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Abstract
One of the most used irradiation techniques in modern radiation therapy is step-and-shoot IMRT. The
accuracy of this technique when delivering complex dose distributions strongly depends on the size of the
subfields. The aims of this study is to determine the minimum size of subfields that can be used efficiently in
Step-and-Shoot IMRT, to investigate the validation process for beam delivery and treatment planning dose
calculations, and to find recommendations for practical clinical implementations.
Two different detectors, a CC04 ion chamber and a SFD stereotactic diode, have been used for measuring
head scatter factors in air (Sc), total output factors (Scp) and dose profiles in water for a wide range of field sizes.
The measurements were compared to calculations done with a pre-release version of the Nucletron MasterPlanTM
v 3.1 treatment planning system that employs a novel, high resolution fluence modelling for both its pencil beam
and collapsed cone dose calculation algorithms. Collimator settings were explicitly checked using FWHM film
measurements with a build-up sheet of tungsten placed close to the treatment head to reduce the influence from
lateral electron transport and geometrical penumbra. An analysis of the influence and sensitivity of Scp for small
fields with respect to the linear accelerator source size and shape was also made.
The measurements with the ionization chamber and the stereotactic diode showed good agreements with
each other and with the treatment planning system calculations for field sizes larger than 2×2 cm2. For small
field sizes, measurements with different detectors yielded different results. Calculations showed agreements with
measurements with the smallest detector, provided careful field size calibration and commissioning of
calculation parameters. Uncertainties in collimator settings and source characteristics were shown to yield large
uncertainties in Scp for fields smaller than 2×2 cm2.
The treatment planning system was found to properly handle small subfields but results were very
sensitive to uncertainties in source size, as well as calibration and reproducibility of the collimator settings.
Therefore if subfields smaller than 2×2 cm2 are to be used in IMRT extra care should be taken to determine the
source characteristics and to calibrate the collimators. The volume of the detectors used for validation of such
small fields and the loss of charged particle equilibrium conditions also have to be taken into consideration.
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1. INTRODUCTION
Ionizing radiation induces damage to the DNA of irradiated cells. This is in radiotherapy (RT)
used to impair the reproduction of cancer cells. Several techniques have been developed
aiming at concentrating the dose to the tumour while limiting the collateral dose burden to the
surrounding normal tissues. Intensity modulated radiation therapy (IMRT) is one such
technique using superposition of differently modulated beams to shape the dose distribution.
RT is used for approximately half of the cancer patients, alone or in combination with other
therapeutic methods, as well as an effective palliative treatment.
IMRT with the step-and-shoot technique uses combinations of small and larger fields to
create the modulations. An alternative is to use Dynamic IMRT where the field limiting
devices are moved continuously during radiation. The size of the field apertures used
determine the resolution of the delivered dose distribution such that with smaller fields more
detailed dose distributions can be created to better fulfill the treatment objectives. Different
validation issues appear for the two radiation techniques and the focus in this thesis is
concerning application of small subfields for step-and-shoot IMRT
If the size of a subfield is of the same order as the penumbra width (or half-shadow), the
whole subfield exhibits penumbra region features due to the electron transport in combination
with the geometrical penumbra caused by the linac’s finite X-ray source size. When detector
and subfield become of comparable in, the physical size of the detectors becomes important as
a consequence of the electron disequilibrium. Furthermore, the verification of intensity
modulation is hampered since the field size is no longer well described by the full width at
