in medical physics.

This paper reports the use of EGs to produce energy deposition kernels in water
for several scattering orders at a wide range of incident photon energies. Although
the original motivation for this work was to produce a data base for the convolution
method of calculating dose distributions in radiotherapy, we have also computed
fundamental information that can be of use to predict the energy deposition behaviour
of secondary particles following photon interactions.

2. Generation of energy deposition kernels

2.1. Geometry of the simulated phantom

An EGs user code called scaspH (scatter spherical) modelled the passage of photons
and charged particles in a homogeneous sphere of water with a radius of 60 g cm™
Incident photons were forced to interact at the centre of the sphere and secondary
particles generated. The history of any particle which escaped the phantom was
terminated.

There was rotational symmetry about an axis defined by the incident photon
direction. The polar angle with respect to this axis and the radius from the origin
completely specified the voxel boundaries. Figure 1illustrates a volume element (voxel)
defined in spherical coordinates. The voxel boundaries were defined at the intersection
of 48 cones (each separated by a polar angle of 3.75°) and 24 radial shells. The distance
between the shells was smaller nearer the origin. The smallest radial spacing was

Meonoenergetic
primary photon
T W Y e s

Origin of coordinate
system and primary
photon interaction site

Figure 1. Illustration of a volume element (voxel) in a spherical water phantom with a radius of 60 gem™2,
Monoenergetic primary photons interact at the centre of the sphere.

CE
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Figure 2. The partitioning of energy into the scoring categories.

only part way. Therefore, the effective centre for these voxels is uncertain. scaspu
was used to monitor the primary energy deposited within voxels and to calculate a
weighted average position of the voxels. Two additional categories were scored for
each voxel: the effective radius 7,(i, j) and the effective cosine, cos{é;,( i, i),

Pl j) =X rn[AEp(f,j)]n(Z [AEp(f,j)]n)_ (3)

cos[ 6,(i, )]=% COS(H,.)[AEP(f,j)]n(Z [AEp(inj)]n) _ (4)

where r, is the radius corresponding to the middle of step n, cos(8,) is the cosine of
the polar angle at the middle of the step and [AE,(i, j)], is the amount of primary
generated energy deposited in the nth step within voxel i, j.

These primary energy-weighted mean quantities represent the effective centre of
the voxels for the primary energy deposition kernel. Multiplied together these quantities
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Table 2. The relative amount of energy deposited in a spherical phantom of radius 60 g cm™ as a function
of the incident photon energy. Column 2 is the fraction of incident energy deposited in the phantom from
all components. Column 3 is the percentage of the total energy fraction that is backscattered. Column 4
is the fraction of incident energy deposited in the phantom from the primary component only. The ratio
of energy absorption coefficient to the total attenuation coefficient in column 5 should equal the primary
energy fraction. Column 6 is the percentage of the primary energy fraction that is backscattered. One
standard deviation uncertainty is shown in brackets.

Total Primary Percentage of
Incident energy Percentage of energy primary
energy fraction, F, total energy fraction, F, Pl B2 energy
(MeV) (0.0004) backscattered (0.0002) (0.001) backscattered
0.10 0.9981 37.27(0.04) 0.1520 0.152° 2.71(0.01)
0.15 0.9953 33.43(0.03) 0.1853 0.186" 4.08 (0.01)
0.20 0.9928 30.08 (0.03) 0.2179 0.219" 4.56 (0.01)
0.30 0.9890 24.92 (0.02) 0.2701 0.271° 4.76 (0.01)
0.40. 0.9859 21.28 (0.02) 0.3097 0.309 4.60 (0.01)
0.50 0.9832 18.53 (0.01) 0.3411 0.341 4.401 (0.009)
0.60 0.9808 16.41 (0.01} 0.3672 0.367 4.113 (0.009)
0.80 0.9764 13.34 (0.01) 0.4079 0.407 3.642(0.007)
1.00 0.9726 11.22(0.01) 0.4388 0.439 3.216(0.007)
1.25 0.9686 9.352 (0.008) 0.4690 0.469° 2,725 (0.006)
1.50 0.9646 8.034 (0.007) 0.4923 0.492 2.413 (0.006)
2.00 0.9578 6.320 (0.006) 0.5276 0.527 1.869 (0.005)
3.00 0.9476 4.569 (0.004) 0.5745 0.574 1.216 (0.003)
4.00 0.9405 3.687 (0.004) 0.6056 0.606 0.857 (0.002)
5.00 0.9362 3.157 (0.003) 0.6308 0.631 0.631 {0.002)
6.00 0.9333 2.806 (0.003) 0.6508 0.651 0.500 (0.002)
8.00 0.9304 2.352(0.002) 0.6812 0.682 0.337 (0.001)
10.0 0.9296 2.055 (0.002) 0.7042 0.706 0.255 (0.001)
15.0 0.9306 1.583 (0.002) 0.7405 0.743 0.1560 (0.0009)
20.0 0.9316 1.282(0.001) 0.7600 0.764 0.1088 (0.0007)
30.0 0.9300 0.9116 (0.0009) 0.7728 0.784° 0.0672 (0.0005)
40.0 0.9249 0.6962 (0.0007) 0.7705 0.7849 0.0506 (0.0005)
50.0 09177 0.5612 (0.0006) 0.7618 0.778¢ 0.0408 (0.0004)

“ From Hubbell (1982) except where otherwise indicated.

® From Hubbell (1969). Corrected to exclude coherent (Rayleigh) scattering. This affects values below
300 keV only.

