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Abstract

Study of induced activity in a medical linear accelerator room was carried out on Clinac
2100C running 15 MV at Maggiore Hospital, Trieste, Italy. Mathematical model to calculate
the induced dose rate has been derived and compared to measurements results. Both of ex-
perimental method and mathematical model present a good agreement. The experimental
method was performed using filter papers and portable spectroscopy. The activation level
reached its practical saturation value after a 30 min continuous irradiation, corresponding
to 12000 MU at a dose rate of 240 MU /min. The filter paper method was first time used for
the purpose of this measurement. Typical radionuclides produced in the treatment room
were identified. The results obtained by this new method, consisting of filter paper, can
represent a reliable tool. Moreover, the measurements uncertainty using portable spec-
trometer was decreased and determined to be 6.02%. In addition, the Clinac 2100C has
been simulated with Monte Carlo code Geant4 and the neutron fluence, as a function of
the neutron energy, has been calculated in the isocenter and outside the treatment room
to estimate the equivalent dose to technologist and patients. The ambient dose equivalent
for patient and radiotherapy technologist has been reported in this study using the above
mentioned methods. The derived data using different field sizes have been used to evaluate
the ambient dose equivalent from neutrons to a patient receiving radiation treatment. The
maximum of annual ambient dose equivalent present for 15 MV photon beam is about 1.96
mSwv for the technologists, in addition to 1.032 mSv/year received by them in the control
room. The maximum of ambient dose equivalent received by patients for minimum field
size present 1.79 mSv/Gy for 20 MV photon beam. These values represent neglected doses
for technologists, but at same time cannot be ignored for patients, where they can represent

a risk for healthy tissues and contribute to secondary malignancy insurgence.
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Chapter 1

Introduction

In the 1930s, in accelerator production, scientists began to build machines which have
a high degree of control. The earliest accelerators were simple vacuum tubes in which
electrons were accelerated by the voltage difference between two oppositely charged
electrodes [1]. Accelerators today are used not only for basic research purposes, but
also for many other applications such as medical applications and this type of linear
accelerators are the medical linear accelerators.

All medical accelerators that produce energies above 10 MeV can produce radioac-
tivity. The process by which materials become radioactive is commonly referred to
as “radioactivation” or simply “activation”. All materials located within an accel-
erator enclosure have the potential to be radioactivated if subjected to primary or
secondary beams. Materials that may become radioactive include any material within
the accelerator enclosure, Beamline components, Air, and Cooling liquids.

Beamline components may become radioactive depending on nature of the mate-
rial, proximity to the beam, and beam characteristics. [tems that intercept a portion
of the beam are most likely to be activated and contaminated. Among those items

that have the highest probability for activation are targets, beam dumps or stops,



collimators, magnets, filters and cavities.

Air, dust, and other gases in the accelerator enclosure may be activated. Typically,
the activation products are short-lived gaseous radionuclides of the elements in the
air or particulary, in the case of dust particles.

The production of radioactivity can result by different types of nuclear reactions
such as exothermic nuclear reactions and giant-resonance photonuclear reactions.
These mechanisms have been described in details by Barbier [2] and TAEA proto-
col [3] and summarized by Swanson and Thomas [4].

The objectives of this research are summarized as follows:

x Investigate radioactive and toxic gas production in medical linear accelerators. The
investigation of activation products include target, beam dumps, collimators, mag-
nets, cavities and flattening filter.

* Estimate dose and induced radioactivity in the patient body.

x Comparison of activations for difference types of accelerators for energies less than
30 MeV.

« Study the theory of Cohen [5], who states that the target thickness exceeds the
range of the incident ions and that the irradiation period greatly exceeds the half-life
of the radionuclide of interest.

The largest cause of the radiation exposure incurred by accelerator workers arises
from operations on and maintenance of radioactive components, handling and mov-
ing the activated items. An important aim of this research was the protection for
workers to ensure that the staff are not unduly exposed when maintaining accelerator
components and to control the dispersion of radioactive materials, in addition to the

protection of patients.



Chapter 2

Fundamental principles

2.1 Radioactive transformation

Radioactive transformation of unstable nuclei is a major focus of the profession of
radiation protection. The process of radioactive transformation was recognized by
Rutherford as transmutation of one element to another. It is also quit common to
use the term radioactive decay, but transformation is a more accurate description of
what actually happens, decay suggests a process of disappearance, when what actually
happens is that an atom with excess energy transforms itself to another atom that is
either stable or one with more favorable conditions to proceed on to stability [15].
Atoms undergo radioactive transformation because constituents of the nucleus are
not arrayed in the lowest potential energy states possible, therefore, rearrangement
of the nucleus occurs in such a way that this excess energy is emitted and the nucleus
is transformed to an atom of a new element. The transformation of a nucleus may
involve the emission of alpha particles, negatron, positron, electromagnetic radiation
in the form of x or gamma rays, and to a lesser extends neutron, proton, and fission

fragments. Such transformation are spontaneous, and the Q-values are positive, if



the array of nuclear constituents is in the lowest potential energy states possible, the

transformation yields a stable atom, if not, another transformation must occur.

2.1.1 Decay constant

The activity of a radioactive source is proportional to the number of radioactive atoms
present, therefore, it can be written mathematically as a differential change in N in

a differential unit of time as
dN
Activity = | — E| = AN (2.1)

where the constant of proportionality ,J, is the disintegration constant, and —dN/dt
is the rate of decrease of the number | N, of radioactive atoms at any time ,t,. Rear-
ranging the equation gives an expression that can be integrated directly between the
limits Ny at ¢ = 0 and N(), the number of atoms for any other time ¢:

N(t) t

AN
o[ dt
/5]

No 0

Integration and evaluation of the limits yields
InN(t) —In Ny = — Xt

or

InN(t) =In Ny — At

which is an equation of a straight line with slope of —\ and a y-intercept of In Nj.

By applying the logarithms law, this can also be written as follows:




and since the logarithm of a number is the exponent to which the base (in this case

e) is raised to obtain the number, the expression above is literally

N({t) _ -x
Ny
or
N(t) = Noe™ (2.2)

If both sides are multiplied by A, and recalling that activity = AN, then
A(t) = Age™ (2.3)

In other words, the activity A(t), at some time ¢, of a source of radioactive atoms, all
of the same species with the disintegration constant )\, is equal to the initial activity

Ap, multiplied by the exponential e, where e is the base of the natural logarithm.

2.1.2 The half-life and the mean life

The half-life (or half-period) of radioactive substance is used to describe the expo-
nential behavior of radioactive transformation since it is more meaningful than the
disintegration constant with reciprocal units of time. The half-life is the amount of
time it takes for half of the atoms in a radioactive source to undergo transformation,
this special value of time, t;/, is calculated as the value of ¢ that corresponds to
A(t)/Ao = 5 as following [15]:

Alt) 1 —Xt
—_— = — = 1/2
) 5 =€ (2.4)

which can be solved by taking the natural logarithm of both sides, or

Inl—In2= -\



such that

In2

The disintegration constant A\, which is required for calculating activity, follows di-

rectly from this relationship as
In 2

N= 2
12

The mean-life of each atom in a radioactive source can be useful for determining the
total number of emission of radiation from the source. The mean life is the average
time it takes each atom to transmute, recognizing that some will transmute right
away, some will last an infinite time, and others will have lifetimes in between. The
mean life, 7, of the atoms in a particular radioisotope is, therefore,

_ by

- 2.6
4 In2 (2.6)

2.1.3 Series decay calculation

The number of atoms of each member of a radioactive series at any time ,t, can
be obtained by solving a system of differential equations that relates each product,
N1, No, N3, .., N; with corresponding disintegration constants Ay, Ag, A3,. ., ;. Each

series begins with a parent nuclide, Vi, which has a rate of transformation

AN,
SN AN 2.7
dt 1 (2.7)

The second nuclide in radionuclide series will be produced at a rate of \{N; due to
the transformation of i, but as soon as atoms of N, exit, they too can undergo
transformation if they are radioactive, thus the rate of change of atoms of Ny is the

rate of production minus the rate of removal of N, atoms, or

dN-
D ANy = Dol (2.8



Similarly, for atoms of N3, which are produced by transformation of N, atoms and

subject to removable as a function of the disintegration constant s,

dN.
d—; = ANy — AN (2.9)

and so on, up to the member of the series,

dN;
E - /\i—lNi—l - )\zNz (210)

If the end product is stable, the atoms of the stable end product appear at the rate
of the last radioactive precursor, and of course are not removed since they are stable.

The number of atoms of N; is
Ni(t) = Npe ! (2.11)

where N} is the number of atoms of the parent at ¢t = 0. This expression for N; can

be inserted into the equation for dNs/dt to give

AN (t)

prani MNPe™E — A\, N, (2.12)
Collecting terms, we have

dN-

d_t2 + )\QNQ = /\1N{)€_>\lt (213)

This type of equation can be converted into one that can be integrated directly
by multiplying through by an appropriate integrating factor, which for this form is
always an exponential with an exponent that is equal to the constant in the second
term multiplied by the variable in the denominator of the derivative, or in this case

et thus
dNy
6/\2t

Tl M2t Ay Ny = A\ NOePz— 2t (2.14)



Multiplying through by e*?! converts the left side of the equation to the time derivative
of Nye*?', which can be demonstrated by differentiating the expression. It also yields

an exponential expression multiplied by a constant on the right side, or

d
E(1\@&21&) = A NDP2—2)t (2.15)

which can be integrated directly to give

A

Noet?t = =
2 A2 — At

NP2t 4 ¢ (2.16)

where C, the constant of integration, is determined by stating the condition that

when ¢t = 0, Ny = 0, thus
A1

¢=- Xy — M\

——N? (2.17)
Therefore, the solution for N, as a function of time is

A1
A2 — A1

Ny = NO (et — g2ty (2.18)

The number of atoms of the third kind is found by inserting this expression for N,
into the equation for the rate of change of N3, which as before is the rate of production
of N3 by transformation of atoms of Ny (or A2 N3) minus the rate of removal of N3 by

radioactive transformation (or A3/NV3).

ANy
= XNy — A3V,
I 2/V2 — A3/V3

After the integration is performed and the constant of integration is evaluated, the

equation for the number of atoms of N3 with time is

e—)qt e—)\Qt

(A2 = A)(As — A1) - (A1 = A2) (A3 — A2)

e—)\gt

Jr(>\1 —A3)(A2 — A3)

N3(t) = M Ao NY|

] (2.19)



In similar fashion, for the number of atoms of the fourth kind, the expression for N3(t)
is inserted into the equation for dN,/dt, which is integrated to obtain the number of

atoms of N, with time, or

Ni(t) = A ds Nl 35 (Aj_jlil)w 5
Ay Az)(xj_f;Q)(Ag )
o A3><A§_j3;3><A4 — )
e rn) (220)

These equations yield the number of atoms of each of the first four members of
a radioactive series that begins with a pure radioactive parent (i.e., there are no
transformation products at ¢ = 0).

A radioactive series typically ends at a stable nuclide or one with a very large
half-life such that it is not unreasonable to terminate the production of radioactive

atoms [15].

2.1.4 Methods of determination half-lives

The measurements of one short - half live radionuclide can be measured directly
using basic nuclear counting, the presence of two or three radionuclides with different
half-lives presents quite a masking effect.

Using conventional counting and taking a series of activity measurements over
several time intervals and plotting the data can determine the half-life of an unknown

radioactive substance. If the data are plotted as In A(t) versus ¢ and a straight
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In A(t)

0.1 ! [ L ! l 1 ! 1 !

Number of half-lives

Figure 2.1: The In A(t) plotted as a function of time for two radionuclides with two different

half-lives.

line is obtained, we can be reasonably certain that the source contains only one
radioisotope. The slop of the straight line provides the disintegration constant, and
once disintegration constant is known, the half-life can be determined directly.

This technique can also applicable to a source that contains more than one ra-
dionuclide with different half-lives. This can be readily be determined by plotting the
In A(t) of a series of activity measurements with time as shown in Fig 2.1 for two
radio nuclides. If only one radionuclide were present, the semilog plot would be a
straight line, however, when two or more are present, the line will be curved as in Fig
1.1. The straight-line portion at the far end represent the longer-lived component,
and thus can be extrapolated back to time zero and subtracted from the total curve to

yield a second straight line. The slopes of these two lines establish the disintegration
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constant, \; and Ay , from which the half-life of each can be calculated for possible

identification of the two radionuclides in the source.

2.1.5 Modes of radioactive decay

The possible modes of radioactive decay summarized as follows: «a, 37, 8", electron
capture, 7, and internal conversion.

Alpha particles are emitted from unstable nuclei and structurally equivalent to
the nucleus of a helium atom, consists of two protons and two neutrons. It is emitted
as a decay product of many radionuclides predominantly of atomic number greater

than 82. This mode of decay yield by the following equation:
AX —273Y 43 He(a) (2.21)

where X is the radioactive parent, Z is atomic number, A is atomic mass number
and Y is the daughter decayed from parent.
Negative beta particle S~ or negatron is an electron emitted from the nucleus of

a decaying radionuclide. This decay yield by the following equation:
72X —5 Y+ 5 + 7 (2.22)

where 7, is antineutrino which is a particle of zero charge, accompanies beta-particle
emission.

Positrons consist of positively charged electrons (positive beta particles, 41), and
emitted from nuclei having neutron /proton ratios too small for stability, that is, those

which have an excess of protons. Positive beta decay yield by the following equation:

2X —3 Y+ BT+, (2.23)
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Another mode of radioactive decay is via mechanism by which an unstable nucleus
can increase its neutron/proton ratio via the capture by the nucleus of a proximate
atomic electron. This decay process is known as electron capture (EC), or sometimes
referred to as K capture, because most of the electrons are captured from the K shell.

This decay occur using the following equation:

X +ex —5 Y+, (2.24)

The capture of an atomic electron by the nucleus leaves a vacancy in an electron
shell, and this is usually filled by an electron from an outer shell, resulting in the
production of characteristic photons or Auger electrons.

Gamma radiation it is emitted from excited nucleus 4.X* only when the daughter
nuclide is left at an unstable elevated energy state. Gamma decay occur by the

following equation:

AX* —2 X 4 (2.25)

Decay by internal conversion results in the emission of an atomic electron. This
electron, called the internal conversion electron, is emitted from an atom after ab-
sorbing the excited energy of a nucleus. Internal conversion occur by the following

equation:

AX* —2 X 4 e (2.26)
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2.2 Nuclear reactions

Atypical nuclear reaction is written as follows:

A+a— B+b or Aab)B,

where A is accelerated projectile, a is the target and B and b are the reaction products.

Usually, B will be a heavy product that stops in the target and is not directly
observed, while b is a light particle that can be detected and measured. The pro-
jectile undergoes one of three possible interactions: (i) elastic scattering - no energy
transfer occurs, however, the projectile changes trajectory; (ii) inelastic scattering -
the projectile enters the nucleus and is re-emitted with less energy and in a different
direction; and (iii) nuclear reaction - the projectile a enters the nucleus A which is
transformed into nucleus B and a different particle b is emitted.

Threshold energy for a nuclear reaction is defined as the smallest value of pro-
jectile’s kinetic energy at which a nuclear reaction can take place. The threshold
kinetic energy of projectile a is derived from relativistic conservation of energy and
momentum as:

(mpc® +myc?)? — (mac® + myc?)?

K By (a) = (2.27)

2 myc?

with mp, ma, m, and my the rest masses of the target A, projectile a, and products

B and b , respectively [16].
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2.2.1 Photonuclear reaction (v, n)

Many nuclides undergo photonuclear reactions emit neutrons upon irradiation with
gamma or x-radiation; however, most elements require high-energy electromagnetic
radiation in the range 1019 MeV. The gamma or x-ray energy threshold for the
production of neutrons is of the order of 10 MeV [16].

While photonuclear reactions do not play an active role in photon attenuation con-
siderations, they are of concern in high-energy radiotherapy treatment rooms because
of the neutron production through the (v, n) reactions and because of the radioactiv-
ity that is induced in the treatment room air and in machine components through the
(v,n) reaction. Both the neutrons and the radioactivity present a health hazard to
personnel and must be dealt with in treatment room and treatment machine design.
The neutron problem is handled with special treatment room doors incorporating bo-
rated hydrogenous materials to thermalize and absorb the neutrons; the radioactivity
with adequate room ventilation (6 to 8 air changes per hour) and use of machine
components with low reaction cross-section and short half-life of the reaction product
[16].

The photonuclear reactions reaction expressed by the following equation:
X+4T=n+5"'D (2.28)

where 47 is the target nuclide with atomic number Z and atomic mass number
A; D is the daughter nuclide with the same Z as the target, but an atomic mass
number equal to A — 1 for photodisintegration; X is the x-ray photon with an energy
sufficiently high to induce photodisintegration; and n is the neutron produced through

photodisintegration by high-energy x-ray photons or electrons.
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In the photodisintegration of the target nuclide 47 producing a neutron and
daughter nuclide, the resulting é’lD may be radioactive and may subsequently decay
through S and 7 decay. Not all residual daughter nuclei will be radioactive after

photodisintegration.

2.2.2 Giant Photonuclear Resonance

Approximately at 30 MeV the production mechanism of neutron is known as the giant
photonuclear resonance. IAEA (TRS-188) [3] has given a detailed description of this
process that is summarized here. A simple picture of this phenomenon is that the
electric field of the photon produced by bremsstrahlung transfers its energy to the
nucleus by inducing an oscillation in which the protons as a group move oppositely
to the neutrons as a group. This process has a broad maximum cross section at
photon energies, ko, between about 20-23 MeV for light nuclei for materials having
mass numbers A less than about 40. For heavier targets, the peak is at an energy of
approximately ko = 80A~/% MeV. Schopper et al [41] have provided a great deal of
data on the relevant cross sections. It turns out that the yield, Y, of giant resonance
neutrons at energies above approximately 2k, is nearly independent of energy and
nearly proportional to the beam power.

This process may be thought of as one in which the target nucleus is excited by the
electron and then decays somewhat later by means of neutron emission. It is a (7, n)
nuclear reaction, written in the scheme of notation in which the first symbol in the
parentheses represents the incoming particle in a reaction while the second represents
the outgoing particle. In this process the directionality of the incident electron or

photon is lost so that these emissions are isotropic. Because of this isotropicity, the
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inverse square law may be used to estimate the flux density at any given distance r.

2.2.3 Neutron Capture

The neutron capture reaction expressed by the following equation:
n+5T =5 D4 (2.29)

where 4T is the target nuclide with atomic number Z and atomic mass number A; D
is the daughter nuclide with the same Z as the target, but an atomic mass number
equal to A+ 1 for neutron capture; and n is the neutron with energy sufficiently high
to induce neutron capture; and ~ is emitted gamma ray.

?HD may be radioactive and may subsequently decay through G- and v decay.

Not all residual daughter nuclei will be radioactive after neutron capture.

2.2.4 Quasi - Deuteron Neutrons

At energies above the giant resonance, the dominant neutron production mechanism
is one in which the photon interacts with a neutron-proton pair within the nucleus
rather than with the whole nucleus. The quasi-deuteron effect is so-named because for
FEy =~ 30 MeV the photon wavelength is near resonance with the average inter-nucleon
distance so that the photon interactions tend to occur with “pairs” of nucleons. Only
neutron-proton pairs have a nonzero electric dipole moment, which makes interac-
tions of photons with such pairs (pseudo-deuterons) favorable. This mechanism is

important for 30 < Ey < 300 MeV and has been described by Swanson [42].
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2.3 Secular equilibrium

The phenomenon of radioisotope decay equilibrium was first observed by Ernest
Rutherford and Frederick Soddy in 1902, which they reported in their classic pa-
per on The Cause and Nature of Radioactivity. They reported their observations as
follows:

Radioactivity is shown to be accompanied by chemical changes in which new
types of matter are being continuously produced. These reaction products are at first
radioactive, the activity diminishing regularly from the moment of formation. Their
continuous production maintains the radioactivity of the matter producing them at
a definite equilibrium value.

Secular equilibrium is a steady-state condition of equal activities between a long-
lived parent radionuclide and its short-lived daughter. The important criteria upon

which secular equilibrium depends are:

e The parent must be long-lived; that is, negligible decay of the parent occurs

during the period of observation, and

e The daughter must have a relatively short half-life. The relative difference in

halflife in this latter criterion is further clarified by

M

B

<~ 107* (2.30)

where A4 and Ap are the respective decay constants of the parent and daughter
nuclides. The importance of these two requirements can be clearly seen if the *°Sr(*VY)

equilibrium is taken as an example. The nuclide ?°Sr is the parent in the decay scheme
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ggS’r‘ tq,/2=28.8years ggy ty/9=2.Tdays ZBZT Stable (231)

The long half-life of °Sr definitely satisfies the first requirement for secular equi-
librium, because over a quarter of a century is needed for it to lose 50% of its original
activity. As will be seen, less than 3 weeks are required for secular equilibrium to be
attained and, in this interim period, negligible decay of “°Sr occurs.

To satisfy the second requirement the decay constants for “°Sr and °Y, A4 and
\g, respectively, must be compared. The decay constants for °Sr and °Y are easily
calculated from their half-lives , and the values are 6.60 x 107> and 2.57 x 107!
day ™!, respectively. Consequently, in the comparison { ’\A = 2.57 x 1074, and this is in

agreement with the order of magnitude required for secular equilibrium.

A
Np = —24  NO(e 4t — A8ty 4 NOe st (2.32)
AB — Aa

An equation for the growth of daughter atoms from the parent can be obtained
from equation 2.32 by consideration of the limiting requirements for secular equilib-
rium. Since Aq ~ 0 and Ay << Ag, et =1 and A4 falls out of the denominator in
the first term. If the daughter nuclide is separated physically from the parent [43],
N2 =0 at time ¢ = 0 (time of parentdaughter separation) and the last term would
fall out of equation 2.32. Thus, in the case of secular equilibrium, the expression of

the ingrowth of daughter atoms with parent can be written as

AaNY

N pu—
B N

(1 — e (2.33)

If the observation of the ingrowth of the daughter is made over many half-lives of

the daughter, it is seen that the number of atoms of daughter approaches a maximum
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value, Ay N9/\p which is the rate of production of daughter divided by its decay
constant. The final form of equation 2.33 to be used for the calculation of the ingrowth

of daughter can be expressed as following

Np = (NB)maa(1 — e *5") (2.34)

Since the activity of the daughter atoms, Ap, is proportional to the number of
daughter atoms, or Agp = kApNp, where k is the coefficient of detection of the

daughter atoms, equation 2.34 may also be written as

Ap = (AB)maa:(l - e_ABt) (235)

Rutherford and Soddy [44] were the first to write and interpret equations 2.34 and
2.35 when they studied the equilibrium existing between radioactive Thorium and a
daughter radionuclide. They noted the following:

The radioactivity of Thorium at any time is the resultant of two opposing pro-
cesses: 1. The production of fresh radioactive material at a constant rate by the
Thorium compound, and 2. The decay of the radiating power of the active material
with time. The normal or constant radioactivity possessed by Thorium is an equilib-
rium value, where the rate of increase of radioactivity due to the production of fresh
active material [daughter nuclide] is balanced by the rate of decay of radioactivity
of that already formed. The experimental curve obtained with the hydroxide [this
was the chemical form they used to separate the parent nuclide from the daughter]
for the rate of rise of its activity from a minimum to a maximum value will therefore

t

be approximately expressed by the equation I;/I = 1 — e, where I, represents

the amount of activity recovered when the maximum is reached, and I; the activity
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recovered after time ¢, A being the same constant as before.

Let us take an arbitrary example of equal activities of 100 dpm of parent “°Sr
and 100 dpm of daughter Y in secular equilibrium and calculate and graphically
represent the ingrowth of °Y with its parent and also the decay of Y subsequent to
the separation of parent and daughter nuclides [43]. Identical activities of **Sr and *°Y
are arbitrarily chosen, because their activities are equal while in secular equilibrium
prior to their separation.

Ernest Rutherford and Frederick Soddy in their classic paper on The Cause and
Nature of Radioactivity in 1902 in the Philosophical Magazine made the first published
observation of what is now known as secular equilibrium. They were studying the
radioactivity of an isotope of Thorium and a daughter isotope, which they called ThX.
The term “daughter isotope for an isotope decay product was not then established,
because knowledge of radioactivity was only then at its infancy. They summarized
their findings with the following:

The foregoing experimental results may be briefly summarized. The major part of
the radioactivity of Thoriumordinarily about 54 percent is due to a non-thorium type
of matter, ThX, possessing distinct chemical properties, which is temporarily radioac-
tive, its activity falling to half value in about four days. The constant radioactivity
of Thorium is maintained by the production of this material at a constant rate. Both
the rate of production of the new material and the rate of decay of its activity appear
to be independent of the physical and chemical condition of the system.

(We now know that the activity of parent and daughter nuclides are equal in
secular equilibrium and the value of “about 54%” reported by Rutherford and Soddy

was precisely 50%.)
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2.4 Transient equilibrium

Like secular equilibrium, transient equilibrium is a steady-state condition between the
parent and daughter nuclides. However, in transient equilibrium the parent daughter
nuclides do not possess the same activities, but rather they decay at the same half-life,
that of the parent nuclide.

The criterion upon which transient equilibrium rests is that the parent nuclide
must be longer lived than its daughter, but not of the order of magnitude described
by equation 2.30; that is, it is necessary that Ay < Ap. However, the ratio Aa/\p
should fall within the limits 107 < A4 /Ap < 1.

The decay chain of '°Pd serves as an example of parent daughter nuclides that
may attain transient equilibrium. '“°Pd decays by electron capture to °“Rh with a
half-life of 96 h. The daughter nuclide °“Rh decays by electron capture and positron
emission to the stable nuclide 'Ru. The half-life of the daughter nuclide is 21 h.

The decay scheme may be represented as

180Pd ¢, y=96n 490 RB 1, ;=21 130 Ru Stable (2.36)
Emm— EEmm—

The first criterion for transient equilibrium is satisfied in this case; the half-life
of the parent nuclide is greater than that of the daughter. If the decay constants A4
and Ap are now calculated, we can determine whether or not the second criterion
(107 < Xa/Ap < 1) is satisfied.

The value of A4, given by 0.693/96 h, is 7.2 x 107h~!, and that of \p, given by
0.693/21 h, is 3.3 x 1072h~!. Consequently, the ratio A4/Ap = 2.2 x 107! and lies
within the limits of the second criterion.

If the general decay equation 2.32 of the daughter nuclide is considered, the term
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—Apt

e is negligible compared with e=*4¢ for sufficiently large values of ¢. Thus, the

terms e 2! and Ne *8! may be dropped from equation 2.32 to give

Aa

Np= A
S VRN

NGerat (2.37)

for the decay of the daughter nuclide as a function of time. Because Ny = N§e 4!
, equation 2.37 may be written as
Np Aa

—_ = 2.38
Na  Ap—2Aa (2.38)

From equation 2.38, it can be seen that the ratio of the number of atoms or the
ratio of the activities of the parent and daughter nuclides is a constant in the case of
transient equilibrium.

Since Ay = KA Ny and Ag = KgApNp, where Ay and Ap are the activities
of the parent and daughter nuclides, respectively, and k4 and kp are the detection

coefficients of these nuclides, equation 2.38 may be written in terms of activities as

A (2.39)

or

A kg
&oB_ _ MBAB (2.40)
Ax ka(Ap —Aa)
If equal detection coefficients are assumed for the parent and daughter nuclides,
equation 2.40 may be written as
Ap AB

An " o) 24
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Thus, for transient equilibrium equation 2.41 indicates that the activity of the
daughter is always greater than that of the parent by the factor Ag/(Ag — A4). Equa-

tion 2.41 may likewise be written as

e e 2.42
1, Y (2.42)

whereby the ratio As/Ap falls within the limits 0 < A4/Ap < 1 in transient
equilibrium.

If an activity of 100 dpm is arbitrarily chosen for the daughter nuclide ®°Rh in
transient equilibrium with its parent 1°°Pd, the activity of 1°Pd can be found using

either equation 2.41 or 2.42. Equation 2.41 gives

100dpm 3.3x10"2p "1
Ax  3.3x10~2hR~1—7.2x10-3h-1
or
Ax = T8 dpm

With the use of equation 2.41 or 2.42, the decay of the daughter nuclide may be

calculated as a function of parent decay in transient equilibrium [45].

2.5 Neutron flux, cross-section and interaction rates

In this section the ideas of neutron flux and neutron cross sections will be introduced
in order to express interaction rates quantitatively. Neutron interaction rates do not
depend on the direction of neutron motion within the target material so we may
visualize for simplicity a situation, which seldom occurs in practice, in which all

neutrons are moving in the same direction in a parallel beam. The neutron flux, ¢,
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maybe define as the total number of neutrons which pass through a unit area normal
to their direction per second [10].

If all the neutrons have the same speed, v, and if the neutron density is, n, neutrons
per unit volume, then:

¢ = nv

If in the more likely event the neutrons have a spectrum of speeds such that n(v)dv
is the number of neutrons per unit volume whose speed is in the range v to v + dv,
then:

¢ = vn(v) dv

all speeds

For the case in which neutrons are moving in all directions the neutron flux can
be define as the total track length of all neutrons in a unit volume per second. This
definition consistent with the one given a view lines above for a parallel beam of
neutrons, but it dose not depend on that condition. Being applicable to neutrons
moving randomly in all directions without reference to there directions of motions, it
emphasizes the scalar (as opposed to vector) nature of the neutron flux.

The interaction rate between a beam of neutrons and the nuclei in a target material
has been experimentally observed to be proportional (a) to the neutron flux, and (b)
to the number of atoms in the target, which is assumed to consist of a single isotope.

Consider a beam of neutrons, all of a speed, v cm/s and density n neutrons/cm?,
incident on a target of area A cm? and thickness dr cm containing N nuclie/cm3.

Now we can express the interaction rate F' in the target material thus:
F o oNV

F=0c¢NV (2.43)
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where V' = Adzx, the volume of the target, and NV is the total number of atoms
of the isotope in the target in which the reaction is taken place.

The constant o in equation 2.43 is known as the macroscopic cross section of
the isotope concerned. Its units are cm?/nucleis, and it can be regarded as the area
presented by each nucleus to neutrons to cause a reaction. (This area is not the same
as the actual size of the nucleus, in some cases it may be larger, in others it may be
smaller.) The values of o for most isotopes lie between 10722 and 1072cm?, and the

usual unit in which values of ¢ are quoted is the barn.
1 barn = 10"*em?

The total cross section of all the nuclei in unit volume of a material is called the

macroscopic cross section, ¥, and has units cm?/em3 or em™1,

Y= No
and the interaction rate per unit volume,
F=%¢ (2.44)

The probability that a neutron entering the target will interact within a distance
dz is:

Number of neutrons interacting per

second in a target of thickness dx oo N Adzx

= oA = oNdx = Xdx (2.45)

Number of neutrons per second

incident on the target

It follows that the macroscopic cross section can be interpreted as the probability

per unit track length that a neutron will interact.
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The attenuation of a beam of neutrons in a target material can be found by
equating the rate of interaction in an element of thickness dz to the difference between

the number of neutrons entering and leaving the element per second:
Interaction rate = (Flux in — Flux out) x A

ocpNAdr = —Ado

(the negative sign indicates a decreasing flux).
Rearranging:

%ﬁ = —oNdz = —Xdz

The solution of this equation for ¢(x), the flux which penetrates to a distance x

without interacting, is:
P(z) = goe ™" (2.46)

where ¢ is the incident neutron flux.
The average distance that a neutron travels without interacting is known as the

mean free path, A. Considering a number of neutrons, n, we may write:

Number of neutrons Probability of
1
A= — Z ( which travel a distance ) X ( interaction in > X T .
all neutrons x without interacting distance dx

The quantity on the right of the summation is the total distance traveled by all
neutrons without interaction. Using equations 2.45 and 2.46 and alerting the right-
hand side to an integral over all possible values of x, namely 0 to co, the equation for
A is:

o 1
A= —/ ne > *Yrdr = — (2.47)
n J, Y
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Thus the mean free path is seen to be the reciprocal of the macroscopic cross
section.

The preceding discussion in this section has made no distinction between the
different types of neutron interaction such as scattering, capture of fission, and all
the statements and results obtained so far apply to any type of interaction.

Thus the rates at which elastic scattering, inelastic scattering, capture and fission
take place are characterized by the elastic scattering cross section, o, the inelastic
scattering cross section, o;, the capture cross section, 0., and the fission cross section,
o, (which is zero for all non-fissionable isotopes). The total cross section, oy, is the
sum of these cross section, and measures the rate at which any type of interaction
takes place:

O =05+ 0;,+ 0.+ 0y



Chapter 3

Radioactivity of accelerator

3.1 Medical linear accelerators: classification and
components

Medical Linear Accelerators (linac) have been in clinical use since the early 1950s,
either to produce fast electrons or to generate x-rays for radiation therapy, and ma-
chines of this type have become the mainstay of most radiotherapy departments [14].
The Betatron was the first accelerator to be developed and used for electron therapy
[53] and photon therapy [54].

Fig 3.1 shows the component system of a linac. Medical linacs are cyclic accel-
erators which accelerate electrons to kinetic energies from 4 MeV to 25 MeV using
non-conservative microwave radiofrequency (RF) fields in the frequency range from
1000 MHz to 10000 MHz, with the vast majority running at 2856 MHz.

In a linear accelerator the electrons are accelerated following straight trajectories

in special evacuated structures called accelerating waveguides. Electrons follow a

28
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Figure 3.1: Block diagram showing the component system of linear accelerators.
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linear path through the same, relatively low, potential difference several times; hence,
linacs also fall into the class of cyclic accelerators just like the other cyclic machines
that provide curved paths for the accelerated particles (e.g., Betatron)

The high power RF fields, used for electron acceleration in the accelerating waveg-
uides, are produced through the process of decelerating electrons in retarding poten-
tials in special evacuated devices called magnetrons and klystrons.

Various types of linacs are available for clinical use. Some provide x-rays only in
the low megavoltage range (4 MV or 6 MV) others provide both x-rays and electrons
at various megavoltage energies. A typical modern high-energy linac will provide two
photon energies (6 MV and 18 MV) and several electron energies (e.g., 6, 9, 12, 16,
22 MeV) [16].

During the past 40 years, medical linacs have gone through five distinct genera-
tions, making the contemporary machines extremely sophisticated in comparison with
the machines of the 1960s. Table 3.1 shows the classification of the five generations
with their new features.

The linacs are usually mounted isocentrically and the operational systems are
distributed over five major and distinct sections of the machine: gantry; gantry stand
or support; modulator cabinet; patient support assembly, i.e., treatment couch and
control console.

The length of the accelerating waveguide depends on the final electron kinetic
energy, and ranges from 30 cm at 4 MeV to 150 cm at 25 MeV.

The main beam-forming components of a modern medical linac are usually grouped
into six classes: injection system; RF power generation system; accelerating waveg-

uide; auxiliary system; beam transport system; and beam collimation and beam
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Table 3.1: The classification of the five generations of medical linear accelerators with

new features [16].

No.

Energy Particles

Features

4-8 MV Photons

10-15 MV  Photons and electrons

18-25 MV  Photons and electrons

High energy Photons and electrons

High energy Photons and electrons

Straight through beam; fixed flattening
filter; external wedges; symmetric

jaws; single transmission ionization
chamber; isocentric mounting.

Bent beam; movable target and flattening
filter; scattering foils; dual

transmission ionisation chamber;
electron cones.

Dual photon energy and multiple
electron energies; achromatic

bending magnet; dual scattering

foils or scanned electron pencil

beam; motorized wedge; asymmetric

or independent collimator jaws.
Computer-controlled operation; dynamic
wedge; electronic portal imaging

device; multileaf collimator (MLC).
Photon beam intensity modulation with
MLC; full dynamic conformal dose
delivery with intensity modulated beams

produced with a MLC.
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monitoring system.

The injection system is the source of electrons, essentially a simple electrostatic
accelerator called an electron gun. Two types of electron guns are in use as sources
of electrons in medical linacs: Diode type and Triode type.

Both electron gun types contain a heated filament cathode and a perforated
grounded anode; in addition, the triode electron gun also incorporates a grid. Elec-
trons are thermionically emitted from the heated cathode, focused into a pencil beam
by a curved focusing electrode, and accelerated toward the perforated anode through
which they drift to enter the accelerating waveguide.

The electrostatic fields, which are used to accelerate the electrons in the diode
gun, are supplied directly from the pulsed modulator in the form of a negative pulse
delivered to the cathode of the gun.

The microwave radiation, used in the accelerating waveguide to accelerate elec-
trons to the desired kinetic energy, is produced by the RF power generation system,
which consists of two major components: RF power source and Pulsed modulator.

The RF power source is either a magnetron or a klystron. Both are devices using
electron acceleration and deceleration in vacuum for production of the high power
RF fields. Both types use a thermionic emission of electrons from a heated cathode
and accelerate the electrons toward an anode in a pulsed electrostatic field; however,
their design principles are completely different.

The high voltage ( 100 kV), high current ( 100 A), short duration ( 1 ) pulses are
required by the RF power source (magnetron or klystron) and the injection system
(electron gun) are produced by the pulsed modulator. The circuitry of the pulsed

modulator is housed in the modulator cabinet that, depending on the particular linac
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installation design, is located in the treatment room, special mechanical room next
to the treatment room, or in the linac control room.

A magnetron is a source of high power RF required for electron acceleration,
while a klystron is an RF power amplifier that amplifies the low power radiofrequency
generated by an RF oscillator commonly called the RF driver.

Waveguides are evacuated or gas-filled metallic structures of rectangular or circu-
lar cross-sections used in transmission of microwaves. Two types of waveguides are
used in linacs: RF power transmission waveguides and accelerating waveguides. The
power transmission waveguides transmit the RF power from the power source to the
accelerating waveguide in which the electrons are accelerated.

The electrons are accelerated in the accelerating waveguide by means of an energy
transfer from the high power RF fields, which are set up in the accelerating waveguide
and are produced by the RF power generators.

The simplest kind of an accelerating waveguide is obtained from a cylindrical
uniform waveguide by adding a series of disks (irises) with circular holes at the center,
placed at equal distances along the tube. These disks divide the waveguide into a
series of cylindrical cavities that form the basic structure of the accelerating waveguide
in a linac. The cavities serve two purposes: To couple and distribute microwave
power between adjacent cavities and to provide a suitable electric field pattern for
acceleration of electrons.

Two types of accelerating waveguides have been developed for acceleration of
electrons: Traveling wave structure and standing wave structure.

The microwave power produced by the RF generator is carried to the accelerating



34

waveguide through rectangular uniform S-band waveguides, which are either evacu-
ated or, more commonly, pressurized with a dielectric gas (freon or sulfur hexafluoride,
SFg) to twice the atmospheric pressure.

An important component, which must be inserted into the RF power transmis-
sion circuit between the RF generator and the accelerating waveguide, is a circulator
(sometimes referred to as an isolator) which transmits the RF power from the RF
generator to the accelerating waveguide but is impervious to reflected radiation mov-
ing in the opposite direction, thereby protecting the RF source from the reflected
power.

The linac auxiliary system consists of several services, which are not directly in-
volved with electron acceleration, yet they make the acceleration possible and the
linac viable for clinical operation. The linac auxiliary system comprises four systems:
Vacuum pumping system producing a vacuum pressure of 107° tor in the accelerating
guide and the RF generator; Water cooling system used for cooling the accelerating
guide, target, circulator, and RF generator; Optional air pressure system for pneu-
matic movement of the target and other beam shaping components; and Shielding
against leakage radiation.

In low energy linacs the target is embedded into the accelerating waveguide and
no beam transport between the accelerating waveguide and target is required.

Bending magnets are used in linacs operating at energies above 6 MeV where the
accelerating waveguides are too long for straight-through mounting. The accelerating
waveguide is usually mounted parallel to the gantry rotation axis and the electron
beam must be bent to make it strike the x-ray target or be able to exit through the

beam exit window. Three systems for electron bending have been developed: 90°
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bending; 270° bending; and 112.5° bending.

In medium (10 MV) and high-energy linacs (above 15 MV) an electron beam
transport system is used for transporting the electron beam from the accelerating
waveguide to the x-ray target or to the linac exit window for electron beam therapy.
The system consists of evacuated drift tubes and bending magnets. In addition,
steering coils and focusing coils, used for steering and focusing of the accelerated
electron beam, also form components of the beam transport system.

The linac head contains several components, which influence the production, shap-
ing, localizing, and monitoring of the clinical photon and electron beams.

Electrons, originating in the electron gun, are accelerated in the accelerating
waveguide to the desired kinetic energy and then brought, in the form of a pencil
beam, through the beam transport system into the linac treatment head, where the
clinical photon and electron beams are produced.

The important components found in a typical head of a fourth or fifth genera-
tion linac include: Several retractable x-ray targets; Flattening filters and electron
scattering foils (also called scattering filters); Primary and adjustable secondary colli-
mators; Dual transmission ionization chambers; Field defining light and range finder;
Optional retractable wedges; Optional multileaf collimator (MLC).

Special cones (applicators) are used to collimate the electron beams. Each clinical
photon beam has its own target/flattening filter combination. The flattening filters
and scattering foils (if used for electron beams) are mounted on a rotating carousel or
sliding drawer for ease of mechanical positioning into the beam, as required. The pri-

mary collimator defines a maximum circular field which is then further truncated with
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an adjustable rectangular collimator, consisting of two upper and two lower indepen-
dent jaws, and producing rectangular and square fields with a maximum dimension
of 40 x 40 em? at the linac isocenter.

The field defining light and range finder provide convenient visual methods for
correctly positioning the patient for treatment using reference marks. The field light
illuminates an area that coincides with the radiation treatment field on the patient’s
skin, while the range finder is used to place the patient at the correct treatment
distance; by projecting a centimeter scale whose image on the patient’s skin indicates

the vertical distance from the linac isocenter.

3.2 Fundamental principle of induced radioactiv-
ity in accelerator

In principle, induced radioactivity can be produced at all accelerators capable of
liberating neutrons and other hadrons [9, 17]. When the accelerated beam strikes
a nucleus, it converts it into a different nuclide, which may be radioactive. In this
research, the activity of a given radionuclide refers to the number of atoms that decay
per unit time.

The number of atoms of the radionuclide of interest per unit volume will thus be
governed by the following differential equation during the period of the irradiation

[17]:

dn(t)
dt

= —Xn(t) + Noo (3.1)

where n(t) is the atoms of the radionuclide per cm?® at time ¢. N is the number



37

3

of “target” atoms per cm?, ¢ is the interaction cross section in unit of cm?, and

2.sec™!) of incident particles. On the right hand side of

¢ is the flux density (cm™
equation 3.1, the first term represents the loss of radionuclides through decay during
the irradiation while the second term represents the gain of radionuclides through the
production reaction under consideration.

The equation 3.1 has the following solution for ¢t = ¢;:

_ Moo

X (1 —e) (3.2)

n(t;)

where t; is the irradiation time. After the irradiation has ceased (t > t;), the specific
activity as a function of the “cooling time or decay period”, t., will obviously decay

exponentially and be given by:

a(t,) = Nog[l — e e e (3.3)

where t. is the cooling time.

3.3 Activation of accelerators components

In the last years, a lot of work has been done on the measurements of induced ra-
dioactivity by different techniques from linear accelerators [12, 13, 19, 20, 22, 25,
26, 27, 28, 29, 33, 34, 35, 36]. In addition, some of the investigators identified the
typical radionuclides produced in the treatment room by the activation from the air
[30, 31, 32]. The activation arises primarily from photonuclear reaction and neutron
capture. In some special cases, radioactivity can be produced at much lower energies
by exothermic nuclear reaction that either produce radionuclides directly or that emit

neutrons capable of inducing radioactivity through their secondary interactions.
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Alan Rawlinson et al [12] estimated the dose to radiation therapists from activa-
tion at high-energy accelerators. This study was conducted at a new Varian Clinac
21EX linear accelerator at Princess Margaret Hospital, Toronto. Gamma ray spec-
trometry was used by Alan Rawlinson to identify the major isotopes responsible for
activation at a representative location in the treatment room of an 18 MV accelerator.
He developed formalism to estimate the activation dose (uSv/week) due to successive
patient irradiation cycles. His results for conventional therapy represents about 60
puSv/week for an 18 MV workload of 60 000 MU /week.

Yi Zhen Wang et al [13] studied the induced activity on several linac installations.
The study of these investigators was conducted at a Clinac 2300C/D linac (6 and 18
MV), Clinac 6EX (6 MV photon beam), a Clinac 18 (10 MV photon beam), and a
Clinac 21EX (6 and 18 MV photon beams). A calibrated ionization chamber survey
meter was used in the measurements of the induced activity. The theoretical and
experimental studies of Yi Zhen Wang reveal that the activation level in the morning
before any clinical work increases from Monday to Saturday and then decreases during
the weekend. They found that the activation level reaches its practical saturation
value after a 30 min continuous irradiation, corresponding to 12000 MU at a “dose
rate” of 400 MU /min. Determination of the trends in the activation level in a typical
clinical mode was carried out by them using “dose” of 300 MU which is given 20
times in 15 min intervals.

Almen et al [22] estimated the absorbed dose to technicians due to induced activ-
ity in linear accelerators. The study of these investigators was conducted at Clinac
1800 - Varian (16 MV), SL 75/20 - Philips (15 MV), SL 75/20 - Philips (14 MV),
Dynaray LA20 - Brawn Boveri (13 MV), SL 75/20 - Philips (17 MV), Microtron,
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MM?22 - Scanditronix (13 MV) and Racetrac microtron, MMSO - Scanditronix (15
MYV). Thermoluminescent (TL) dosimeters were been used by these investigators to
measure the absorbed dose to the trunk and to the hands of technicians working
with accelerators for radiotherapy. Also they compared the readings of TL dosime-
ters with a plastic scintillator radiation survey meter (Gammameter 2414, Studsvik
Energiteknik AB, Sweden). They found that, total annual absorbed dose to the trunk
and to the hands estimated to be 2 mGy, of which the induced activity contributes
one-third (0.7 mGy).

Powell et al [26] estimated the dose rates due to the activation of the treatment
room and various parts of the accelerator. They measured the neutron equivalents
dose using the standard NRPB neutron badges and also with the developed CR-39
dosimeters. They measured the photon dose rates with a Victoreen 470A survey meter
and outside the actual treatment room they measured the neutron dose rates with a
Nuclear Enterprises NM2 remmeter, which is a standard Anderson-Braun moderator
containing a boron trifluoride proportional counter. The estimation of the daily dose
made by these investigators was found to be between 3 and 11 pSv with a mean of 6
wSv.

Loi et al [21] published paper reports the measured neutron production from a
Mobetron mobile electron linac, operated at 12 MeV, and compares the results with
those from a conventional linac, also operated at 12 MeV in electron mode. They
used passive bubble detectors in the scattering foil Neutron leakage measurements.
The investigators estimation of neutron dose equivalent rates per unit of electron
dose delivered by the Mobetron at its normal treatment distance (50 cm Source

Skin Distance “SSD”) were found to be 0.33 uSv.Gy ! at the accelerator head, 0.18
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wSv.Gy~! in the patient plane at 15 cm from the beam axis and 0.31 pSv.Gy~
the floor plane, on the beam axis and under the beam stopper.

A model to calculate the induced dose rate around an 18 MV ELEKTA linear
accelerator was developed by Bruce Perrin et al [25]. From this model, the dose
received by the staff using the machine can be estimated. All measurements of this
investigator for the derivation of the activation model were made with a calibrated
ionization dose rate meter reading down to 0.1 uSv.h~!. The calculations of dose
rates were found to be 4.5 uSv.h~! after the beam was stopped. This group estimate
the maximum annual whole body dose for a treatment therapist, for 60 000 MUs per
week to be 2.5 mSv.

A lot of works has been done on the measurements of induced radioactivity by
different techniques from linear accelerators. Table 3.2 shows summary of these works
during the last years.

The goal of the present study was to investigate the induced activity produced

in a medical linear accelerator using new techniques (filter paper and portable spec-

troscopy) and to compare the results with the mathematical model.

3.4 Production of airborne radioactivity

Thomas and Stevenson have presented a very useful synopsis of the production of
radioactivity in air [38]. Swanson and Thomas [39] reprised this discussion. The
principal source of radioactivity in air at accelerators is due to the interaction of
primary and secondary particles directly with the constituent target nuclei in the air
in accelerator room. Activated dust and gaseous emission from activated liquids are

of much less importance. Table 3.3 [37] gives the abundances and number densities of
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atoms of the most common stable isotopes found in the atmosphere both by volume
percentage and in terms of the atomic density, N;.

Patterson and Thomas [40], have expanded the general activation equation, equa-
tion 3.3, to derive the total specific activity, S (typically in units of Bq.cm™3), of an

enclosed volume of radioactive air;
S=CY 1D NiGijydy+ Y Nibijbin + > Nibijypbup}{l — e Mi}e N (3.4)
i J J J

where ¢, ¢, and ¢ represent the average photon, thermal neutron, and high energy
particle flux densities, respectively. While ¢; is the irradiation time and t. represents
the decay time. The o;; values are the corresponding cross sections averaged with
the energy-dependent flux density over energy. The constant C' is the conversion to
specific activity and is equal to unity for activity in Becquerels cm= if all the units
of length implicit in the quantities in equation 3.4 are expressed in cm. The outer
sum over index ¢ include all possible radionuclides produced and the sum over the
index ,j, is over the parent atoms found in air. The flux densities are, without further
information, the average over some relevant spatial volume.

In other hand in the electron accelerators, significant air activation will not occur
without bremsstrahlung because the nuclear cross sections of electrons are about two
orders of magnitude smaller than those of photons [3]. This airborne radioactivity
is generally short-lived and the concentrations are usually quickly reduced to levels
where the exposure rates (R.h™'), or equivalently the absorbed dose rates (Gy.h™!)
are small compared to those due to the accelerator components. This result is because

the radiation length of air is so much longer than that of any solid material.
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3.5 Radiological protection standard

The basic consideration of radiation protection were stated by International Commis-
sion on Radiological Protection (ICRP) in Publication 26, and reiterated in Publica-
tion 60 [6, 7). ICRP Publication 26 recommended a system of dose limitation that

has three interrelated components:

e justification—no practice shall be adopted unless its introduction produces a

positive net benefit

e optimization mazimum permissible to one of as low as reasonably achievable
(ALARA)—all exposures shall be kept as low as reasonably achievable, economic

and social factors being taken into account

e compliance with dose limits—the dose equivalent to individuals shall not exceed

the appropriate limits recommended by ICRP

When the process of justification and optimization have been implemented to
demonstrate that there is a net benefit from the use of ionizing radiation and that
result from the operation must be compared with the appropriated dose limits to
ensure that no unacceptable doses occur. The present dose limits recommended by
National Council on Radiation Protection and Measurements (NCRP) for different
segments of the population are listed in NCRP report No. 116, Limitation of exposure
to ionizing radiation [8].

When ICRP, in its publication 26 [6], presented new radiation protection recom-
mendations, the whole philosophy of radiation protection changed in emphasis from

one of ALARA below an administratively or legally prescribed limit. The limit is to
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be considered as legally acceptable ceiling above which there maybe a penalty, but
management must review operations to maintain radiation exposure ALARA below
the limit. The degree attainable below the limit is a judgment based on many factors
that can be different for the same situation at different organizations.

Recommendations of the ICRP [7] states in Paragraph S26:“Subject to medical
advice in individual cases, there need be no special restrictions applied to the exposure
of an individual following a control period in which the exposure of the individual has
exceeded a dose limit. Such events should call for a thorough examination, usually
by the regulatory agency, of the design and operational aspects of protection in the
installation concerned, rather than for restrictions or penalties applied to the exposed
individual.”

It is clear from the above that both ICRP and NCRP consider control of exposure
at the source and not at the individual to be most important. This is particularly
true in the design of anew facility. For example, the dose criteria for shielding design
in anew facility should be placed at a small fraction of the dose limit. For facili-
ties already in operation, the inclusion of additional shielding or other methods for
controlling the source will fall under the “as reasonably achievable” portion of the

ALARA principle [9].
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Table 3.3: Abundances of the most prominent stable nuclides in the atmosphere at

sea level [37].

Isotope Percentage by volume in the N, (atoms cm™?) at room

atmosphere (atoms) temperature
MN 78.16 4.199 x 101?
160 20.00 1.075 x 10
0Ar 0.467 1.558 x 1017
I°N 0.29 2.149 x 10

30 0.04 1.255 x 1017




Chapter 4

Materials and Methods

4.1 Introduction

In this medical study for radionuclides, most of experiments were carried out on a
Clinac 2100C Linac (15 MV photon beams) installed at the Maggiore Hospital, which
located in Trieste, Italy.

Several methods were used for the determination of induced radioactivity of Clinac
2100C. Each of these methods will be discussed in this chapter. The methods which

were used in this work were:

1. Filter paper
2. Portable spectrometer
3. Mathematical model

4. Monte Carlo Simulation

Most points of interest in the treatment room of Clinac 2100C in our experiments

are shown in Fig. 4.1. Measurements of induced activity were carried out for the

46
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Figure 4.1: Schematic diagram of a linac and the location of the four points of interest. (a) The
ant. view shows points E which relevant for the equivalent dose to RTT. (b) The Lateral view shows

point A, which relevant for patient dose.

most part at the machine isocenter (point A) and at the point on patient plane 100
cm laterally to the isocenter (point E). The activation levels at point E are relevant
for the equivalent dose to radiotherapy technologist (RTT). Additional point ,D, of
interest located outside the treatment room “control room” and not shown in Fig
4.1 relevant for the additional equivalent dose to RTT. This equivalent dose not from
induced activity but from the contribution of x-ray scattered and transmitted through
the walls of treatment room.

We define the linac setup for a reference experimental setup and relative exper-
imental setup. The Clinac 2100C reference experimental setup used most often in
our experiments was as follows: (1) photon mode: 15 MV; (2) source-axis distance
(SAD): 100 cm; (3) field size: 10 x 10 cm? at the isocenter; (4) dose: 400 MU, (5) dose

rate: 240 MU /min; (6) Gantry angle: zero degree; and (7) patient couch height: 110
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cm from the linac target. The setup of the measurements carried out with different
filed sizes and doses were defined as relative experimental setup.

The machine workload is defined as follows: in a typical treatment workday of 7
h, 400 MU are delivered to each patient with a dose rate of 240 MU /min, and four
patients are treated per hour.

The year of installation of Clinac 2100C linac, its manufacturer and other char-

acteristics was shown in Table 4.1.

4.2 Filter paper method

Air is made radioactive by electron accelerators operating above approximately 10
MeV by photoneutron reaction with oxygen and nitrogen [32] as mentioned in section
3.4. To examine this activation of air and other nuclides, filter papers were used.
After the end of collection time, spectrum was measured from the filter papers using
special detector.

The detector used was high-purity germanium (HPGE) spectrometer, while the
filter paper method is considered for first time for the determination of induced ac-

tivity and radionuclides in the linear accelerators.

4.2.1 Gamma spectrometry

Today large Ge crystals of either p or n type are grown with the low impurity levels
needed. The detectors fabricated from these crystals are called intrinsic or high-
purity detectors. They can be stored indefinitely at room temperature. Detectors of

different size or geometry are available, such as planar detectors, coaxial detectors,



Table 4.1: The characteristics of Clinac 2100C linac.

No. Characteristics Details/Description
1 Linear accelerator model Clinac 2100C

2 Manufacturer Varian Oncology System
3 Year of installation 2002

4 Electron energy (MeV) 6,9, 12, 15, and 18
5  Photon energy (MV) 6 and 15

6  Target to skin distance (cm) 100

7 Target to flattening filter distance (cm) 12.5

8  Target to top/bottom jaws (cm) 28.9

9  Target to block tray (cm) 65.4

10  Target material 131V Tungsten

11 Target thinness (cm) 0.5

12 Collimator material 184V Tungsten

13 Flatting filter material Stainless Steel

14  Maximum field size (cm?) 40 x 40

15  Minimum field size (cm?) 1x1

16 MLC providing Yes

17 Treatment room dimension (m?) 4x4

49



50

and well-type detectors. Others differ in the choice of contacts, of the choice of the
entrance window (Al, Be, . . .), the selection of the cryostat construction materials,
and so on [46].

The equipment used for gamma ray measurement is a gamma spectrometer system

consisting of the following (see Fig. 4.2):
1. Detector system (including preamplifier and high-voltage filter),
2. High-voltage bias supply,
3. Spectroscopy amplifier (shaping amplifier),
4. Pulse height analyzer (PHA),

5. Printer.

4.2.2 The detector system

The detector element absorbs the energy from an incident gamma ray or x-ray and
produces a current pulse whose integral is proportional to the absorbed energy. The
type of detector used was high purity Germanium coaxial detector p-Type. The

crystal diameter is 50.2 mm.

4.2.3 Detector configuration

The detector assemble consists of three parts as following:

1. Liquid nitrogen dewar

2. Cryostat
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Figure 4.2: Block diagram of Spectroscopy System.



52

3. Electronic package

Liquid nitrogen dewar was used with pure Germanium detector for cooling pur-
pose. The detector was cooled to reduced leakage current to avoid spoil their excellent
energy resolution [47]. The temperature was reduced to 77 K through the use of an
insulated dewar in which a reservoir of liquid nitrogen is kept in thermal contact with
the detector.

The detector was housed in a vacuum-tight cryostat to inhibit thermal conductiv-
ity between the crystal and the surrounding air. The cryostat is evacuated and sealed
by the manufacturer, although a pumping port provided to facilitate unusual opera-
tion such as high-temperature annealing. A molecular sieve was also provided within
the sealed volume in the detector in order to provided some passive pumping inside
the vacuum space. Thin end window was located near the crystal to minimize the
attenuation of gamma rays before they enter the germanium. The cryostat mounted
vertical on the liquid nitrogen dewar as shown in Fig. 4.3. The dewar capability to
hold nitrogen was 30 liters.

The detector was fitted with an interlock that prevents application of high voltage
to the detector unless it has reached a low temperature. This interlock is necessary
since any inadvertent application of high voltage at room temperature leads to ex-
cessively high leakage current that will likely destroy the input of the preamplifier.

The preamplifier is one of the electronic part of the cryostat package in our HPGE
system. The input stages of the preamplifier are also cooled along with the detector
to reduce electronic noise.

The distance from end cap to Crystal was 3 mm and other technical specification

can be shown in Table 4.2.
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4.2.4 Standard characteristics of the detectors

e Energy resolution
From the spectra created by HPGE detector, observed peaks have a finite width.
Peak broadening is due to the statistical fluctuations in the number of electron-
hole pairs created in the active detector volume (FW HM )4, and to the elec-
tronic noise of the different elements of the amplification chain. The resolution
is expressed by full width at half-maximum (FWHM), and it can be readily
obtained from the spectra. The different noise contributions add quadratically

according to the equation

elect

FWHM = \/(FWHM),, + (FWHM)? (4.1)

(FWHDM)ger and (FW HM) et represent the detector and the electronic con-
tribution in the total FWHM.

The energy E released in the detector is shared by two processes, namely direct

Table 4.2: Technical specification of HPGE coaxial photon detector system.

Specification Values
Detector Model GMX20P
Crystal diameter 50.2 mm
Crystal length 79.8 mm
End Cap to Crystal 3 mm

Detector window thickness 0.5 mm

Leakage current < 50 Pa
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ionization and lattice vibrations. Both processes may lead to the generation of

electronhole pairs.

N =

g (4.2)

where ¢ is average energy required to create one ion-electron pair.

The second process obeys a Gaussian distribution and, if direct ionization would
be negligible, the variance oy of the number of charge carriers N would be given

by the equation

oy = VN = \/g (4.3)

When the variance o is expressed in energy units (eV), equation 4.3 becomes

o =eVN=VEe (4.4)

and the intrinsic (FW H M ), is calculated as

(FWHM)qe = 2.35VEe (4.5)

where the factor 2.35 is a statistical property of the Gaussian distribution and
gives the ratio between FWHM and the variance of a Gaussian distribution.
In practice, however, direct ionization is not negligible at all, justifying the

introduction of a correction factor F', the so-called Fano factor:

(FWHM)ger = 2.35VF Ee (4.6)
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The Fano factor has an approximate value of 0.1 for Ge.

e The Peak-to-Compton Ratio
Following the Institute of Electrical and Electronics Engineers (IEEE) stan-
dards the peak-to- Compton ratio is defined as the ratio between the maximum
number of counts in the channel at the top of the 1332.5-eV peak of ®*Co and
the average channel count between 1040 and 1096 keV. It depends on the res-
olution and efficiency, and also on the presence of material in the vicinity of
the active detector region, as these materials may backscatter v-rays into the

detector. It plays a role in the background due to the presence of the source.

e The Detector Efficiency
The efficiency ¢, is a measure of the probability (expressed in absolute values
or in per cent) that a y-ray of energy E, is fully absorbed in the active volume
of the detector or, in other words, the probability that it contributes to the full-
energy peak. It depends basically on the solid angle €2 under which the source

is seen by the detector and on intrinsic factors characteristic of the detector.

4.2.5 Pulse shape

The preamplifier was connected with the detector as mention previously and be-
tween the high-voltage filter and the detector are made through the cryostat vacuum
feedthroughs within the electronic shield.

The detector element absorbs the energy from an incident gamma ray or x-ray
and produces a current pulse whose integral is proportional to the absorbed energy.

This pulse is integrated, converted to a voltage pulse, and shaped by the preamplifier.
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The shape of the output pulse depend on the position at which the charge carriers
are formed within the active volume. The simplest case is that of a very short -
range particle, which, to first approximation creates all the electron-hole pairs at one
location within the detector. If that location lies within the interior of the active
volume, there will be unique and separate collection times for holes and electrons
because each species must travel a fixed distance before being collected. If the point
of interaction is near either edge of active volume, the observed pulse rise will then be
due primarily to the motion of only one type of charge carrier. For charge radiations
whose range is not small compared with the active volume, distribution of collection
times will result from the corresponding spatial distribution of the points at which
holes and electrons are formed. If the orientation of the particle track can change
significantly from the event to event, an additional variation in the pulse rise time

will be introduced [47].

4.2.6 System calibration

GammaVision-32 is the system provided for Gamma-Ray Spectrum analysis within
the detector. The GammaVision offers four analysis engines and three major analysis
methodologies. In the primary analysis method, a library-directed peak search deliv-
ers lower detection limits than can be achieved by “unguided” peak searches. This
method is ideally suited for the determination of low-level and ultra-low-level samples
(where statistics might be poor) for a specified list of nuclides. For analysis of true
unknowns (e.g., emergency-response samples), an “Auto Isotope Identification” mode
allows efficient, accurate use of large libraries while maintaining reasonable analysis

times. The interactive re-analysis mode lets you repeatedly re-fit the spectrum while
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monitoring the fit residuals. This is invaluable for highly complex spectral analysis
such as certain neutron-activation and reactor-coolant spectra. A “directed fit” op-
tion report negative activity values if calculated, as required for some effluent analysis
requirements. An enhancement to directed fit allows this option to be used in the
deconvolution of overlapping peak areas.

The calibration of the system defines four relations:

1. Spectrum channel numbers and energy,

2. FWHM of the peak and energy,

3. Spectrum count rate and activity in becquerels or other units,
4. True coincidence summing factor and energy

These relationships are calculated from spectra, user inputs, and inputs from
libraries and tables.

The energy calibration function in the system used for analysis calculates two sets
of parameters: the energy vs. channel number, and the peak shape or FWHM vs.
energy. The inputs to this function are a spectrum or series of spectra with isolated
peaks distributed over the energy range of interest, and either a library or table of

peak energies. The formula for energy vs. channel number is:

E = a + GQC + (1302 (47)

where,
E = energy,

a; = coeflicients,
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C = channel number.

The formula for FWMH vs. channels is given as following:

F = bl + bQO + b302 (48)

where,
F' = energy,

b; = coefficients.

The calculation of the FWHM in energy, the following equation can be used:

F(e) = F(c)(az + 2a3 x C) (4.9)

where,
F(e) = FWHM in energy,
F(c) = FWHM in channels at channel C,
as = energy calibration slope,
az = energy calibration quadratic coefficient,
C' = channel number.
When the FWHM fit is made, the fit is automatically checked for validity. If the
FWHM curve is negative at any part of the spectrum or the curve bends over (has
a maximum and then goes down), a warning message, Non-physical FWHM fit, is

displayed in the system monitor.
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Energy calibration setup

The first step in the calibration was carried out by collected a spectrum of a multi-
gamma standard solution. The spectrum peaks was been well-defined with a small
statistical uncertainty. The system of spectroscopy provide automatic calibrate pro-
gram to perform a complete energy and FWHM calibration on the displayed spectrum
using the working library as mention above. The simplest form is the linear relation-

ship between the two quantities.

Efficiency calibration

The efficiency calibration function calculates the detection efficiency of the HPGE
detector system as a function of energy. The efficiency of the detector system is the
relation between the number of gamma rays emitted from the source to the number of
gamma rays collected in the full-energy peak. Various kinds of efficiency definitions

are in common use for gamma ray detectors:

e Absolute Efficiency:
The ratio of the number of counts produced by the detector to the number of
gamma rays produced by the source (into all directions). This depending upon

the source-to-detector distance.

e Intrinsic Efficiency:
The ratio of the number of pulses produced by the detector to the number of

gamma rays striking the detector.

e Relative Efficiency:

Efficiency of one detector relative to another; commonly that of germanium
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Figure 4.4: Detector with Extended Source.

detector relative to a 3 in diameter by 3 in long Nal crystal, each at 25 cm from

a point source, and specified at 1.33 MeV only.

e Full-Energy Peak Efficiency:
The efficiency for producing full-energy peak pulses only, rather than a pulse of

any size for the gamma ray.

The HPGE detector system efficiency includes effects from the detector itself, the
detector source geometry, the materials surrounding the detector, and absorption in
the source material or matrix (Fig. 4.4 present these effects).

In general, it is not good practice to use efficiency calibrations from one detector-
source geometry for other geometries. Since the efficiency is defined as a function of

energy, the energy calibration must be done first.
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The relative efficiency measurement was performed using multigamma standard
solution provided by LEA Laboratories, France. The Multigamma standard solution
has volume of 5 ecm?® and density equal 1.016 g.cm~3. The reference activity date of
the solution was been on 29 Oct 2007 and Table 4.3 present the radionuclides and
activity concentration of the solution.

The energy-calibrated spectrum of the radionuclides and their source strengths
and calibration date are entered into GammaVision in convenient menu-type forms.

The ratio of relative Efficiency expressed by the following equation:

(peak area)/[(activity)(live time)]
1.2 x 1073

Relative Efficiency = x 100 (4.10)

where,
peak area = number of counts in peak,
activity = disintegrations/second,

live time = real time minus total system dead time in seconds.

There are several options provide by the detector system for the type of fit used

to describe the efficiency energy relationship. These are:
1. Interpolative fit.

2. Linear fit of the natural logarithm of the efficiency to the natural logarithm of

the energy.

3. Quadratic fit of the natural logarithm of the efficiency to the natural logarithm

of the energy.

4. Six-order Polynomial fit of the natural logarithm of the efficiency to the energy.
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Table 4.3: Summary of nuclides of Multigamma standard solution (as was provided

by manufacturer brochure attached to the shipment).

Radionuclide  Half life  Energy (keV) Number of Activity

photons per concentration

100 (kBq.g™!)
disintegrations
Am-241 432.6 y 59.54 35.78 1.93
Cd-109 461.4 d 88.033 3.63 9.13
Co-57 271.8 d 122.06 85.51 0.494
Co-57 271.8 d 136.47 10.71
Ce-139 137.641 d 165.86 79.9 0.469
Cr-51 27.703 d 320.08 9.87 19.1
Sn-113 115.09 d 391.69 64.97 2.92
Sr-85 64.850 d 514 98.5 1.58
Cs-137 30.05 y 661.66 84.99 2.84
Co-60 5271y 1173.23 99.85 2.9
Co-60 5.271y 1332.49 99.98
Y-88 106.626 d 898.04 93.9 2.86

Y-88 106.626 d 1836.05 99.32
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5. TCC Polynomial, a different six-order polynomial fit of the natural logarithm

of the efficiency to the natural logarithm of the energy.

Options 1, 2, and 3 can be selected separately for two separate energy regions.
Either of the two regions might be left uncalibrated by not including any points in
the region, but the analysis will report zero intensity (in the library peak output) for
peaks in the uncalibrated region. If both regions are calibrated, the above-the-knee
energy region is fitted first, and the calculated efficiency at the knee is included as a
data point in the below-the-knee fit. This means that only one point need be below
the knee, but two points are the minimum above the knee for a calibration to be
done. Option 4 fits the entire energy range with one function and is best suited to
p-type detectors. Option 5 fits the entire energy range with different functions over
three energy regions and can be used for p- or n-type detectors.

An efficiency standard table file contains all the data needed using the standard
source was created by the system. Fig 4.5 present the efficiency curve and the gener-

ated table contains the following information (by columns):
1. Isotope name (same as library).
2. Gamma-ray energy (keV).

3. Efficiency (used for manual efficiency inputs, ignored if remainder of line is

valid).
4. Activity in Bq or pCi at the date and time specified in column 7.
5. Gammas/sec for this energy, at the specified date and time.

6. Uncertainty for this nuclide.
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Figure 4.5: The efficiency calibration curve.

. Calibration date and time for the gammas/sec calibration. The gammas/sec are
automatically decay corrected from the date/time in column 5 to the date/time

of the spectrum acquisition.
. Half-life of this nuclide in days.

. Branching ratio as gammas/100 disintegrations.
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Calculation details for peaks

For all library peaks in the analysis energy range, the program attempts to calculate
the net peak area and centroid of a peak at that channel. At this step in the analysis,
each peak is considered to be a singlet. A singlet is a single, isolated peak; that
is, it is far enough away from other peaks in the spectrum so that the spectrum is
background on both sides of the peak (does not overlap another peak). The steps are

to calculate the background, then the net area, then the centroid.

Background calculation methods

Using our detector system, we can select the method from among these types: auto-
matic, 5-point average, 3-point average, and 1-point minimum.

The first pass background was calculated on the low-energy side of the peak, the
5-point average of the channel contents was calculated for the region from the peak-
centroid channel to the channel which is 6 times the library match width (normally
0.5) times the calculated FWHM (from the calibration) below the centroid. The 5-
point average data at a given point is the sum of the data from two channels below
the point to two channels above the point divided by 5. This is the same as smoothing
the data with a smoothing width of 5 and coefficients of 0.2 for all points.

The background value is the minimum value of the moving 5-point average and
the background channel number is the center channel of the 5. If the minimum
average value is within one sigma (counting statistics) of the actual channel value at
the assigned channel point, this 5-point average is the low energy background value
for this peak. If the average value is not within one sigma of the actual data, a

3-point average is used instead of the 5-point average to calculate a new minimum
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value. This 3-point average minimum value is compared with the actual data at the
assigned channel and is accepted if it is within 1 sigma of the actual data. If the
3-point average also fails this test, the data value at the assigned channel is used for
the background.

The same process was repeated for the high-energy side of the peak to calculate
the background value above the peak. The background under the peak is the straight
line between these two values.

The net peak area and background are calculated from this first pass. Next, the
width was reduced or increased depending on the peak-area-to-background ratio and
the library match width. This adjustment makes two improvements: (1) it reduces
the number of channels in the peak for small peaks (decreasing the uncertainty), and
(2) it improves the area calculation for peaks moved from the library energy. This
background calculation method has advantages, when there are closely spaced peaks,
over other methods. For example, because the 1-point method will be used when a
small peak is very near a large peak, a more accurate measure of the background will
be obtained as compared to the 5- or the 3-point average.

The background of the small peak is less affected by the other peak because the
automatic method will tend toward the smaller values. The background area A, was
calculated by GammaVision software using the following equation:

_ B+ By

where,
B; = the background on low side of peak,

Bj, = the background on high side of peak,
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W = the peak width.

In addition the background error ,A.., and net area error ,A,., calculated by

GammaVision software using equations 4.12 and 4.13 respectively as following:

— M)W

A, = 4.12
Wi+ Wy ( )

Aper = /G2, + A2, (4.13)

where,
G, = the gross area error = square root of gross area,
W; = the width of low average,

W), = the width of high average.

The background was measured routinely to check the presence of any contam-
ination. The system was cleaned routinely using cotton wool and alcohol for any
other measurements perform in the system. To avoid the surface contamination of
the samples with the detector and increase the leakage current from it, we placed the

sample in plastic pack.

4.2.7 Activity calculation

The nuclide activity (in becquerels or curies), based on the peak at energy, F, is given

by the following equation:

Ngi

NN (4.14)
g Xt XYy
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where,

Apg; = the activity of nuclide ¢ based on energy F,

Ng; = the net peak area for peak at energy F,

ep = the detector efficiency at energy F,

t = the livetime,

va = the gammas/disintegration for energy F of this nuclide.

This “peak activity” was reported in the nuclide peak matrix. If there is more
than one peak in the energy analysis range for a nuclide, then an attempt to average
the peak activities is made. The result of the average is the average nuclide activity.

The average activity for the nuclide is calculated by first doing a gammas/disintegration
weighted average of the first and second library peak activity, if the activity of the
second peak is within two times the uncertainty of the first peak activity. The un-
certainty in the first peak activity includes counting uncertainty of the first peak,
uncertainty in the library entries, and uncertainty in the calibration. Subsequent
peaks are likewise included in a running average if their activity is within two times

the uncertainty of the current average activity (Aayg). That is:

Agvp = =2 (4.15)

where,
I; = the corrected (for all factors) intensity of the ith peak,
G; = the gamma/disintegration of the ith peak,

n = the number of peaks included in the activity.
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4.2.8 Minimum detectable activity

The Minimum Detectable Activity (MDA) is a measure of how small an activity could
be present and not be detected by the analysis. There are many factors affecting
the MDA, which is reported in activity units such as becquerels. The calibration
geometry, the backgrounds (system and source-induced), the detector resolution and
the particular nuclide all substantially affect the MDA reported. Except for the MDA
formula chosen and the sensitivity threshold, the MDA is not affected by the analysis
software.

For all peaks, the MDA value is calculated based on the background value of the
peak. If the peak area was not used in the activity calculation because it failed the
sensitivity test, or a shape test, the peak area is added to the background for the MDA
calculation unless the MDA defines the background separately. If the background is
0, it is set to 1 for the MDA calculation. The background will still be reported as
0 on the report. By reviewing the individual MDA values (which are printed on the
nuclide/peak matrix) we can determine how relevant the selected MDA value is to
the physical situation. The MDA reported for the nuclide is the value for the first
peak in the library.

The MDA reported might be any one of the following MDA formalisms. The type
used was printed on our report. In the following definitions, the peak count and peak
count rate are calculated according to the various formulas. These are then converted

to an MDA with all the corrections performed for the relevant library peak.

e Method 1 - Traditional ORTEC
The peak count is equal to the square root of the sum of twice the uncertainty in

the background and 2500 over the sensitivity squared plus 50 over the sensitivity,
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all multiplied by 100 over the sensitivity. The peak count rate is the peak count

divided by the live time.

100 2500 50
SENS * \/2 x BKG + ggner + 5ENs

Peak Area Rate =

4.16
LiveTime ( )

where,
SENS = the user-set sensitivity in percent (peak cutoff),

BKG = the peak background,

LiveTime = the spectrum live time.

Method 2 - ORTEC Ciritical Level
The critical level is 2.33 times the square root of the background. If the peak

area exceeds this level, bit 2 of the nuclide flag is set to 1.

Method 3 - Suppress MDA Output
The MDA is not calculated and is set to 0.0. For nuclides not present, there
is no printout on the nuclide report. The individual peaks are included in the

other parts of the report.

Method 4 - KTA Rule

The peak count is equal to the square root of average channel contents in a
region equal to 2.5 times the calculated FWHM times the number of channels
in the FWHM. This value is scaled by the sigma value of 1, 2, or 3 and divided

by the live time to give the peak count-rate ,P, sigma for the selected value.

p— WBXL;V)X" (4.17)

where,
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B = average background/channel at peak energy,
W = FWHM in channels,

o = confidence level (1, 2, or 3).

4.2.9 Correction
Decay during acquisition

The decay during acquisition correction is used to correct the activity of nuclides
whose half-life is short compared to the spectrum real time. The correction performed

using the following equation:

In 2 % Real time
DDA = hal] —Life (4.18)

Real ti
R

where,

DDA = the decay correction factor,

Real time = the spectrum real time,

half — life = the half-life of the nuclide of interest,
In2 = the natural log of 2.

This can be viewed as scaling up the activity measured to the value of the activity
at the start of the measurement. The correction goes to 1 (no change) as acquisition
time becomes much smaller than the half-life. The decay during acquisition technique
is superior to making use of a hardware dead-time correction. For example, suppose
a sample contains two nuclides, one with a short half-life and one with a long half-life.
The count rate of the short half-life nuclide will be higher at the beginning of the
count time than at the end of the count. This means more counts per unit time will

be accepted at the beginning of the count time than at the end. So even if the count
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time is extended by the hardware to compensate for the lost counts at the beginning
of the counting period, the count rate is so low at the end of the count that not
enough counts will be added in. For the long half-life nuclide, the count rate does
not change during the count time, so the livetime correction will correctly account

for the lost counts during the count time.

Decay correction

If the half live of the radionuclide is short as in our case, decay correction are necessary.
The decay correction projects the activity at the time of count back to the time the
sample was collected. If the time is greater than 12 half-lives, the correction is not
made and the message is printed out. Twelve half-lives corresponds to a decay factor
of about 4000. Both the time of count and decay-corrected values are presented on

the report. The total activity was the decay-corrected activity.

Decay During Collection (DDC)

If the sample was collected over an extended time, this correction will account for
the buildup or increase of activity in the sample during the collection time. The

correction is given by:

FElapes time

n2 x .
DDC = hal] —Life (4.19)

Real ti
| (2 et

Peaked Background Correction (PBC)

The PBC is used to correct for the presence of an isotope in the background spectrum

that also occurs in the sample. If the isotope is not of interest in the analysis results,
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there is no need to make this correction. The correction subtracts peak counts in the
background spectrum from the peak counts in the sample.

The PBC values in the PBC table are the counts-per-second at each library energy
and these values are subtracted from the counts-per-second values of the sample
spectrum before the above corrections. The PBC value is added to the background
and the new error is calculated by multiplying the percent error by the ratio of the
uncorrected area to the corrected area.

This method improves on older PBC methods because the peak count rates are
stored in the PBC table for each energy in the spectrum and not the average rate
for an isotope. This removes the dependence on the efficiency calibration in the PBC
table, yielding more accurate results because the nuclides in the background are not
in the same geometry as the sample, meaning that the efficiency calibration is not
the one to be used.

The subtraction of the PBC area and the recalculation of the percent error can
result in the new net peak area being below the sensitivity cutoff and thus eliminating
this peak from being used in the activity calculation. If the first library peak is

rejected, the MDA is reported.

Geometry correction

The geometry correction is used to adjust the activities reported in a sample of a
given source detector geometry when the system was calibrated using a different
source-detector geometry.

This is useful when many different geometries are used in a laboratory and cali-

brated sources are not available for all the geometries used.
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The correction factor multiplies the peak intensity for each peak in the library as

shown in equation 4.20. The factors are stored as a function of energy.

Ac = A x GeoFac (4.20)

where,

A¢ = corrected intensity for a given energy,

A = uncorrected intensity for a given energy,
GeoFac = the correction factor for that energy.

The correction is not applied to unknown peaks. The peak values in the iso-
tope/peak list in the output report are uncorrected values. The peak uncertainty is
maintained as a constant percentage. The factor is linearly interpolated between the
points in the table and linearly extrapolated outside the energy range of the table
points.

As an example of the geometry correction, two spectra were taken of the same
point source (see Fig. 4.6). In case 1, the source was about 4 cm from the end cap
and on-axis of the detector. The second geometry (case 2) is with the source about
7.5 cm from the center of the detector in a position in the plane of the end cap of the
detector.

The ratio of the peak count rates between case one and two are entered into the

geometry table.

Random summing

If more than one gamma-ray photon signal is absorbed by the detector during a

pulse sampling cycle, the sum of the energies of the two (or more) is recorded in
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Figure 4.6: An example of the geometry correction.
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the spectrum. Since the two gamma rays are not related in any way, this is random
coincidence. Random coincidence sum peaks can be formed at double the energy of
the primary peaks. Any full-energy photon that is summed with another pulse is not
recorded in the single photon peak and represents a loss of counts or efficiency. This
loss is count-rate dependent.

The random summing correction factor (RSF') was calculated using the following

equation:
1
1 - FxT,
where,

C't = the contents of all channels,
F' = the user-entered slope of the correction curve,

T, = the live time.

4.2.10 Reported uncertainty

The uncertainty which was printed on our reports can be either counting or total
uncertainty. The counting uncertainty is the uncertainty of the peak area due to
statistical uncertainty. For a peak net area, the counting uncertainty can be expressed
in percent of the peak area. This same percent is used to express the percent counting
uncertainty in the activity values.

The total uncertainty value ,0;, is composed of the random and systematic errors
in all of the factors involved in producing the final nuclide concentration result. The

error is given by the following equation:

o=/ 0% +1/350% (4.22)
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where,
o,; = the individual random error.
05 = the individual systematic error.

The random uncertainties are: counting, additional, random summing, and ab-
sorption correction. While the systematic uncertainties are: nuclide uncertainty from
library, efficiency fitting uncertainty from calibration, calibration source uncertainty,
geometry correction, and additional.

The random summing uncertainty is estimated to be 10% of the square root of the
correction. The efficiency uncertainty, both above and below the knee is calculated in
the calibration section program. These values are printed on the calibration report.

The calibration source uncertainty we have entered was the 1-sigma uncertainty
in the source values used in the efficiency calibration. This value was usually supplied
with the calibration standard. It is the uncertainty calculated by the supplier for the
values given for the standard.

Table 4.4 and 4.5 present the summary about correction used and setup of Gam-

maVision software parameters respectively.

4.2.11 Reference experimental setup

All experiments were conducted using an electron linear accelerator manufactured by
Varian Company “Clinac 2100C” and producing 6 and 15 MV photon beams. The
air inside the treatment room were activated by means of 15 MV and dose of 400
MU was delivered for 10 x 10 cm? field size. The point of interest ,A, was used in
our experiments shown in Fig 4.1. After the end of delivering the dose we enter the

treatment room quickly and start the air pumping process (air pollution monitoring)
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by power on the vacuum pump which including the filter paper at the interest point.
Setup of this measurements was shown in Fig 4.7.
Whatman filters (filter papers) are manufactured from high quality cotton linters

which have been treated by manufacture to be used for general filtration and exhibit

Table 4.4: Summary about correction used by GammaVision software

Corrections Status
Decay correct to date YES
Decay during acquisition NO
Decay during collection NO
True coincidence correction NO

Peaked background correction ~ NO

Absorption (Internal) NO
Geometry correction NO
Random summing YES

Table 4.5: Summary of setup GammaVision software parameters.

Error Values

Random error 1.00E+00

Systematic error 3.00E+00

Fraction Limit 0.000

Background width best method (based on spectrum)
Half lives decay limit 12

Activity range factor 2

Min. step backg. Energy 0
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Figure 4.7: Filter paper and vacuum pump device setup in the linear accelerator “Clinac 2100C”.
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particle retention levels down to 2.5 um.

The unique features of these filters make them the optimum choice for many
filtering techniques. The filters are tested by manufacture for basis weight, thickness,
air flow and mechanical strength. Air inside the treatment room (radioactive dust)
is collected from airflow of vacuum pump and the filter paper was quickly removed
from the treatment room and the radionuclides of air have been identified by their
half lives using gamma spectrometer.

Before starting our routine daily measurements, we monitored the background ex-
posure rate for possible abnormally high residual activity in the treatment room using
calibrated ionization chamber survey meter (Model 450P, Victoreen, Inc.; Cleveland,
OH).

In order to minimize the influence of the accumulated induced activity on our
measurements and according to routine daily clinical work most experiments carried
out in early morning hours of Friday and Monday before the routine daily clinical

work began on the machine.

4.3 Portable Spectrometer method

The type of portable spectrometer used in our experiment is Intrinsic Germanium
Coaxial Detector p-Type. The detector type is PR6C1519 and the crystal diameter is
57 mm. The other technical specifications can be shown in Table 4.6. Fig 4.8 shows
the components of Intrinsic Germanium Coaxial Detector p-Type.

The ratio of the absolute germanium detector efficiency to a 3 x 3 Nal (TI) scin-
tillation detector was calculated. The ratio expressed as a percentage, is given as the

relative efficiency of the detector as mentioned in equation 4.10.



Table 4.6: Technical specifications of portable spectrometer.

Specification Values
Detector Model PR6C1519
Crystal diameter 57 mm
Crystal length 33 mm
Crystal volume 76 cm?
Detector window distance 10 mm
Leakage current < 50 pA

Relative efficiency using Co-60 3.9 %
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Figure 4.8: The components of Intrinsic Germanium Coaxial Detector p-Type.
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4.3.1 Experimental setup

The main part of the experimental work consisted in the usage of a portable high
resolution gamma spectrometer, consisting of a high purity germanium detector
(PR6C1519, SILENA, USA, 10% relative efficiency, FWHM = 1.82 keV at 1.33 MeV)
and battery-driven spectrometer hardware. An energy-dependent efficiency calibra-
tion of the detector had been obtained previously by acquiring a spectrum from two
calibrated point sources containing **Ba and '*?Eu. The sources had been placed at
1 m distance vertically from the detector and perpendicular to the detector surface.
Fig 4.9 shows the typical experimental setup.

The spectrometer was installed on the patient table inside the treatment room of
Varian Clinac 2100C. The accelerator was programmed according to our reference and
relative experimental setup to deliver various monitor units (MU) (400-20000 MU)
using high energy photon beam (15 MV) at the maximum output rate (240 MU /min)
and a gantry angle of 0 degree. The sensitive volume of the detector was placed at the
isocenter of the linac at point A (see Fig 4.1) and put in operational mode as quickly
as possible after the termination of the beam. The geometry of machine provides a
focus-isocenter distance (FID) of 100 cm.

The time span between termination of the beam and start of the recording of
the first spectrum was around 2 minutes, depending on the local situation. The
field size during and after irradiation was set to 10 x 10 cm?, assumed to be an
average treatment field size. Spectra were collected during 2 hours and for varying
times: 1 min in the first part of the experiment, increasing to 15 min in the later
part. These experiments were done on Friday afternoons directly after the end of the

weekly clinical routine. Two days later, one or several spectra were collected in the
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Figure 4.9: Experimental setup of Intrinsic Germanium Coaxial Detector p-Type.
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same geometry and for longer times, in order to identify longer-lived radioisotopes
after decay of the shorter-lived ones. The accelerators were not used and left in the

stand-by state between the two measurement cycles.

4.4 Mathematical model

From section 3.2 of chapter three, the number of nuclide of each of activation and
decay process at any time ¢ can be obtain by solving a system of differential equations
(see Appendix A) that relates each product. The activation and decay process of

nuclides can be represented by the following relationship:

Ni — Ny — Ns (4.23)

In medical linear accelerators the stable parent nuclide, P, transformed through
activation process of neutron or photons to radioactive nuclide, T". This radioac-
tive nuclide decay into a granddaughter nuclide through ,G, internal conversion by
emits photon, neutron or beta. The activation and decay process of nuclides can be

represented by the following relationship:

P—-T - (4.24)

After solving the system of differential equations, the activation dose rate, D, at

decay time , ¢, can be given by
Do = Dp(1 — e M) (4.25)

where D,), is the dose rate, which represents the maximum dose rate, given as the

dose rate D, when the activation time ¢, approaches infinity.
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Due to the radionuclides with long half-lives, the activity will build up during
the five working days and then decrease somewhat over the weekend. In addition, if
we want to calculate all dose rate of radioactive nuclides and we assume there is n
species of radionuclides produced in linac room, then equation (4.25) can be given as

the sum of all possible radioactive transformation, i.e.,

De=> (Dp)i(1 — e Nty (4.26)
=1

where (D,,); and \; are the maximum dose rate and decay constant, respectively,
for the nuclear species 1.
If we want to calculate the activation dose, D, for 5 days, equation (4.26) can be

written as follows:

De=> (Dp)i(1 — e ")e ™" 5 days (4.27)
=1

The activation dose rate due to the radionuclides with long half-lives at the isocen-

ter of Clinac 2100C linac after irradiation can be approximated as follows:

D =Dy + D¢ (4.28)

where Dy is the background dose rate in linac room and D¢ is the total dose rate
calculated as the sum of all dose rate from radionuclides with long half-lives, that
is contribute to most of the induced activity at the point A (see Fig 4.1) of Clinac
2100C linac.
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4.5 Monte Carlo simulation

Geant4 as one of Monte Carlo simulation codes was used in this study to estimate
the equivalent dose due to induced activity received by technologist and patients.
The induced activity commonly comes from the photodisintegration and neutron
capture reactions as mentioned before. In the photodisintegration or photoneutron
reaction, the target nuclide producing a neutron and daughter nuclide, the resulting
nucleus (daughter nuclide) may be radioactive and may subsequently undergo 87 and
~ decay. Similarly, as a result of neutron capture, the target nucleus transforms into
new nuclide that may be radioactive and may subsequently decay through S~ and
decay.

Our work on the simulation of Clinac 2100C activation problem was focused on
the determination of equivalent dose received by technologist from neutron produced
by photodisintegration reaction and estimation of equivalent dose variation due to

relative measurements setup explained in section 4.1.

4.5.1 Geant4 overview

The acronym ‘Geant’ was invented in the 1970’s to name a code that simulated
‘Ge’ometry ‘an’d ‘t’racking for particle physics experiments. The first widely-used
released version of the code, GEANTS3, was written in FORTRAN and used several,
at the time well-established, physics routines to model the physics of the interactions.
As the complexity of the code kept increasing, object-oriented techniques were opted
for instead, as this seemed to be the most efficient way to maintain the transparency
of the code without compromising its performance. At that point it was also decided

that the program would be given the form of a toolkit allowing the user to easily
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extend the components of all domains. This new phase of development led, in 1998,
to the first production release of Geant4 [11], a C++ program that nowadays begins
to be adopted by fields other than particle physics, such as space science and medical
physics [18].

A Geant4 simulation run can be thought of as proceeding through the following

steps (schematically shown in the appendix B):

e the particles to be used are specified,

e the processes a particle is allowed to undergo are specified,

e the model describing each process is chosen,

e the materials to be used in the run are defined,

e the geometry of the system is defined,

e materials are assigned to the components of the geometry,

e external electromagnetic fields are defined,

e the geometry of the detectors is defined,

e the primary events are generated (by e.g. an interface to an event generator),

e the primary particles are transported through the system and the production

of secondary particles is simulated as they interact with matter,

e the event data (as ‘measured’ by the ‘detectors’) are stored for further analysis

(e.g. in the form of histograms).

In the present application, there are no external electromagnetic fields. The re-

maining components of the simulation are discussed in the following sections.



89

e __—f\___

Figure 4.10: Example of a geometry in Geant4. The axes of the internal reference system are

shown.

4.5.2 The definition of the geometry

There are two landmarks used in defining the geometry of the setup in Geant4: the
‘World’ volume and the internal reference frame of the simulation. The ‘World’
volume is conceived as the volume that includes all the three-dimensional space that
the simulation has to consider. The internal reference frame of Geant4 is a Cartesian
system that has its origin at the center of the ‘World’, as shown in Fig 4.10. Each
component of the system is defined as a geometrical volume whose center is placed
at a point in the reference frame of another volume.

When all volumes are thus placed, they are assigned materials. These are defined
as elements or compounds. Compounds are defined by their atomic composition as
given by a chemical formula or weight fractions, their density at a given tempera-
ture and pressure and their mean excitation energy. Example of geometries for our
simulation and for the head of linear accelerator 2100C, are shown in Fig 4.11.

In general, the term ‘geometry’ in Geant4 refers to the volumes built in the sim-

ulation, whether these are sensitive components registering hits or merely pieces of
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Figure 4.11: Example of geometries for head of linear accelerator 2100C in Geant4.

material the particles traverse. The part of the system that generates the primary
particles is not included in the ‘geometry’ definition but in the ‘primary event defini-
tion’.

In the present application, the geometry consists of a air sample volume “detector”
whose components percentage shown in Table 4.7. The geometry of air sample volume
can be shown in Fig 4.12 as sphere. In other hand the x and y jaws, scatter foil, target,
multileaf collimator (MLC) and flattening filter are represent the geometry of Clinac
2100C head as shown in Fig 4.13. In addition Fig 4.14 show the hole geometries

including the room volume.

4.5.3 Generating the primary events

This part of the simulation consists in defining the initial state of the simulation, i.e.
the ‘primary particles’. Once this is done, Geant4 will track the particles through

the system (following the definition of physics processes) until they stop, decay or are
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Table 4.7: The percentage of Air Abundances of the most prominent stable nuclides
in the atmosphere at sea level.
Temp (C°) Air density (kg/m?®) YN 10 9Ar PN B0
(%)
25 1.184 78.16 20 0.467 0.29 0.04

Figure 4.12: The geometries for head of linear accelerator with air sample volume shown as sphere

in Geant4.
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Figure 4.13: The details of geometries for head of linear accelerator (Clinac 2100C) in Geant4.

transported beyond the limits of the World.

The generation of the primary event can be done using an interface to an event
generator or the particle gun class, which creates a beam of particles by defining their
type, position, direction of motion and kinetic energy. The generation of the primary
event in the present application was done by using the latter option.

Our primary particles was assumed to be electrons hit the target of Tungsten with

options for users to select there kinetic energies.

4.5.4 Electromagnetic physics

The simulation proceeds by steps and the purpose of the implementation of the physics

is to decide where these steps take place and which interactions are to be invoked at
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Figure 4.14: Geometry of Clinac 2100C head in the treatment room are shown using OpenGl

visualization driver.



94

each step. This is done by using pseudorandom numbers which are uniformly dis-
tributed in the interval (0,1) to calculate the ‘mean free path’ or ‘interaction length’
for each interaction that the particle is allowed to undergo. The interaction that pro-
poses the shortest mean free path is chosen. The step length can also be restricted to
preserve precision or to prevent the particle from crossing a boundary in the geometry
in a single step.

The processes taken into account in the present application were the electromag-
netic and nuclear reactions, since above energy of 10 MeV electron beam can induce
nuclear reactions. There are two models for electromagnetic physics in Geant4: the
‘standard’ model and the ‘low-energy’ model. By ‘low-energy’ is meant the regime
below 100 GeV, in which respect both models are, in principle, applicable in the
present context. A complete description of the physics used in Geant4 can be found
in Geant4 physics reference manual [24]. Overview reports of the physics models and

their validation are given literature [55, 56, 57, 58].

4.5.5 Production cuts

Geant4 does not use tracking cuts, i.e. all particles are tracked to zero kinetic energy
unless they reach the limits of the World. Photons and secondary electrons are,
however, generated only above a given kinetic energy threshold (‘production cut-off”).
This is done as to avoid the production of a large number of secondary particles, which
would deteriorate the performance of the simulation without enhancing the accuracy
of the calculations.

In principle, production cuts can be applied to all processes but this is not done in

practice. Instead, they are used to restrict only the generation of secondary particles
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by ionization and bremsstrahlung. In the present study, all particles, both photons
and electrons, are tracked to the end of their path, while the cutoff range for the
production of secondary particles was set according to the dimension of the detector

geometries employed.

4.5.6 Determination of the interaction point

The mean free path, A, of a particle for a given process depends on the medium and
cannot be used directly to sample the probability of an interaction in a heterogeneous

detector. The number of mean free paths which a particle travels is:

2 dx

1

which is independent of the material traversed. If n, is a random variable denoting
the number of mean free paths from a given point to the point of interaction, it can

be shown that n, has the distribution function:

P(n, <ny)=1—e™ (4.30)

The total number of mean free paths the particle travels before reaching the

interaction point, n,, is sampled at the beginning of the trajectory as:

ny = —log(n) (4.31)

where 7 is a random number uniformly distributed in the range (0,1). mn, is

updated after each step Az according the formula:
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ny = ny — % (4.32)

In principle one must use very small steps in order to insure an accurate simulation,
but computing time increases as the stepsize decreases. A good compromise is to limit
the stepsize in Geant4 by not allowing the stopping range of the particle to decrease
by more than 20 % during the step. This condition works well for particles with

kinetic energies > 0.5 MeV, but for lower energies it can give very short step sizes.

To cure this problem a lower limit on the stepsize is also introduced.

4.5.7 Standard electromagnetic physics

In general, the standard electromagnetic physics model of Geant4 covers the energy
range from 10 keV to several PeV and is mainly used for high-energy and nuclear
physics applications. In the standard electromagnetic physics model, the photon
induced processes are Compton scattering, photon conversion and photoelectric effect.
The electron/positron induced processes are ionization, bremsstahlung and positron-
electron annihilation. The ‘ionization’ class for electrons and positrons calculates
the continuous energy loss due to ionization and simulates the ‘discrete’ part of the
ionization, i.e. Moller scattering, Bhabha scattering and ~-ray production. The
bremsstrahlung class calculates the continuous energy loss due to soft bremsstrahlung
and simulates ‘discrete’ bremsstrahlung.

The multiple scattering model is based on the Lewis theory [70]. This model is
a condensed multiple scattering algorithm which is invoked at the end of the step to
compute a correction to the mean path length and also the lateral displacement of the

track. The model uses functions to determine the angular and spatial distributions
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after the step. The functions are chosen as to give the same moments of the angular
and spatial distributions as the Lewis theory. Section 4.5.14 explain more details
about multiple scattering.

A special case of ‘process’ in Geant4 is the ‘transportation’ process. This class is
responsible for determining the geometrical limits of a step and handles the crossing
of geometric boundaries. It calculates the distance to the next volume in the ge-
ometry and proposes this distance as a possible step length in the same way as the
physics processes propose the ‘physical’ step lengths using their cross sections. The
transportation process requires that the particle should always stop at a boundary,

thus setting an additional restriction on the step length.

4.5.8 Low-energy electromagnetic physics

The low-energy electromagnetic physics package is an extension to the standard
physics code and uses shell cross section data rather than their parametrizations
(as they are used in the standard model). The model covers the interactions of pho-
tons and electrons in materials with atomic number between 1 and 100. This package
does not provide a new implementation of processes induced by positrons. They are
treated by the same classes as in the standard electromagnetic physics package. The
extended classes of the model treat the following interactions: Compton scattering,
Rayleigh scattering, photoelectric effect, ionization and bremsstrahlung. Photon con-
version has also been implemented with the same methodology for the total cross
section calculation as the processes above. The model also provides implementations
for atomic relaxation (fluorescence and Auger electrons).

The implementation of all processes is done in two phases: (a) calculation of the
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total cross sections and (b) generation of the final state. Both phases are based
on data from the following libraries: Evaluated Photon Data Library (EPDL) [71],
Evaluated Electron Data Library (EEDL) [72] and Evaluated Atomic Data Library
(EADL) [73].

The energy dependence of the total cross section is derived for each process from
the evaluated data libraries. Since the libraries provide cross sections for a set of
discrete incident energies, the total cross section at a given energy, F, is obtained by

interpolation according to the formula [74]:

log(E>) — log(E)
log(Ey) — log(Er)

log(o(E)) = log(a1) (4.33)

where F, and F5 are respectively the closest lower and higher energy for which
data (o and oy) are available.

For each process a production threshold energy is defined; by default it is set
to the low end of the energy validity range of the process (250 eV in the current
implementation), but a higher or lower value can be set by the user.

For a particle of energy E, the mean free path for interacting via a given process
is calculated as:

1

A= G (4.34)

where 0;(E) is the microscopic integrated cross-section of the process considered
at energy E, and n; is the atomic density of the ¢ — th element contributing to the
material composition. The sum runs over all the elements of which the material is

composed. The cross sections are determined as described in this section.
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4.5.9 Compton scattering

When simulating the Compton scattering of a photon from an atomic electron, an

empirical cross section formula is used, which reproduces the cross section data down

to 10 keV:

log(1 +2X) N Poy(Z) + P3(2)X + Py(Z) X?

o(Z, ) = P(Z) =% 1+ aX + bX?+ X3

(4.35)

where,
7, = atomic number of the medium,
E, = energy of the photon,
X = E,/mc,
m = electron mass,
P(Z) = Z(di + e:Z + f;2?).
In a given material the mean free path, A, for a photon to interact via Compton
scattering is given by equation 4.41.

The quantum mechanical Klein-Nishina differential cross section per atom is [59]:

do omec® 1 esin® 0
— = - 1-— 4.
I = : Z L —i—e] [ ] (4.36)

where,

r. = classical electron radius,

mec? = electron mass,

Ey = energy of the incident photon,
FE, = energy of the scattered photon,
e=FE\/E, .
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Assuming an elastic collision, the scattering angle 6 is defined by the Compton

formula:

mec?

mec® + Eo(1 — cos )

The value of € corresponding to the minimum photon energy (backward scattering)

is given by

mec?

— M 4.
0 mec? + 2E, (4.38)

After the successful sampling of €, the polar angles of the scattered photon with
respect to the direction of the parent photon are generated. The azimuthal angle, ¢,
is generated isotropically and @ is defined. The momentum vector of the scattered

—
photon, P, is then transformed into the World coordinate system.

4.5.10 Rayleigh scattering

The total cross section for the Rayleigh scattering process is determined using equa-
tion 4.33.

The coherent scattered photon angle 6 is sampled according to the distribution
obtained from the product of the Rayleigh formula (1 + cos?#)sin6 and the square
of Hubbel’s form factor F'F?(q) [60, 61]

®(E,0) = [1 4 cos* 0] sin 0 x FF*(q) (4.39)

where ¢ = 2F sin(0/2) is the momentum transfer.
Form factors introduce a dependency on the initial energy E of the photon that

is not taken into account in the Rayleigh formula. At low energies, form factors
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are isotropic and do not affect angular distribution, while at high energies they are
forward peaked.

The sampling procedure is as follows [62]:

1. cos B is chosen from a uniform distribution between -1 and 1

2. the form factor F'F is extracted from the data table for the considered element,

using logarithmic data interpolation, for ¢ = 2E - sin(6/2)

3. if the value obtained for ®(E,#) is larger than a random number uniformly
distributed between 0 and Z2, the procedure is repeated from step 1, otherwise

0 is taken as the photon scattering angle with respect to its incident direction.

4. the azimuthal direction of the scattered photon is chosen at random.

4.5.11 Photoelectric effect

The photoelectric effect is the ejection of an electron from a material after a photon
has been absorbed by that material. It was simulated by using a parameterized
photon absorption cross section to determine the mean free path, atomic shell data
to determine the energy of the ejected electron, and the K-shell angular distribution
to sample the direction of the electron.

The parameterization of the photoabsorption cross section proposed by Biggs et

al. [63] was used :

a(Z, E,) 4 b(Z, E,) + c(Z, E,) i d(Z, E)

Z, FE) =
O-( ) 'Y) Ev’y E,% E,% E,;%

(4.40)

Geant4 using the least-squares method, a separate fit of each of the coefficients

a,b, c,d to the experimental data was performed in several energy intervals [64].
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In a given material the mean free path, A, for a photon to interact via the photo-

electric effect is given by :

AE,) = (Z Nati-0(Zi, Eﬁ) _ (4.41)

where n,; is the number of atoms per volume of the i*" element of the material.
The binding energies of the shells depend on the atomic number Z of the ma-
terial. In compound materials the i element is chosen randomly according to the

probability:

Nati0 (Zi, E)
Zi [Mati- 0 (Ev)]

A quantum can be absorbed if £, > By, where the shell energies are taken from

Prob(Z;, E,) =

G4AtomicShells data: the closest available atomic shell is chosen. The photoelectron

is emitted with kinetic energy :

Tphotoelectran = E7 - Bshell<Zi) (442>

The polar angle of the photoelectron is sampled from the Sauter-Gavrila distribu-

tion (for K-shell) [65], which is correct only to zero order in aZ :

~

do sin?
d(cosf) (1 — [cosh)?

1+ %’y('y —1)(yv—2)(1 = Bcos 9)} (4.43)

where 3 and v are the Lorentz factors of the photoelectron.

cos 6 is sampled from the probability density function :

1= & ! = cosf = (1—2r)+ 0

26 (1 —fBcosf)? 1-2rnB+1 (4.44)

f(cos ) =
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The rejection function is :

1 —cos?#

m[l +b(1 — Fcosb)] (4.45)

g(cos @) =

with b= ~(y —1)(y — 2)/2

4.5.12 Bremsstrahlung

The class G4eBremsstrahlung provides the energy loss of electrons and positrons
due to the radiation of photons in the field of a nucleus.
do(Z,T,k)/dk is the differential cross section for the production of a photon of
energy k by an electron of kinetic energy T' in the field of an atom of charge Z. If k.
is the energy cut-off below which the soft photons are treated as continuous energy
loss, then the mean value of the energy lost by the electron is
ke do(Z,T,K))

Ebrem(Z T, K,) = / k

dk 4.4
Loss 0 dk ( 6)

The total cross section for the emission of a photon of energy larger than k. is

Tdo(Z,T,K
0brem<Z7 T, K(:) = / %dk (447)

C

The cross section and energy loss due to bremsstrahlung have been parameterized

using the EEDL (Evaluated Electrons Data Library) data set [66] as input.

4.5.13 Photonuclear reactions

The photonuclear cross sections parameterized in the G4PhotoNuclearCrossSection

class cover all incident photon energies from the hadron production threshold upward.
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The parameterization is subdivided into five energy regions, each corresponding to

the physical process that dominates it.

e The Giant Dipole Resonance (GDR) region, depending on the nucleus, extends
from 10 Mev up to 30 MeV. It usually consists of one large peak, though for

some nuclei several peaks appear.

e The “quasi-deuteron” region extends from around 30 MeV up to the pion thresh-

old and is characterized by small cross sections and a broad, low peak.

e The A region is characterized by the dominant peak in the cross section which

extends from the pion threshold to 450 MeV.

e The Roper resonance region extends from roughly 450 MeV to 1.2 GeV. The
cross section in this region is not strictly identified with the real Roper resonance

because other processes also occur in this region.

e The Reggeon-Pomeron region extends upward from 1.2 GeV.

The cross section in the GDR region can be described as the sum of two peaks,

GDR(e) = th(e, by, s1).exp(ci — p1.€) + th(e, by, s2).exp(cy — pa.€) (4.48)

The exponential parameterizes the falling edge of the resonance which behaves like
a power law in F.. This behavior is expected from the CHIPS model, which includes

the nonrelativistic phase space of nucleons to explain evaporation. The function

1

th(@, b, S) = H—Tp(b%e)

(4.49)
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describes the rising edge of the resonance. It is the nuclear-barrier-reflection func-
tion and behaves like a threshold, cutting off the exponential. The exponential powers

p1 and py are

p1=1py=2 for A<4
p1=2,p =4 for 4<A<8
p1=3,p2 =6 for 8<A<12

p1 =4, ps =8 for A>12

4.5.14 Multiple scattering

Geant4 uses a new multiple scattering (MSC) model to simulate the multiple scat-
tering of charged particles in matter. This model does not use the Moliere formalism
[67], but is based on the more complete Lewis theory [68]. The model simulates
the scattering of the particle after a given step, and also computes the path length
correction and the lateral displacement.

MSC simulation algorithms can be classified as either “detailed” or “condensed”.
In the detailed algorithms, all the collisions/interactions experienced by the particle
are simulated. This simulation can be considered as exact; it gives the same results as
the solution of the transport equation. However, it can be used only if the number of
collisions is not too large, a condition fulfilled only for special geometries (such as thin
foils), or low enough kinetic energies. For larger kinetic energies the average number
of collisions is very large and the detailed simulation becomes very inefficient. High
energy simulation codes use condensed simulation algorithms, in which the global
effects of the collisions are simulated at the end of a track segment. The global effects

generally computed in these codes are the net displacement, energy loss, and change
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of direction of the charged particle. These quantities are computed from the multiple
scattering theories used in the codes. The accuracy of the condensed simulations is
limited by the approximations of the multiple scattering theories.

Most particle physics simulation codes use the multiple scattering theories of
Molire [67], Goudsmit and Saunderson [69] and Lewis [68]. The theories of Molire
and Goudsmit-Saunderson give only the angular distribution after a step, while the
Lewis theory computes the moments of the spatial distribution as well. None of these
MSC theories gives the probability distribution of the spatial displacement. Therefore
each of the MSC simulation codes incorporates its own algorithm to determine the
spatial displacement of the charged particle after a given step. These algorithms are
not exact, of course, and are responsible for most of the uncertainties in the MSC
codes. Therefore the simulation results can depend on the value of the step length

and generally one has to select the value of the step length carefully.

The MSC process in Geant4

The step length of the particles is determined by the physics processes or the geom-
etry of the detectors. The tracking/stepping algorithm checks all the step lengths
demanded by the (continuous or discrete) physics processes and determines the min-
imum of these step lengths.

Then, this minimum step length must be compared with the length determined
by the geometry of the detectors and one has to select the minimum of the 'physics
step length’” and the "geometrical step length’ as the actual step length.

This is the point where the MSC model comes into the game. All the physics

processes use the true path length ¢ to sample the interaction point, while the step
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limitation originated from the geometry is a geometrical path length z. The MSC
algorithm transforms the 'physics step length’ into a 'geometrical step length’ before
the comparison of the two lengths. This 't’—’z" transformation can be called the
inverse of the path length correction.

After the actual step length has been determined and the particle relocation has
been performed the MSC performs the transformation 'z’—’t’, because the energy
loss and scattering computation need the true step length t’.

The scattering angle 6 of the particle after the step of length 't’ is sampled accord-
ing to the model function given in equation 4.50. The azimuthal angle ¢ is generated

uniformly in the range [0, 27].

9(u) = plagi(u) + (1 — q@)gs(w)] + (1 — p)ga(u) (4.50)
where 0 < p,q < 1, and the g; are simple functions of u = cosfl, normalized over

the range u € [—1, 1]. The functions g; have been chosen as

g1(u) = C4 e—o1=w) —1<yy<u<l (4.51)
1

g2(u) = Cy b—u) —1<u<y <1 (4.52)

g3(u) = Cs —1<u<l1 (4.53)

where a > 0, b > 0, d > 0 and ug are model parameters, and the C; are normaliza-
tion constants. It is worth noting that for small scattering angles, 6, g;(u) is nearly
Gaussian ( exp(—60%/262)) if 62 ~ 1/a, while go(u) has a Rutherford-like tail for large

0, if b~ 1 and d is not far from 2 .



108

After the simulation of the scattering angle, the lateral displacement is computed
using equation 4.54. Before doing this a check is performed to ensure that the relo-
cation of the particle with the lateral displacement does not take the particle beyond
the volume boundary.

The square of the mean lateral displacement is

4N K+1+ K 1
— 7__

2 | 2y - -
(@ +y) = 3 K k—1 k(k—1)




Chapter 5

Results and Discussion

5.1 Introduction

In this chapter the results of induced activity measurements using the following meth-
ods will be presented: Filter paper, portable spectrometer, mathematical model, and
Monte Carlo simulation. The results will be discussed, and the mean of equivalent
dose to the radiotherapy technologist (RTT) will be estimated. In addition, the results

of additional dose received by neutron particles for patients will be estimated.

5.2 Filter paper results

The estimation of the dose induced by activation products in medical linear accel-
erator to patients and technologist was based on determination of the ambient dose
equivalent. Two types of filter paper were used for purpose of comparison and esti-
mation of dose. The first type was Whatman filter manufactured from high quality
cotton linters and the second type was made from Carbon.

Fig 5.1 shows the results of energy calibration curve using multiple gamma solution
source. The activation of the treatment room of linear accelerator Varain 2100C was

carried out by means of delivering 400 MU using 15 MV photon beam for field size
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Figure 5.1: Energy calibration curve using Multigamma solution standard source.
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10x10 cm?. Fig 5.2 shows the components of high purity Germanium coaxial detector,

where the measurements of filter papers were carried out. Table 5.1 presents the

results of radioactive nuclides achieved by spectrometry using cotton filter paper

after complete 10 min of air filtering process inside the treatment room. While, Table

5.2 presents same results for carbon filter paper.

The total activity detected by the cotton filter paper was found to be 0.23 MBq,

while the total activity detected using the carbon filter paper was found to be 5.65
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Figure 5.2: The components of High Purity Germanium Coaxial Detector.
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MBq.

Table 5.1: The results of spectrometry using cotton filter paper after activation the
treatment room with 15 MV photon beam for field size 10x10 cm? and deliver dose
of 400 MU (dose rate = 240 MU /min).

Nuclide Code Activity Sigma Total r Dose rate

(MBq) (%) mSv m?  (puSv h™!)

h=! GBq™!

Na-24 < 0.0011 0.087 4.94E-08
Cr-51 < 0.0080 0.001 3.35E-09
Mn-54 < 0.0013 0.11 1.44E-04
Mn-56 K 0.0056 0.218 0.23 1.29E-03
Co-57 < 0.0009 0.0133 1.13E-05
Co-58 < 0.0013 0.129 1.69E-04
Co-60 < 0.0010 0.307 3.07E-04
Zn-65 < 0.0030 0.073 2.17E-04
Br-82 < 0.0017 0.343 5.87E-04
W-187 K 0.0065 0.319 0.073 4.75E-04
Au-196 < 0.0010 0.071 6.84E-05
Cu-64 < 0.0020 0.029 5.92E-05
Mo-99 < 0.0006 0.005 1.28E-09
Sh-122 < 0.0025 0.365 0.069 1.73E-04
Sb-124 < 0.0012 0.26 3.20E-04
Al-28 < 0.0006 0.222 1.42E-04
Fe-59 < 0.0028 0.147 4.12E-04
Ni-57 K 0.0065 0.209 0.255 1.65E-03
Re-184 < 0.0800 0.129 1.03E-02
Pb-203 < 0.1030 0.0001 4.43E-09
0-14 7 0.0010 0.379 0.028 1.45E-08

? - All peaks for activity calculation had bad shape.
< - MDA value printed.

The gamma dose rates shown in Table 5.1 and 5.2 were calculated from obtained
activity data and by using gamma dose rate constant I" for each isotope. We assume

that these dose rates are representative for the absorbed dose rate at the isocenter



113

Table 5.2: The results of spectrometry using Carbon filter paper after activation the
treatment room with 15 MV photon beam for field size 10x10 cm? and deliver dose

of 400 MU (dose rate = 240 MU /min).

Nuclide Code Activity Sigma Total r Dose rate
(MBq) (%) mSv m?  (uSv h™!)
h=t GBq!

Na-24 < 0.0081 0.087 7.02E-04

Cr-51 0.0770 0.428 0.001 6.43E-05

Mn-54 7 0.0101 0.428 0.11 1.11E-03
Mn-56 K 0.0203 0.216 0.23 4.66E-03
Co-57 < 0.0038 0.0133 4.99E-05

Co-58 7 0.0105 0.420 0.129 1.35E-03

Co-60 < 0.0067 0.307 2.04E-03

Zn-65 < 0.0145 0.073 1.06E-03

Br-82 < 0.0081 0.343 2.76E-03

W-187 < 0.0213 0.073 1.55E-03
Au-196 < 0.0049 0.071 3.50E-04
Cu-64 < 0.0102 0.029 2.96E-04

Mo-99 < 0.0030 0.005 1.37E-05
Sh-122 < 0.0036 0.069 2.48E-04
Sh-124 < 0.0062 0.26 1.61E-03
Al-28 < 0.0038 0.222 8.39E-04

Fe-59 < 0.0092 0.147 1.35E-03

Ni-57 0.0231 0.251 0.255 5.89E-03

Re-184 K 5.4000 0.279 0.129 6.97E-01
Pb-203 < 0.0065 0.0001 5.60E-07
0-14 < 0.0030 0.028 8.29E-05

” - All peaks for activity calculation had bad shape.

< - MDA value printed.
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of the Clinac 2100C. The total dose rate given by cotton and carbon filter papers
respectively are 0.016 and 0.72 pSv/h. From table 5.1 and 5.2 the most important
isotopes for clinical routine, are Al-28 and O-14, while the dose rate generated by
Cu-64, W-187, Na-24 and Mn-56 isotopes (1h < T1/2 < 24) are lower than that of
short lived one.

Fig 5.3 shows comparison between the activity detected using the two types of
filter papers. The results present deviation of 95.9 % for the total activity between
the two types of filter papers used. This result of deviation verify the ability of
carbon filter type in detecting the yield activity and express the suitability for using
carbon rather than cotton filter papers in these measurements. In addition, choosing
of carbon filter return to surpass the cotton filter paper in the physical characteristics
of filtration.

The results of filter paper method present very low dose rate due to the delay
cause by filtration process time (10 min) and the additional time of removing the
sample from linear accelerator room to the spectrometry. The total delay time was
assumed to be 12 min and from the results presented in section 5.3 the total dose

rate decrease up to 73% after beam-off in 12 min with deviation of 13.3 %.

5.3 Portable spectrometer results

Data resulting from spectrometry measurements are summarized in Table 5.3 and
typical spectrum from these measurements was shown in Fig 5.4 for maximum and
minimum field sizes. The activity data from different times delay between times of
beam off and spectrum acquisition were used to calculate the decay curve.

From Table 5.3 the most important isotopes are 22Al, 62Cu, 56Mn, %4Cu, ¥"W,
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5Ni, 6 A, 54Mn, %°Co and '2*Sb. The criterion to select these isotopes was dominant
in an interval of the dose rate vs. time plot as shown from Fig 5.5. The list is in good
agreement with previously published data [12, 20, 49, 50].

In order to determine the effect of time, dose rate sum values were calculated using
non linear least-square curve-fitting method for different time delays, and results are
given in Table 5.4. The calculation of curve-fitting method was performed using the
following equation:

—x

y=A; X eXP(t_> + Ay X exp(t—) + Az X exp(t—) + Yo
1 2 3

where,
Yo = 0.04141 £ 0.03811,
Ay = 1.24419,
t; = 4.25137 £+ 6574.93586,
As = 0.60985 £ 0.1131,
1y = 213.39672 + 127.27516,
Az = 1.2494,
ts = 4.25078 4+ 6546.35835.

The data reflect a clinical situation as encountered by RTT entering the treatment
room after a high MU, high energy beam on a Friday afternoon. The situation will
be slightly different on a Monday morning (as the room medium-lived isotopes will
have decayed over the weekend and did not have time to build up again) or for a
low-MU high energy beam (less short-lived isotopes will have been generated).

Due to the radionuclides with long half-lives, the activity will build up during the

five working days and then decrease somewhat over the weekend.
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Table 5.3: Identified isotopes for Varian Clinic 2100C, their dosimetric properties,
apparent activities obtained from the spectra and the resulting dose rate at isocenter
at the time of termination of the beam. Errors (Sigma) are derived from counting
statistics and efficiency calibration error. Only data above the minimum detectable
activity (MDA) have been considered.

Nuclide T2 r Activity Error (%) Dose Rate (uSv h™1)
mSv m? (MBq)
h=t GBq!

Fe-59  45.1d 0.147 0.0065 9.1 0.001
Co-60 5.3y 0.307 0.0097 8.2 0.003
Mn-56 26 h 0.23 0.69 3.3 0.16
Co-57 271.8d 0.0133 0.012 9.5 0.0002
Cu-62 9.7m 0.151 3.21 3.3 0.48
Cu-64 12.7h 0.029 0.4 9.4 0.16
Zn-65  244.3 d 0.073 0.0127 9.1 0.0009
W-187 23.7h 0.073 1.09 3.6 0.08
Au-196  6.2d 0.071 0.005 2.1 0.0004
Ni-57  36.0 h 0.255 0.144 3 0.037
Co-58 70.9d 0.129 0.025 4.8 0.0032
Na-24 15.0h 0.429 0.036 4.7 0.0156
Al-28 2.3 m 0.222 9.8 8.2 2.17
Mn-54 312.3d 0.11 0.0058 6.1 0.0006
Br-82 355 h 0.343 0.105 3.4 0.036
Sb-122  2.7d 0.069 0.081 4.5 0.0056
Sb-124  60.2 d 0.26 0.024 6.3 0.0061
Re-184 38.0d 0.129 0.077 7.1 0.01
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Figure 5.4: Typical spectrum from portable spectrometry at isocenter of Clinac 2100C after
delivering 400 MU.
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The gamma dose rates shown in Table 5.3 were calculated from the obtained
activity data and using the gamma dose rate constant I' for each isotope, obtained
from the online Rad Pro Calculator [48] and calculated using the data develop by
Unger L M and Trubey D K [51]. It is assumed that these dose rates are representative
for the absorbed dose rate at the isocenter of the accelerator. The total activity and
dose rate was found to be 20.8 MBq and 3.17 uSv/h respectively, with maximum
error of 9.5 %.

Using calibrated ionization chamber survey meter (Model 450P, Victoreen, Inc.;
Cleveland, OH) the average environmental background was found to be 0.1 pSv/h.
This environmental background was added to the measured dose rates using the

following equation:

Table 5.4: Calculated dose rate for Varian Clinic 2100C and estimation of long time
effects.

Time after beam-off Dose Rate (uSv/h)

0 min 3.16

1 min 2.55
2 min 2.24608
3 min 1.94249
5 min 1.34
10 min 0.85
20 min 0.69336
30 min 0.54
60 min 0.46
120 min 0.41
24 hour 0.15

1 week 0.018
1 month 0.012
1 year 0.0036

10 year 0.0008
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Dtot - Dmeas + Dback (51)

where,

Dneas = Measured dose rate.

Dipper = Average environmental background dose rate.

The calculation of annual doses for the staff for RTTs was carried out using
equation 5.2. According to equation 5.1 the total dose rate was change to 3.26 uSv/h.
In this study, we assumes the RTT performed one shift for 10 patients and entering
the treatment room for 5 min after beam off per patient. So, the RTT entering the
treatment room with total time of 12000 min per year. For one shift per day the RTT
received 2.73 puSv. An estimation of long time effects and number of patients effects

can be show in Table 5.5.

Dany = Dot X Ty x S x Ty x T (5.2)

where,
Dy, = annual dose received by RTT,
T,, = total time required the RTT to setup the patient in the treatment room,
S = the number of patients treated in one shift,
D,,; = total dose rate per minute,
T, = treatment day per year per one shift,
T, = treatment shift of RTT.
Very short-lived (T1/2 < 1 min) or pure beta-emitting nuclides was not involve

in this study. In view of the good agreement of the list of identified isotopes at
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Table 5.5: Calculated dose rate for radiotherapy technologist and estimation of long
time and no of patients effects.

mSv/year Setup Time / patient No of patients

0.655 5 min 10
0.916 7 min 10
1.309 10 min 10
0.982 5 min 15
1.375 7 min 15
1.964 10 min 15

5.0 5

| —HmE— measured
45
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Figure 5.5: The results of measured dose rates for Varian 2100C.
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higher energies, additional effects such as type of the material and design of the main
components of the Linac head may affect the results of induced activity.

The short-lived isotopes Al and ?Cu (T1/2 < 1 h) will be of importance for
clinical routine; the activity level will follow the high energy photon output of the
accelerator on a short time scale. As the experiments of this study involved a 400 MU
beam, in clinical routine the results may slightly shift and increase by dose increment,
this will explained in details later in section 5.5.

The activity of the medium-lived isotopes “®Mn, %Cu and "W (1 h < Ty, <
24 h) will increase during a working day and decay, at least partially, over night.
The induced dose rates generated by these isotopes are lower than that of the short
lived ones. As the experiments in this study were carried out after a working day,
the activity can be expected to be at or close to its maximum. The activities should
reflect the clinical situation, whereas water phantom measurements or mechanical
checks could significantly increase them.

196 Au, ®Ni, #Br, '#2Sb (1 d < Ty < 7 d) will contribute to the activity and
resulting dose rate, which build up during the week and decrease over the weekend.

The long-lived isotopes **Mn, ®Co and '**Sb (T, > 7 d) can be expected to be
in equilibrium and constant with time. From the calculated dose rate levels, these
isotopes will be of no importance in a clinical environment. On the other hand, as
%9Co (T2 = 5.3 y) has been found in the Clinic 2100C, a problem may arise during

decommissioning of accelerator or part of it.
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Several effects might alter the obtained results, among them absorption and scat-
tering in the patient, use of different gantry angles and field sizes, installation of ac-
cessories and the application of intensity-modulated radiation therapy (IMRT) tech-
niques. In particular, IMRT involves a series of small fields, to obtain a specific
treatment, with a complex dose distribution, for an individual patient. Some of these
issues was studied and the results presented in details using Monte Carlo simulation

in section 5.5.

5.4 Mathematical model results

Based on mathematical model in section 4.4, and by using equation 4.26, the decay
behavior at the isocenter of Clinac 2100C linac after irradiation can now be approxi-

mated as follows:

Dc — D59Fe(1 _ 67)\59Fe.t7>67)\59Fe.t + D6000<1 B e*)\GOCo-tr)e*)\Goc(;-t
+D56Mn<1 i e—)\561\{n.tr)€—)\561v[n~t + D57Co<]- . 6_)‘57C°'t’")6_)‘57c"‘t
+D620u(1 o e—Aﬁzcu.tr)e—)\Gzcu.t + D64Cu(1 _ €_>‘64Cu't7“)6_)‘640u-t
+D65Zn(1 _ eanszn.tr)efAeszn.t + D187W(1 _ 67)‘187‘”'”)67)‘187"""&
+D196Au(1 . 6—>\196Au.tr)e—)\196Au.t + D57Ni(1 B 6—)\57N¢.tr)6—)\57m.t
+D5800(1 o 6—)\5800-t7')6_>\5800-t + D24Na(1 . e—)\24Na,tT)6—)\24Na,t
+D28Al(1 . €7A28Al.tr)€*)\28Al~t + D54Mn(1 . e*/\54Mn-tT)e*)\54Mn-t
+D828r(1 o e—AszBr.t»«)e—)\wBT.t + D1225b(1 i 6—>\122Sb.tr)6—>\1225b.t
+D124Sb(1 _ e*/\1245b.t7)6*/\1245b~t + D184Re<1 _ e*)\lsme-tr)e*)qsme-t

(5.3)
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Where the decay constants of the above isotopes are calculated from the standard
relationship of these half-life. From the results of portable spectrometry, we assume
that, only five isotopes 28A1,%6 Mn,%2 Cu,%* Cu, and "W contribute to most of the
induced activity at the isocenter, whereas the activation of other materials is negligible
or will be of no importance in clinical environment due to it is long life. Furthermore,

equation 5.3 can rewritten as following:

D, = D56Mn(1 _ €—>\56Mn-tr>e—>\56Mn-t + DGQCu(l _ 6_>\62Cu-t7‘)6_)‘620u-t
+D64Cu<1 _ e*>\640u-tr)ef>\640u~t
+D187W(1 _ e_/\187W~tr)e—/\187W~t

+D28Al<1 _ e—)\zsAl-tv-)e—/\%Al-t (54)

Similarly to the method used by other physicists,[12, 13, 22|, we applied a nonlin-
ear least-square curve-fitting method to the decay curves measured at the isocenter
of the Clinac 2100C linac in the time interval from 2 to 15 min after giving various
amounts of MUs (1000, 5000, 9000, 12000, and 20000 MU, corresponding to irradia-
tion times of 1.7 , 4.17, 37.5, 50, 62.5, and 83.3 min at a dose rate of 240 MU /min).

Since the decay curves were typically followed only for 15 min and thus do not
provide enough information for the long-term component (such as "W and %Cu),
the mean values of these components extracted from curve-fitting as mention above.

For example, the maximum dose rates at irradiation dose of 20000 MU for 28Al,
62Cu, %4Cu, %5 Mn and "W were determined to be (Dmax)ggAl = 22uSv/h, (Dmax)%Mn =

26[1,5’0/h, (Dmax)620u = 34uSv/h, (Dmax)64Cu - 233#‘5”/}% and (Dmax)187W -

1.9uSv/h. While, the contribution from naturally occurring background radiation
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was measured in a room far away from the treatment room using calibrated ioniza-
tion chamber survey meter (Model 450P, Victoreen) and the background dose rate
was found to be 0.1 pSwv/h. By substituting the maximum dose rates and adding the

background, the general decay equation written as following:

D=0.1+ [26(1 — 6—0.0044.tr>e—0.0044.t +34(1— 6—0.07142.1»)6_0,07142.15
+23.3(1 — 6_0'00091-@)6—0.00091.15
+1.9(1 — 670'00049~tr)€*0.00049.t

+22(1 o 6—0.30141.@)6—0.30141.15] (55)

where D was given in Sv/h and the activation time t, as well as the decay time
t were given in minutes.

The accuracy of the model equation 5.4 is affected by the following factors: (1)
only five radionuclides chosen to represent all the radionuclides in a linac room to
describe the induced activity; (2) the curve-fitting method; (3) the relatively short
15 min measurement time of the decay curves; and (4) the assumption that the
background activation level is constant. However, the model provides a reasonable
approximation and predicts well the actual activation levels in the treatment room
under various experimental.

This mathematical model of the activation level of Clinac 2100C room was verified
and compared by the decay curves measured at the isocenter using the standard
experimental setup after giving 1000 MU (¢,=4.17 min), 5000 MU (¢,=37.5 min), 9000
MU (¢, =50 min), 12 000 (¢,=62.5 min), and 20 000 MU (¢, =83.3 min). Fig 5.6 show
the comparison between mathematical model and the data calculated from equation

5.4. The calculated curves agree well with measured data within our measurement
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uncertainty. We thus conclude that the simple model given by equation 5.4 can
be used to estimate reasonably well the pattern of induced activity at the machine
isocenter (or point A, see Fig 4.1) following a given radiation dose produced by linac.
The model can be used to estimate the relative contributions to the induced
activity from the 6Mn, 28Al, 2Cu, %*Cu and '8"W radionuclides. Table 5.6 shows the
dose rates from these isotopes immediately (t=0) after delivering doses of 1000 MU,
5000 MU, 9000 MU, 12 000 MU, and 20 000 MU at a dose rate of 240 MU /min. For a
single irradiation of at least up to 20 000 MU, the exposure rates from the short-lived
radionuclides (*®Al and ®2Cu) are much higher than that from the long-lived "W
and *Cu.
Table 5.6: Exposure rates immediately (t=0) after delivering doses of 1000 MU, 5000

MU, 9000 MU, 12 000 MU, and 20 000 MU at a dose rate of 240 MU /min measured
for the *Mn, 28Al, %2Cu, **Cu and ¥"W radionuclides.

Dose Activation  Dagar  Dsenn De2cu Deacu Distw
delivered (MU)  time (min)

1000 4.17 11.6 3.2 5.7 3.1 0.1

5000 37.5 22 10.3 12.36 9.6 0.6

9000 50 22 25 28 26 0.8

12000 62.5 22 25 30.9 26.1 1.1

20000 83.3 22 26 34 23.3 1.9

Fig 5.7 show the results of dose rate vs. monitor unit (MU) used during the
irradiation of Clinac 2100C room. The results show increase of dose rate with the
increment of MU. In the other hand, the results of determination the effect of long
time using nonlinear curve-fitting method for dose rate was shown in Fig 5.8. The
calculated decay curves show the dose rate for a given irradiation (activation) dose of
1000 MU; 5000 MU; 9000 MU; and 12000 MU. The dose rate is plotted against the

decay time; measured data are shown with data points; nonlinear curves-fitting are
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MU in (e). The dose rate is plotted against the decay time; measured data are shown with data
points; decay curves are calculated from equation 4.4 with solid curves.
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shown with solid curves and calculated from the following equation:

Yy = YE] + Al X eXp(—(X — X(])/tl)

where, the values of Ay, Yy, Xy, and ¢; were attached in the Fig 5.8.

5.5 Monte carlo simulation results

Monte Carlo calculations of the photoneutrons around the Varian Clinac 2100C med-
ical accelerator heads were made using the Geant4 code. The Varian Clinac 2100C,
operating in our simulation in four x-ray modes at 10, 15, 18 and 20 MV. In this

section the results of induced activity measured using Geant4 code will be presented.

5.5.1 Neutron production and transport with Geant4 in Linac
head

A neutron history file was generated, which contained the parameters of number, po-

sition, direction, energy and track length for those neutrons generating from photons

interactions. These neutron histories were then analyzed by OriginPro ver7.5 SRO

software.

Geant4 calculate the total number of neutron yield (including both the evaporation
and direct components) by multiplying the corresponding photoneutron yield cross
section with the photon track length.

The results of neutron yields in the components of the head (target, flattening
filter, primary collimator and jaws) with jaw closed, i.e., 1 x 1 cm? field size, are
shown in Fig 5.9.

The fluence at 1 m from the target estimated as the neutron yield divided by

area of the detector (4I1(1)?). Results given in Fig 5.9 present the neutrons yields for
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Figure 5.9: Geant4-calculated neutron yields in the Varian Clinac 2100C head (minimum field
size).

different x-ray energy. Furthermore, the maximum neutrons yields was found in the
jaws, with increase of neutrons number by increment of the energy.

Fig 4.1 in chapter four shows the three positions around the head at which the
neutron fluence and average energy ,F,, were calculated using Geant4 code. The
corresponding fluence and average energy values are shown in Fig 5.10.

The disadvantageous of Geant4 it’s inability to calculate the equivalent dose pro-
duced by neutron yields. The calculation of the fluence was carried out by dividing
the total number of neutron yield in the volume of detector (sphere, see Fig 4.12) by
the cross-sectional area of the sphere, (1 cm?). Furthermore, all calculation of fluence

in the head component was carried out by the same calculation method. Since we
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Figure 5.10: (a) Average energy E, and (b) fluence ¢ (cm~2 Gy~!) of the leakage neutrons around

the Varian Clinac 2100C head (minimum field size), calculated with the Geant4 code.
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Figure 5.11: Conversion coefficients from fluence to dose for neutron energies.

have neutrons of various energies in the sphere we deal with these in appropriate en-
ergy groups in order to estimate the dose. Using conversion coefficients from fluence
to ambient dose equivalent as shown in Fig 5.11 [52] for different energy neutrons the
dose was estimated. The ambient dose equivalent using minimum field size, at point
A and x-ray modes 20, 18, 15 and 10 MV, was found 1.79, 1.60, 0.62, and 0.02 mSv
Gy~! respectively. The mean energy of neutrons were 0.48, 0.44, 0.40, and 0.16 MeV

at 20, 18, 15, and 10 MV respectively.

5.5.2 Measurements of activation as a function of air density
in the treatment room

The changes occur in the pressure and temperature inside the treatment room of

linear accelerator leads to effect the air density. Table 3.3 show the abundances of
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the most prominent stable nuclides in the atmosphere at different densities.
Geant4 was used to study the effect of changing the air density and Fig 5.12 show
the mean values of ambient dose equivalent in comparison with different air density

2. Furthermore, Fig

for filed size 10 x 10 cm? and target to skin distance of 100 cm
5.12 show additional comparison for x-ray modes 20, 18, 15 and 10 MV, where the
ambient dose equivalent at all x-ray modes represent fluctuation in its values vs. air

density, while it’s clear the increase of ambient dose with the increase of energy.
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5.5.3 Calculation of electron kinetic energy and dose per
Monitor Unit

Generally, in clinical mode, the linear accelerators calibrated to deliver one cGy per
one MU. There is many protocols such as TAEA TRS-398 [76] used for the deter-
mination the absorbed dose in water and IAEA TRS-277 [77] for determination the
absorbed dose in air. In this section the results and calculation of the electron kinetic
energy for Tungsten target with thickness of 0.5 cm will be presented. In addition,
the simulation of 1 ¢cGy/MU will be explained.

Table 5.7 show the calculated electron kinetic energy for different x-ray energy.
The calculation was performed using Geant4 by convert the geometry of target itself
to detector. The photon history file was generated, which contained the parameters
of number, position, direction, energy and track length for those photons generating
from electrons entering the target. Where we have not any idea about the required
number of electrons to produce the required x-ray energy, we start by increase the
electron number randomly and observe the photon history file to know the energy.
Finally, we classify the electron kinetic energy according to the required electrons
number and resulted energy of x-rays.

Table 5.7: Calculated electron beam kinetic energy for different x-ray energy from
Tungsten target with thickness of 0.5 cm.

X-ray Energy (MV) Electron beam kinetic energy (MeV)

20 22.3
18 18.8
15 14.9
10 10.3

The calculations of the dose in air at the specific volume in our simulation was

performed by using the following equation:
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D=C Z M;E;(ften/p); (5.6)

where, the index ¢ defines a particular energy interval, M; is the fluence for the
ith group, E; is the average energy of the ith group, and (i,/p); is the mass energy
absorption coefficient for the photons energy E;, and the summation is over all of the
energy intervals that was selected; the constant C is a conversion constant to convert
dose to the desired units.

The geometry of the detector was placed with distance of 100 cm from the target
and from photon history file generated, and the energy intervals that extend between
two different energies was selected. Then uniform energy intervals that are 0.5 MeV
in width was used. In such an instance, if the photons of concern ranged in energy
from 0 to 20 MeV, 40 energy intervals will be used. The midpoint of a given energy
interval is the value of E; for that interval, and (f,/p); is the mass energy absorption
coefficient at that energy.

Table 5.8 show the the mass energy-absorption coefficient used in equation 5.6.
This table is available in the database of the National Institute of Standards and
Technology [78], and these data are calculated by Hubbell 1982 [79] and updated
again by J. H. Hubbell and S. M. Seltzer in 1996 [80].

Using OriginPro Ver 7.5 SRO software the calculation of the dose in air was per-
formed at 100 cm (target to skin distance) in the isocenter for field size 10 x 10 cm?
using equation 5.6. The criterion to determination the dose by equation 5.6 was domi-
nance in many factors in Geant4 such as: (1) setting the electrons particle momentum
direction, (2) setting the electrons particle position, where the G4PrimaryParticle

class represents a primary particle with which Geant4 starts simulating an event.
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Table 5.8: Photon mass attenuation coefficients and the mass energy-absorption co-
efficients from 1 keV to 20 MeV for Air, Dry [78].

Energy (MeV) pu/p(em?/g)  pen/p(cm?/g)

1.00E-03 3606 3599
0.0015 1191 1188
0.002 527.9 526.2
0.003 162.5 161.4
0.0032 134 133
0.0032 148.5 146
0.004 77.88 76.36
0.005 40.27 39.31
0.006 23.41 22.7
0.008 9.921 9.446

0.01 5.12 4.742
0.015 1.614 1.334
0.02 0.7779 0.5389
0.03 0.3538 0.1537
0.04 0.2485 0.06833
0.05 0.208 0.04098
0.06 0.1875 0.03041
0.08 0.1662 0.02407
0.1 0.1541 0.02325
0.15 0.1356 0.02496
0.2 0.1233 0.02672
0.3 0.1067 0.02872
0.4 0.09549 0.02949
0.5 0.08712 0.02966
0.6 0.08055 0.02953
0.8 0.07074 0.02882
1 0.06358 0.02789
1.25 0.05687 0.02666
1.5 0.05175 0.02547
2 0.04447 0.02345
3 0.03581 0.02057
4 0.03079 0.0187
5 0.02751 0.0174
6 0.02522 0.01647
8 0.02225 0.01525
10 0.02045 0.0145
15 0.0181 0.01353

20 0.01705 0.01311
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This class object has information on particle type and its three momenta. The posi-
tional and time information of primary particle(s) are stored in the G4Primary Vertex
class, (3) setting the electrons number of particles to be generated.

In the other hand, variable of equation 5.6 change by user according to above
factors, while the verification of Geant4 calculation in section 5.5.9 help us to estimate
the correct factors.

In the most of the results of ambient dose equivalent the dose used in our simu-
lation is 1 ¢cGy or 1 Gy. Some times in clinical mode the 1 ¢Gy dose conceder low
dose, and due to this one can observe the small values in the results of ambient dose

equivalent calculated from neutrons yields.

5.5.4 Simulation cycle and accuracy

The major aim throughout all measurements of induced activity is to achieve a high
degree of accuracy for estimation the dose for each of worker and patients. To realize
this, mainly in Geant4 calculation, the number of event generated by the simulation
process was been sufficiently large. Fig 5.13 show plot of the efficiency rate versus
the number of simulation cycles (events number). The efficiency, €, calculated using

the following equation:

£=—— (5.7)

where,
S = The variance of sample group.

T = Computer time.
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The variance of sample group calculated using the following equation:

1 n
S=o"=—> (n-1)’ (5.8)
i=1
where,

i = The mean value.

n = number of samples.

The number of simulation cycle can be set at any integer. If we suppose n monte
carlo simulation test have been conducting, then the neutron number or energy ef-
ficiency generating in the history file can be evaluate vs. event number as shown in
Fig 5.13. Fig 5.13 show the rate of efficiency increase with the increase the number
of simulation events and fluctuation was shown clear within the small numbers of

simulation events.

5.5.5 Measurements of activation as a function of accelerator
energy
Activation levels at the isocenter were determined using the standard setup for dif-
ferent x-ray modes (20, 18, 15 and 10 MV) and for two filed sizes 1x1 and 40x40 cm?.
The results of ambient dose equivalent from neutron yield for this experiment on the
Clinac 2100C linac are shown in Fig 5.14. After 10 MV, the calculated ambient dose
equivalent curve for both field sizes start to increase with the increase of energy, and
the results of ambient dose equivalent per 1 ¢Gy represent high values in the curve

for field size 40 x 40 cm? rather than filed size of 1x1 cm?.
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5.5.6 Measurements of activation as a function of filed size

Different x-ray modes (20, 18, 15 and 10 MV), and three field sizes (1 x 1, 10 x 10 and
40 x 40 cm?) were used for determination the ambient dose equivalent at the isocenter,
point A (see Fig 4.1) to study the effect of field size change. When the collimator
jaws were used to define the field, MLC leaves were fully opened as prescribed for
the operation of the linac. The results of ambient equivalent dose are shown in Fig
5.15. It is evident from that as the size of the radiation beam increases, so does
the photoneutron fluence, with the difference between the smallest and the largest
field size being in the order of 23.5 + 1.5 %. The results of ambient dose equivalent

calculated for these filed sizes from neutron yield is per 1 Gy of x-ray generated.
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5.5.7 Measurements of activation as a function of target thick-
ness

Choosing the materials and thickness for target in medical linear accelerator design
was been studies by many authors. The radionuclides yield from different targets
thickness, having different atomic number ,Z, have been studied by Cohen in 1978
[5]. The theory of Cohen represent that the target thickness exceeds the range of
the incident ions and that the irradiation period greatly exceeds the half-life of the
radionuclide of interest.

In this section, the results of ambient dose equivalent vs. different targets thick-
nesses will presented to study the effect of thickness and material of target by means
of MC method.

The geometry of target used in the simulations was shown in Fig 4.13. As an
electron beam hits the target surface and bremsstrahlung photons are created and
emitted in all directions with a predominance in the forward direction. These photons
pass through the the flattening filter, the monitor chamber and the collimators.

Fig 5.16 show plotted curve for target thickness vs. average anergy ,E, (MeV) for
x-ray produced by electron energy of 22.3 MeV for Al, W and Ni target materials.
One would expect to see a decrease in E as the target thickness is increase from
the thin to the thick target. Other things to note in Fig 5.14 are that initially E is
slightly larger for W than for Al and Ni and that, as the thickness increase, all three
materials harden the beam. In other words Al which has a harding effect on a photon
spectrum generated in Al, would have a very similar effect on the photon spectrum
generated in Ni.

The quantity of average energy ,E, are calculated by Geant4 using the following
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Figure 5.16: The variation of average energy E of the x-ray spectrum produced by 22.3 MeV

electron on various target thickness and various materials (W, Al, and Ni) .

obtained from Geant4 calculation.

The value of E are
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equation:

B o BUAN/AE)dE 59)

[ (AN/dE)dE

where, dN/dFE is the number of phtons/cm? in an energy interval dE and E,,q; is
the kinetic energy of the primary electros.

The quantity of ambient dose equivalent was calculated using the the conversion
coefficients from fluence to dose show in Fig 5.11 for RTT and Fig 5.17 show the results
of these quantity vs. target thickness per 1 ¢Gy at point A. The mean ambient dose

equivalent increase with the increment of the target thickness.

5.5.8 Total dose to the RTT

In addition to the dose received by RTT due to the induced activity, the RTT can
also received additional dose during the treatment time from particles penetrating
the treatment room wall. Neutrons produced in photonuclear reactions, mainly in
the accelerator head, penetrate the radiation shield in the walls and contribute to the
irradiation of the RTT.

The calculation of total dose equivalent ,D,;, was performed using the following

equation:

D; = (Din + Dy )n + (Din + Dyr.)p (5.10)

where, (D;,,+ Dy, )y, is the total dose from the contribution of neutrons, (D, + Dy, ),
is the total dose from the contribution of photons. D, is dose from induced activity
and Dy, is the dose from radiation transmitted through the walls of the treatment

room. Each of these doses have been estimated separately.
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The dose from the contribution of induced activity was calculated and measured
using Geant4 simulation and Thermoluminescent dosimeters (TLDs). Where in the
case of Geant4 simulation, the estimation of induced activity for RT'T was carried out
by placing the detector geometry out side the treatment room to the console room.
The history files generated separately contain the neutrons number and photons num-
ber penetrate the wall of the treatment room. Fulence to dose conversion factors for
neutrons (see Fig 5.11) and for photons (see Fig 5.18) was used in calculation of
equivalent dose received by RTT.

The contribution from radiation penetrating the walls of the treatment room was
also measured with fifteen thermoluminiscence dosimeters (LiF:Mg,Cu,P (GR200A))
placed at the control console of the accelerator over a period of two weeks (10 working
days). The contribution from naturally occurring background radiation was measured
using ten dosimeters placed in a room far away from the treatment room. This
assumes that the radiation transmitted through the walls measured at the control
console is representative of the absorbed dose which the technologist receive outside
the treatment room during the treatment of the patient. Table 5.9 show the results
of normalized photon flunence to the maximum. The results of TLDs of (D), for
wall made from concrete with thickness of 112 c¢m, was found to be 0.179 + 13.12 %
1Sv/h. While the results calculated by Geant4 present 0.0875 £ 6.02 % pSv/h and
4.166E-06 pSv/h for (Dy,),,.

The calculation of effective dose for RTT inside the treatment room and in the
console control room was performed using the fluence to effective dose conversion
coefficients. Fig 5.18 show the fluence to effective dose conversion coefficients for

photon energies [81].



Table 5.9: Results of normalized photon flunence to the maximum.

Photon energy

Photon fluence

error

(MeV) (normalize to max) (%)
1 0.244 0.084
2 0.7 0.072
3 0.938 0.093
4 1 0.052
5 0.967 0.051
6 0.887 0.061
7 0.801 0.039
8 0.709 0.077
9 0.627 0.082
10 0.549 0.046
11 0.485 0.036
12 0.4305 0.06
13 0.375 0.062
14 0.331 0.081
15 0.292 0.091
16 0.258 0.102
17 0.23 0.096
18 0.202 0.114
19 0.178 0.092
20 0.151 0.136

147
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5.5.9 Verification of Geant4 simulation

The validity of the geometries and ability of Geant4 calculations was been verified
after adding water phantom geometry as shown in Fig 5.19 to calculate the per-
centage depth dose (PDD) for photon with energy of 6 MV. Comparison between
the measurements and Geant4 results was shown in Fig 5.20. The measurements
was performed using Cylindrical Type Chamber (CC13) and Computerized water
phantom (Blue water Phantom). The CC13 is cylindrical chamber consists of inner
and outer electrode made of Shonka C552. The chamber has a leakage current less
than 4 x 107'°A and chamber sensitivity of 3.8 x 107 C/Gy for calibration factor
(°°Co) of 26.01 x 10" Gy/C. The maximum polarising voltage was used is +300 Volt.

The Blue water phantom is a measuring device for the measurement and analysis of
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the radiation field of medical linear accelerators and is part of the OmniPro-Accept
system [82]. It consists of a three-dimensional servo (the Blue Phantom tank with me-
chanics), a control unit with integrated two-channel electrometer (CU500E), and two
single ionization chambers (CC13). The Blue phantom has motors capable to scan in
three dimensions and this phantom has dimensions 48 x 48 x 48 cm®. The phantom
material is Acrylic plastic (Perspex) and the weight is 45 kg without water. The
accuracy of the position is 0.5 mm per axis. The phantom tank is placed on a trolley
for the convenient moving of the assembly and the water is stored in water reservoir.
A ligament cap has been used for the final adjustment of the CC13 chamber. The
CC13 chamber (reference chamber) was mounted in reference detector holder and the
reference detector holder was clamped to the front or rear metal tube of the Blue
phantom’s aluminum frame. The movement of the CC13 Chamber was controlled by
computer using OmniPro-Accept system. The system perform the measurements of
PDD and comparison was made for PDD results achieved by Geant4. The results
present a good agreement between Geant4 and Blue water phantom, which verify the

validity of the geometries and ability of Geant4 calculations.

5.5.10 Methods comparison

The results of comparison between filter paper, portable spectrometer, and math-
ematical model methods are given in Table 5.10 and show a good agreement. On
the other hand, comparison with measurements values using a Bonner sphere system
based on passive gold activation detectors published for a Varian Clinac 2100C [85]
are given in Table 5.11 for x-ray mode of 18 MV and 10 x 10 cm? field sizes. This
comparison showed differences greater than factor of 2 and accordingly some indica-

tion of reliability definitely need to be given. In order to understand and evaluate
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Figure 5.19: Water phantom added to geometries of linear accelerator for purpose of verification
Geant4 calculation by percentage depth dose measurements. The green lines present the photon
particles interactions and the yellow lines present the electron particles interactions.
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these results it must be noted that the radiation field causing photoneutrons pro-
duction at electron accelerator is very complex and therefore, the difference showed
in this comparison are of complex nature. The quality of measurement results is
influenced by the errors in the measurement and uncertainty witch was estimated by
authors to be in range of 10-20%. On the other hand, the statistical uncertainty of
the calculated results was usually below 2% except for bins with very few particles
where it was below 10% (by ’statistical uncertainty’ is meant one standard deviation
of all energy depositions in one bin), however the basic geometrical components of
Monte Carlo simulation shown in Fig. 4.13, wasn’t include the head shielding and
bending magnet. The exact details of the material around the target could change
the calculated neutron fluence at the isocenter. Comparing two geometries, one with
complete head geometry and the other without head shielding and bending magnet
changed the neutron fluence by a factor of 1.8 when scored at the isocenter. Tacking
this factor into account the agreement between measured and calculated results of
ambient dose equivalent can be considered to be acceptable.

Table 5.10: Comparison of the results for different three methods for 15 MV and
decay time of 12 min.

Filter paper Portable spectrometer Mathematical model
Dose rate (uSv/h) 0.72 0.82 0.79

Table 5.11: Comparison of neutron fluence, ¢, and ambient dose equivalent, Hx(10),
for field sizes 10 x 10 cm? for 18 MV.

Author o) Hx(10)
(em™2.Gy™ 1) (mSv.Gy™1)
This work 1.4 x 107 4.4

Ferndndez et al [85] 3.3 x 107 6.0




Chapter 6

Conclusion and Recommendations

6.1 Conclusion

This work aims at presenting a study using filter paper, portable spectrometry, math-
ematical model and Monte Carlo simulation of a linac System (Varian Clinac 2100C)
for estimation of the equivalent dose for the patients who undergo radiotherapy treat-
ment and for radiotherapy technologist (RTT). From the results presented in chapter
five, conclusion in the following paragraphs can be drawn.

The annual dose received by RTT was found to range between 0.6 to 1.96 mSv,
which represents very low dose according to the exposure limits recommended by In-
ternational Commission on Radiological Protection (ICRP) and International Atomic
Energy Agency (IAEA) [3, 83]. On the other hand, one cannot ignore the dose for
other workers such as medical engineers dealing with linear accelerator for mainte-
nance purpose.

The total measurement error A was found to be +6.02 % calculated according to

the following equation:

A =+Ve?+o? (6.1)

153
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where, €? is the systematic error (produced by instrument errors in the experiment
of portable spectrometry) and o? is the random error.

The instrument uncertainty e for the portable spectrometry is known to be 4 %;
however, the random error o2 is difficult to assess because of the varying signals of the
induced activity and varying effects of the residual induced activity that results from
previous radiation exposures. The estimation of the random error o? was performed
by measuring a specific decay curve several times under reference conditions (radiation
dose given: 1000 MU; point of interest was isocenter). The average value of these
random errors was determined to be 4.5 %. Therefore, the total error A is estimated

as follows:

A = v/0.042 + 0.0452 = 0.0602 = 6.02%

More than one method was carried out to estimate the dose for RT'T and patients.
The accuracy of selecting these methods is affected by the following: (a) Setting
the electrons particle momentum direction, position, and number to be generated
in geant4 and calibration of 1 ¢Gy per 1 MU as mentioned in section 5.5.3. (b)
Consideration of chosen five radionuclides to represent all the radionuclides; using
the curve-fitting method; and the assumption that the background activation level
is constant can affect the accuracy of mathematical model as mentioned in section
5.4. (c¢) The delay caused by filtration process time (10 min) in filter papers method
and the additional time of removing the sample of filter paper from linear accelerator
room to the spectrometry can affect the dose and present very low dose rate.

In this study, the theory of Cohen [5] was verified by Monte Carlo simulation
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(Geant4 code) using three types of target materials. No comparison was made be-
tween our results and Cohen results but in general this study showed that if target
thickness exceeds the range of the incident ions and that the irradiation period greatly
exceeds the half-life of the radionuclide of interest.

The deviation in radiotherapy from the planned total dose of patient is more
than 25 % [84]. This limit applies both to overdoses and underdoses, even though
underdoses are often easier to correct. The neutron dose equivalent, greater than 5
mSv Gy~ ! for 20 MV in the isocenter, can represent a risk for healthy tissues and
contribute to secondary malignancy insurgence. Neutron field evaluation is therefore
necessary to optimize the treatment, and this new method, consisting of Monte Carlo
simulation, can represent a reliable tool.

One of the objectives of this study was to make comparison between induced
activity produced by different linear accelerators. The goal of this objective is to
answer the question “which type of medical accelerator is useful to be used for safety
protection”. The estimation of answer was performed using Geant4 by studying the
effect of different target materials. Relatively, this estimation was not enough but can
give the reader simple idea for selection of the type of linear accelerator according to

the type of target.

6.2 Comments and recommendations

In future, further work can be carried out for the determination of the dose received
by other workers dealing with medical linear accelerators, such as medical engineers
and medical physicists.

Some of isotopes detected have short half-life decay with one to three minutes, so
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it is recommended to prevent the RTT from entering the treatment room before three
minutes of beam-off after using above of 10 MV in the treatment of x-ray mode.

Medical physicists dealing with medical linear accelerators for purpose of daily
mechanical check, MU check, or for acceptance test and commissioning should be
aware by using personal detectors and also it is recommended to prevent from en-
tering the treatment room before three minutes of beam-off, when using the above
conditions.

Very short half-life nuclides or pure beta-emitter nuclides were not involved in this
study, and in the future work can be carried out for the determination of the dose

received from these nuclides.
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APPENDIX A
ACTIVATION DOSE RATE FORMULA

The activation dose rate formula was derived as follows:

If the nuclear reaction is designated as follows:

P—T —({d

the irradiation period time ,t;, followed by a decay period denoted by t., “a period
of time that begins at ¢t = ¢; and ends at t = t; + ¢.” then the number of density of

atoms ,n(t), of radionuclides at time t can written as following:

dn(t)
e —n(t) + Nog (.2)
then,
dn(t) B
— T An(t) = Nog (-3)

By multiplying both sides of equation (.3) by e

—dzllit) M+ An(t)eM = NopeM (.4)

then,

By integrating equation (.5) ,
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N
n(t)eM = %be)‘t +c (.6)
at t =0, n(t) = 0 then,
e _Noo
A
Noo Noo
n(t)eM = 3 eM — 3 (.7)
By multiply equation (.7) by e=*t,
Nog _
()= 7% - e (9

The specific activity a(t;) = An(t;), for t = t;. Then equation (.8) can be written

as follows:

a(t;) = Nog(1 —e ™) (-9)

After the irradiation has ended (¢ > t;) the specific activity as a function of the

t. will decay exponentially and be given by activation equation:

= a,(1 — e i) Me (.10)

where , a; = No¢.

Similar to equation (.9) one can express the activation dose rate as follows:
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D, = Dp(1 — e Mr)e™™

where D,), is the maximum dose rate, D, is the activation dose rate, ¢, is the activation

time and ¢ is the decay time.
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APPENDIX B
APPLICATION DIAGRAMS

The following classes were defined in the present application:

e DetectorConstruction (volume and material definitions)
e PrimaryGeneratorAction (primary electron generation)

e SteppingAction (step information handling/energy scoring)

The structure of the program is illustrated in the diagrams in Fig B.1 and B.2.
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main | |G4R11nManager| |DetectorConstmct10n | FLowEnergyPhysmsLlst
~ initialize |
|« Constructed Material E
gzgit:::;tfd :lCOllStl‘llCted Volumes é

Constructed Physics >

i Declare Particles
; Declare Process
i Set Production Cut

Figure B.1: Initialization of the run.

main | |G4R11nManager | |Pr1maryGeneranrAct10r* |G4EventManager| |G4Trax:k1ngManager| |Stepp1ngAct10n

1

Beam on p—Crenerate one primary, electron

Event loop

Process the event o | Processthe track _£|rocess the step -

Track loop Btep loop J 'L:|

Figure B.2: How the run proceeds. The energy depositions are saved in histograms in the
SteppingAction class.
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