half maximum (FWHM).
Several studies have been published on narrow field dosimetry. Dasu et al. (1998) did a
comparative study using liquid ionization chambers and diodes to investigate the importance
of the detector size and composition. Other studies included several other detector types
(Francescon et al. 1998; McKerracher and Thwaites 1999; Westermark et al. 2000). In
addition to experimental methods, Monte Carlo has also been used (Heydarian et al. 1996). It
should be noted that most of the published studies were focused on the use of narrow fields
for stereotactic radiosurgery. However, the practical implementation of IMRT in many clinics
has increased the interest for small field studies, such as Lydon (2005) who did a work on the
validation of narrow subfields in IMRT.
This thesis brings up new elements for the validation and clinical implementation of small
fields for IMRT, with the specific aims to:
1. Estimate how applicable small subfields are in practice for IMRT and to set
recommendations for their validation and use.
2. Assess the factors affecting the minimum applicable size of the fields that can be used
practically and improve their use in clinical routine.
3. Improve methods for clinical validation of dose calculation and delivery.
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2. THEORY
Photon beams used for external RT are produced in an X-ray target (a.k.a. the source or focal
spot) in the treatment head of the clinical accelerators. The radiation fields are defined by
collimators located at different distances downstream from the source. The characteristics of
the source and collimators determines the characteristics of the photon beam and affect
directly the delivered dose distribution to the patient.
Since every patient’s anatomy and cancer disease is unique, every RT course has to be
individually planned. The dose to the tumour and, when appropriate, to the involved
lymphatic nodes constituting the clinical target volume must be high enough to maintain local
control over the disease, while the dose in the surrounding healthy tissue (or organs at risk)
have to be kept low enough to prevent serious health side effects. In order to find optimal
tradeoffs a treatment planning system (TPS) is used to design the treatments.
Most IMRT dose optimizations done by means of a TPS are done in two steps. First an initial
energy fluence optimization is made, then a following optimization of the calculated dose in
the object (i.e. the patient). The dose optimization then uses the results of the energy fluence
optimization as starting points. The more accurate the energy fluence results are, the better the
dose optimization will become. This will also reduce optimization time. Measurements of
certain field parameters is the basis for all dose calculation and simulations as well as for
clinical validation and quality assurance (QA) of the RT procedure. The accuracy of beam
parameter commissioning process is therefore crucial.
Small fields are more sensitive to uncertainties in the collimator settings and the energy
fluence distribution from the source than large fields. Therefore it is important to know how
the features of the source and collimators affect the dose modulation and uncertainties,
especially for IMRT where many small subfields are superposed. It is also important for the
clinical physicist to be able to make independent validations on site by measuring the source
size and shape, collimator settings, energy fluence in air, output factors and dose profiles in
water and to compare these data to the corresponding data used in the treatment planning
system.
It is also of interest to determine if there is a subfield size limit given by the accelerator
properties and the physical processes in dose deposition beyond which the dose cannot be
improved by further narrowing of the used subfields.
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2.1. ANALYSIS OF THE PENUMBRA
For fields from an ideal point source the collimators would shape the photon fluence as a step
function without penumbra as illustrated to the left in Figure 1. In reality there is a finite
distributed source area. Hence the source will be partially blocked at the field edges giving
rise to a geometrical penumbra as illustrated to the right in Figure 1. Photon transmission
through the collimators will also contribute to geometrical penumbra width.