¢ From Hubbell (1977).

¢ From Johns and Cunningham (1983).

decreases with increasing energy. Similarly, the primary backscatter is listed in column
6 of table 2 as a percentage of the fraction of primary generated energy deposited.
The amount of primary energy backscattered also decreases with increasing energy at
incident photon energies above 300keV. The decrease in the total and primary
backscatter at higher energies is because more Compton recoil electrons and scattered
photons are projected forward.

In general, there is very little primary energy backscattered from the primary
interaction site. This suggests that the primary component represents about 1-2% of
the incident primary energy (product of the primary energy fraction and the fraction
of primary energy backscattered) at the entrance surface of a megavoltage photon
beam. This agrees with the estimate of Rogers and Bielajew (1985) for a ®*°Co beam.

224
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Figure 11. The fraction of incident energy deposited within radial shells as a function of radius for 500 keV
photons interacting at the centre of a 60 g cm™2 sphere.

A convolution calculation may be done separately for different scattering com-
ponents of dose. This allows correction for tissue heterogeneity which affects the
different scattering components in differing ways (Mackie et al 1985b). On the other
hand, if the same heterogeneity correction is being employed for all scattering orders
the total energy deposition kernel can be used (Mohan et al 1986).

The primary energy deposition kernel is difficult to obtain analytically. It can be
used in convolution calculations that obtain the scatter convolution kernels analytically
(Boyer 1984). In addition, it can also be used to generate the effect of charged particles
set in motion from any order of scattering. The photon fluence distribution for the
scattering order would be first determined analytically for each scattered photon energy
and angle. At each of these energies and angles the primary kernel corresponding to
the scattered photon energy would then be weighted with respect to the scattered
photon fluence and oriented in the same direction as the scattered photon.

The primary energy deposition kernels can also be used to estimate the transport
of charged particles in photon Monte Carlo codes instead of assuming that the energy

i =
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Figure 12. The fraction of incident energy deposited within radial shells as a function of radius for 1.25 MeV
photons interacting at the centre of a 60 g cm ™ sphere.

is deposited ‘on the spot’. Such a hybrid code would not be as accurate as a complete
coupled charged-particle-photon Monte Carlo simulation in heterogeneous media and
it could not be used to model an electron beam. However, it would have some
advantages. It would be more accurate than a Monte Carlo code which models photon
transport only. It would be much shorter and easier to write than a traditional Monte
Carlo code. Most importantly, it would avoid the caiculation time spent in simulating
the charged particle path step by step.

5. Conclusions

The energy deposition kernels for all categories were forward peaked at the highest
incident photon energies and more isotropically distributed at lower energies. This is
compatible with the finding that the amount of energy backscattered from all categories
decreases as a function of incident photon energy. The relative amount of energy
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Figure 13. The fraction of incident energy deposited within radial shells as a function of radius for 10 MeV
photons interacting at the centre of a 60 g cm > sphere.

backscattered from the primary component is very small at all incident photon energies.
Qualitatively, this indicates that the kernels behave as expected.

Quantitatively, the energy deposition kernels are in good agreement with recent
differential pencil beams of Chui and Mohan (1986). Except at the highest photon
energies, there is good agreement between the ratio of the total primary energy to the
total incident photon energy and the ratio of the energy absorption to the attenuation
coefficients. It is likely that our determination of this ratio is superior at high energies
because of the inclusion in EGs of positron annihilation in flight.

The mean radii and polar angles weighted with respect to the primary energy
deposited in a voxel were calculated for all voxels in which there was primary energy
deposited. Together these defined the effective centre of the voxels with respect to the
primary component. Except at voxels near the end of the range of the charged particles
set in motion, the effective centre of the voxel corresponds to the geometrical centre
of the voxel. This indicates that the geometrical centre of the voxel may be used to
define the location of the voxel in interpolation routines.
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A photon dose distribution model employing convolution calculations

Arthur Boyer and Ed Mok

Department of Radiology, The University of Texas Health Science Center at San Antonio, San Antonio, Texas
78284 and The Cancer Therapy and Research Center, San Antonio, Texas 78229

(Received 5 March 1984; accepted for publication 25 October 1984)

A three-dimensional photon beam calculation is described which models the primary, first-
scatter, and multiple-scatter dose components from first principles. Three key features of the
model are (1) a multiple-scatter calculation based on diffusion theory, (2) the demonstration of the
modulation transfer function of the radiation dose transport process, and (3) the use of the finite
fast Fourier transform to perform the required convolutions. The results of calculations for
cobalt-60 in a homogeneous phantom are used to verify the accuracy of the model.

Key words: photon dose distribution, photon scatter, multiple-scatter dose, convolution,

modulation transfer function

INTRODUCTION

A number of empirical and analytic models have been ex-
ploited to calculate the distribution of dose in radiation fields
used for external beam radiation therapy.’~> The model de-
scribed here is analytic and employs computed attenuation
coefficients and scattering cross sections. The model con-
volves single-point interaction kernels with the primary
beam fluence to build up the first-scatter and multiple-scat-
ter components of the field. Use of convolution techniques to
calculate scatter components has been described previously
by Dean® and Mackie.” Convolutions can be carried out us-
ing Fourier transform methods which employ the Cooley—
Tukey finite fast Fourier transform algorithm.®

The model described here is to be employed in the energy
range 1-20 MeV. In a previous communication® it was
pointed out that in principle considerable savings in compu-
tation time could be realized if the dose components could be
calculated using convolutions of the form

