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ABSTRACT

A method for determining the kinetic energies of therapeutical electron beams is described.
The theoretical basis of the mass angular scattering power method is analysed. The kinetic
energy of therapeutical electron beams is determined from the Gaussian spread of a pencil
beam. The pencil beam is obtained from a broad electron beam by using a simple
technique. The data taken with a “closed collimator” are subtracted from those measured
with the “open collimator” in order to isolate the pencil beam dose distribution. The spatial
spread of a pencil electron beam in air is, as predicted by the Fermi-Eyges Theory,is
Gaussian whose variance is a function of the mass angular scattering power, which in turn
is related to the kinetic energy. The dose distribution is measured by an ion chamber which
is moved by an “empty” water phantom system. The energies obtained by the mass
scattering power method in air are significantly close to measured values obtained with the
range method in water. The mass angular scattering power method is driven from the
inelastic collisions in air and uses a probabilistic approach while the range method uses

emprical formulas.



RADYOTERAPIDE KULLANILAN ELEKTRON ISINLARININ ARDARADA
SACINIM TEORISINE DAYANAN ENERJI

OLCUM METODU

OZET

Radyoterapide kullanilan elektron ginlannin kinetik enerjilerinin 6l¢iimleri igin halen
kullanimda olmayan bir metod agiklanmaktadir. Kiitle agisal sagimm giicti ad1 verilen bu
metodun teorik temelleri incelenmektedir. Elektronlarin kinetik enerjileri, genis alanh bir
elektron 1gtninin, merkezinde dar bir delik bulunan bir kursun plaka seklindeki agik
kolimatér ve aym kalinhkta herhangi bir delii olmayan kapali kolimatoriin igimnlanmasiyla
elde edilen doz profillerinin birebir farkindan elde edilen doz dagiim profillerinden
yararlanilarak bulunmaktadir. Kullamilan metodda, kapali kolimatérden gegen radyasyon
bize arka plandaki dozu vermektedir. Fermi-Eyges teornisinin 6ngordigii tizere, dar bir
elektron 1gimmnin havadaki uzaysal saginmi bir Gauss dagiim egrisidir. Bu Gauss egrisinin
varyansi bulunarak kullanilan elektronun kiitlesel sagimim giicii hesaplanmakta buradan da
elektronun kinetik enerjisi belirlenmektedir. Havada sagimima ugrayan elektronlarin uzaysal
dagihmi  bir iyon odasi ve bog bir su fantomu ile dlgiilmektedir. Elektronlarin enerji tayini
i¢in kullanilan sudaki erigim metodu amprik formiillere dayandigi halde kiitle agisal sagimim
metodu yiiksek enerjili elektronlarin havadaki atomlarla elastik ¢arpismalarinin sonuglarm
kullanmakta ve atomik diizeydeki etkilegimlerden cikan direkt formiillere dayanmaktadir.
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L INTRODUCTION

1.1. Objective of The Study

Kinetic energy is one of the parameters affecting the clinical and dosimetric properties
of electron beams and therefore should be known for clinically used electron beams .
Due to the high flux rates of pulsed linear accelerators, typically of the order of 10"
electrons / cm?s at the isocenter at 1 Gy/min particle-by-particle measurement in the
beam is usually impossible [1] .

A few techniques, most of them very complex, are currently known for the
determination of the kinetic energy of clinical electron beams. The most obvious
technique is based on magnetic spectrometers which, unfortunately, are not yet
available in radiotherapy departments and would also be difficult to use on the relatively
large sized clinical electron beams. The International Commision on Radiation Units
and Measurements ( ICRU ) suggests three different measurement techniques from
which kinetic energies of clinical electron beams may be determined ( ICRU 1984 ) :

a) Range of electrons in medium ,

b) Cerenkov radiation threshold angle ,

¢) Nuclear radiation threshold [2].

The main objective of this research is to show that, from the in air measurement of the
- mass angular scattering power of a pencil electron beam, one can obtain energies that
are comparable to the energies obtained with the range method. The mass angular
scattering power method for determining the kinetic energy of clinical electron beams
is described. The method is based on the measurement in air of the spatial spread of a
pehcil electron beam which is produced from the broad clinical electron beam. As
predicated by the Fermi-Eyges theory, the dose distribution measured in air on a plane,
perpendicular to the incident direction of the initial pencil electron beam, is Gaussian.

The square of its spatial spread is related to the mass angular scattering power which in



turn is related to the kinetic energy of the electron beam, from the known relationship
between mass angular scattering power and kinetic energy. The mass angular scattering
power i1s relatively cumbersome, however, allows us to determine the kinetic energies of
electron beams from the first principles, in contrast to the empirical methods based on

range measurement in water.



II. ELECTRON BEAM IN RADIOTHERAPY

2.1. The Radiation Therapy

Therapeutical electron beams that are in use today are in the range of 4.5 and 25 MeV
[3]. Radiotherapy is a branch of medicine dealing with the treatment of cancer using
radiation [4]. The term radiation applies to the emission and propagation of energy
through space or a material medium. There are mainly two kinds of radiation:

a) Particle radiation

b) Electromagnetic radiation

By particle radiation we mean energy propagated by traveling corpuscles that have a
definite rest mass and within limits have a definite momentum and defined position at
any instant. However, the distinction between particle radiation and electromagnetic
waves, both of which represent modes of energy travel, became less sharp when in
1925, De Broglie introduced a hypothesis concerning the dual nature of matter. He
theorized that not only do photons ( electromagnetic waves ) sometimes appear to
behave like particles ( exhibit momentum ) but material waves such as electrons,
protons and atoms have some type of wave motion associated with them ( show
refraction and other wave-like properties ).

Protons, neutrons and electrons, many other atomic and subatomic particles have been
- discovered. These particles can travel with high speeds, depending on their kinetic
energies, but never attain the speed of light in a vacuum. Also they interact with matter
and produce varying degrees of energy transfer to the medium. The elemantary
particles encountered in Radiotherapy are basically electrons, positrons, protons,
neutrons, neutrinos and mesons.

Besides electromagnetic radiation constitues the mode of energy propagation for such

phenomena as light waves, heat waves, radio waves, microwaves, ultraviolet rays,



X-rays and y rays. These radiations are called "electromagnetic” because they were first
described, by Maxwell, in terms of oscillating electric and magnetic fields. The wave
nature of electromagnetic radiation can be demonstrated by experiments involving
phenomena such as interference and diffraction of light. Similar effects have been
observed with X-rays using crystals which possess interatomic spacing comparable to
the X-ray wavelengths. However, as the wavelength becomes very small or the
frequency becomes very large, the dominant behaviour of electromagnetic radiation can

be explained by their particle or quantum nature [3], [4].

2.2. The Purpose of Radiation Therapy

The objectives of any form of cancer treatment is the destruction of the tumour and its
extensions into the neighbouring lymph system. Three methods of treatment are
currently in use: surgery, radiation therapy and chemotherapy. None of these
alternatives are exclusive and treatments may in general be a combination of two or
more of these techniques. Of the these techniques, surgery would be ideal, were it not
for the tendency of tumours to extend rapidly into the adjoining healthy tissue.
Radiation therapy is thus often used to reduce the tumour volume before surgery and to
sterilize those lymph nodes not erradicated by the operation.

Chemotherapy drugs are highly toxic and often cannot be adminestered in sufficient
-quantities to reduce cell proliferation. Combinations of chemotherapy and radiotherapy
are thus designed to accomplish this with minimum side effects.

It should be emphasized here that there are few hard and fast rules which apply to
radiotherapy. Certain cancers ( i.e. skin cancers ) respond well to the teletherapy and
experience has dictated presciptions which are successful in many cases. However,

radiotherapy is an art with the success of treatment depending on many diverse factors

[5].



2.3. Methods of Radiation Treatments

Presently two differents methods are used in radiotherapy, dependent upon the source.
External source irradiation from an orthovoltage X-ray machine, Cobalt-60 teletherapy
unit, or linear accelerator is the most important technique, while complementary to this
is the internal irradiation from active needles and tubes. If there is easy access to the
tumour and target volume is small and well defined, then the internal irradiation
technique ( brachytherapy ) may be used alone.

The objectives of radiotherapy are to deliver a known dose to a known tumour volume.
Ideally, the dose would be delivered only in the tumour volume with no irradiation of
healthy tissue. The problem of radiotherapy is to approach this ideal. The tumour
volume must be precisely defined. This can be done using a variety of techniques,
among which radiography, tomography, contour planning, magnetic resonance and
simulation are popular.

The choice of radiation source is also important, and is governed by the position and
volume of the tumour to be treated, the dose required and the equipment available at

the cancer center [5], [6].

2.4. Clinical Applications of Electron Beams

_The features of the electron beam that make it a unique therapeutic tool are related to
physical characteristics rather than to any special biological effectiveness of electrons.
The most attractive characteristic in radiotherapy application is the depth dose curves
(see Figure 2.1.) [7].
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Figure 2.1. Comparison of the central axis distributions obtained with
low-energy x-ray and electron beams [7].

The curve displays a moderately flat plateau in the first few centimeters of tissue,
followed by a rapid fall in the absorbed dose to a small "tail" produced by X-rays
generated in the scattering foil, the collimating system and the irradiated medium. The
~ advantages to be drawn from the depth dose pattern area, therefore, suggesting the use
of electrons for irradiation of sub-dermal tumours with the benefit of sparing the
underlying tissues. The characteristic which are of particular significance in clinical
applications are:

(2)The dose distribution from a single beam is such as to allow the treatment of a
surface slab of tissue to relatively uniform doses whilst sparing underlying, deeper

regions of healty tissues. The sharp cut off beyond the 80% depth dose is present for all



energies up to about 20 MeV, by 30 to 35 MeV the depth dose curves have a long tail
resembling depth doses for low energy X-rays.

(b) The depth dose pattern with electrons of lower energy offers rapid and simple
treatment set-ups, with the use of one field in many cases.

(c) There is an absence of increased absorption of energy in bone. The absorption of
electrons is primarily determined by the electron density in the absorbing material. Since
the number of electron per gram is almost the same in most biological materials, the
absorbed dose is essentially the same in bone as in soft tissue.

(d) There is no difference in the biological effectiveness of electrons compared with
megavoltage photon radiation.

(e) The build-up of absorbed dose below the skin is rapid; thus the skin sparing effect is
smaller than with high energy photons.

(f) The dose distribution in tissue suffers perturbation if tissue inhomogeneities are
present within the beam.

The dependance of depth dose distribution on energy has influenced the clinical
application of electrons. The most useful in radiotherapy are electrons of 4-20 MeV,
although higher energies are sometimes used as an alternative to photons for treatment

of deep sited tumours [7], [8].

2.4.1. Electrons of Energy Below 20 MeV

The sharp fall-off of dose with depth makes electrons of energies up to 20MeV
eminently suitable for treatment of tumours from surface up to depths of about 6cm. In
this application, simple single direct fields are employed although multiple adjacent

fields, seperated by 0.5 or 1.0 cm are also used if the area to be treated is large.
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Figure 2.2. Central axis depth absorbed dose curves obtained at various

electron beam energies [7] .

The electron beam distribution is more uniform over the target volume in comparison
with a superficial X-ray treatment technique. This is evident in Figure 2.1., which shows
that, up to the depth of 2.0 cm, the dose delivered by electrons varies by no more than
10% whilst the dose produced by 140 keV X-rays is seen to fall continously from the
skin surface, giving a dose difference in a comparable depth range up to 40%. At a
depth of 4cm, the 8 MeV electron beam has a depth dose of only 5% compared with
30% produced by the photons, and thus the sparing of tissues beyond the desired
-treatment depth is more pronounced with electrons.

Electrons of lower energy are therefore ideal for the irradiation of all skin and lip
cancers, as well as operation scars and residual tumours. They are particullarly useful in
the treatment of the nose and ear. Further applications extend to lymphomas located on
or near the surface and sarcomas on the dorsum of the hand or foot. Electrons can also
be used for large lesions in the area of the face and for lesions that have received
treatment by cautery or surgical excision. Lesions of the floor of the mouth and the

under-surface of the tongue can be treated adequately using an intraroral cone. Also,



small and superficial lesions of the gingiva and the soft palate can be treated by 8-10
MeV electrons Electron beam therapy offers an excellent technique for providing
additional dosage (top-up ) to a limited area; for example, boost irridation to nodes.
This technique can be applied to more extensive lesions of the floor of the mouth. The
intraoral "boost” should be given prior to the external beam therapy in order to visualise
the lesion and to be able to deal with the discomfort associated with the mucosal
reaction. Electrons of 8-10 MeV can be used in combination with interstitial y-ray
therapy in the treatment of buccal mucosa lesions, but if the lesion is thick, 15-18 MeV
electrons are required. There are clinical cases which can be satisfactorily treated with
photon beams, but where an electron beam may also offer a simple technique. For
instance, an 8 MeV straight-on electron beam is an elegant method of treatment of the
chest wall which avoids the high doses to the lung evident when using glancing
Cobalt-60 fields. For the same reason, electrons are preferred for the irradiation of the
peripheral lymphatic areas and the chest wall after radical mastectomy. The
supraclavicular field can be treated with 10 MeV electrons which provide the required
tumour dose at 3cm. depth. However, for the internal mammary node chain an energy
of 15 MeV is needed to reach the depth of 4cm. Other clinical situations which require
electrons of 15-20 MeV are upper respiratory digestive track lesions and lymphatic of
the neck.

The fixed beam technique is difficult to use in cases like long scars or tumours
extending across the midline or on the inferier or posterior thorax. These are best
- treated with a rotating arc beam.

Sometimes, in cases of deeper lesions, because of the intensity of the skin reaction and
the degree of subcutaneous fibrosis, electrons are combined with photons in the course

of the treatment [7].



III. DETERMINING THE KINETIC ENERGY

3.1. Introduction

The term "beam quality” is often used as a general and reasonable attempt to describe
the radiation beam ability to penetrate through matter. With electrons, this concept is
related to the specification of energy and the energy spectrum of the beam [3].

Knowledge of the radiation quality of a high energy beam is necessary for several
reasons. In clinical circumstances, treatment parameters can only correctly be selected if
the beam energy is known. This applies to the determination of depth doses,
radiobiological effectiveness etc. Knowledge of the beam is necessary for a meaningful
comparison of characteristics of beams from various machines or data from various
centres. It also plays an important role in the comparison of clinical results. In
dosimetry, knowledge of the beam quality is essential for the choice of energy
dependent factors used in dosimetry, such as chamber calibration factors, the ionisation
to absorbed dose conversion factor C1, stopping power ratios, the perturbation and

other correction factors [7].

3.2. Methods for Energy Determination

A few methods have been developed for the kinetic energy determination of the clinical

electron beams. The methods described in ICRU Report No 35 are :

1) Magnetic Spectroscopy:

The most unambigous and accurate method of characterizing the primary electron beam
in the patient plane is magnetic spectroscopy, which has long been known to be capable
of very high resolution in spectral determination. Unfortunately, magnetic

spectrometers are not yet readily available in radiotherapy depatments [1].
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2) Method based on the thresholds of Nuclear Reactions [ (Pohlit 1969 ), Lazl ( 1969 ),
St. George and Anderson (1982 ) Ross and Shortt (1985) ] :

An interaction of an electron or a photon with an atomic nucleus can lead to a nuclear
reaction and to the emission of nucleons. The energy threshold for this type of reaction
is determined by the difference between the rest energy of the target material and that
of the residual nucleus plus the emitted nucleons.