point source

finite source

MLC

MLC

X collimator

X collimator
d

Y collimator

Y collimator

g

g

energy fluence profiles

Figure 1 Fluence profiles from a point source (left) and a finite distributed source (right). The geometrical
penumbra, g, is indicated for the case with a distributed source. For this singular point case there will be no
geometrical penumbra, provided ideal collimation.

The geometrical penumbra width at a distance d from the source depends on the distance f
from the source to the collimator, as illustrated in Figure 2. Considering a pin-hole collimator
at distance f, as Figure 2, and assuming the source to have a Gaussian intensity distribution
with standard deviation σs, the source projected at distance d through a pinhole collimator at f
will be a Gaussian distribution with the standard deviation

σf =

σ s ⋅ (d − f )
f

.

(1)

The source distribution propagated through this pin-hole collimator from the source’s finite
distribution, can be used as a point-spread function (PSF) to calculate the energy fluence
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distribution for a given photon field by convolving the PSF with the energy fluence field for
the ideal point source case illustrated to the left in Figure 1.

source distribution
source
f

pin-hole collimator
d

energy fluence PSF at
distance d

Figure 2 Source PSF at distance d from the source projected through a pinhole collimator positioned at distance
f from the source.

The coordinate systems used throughout this thesis follow the IEC standard. Inline (Y) is in
the gantry axis directed outward from the gantry. Crossline (X) is the transverse direction of
the gantry directed from left to right looking at the gantry. If not otherwise stated, the gantry
and collimator head angles are considered to be in 0° position.
Since the collimators in X and Y direction are placed at different distances f from the target,
the PSF can be modeled as an elliptical 2D-Gaussian distribution given by

G ( x, y ) =

1
2πσ f X σ f X

e

⎛ x2
y2
−⎜
+ 2
⎜ 2σ 2
2σ f Y
fX
⎝

⎞
⎟
⎟
⎠

(2)

where x and y are coordinates and fX and fY are collimator distances in the X and Y directions
respectively and σfX and σfY are the standard deviation widths in the respective directions X
and Y.
Note that above model is a thin collimator approximation. The collimation is in this model
simplified to be at the lower edge of the collimators only. In reality the collimation of the
field, projected from a finite source, is made over both the upper and lower edges of the
collimator blocks depending on location. This result in complicated geometrical projections
better suited for implementation into TPS or Monte Carlo simulations, than for simplified
mathematical models.
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In addition to the field edge blurring from the geometrical penumbra, the dose distribution
will be further blurred by the transport of the charged particles (electrons and positrons)
released from the photon interactions, referred to in this work simply as electron transport.
This blurring is larger for higher X-ray energies since a higher energy causes the electrons to
travel longer. A method to describe the lateral electron distribution is to use a pencil beam
model as derived by Ahnesjö et al. (1992). This model describes the distribution of the energy
fraction deposited per mass from a point monodirectional beam incident onto water through
p

ρ

(r , z ) =

Az e − a z r B z e − bz r
+
r
r

(3)

where r is the radial distance, z is the depth in water and Az, az, Bz, bz are parameters
depending on the specific linac’s beam quality (energy) and depth. The first term of
equation (3) describes the primary dose distribution and the second term the scattered dose
distribution. Nyholm et al (2006) published a parameterization using the tissue phantom ratio
TPR20/10 for describing the parameters Az, az, Bz and bz.
B

B

For very small field sizes the scatter dose part is much less than the primary dose and the
second term in equation (3) can be neglected, and equation (3) simplifies to:
Az e − a z r
(r , z ) =
.
ρ
r
p

(4)

By convolving equations (2) and (4) a combined PSF for blurring of the point source energy
fluence distribution to consider both geometrical penumbra and lateral electron transport can
be obtained. One problem for a discrete implementation is that equation (4) has a singularity
at r = 0. One way to get around this is to adapt a series of 2D-Gaussian distributions to
approximate equation (4). The resulting dose PSF at a particular depth is then derived by
convolving equation (2), which determines the collimated modulation to fluence spread, with
the fluence to dose spread of equation (4):
⎛
⎜

x2

y 2 ⎞⎟

−
+ 2
⎜ 2σ 2
A e −az r
1
2σ ⎟
⊗
e ⎝ f X fY ⎠ .
PSF = z
r
2πσ f X σ fY

(5)

A simulation of the effect of subfield size on the resolution of the dose distribution can then
be performed by analyzing how well collimated modulations are transformed into dose
modulations.
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2.2. TREATMENT PLANING SYSTEM CALCULATIONS
Besides the analysis described in 2.1, calculations of energy fluences and dose distributions in
this thesis are done with the treatment planning system MasterPlan™ (Nucletron). Two
versions of MasterPlan™ have been tested, a pre-release version (v3.1) and its predecessor
(v3.0). The dose calculations are done in a two step process where first the fluence exiting the
treatment machine is modeled, and a second step taking the fluence distribution, follow it to
the patient (or phantom) and calculate the actual dose deposited. Is this way modeling of the
processes in the treatment head is done separately from what happens in the irradiated object.
For the second (i.e. dose deposition) step, two different methods are available in
MasterPlan™: Pencil Beam (PB) and Collapsed Cone (CC). The main difference between the
two tested versions of MasterPlan™ is that the fluence is more accurately modeled in v3.1
with higher spatial resolution and explicit modeling of collimator leakage, etc.