D(r)= L @ (r')k(r —r)dV’. (1)

The application here considers @ to be a photon fluence dis-
tribution and & to be an interaction kernel which describes
how radiation spreads out from the point r’ after an interac-
tion there. k can also be viewed as a Green’s function for
radiation dose transport. A formulation is given by which
the dose components can be computed in this form assuming
a homogeneous water phantom as the medium of propaga-
tion. It will be shown that k (r) can be calculated for the entire
radiation dose transport process. When this is done, k (r) can
be interpreted as the three-dimensional impulse response of
the dose transport process. This is possible only when ap-
proximations are made which allow & (r) to remain spatially
invariant. Although all the physical processes involved are
not strictly spatially invariant, the spatial variations are
small enough to be ignored, at least in the lower end of the
therapy energy range. In this case, the Fourier transform of
k (r) is the modulation transfer function for the physical pro-
cesses which connect a photon fluence to the radiological
dose produced by that fluence. We demonstrate these con-
cepts and calculate an analytic form of the impulse response
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k (r). We then present the results of our calculations of the
dose components and total depth dose obtained by convolu-
tion employing the finite fast Fourier transform.

METHOD

Consider a flux of photons @, [photons/cm?] of energy E,,
[MeV] moving in the + z direction and incident upon a wa-
ter surface at z = 0. The beam may in fact be multienergetic.
In this more general case the calculations described below
must be carried out for either an average energy or for sever-
al representative energies of the incident beam spectrum and
added with appropriate weighting. In what follows we will
not consider each energy explicitly, but will let it be under-
stood that an energy spectrum may be involved for x-ray
beams. Let the photons originate from a source a distance
SSD[cm] from the surface. The primary fluence distribution
in a homogeneous phantom can be calculated by essentially
tracing rays originating from the radiation source and by
applying inverse square and exponential attenuation to the
fluence along a ray. A continuous phantom is replaced in
this model by an array of calculation points. Each point is
located in the center of a voxel and can be identified by in-
dices corresponding to displacement in three dimensions.
We will, however, continue to locate the calculation points
by the vectors r. The formulas required are

&,(r) [photon/cm?]

SSD \?

= @, [photon/cm? ( —-——)
o [P | SSD + d
where @, is the photon fluence of the ray passing through the
surface tor, d is the depth into the phantom, and g [cm ™ '] is
the total linear attenuation coefficient for energy E, at the

voxel i along the ray trace path from the surface

d=s—s,, =24d,-, (3)

e “* @

where s is the distance from the source to the point of calcu-
lation, s,;, is the distance traveled by the photons from the
source to the phantom surface.

The kerma deposited by this primary fluence K, is calcu-
lable'® using the mass absorption coefficient u.,, /p and con-

© 1985 Am. Assoc. Phys. Med. 169



A convolution method of calculating dose for 15-MV x rays

T. R. Mackie,® J. W. Scrimger, and J. J. Battista

Department of Medical Physics, Cross Cancer Institute, Edmonton, Alberta, Canada T6G 1Z2
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Arrays were generated using the Monte Carlo method representing the energy absorbed
throughout waterlike phantoms from charged particles and scatter radiation set in motion by
primary interactions at one location. The resulting ‘“dose spread arrays” were normalized to the
collision fraction of the kinetic energy released by the primary photons. These arrays are
convolved with the relative primary fluence interacting in a phantom to obtain thre¢-dimensional
dose distributions. The method gives good agreement for the 15-MV x-ray dose in electronic
disequilibrium situations, such as the buildup region, near beam boundaries, and near low-density

heterogeneities.

Key words: photon dosimetry, convolution, charged particles, collision KERMA, Monte Carlo,
15-MY x rays, tissue-maximum ratios (TMR), lung corrections

I. INTRODUCTION

Present dose calculation methods are based on the assump-
tion that all of the charged-particle energy liberated by pho-
ton radiation is deposited locally at the site of interaction.
While this assumption is acceptable for cobalt-60 radiation,
it weakens for higher energy x-rays for which the range of
charged particles set in motion can be several centimeters.
The need for considering this nonlocal energy deposition has
been documented.' ™ Some photon dose calculation methods
have accounted for electronic “buildup” longitudinally
along the central axis, but none have rigorously treated the
lateral spread of charged particles set in motion.>® Young
and Kornelson’ have taken into account the dose reduction
caused by a lack of charged particles equilibrium using a
semiempirical “loss factor.”

For photon energies comparable to those of cobalt-60 ra-
diation, existing methods rely on measured tissue—-air ratio
(TAR) data that assume that the primary dose is equal to the
TAR extrapolated to a “zero-area field.” This leads to a
number of technical and fundamental problems for higher
energy photon beams. Firstly, the TAR concept is usually
replaced by a tissue-phantom ratio (TPR) which is based on
measurements made in a phantom. It becomes more difficult
to separate the contributions of primary and scattered radi-
ation because the increase in TPR caused by scatter within
the phantom must be isolated from increases caused by ex-
ternal factors® (e.g., collimators). Furthermore, extrapola-
tion to a zero-area field to obtain the primary dose is not
physically acceptable because lateral electronic equilibrium
is lost and the dose is greatly reduced.

In this work, a physically sound and consistent method
has been developed which allows calculation of three-dimen-
sional dose distributions in homogeneous or heterogeneous
phantoms irradiated with rectangular or irregularly shaped
fields of high-energy photons. The use of measured data as a
data base is abandoned and replaced with data generated
from first principles by Monte Carlo techniques. The Monte
Carlo method is used to map the spatial distribution of
charged-particle energy away from a primary photon inter-
action site. This distribution, called a primary dose spread
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array, is convolved spatially, with the kinetic energy released
at all the primary interaction sites to yield the primary dose
distribution. In a heterogeneous phantom, the dose spread
arrays need to be modified during convolution.

Any current method separating primary from scatter dose
can be improved with the methodology proposed here. Since
convolution is a well understood and documented tech-
nique, there are conceptual advantages for implementing a
convolution framework for the spread of energy due to scat-
tered photons, as well as charged particles set in motion.
(Dean has used this approach to find where the scatter dose
was being absorbed from cobalt-60 primary photons inter-
acting in one location of a water phantom.®)

The proposed method was based on concepts which will
not become obsolete as improved computational power be-
comes available. The fundamental reason for this is the
sound physical basis of the Monte Carlo and convolution
procedures. Another reason is an inherent flexibility to com-
promise between speed and accuracy. Therefore, as comput-
ers become faster, greater accuracy can be achieved without
modifying the algorithm substantially.

Il. PRIMARY DOSE SPREAD ARRAYS

A primary dose spread array (analogous to the point
spread array used in image processing) is the three-dimen-
sional spatial distribution of energy deposited by electrons
and positrons which spread from the site of the primary pho-
ton interactions. It is generated by tracking the motion of
charged particles away from primary interaction sites occur-
ring within a cubic volume element (voxel). These charged
particles are followed, using the Monte Carlo method, in a
homogeneous phantom consisting of voxels of the same size,
atomic number, and density. The amount of energy deposit-
ed at, and in the neighborhood of, the interaction voxel is
scored. Figure 1 illustrates the procedure schematically.

The incident photon fluence spectrum was not known and
could not easily be measured. However, the spectrum was
chosen by comparing measured depth dose values with the
results of “electron gamma shower” (EGS) Monte Carlo sim-
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Generation of photon energy deposition kernels using the EGs
Monte Carlo code
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Abstract. . The EGs Monte Carlo code was used to generate photon energy deposition
kernels which describe the energy deposited by charged particles set in motion by primary,
first scattered, second scattered, multiple scattered and bremsstrahlung plus annihilation
photons. These were calculated for a water medium irradiated with monoenergetic photons
with energies in the range 0.1-50 MeV. In addition to the primary energy deposition
kernels, primary charged particle transport was further characterised by computing the
effective centre of the voxels, and the effective penetration depth, effective radius and
effective lateral distance travelled by these particles. The dose per unit collision kerma for
parallel monoenergetic primary photons 8’ was calculated. Additional applications of the
energy deposition kernels are discussed.

1. Introduction

A number of authors have proposed that photon dose be calculated using convolution
mathematics (Dean 1980, Mackie 1983, 1984, Mackie and Scrimger 1984, Boyer and
Mok 1984, 1985, Ahnesjo 1984, Boyer 1984, Chui et al 1984, Mackie et al 1985b,
Mohan et al 1986). The technique involves convolving the primary photon fluence
with a kernel that describes the transport and deposition of energy by secondary
particles. The convolution kernel has been termed a dose spread array because it
describes the spread of dose from a primary photon interaction site (Mackie et al
1985b). Mohan et al (1986) have called the convolution kernel a ‘differential pencil
beam’.

In principle, the energy deposition kernels can be obtained by deconvolving
measured narrow beam dose distributions (Ahnesjo 1984). Alternatively, one can
calculate monoenergetic energy deposition kernels using Monte Carlo simulation. In
this approach, the contributions from each photon scattering order (e.g. primary, first
scatter, etc) may be obtained separately (Mackie et al 1985b). The transport of several
orders of photon scattering may be modelled analytically, but higher-order scattering
is more effectively modelled with the Monte Carlo method.

Roesch (1958) defined a distribution called an ‘influence function’ which is
equivalent to a primary energy deposition kernel and showed how it could be used to
obtain the amount of dose deposited in situations of electronic disequilibrium. The
influence function was not calculated but its first moments, called X in the incident
photon direction and j in the perpendicular direction, were estimated. The first moment
X was used to approximate the ratio of dose to collision kerma B (Loevinger 1981).
Brahme (1977) analytically estimated a distribution equivalent to the primary energy
deposition kernel and the influence function.

| Currently at: Department of Medical Physics, 1300 University Avenue, University of Wisconsin, Madison,
WI 53706, USA.
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The accuracy of dose computation within the lungs depends strongly on the performance of the
calculation algorithm in regions of electronic disequilibrium that arise near tissue inhomogeneities
with large density variations. There is a lack of data evaluating the performance of highly devel-
oped analytical dose calculation algorithms compared to Monte Carlo computations in a clinical
setting. We compared full Monte Carlo calculations (performed by our Monte Carlo dose engine
MCDE) with two different commercial convolution/superposition (CS) implementations
(Pinnacle-CS and Helax-TMS’s collapsed cone model Helax-CC) and one pencil beam algorithm
(Helax-TMS’s pencil beam model Helax-PB) for 10 intensity modulated radiation therapy (IMRT)
lung cancer patients. Treatment plans were created for two photon beam qualities (6 and 18 MV).
For each dose calculation algorithm, patient, and beam quality, the following set of clinically
relevant dose-volume values was reported: (i) minimal, median, and maximal dose (D,,,;,, D+, and
D,,..,) for the gross tumor and planning target volumes (GTV and PTV); (ii) the volume of the lungs
(excluding the GTV) receiving at least 20 and 30 Gy (V,, and V3;) and the mean lung dose; (iii) the
33rd percentile dose (D33) and D,,,, delivered to the heart and the expanded esophagus; and (iv)
D,,.. for the expanded spinal cord. Statistical analysis was performed by means of one-way analysis
of variance for repeated measurements and Tukey pairwise comparison of means. Pinnacle-CS
showed an excellent agreement with MCDE within the target structures, whereas the best corre-
spondence for the organs at risk (OARs) was found between Helax-CC and MCDE. Results from
Helax-PB were unsatisfying for both targets and OARs. Additionally, individual patient results were
analyzed. Within the target structures, deviations above 5% were found in one patient for the
comparison of MCDE and Helax-CC, while all differences between MCDE and Pinnacle-CS were
below 5%. For both Pinnacle-CS and Helax-CC, deviations from MCDE above 5% were found
within the OARs: within the Iungs for two (6 MV) and six (18 MV) patients for Pinnacle-CS, and
within other OARs for two patients for Helax-CC (for D,,,, of the heart and D33 of the expanded
esophagus) but only for 6 MV. For one patient, all four algorithms were used to recompute the dose
after replacing all computed tomography voxels within the patient’s skin contour by water. This
made all differences above 5% between MCDE and the other dose calculation algorithms disappear.
Thus, the observed deviations mainly arose from differences in particle transport modeling within
the lungs, and the commissioning of the algorithms was adequately performed (or the commission-
ing was less important for this type of treatment). In conclusion, not one pair of the dose calculation
algorithms we investigated could provide results that were consistent within 5% for all 10 patients
for the set of clinically relevant dose-volume indices studied. As the results from both CS algo-
rithms differed significantly, care should be taken when evaluating treatment plans as the choice of
dose calculation algorithm may influence clinical results. Full Monte Carlo provides a great bench-
marking tool for evaluating the performance of other algorithms for patient dose
computations. © 2006 American Association of Physicists in Medicine.

[DOT: 10.1118/1.2241992]

Key words: Monte Carlo, convolution/superposition, pencil beam, lung cancer, intensity modulated

radiation therapy (IMRT)

Med. Phys. 33 (9), September 2006 0094-2405/2006/33(9)/3149/10/$23.00 © 2006 Am. Assoc. Phys. Med.

3149



NERS 590

Introduction to Radiological Physics and Radiation Dosimetry
aka Dosimetry

Lecture Notes for Chapter 7: lonization chamber-based air kerma standards

The lecture number corresponds directly to the chapter number in the online book.
The section numbers, and equation numbers correspond directly to those in the online book.

(©Alex F Bielajew 2013, Nuclear Engineering and Radiological Sciences, The University of Michigan




lonization chamber-based air kerma standards

1. Bragg-Gray cavity theory
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3. Modern cavity theory

4. Interface effects

5. Saturation corrections

6. Burlin cavity theory

7. The dosimetry chain
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Chapter 7.1: Bragg-Gray cavity theory

Imagine a planar interface formed by two materials.

e o the left, z < 0, is material “w", or “wall”

e To the right, z > 0, is material “g", or “gas’

2<Lo 2= So
wald as

“o % 'é'

e '\nu)\
EPAS A RONC Y /—F: (e ._,’-x,u&;\
\
T B e gy
E:_KEL ,‘1)“35-“—'.\
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Consider an electron transport model in the vicinity of the interface where energy losses
are computed using the total mass collision stopping power.

That is, 0-rays are not transported explicitly, but their energies are “rolled up” in the
stopping powers.

Imagine than an electron fluence, represented by ®’(E,, .y, z) crosses that interface.

Since electron fluence is conserved at the interface
(an interface can not cause a deflection),
we can say that,

ONE,, z,y,0-) = NE,, z,y,0+) = ®*(E,,x,y,0) . (1)
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The doses on either side of the interface are, however, discontinuous:

Dw(xa Y, O_) - / Ak q)g(xa Y, O)SW(E€> )
0

and,

Dg(xaya O_|_) :/ dq)S('r:y?O)Sg(Ee) )
0

from which we can infer that,

Dg(xa ya O—I_)
Dw(xa Y, O_)

where,

(E)g _ fOOO dEe q’g(% Y, O)‘Sg(Ee)
v fooo dE,. Y(z,y,0)sw(F,)

= (5)%

Nuclear Engineering and Radiological Sciences
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Now consider a volume of material “w" (wall material). We wish to measure the dose at
some point T in “w" by placing within it, a gas cavity “g" that has & within its domain.
Thus, under the following assumptions:

BG-1 the size of the gas layer is so small that in any dimension it is smaller than R, the
electron range in the “w" material,

BG-2 the dose in the cavity is assumed to be deposited entirely by electrons crossing it,

photon interactions in the cavity may be ignored,
then,

Dy,(Z) = Dg(T)(3)y - (6)

That is, we can determine the dose to the wall material from a measurement of the dose
to the gas.
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Note that under conditions of charged particle equilibrium, but with the proviso that the
atomic composition of the gas and wall material are the same, BG-1 may be relaxed, and
the cavity allowed to assume any shape and size.

Under these conditions, we may also write,

KX(7) = KE(T)(5)y - (7)

g
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Exposure measurements

lonization chamber measurements are made in terms of exposure. Dose and “exposure”
are related by the following relation,

- (39)(2),

where, AQ) is the charge of the ions of one sign collected (assuming complete collection)
from the “active volume” of the gas during irradiation, Am is the mass of the “active

W

volume” of the gas, and ( - ) is the average energy deposited in the gas divided by the
g

charge of one of the ion pairs, per ion pair created.

The concept of “active volume” just means that volume of the gas for which electric field
lines can sweep ions toward the electrodes. There may be “guard” volumes or inactive
volumes that still logically comprise the cavity volume, but do not participate in sweeping
the ions toward the electrodes.
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Therefore, assuming an exposure measurement has been made, we may write,

L (AQ\ (W,
Dy = o )\ o (5)y - (9)
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Corollary 1: Same wall, different gases

Consider two exposure measurements involving the same instrument involving the same

source of radiation, but one in which the gas may be substituted. |t can be shown, from
(9), that,

AQy _ (p\ (V/e)y .,
AQl o (p1> (W/6)2 (S)g1 ) (10)

It appears that the wall material has vanished from the above equation! However, it is
still there, represented by the electron fluence within it, in the stopping power ratio

That the fluence is not perturbed by the gas cavity deserves the same emphasis here.
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Corollary 2: Different walls, same gases

Consider two exposure measurements involving two similar instruments involving the same
source of radiation, but one in which the wall material may be different, and the gas, while
remaining the same, may occupy a different volume.

To start, imagine that the cavity region is filled with wall material. Under conditions of
charged particle equilibrium, we note that the dose to any point in this location is,

DI = K= [ B, V(B (). (11)
or,
D" = Ui, . (12)
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Here,

\If:/O dEV\IJ(EV) , (13)
and,
_ 1 [~
Hen = 6/0 dEy U(E,)pen(ES) -, (14)
Therefore,
Dy, Cw
ij = (Fen)uy (15)
where,

“AE,V(E ) u¥2(E
(ﬁen)WQ L fO Y ( ”/)luen< 'Y) (16)

Y[ AE (B, sl (E)
from which it can be shown, from (9), that,
AQ? A‘/Q — \W9 [—\W]

— [ === : 17
o= (59) ma o a7)

It appears that the gas material has vanished from the above equation, except for the
volume they occupy. This is an interesting consequence of radiation equilibrium.
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Spencer-Attix cavity theory

Spencer and Attix improved on Bragg-Gray cavity theory by using restricted stopping pow-
ers, assuming that the high-energy o0-ray fluence spectrum might be insensitive to atomic
differences as the interface.

Therefore, the foregoing discussion may be modified straightforwardly by employing re-
stricted stopping powers.

lgnoring the contribution of bremsstrahlung to the stopping power, the dose may be
calculated from

D = /OO dE . (EV.(E,A) , (18)

where A is the energy above which electrons can be set in motion and contribute to the
electron fluence spectrum, ¢, (F).

The choice of A is an interesting one. General practice is to set A to an energy that
corresponds to a an electron range, R.(A), in the gas material that is characteristic of
the size of the cavity, or less.
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To my knowledge, this parameter has not been effectively tested over a range of materials
and parameter-size selections.

Direct analytic calculations of (18) are problematic, as there is no sufficiently accurate
theory to predict ®.(F).

However, as we shall soon see in “Modern Cavity Theory” that analytic calculations still
have an important role to play.
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Modern cavity theory

The existence of radiation equilibrium is a mathematical fiction, yet, it is closely approxi-
mated by thick-walled ionization chambers.

In this section we develop modern cavity theory and demonstrate the important role of
radiation equilibrium conditions and the role of Fano's theorem.

Consider a volume of gas material in which there exists an electron fluence of any character.

The dose to that gas, obtained by integrating over the energy deposited in the gas, and
dividing by it's mass, may be written as:

1
D, = v/dEG/dfgpg(Ee,f)Rg(Ee,f) , (19)
g

where V} is the volume of the gas, gpg(Ee, ') is the electron fluence arising from all sources,
and R,(E,,T) is a response function of the gas, that has units F'L*/M.
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We keep the discussion general for now, but have in mind to use restricted stopping powers
later on. Henceforth, we will employ a a compact notation for the above,

D, = / 0o Ry - (20)
We would like to transform (19) into a form that exhibits radiation equilibrium explicitly.

It will take many steps to get there.

First, split the electron fluence into that which arises from the primary interaction of a
photon, including all d-rays.

Bremsstrahlung and annihilation photons are considered, but if they produce an electron
fluence in the cavity, that fluence goes into the “scattered” part.
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Therefore, we write, ¢, = gog + 902, and we rewrite the dose as,

Dg - (/ @gRg> Ascat ) (21)

where

1+ (f WzRg)
J ngg

Ascat is usually close to unity, for most ionization chambers, since the scattered radiation

that results in ionization in the chamber is usually overwhelmed by the primary ionization.

Ascat — (22)

Now the strategy is revealed.

We will keep simplifying the electron fluence until we get it into equilibrium, and produce
correction factors that are close to unity (we hope) and amenable to analytic or Monte
Carlo calculations.

Nuclear Engineering and Radiological Sciences NERS 312: Lecture 7, Slide # 272:7.3



The primary photon fluence is not yet in equilibrium, since it is attenuating across the
chamber.

Therefore, assume that we can undo this this contribution to disequilibrium, thereby

producing a primary electron fluence that arises from unattenuated primary photons. We
call this fluence, gbg; and rewrite (21) as,

Dg — (/ @gRg) AscatAatt ) (23)

(24)
As A,..; is close to, but greater than unity, A.;; is close to, but less than unity.

To some extent they undo each other, as the action of attenuation usually leads to scat-
tered radiation.
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We still have not completely undone primary photon disequilibrium, because the photon
fluence arises from a geometric source, usually a near-point source, at some distance from
the chamber, yet close enough that the fluence is in some small disequilibrium.

Nonetheless, 1/r*-effects and other geometric effects must be undone.

We determine the photon fluence at the center of the chamber (one may use the center-
of-mass to define this) and call this the point of measurement.

The source can then be converted into a broad parallel beam with the same energy

: : : -0, :
spectrum. Now we rename the electron fluence obtained in this way, ¢, H, and rewrite as,

D, = ( / @2"Rg) AscatAatt Apn (25)
where
f SOQRg

Apn — .
-0,
f Pg HRg

(26)
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A typical source configuration for a standards measurement is a small radioactive source
about 1 cm across at a distance of 100 cm. So, this correction is near unity as well, but
is can be less than, or greater than unity, depending on the design of the instrument.

Now, the primary photon fluence that set the electrons in motion is now in equilibrium,
however, the electron fluence is not. Imagine that we have wall material in the place of
the cavity, and we employ that fluence, but with the gas response function. That permits
a rewrite of (25) as,

D, = ( / @%'Rg) Aseat Aut ApnAp | (27)
where
A — J Pyl (28)
AR,

Pw Lig
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Aq is a correction that accounts for the perturbation of the electron fluence by the differ-
ence in atomic composition of the gas cavity. If the atomic composition of the gas and
the wall is not too dissimilar, this is expected to be a small effect.

We may also rewrite (27) to be,

D, = ( / @%'RW) Ascar Aatt ApnAg (38 (29)

where

B [ 'R

(5)5 = = . (30)
[ @R,

Here we identify (5)° as a generalized “stopping power” ratio. We can also identify the
first term in (29) as the dose to the wall material due to primary photons in a state of
complete radiation equilibrium.
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Thus, (29) can also be expressed as,

Dy = WO"'(ﬂen)W (5)5 Ascat At ApnAa | (31)
where,

P =507 [ 4B VN (E pon(B) (32)
Finally, we may rewrite (32) as, or equivalently,

Dy = K (Tey)¥ (3% AscarAatt ApnAg (33)
or

Dy

0 H <Iuen) ( >g ASCatAattApnAﬂ
Kcg
which relates a real measurement of dose to the gas to its collision Kerma, Kg’g‘;l, under

conditions of radiation equilibrium. The connection between the two is really a ratio of
factors quite close to unity.
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Chapter 7.4: Interface effects

This topic has to be researched further, before it can be presented, in a coherent fashion,
to students. Remember to tune in, in a year or two.
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Chapter 7.5: Saturation corrections

In all the previous discussion, it was assumed that the radiation produced ions of both
signs in the gas of an ion chamber, and that these ions were completely collected at the
electrodes. However, many physical phenomena can interfere with complete collection.

e lons can recombine in the ionization column of the charged particle track. This “initial”
or “columnar” recombination has been discussed by G. Jaffe [Ann Physik, 42, 303-344
(1913)] and H. Zanstra [Physica, 2, 817-824 (1935)]. For medical applications, this
effect is thought to be negligible. However, the effect is more prominent for intense
beams, and it is unclear whether the pulsed beams of modern linacs may be effected.
More work is needed on this topic.

e lons that have drifted away from the ionization column can recombine, reducing the
collection efficiency. This effect must be corrected for, and forms the bulk of the
following discussion.

e The shape of the saturation curve (collection efficiency vs. applied voltage) can be dif-
ferent if free electrons are collected. This has been discussed by Bielajew [Med. Phys.
12, 197 (1985)], and found to be inconsequential for medical physics applications.
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e Poor chamber design can lead to dead areas where ions can collect and reduce the
efficiency, or sharp points can generate spurious ions. Poor chamber design can also
allow ions to diffuse out from the collection zone.

The atomic/molecular composition of the gases in ion chambers have different behav-
iors, when exposed to radiation. Most ion chambers employed in medical physics ap-
plications have their gas cavities exposed to air. Dry air is comprised of N5:0.78084,
0,:0.20946, Ar:0.00934, C0,:0.00035, and traces of Ne:0.00001818, He:0.00000524,
CH,:0.000001745, Kr:0.00000114, and 0,:0.00000055. Thus, air has about a 21% elec-
tronegative (scavenges and attaches free electrons to form negative ions) component
(mostly O3), and a 79% non-electronegative component.

Under normal conditions, all of the free electrons in air attach to its electronegative com-
ponent. The radicals in air have a drift velocity of ~ 1 cm/s/(V/cm), while free a free
electron’s drift velocity can be ~ 1000 cm/s/(V/cm).

Nuclear Engineering and Radiological Sciences NERS 312: Lecture 7, Slide # 280:7.5



Humidity plays an important role as well, since water vapor is electronegative, and can be
up to a few percent of the total mass of air.

Saturation theory, or ion-collection efficiency theory, for ion chambers exposed to contin-
uous beams, such as radiative sources, is the most developed. Pulsed beams, or scanned
beams must be treated treated differently, and are discussed in the next section. The
theory for pulsed beams is discussed in the next section.
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Continuous beams

The investigation of volume recombination in parallel-plate ionization chambers exposed
to continuous beams (from radiative sources) has a long history in physics. E. Rutherford
and J. J. Thomson [Philos. Mag. 42, 392 (1896)] reported the first measurements of the
saturation curve, and Thomson [Philos. Mag. 47, 253 (1899)]| later proposed a theory
that may be used to study the details of the saturation curve in terms of the applied
voltage, ionic mobilities, volume recombination, and self fields (space-charge effect) of
single positive and negative charge carriers.

The Thomson differential equations are mathematically complex, and analytic solutions
which are valid for the entire saturation curve have not been found. An exhaustive mathe-
matical treatment has been given by G. Mie [Ann. Phys. (Leipzig) 13, 857 (1904)], based
on an iterative approach to the Thomson equations, and he gives simple analytic forms at
both low and high collection efficiencies.
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The near-saturation (high collection efficiency) region has had the most relevance for med-
ical physics. J. W. Boag and T. Wilson [Br. J. Appl. Phys. 3, 222 (1952)], and Boag
[5J. W. Boag, "lonization Chambers,” in Radiation Dosimetry, 2nd ed., edited by F. H.
Attix and W. C. Roesch (Academic, New York, 1966), Vol. 2] have developed simpler
theories that adequately describe the saturation curve near full collection efficiency for
most practical applications. They all agree with Mie's expression near saturation. The
region of low collection efficiency has been studied less thoroughly.

J. S. Townsend [J. S. Townsend, Electricity in Gases (Clarendon, Oxford, 1915)] has de-
rived an analytic solution to the Thomson theory which is valid for the entire saturation
curve in the approximation that the space-charge effect can be neglected. This solution
agrees with the near-saturation expressions of Mie, Boag and Wilson, and Boag, and also
with Mie's expression at low collection efficiency, if the ion mobilities are equal. This is
nearly true for air, a common ion chamber gas.

Bielajew [Med. Phys. 12, 197 (1985)] showed that the Townsend solution provide a good
fit to the entire saturation curve and it serves as a good basis for improved approximations.
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Correcting for incomplete ion collection: the two-voltage technique

For ion chamber in continuous beams, in the near saturation region, where ion collection
efficiencies are greater than about 0.9, it can be shown that the charge collected, (), and
the charge produced, (), are related by:

1 1 C

Q Qo Ty

where c is a constant that depends on chamber design, as well as temperature, humidity
and pressure.

Charge collection measurements are precise enough, so that it is sufficient to measure
the charge collected at two voltage, V7, the normal operating voltage, as specified by the
manufacturer of the chamber, and a second voltage, V5, usually half that of V;.

The constant ¢ can be determined from the measurements to be:

~(aa)/ )
C\Q2 Ve V2

Once having done this, the multiplicative correction to the charge collected at the normal
operating voltage is:

a-(-%)
Q: V2
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Pulsed and scanned beams
For pulsed and scanned beam, the two-voltage technique, can be applied, although the
relationship is different:

1 B 1 N C

Q Q V’

Replacing V2 with V works, although once must be close to saturation, with collection
efficiencies needing to be greater than 0.96.

Corrections for diffusive losses, usually not a factor in these applications, also falls under
the 1/V behavior.

It is necessary to completely characterize the saturation characteristics of one's chamber,
by mapping out its response over a range of voltages, before using it in practice.

In cases where neither law applies, a more complicated expression may be used, where a
combination of the two:

11 e, e

Q Q V V2

necessitating 3 measurements per calibration, and a slightly more complicated, but obvi-
ous, arithmetic procedure.
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Chapter 7.6: Burlin cavity theory

This is an application of the interface effect. The same comment applies here, as it did
to that section.
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Chapter 7.7: The dosimetry chain

We start with (33), but expressed as a charge measurement of the primary standard
instrument in a Standards Laboratory. That is,

AQN (W 0

— ) (—) =D, =K\ Ag 34
(5) (%), )y (505 ([T (34
where (]] A) is the product of all the “A” correction factors.

We can can rewrite the above as,

) (®
Amg € )y

(Ten )y (5)y (ITA)s
All the factors on the right hand side are known accurately by the Standards Laboratory,

and thus, an internal calibration of the primary chamber provides a measurement of the
primary Kerma at the Standard Laboratory.

0,]] _
Kc,g o

(35)
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Now, consider a client's chamber, subject to a charge measurement in the standard field
of the Standards Laboratory, namely,

(39) () = st 9% [T A @0

This, taken in ratio with a similar measurement of the standard chamber yields,

AmC o AmS(AQ> (:uen WC H A (37)

All quantities on the right hand side are measured or calculable. Therefore, the measure-
ment in the Standards Laboratory is tantamount to measuring the active mass of gas in
the client’'s chamber.

Once the client receives their chamber, they wish to determine the dose to the air cavity
of an ion chamber in their beam. Thus, they measure,

2-(),0),

back in, for example, their hospital setting.
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The only unknown in (38) is the mass of the gas in their standard chamber, and this is
provided by the calibration from the Standards Laboratory.

How one goes from dose in the gas to the dose to the medium in the client’s laboratory
is the subject of various dosimetry protocols which will not be compared here.

However, before concluding, it it worthy to note how robust the calibration is.

All the factors on the right hand side of (37) are very well known, typically to less then
several 10'ths of a percent.

Nuclear Engineering and Radiological Sciences NERS 312: Lecture 7, Slide # 289:7.7



	H01
	H02
	H04
	H05
	Ho6
	H07
	H08
	H09
	H10