The experimental method makes use of the fact that the activated nucleus will undergo

a radioactive transformation whose emission can be measured by a radiation detector

[1].

3) The Cerenkov Method [ de Almeida (1974 )] :

When a charged particle passes through a dielectric medium at a velocity of light in that
medium, electromagnetic radiation, called Cerenkov radiation is emitted.

The maximum energy of the electron beam can be determined by measuring the

Cerenkov emission threshold and employing the following relation [1] :
E=m.c [(1 -p) - 1} G,1)

where m.c? is the rest energy of the electron and B is the ratio between the velocities of
the electron and light in vacuum [9].

The Cerenkov method provides a method for determining the entire spectral range.
However, the experimental requirements for good energy resolution are severe, since
the derived energy spectrum is proportional to the numerical second derivative of the

pressure versus the light intensity curve [1].

4) Practical Range Method :
This is the method that is routinely used in clinics today. In order to obtain the range for

the broad and parallel electron beams, a semi-infinite water phantom ,on which
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electrons are incident perpendicularly ,is used. It is difficult to set a limit beyond which
a clinical beam can be considered as a broad beam, i.e. when the central axis depth dose
distributions become independent of the field size, as it will depend on the energy and
angular spread of the beam. Mostly, the manufacturers specifications will be taken as
reference for the field size in the range method. An ionization chamber is traveled in
depth till the dose absorbed is nearly zero, where only the bremsstrahlung tail is
observed. Absorbed dose versus depth gives a curve similar to that of Figure 3.1 [10].
The practical range R; and the half value depth R, are of special importance for range-
energy measurements. R, is defined as the depth where the tangent to the descendent
part of the curve intersects the prolongation of the bremsstrahlung tail. Ry, is defined as
the depth where the absorbed dose is 50 % of the maximum [10], [8].
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Figure 3.1. Characteristic parameters of the central axis depth dose curve [7].

The most probable energy at the surface ,is related to the practical range by the

following empirical relation:
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Ep,o = C] + Cz Rp + C3 sz (3,2)

with C, = 0.22 MeV, C,=1.98 MeV.cm-!, C; =0.0025 MeV.cm-2,
This equation is valid for broad beams and for most of the existing accelerators.
The mean energy at the phantom surface, is related to the half-value depth Ry, by means
of the expression:

E,=CiRy
(3.3)
where C; =2.33 MeV.cm-!
The mean energy as a function of depth is normally determined by means of
approximate relations. For monoenergetic electron beams with the electron energy E, at
the phantom surface, Harder suggested that the depth dependence of the mean energy
could be approximated by the simple relation :

;z ~Eo |:1 = Ri-:l (3.4)

P

where Z is the depth and Rp is the practical range in a water phantom for an initial
energy Eo [10].

3.3. An Alternative Method For Measuring The Kinetic Energy

The Mass Angular Scattering Power Method

The primary theme of this research is that, from the in air measurement of the mass
angular scattering power of a pencil electron beam, we can obtain energies that are
comparable to the energies obtained with the range method.

As an electron penetrates a medium, such as tissue or air, the Coulomb interactions of

the electron with nuclei and orbital electrons of the medium result in multiple electron
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scattering and in degradation of the kinetic energy of the electron. With the small angle
scattering approximation and the central limit theorem ( Reichl 1984 ) it can be shown
that the mean square angle < 02 > for multiple electron scattering is linearly
proportional to the mass thickness, pt of the absorber, and the proportionality constant
is equal to the mass scattering power, T/p. The mass angular scattering power is

expressed analytically by the following equation [2}, [11], [12].

2 2 2 \!
T_ <«}9:> _ NAZDW [h{H 3",,,,) _H(Hfﬂj } 3.5)
P

This equation implicitly contains the kinetic energy of the electron in the expressions for
Oumin, Omax and Deg. N4 in equation (3,5) is Avagadro’s number, while A and p are the
atomic mass and density of the absorber, respectively. Deg is a characteristic distance

counting for the electron-nucleus and electron-orbital electron interactions and is given

by [9], [12]:

Der = NZ(Z+1) € (3,6)
470 (M P*c?%/2)

Where Z is the atomic number of the absorber nucleus, e the charge of the electron, €o

is the permittivity of free space, me is the relativistic mass of the electron and Bc the
velocity of the electron.

In equation (3,5), Oma is defined as the maximum scattering angle for which the nuclear

point source approximation is still valid. It is given by [9], [12] :

Baa = 280 A3 ( v%) ) 3.7
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where A and p are the atomic mass of the atom and the momentum of the electron
respectively.

In chinical electron energy range and for low atomic number matenals, equation (3,7)
results in Ou being larger than m, and therefore we can set Oy,=n under these

conditions. The cut-off angle, O, in equation (3,5) is given by [9], [12]:

_ Zl/3
Buin = T "% ) (3,8)

which for example, for a 10 MeV kinetic energy electron incident on hydrogen or
aliminium atoms, corresponds to angles of 0.02° and 0.05° respectively. Since Opay is
assumed constant, it follows that T/p is dependent on kinetic energy only through the
cut-off angle, O, and the characteristic distance, Des.

In Figure 3.1. the plot of equation (3,5), i.e. v/p in air, as a function of E,, in the energy
range from 1 to 100 MeV. The relationship on a log-log scale shows a steady and
almost linear drop of T/p with an increase in Ey, suggesting a relatively simple means
for kinetic energy determination from a measurement of the mass angular scatting

power T/p [12].
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Figure 3.2. Mass Angular Scattering Power in air as a function of the kinetic
energy of electron in the energy range from 1 to 100 MeV [12].

The propagation of a pencil beam in a medium is described by a distribution function,
which is given by the Fermi-Eyges solution to the Fermi differential equation ( Eyges
1948, Rossi and Greisen 1941 ). The Fermi-Eyges theory predicts that, the dose
distribution in a medium on a plane perpendicular to the incident direction of the initial
pencil electron beam is given by a Gaussian distribution with a spatial spread
proportional to its variance. In air, the square of the spatial spread of the pencil
electron beam o2, is related to the mass angular scattering power and the thickness of
air layer, X, from a pencil beam origin through the expression:

o100 = (1) 22 6.9

In deriving the above equation, the following assumptions are made:
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a) Only small angle scattering events, are considered.

b) The air layer X is much smaller than the electron range in air, i.e. the energy loss of
electrons in air is neglected.

c¢) The secondary electrons, set in motion by the incident electron beam are ignored.

d) The brehmsstrahlung contamination of the electron beam is ignored.

The function 62, as given by equation (3,9), is a linear function of X* with the slope
proportional to T/p, which in turn is a function of the electron beam kinetic energy Ek,
as given in equations (3,5), (3,6), (3,7), and (3,8) above. From a measurement of
o%(X), the spatial spread of a pencil beam 1n arr, in different distances from the pencil

beam origin; T/p, the mass angular scattering powers are determined [12].
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IV. THEORETICAL BASIS OF THE MASS ANGULAR SCATTERING
POWER METHOD

4.1, Introduction

The transport and penetration of electrons in matter in the energy range of interest in
radiation therapy involves interactions which result either in direct energy losses or
scattering, or a combination of both. The most important interactions include elastic
nuclear scattering involving a nucleus ( Coulomb Scattering ), inelastic interactions with
orbital electrons and radiative collisions with both nuclei and orbital electrons. The
mode of interaction is largely determined by the energy of the passing electron and the

distance of electron approach to the atom or nucleus with which it interacts [13].

4.2. Energy Losses of Electrons

Collisions which lead to direct energy loss by the passing electron are of primary
interest, since such events give rise to a direct deposition of energy and hence absorbed
dose, in the irradiated medium. The energy losses usually take place in small increments
and an electron must therefore suffer many collisions before it losses all its energy. A 10
- MeV electron will go some 100 000 interactions before coming to rest. Two principally
different energy loss processes may occur: collisional losses and radiative losses. The
fundamental difference between them is that the collisional loss involves the outer

atomic electrons while the radiative losses involve the atomic nucleus [14].
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4.3. Scattering Processes

An important aspect of electron interaction with atoms, apart from the energy losses, is
the change in direction of the electron motion leading to scattering. Most of the
collision type interactions are also accompanied by electron scattering [7].

It is possible to treat the energy loss and scattering separately, although they are
inseparable.

As a general rule, the elastic scattering can be divided into 3 classes:

a) Single scattering ,

b) Plural scattering ,

c¢) Multiple scattering .

Single scattering results in a large angular deflection of the electron whereas small-angle
deflections are associated with multiple scattering. The intermediate case is known as
the plural scattering.

Two interaction processes are particularly important in scattering: interactions of the
passing electron with the Coulomb field of the nucleus and electron-orbital electron
collisions.

If the thickness x of the layer transversed is small, x << 1 / oN, where o is the cross
section and N is the number of scattering atoms per cm?®, there will be practically one
single scattering; i.e. most of the electrons are scattered by only one nucleus. For larger
values of thickness, d ~ 1 / 6N, we get plural scattering, there is more probability that
-the scattering angle is due to a number of successive single scattering processes. When
the thickness becomes so large that the mean number of processes is larger than

20 - 30, the term multiple scattering is used [11].

19



4.4. Deflection and Energy Transfer In a Coulomb Collision

e, m, Bc

y
M, Ze b

Figure 4.1. Collision of an electron with a nucleus.

Consider an electron of mass m and charge e collides with a heavy nucleus of mass M
and charge Ze in an atom, with an impact parameter b and velocity Bc. Here the
electron and the nucleus can be treated as free particles.

The mass of the nucleus is much larger than the mass of the nucleus (M >> m ). As the
electron passes through, in the position of the nucleus, only the transverse electric field
has a nonvanishing time integral; the longitidunal forces vanish each other during the
collision time. Consequently, the momentum impulse Ap is in the transverse direction
( y direction ) and has a magnitude of:

<

” 2
Ap =J Ze E(t) dt ='bze

4.1

-

It should be noted that Ap is independent of y and the energy transfer to the nucleus is:

_(8p) _2z% (1
AE() 2m MBS (sz “.2)

Because the mass of the target nucleus is much larger than that of the electron, the

energy transfer is negligible.

=
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From Newton’s third law, it follows that the incident particle (electron) acquires a
transverse momentum of the same magnitude in the opposite direction. The angular
deflection of the incident particle is given by 6 ~ Ap / p, provided that Ap<<p, thus for

small deflections [14]:

0 = 2Z¢? (4,3)

4.5. Differential Cross Section and Differential Scattering Probability of Electron
with Atoms of Matter

Collision of electrons with the atoms of the material occur at random, and their
observable effects are therefore described in terms of probability distributions and
averages. We need to specify not only the probability of a collision but also the
probability that, after the collision, the energy (or momentum ) of this particle be within
a given differential interval and its direction of motion lie within a given element solid
angle. The quantities used for these purposes are the differential cross sections.

The "size" of the atomic and subatomic particles are not easily defined. For example, an
electron which passes at a distance b of a nucleus is scattered by the Coulomb field of
the nucleus, which extends its effective size for scattering far beyond the "boundary” of

the nucleus.

: Bear area A

) % Target sp'here2 b =impaet parameter e
areac =7 R -
. /’) # = scallering angle

Beam of incident particles: "“}““" -——————
I particles/s-area Nucieys

(a) (b)

Figure 4.2. (a) A beam of particles incident on a target sphere. (b) Positively charged
particle scattered from a stationary positive nucleus [11] .
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As indicated in Figure 4.3.a, particles incident with impact parameters between b and
b+db will have deflection angles between 6 and 6+d0. The cross sectional target area
enclosed by the annulus of radius b and of width db is just do = 27mbdb. It is often
customary to express do in terms of the differential solid angle dQ instead of the polar

angle do.

dé

-8:

[\

]
Nucteus U
(a)

n nuclei per
m3 of target

[lncident beam

of I particles/s « m2

i)

- rsin 8

.d Q= areair3
= 2rsin g dé

dN particles/s
emilted into
solid angle d

(o)

Figure 4.3. (a) Correspondence between the impact parameter b and the scattering
angle 6. (b) Area on a sphere subtended by d6 and d¢ (c) Azimuthally
symmetric solid angle corresponding to d0 [11].

The solid angle, expressed in units of steradians (sr), corresponding to a polar angular
interval d© and a azimuthal angular interval d¢, is just the corresponding area on a unit
sphere centered at the origin, that is the scattering center. We can write the area on the

sphere of radius R subtended by dO and d¢ at the origin as :
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dA=(RdO )(Rsin6dd)=R?sin 6 d6 dp 4,4)
setting R=1 for the unit sphere then yields,
dQ =sin 6 d6 d¢ (sr) 4.5)

as a general expression for dQ. The solid angle that corresponds to dO is found by

integrating dQQ in equation (4,5) over ¢ to obtain :
dQ=2nsin O d6 (sr) 4,6)

When the electron passes in the neighborhood of a nucleus, one can neglect the
radiation emitted during the process. Since the nucleus is very heavy with respect to the
incident electron, the energy of the latter does not change appreciably and the collision
is an elastic one [1].

In the case of elastic collisions ( and if the target particle is at rest ), the energy and the
momentum of the incident particle after the interaction are entirely determined by its
angle of scattering, i.e. by the angle between the directions of motion of the particle
before and after the interaction. In our case, we shall assume that there is no preferential
orientation of either the incident particles or target particles. Then all information about
the collision in question is confined in a function of the incident energy Ey and the angle
“of scattering 6, to be denoted by do/d€2 and defined by the following condition: If K
particles of energy Ei are incident perpendicularly upon a layer of very small thickness
dx, then K( do/dQ ) dQdx represents the number of particles scattered into the element
of solid angle d() at the angle 6 to the incident beam. In the same manner, one can

define a differential scattering probability Z(6). Let Z(8)dQ2 dx represent the probability

that a particle of momentum p and velocity Bc, transversing a thickness of dx gcm'z,
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undergoes a collision which deflects the trajectory of the particle into the solid angle

dQ at an angle 0 to its original motion. Then one can conclude that :

- do
Z(®)dQ dx = — N dx dQ
(0) dQ dx o V& 4.7)
which yields,
do
Z®)dQ =N (E) dQ (4,8)

If N is the number of atoms per cm?, A is the atomic number then the probability of a

collision with impact parameter in db at b on traversal of 1 gem™ is:

-’}mdb = n(%) d(bz) 4.9

Equation (4,3) gives, in absolute value:

272\’ dg
d(®?= 2—- 4,10
. ( ﬂqv) 9 10
since dQQ =2 1 6 d0 , we obtain:
2 2
Z©)dQ = _Ai(ZZe ) i?_ (4,11).
A\ pep) 6

If we substitute r. = e%/mc?, the classical radius of the electron we have [11], [15]:

4,12
& (4,12)

2
Z2 [ mc) dQ
Z(G) dQ =4N—ZI‘;[ ) —67
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4.6. The Limits of the Rutherford Scattering Formula

The expression for the scattering probability were derived under the assumption that the
electric field of a nucleus is that of a point charge Ze. Departures come from the point
Coulomb-field approximation at large and small angles, corresponding to small and
large impact parameters. At large b, the screening effects of the atomic electrons cause
the potential to fall off more rapidly than (1/r). In the Fermi -Thomas model the
potential can be approximated roughly by the form:

V() = ere exp(—-&) (4,13)

where a = 1.4a0z”"”.