2.2.1. Energy fluence modeling
The source in MasterPlan is assumed to be an elliptical 2D-Gaussian expressed as

A( x, y ) =

1 −γ 2
e
πab

(6)

where
x2 y2
γ = 2+ 2 .
a
b
2

(7)

Note that here the Gaussian distribution is not described by the standard deviation σs,X and
σs,Y, but two width parameters a and b, where
a = 2σ s , X

and

b = 2σ s ,Y .

(8)

All (x,y) satisfying γ = 1 describes an ellipse with diameter ØX = 2a and ØY = 2b in X and Y
direction respectively and where (6) has constant amplitude 1/e ≈ 37% of the maximum value
at the center (x,y) = (0,0). If a = b then the 2D-Gaussian distribution is circular. Note that in
this work Ø represents the “diameter at 1/e of maximum”, not circumference.
The source in MasterPlan for dose calculations is discretizised as an n×n matrix, where n
ranges from 10 to 30. The amplitude of each pixel is calculated from equation (6) with a
lower cutoff of γ = 2 (yielding 1.8% of maximum in equation (6)), all pixel values lower than
this are set to zero. The matrix is then renormalized to unity. This discrete source is then used
in raytrace calculations, where the pathlength of individual rays from the source are traced
through the collimator edges to model the fluence profiles in the penumbra shaping process.
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The pathlength raytrace calculates all lines from the source to the fluence plane and
compensates for the attenuation from a part of a line crossing trough any collimator that may
be in its path, as illustrated in Figure 3.
discrete source

MLC
collimator

*
**
*

fluence plane
Figure 3 Example of pathlength raytrace of four energy fluence lines from the source to a point on the fluence
plane. The red asterisks indicate where the second line from the left intersects the with the collimator surfaces.

The energy fluence from the flattening filter is treated as a secondary source, but with a wider
source distribution with a lower amplitude and energy. This extra focal radiation is the main
source of scattered photons from the treatment head which yields the head scatter factor
phenomenon. The other source of head scatter is interactions in the collimators, but this
contributes less than the flattening filter scatter. In narrow fields the extra focal radiation has a
small contribution to the total energy fluence, but is more important to modulate for larger
field sizes. The flattening filter scatter energy fluence is not raytraced through the collimator
materials in MasterPlan™ saving extensive calculation time.
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2.2.2. Pencil kernel dose algorithms
The dose for every voxel in the 3D reconstruction of the patient is calculated from the formula
D=Ψ⊗

p

ρ

(9)

where Ψ is the photon energy fluence exiting the treatment head and p/ρ is the dose deposition
kernel from this point similar to equation (3).
In the pencil beam algorithm from MasterPlan™ v3.0 (Old PB) Ψ is assumed to be constant
inside the photon field and zero outside to speed up calculation. The drawback of this
assumption is that transmissions through collimators are not accounted for. Also the
convolution of Ψ and p/ρ is simplified to further speed up the calculation. The X-ray source is
here assumed to have a circular 2D-Gausian intensity distribution (extended source)
determined from parameterization of photon beam commissioning data (see Appendix C),
which takes geometrical penumbra into account. In the Old PB algorithm the source size
effect is integrated in the dose deposition kernel rather than explicitly included in the energy
fluence distribution. Both PB algorithms in this work use 1×1×1 mm3 dose voxel size.
Faster computers and optimized algorithms allow for more complex dose calculations. The
Enhanced pencil beam algorithm in MasterPlan™ v3.1 (New PB) has a higher dose
distribution resolution and uses a true convolution of equation (9). It also has an improved
source description, a more detailed geometry description of the linac’s treatment head
(including rounded MLC edges and collimator leakage) and pathlength raytrace of the energy
fluence (as described in 2.2.1).
Note that in MasterPlan™ v3.1 the New PB and Old PB algorithms are named Enhanced PB
and Classic PB respectively.

2.2.3. Collapsed Cone algorithms
CC dose calculations are more computer demanding and take longer time to complete than PB
algorithms. However the advantage is that a 3D dose kernel is used that from the point of the
first photon interaction inside the patient represents the sum of interactions. This enables
better handling of the difference in interaction for various densities (lung and muscle tissue)
and materials (bone and connective tissue) and can also handle the effects due to loss of
charged particle equilibrium in e.g. lung. The CC dose algorithms do not differ between the
two MasterPlan™ versions (New CC and Old CC respectively), but the New CC utilizes the
Enhanced energy fluence modelling. Again, in MasterPlan™ v3.1 the New CC and Old CC
algorithms are named Enhanced CC and Classic CC respectively.
Practically, a too narrow voxel grid results in too long calculation time. Therefore the voxel
size in CC simulations is normally larger than for PB. The voxel size of the CC calculations in
this work is 3×3×3 mm3. The drawback is that too crude dose interpolations may reduce the
gain of details of the dose distribution. A higher dose resolution could have been chosen, but
to emulate the normal clinical situation the lower dose resolution (or larger voxel size) was
selected.
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3. MATERIALS AND METHODS
This study is divided into five sub-projects. Prior to any project a beam data commissioning
was performed (Appendix C) to check the present condition of the linear accelerator (linac).
The MasterPlan™ simulations were based on the data from this commissioning.
The linac used in this work is an Elekta Synergy SL04 at Mälar Hospital in Eskilstuna (MSE),
Sweden. The collimation of the photon beams on the linac is done by a multileaf collimator
(MLC) bank with backup collimator jaws. The MLC together with the backup collimator jaws
pair are oriented in the X direction with the collimator package and gantry in 0° angle.
Downstream of the MLC there is in the Y direction a standard jaw collimator pair as shown in
Figure 4.
source
[cm]

flattening
filter

15.7

monitor
chamber

37.3
42.6
50.9

MLC
X collimator
100
Y collimator

CAX

X
Y
Z
Isoplane

Figure 4 Geometrical layout of the linac treatment head including isocentric distance. All distances are in cm.

3.1. DETERMINATION OF THE X-RAY SOURCE SIZE AND SHAPE
The determination of source size and shape were done with three independent methods: fitting
of calculated dose profile calculated with pencil beam and collapsed cone simulations and two
focal spot camera measurements. To ensure that the source did not change between the
different occasions of measurement, the focal spot camera measurements were performed just
before and right after the water dose scans. This also gave an estimation of the variation in
source size and shape. All source measurements were done during the same evening (within 8
h) to minimize the temporal variations.
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3.1.1. Dose profiles under collimated edge
Normally the radiation data handling of MasterPlan™ for source size and shape determination
is performed based on measurements of the penumbra of the commissioned square fields. The
old MasterPlan™ algorithm used only the 10×10 cm2 field, whereas the new Enhanced
algorithm allows the user to choose any field for source size determination.
One way to estimate the source size is to look at the penumbra shape under a collimated field
edge. By fitting the source size and shape of a pencil-beam or collapsed cone simulation to the
measured water dose profile, an estimation of the source size can be made.
The profiles scans were performed with four different asymmetric field settings with one of
the collimators in centre position (on-axis) and the others set at the maximum open position
(20 cm off-axis). This gives four different geometries with the penumbra over the isocenter
(two X profiles and two Y profiles). To get an accurate penumbra measurement a detector
with a small effective volume is preferred. Therefore a stereotactic diode SFD (Scanditronix
Wellhöfer) with a highly doped p-type silicon chip with circular diameter 0.95 mm and 0.5
mm thick was used. The diameter of the active detector area is 0.6 mm, the thickness of the
active volume is 0.06 mm and the effective measurement point is located 0.5 ± 0.15 mm from
the detector’s distal end.
A drawback with the SFD is an over response to low-energy scattered photons due to the nonwater equivalence of the silicon chip. To examine this, a compact ionization chamber CC04
(Scanditronix Wellhöfer) with an active volume of 0.04 cm3 was used in one of the X and Y
geometries at two positions: 10 cm off-axis inside the dose plateau and 7 cm off-axis on the
dose tail. The outer diameter of the CC04 detector is 4.8 mm and the inner diameter is 4.0
mm. The central and outer electrodes are made of air equivalent Shonka (C-552), ρ = 1.7
g/cm3. The reference point is 2.3 mm from the distal end of the chamber thimble.
Recommended polarization potential is 300 V. The detector is fully guarded and ventilated.
Both detectors are used in a vertical position, parallel to the photon beam.
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3.1.2. Focal spot camera
To get an independent measurement of the source, a focal spot camera (or Lutz camera (Lutz
et al. 1988)), constructed by C Forsmark at Norrland University Hospital, was used (Figure
5). This particular camera is a laminated slit camera, made of two parts. Each part consists of
a grid made up of thin cardboard and lead sheets (0.25 mm) in altering layers and grid height
of 10.0 cm. One set of grids is then placed over the other one in such a way that the grids are
perpendicular to each other. The total height of the camera is 20 cm.

Figure 5 The Focal spot camera. Photo: Erica Lindblom

During measurements the focal spot camera is placed just above the exit window of the
treatment head with the gantry at 180° angle and collimators set to a nominal 5×5 cm2 field at
isodistance. Above the Lutz camera a 4×4 cm2 piece of GafChromic® EBT film (ISP Inc.)
was placed in a holder with 0.5 cm lead build-up and a plastic plate to keep the film in place.
The distance from the source to the film was 135.5 cm. Distance from the source to the
nearest part of the camera’s laminate grid was 58.8 cm and from the other end of the camera
to the film the distance was 56.7 cm. A sketch of the setup can be seen in Figure 6. To get an
equal possibility of photon transmission from every position of the source the Lutz camera is
set in a short translocational oscillation 45° to the grid structure. The oscillation was set to
approximately 1 Hz, not to rock the set-up out of position. The film was then irradiated with
about 13 000 MU giving a peak dose of about 4 Gy to the film, which is well in the calibrated
region of the film. Finally the film was scanned and calibrated into a dose image. For details
on film dose calibration see Appendix D.
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film holder
d

f
focal spot camera

gantry in 180°
Figure 6 Setup geometry for the focal spot camera measurements. f = 135.5 cm and d = 56.7 cm.

A MatLab software developed by K Wikström that iteratively calculates the most likely
source size from this dose image was used (Wikström 2006). The program assumes a 2DGaussian shape of the focal spot and convolves this with the theoretical PSF of the Lutz
camera. The PSF takes into account the different possibilities of primary photon transition
through the camera parts and the geometry of the measurement setup. The result of the
convolution is then compared to the dose image at five levels (50, 60, 70 and 90%) of the full
maximum. The Gaussian focal spot shape is then randomly changed and the result is again
compared to the image in a number of iterations with the best fit used as a starting point for
the next iteration. The program then calculates the FWHM of the source in X and Y direction.
Note that the FWHM is related to the diameter at 1/e of maximum Ø as given by the equation:
FWHM = ln 2 Ø.

(10)

3.2. INDEPENDENT COLLIMATOR SETTING VERIFICATION
In this thesis attempts to accurately estimate field sizes were made by measuring the energy
fluence behind a metal sheet in order to shorten the lateral electron transport distances and
with a short source to detector distance (SDD) to minimize the geometric penumbra part of
the field.

The dose at the central axis of smaller fields are more sensitive to uncertainties in the
positioning of both the collimator jaws and the MLC leaves than larger fields are. Mechanical
hysteresis and other positioning uncertainties can give variations from the nominal field size.
When field sizes decrease, small uncertainties in the positioning of the collimators and MLC
give larger relative field size errors. Therefore an attempt was made to measure the collimator
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and MLC settings as accurately as possible with film, independently of the linac’s internal
verification system. By doing this in sequence at the same occasion while keeping the same
setup for all measurements of any given field size the comparison becomes very robust.
A tray holder, normally used for lead blocks, was equipped with a specially designed plastic
tray (constructed by S Racki), illustrated in Figure 7. This gives a rigid setup for the film
exposure to be made as close to the source as possible and thus minimizing the geometrical
penumbra. The tray had a lead block (5mm thick, 10×10 cm2 area) attached to a smooth thin
(1mm thick, 10×10 cm2 area) steel plate attached on its top. This serves as a backup plate to
reduce the electron transport range from backscattered electrons. This could have been done
with tungsten, but due to the high price of tungsten this was omitted. On top of this steel plate
5×5 cm2 GafChromic® EBT film pieces were placed so that the field light was centered on the
film piece. The orientations of the film were marked to control film scanning polarization
effect later on.

Figure 7 Tray holder construction for film measurements of collimator spacing with a 5×5 cm2 GafChromic®
EBT on-top. The free plate in the pictures is the 2mm tungsten sheet. Photo: Erica Lindblom

Due to the lateral electron transport the film image of the field will be blurred and this makes
it difficult to measure the actual field size for the smallest beams. To reduce the electron
transport range, a 10×10 cm2 and 2 mm thick tungsten sheet (Edstraco AB) was placed on-top
of the film. This sharpens the film image and also eliminates electron contamination which
would otherwise blurr the film measurements.
Field sizes were estimated as the FWHM of the dose profile of the film in X and Y direction,
multiplied by a geometrical factor:
Fi = FWHM i ( Fset ) ⋅

f tray
f iso

(11)

where Fi is the calculated field side, FWHMi(Fset) is the FWHM of the film measurement for
the nominal field side, ftray = 60.0 cm is the target/source-film distance and fiso = 100.0 cm is
the isocentrical distance. The index i represents X and Y respectively. This method requires
that the film profiles show a saturated plateau to indicate that both charged particle
equilibrium (CPE) prevails and that the full source size can be viewed from the center of the
fields without any obstruction. Is this is not the case, FWHM can no longer be used to
experimentally determine the field width.
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3.3. SMALLEST THEORETICALLY USABLE SUBFIELD
To investigate the minimum size limit of narrow subfields in IMRT a MatLab program was
written to implement the theoretical framework described in section 2.1. The program creates
a beam modulation distribution at the isocenter plane composed of square field segments,
resembling a chessboard as in Figure 8. By convolving this distribution with the PSF from
equation (5) the resulting modulated dose distribution is created. The transfer of modulation
from beam modulation (“opening density”) to dose is then estimated as the ratio of the
amplitudes of the beam modulation and the dose distributions. By varying the size of the
subfields the modulation transfer is determined and consequently the smallest field size that
make sense to use for constructing IMRT fields.

Figure 8 Chessboard modulation distribution. Red
higher areas indicate full energy fluence, blue lower
areas indicate no energy fluence.

The program uses the source size results from the Focal spot camera measurements in
equation (1) and (2) and the Gaussian fit to equation (4). The parameters for equation (4) were
derived from the linac’s TPR20/10. The size of the subfields was varied from 2×2 to
0.2×0.2 cm2. From this a modulation transfer function (MTF) was constructed. The MTF was
also calculated for several source sizes and shapes to estimate the influence on the MTF by
the source.
3.4. VALIDATION OF ENERGY FLUENCE CALCULATIONS

3.4.1. Head Scatter Factors
The initial part of IMRT dose calculations is an energy fluence optimization. Therefore
validation of the energy fluence was done by measuring head scatter factors and comparing
this to simulated energy fluence calculations. The head scatter factor (or in-air output ratio) Sc
is defined as the ratio of primary collision water kerma in air per monitor units (MU) at
isocentric distance (100 cm) for a given field setting to that of a reference 10×10 cm2 field.
Head Scatter factors (Sc) were derived from measurements in air using the detectors CC04 and
SFD with respective tungsten buildup caps. The results were compared to simulations with
energy fluence calculation models used in treatment planning. