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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 radiological 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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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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70 CHAPTER 4. MACROSCOPIC RADIATION PHYSICS

Since there should be a unique solution to the transport equation, this solution, independent
of  x is also a solution to the space-dependent equation 4.42. Therefore, invoking this property
of uniqueness, we may identify n( x,  Ω, E) in equation 4.42 with n0( Ω, E) in equation 4.43.

Therefore, under the conditions specified by expressions 4.41,

 ∇n( x,  Ω, 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  x, 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.
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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 ẑ-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 σ(E). At some depth x, the probability of a single particle in the
beam interacting with one of the scattering centers is:

dp = ns( x)(dBdz)
(

σ

dB

)

, (4.24)

where ns(x) is the density of scatterers (units: L
−3), ns(x)dBdx is the number of scatterers

in dBdx, and σ/B is the fractional area covered by the scatterers. Assuming, for the time
being, that the scatterers are atomic centers, we may write,

dp = ρ( x)
NA

A
σdz , (4.25)

where ρ( x) is the mass density (units: ML−3), NA is Avogadro’s number (6.023×1023(mole−1)
and A is the atomic mass (units: M-mole−1). Therefore, the change in primary fluence is
described by,

dΦ0( x) = −Φ0( x)µρ( x)dz , (4.26)

where

µ =
NA

A
σ , (4.27)

µ is the mass linear attenuation coefficient (units: L2/M). It 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

Σ( x) = ρ( x)µ , (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,

Φ0( x,E) = Φ0( x; z = 0, E) exp
(

−
∫ z

0
dz µ(E)ρ(x, y, z′)

)

. (4.29)
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4.4. ATTENUATION, RADIOLOGICAL PATHLENGTH 67

The factor,

∫ z

0
dz µ(E)ρ(x, y, z′) , (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:

Φ0( x,E) = Φ0( x; z = 0, E)e
−µ(E)ρz , (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  xS, and its unit normal n̂( xS). The solid angle
element of that surface element

dΩ = dS
|n̂( xS) · ( x−  xS)|

| x−  xS|3
, (4.32)

which is just the surface element, divided by the r−2 term, times the magnitude of the cosine
of the angle between n̂ and the vector  x−  xS.

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

ΩS =
∫

Sv

dS
|n̂( xS) · ( x−  xS)|

| x−  xS|3
, (4.33)

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

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

ΩS =

∣

∣

∣

∣

∣

∫

S
dS

n̂( xS) · ( x−  xS)

| x−  xS|3

∣

∣

∣

∣

∣

. (4.34)

The absolute value is required because the direction of n̂ is arbitrary.
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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 ṅ( x′,  Ω, E, t)d x′. A measurement of fluence at  x is,

dϕi( x,E, t) =
1

4π

ṅ( x′,  Ω�x−�x′, E, t)d x′

( x−  x′)2
exp

(

−
∫ �x

�x′
dl µ(E, l)ρ(l)

)

, (4.35)

where the integral over l 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

ϕi( x,E, t) =
1

4π

∫

V

ṅ( x′,  Ω�x−�x′, E, t)d x′

( x−  x′)2
exp

(

−
∫ �x

�x′
dl µ(E, l)ρ(l)

)

. (4.36)

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

Φ(E) = n0
e−µ(E)ρr

4πr2
. (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,

MD←S(E) =
∫

D
d xΦi( x,E)R(E) =

1

4π

∫

D
d x
∫

S

n( Ω|�x−�x′|, E)d x
′

( x−  x′)2
exp

(

−
∫ �x

�x′
dl µ(E, l)ρ(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( Ω�x−�x′, E) = n( Ω|�x−�x′|, E). This is the case
for isotropic sources, and can be arranged for directional sources.

Note that

MD←S(E) =MS←D(E) , (4.39)
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NERS590/Dosimetry/Lecture 7

• Cavity theory

• Review of electron transport applicable to the above

• The Convolution Method for photon dose deposition

• Prerequisite reading, Chapters 10 (Cavity Theory) in Attix.

• Read Attix, Chapter 12, for next time

NERS590/Dosimetry Slide # 210



Cavity theory and dosimetry

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

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

• 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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Monte Carlo of an thin ion chamber subject to 60Co γ

NERS590/Dosimetry Slide # 212



Thin chambers

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

• 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%.

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

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

• For now, we will focus on the reason why they work so well.
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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  0.1-50MeV.  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 p’  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 a1 1985b, 
Mohan et a1 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 a1 
1985b).  Mohan et a1 (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 a1 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 .f in  the  incident 
photon  direction  and j in the  perpendicular  direction,  were  estimated.  The first moment 
f was used  to  approximate  the  ratio of dose  to  collision  kerma p (Loevinger  1981). 
Brahme (1977) analytically  estimated  a  distribution  equivalent  to  the  primary  energy 
deposition  kernel  and  the  influence  function. 
1 1  Currently  at:  Department  of  Medical  Physics, 1300 University  Avenue,  University  of  Wisconsin,  Madison, 
W1 53706, USA. 
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Accuracy of patient dose calculation for lung IMRT: A comparison
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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 �Dmin, D50, and
Dmax� 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 �V20 and V30� and the mean lung dose; �iii� the
33rd percentile dose �D33� and Dmax delivered to the heart and the expanded esophagus; and �iv�
Dmax 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 lungs for two �6 MV� and six �18 MV� patients for Pinnacle-CS, and
within other OARs for two patients for Helax-CC �for Dmax 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.
�DOI: 10.1118/1.2241992�

Key words: Monte Carlo, convolution/superposition, pencil beam, lung cancer, intensity modulated
radiation therapy �IMRT�
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Chapter 7.1: Bragg-Gray cavity theory

Imagine a planar interface formed by two materials.

• To the left, z < 0, is material “w”, or “wall”

• To the right, z > 0, is material “g”, or “gas”
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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, δ-rays are not transported explicitly, but their energies are “rolled up” in the
stopping powers.

Imagine than an electron fluence, represented by Φ0
e
(Ee, x, y, z) crosses that interface.

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

Φ0
e
(Ee, x, y, 0−) = Φ0

e
(Ee, x, y, 0+) = Φ0

e
(Ee, x, y, 0) . (1)
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The doses on either side of the interface are, however, discontinuous:

Dw(x, y, 0−) =

∫ ∞

0

dEeΦ
0
e
(x, y, 0)sw(Ee) , (2)

and,

Dg(x, y, 0+) =

∫ ∞

0

dΦ0
e
(x, y, 0)sg(Ee) , (3)

from which we can infer that,

Dg(x, y, 0+)

Dw(x, y, 0−)
= (s)gw (4)

where,

(s)gw ≡

∫∞

0
dEeΦ

0
e
(x, y, 0)sg(Ee)

∫∞

0
dEeΦ0

e
(x, y, 0)sw(Ee)

. (5)
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Now consider a volume of material “w” (wall material). We wish to measure the dose at
some point ~x in “w” by placing within it, a gas cavity “g” that has ~x 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
w
e
, 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,

Dw(~x) = Dg(~x)(s)
w
g . (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,

K
w
c
(~x) = K

g
c
(~x)(s)wg . (7)
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Exposure measurements

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

Dg =

(

∆Q

∆m

)(

W

e

)

g

, (8)

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

volume” of the gas, and
(

W

e

)

g
is the average energy deposited in the gas divided by the

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,

Dw =

(

∆Q

∆m

)(

W

e

)

g

(s)wg . (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. It can be shown, from
(9), that,

∆Q2

∆Q1

=

(

ρ2

ρ1

)

(

W/e
)

1
(

W/e
)

2

(s)g2g1 . (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,

D
CPE
w = Kc =

∫ ∞

0

dEγ Ψ(Eγ)µen(Eγ) , (11)

or,

D
CPE
w = Ψµen . (12)
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Here,

Ψ =

∫ ∞

0

dEγ Ψ(Eγ) , (13)

and,

µen =
1

Ψ

∫ ∞

0

dEγ Ψ(Eγ)µen(Eγ) . , (14)

Therefore,

Dw2

Dw1

= (µen)
w2
w1

, (15)

where,

(µen)
w2
w1

=

∫∞

0
dEγ Ψ(Eγ)µ

w2
en (Eγ)

∫∞

0
dEγ Ψ(Eγ)µ

w1
en (Eγ)

, (16)

from which it can be shown, from (9), that,

∆Q2

∆Q1

=

(

∆V2

∆V1

)

(µen)
w2
w1
(s)w1

w2
. (17)

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 δ-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.

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

D =

∫ ∞

0

dE Φe(E)ℓc(E,∆) , (18)

where ∆ is the energy above which electrons can be set in motion and contribute to the
electron fluence spectrum, Φe−(E).

The choice of ∆ is an interesting one. General practice is to set ∆ to an energy that
corresponds to a an electron range, Re(∆), 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 Φe(E).

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:

Dg =
1

Vg

∫

dEe

∫

d~xϕg(Ee, ~x)Rg(Ee, ~x) , (19)

where Vg is the volume of the gas, ϕg(Ee, ~x) is the electron fluence arising from all sources,
and Rg(Ee, ~x) is a response function of the gas, that has units EL

2
/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,

Dg =

∫

ϕgRg . (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 δ-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, ϕg = ϕ
0
g + ϕ

s
g, and we rewrite the dose as,

Dg =

(
∫

ϕ
0
gRg

)

Ascat , (21)

where

Ascat =
1 +

(∫

ϕ
s
gRg

)

∫

ϕ0
gRg

. (22)

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.

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.
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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, ϕ̃0

g and rewrite (21) as,

Dg =

(
∫

ϕ̃
0
gRg

)

AscatAatt , (23)

where

Aatt =

∫

ϕ
0
gRg

∫

ϕ̃0
gRg

. (24)

As Ascat is close to, but greater than unity, Aatt 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/r2-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

spectrum. Now we rename the electron fluence obtained in this way, ϕ̃
0,||
g , and rewrite as,

Dg =

(
∫

ϕ̃
0,||
g Rg

)

AscatAattApn , (25)

where

Apn =

∫

ϕ
0
gRg

∫

ϕ̃
0,||
g Rg

. (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,

Dg =

(
∫

ϕ̃
0,||
w Rg

)

AscatAattApnAfl , (27)

where

Afl =

∫

ϕ̃0
gRg

∫

ϕ̃
0,||
w Rg

. (28)
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Afl 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,

Dg =

(
∫

ϕ̃
0,||
w Rw

)

AscatAattApnAfl (s)
g
w , (29)

where

(s)gw =

∫

ϕ̃0
gRg

∫

ϕ̃
0,||
w Rw

. (30)

Here we identify (s)gw 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,

Dg = Ψ0,||(µ
en
)w (s)

g
wAscatAattApnAfl , (31)

where,

(µ
en
)w =

1

Ψ0,||

∫ ∞

0

dEγ Ψ
0,||(Eγ)µen(Eγ) . (32)

Finally, we may rewrite (32) as, or equivalently,

Dg = K
0,||
c,g (µen

)wg (s)
g
wAscatAattApnAfl , (33)

or

Dg

K
0,||
c,g

= (µ
en
)wg (s)

g
wAscatAattApnAfl

which relates a real measurement of dose to the gas to its collision Kerma, K
0,||
c,g , 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.

• Ions 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.

• Ions 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.

• 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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• 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 N2:0.78084,
O2:0.20946, Ar:0.00934, CO2:0.00035, and traces of Ne:0.00001818, He:0.00000524,
CH4:0.000001745, Kr:0.00000114, and O2:0.00000055. Thus, air has about a 21% elec-
tronegative (scavenges and attaches free electrons to form negative ions) component
(mostly O2), 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).
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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.

Nuclear Engineering and Radiological Sciences NERS 312: Lecture 7, Slide # 282:7.5



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, ”Ionization 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, Q, and
the charge produced, Q0, are related by:
1

Q
=

1

Q0

+
c

V 2
,

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, V1, the normal operating voltage, as specified by the
manufacturer of the chamber, and a second voltage, V2, usually half that of V1.

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

c =

(

1

Q2

−
1

Q1

)/(

1

V
2
2

−
1

V
2
1

)

.

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

Q0

Q1

=

(

1−
cQ1

V 2

)−1

.
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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

Q
=

1

Q0

+
c

V
,

Replacing V
2 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:
1

Q
=

1

Q0

+
c1

V
+

c2

V 2
,

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,
(

∆Q

∆m

)(

W

e

)

g

= Dg = K
0,||
c,g (µen

)wg (s)
g
w (

∏

A)S , (34)

where (
∏

A) is the product of all the “A” correction factors.

We can can rewrite the above as,

K
0,||
c,g =

(

∆QS
∆mS

)(

W

e

)

g

(µen)
w
g (s)

g
w (

∏

A)S
. (35)

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

∆Q

∆m

)

C

(

W

e

)

g

= K
0,||
c,g (µen)

w
g (s)

g
w (

∏

A)C , (36)

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

∆mC = ∆mS(∆Q)CS (µen)
wS
wC

(s)wC
wS

(
∏

A)SC . (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,

D
H
g =

(

∆Q

∆m

)

H

(

W

e

)

g

, (38)

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.
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