The length a0 = %2/ m.c? is the hydrogenic Bohr radius. For impact parameters of the
order of or greater than a, the rapid increase of the potential (4,13) will cause the
scattering angle to vanish much more rapidly with increasing b than is given by (4,3).
This implies that the scattering cross section will flatten off at small angles to a finite
valueat 0 =0, rather than increasing as 8 . Goudsmit and Saunderson obtained the

following expression (valid for small values of 8):

2
7
Z(©)dQ =4N g-:rf(mj __4Q (4,14)
4 °\Pp) (9°+6,)
where O, is the cut-off angle. The minimum angle 6., below which the differential
scattering probability (or the cross section ) departs appreciably from the simple result

(4,12) can be determined either classically or quantum mechanically. Classically 8in can

be estimated by putting b = a in (4,3). This gives:

Omin = 27Z¢2 4,15)
pBca
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Quantum mechanically, the finite size of the scatterer implies that, the approximately
classical trajectory must be localized to within Ax<a; the incident particle must have a
minimum uncertainity in transverse momentum Ap > # / a. For collisions in which the
momentum transfer (4,1) is large compared to 7 /a,the classical Rutherford formula will
apply. But for smaller momentum transfers, we expect the quantum-mechanical

smearing cut to flatten off the cross section. This leads to a quantum mechanical O pn:

r

Ormin = a (4,16)
For the screening radius a, (4,16) becomes:
Zl/3 me
Omin = 37 5 (4,17)
14

where p is the incident momentum (p = yMPBc) and m is the electronic mass.At
comparatively large angles, the Rutherford Scattering formula ( 4, 12 )fails because of
the finite size of the nucleus. The charge distribution of the atomic nucleus can be
crudely approximated by a uniform volume distribution inside a sphere of radius R,
falling rapidly to zero outside R. This means that the electrostatic potential inside the

nucleus is not 1/r, but rather parabolic in shape, with a finite value at r = 0:

Ze2 (1-12) forr<R

R 3R2

Vo= (4,18)
Z¢e? forr>R

r

S |b)

N

-

It is a peculiarity of a point charge Coulomb field that the quantum-mechanical cross
section is the classical Rutherford formula. For a nucleus of finite size, the De Broglie
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wavelength of the incident particle is taken into account. When we consider wave
packets incident on the relatively constant ( inside r = R ) potential, there will be
departures from the simple formula (4,12) Since the particle wavelength is X = 7 /p,
the maximum scattering angle, beyond which the scattering probability falls significantly

below 0*law, is:

h
Omax = va (4,19)
Using the simple estimate R = (1/2)( ¢¥mc?) =14 A™? 10
Bmax =280 A-1/3 (E) (4,20)
p

In the clinical electron energy range for low atomic number materials, equation (4,20)
results in O, being larger than x, and therefore we can set 6,.,=7%, as the maximum
scattering angle for which the nuclear point source approximation is valid.

The general behaviour of the cross section is shown in Fig 4.4. The dotted curve is the
small-angle Rutherford approximation, while the solid curve shows the qualitative
behaviour of the cross section; including the screening and finite nuclear size [9], [11],
[12].
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Figure 4.4. Atomic scattering, including effects of electronic screening at small
angles and finite nuclear size at large angles [9]

4.7. The Mean Square Angle of Scattering

When a charged particle traverses a plate of finite thickness, it undergoes a large
number of collisions, most of which produce very small angular deflections. One may
want to compute the probability that, as a result of these successive collisions, the
particle emerges from the plate with a given lateral displacement and with an angular
deflection. - _

As a first step, we shall compute the mean square angle of deflection, <6>>, as a
function of the thickness x, of matter traversed. According to a general rule on the
superposition of small and independent variations, the value <6%> at x+dx equals the

value of <6%> at x plus the mean square angle of scattering in dx:

<0 (x+dx) = <6 (x) + ] 2Z(8)d02 4.21)
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which yields,

d<6> = dx | 62 Z(6)dQ

This equation can be written as follows:

d<6z =02, (4,22)
dx
where 0%,=J 02 2(0)d =] 62 2(0) 2n 6 do (4.23)
If one assumes that Z(0) = 4N %I}f (%) %?— for Omin < 0 < B and is zero

for 0 <Opin or 0 > O, equation (4,23) yields :

z* (me\" (6.,
923 =8n Nj"j(;} ln(—o——) (4,24)

mn

or with the derived values for O, and Opmay:

2 — Z’ ,[mec ’ vl Z .
0% = 1671:N—;1—r0 E In| 196Z ) (4,25)

The coefficient that multiplies Z™* in the logarithm varies from a value of 175 in the
light elements ( where A =2 Z ) to a value of 163 in the heavy elements ( where A =
2.5 Z). The difference between these coefficients is not theoretically significant and has

a negligible effect on the result. If we introduce E; with the dimensions of energy

47[ 172
E, = (7) mec?=21x10°eV (4,26)
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where o =1/ 137, we may write:

o =( E, ]-—1— @27)
\fep/ X,

where X, ( radiation length ) is given for different materials given in ICRU 35.
Instead of considering the total deflection 6, it is convenient to consider the projection,

6., of the polar angle 0 in the x-z plane and 6 the projection in the y-z plane. For small

angles, we have 62 =0%+ 6%  (4,28) and as the distributions are symmetric:

62 =207, =207 (4,29)

Thus, we can write:

<> = % 02, x (4,30)
We have so far neglected scattering in the field of atomic electrons. Presumably one can
take this effect into consideration by replacing Z? with Z( Z+1 ) in the expressions for

the scattering probability and for the root mean square angle of scattering [16], [17].

4.8. The Distribution Function

Let us consider a parallel and infinitely narrow beam of particles incident on a plate of
some scattering substance. The particles are all supposed to have the same energy and
their energy loss in scattering substance is neglected. We wish to compute the spatial
and angular distributions of the beam after traversal of a thickness x of the scattering

substance.
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Let us take a system of Cartesian coordinates with the origin at the point of incidence
and one of the axes in the direction of the motion of the incident particles. This axis will
be denoted as the x axis, while the other two will be the y and z axes, respectively. Let
us consider the projection of the motion of the particles on the ( x, y ) plane and let
F( x, y, 6 ) dy dO be the number of particles at the thickness x having a lateral
displacement ( y, dy ) and traveling at an angle ( 6, d6 ) with the x axis. For the reasons
of symmetry, the same function F describes also the space and angular distributions in
the ( x, z ) plane. Since deflections in the two orthogonal directions y and z are
independent of eachother, the number of particles having a lateral displacement with
components (y, dy ) and ( z, dz ) and an angular deflection with components (6y,dOy)
and ( 0z,dOz ) at the thickness x is given by F( x, y, 6, ) F( %, z, 8,) dy dz d6, d6,. We
want to calculate the distribution function F under the usual assumption that the angle 6
is small. Let pAx(8)dO be the probability that a particle traversing the thickness Ax
will be deflected through an angle ( 6, d6 ). The deflection 6 is not necessarily caused
by a single collision. Hence, the function p(8) is not immediately related to the function

Z(0) defined previously. By its definition, p(B) satisfies the following equations:

PAX(8) = pAx(-0) (4,31)

T PAX(6)d6 = 1 (4,32)

j 8pAx(0)d6 =0 (4,33)

Ea;’

gyt (4,34)
P

| =

]oeﬁpr(e)de =(6°)4, =

Since p has a very sharp maximum at 6 = 0 and goes rapidly to zero on both sides of

the maximum, the integrals can be extended from -oo to +w. We ask now for the
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change that the function F undergoes in the layer from x to x+Ax. The function F
changes because both the space distribution and the angular distribution of particles are
modified by the transversal of the layer Ax. The scattering in this layer represents only a
second order effect and can be disregarded as far as the change in the space distribution
is concerned. It follows that the particles having a lateral displacement y at the thickness
x+Ax are those which had a lateral displacement y-OAx at the thickness x. Hence,

neglecting the change in the angular distribution,

F(x+Ax,y, 8)=F(x, y-9Ax,9)=F(x,y,9)-GAx(%j 4,35)

In order to calculate the effect of the change in the angular distribution, let us consider
two angular intervals ( 6, d0 ) and ( €', d0’ ). There are F( x, y, 6")dy dO’ particles in
(67, d8’ ) at the thickness x with a lateral displacement ( y, dy ) and a fraction

pAx(0-8")d0 of these particles is scattered into the angular interval ( 6, d0 ) while

traversing the layer Ax. Hence, if we neglect the change in the space distribution,

F(x+Ax,y,0)= | F(x,y,6) pAx(® - 6)de’ (4,36)

Since pAx(® - 0") is different from zero only for very small values of the argument, F

can be developed in Taylor series ( 6 - 6’ ). Dropping the terms beyond the second

order and taking into account equation (4,36), we obtain:

1 Ea* aZF)
F +AX, s 6)=F s 0 t——— Ax 4,37
(x y,0)=F(xy,6) 4p_ﬁ_c,(é,92 4,37

Hence the total change of the distribution function F in the layer Ax is :
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aF 1 Ea® (6°F
oL a2 w39

If we set :
o =2pB/Ea
we obtain for F the differential equation :

F _F G FF
-9 22
& & 409

(4,39)

We look for a solution of (4,39) which corresponds to a single incident particle. The
function F will then represent the probability for a certain lateral displacement and a
certain angular deflection at the thickness x. It can easily be proved that such a solution
(given by Fermi):

243 1 4 (6 3y0 3y2j
F = =z 4,40
(X,Y,e) T azxzexpli azkx xz +x3 (a )

Indeed, it is seen upon substitution that (4,39) satisfies (4,40). That the boundary
conditions are also fulfilled will be made apparent by what follows.

By integrating the distribution function F over y, one obtains a function G( x, 6 ) which
represents the angular distribution irrespective of lateral displacement:

2 1 g2
G(x,8)= J'F(x,y,e)dy = Jl; e exp(— J (4,41)

2
f,x

Similarly, by integrating the function F over 0 one obtains a function H( x, y ) which
represents the distribution in space, irrespective of angle.
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T 31 3y
H(x y) = [ F(x..64160 = \/;Hax” ex"(" eny (4.42)

It follows from H and G functions that, for all values of x:

O

[G(x.6)d6 = TH(x,y)dy=1 (4,43)

-0

Moreover, at the limit for x=0, G is zero for all values of 6 except 6=0, and H is zero
for all values of y except y=0; i.e.:

G(0,0)=35(6)
H(0,y) =5(7)

where J is Dirac’s improper function.
This proves that the solution (4,40) actually corresponds to a single particle incident at
x=0, y=0 in the direction of the x axis.
Equation (4,41) shows that, at every thickness, the angular distribution irrespective of

position is Gaussian. The mean square angle of scattering is given by:

1 .
<6> (x) = —;Hj,X (4,44)
in agreement with our previous discussion.
Similarly, Eq (4,42) shows that at every thickness the distribution in space, irrespective
of angle, is Gaussian.

The mean square displacement is:

2,.3
o =<y () =25 - 1@9’8 (4,45)
6 6\ p.
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de’

=— as seen in equation 4,46 and equation 4,22 [11], [17].
P

since Ba? =

4.9. Mass Angular Scattering Power

The multiple scattering of electrons traveling a path length |, is usually described by the
mean square scattering angle, <6%>, By analogy with the mass stopping power, the
quotient <0%>/pl may be called "mass angular scattering power" of the material. The
mass angular scattering power, which is defined as the increase in the mean square
angle of scattering dO? per unit mass thickness traversed p.dl [2] :

% = % [rad?*cm?g™] (4,46)

Using the derivation for <62> in equation (4,25), we can express T/p as :

T (92> VA (meczj § (Zjl’2
—=3"L =16aN,—r’ log| 196Z7"¢| —

where re electron radius = e¥/mec? (= 2.818x10-5m ),

M. = molar mass of the substance A.

T/p for different materials is calculated in ICRU 21 using the above formula [18].
Another formula, which has been driven by Rossi, was used in ICRU 35 report. In this
approach, Rossi used a screened Rutherford cross section which is finite at zero degrees
and explicitly includes the same screening angle Omin . This leads to Equation
(3.5).The formula 3.25 is used in ICRU Report No 35 to calculate T/p for different
materials [12].
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4.10. T/p Versus Kinetic Energy

If we plot T/p given in ICRU 35 report and kinetic energy on a log-log scale, it gives a
steady and almost linear drop of T/p with an increase in electron energy, suggesting a
relatively simple relation, T/p aE™, where n is in the range of 1.5-2.0 depending on E.
Wemner has found n to be equal to 1.78 for materials from water to aliminium in an
energy range of 5-20 MeV and calculated the T/p values for different materials for
ICRU Report No 21 [13].

An approximate estimation of the mass scattering power for electrons of kinetic energy

Ek can be made by using the formula [11}] :

I, (4,48)
P

where Es has a constant value of 21.2 MeV and X,, the radiation length, has been
calculated in ICRU 35.

This suggests us that the determination of T/p of an electron beam in a given medium

( air in our case ) will give us the kinetic energy of this electron beam, since we can find

T/p versus kinetic energy tables in ICRU Reports No 21 and ICRU Reports No 35.
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V. MATERIALS AND METHODS

A linear accelerator,General Electric model Saturne 41F, producing electrons in the
nominal energy range from 4.5 to 16 MeV, was used in my experiments. The electron
beams were studied at the radiotherapy port ( Kartal Deviet Hastanesi - Radiation
Oncology Center ) and their kinetic energies were determined using both the "range
method" and the "mass angular scattering method".

In the range method, broad electron beams, a water phantom and an ionization
chamber were used. The gantry was in zero degrees of the rotation angle, water
phantom was filled with water, and the water surface was brought to 100 cm from the
target bar of the linac. The simulation light, simulating the irradiation field, was opened
10 cm x10 cm at this particular position. The ionization chamber IC 10 was placed into
the holding mechanism and brought to the centre of the crosshairs shadow on the water
surface. The center of the crosshair should be the radiation and mechanical axis of the
collimator. Choosing the depth dose. measurement option in the Dosimeter System -
Wellhaufer 600-,the ionisation chamber is traveled in depth on the central axis of the
beam and the ion pairs caused by the irradiation are calculated and the electrometer
gives us the relative dose at each point in depth. The dosimeter system gives us a depth
dose curve which enables us to calculate R;, Rso, Eo, E,. Wellhaufer 600 automatically
calculates R;, E, of the beam. The kinetic energies of electron beams with nominal
energies 12, 13.5 and 16 MeV were measured by the range method in the water

phantom.
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power method.
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A pencil beam of a much smaller diameter than the broad electron beam, is produced by
a square ( 20 cm x 20 cm ) lead sheet with an aperture, in the intersection point of the
diagonals of 2mm. diameter. In the output ( exit window ) of the linear accelerator,

the electron beam, is a pencil beam of usually 2-3 mm diameter, however is broadened
by two scattering foils therefore we use a lead sheet with a small aperture of 2mm. in
order to get a pencil beam of electrons.

The X-ray collimator is opened to a field of 4 cm x 4 cm at the isocenter ( the
intersection of the axis of the gantry rotation and the axis of the collimator rotation )
and a lead sheet with an aperture is placed to an SSD ( distance from the target bar ) of
65 cm. After the lead sheet, the electrons passing through the aperture produce a pencil
beam which is scattered in the air. The ion chamber ( IC 10 - 0.14 cc ), the empty water
phantom mechanism and the Wellhaufer dosimeter system is used to measure the
amount of electrons scattered in the crossplane ( which is the axis of the water tank
perpendicular to the gun-target direction of the accelerator ). The lead sheet is
supported by a four leg apparatus installed in the accessory holder tray and between the
legs were the foam blocks holding the square lead sheet without perturbating the pencil
beam distribution.

The ion chamber is placed first to the central axis, which is also the center of the
aperture light when the gantry is at zero degrees, at a distance of 100cm. SSD. Next,
the ion chamber is placed to the build up point of the particular electron beam in water
but again the measurement is in air. For both points, the ionization in the crossplane is
. measured by traveling the ion chamber in the given axis. The dosimeter system gives us
a relative dose distribution curve. However, when we examine the relative dose
distribution profiles, we see that the distribution is not Gaussian.

To understand this dose profile shape, four features of the production of the pencil
beam should be noted:

a) Some electrons may be transmitted through the lead sheet,

b) Some electrons may be scattered in the pencil beam aperture,
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A pencil beam of a much smaller diameter than the broad electron beam, is produced by
a square ( 20 cm x 20 cm ) lead sheet with an aperture, in the intersection point of the
diagonals of 2mm. diameter. In the output ( exit window ) of the linear accelerator,

the electron beam, is a pencil beam of usually 2-3 mm diameter, however is broadened
by two scattering foils therefore we use a lead sheet with a small aperture of 2mm. in
order to get a pencil beam of electrons.

The X-ray collimator is opened to a field of 4 cm x 4 cm at the isocenter ( the
intersection of the axis of the gantry rotation and the axis of the collimator rotation )
and a lead sheet with an aperture is placed to an SSD ( distance from the target bar ) of
65 cm. After the lead sheet, the electrons passing through the aperture produce a pencil
beam which is scattered in the air. The ion chamber ( IC 10 - 0.14 cc ), the empty water
phantom mechanism and the Wellhaufer dosimeter system is used to measure the
amount of electrons scattered in the crossplane ( which is the axis of the water tank
perpendicular to the gun-target direction of the accelerator ). The lead sheet is
supported by a four leg apparatus installed in the accessory holder tray and between the
legs were the foam blocks holding the square lead sheet without perturbating the pencil
beam distribution.

The 1on chamber is placed first to the central axis, which is also the center of the
aperture light when the gantry is at zero degrees, at a distance of 100cm. SSD. Next,
the ion chamber is placed to the build up point of the particular electron beam in water
but again the measurement is in air. For both points, the ionization in the crossplane is
. measured by traveling the ion chamber in the given axis. The dosimeter system gives us
a relative dose distribution curve. However, when we examine the relative dose
distribution profiles, we see that the distribution is not Gaussian.

To understand this dose profile shape, four features of the production of the pencil
beam should be noted:

a) Some electrons may be transmitted through the lead sheet,

b) Some electrons may be scattered in the pencil beam aperture,




4) The Bremsstrahlung radiation produced in the lead sheet,

5) The inherent photon contamination of the broad electron beam [20].

Placing an identical lead plate without any hole on it may provide us the background
radiation data.Subtracting. the relative doses at each particular point, we can get a well
Gaussian distribution of electrons generated from the pencil beam.

When the lead sheet with the pinhole is irradiated by a broad electron beam, primary
electrons from the beam will be able to go through and form a narrow beam. For a
depth X, less than the practical range of electron in the air Rp,a and a distance r from
the central axis; the absorbed dose can be divided into three components:

a) The dose coming from the pencil electron beam.

b) The primary electrons transmitted through the lead plate plus the secondary electrons
produced within the lead plate.

c) The photons due to the Bremsstrahluhg radiation produced in the lead sheet plus the

inherent photon contamination of the broad beam. With the pinhole, the dose at a point

(X, r) is given by:

Dph(X,I')-_—Dapb(x,T)+(1-R)Dplate(x,I')'*'Dcom(X,I') (5,1)

where Dpn is the absorbed dose in case of the pinhole, Dapb is the dose distribution of
the approximate pencil beam formed, R is the ratio of the pinhole area to that of the
irradiation field on the plate; (1-R) Dplate (X,r) thus represents the dose contribution

- Due to the amount of lead plate irradiated. Deont (X;r) is the dose due to the beam
contaminants made up of electrons scattered by the pinhole edges and Bremsstrahlung
photons. If the lead sheet with no hole on it is replaced then the dose distribution at a
point (X,;r) is composed of both an electron component due to Bremsstrahlung

generated within the plate and air. Hence, the dose at (X,r) with a plane lead plate is:

Diph (X,1) = Dplate (X,1) + Deomt (X,1) (5,2)
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If the two dose distributions, one with and one without the pinhole present are

subtracted, then the resulting dose distribution is given by:

AD(X,r) = Dph (X,1) - Dupa(X, 1)
= Dapb(X,I') -R Dplate (X,I’)
= Dap (X,1) + &(X,1) (5,3)

where €(X,r) is an "error" term to be minimized in order to improve the measure of the

approximate pencil beam dose distribution [21], [22].

The effects of the electron contaminants remaining may be reduced using a sufficiently
thick plate, a small enough pinhole and by tapering the pinhole edge. There are other
methods to form a narrow pinhole such as either collimating or magnetically focusing
the incident broad beam. As it is generally impractical to magnetically focus the electron
beam from a therapy accelerator to very small widths, the only alternative is to use a
collimator. However, such a technique introduces scattered electrons and
Bremsstrahlung photons into the beam and, hence, complicates the measurements. By
replacing the lead sheet with aperture of the same thickness but without the aperture,
the components of dose due to the transmitted electrons and Bremssstrahlung photons
are obtained. Subtracting the relative doses at points of the same distances from the
central axis of the beam, we can suppress the dose contributions from the electrons
transmitted though the lead sheet, the Bremsstrahlung produced in the lead sheet and

" inherent photon contamination of the broad electron beam and isolate the pencil beam
contribution as seen in Figure 5.3. The subtraction of two dose profiles gives us a well
Gaussian distribution curve.

The variance of the Gaussian curve may be determined easily from the 1/Ve times the

peak amplitude of the curve. The distance of the point corresponding to the 1/Ve of the
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peak amplitude, gives us the variance o of the Gaussian distribution. 62, the square of
the spatial spread of the pencil electron beam, can be used to calculate T/p values and,
hence, the kinetic energy of the electron beam.

The thickness of the lead .sheet was increased to see how the dose distribution curves
would be effected. 2mm, 4mm. and 6mm. thick lead plates were utilized for the
measurements. The results for the kinetic energies were compared for different
thickness of the lead plates.

In order to compare the obtained results for the kinetic energies of the electron beams,
range method was also used to obtain energies. The mean energy and the most probable
energy of the broad electron beam ,has been calculated in order to compare with the
results obtained with the mass angular scattering power method.

The range measurements are based on the collisional and radiative energy loss of
electrons and a well defined range of these electrons in the medium. While mass angular
scattering power method measurements are based on the inelastic collisions and spatial
spread in air.

In both the mass scattering power method in air and the range method in water, since
we have to correct the ion chamber measurements and the density of the air, we have to

know the pressure and the temperature of the air in the treatment room.

5.2. The Linear Accelerator : A General Overview

5.2.1. Introduction:

The use of natural radioactive sources in teletherapy is limited in that energies available
for therapy are fixed by the characteristic decay scheme of the source. However,
artificial sources of radiation provide variable energies allowing the therapist a choice of

energy to suit the treatment. The linear accelerator, is the most widely used machine for

radiotherapy.
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Essentially, there are two functions of a teletherapy unit.

1) The beam generating device must produce a beam with well-defined dosimetric and
geometric properties.

ii) The beam adjusting devices and patient’s couch must ensure that the beam intersects
the target volume.

Constraints to these two functions are patient safety and the reliability of the equipment.
The choice of an accelerator over other instrumentation is governed by two basic
consideration. A

a) For therapy, aside from skin cancers, only radiations of a quality with sufficient
penetration to reach deep seated tumours are viable. For most tumours, a 50% dose at
10cm is a minimum requirement.

b) It is essential that clinical equipment be flexible and reliable in operation.

These two criteria are somewhat contradictory. The first consideration leads to
sophisticated accelerators with high power, high energy outputs which are complex to
build and operate. The second condition, explains why there is such a long time lap
between the initial design of the machine and its utilization in clinical work.

The high energy electron (4.5 to 25 MeV ) are produced in betatrons or the linear
accelerators. Usually, the linear accelerators is more universal and convinient for clinical
use. The electron linear accelerator is a machine in which a high-frequency, high-power
microwave 1s employed to accelerate electrons traveling in a straight line to high
energies. These electrons can either be used directly for electron irradiation or stopped
. In a target where, when slowed down, they produce a strong-energy X-ray, which is

used for photon irradiation [5], [23].
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5.2.2. Principle of the Accelerator Electron Beam Production

An accelerator is made up of a gun, which produces electrons, followed by an
accelerating waveguide means to accelerate the electrons emitted by the gun.

The heart of the accelerator is the wave guide, which acts as a conductor of
microwaves and is where the actual acceleration takes place. The energy required by a
microwave (RF) power source. This power is delivered to the waveguide in the form of
short duration pulses of microwaves which travel close to the speed of light along the
accelerating structure. Attached to the front end of the waveguide is an electron gun
which provides electrons and injects then simultaneously with the pulses of radio
frequency wave and are accelerated by it, achieving a velocity almost equal to the
velocity of light. Having passed through the waveguide the electrons enter a bending
chamber surrounded by a strong magnet where the electron beam is bent towards the
isocenter of the machine to make patient irradiation conditions easier.

The process of the acceleration of electrons to high energy takes place in three stages.
The first stage of acceleration occurs when the gun injects electrons with a certain initial
velocity into the waveguide. The gun is made up of a cathode which is heated, and
brought to a negative potential in regard to an anode which is set to ground potential.
The cathode emits electrons through a thermoionic effect; the potential difference
extracts these electrons and supplies them with an energy of approximately 50keV. An
electron at a modest energy of 50keV when injected into the waveguide has a velocity
of 0.41 of the velocity of light c. The next stage takes place in the bunching section of
the waveguide and is characterized by a steady increase of electron velocity,
accompanied by a continous energy gain. The electrons quickly reach a velocity which
is very close to the velocity of light ¢ and this marks the start of the last stage, during
which the electrons gain energy relativistically. The buncher is the part of the section,
which is about 20cm. long and is made up of cavities of increasing thickness. Cavities of

equal thickness make up the rest of the accelerating waveguide.
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Figure 5.5. Major accelerator subsystems [7].

1 MeV and 5 MeV electrons have velocities of 0.94 ¢ and 0.996 ¢ respectively. Note
that the relative velocity changed only about 6% in this example, while the kinetic
energy has changed by a factor of 5. It is seen that, when the second stage of

~ acceleration is reached, the electron velocity remains almost constant. The progressive
energy gain must therefore be thought of as an increase of electron mass.

The relativistic mass gain is given by:

ﬂ _ (l _ ﬂz )—1/2 (5,4)

m,

where B is the ratio of the velocity of the electron the velocity of light ¢, m, is the rest

mass of the electron and m is the mass of the particle at velocity fc.
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The result of the gain in the electron mass ,is a gain in the electron kinetic energy, since
mass and energy are interchangeable in a relativistic sense. The kinetic energy Eyx which
the electron gains is proportional to the difference between the relativistic and rest

masses (m-mo) as is incident from the equation:

Ei= eV = (m-mo)c? (5,5

The total energy being equal to E=E,+moc? The energy of a particle is defined by the
product of the electronic charge e and the accelerating potential V and expressed in
MeV.

The energy acquired by the electrons at the end of the accelerating waveguide depends

on a number of parameters such as the electric field value, the phase and frequency [3],

[4], [7], [23].

5.2.3. Pulse Characterizing Emitted Radiation

There are several types of linear accelerator designs, but the ones used in radiotherapy
accelerate electrons either by traveling or stationary electromagnetic waves of
frequency in the microwave region ( ~ 3000 megacycles / sec )

The difference between traveling wave and stationary wave accelerators is the design of
- the accelerator structure. Functionally, the traveling structure requires a terminating
load in order to absorb the residual power at the end of the structure, thus preventing a
backward reflected wave. On the other hand, the standing wave structures provide
maximum reflection of the waves at both ends of the structure so that the combination
of forward and reverse traveling waves will give rise to stationary waves. The average
electric field needed for the acceleration ranges from 10 to 20 megavolts per meter in
order for a 20 MeV energy to be communicated in less than 2 meters. An RF wave

power of several megawatts is needed to generate such a field; therefore, it can be a
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continous wave. The electromagnetic wave is then pulsed in Sus pulses, with a
repetition frequency of 50, 100, 150, 200 and 300 Hz according to the flow rate and
the energy of the wanted beam. Consequently, the emitted radiation is pulsed.
Moreover, the electrical field inside the cavities oscillates with the 3 Ghz wave
frequency. Only one polarity allows the acceleration to take place; the emitted radiation
is therefore pulsed twice as much; inside each pulse electrons are gathered in bunches

following eachother at intervals of 0.33 nanosecond.

Accelerator Tube

Electron | rrrrrrrrr Treatment Head
Gun I I (Straight Beam)
Wave Guide :
/ System Bending Magnet
Magnetron Treatment Head
Modulator or {(Bent Beam)
J Klystron
Power
Supply

Figure 5.6. A block diagram of typical medical linear accelerator [3] .

Figure 5.2. is a block diagram of a medical linear accelerator showing major
components and auxiliary systems. A power supply provides DC power to the
modulator, which includes the pulse - forming network and a switch tube known as
hydrogen thayratron. High voltage pulses from the modulator section are flat-topped
DC pulses of a few microseconds in duration. These pulses are delivered to the
magnetron or klystron and simultaneously to the electron gun. Pulsed microwaves
produced in the magnetron or klystron are injected into the accelerator tube or structure
via a waveguide system. At the proper instant electrons, produced by the electron gun

are injected into the accelerator structure [3], [7], [24].
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5.2.4. Method Used To Obtain The Various Energies

An accelerator supplied by an RF power Po, can be considered as a generator with an
internal impedance R. For an accelerated current I, the acquired energy U is given by
the relation ( called load line ):

U=Uo-RI (5,6)
in which Uo ; no load condition energy is linked to
Uo = kVPo (5,7

As Po varies, the load line can be modified as in Figure 5.3. The maximum current
which can be accelerated corresponds to a certain P power consumption rate.

Because a range between 4.5 to 16 MeV is to be covered, the RF power must vary
within a ratio equal to

ﬁz(—lé) =126 (5.8)
P \45

This value is much too high, since the buncher does not tolerate such a variation. In
practice, a very quick decrease of the accelerated maximum current with the power is
noticed. In response to this problem, the energy is obtained by varying the RF
frequency:

- If this frequency corresponds to the resonance frequency of the waveguide then, the
intensity of the electrical field generated in the cavities is high and the energy
transmitted to the electron bunches is maximal,

- If this frequency is shifted in relation to the resonance frequency of the waveguide, the

intensity of the electrical field in the cavities is lower and the electron bunches are



slowed. To obtain the required value, the beam energy should be adjusted by slowly
modifying the RF power [24].
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principle [23].
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5.2.5. The Output Components of a Linac

As the high-energy electrons emerge from the exit window of the accelerator structure,
they are in the form of a pencil beam of about 3mm. in diameter. In most linacs, the
accelerator structure is too long and therefore is placed horizontally or at an angle to
the horizontal. The electrons are then bent through a suitable angle ( usually 90° or
270°) between the accelerator structure and the target. The precision bending of the
electron beam is accomplished by the beam transport system consisting of bending
magnets, focussing coils and other components. The beam path, from the gun to the
exit window from the bending assembly, is performed in a vacuum to avoid unwanted
interaction between the electrons and the material, and maintain the electrical field.
Vacuum is maintained by an ion pump. In the electron mode of operation, the electron
beam, instead of striking a target, is made to strike an electron scattering foil in order to
spread the beam as well as get a uniform electron fluence across the treatment field. The
scattering foil consists of a thin metallic foil, usually of lead. The thickness of the foil is
such that most of the electrons are scattered instead of suffering Bremsstrahlung.
However, a small fraction of the total energy is still converted into Bremsstrahlung and
appears as X-ray contamination of the electron beam [3], {7].

The treatment head consists of a thick shell of high density shielding material such as
lead, tungsten or lead-tungsten alloy. It contains an X-ray target, scattering foil,
flattering filter, ion chamber, fixed and movable collimator, and light localizer system.
- The head prowides sufficient shielding against leakage radiation in accordance with
radiation protection guidelines [25].

The treatment beam is first collimated by a fixed primary collimator located immediately
beyond the X-ray target. In the case of X-ray beam or the electron beam is incident on
the dose monitoring chambers. The monitoring system consists of several ion chambers

or a single chamber with multiple plates.
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Figure 5.8. The treatment head of an accelerator [25].

The function of the ion chamber in a linac, is to monitor dose rate, integrated dose, and
field symmetry. After passing through the ion chambers, the beam is further collimated
" by a continously movable X-ray collimator. This collimator consists of two pairs of lead
and tungsten blocks ( jaws ) which provide a rectangular opening from 0x0 to
maximum field size ( 40cm x 40cm or a little less/projected at a standart distance such
as 100cm from X-ray source.

Whereas the X-ray collimation systems of most medical linacs are similar, the electron
collimation systems vary widely. Since electrons scatter readily in air, the beam
collimation must be achieved close to the skin surface of the patient. There is a

considerable scattering of electrons from the collimator surfaces including the moveable

5
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jaws. Dose rate can change by a factor of two or three as the collimator jaws are
opened to maximum field size limits. If the electrons are collimated by the same jaws, as
for X-rays, there will be an extremely stringent requirement on the accuracy of the jaw
opening, since output so critically depends on the surface area of the collimator. This
problem has been solved by keeping the X-ray collimator wide open and attaching an
auxiliary collimator for electrons in the form of trimmers extended down to the skin
surface. It should be noted that due to the electron scattering, the dose distribution the
collimation system provided by the machine. Most of the linear accelerators currently
produced are constructed so that the source of radiation can rotate about a horizontal
axis. As the gantry rotates, the collimator axis (supposedly coincident with the central
axis of the beam ) moves in a vertical plane. The point of the intersection of the

collimator axis and the axis of rotation of the gantry is known as the isocenter [3], [4].

5.2.6. The Energy Characteristic of Saturne 41 Linear Acceleration

The experiments and measurements in this study was done with a Saturne 41-linear
accelerator, based in Kartal Devlet Hastanesi, Radiation Oncology Center. Saturne 41 is
produced by General Electric Medical Systems Company. The RF wave is generated by
a magnetron. The machine uses standing wave .

The high voltage needed for the magnetron to operate is generated by the modulator
assembly ( HV cabinet and magnetron panel) The high voltage generated by the
modulator assembly is also used at the electron gun level as a cathode-anode extraction

voltage. Further information is given in the data sheets in APPENDIX A[23].
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5.2.7. Measurement method of Electron Intensity in The Mass Angular Scattering
Method:

In order to measure the relative amount of scattered electrons in air in the crossplane of
each distance from the central axis, an ion chamber IC 10 is used. The same ion
chamber was used in measuring the depth doses of the electron beams in water.

IC 10 is a gas filled thimble chamber with a chamber volume of 0.14 cc. When the
electrons enter the chamber volume, positive and negative ions are produced as ion
pairs. The chamber has two electrodes: The central electrode with a positive voltage
and the negative electrode as the inner surface of the thimble wall coated by a special
material to make it electrically conducting. A DC voltage is applied between the two
electrodes which can vary according to the type of radiation measured. In all the
measurements in this work, a polarisation voltage of 400 V is used. When the
polarisation voltage is applied, the negative ions produced during the irradiation, travel
to the positive electrode and the positive electrons travel to the negative electrode. The
higher the polarisation voltage is, the faster the ions move to the electrodes. The current
of moving ions, the ionization current, indicates the ionization rate in the ionization
chamber[26].

In order for the thimble chamber to be air equivalent, the effective atomic number of
the wall matenial and the central electrode must be such that the system as a whole
behaves like a free air chamber, the chamber wall of IC-10 is made up of graphite.

- IC-10 is waterproof and is suitable for using in water and solid phantoms. It is also
ventilated therefore one has to correct the measurements according to the air pressure
and temperature of air in the treatment room.

The ionization chamber, among the other radiation measuring systems, is specially
suited for accurate measurements of high radiation fields such as clinical therapy
electrons and photon beams. The amount of current produced in an ion chamber is
directly related to the energy deposited in the chamber and is reasonably independent

of the HVL of the beam. Ionization chambers are also used as calibration instruments in
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order to accurately measure the ionization due to the high energy electron and photon
beams. In the experiments of this thesis, the measurements were relative hence we did
not need to use the calibration values.

The electrometer to which the ion chamber was connected was WP 5007. The
electrometer supplies the high voltage for the ion chamber and processes the signals
coming from the ion chamber. The system has the options of measuring the integrated
dose and the ionization current. The ion chamber and the electrometer is calibrated
together so that the reading is converted into exposure [26].

The water phantom is a container for water and the driving mechanism of the radiation
detector. The holding box for the ton chamber is driven by small DC motors and plastic
belts controlled by the computer.

For the “in water” measurements, the tank is filled tap city water. The table which is
holding the tank, is raised to a height where the isocenter is high enough to get the
depth that one wants to measure. In order for the beam to come diagonally to the water
surface, the tank is levelled by a three point levelling system. The tank has a cross target
at the bottom and two strings at the top passing from the mid-points of the sides of the
tank. For a diagonally incoming beam, the crosshair of the linac, the strings at the top of
the tank and the target at the bottom of the tank should line up [26].

By the manual control, we take the ion chamber to the water surface while the
chamber is half in the water. We define this level as the water surface level. Next, we
place the ion chamber to the central axis on the surface of the water so that the active
- point of the ion chamber is where the crosshairs intersect. We define this point as the
central axis. After that we do not touch the water phantom and the make the
measurements.

For the in air measurements, we use the same phantom without water. We use the
defined central axis. We get measurements at two depths, one with air thickness of 35
cm and another distance varying with energy where we can receive dose data for dose

profiles.
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VL. RESULTS

The kinetic energies of the nominal energies 12, 13.5 and 16 MeV electrons were
measured using both the mass angular scattering method and the range method. In the
range method, the most probable energy E, was calculated using equation 3.2 with the
measured R, and the mean energy E, was calculated using equation 3.3 with the
measured R..
In the scattering method, the variances of the Gaussian curves give us T/p values by the
equation 3.9. The relative dose profiles of the pencil electron beams, from the theory of
multiple scattering, have the shape of Gaussian curves.
The experimental setting was changed with the parameters such as the thickness of the
lead sheet and the distance between the lead sheet and the measurement axis X.
Although we used a very small ion chamber, we observed that the sensitivity of the ion
chamber-electrometer system was not enough to measure the dose distribution after
some distance from the lead sheet. However, it is not also very convinient to measure
the dose distribution at very near distances from the lead sheet, since the spatial spread
due to the multiple scattering is more pronounced at larger distances and the low
energy scattering of electrons at the edge of the aperture is effective at near distances.
Therefore, we chose a distance X of 35 cm.and one bigger distance varying for each
energy.
The dose profiles obtained with the lead sheet with aperture and those obtained with the
- lead sheet without an aperture and the subtraction results of these two are given in the
following pages from Figure 6.2 to Figure 6.19. In these figures, the profile with the
biggest peak is the one obtained with a lead sheet with an aperture, the middle one is
the profile obtained with a lead sheet without an aperture and the lowest one is the
difference of these two curves. We find the mass angular scattering power and hence
the energy by calculating the variance of the difference curve.

We measured the energy of each beam in two different distances and with three

different lead sheet thicknesses. The Wellhaufer 600 dosimeter system gives the dose
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distributions in an analog curve.We measured the dose corresponding to each one
millimeter of distance from +4.5 to -4.5 cm. therefore we digitize the curve into 90
channels. By subtracting the dose amount at each one millimeter of the dose profile
with the open collimator from that with the closed collimator, we get a well Gaussian
distnibution .

Since the experimentally measured dose data contain experimental noise and errors, the

following approach is used in estimating c.The general expression for a Gaussian

function has the form,
N )}2
») ()exp( 202] (5.8)
symmetrical with respect to y=0,
This can also be expressed as:
d(0 -
ln—(l = > (5,9)
d(y) 20°

If we call d(y) as the amount of measured dose at a particular distance y from the

d(0)

2
central axis , by plotting In—— against

d(y) 20

data; the slope of the fitted line namely %02 can be used to estimate the value of o,

, and linearly fitting the measured dose

as seen in Figure 6.1.
The discrepancy from the linearity at large distances from the central axis of the beam is
attributed to the large angle single scattering which is omitted in the Fermi-Eyges

theory but plays an increasing role with increasing distances from the central beam



2 2
axis. Therefore, the linear portion of the graph Y 402 versus ¥ /02 is used to

calculate the value of G.

Next, we calculate the T/p values from the variances of the Gaussian curves by means

of Equation 3.9. Each of these values correspond to one particular electron energy in
air which is determined from the log-log graph of T/p versus kinetic energy values.
It is seen that T/p values obtained with different thicknesses of the lead sheets are close
to each other for each energy. However, the dose signal is weaker and with more peaks
as the thickness is increased for the plane lead sheet. This is because the radiation is
significantly absorbed with increasing thickness. With a 6 mm thick lead plate, the
primary electrons are nearly stopped for 12, 13.5 and 16 Mev electron energies
however the background dose is mainly due to the photon contamination and the
secondary electrons. With a 2mm thick lead plate, the primary electrons passing
through the lead sheet are added to the dose distribution more effectively .

A comparison of measurement results obtained from the mass scattering power method
and the conventional R,and R ;, methods is shown in Table 1.This comparison clearly

demonstrates that results in all three methods are in good agreement.
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VIL. CONCLUSION AND DISCUSSION

While high energy electrons pass through a medium, the interactions with nuclei and the
orbital electrons cause generally two different phenomena occurring together. The
electron loses energy mainly by interacting with the orbital electrons while it changes
the direction of motion through the collisions with the nuclei of the atoms in the
medium. These two phenomena suggest some methods of measuring the kinetic energy
of the electron beams.The range method is based on the practical range of electrons in a
medium or the distance where the dose falls to 50% of the maximum dose both of
which are due to energy loss. The scattering method related with multiple scattering, is
derived from the probabilistic approach of electron interactions and it is shown that the
scattering method equations derived analytically, are in a good agreement with the
practical results.

In the range method there is reference distances of measurement, field sizes and
measurement apparatus; however, in the scattering method, there is no fixed distance
for the radiation measuring device or diameter of aperture in the lead sheet for any
energy or the thickness of the lead sheet or the field size to be radiated. Because of the
lack of such a protocol, it was convenient to perform more measurements to obtain
" more reliable results by arithmetic means of energies.

The experimental results obtained show that the proposed method can be reliably used
in the electron beam energy measurements. Furthermore,this method can also be used
" as a practical alternative to the range method in clinical setttings by performing a
number of enhancements such as designing simple and low cost apparatus for automatic
data collection and processing. We think that an important advantage of this method
relies 1n its solid theoretical foundation, making it less prone to variations in different
settings.

Further work is needed to optimize the various experimental parameters for a set of
standart measurement protocols. Comparison with magnetic spectroscopy can also be

useful as a means of validation. The major measurement errors are statistical and
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systematic errors, created by mechanical imperfections in the exit hole of electrons and
the photon contamination in the background. Compensation techniques should be

investigated for minimizing the systematic types of errors. The mass angular scattering
power method, which approaches the kinetic energy determination in a probabilistic

scattering of electrons in air can be used as an alternative method to the range method.
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APPENDIX A

DEPTH DOSE CURVES
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SATURNE 41 PRODUCT DATA

86



Product Data

fx 310001

GE Macical Miwaubse, W USA
Fac 1414564 2304

GE Madical Systams-Asia: Singapore

Fex 65291 7006

YMS: Tokyo, Japan. Fex: 81 42585 5360

Saturne 41 F
Linear accelerator (F63321)

Application
The Saturne 41 F is a medical linear
accelerator powered by 2 magnetron

ing in the 5000 MHz frequency
range. The unit delivers electron
radiarion beams of six different
energies ranging from 4.5 to 15 MeV
and photon radiation beams at two
engtgxes between 6 and 15 MV.

Configuration
Accelerator

The sanding wave accelerator
waveguide is rnounted on a rotating
ganuy. The electron gun, the RF
window, vacuum and bending
chamber are all removable for fast, easy
system maintenance. The GE-patented
magnetic system provides 270°
deviagon of the electron beam. Energy
is defined by the built-in energy
selection slit.

Radiation head

The radiation head assembly is
mounted on the end of the accelerator
waveguide and incorporates all the
equipment needed for beam definition
and conwol:

- Double scattering system for electron
- Optimized photon targets for each
energy group.

- Different flauening filters for each
photon energy. ‘

- Beam measurements and control by
o independent sets of ionization
chambers.

Beam limiting system (collimator)

The beam limiting system is mounted
beneath the radiatdon head and may be
used in photon mode or with beam
applicators in electron mode. The
system comprises:

- a pair of independent jaws (X1, X2)
enabling symmetrical or asymmetrical
movement in relation to the collimator
axis,

- a pair of independent jaws (Y1, Y2)
enabling symmerrical movement in
refation to the collimator axis,

- an automatic wedge filter.

An accessory holder plate is installed at
the base of the beam limiting system
and is associated with a coding system.

Saturne 41 F linear accelerator
A meullic ring located at the boutom of ~ Electron mode
the collimator stops movements and * Dose
diation in the event of accidental The monitor unit (MU) is defined as
" being equal t0 0.01 Gy+2 % fora 10x
Technical area 10-cm field and a dose rate of 200 MU/
minute. The measurement probe is
The modulator assembly, RF generator, placed at the isocenter and dose -
power supply rack and cooling circuit maximum depth. The following dose

are located at the rear of the gantry
behind the wall partition (4.50 m x 2.65
m). Two doors provide access to this
area.

Control systems

Accelerator gantry and patient support
assembly movements are controlled by
a single control box in the treaunent
room. A control console in the control
room is used for:

- system operation and surveillance,

- treatment and safety management.

Operational Features

The Sawme 41 F can operate in
electron or photon mode for both
stationary or moving-beam (arctherapy)
modes.

rates are available for all energies: 200-
300 - 400 MU / min.

¢ Field sizes:
Squarecomnered fields, as defined bty
the jaws fitted with their applicators, are
visualized by light source projection.
Symmetrical fields measured ata .
distance of 100 cm from the source are
continuously variable from 2cmx 2 cm
10 30 cm x 30 cm. In asymmetric mode,
the field center may be offset in
relation to the collimator axis. The
edge of the field defined by each X1 or
X2 jaw fitted with its applicator, stops 1
cm from the collimator axis. The
maximum offset possible is 7 cm.

87



rid flatness:

| flatness is measured for square

s greater than 10 x 10 cm with the
r-phantom surface in contact with
ipplicators. On cither side of the
er along 80 % of the length of the
median lines and along 60 % of
jeld diagonals, dose variaton
sured at a single point in reladon to
withmetic mean value does not
od:

b for E < 6 MeV

bforE> 6 MeV

| symmeny is measured at all
gieg for a surface defined by 80 %
€ length of the median lines and
g 60 % of the field diagonals. The
variation measured at two
netrical points in relation to the
masor axis does not vary from the
mmetic mean value by more than

= For symnmerrical fields, all
muremenits are made in 2 water
valent with the ganuy at 0°, and in
ncparaﬂeltotheauﬁceata
hofKRp (Practical range, IEC

am for the flamess and symmernry
urement,

cm for the dose rate
urement

on mode

me generates photons by
lerating electrons in a high atomnic
ber target.

e rates
monitor unit (MU) is defined as
gequal 100.01 Gy+2 % fora 10x
n field and a dose rate of 200 MU/
ite. The measurement probe is
d at the isocenter and dose
mum depth. The following dose
.are available:

100 - 200 MU / min at 6 and 8 MV.
100 - 200 - 300 - 400 MU / min at
V and more.

tid sizes

netrical fields with square comners
onuined within a 56 cm diameter
» measured at a distance of 100 cm
1 the aarget and at dose maximum
h. They are continuously variable
12cmx2cm 040 cmx 40 cm.
1are defined by the contour of the
) isodose. The variation measured
ie median lines between the edge
e light field and the 50 % isodose
sthan 0.2 cm.
ymmetric mode, the field center

Square-cornered fields, as defined by the jaws fitted with their applicators, are
visualized by light source projection.

can be offset in relation to the
collimator axis. Each X1 or X2 jaw
stops at the collimator axis. The
maximum offset poesible is + 10 cm.

¢ Field flamess

Field flamess is measured in a plane at
a distance of 100 an from the target
and at 10 cm depth in a water-phantom
for square fields of 10 x 10 am to 30 x
30 cm on either side of the center and
over 80 % of the length of the median
lines and 60 % of the length of the
diagonals.

Dose variation does notexceed + 3 %
of the arithmetic mean value. For fields
larger than 30 x 30 cm, this limit is
+5%.

¢ Field symmeuy

Field symmetry is measured for square
fields greater than 10 x 10 cm within an
area defined by 80 % of the length of
the median lines and 60 % of the
diagonals. For all energies, the dose
measured at two symmetrical points in
relation to the collimator axis, ata 100
cm from the target and at 10 an depth
in a water-phantom, does not vary from
the arithmetic mean value by more
than 2 %.

¢ Penumbra

For a square field of 10 x 10 cm at 100
cm from the target and under 10 cm of
water, penumbra is defined as being
the distance measured on median lines
between 80 % and 20 % isodoses.
Penumbra is:

06cmat10to I5SMV
0.65 cm at 8 MV

0.7cm at 6 MV

¢ Wedge filter
The wedge filter system is installed
inside the collimator and coversa

maximum field of 20 cm in the X axis
and 40 cm in the Yaxis centered on the
collimator axis. By programming two
consecutive irradiation sequences, with
and without the filter, the wedge filter
makes it possible to obtain a

angle of between 0° and about 60° from
the X median.

¢ Radiation leakage rate

Radiation leakage rate is calculated by
taking the average of values measured.
Leakage through the collimator is less
than 0.5 %. This figure is determined
by the ratio beoveen the absorbed rate
measured in the patient plane ata
distance of 100 cm from the warget, in a
circle of 56 cm diameter centered on
the collimator axis. Dose rate is
measured fora fieldof 2cm x 40 cm.
The residual aperture is closed by 10
cm of lead. In the patient plane, o
radiation rate isc

- less than 0.1 % on average

- less than 0.2 % maximum.

Outside the patient plane: less than
0.1 %. These radiation leakage rates
comply with IEC recommendations.

¢ Moving beam therapy (arctherapy)
Moving beam therapy is possible with
Samrne in photon or electron mode
(without applicators) over a maximum
arc of 360° in both rotation directions.

Dose accuracy is better than 8 % or 1
MuU.

Dose rate 100 | 200 |400*
in MU /min.

Maximumdose | 25| 5 | 10
per MU degree ’
Minimum dose | 0.33]0.66 | 1.33
per MU degree
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Rotation of mobile gantry and collimator

Characteristics Unis Gantry Collimator

Maximum angle Degrees| 370 370

Mechanical stops Degrees | 185 and 185 and

10° overlap 175 175

Mororized movement */min |40 w 300 | 90 and 360

dire:;:n Clockwise as seen from isocenter
Mechanical specifications interface.

. . . - A shelf for:
::;enm;: dl cﬁn;:dum the a 14-inch (85 cm) color graphics
ion axis of the colli ine a monitor, a printer, a disk drive for
ot TOticn of m‘h‘”““e sanuvm~ ng patient data (3.5" floppy disk),
- Isocenter volume: r 2 0.1 cm max. backlit on/aff key, an emergency shut-
.S 1 isocenter disance: 100 cm off control. 'lhe:helfualsodeggned
+£0.2cm ’ to hold the optional video surveillance
e monitor(s).

' Vanano;f:;t;na:;%glgw - An electronics cabinet located under
- Isocenter o floor distance 131 cm the working area with: .
- Isocenter to top-cover disance 130 cm wo P counters, a1 operatng
- Isocenter o collimator base distance system floppy disk drive (3.57), 2 ba
50 cm disk, a «physicist» key, A

L ; maintenance connections and con
10 cm o1 10 base of beamepptators units, deadman’s pedal for arctherapy,
- Collimator axis 1o gantry mounting e
wall 240 cm
- Collimator axis to front side of ganuy Control box
138cmtlan In the reatment room, the control box
- Accelerator extremity 1o gantry is used jointy with a control monitor
mounting wall 330 cm that displays requisite parameters

before irradiation can start. The
Control console control box has 36 keys grouped as
. . follows: accelerator and patient
The 1 l
i el o ety e
an alphan ic numerical keypad, dedicated function
inc ine a nke) boar dl k keys, ancillary conrols, manual control
f mﬂk:‘;sgfor each mod e).pnad. keys, wo deadman's switches on either
-~ side of the control box.

on= and «Beam off» hard wired
pushbutions and «[rradiation The control monitor is wall-mounted

authorization» key, mouse for user

on a swivel support. This 194nch (48
cm) color graphics monitor displays
large characters that can be read on
screen from a distance of at least four
meters (12 feer).

Operation modes

The control console can be used
without any previous

on: eagy-io-understand screen messages,
menu display, dedicated function keys
and a mouse, floppy disks.

Two operation modes are available:
medical mode and physicist mode. A
third mode is reserved for qualified
personnel in charge of system
monitoring and maintenance.

The start-up procedure (warm-up and
seif-test), is automatic. The operator
simply selects the operation mode
desired.

* Medical mode

Medical mode is designed for patient
irradiation. It is used to set irradiation
conditions, adjust the accelerator and
patient support assembly parameters,
monitor treatment and generate
treatment reports according to the
scheduled treatment prescription. The
following parameters must be set from
the control console before each
treatment session:

irradiation mode: stationary or moving-
beam therapy (arctherapy: angular
positions, and rotation direction),
beam type: type of radiation and energy
level, dose rate, torl dose,

dose to be administered with wedge
filter or filter angle for photon
radiation, codes for accessories to be
used.

Operator (code), patient and beam
identification systems are optionally
available.

tlode
Type
Time
Up
Low
App

G Ang

5S0
8s.

Control console (dimensions in cm).

||
[ ]
) ||
[ 8] |0 ||
| .] .
W /0] y
YES! J |
[ ] ] g |
| ] 0 |
] 0 |
15 - )
(W /01 N i
Screen display in medical mode on
control monitor in treatmentroom 8
(actual display in coler)



iting up geometric parameters
ing up accelerator and patient
port assembly geometric parameters
tires validation form the operator.
) set-up modes are available in the
dard configuration:
1ual: after selecting the parame
:elecnpoauommvhthe+
keys on the control box. Two
rement. are available.
1t indicators (optcal distance
cawr and cross-hair) and the
itions in millimeters or degrees are
cated on graduated scales. To make
Ip easier, this information is
layed on the control monitor in the
tmént room.
>matic: after selection of the
imeter, the desired stop position in
imeters or degrees is entered on
conmol box. These indications are
layed on the control monitor.
'ement sarts when the operator
ses the set-up key on the conwol

» at the required position is

matic.

gency shutoff controls are

lable on the conwol box.

m limiting parameters, angular
tion of the gantry and patient
yo1t assembly parameters may be set
1 the control console.

ings for automatic positioning may
nade from the control box.
imeters for the beam limiting

ce without applicators and gantry
le may be set up globally (with
1orization) from the control

wle. An emergency control for
ping movement is available on the
mrol console.

1e prescription has been entered on
control console before the start of
1 irradiation session, the system

zks that actual parameter settings
the accelerator and patient support
mbly match the treatment plan.

or displays indicate any discrepancy
reen prescriptions and actual

ngs. During irradiation, the system
sitors dose rates and also checks
-actual current positions of all
metric parameters remain equal to
e selected at the start of the session.
diation is interrupted if

::mpnonrecordmg

vidual patient prescriptions can be
ed on a floppy disk for subsequent

unent sessions.

ent prescriptions for daily sessions

be generated by GE’s Sincer II/MV
ulpuonmd-and-vcnfymm.

Parameter display in the treatment room

Every movement of the Saturne and padent support assembly has wo readouts:
mechanical on the graduated scale, digital on the console screen in the treatment

room.
Mechanical Digital
Range Calibration Display Accuracy
Ganuy rouaton 0° 10 359° degree degree 11°
Collimator rotation| 0° to 359° degree degree 1°
Phouon field size 2cmto40cm| cam mm £0.2cm
orxl%* |
Electron field size | 2cm 030 cm| cm mm +0.2cm
ort+] %*
Offset field size 0w 20 cm 0.5cm (Jaw +0.2cm
| position) ort]l %*
PSA All movemenis
* in relavon to light field at isocenter
- Ancillary controls Storage of dose Monitor Unit
Treatment room lighting and the calibration factors.

simulation light can be controlled from
the control console or control box. Two
keys on the conwol console are
reserved for specific functions such as
opening of the treatment room door.

- Irradiation

At the end of the reatment session, 2
report can be printed automatically or
requested by the operator once
comments have been entered. This
report indicates all parameters, the date
and time of the treatment session and
the MU calibration factor, if this
parameter has been stored in physicist
mode. Reports from each irradiation
are stored on the padent’s floppy disk.

¢ Physicist mode

Physicist mode comprises three
functions: utlides, non-patient
irradiadon and adjustments.

- Udlities

Utilities are used for the following:
Customization of the system for use in
medical mode and with definition of:
report headers and indication of the
Samrne model used,mandatory and
optional items in parameter set-up
procedures, permissible beam types
(radiation, energy, rate),
preprogrammed angles for the
automatic wedge filter, .
areas covered by the optional beam
stopper,

prescriptions for control irradiation
{pontfilming option),

definition mode for treaunent
prescriptions: manual, floppy disks or
Sincer II/MV.

Mmgcment of patient floppy disks:

- Non-patent irradiation

This function is similar to irradiation in
medical mode, but is designed to
monitor dose rates. It allows:
Irradiation sequencing without re-
entering prescriptions.

Set-up of all geometric parameters of
the accelerator and patient support
assemnbly from the control console.

- Adjustment

The operator can monitor all system
set-up parameters and adjust
calibration coefficients of dose Monitor
Units.

¢ Maintenance mode

All geometric and physical parametays
are digitally controlled before and
during irradiation. Adjustment
parameters may be displayed, printed
and swored on floppy disk. Saturne
operation may be monitored by digital
display of all static and dynamic
parameters.

Protection

Access w different operation modes is
protected as follows:

Passwords.

Operator codes (options). This form
of protection uses a list of authorized
operators drawn up by the site
manager. Irradiation printout reports
include the operator’s personal code.
Keys. The first, on the keyboard, allows
irradiadon; the second is inserted in
the electronics cabinet and indicates
the system manager's presence.
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Patient support assemblies (PSA)
[he PSA is not included in the F63321
eference.

160S Isocentric PSA (F64201AA)

[he PSA is mounted on a bearing
issembily in a 26-cm floor pit All
novements are motorized.

socentric rotation: +120°

able wop rotadon: + 185°

rerdcal movement from floor : £74.5
mw 146 cm

ateral movement: £20 cm
ongimdinal movement: 60 cm

The PSA is delivered with a type B
randard tabletop measuring 240 x 53
my

Treatment field localization

The light simulation systemn replaces
the source during this procedure.
Cross-hairs are placed at the base of the
zollimator according to the median
ines of the fields.

The oprcal distance indicator projects
1 light scale calibrated in centimeters
from 75 to 140 cm. Distance is read at
the intersection of the cross-hairs.
D:gu.s are given every 5 cm. Calibration
precision: £0.2 cm.

RS 232 interface

An RS 232 C serial port allows:

Control console loading with external
on

Transmission of all geometric and

irradiation parameters.

This serial port is used for connection

to the Sincer II/MV prescription

record-and-verify system.

i .
Additional photon dose rate
(F63301DK)

Sawumne 41 F is delivered with one
photon dose rate as standard. One or
maximum wo additional photon dose
rate can be supplied on option.

Additional electron dose rate
(F63301RN)

Samuume 41 F isdelivered with one
electron dose rate as standard. One or
maximum two additional electron dose
rate can be supplied on option.

Additional high dose rate (F§3301FC)

For any two electron energies chosen
from the standard range, Satumne can
also supply an additional dose rate of
1000 MU/min.

(F63301FA)

Porfilming prescriptons are defined
and recorded in physicist mode. They
are recalled in medical mode by
pressing either the «prescribed field» or
«wide field» functon keys. The
operator may adjust the number of
Monitor Units to be administered. The
beam limiting device can be set up
from the control console. During
portfilming irradiation, pressing the
«irradiation reset» key regenerates
prescriptions defined for the nominal
beam.

Additional control monitor in treatment
room (F63301FD)

This second 19-inch color monitor is
identcal to the one supplied in the
suandard configuration. It displays the

same information.
Optical backpointer (F63301FB)

The optcal backpointer is installed at
the base of the gantry and is used to
project a plane of laser light covering
the source and gantry rotation axis.
The optical backpointer is not
compatible with digital portal imaging.

Digital portal imaging (F65101A)
Digital portal imaging allows
verification of set-up before or during
each treatment, without film and
without processing. Treatment quality
can be improved without loss of time.
Target View provides real-time
megavoitage digital imaging for the
verification of photon treatment fields.

Accessories
See accessories catalogue.

Interlocks

The Saturne has the following
interiocks:

¢ General interlocks,

- power-on key,

- irmadiadon authorization key,

- authorization key for physicist mode
and resetting of major faults,

- emergency-off switch on control
console and emergency-off switches in
the treaumnent room,

- physicist mode password,

- operator codes (protected machine
access).

¢ Movement interiocks

;Jox deadman’s swirches on the control
- control console pedal,

- emergency off switch on the PSA,

- emergency off switch on control

console keyboard,
- emergency off switch on the control

- anti-collision detection ring around
the collimator.

¢ Heating circuit

- hard-wired interlock system.

* High-voltage circuit

- hard-wired safety circuit authorizing
operation of the modulator.

A 15-minute time delay is installed
between the heating circuit and the
high-voltage circuit.

® Positioning

- safety circuit for positioning of target,
scattering and flattening filters, wo
ionizaton chambers and wedge filter,
- checking <.’ geometric parameters.

® Before irradiation

- checking of correct operation of the
two dose measurement systems,

- integration of treatment door statms
mformanon {open or closed).

* During irradiation

- Machine on:
- verification of parameters displayed on
video screen,
- verification of ionization chamber
power voltage,

- verification of pulse levels,
-vacuum monitoring: accelerator

- Beamon:

- dose rate per pulse greater than pre-
set threshold,

- dose rate 100 high or wo low,

- dose rate inconsistent with the wo
dose measurement systems,

- symmetry or uniformity error,

- elapsed time error,

- failure of the first dose measurement
System,

- interruption by the second system at
prescribed value + 10 %,

- inconsistency beween the dose
delivered and dose calculated
throughout moving-beam therapy,

- angle reached in moving-beam
arctherapy.

Saturne complies with
recommendations made by the
International Electrotechnical
Commission (IEC no. 601-2-1 1981,
modified in December 1984).
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’hoton mode Energies
Inergies
Nhen purchasing, two energies must Units Values
se chosen from the following values:
}-8-10-12-15MV Effective energy (*) MV 6 8 10 12 15
Jose rates 1 Depth of maximum cm 1.5 20 25 28 30
. absorbed dose
Nhen purchasing, one dose rate must
»e chosen from the following values: Surface dose % 29 26 9] 20 19
i0-100 - 200 MU / min at 6 and 8 MV. (under 0.05 cm water)
0 - 100 - 200 - 300 - 400 MU / min at
0 MV and more. Absorbed dose % |67 | n | w | B | T
(under 0.05 cm water)
. Depth of 50 % dose an | 158 173 | 185 | 194 | 200
NACP index (**) 1.67 1.61 157 155 | 158
(*) British Journal of Radiology, sappiement 17. Central Axis Dose Data for Use in Radiotherapy, Londan 1968,
(== Nerdic A of Clinical Physiciss, Acta Radiolopaa Oncologica 193579, 1960,
A Depth dose curves
100
. N
. AN
» N N
%\ *
50 \\
40 SN '\\\\ %V‘
12 MV
[ omv
30 8 MV
5; s MV
L2
g
31
&
0 -—
o 2 4 6 8 10 12 4 % 1B 220 2 4 2% 8 2
Depth in water phantom cm

Measurement conditions: Field size 10 x 10 cm, SSD = 100 cm



1= foil alone
1* and 2* foils
»>
Double scattering
Energies
Units Double scattering
Nominal energy MeVi45 | 60 75| 9.0 | 120 15.0
In in practical MeV |51 {64 761 9.0 [11.6] 14.3
ang® Rp*
jurface absorbed dose % 70 | 721 73177 1 81 84
inder 0.05 can water
depth 80 % cm {15 20( 25| 30| 40 | 5.0
dose
depth 50 % cm | 1.75{ 24 29! 85| 47 | 59
Jepth 20 % cn | 2127 33] 40| 58] 6.6
s dose
'ractical range Rp (*) cn | 23130 | 36 43| 57| 7.1
hotwon contamination % 04{05( 06 07| 11| 20
ess than (**)
JACP gradient (***) 24(25 | 26| 27| 28| 29

deasurement conditions: 10 x 10 cm field, SSD = 100 cm
*} Rp = practical range (IEC definition). Rp precision = 0.2 ¢cm or = $ %, whichever is greater.

**) Measured 10 an beyond Rp.

=} Nordic Amociation of Clinical Phipsici

Acta Radio}

irs Oneol

ia, 1935-79, 1980,

Depth dose curves

Double scattering: 4.5 MeV to 15 MeV.

8 3
1

. bl
k &n\ \!.0 \1?.0#»;.0
. VAN TN
. WAL YN B

Depth in water phantom cm

rasurement conditions: Field size 10 x 10 cm, SSD = 100 cm. Chart values are

tained from jonization measurements and corrected according to NACP standards.

Electron mode

The standard configuration of the

Samrne 41 F offers 6 elecoron beam

energies. Two scattering foils are used
10 obtain field flamess. The first foil

maximum dose in the beam axis. The
second foil is energy specific, and is

used to obuin beam homogeneity over
the entire field.

Photon contamination of the electron
bearm is less than 3 % of the maximum
dose.

Dose rates

When purchasing, one dose rate must
be chosen from the following values:
200 - 300 - 400 MU / min.

Instailation requirements

¢ Power supply

Voltage: 380 V three-phase +7 % +
neutral

Frequency: 50 Hzor 60 Hz £ 1 Hz
Ground connection impedance: <1 Q
Power (accelerator and control console
only): 10 kVA on stand-by, 20 kVA
during irradiation

Cosphi: 0.86 on stand-by, 0.91 during
irradiadon

Overload: Twice normal current for 20

ms at start of stand-by sequence
PSA 760S: 2kVA
PSA 1100: ZkVA
» Cooling system
Lost water tem :625°C

Flow rate a1 20° C: 51/min. 10 10 1/min.
in stand-by, 10 1/min. to 20 I/min.
during irradiation

Filiered water: lime-free, filtered to 100
microns

Dissipated power: 6 kW in stand-by, 12
kW during irradiation

Input pressure: regulated by pressure,
(1-5 bar)
Pressure loss during use: 3 bar (max.)

* Air conditioning
The temperature in the different rooms
should be between 20° C (min.) and
25° C (max.), relative humidity less
than 70 %. Dissipated power levels are:
- control console: 2 kW

- accelerator: 5 kW

* Wa pressurization
By gas: hexzﬂuondegas (SF,) at1 bar
relative pressure.

Acceptance tests

Acceprance tests for the Saturne 41 F
are described in the documents
delivered with the equipment.
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A i A I

{set up example)

connector bar

4
o0
o{ "I.: o

7 :
' ':'I/

7

i % \ _
The relative coordinates
below are according to the
accelerator/phantom set up

- example shown in this figur
For other cases refer to
figure 6 and section lll - WF
software description

X, Y. 2
ip, cp, dd

: absolute phantom coordinates
: phantom coordinates inplane, crossplane, depth
direction relative to isocentre and water surface

y = 0000 /y = 4800 : mechanical limits in y absolute coordinates

-ipm, +ipm

: mechanical limits in relative coordinates inplane

x = 0000 / x = 4800 : mechanical limits in x absolute coordinates

-cpm, +cpm

z = 4800
-ddm

z = 0000
+ddm

x = 2400
y = 2400
z = 2400

gl St gt

: mechanical limits relative coordinates crossplane

: mechanical limit in z absolute coordinates above water surface

: mechanical limit relative coordinates depth direction water surface
: mechanical limit in z absolute coordinates tank bottom

: mechanical limit relative coordinates direction tank bottom

. . . 96
: mechanical centre of phantom in absolute coordinates

FIGURE 5b



lon Chamber IC 10

Schematics

INS CHW

CHW chamber wall (Shonka C552)

CE center electrode (Shonka C552)
GR guard ring (Shonka C552)

VENT gas ventilation through hose

INS insulators (Polyphenylenoxid PPO)

effective centre of active volur

waterproof

chamber volume 0.14 ccm T .
wall thickness 0.4 mm ( ﬁé [/ jé)

WELLHOFER | 41 !
DOSIMETRIE | .

Bahnhofstrae S

D - 8503 Schwarzendbruck

Tel. 09128-6070 o7
FAX 09128-80710



APPENDIX E

MASS ANGULAR SCATTERING POWER VALUES
FROM ICRU 21 AND 35 REPORTS

98



e (Y wdy ) e ] (2] wal g §
BB Bl _emt v e s e W
wik .w“m.. el g st ! ﬂ...- [ amy ®»
wes ueg “re (X1} ey it . wel wey -
%] e e are wEw bz e ney -
wry waty wing (1) ey 'y wie (31 -
[ dd wing [l ] " “ee " [ed w
oy s ey e 0 "o e Ll «
nse umi (33 ol LA [ 1] w3 ar -
W ) ure LX) (2] w“ne " s "
Ly wue Ci ey [ 1 e we "
war (1 wh ol P Lee ray e "
wac e CT) und e nie - [VNY "
[ 13 e ()] g [T e g [33 [
g mag 0wy (112 g usiy iy ey -s
e wfug (1) Hae (=13 L "y tste sh
e Lo .- E1131 L 14 L] " Pl L1 (3 04 V- o
R i T b Pt T T o W
g Nogdey o oy oy o~ -y
opetng — ey
hrl]l-ﬁ, a . - ‘. —— e ——e
E2d Cazandl Fann !
(L3 m.n..... 1 o 6% ____IE | Gy - wal o owike nid ;. vam LLIN
L1 ) Y 1) ns e s wat wsl (A ] (T}
sty "o e tnd o o bt -y ttn) [ O [Ed] ..
(1 e e e ™ e st | et [T}
wig sted tu) e L aal | e 33 [LX] [
(1] | 1] L2 ] (2] e Ll L3 ney "meE i
o O I TN B 1] o p [T (1T “l ¢ e "y
- MT.L.. e voag [T [ e . w. ) e,
[ atug pray (1] e -l " wed | Gl el e
ey ey sl rag nal VELY (117 ese iy [ 1)
[ Sl e e [ 1] (=X e 1 [l winy uey
g "es wi (L l..:...l-l»wmuln. my . oans oy ¢

neg nat "l “ré sive "y wse 0 g
(Y] e - [d] ey ey wey [ "ee (713

f . soay o wiwe [ wrs w0 e
(3 i "y sias [t} L I Y R 1
“ie o ) sy "y sy -
g il aei 'i.l—llﬂc wie e

1) *.nm.m. T iR ury (11 oy
)

e 13 ] «ir -1 3 ®Rak
et oy ey L1 wee wel
iy L4 ] iy we 12 ) 3143
[T -ty [ s [T
ney sy [ 214 | 14 | <9 ] LTy} s
e o ¢ e "re wHE [ 4} (113}
| 108 e 1] me Hos wnie "ae
"t [T Wit ure "w L] mi
[T [T wes 1 weg e [ i [t
" wi Iy Wi o e nee 15 ) | ] ) [ 1]
1] il [ wit " e e o) i oy
- =il [T val [ X1 e wee (11} stol (]
Loedd [t (] [ ned wee i het oy " [

PUIEEE 228 858 B enermcncccccacana.

(1] 4 m. vl iy siry wie e e E.lll.tullm o
L - [ vt 1] " ne L " e ms [ e
o F —w ‘el i T T =

' . ..

(081 “1B0L) gaf¥ uy Sy *yiius) yopIpus pue (QENGE “wwdssy) pus stijag)
19452 ASI 4] T 5) o sdedd DuRIdOp JINIPRL )Y~y E HIUVL,

2 Fundamentais of the inferaction of Elsctron Beams with Matler
1A
H

99



22 Basic Electron interaction Dats . . . 21

1R AEL 99 0avS o SEMIBIe pew ofmimnlunad S o1 B0 wepiendunes Bg) o
‘o 0wy e, gt ¢+ ) § ) 000l Tpsoyense e oY) P ) o) sseenles 20 49
HIS 00 Saberpay 5 |, Psdne o) po onpen Sune o) I Sourdy ay med ooy 2L, o

-
o
ey
L]
I we:
L3
.
L 1]
R L UL SOV L S AR |
" fiY ] ) L1}
wi (/3] Y] "y
e e 1) L1
1) me e {14
13 S Y ST SN
» 1) Wi 13
e »E [ X3 "
ne e we L L]
(/1 ] F 1] we L 1]
r . z-m "o wi L1
- L ey wd W we
| L2 ] we 31 we
"e T we we
113 2 TR ) "o o wy 2z m 0w
we c.TI.ﬂ -&..—1__: L] ™e e oe " me
"y (] (1} LT 1 11 3] " we
I£. [ ] [T1] “ws @ e ws wi " ™y
. '3 we @y we  wi 03 [11] "e we we
1 113 [Ty [Tl me "e " ) sun
ws 1] ) ..ﬁ m.. (13 my ey 4] t_ wwe
oy [<d e [ w ul Wi wi 2] [ 1] ]
Imm 4 ne "e " we st e "t e e
o oy we Y a Yy Y] e Y] 1" aee
I I A G R S R s R N T T D
-py ey g e bl Rl Yoot s ] Latd ween
-y et (23 o s oy
[ iand ol -l -4
el - ——
=)
L ". we ﬂ" 1 u. 3. [ LTI [ [ we (X1 [T T we et [t = (1]
. T BT i o i 51 — e S o
H" ”u "“« “u ﬂ" “u H“ n" (13 13 " we 1) e "t .
» i ne we we e e o
; "e 1 -"- " " ) LT w4 ny ny 1] My m "we e
L||]|*m«.|.|m.. «.L 3] rmvll.—l'l X 1. 8- g e ST 1 e (L) . L= - -
‘. -} idd W*'r. 1) Wk Wk 1) i i P P
. M toe i ne (13 "t 0e e e ‘e we he e - " ol
- wy o me ny o oany " o wy g~ e wme me e s wy e oWy "o
Llﬁdllﬂ“:.—l... _nnﬂ“llaa ....«u ol et [ [ Ut * T Il 1 ny wr TTh e ke we
" H L3 » wi Y W wl 1) i wi " me "e .y
" - ue e “. wi ®e 0 see at "we [ e a] 1 2y
M Lodd L4 we s wt ne  are e "e me xS " ) “i e
L) %e W

1.9.—.11 n..“ o

100



3 VOO0 {9V FELE0 1900 161 0 TR 100N 1) SI0°0 N £010°0 f1) £R20°0 TUE 1110 0 senpgi g

W) 281°0 IR RON0 A 0L0°0 21N £NO0 1) 019°0 IN L0 0 10D RI%°0 4)f 100" tenyy

*M 0E00°0 '8 0800°0 {1 02000 53¢ £0DN'C {¥N S000°0 fO 0022°0 !N 0SEN'0 £0) OLTI 0 {11 OR08 "0 topungy
'V £10°0 (0 OIS0 IN 892°0 1V
(1Man Lq uaqiovsg) sopysodwng o

&—/e8°ejv~/e0"aie~/08"|v —~/01 '8lv /12" 2t - /10" 8l ~/02* 1fc ~/00"1 R—/E0° 1|8 =/00" 1| ~/2C" L] ~/18" Fj~/80 Ejt ~/ 20" Ve ~/11" U|p ~/2R° vl\_a.a_-.l\-.-.n

C—/80°GIE /0" YR—/08"E18 =/ 312~/ 18 1]t~/ 0fe /0" /00 Wi~/ s —/o0" tfz =791 sl =700 gl ~/oesfe—/10-ln—/ne- sl ~rve: ve~7ee v ~/0ey
&~/80" Ut —/S0 F{C—~/F1 'SR ~/58 Tl —/F1 Sl ~/04 T~/ 2k U —/02 TR —/t"F{E /0 Flg ~/00t © /18 WE /e fe~/0" e ~/o0 ele—/12 T~/ e ~AE:
=/8€ LE—/E1"El£ —/00 TIE~/01 EE~/£0" g~/ EJe ~/00° Hje ~/ "1 R~ /20" He~ /18" e /15" He~/e0 wie~/be  HE—/R cle—/0a tle —/n 1
=20 e =/bL He—/c0 HB~/18"9[8~/19" Lz ~/c0"sie — /00" Dig—/00" 0ie —~/+9"H e ~/10°"Ble—/88" 15—/ 10" tie—/88" Dig—/0L S |E—/00" e ~/uL 1

E—/6L Ye~/o1 tje—/18 6le /198t ~/10°g]
%~/ £ja—/18" Rt —/80° s ~ /08" (iR ~/8¢8

Uz —/21 OE~/00"CiE—~/28 " E5 —/£0"Cjc —/60° 1
(—/15 Ve —/80 Rie—/08" LT —~/08 e ~/5a° %

«I\u.”_ uI\E.”:..\.a..a{.s._:“l\ﬁganx.a.a?\a.. =/ 10" {5 —/00° Vg~ /80 )[R~ /00" 8[c —/ve " tle —/th
alxs. 7\8.«7\8.. =1L B =/80" YT ~/68" Yz =/12 elg~ /o1 tle ~/ 1 Big ~/a1 H{1 ~/cL te /10 Lz ~/08°
1-/00°1 ..\t. —=/08°015—/8% YT —/9L Yo /00" Cig~/19" 1|z~ /00 tln ~/ 10" elg ~/x0 {1~ /10t —se2 i - 1o1°
~/00" 81 ~/18°1je~/80"SI5~/ 1L Slr~ /o0 85 ~/0t Olg—/ 1v* tlz—/ 10"tz —/e0° |1 —~700-oft ~ /R0 Bt /28
...\_.-“.T\s.._1\8.«...1\!...75._:....\5.«.1\....._T\:.:..\a..._..\."..:..:a. §=/78° 00 ~/19 0~ /B9 1|1 = /68 |0 /80" W&~/ 18" GiE ~ /68 ]
.1\5.21\2.._..\:.a.;\:.....\_:.__1\3.::\3.2:\_2.—...E...T\s._. 20031 =708 w e —=/8L oft = /00 1 ~2e0° et = /0L g1 =/19 e - /"9
0 \._c.:...\:.._:..\.a._...\_...,.._..\S.._l_.a. 1=/t el =/00 ele=/suglt /v elo /o0 1je=/ig Rjy /00 i =218 [t = /8L Tt ~/s0 w1 ~ /10 EE—-/19° 2
0 J0r 3 U—/80 it ~/v8 M ~/e0°E{s ~/08 B[ ~/1E Ejt /80" tt ~ /00 et ~/e2 R ~/1e w0 Zoaeln setiilo sentfu—/8uojt—~/e0rsfu—/29 eft —/80 Rt —/80 )

Te=3T 2383 29383

- -t

0 /teti~/t0°sio /ot ~/e 1 =/ea a|e~/es ol ~ /e i ~/or-s|t—/00 ot ~/k0tn /eotijo 2vocsie Zesei|v—/e0 ol —/ve o]t —/se s[t~/20°1[1—/08"1
o /srijo /Jeodlo /esefi—/ucoi—/ecele’ /10 7evilo soctfo zonctjo ZeRceln /eRcEin Z1eege Z1cdjo /vstiie /onet|t~/89 olt—/oy t
receie sovalo Zeetfo seecy aelo sesctlo seecifubsseijo /eocvjo sewetje Zmcele Zioctfo Avettin /19cji—/oee
/0000 /ot /ve seetlo /escelo soreji-/ee-rji4/en itse0c o /e9sjo Jeo'wlo /seelp /18ty /80

/avsiy Jwvjo /9Ho Zeeyju-b/geceiH/e kvt /esctln Zerglo /uettin Jencem /et
1+ o /eRrg0 /oocglo /i /sren senczjo soetdo /endi-H/or SR/ e /e SR 0 Zacen /o020 /1000 /ueE
14+/eL 0 /encdlo /ecedje /orSjid/0sc o /escalo /12 218w H s -Zen g -Hoo i /o0 o /eetejo /s /00°e
1H/00° S8 +/02" tft-+-/01 €l -+/00° 1t4+/10" 8t -+/00 U +/00° 1fs 4-/0e° 1 -+-728° 1|1+/28 e -+/00 1 1-H/ov s +/1a o+ /wfe-H/or 1 /18 UL4/HC 1D AHEY

/8y /oLen fog

.

~2exn Qwusao
Ssaose

14/10° 8|t -+/20 gju4-/08 g1 +/0L 11-+/80  Yu+/28° tfr4/10°efs-+/0e2f-t/ve et de+/og ko0 ot /ee ol -+ e -H/ee gl /vo sli-H/8e 1o /ey ot
¢ /09" HI+/28 El-+/E8 1-4/98 6{1-+/00°T)0+/89 B8 4-/90°8)1-4-/00° t]1 +/01 1] L4/ Ve 47807 efe Hee R4/ 1o iR/ L ke et aedn Faetl| osco
e/ st/ e +/00 tod/ez sli-1/o0 sjt-+/oe sl /o ln-4/Le 4200 o1 -H/10 e 268 [g /80 w5 /st e -/20  od-/9n gut/ue sl b /o s[uk/RotE] - sto
t4/8L° vie+/er YE+/9e o fi+/10° 1|1 +/00° +/1 0 AEH/00" te /85 te /58 1jR4218° tE 4400 0E 4701 V B 4/18° ElR-H/EUERH/00 e d-/on" n /e ud/ey] oo

/09" YR/ g /29 G F/0k 21720 de /98 /g A-/58 tfa-1/ra ifw /20 tfe-F/ee ofg /R0 0iE /0 uln 4200 s /80 Bie /18 e H/ o i E/Segl . S0
S+ VYT H/80 Tz +/m slg 3709 wiE +/ 40 T -FOLER-/2R gle 400 gfn /00 gfe 1220 R 22 nE-R e aln - gjs- /e sl /et el A0 ge A0 Tls e o
g1/eg tfr4-/mey BV A NITR W TR SN PR W) P IR LR | DA A RV LR PRt T TR SR A U )
&+ En+/w nie /00 Ve+H/or sz 10 VR +/me glnb/on: 2fe /e ole ) 2o uine/ar ule/on e /Er B+ e 410 - 210° R an -/ gn /ovE 1000

*BH/38°t1e /80" Ye- /e VA1 k6T Rl /9b ol /e v d-/000 - 2so i 2soe e k/ar de e vl fon e - vs e/ e 10t ot aisb il oien
e+/LL et /arTind-son vjed-/8e Ui R A TR AW S WY 3 - PR WO TR CR AR R R R (R P R e R A 8 R R L W LR AL T )
#4708 YE+/10°tle-F/80°vle + /00 mie /08" B -E/NE GeH /60 -k /20 vk /ue e wje-- 202 w8 Bl RV /00 e+ /00 s(e- k200 e R0 Rle /LU S E/AR' T ST0'0
/107 e +/08  Lhr4+/50 Vo +/08 ole+ /10 o d-/8p /e ale-+/80" du-/ee dleH/on e+ e HeHE T H/OU S/ 1o H/00 BiSH/EY LEH/09 DR +/R0'E  010°0
" .2.. L] t e
G e R ol R i Vi | et | o | e | v | W ol ow ..n 91 % s

e

) A 2 00 @ A § 3 44 B 000 HD 4 B4 W 4k ) HEE EAISE G MR AR AR 10 S S eSS ke b BOSERe B -

(01 X 809 P934 81/80°8 204) (8303 'fesoy) Adssua uosoop fo ..,at....\. 9 3940 UV[PYS B) ‘p-d/yf) ‘aan0d Buparjioss sonduD KIDJE—'T WIUYY,

101



20 ... 2 Fundamenials of the Interaction of Electron Beams with Matter

vy 1) il Wt 1] Wy W\
. L e " i1} L} 1] wt
TR T L 3 1 o J_ uu_ gy 08y Al h |- oo
“ “ el ol Il .-. wl .c. -: e’
" .n. “..." J. ._o 3. .-._" we e "e s ..._ .:
. L o ST | S £ ] 4 1 -
5 i w | | Aowe__ se__) IR I &l I :.T —l.m.... 1
(] " " wi " [T IR st [ wl e 1 wi wi
" a- 8- s LI L1 Wt ws e 13 it wi i we “s
. s ln e we e T e e e e e 1" wE
!. "e o we  my (1] wy [ e () .«m..l—. e
|..|mT't | TB X1 (] ] 3¢ 1) e Iee . 11 e | st -._-. [1)
:- = s. mi. ] 1] i .m. Nm .N. .m..
:- "ws we s wi we It we wi ﬂ. ..-
€ I. 8- .: 2] T TR € ne 1 .y g e wt oy e
jllﬂlj}djﬁlajl—ﬂ]r Sy i o i) C ) WA Lo 3 7
¢ -~ L] e ey oy L) Ay - pe—
oy Sowing g
= . a=w — —
C s E]] Desl IR - LT e e weo-
. —_ 1 Wy we e i e wi Wi Ta T e wmi | ws® Teev” | i m -t
‘m i (.1 we L2} e e "we > 1] "ns wy [ 1] o0 L1
I+ tmlrmTlﬂnlllmﬂl_lua " e it "o 7] e we uwl | wit [T S T

1] "s s ' "l ] l_l.a - [ 14 "Wy [*1) " 13 e [1T] 1] 1]
e 113 we 3] "1 8. Tm.u... SR e | e "y ne e e 1] “w

llnn_l,.,laTL.T_ & 3 Nl G Lm_mm m R
o ooroow " Tr-:lllslll. S S —l._:_ |

. e s "e wi wi :.l~ oy ws we e me
nd A ] 1) :- [ 1] e [ 1] W " [ e n.: [1X] - v
m. m“ u-lFL ; He  wE wt o Cm T a« W g .
e (1] Li1] ue :. e -
“ut s :. .: :. i "y 1] L1 e ~ 1T I
N o L1 e "us ot [y L1 wi 1= e se e ey s. .: s. " .
4] "y =, .: L4 [ ne wi wim Tl :.I_...i-.llm 3] wE uty '
(3] [ ] ; ws we e ..- [ z. Wi mo.r.B- “r ™ .
"" u" 8. ol (L - - ] " :. wi B e e - o
o wi 1] ol 'Y 4 (13 Bl ¥ Sosnnanannty
11 o 'Y "e at wi 1] wi ? ... :_. u" "." H" ﬂn -
" ne ws "y we ws ui we He ne e we it i "
ue ne i "y " 1] "e " . :a ﬁ.l..lu..J wa e e ber -
ul & o= - e ey (TP By U SN
“  ar u" mow oW m - ' H ..w‘ H = - L i
| t 1 3 ” .
B¢ Wi I.. ®r e ". : (A .&q m* L_me e - e "o
-.. 5] we [ 1] ...u e (] we :.I.—.-Ka. we e v e
g g 5 o o @ o sHugebos. o=
"" 3.- [ 1] - ") “ [1d !ﬂ. "y iny "we :- (11} (23] tuw
- .: 1 TR I_ e e e
.I*zim_.rml*lgm " B e & EEdbog el B
me ue :-J....“mnllnﬁ- nw" ¥ ¥T ﬂ«:l_ we wy ny Ty e M.. we W.u e
- L5 IR B T W ] 4 i S
- ] n.. e T R - : — —;

10 g3 gUEIpeL W) W)L ‘omnd Nupaa)oss viojy—9'E WMV,

102



VIII. REFERENCES

1) Joseph Deasy, Ph. D. Dissertation, “Electron Energy and Angular Distributions in
Radiotheraphy”, The University of Kentucky, 1992.

2) International Commission On Radiation Units and Measurements Report 335,
“Radiation Dosimetry; Electron Beam with Energies Between 1 and 5 MeV”,
Maryland, U.S.A., 1984.

3) Faiz M. Khan , “The Physics of Radiation Therapy”, 2nd Edition,

Williams & Williams, Minnesota, U.S.A., 1992,

4) Harold Elford Johns, John Robert Cunningham, “The Physics of Radiology”’, Fourth
Edition, Charles C. Thomas, Illionis, U.S.A., 1993.

5) CGR Handbook, “Accelerators for Radiotherapy”, Volume 9, 1985.

6) Robert Stanton, Donna Stinson, “An Introduction to Radiation Oncology Physics”,
Medical Physics Publishing, Madison, Wisconsin, U.S.A., 1992.

7) S C Klevenhagen, “Physics of Electron Beam Theraphy” Adam Hﬂger Ltd, Bristol
and Boston, London, 1995.

8) Peter R. Almond, “Radiation Physics of Electron Beams”, Texas, 1985.

9) Jackson J. D. , “Classical Electrodynamics”, 2nd Edition, New York, Wiley, New
York , U.S.A., 1975.

10) International Atomic Energy Agency, “Absorbed Dose Determination In Photon
and Electron Beams, An International Code of Practice.” Technical Report Series No
277, Vienna, 1987.

11) Bruno Rossi, “High Energy Particles”, Printice-Hall, New York, U.S.A. 1952.

12) Noel Blais, Ervin B Padgorsak, “The Mass Angular Scattering Power Method For
Determining The Kinetic Energies of Clinical Electron Beams”, Phys. Med. Biol.,
Vol.37, P.1932- 1942, 1992.

13) H.Ogelman, J. R. Wayland, “Introduction To Experimental Techniques of High-
Energy Astrophysics.”, National Aeronautics and Space Administration, Washington
D.C., 1970.

14) Malcolm S. Longair, “High Energy Astrophysics”, Volume 1, 2nd Edition,
Cambridge University Press, 1992.



15) Brano Rossi, Stanislaw Olbert, “Introduction to the Physics of Space”, Mc-Graw-
Hill , New York, 1970.

16) W.T.Scott, “The Theory of Small Angle Multiple Scattering of Fast Particles” Rev.
Mod. Phys. 35, p.231-313, 1963.

17) Brano Rossi, K. Greisen, “Cosmic Ray Theory” Rev. Mod. Phys. , Vol.13,

P. 240 -303, 1941.

18) International Commission On Radiaotion Units and Measurements Report 21,
“Radiation Dosimetry; Electrons with Initial Energies Between 1 and 5 Mel”,
Washington D.C., U.S.A,, 1984.

19) David Jette, “Electron Dose Calculation Using Multiple Scattering Theory. A
Gaussian Multiple Scattering Theory.”, Med. Phys., 15(2), P. 123, 1988.

20) HL.A. Polman, P.M. Van Der Linden, “Description of the uncollimated electron
beam in air by means of a directional pencil beam model”, Phys. Med. Biol., 1987, Vol.
32, P.353 - 363, 1987.

21) B.J. Parland, “Using Background Subtraction For Measuring The Dose
Distribution Of an Electron Pencil Beam”, Med. Phys., 14 (3), P.406-409, 1987.

22) HL.A. Polman, PM. Van Der Linden, “Determination of three parameters
describing the uncollimated electron beam in air. “ Phys.Med. Biol., Vol. 32,

P. 345-353, 1987.

23) “Saturne 40/41/42/43 800 Series, Advanced Service Manual”, Technical
Publications, GE Medical Systems, 1995.

24) Gavinda Rajan, “Advanced Medical Radiation Dosimetry”, Printice-Hall of India,
New Delphi, 1992.

25) “Saturne 40/41/42/43 800 Series,Operator Manual”, Technical Publications, GE
Medical Systems.

26) “Technical Document for Water Phantom-Systems WP600 and WP7007,
Wellhaufer Dosimetrie, 1996

104



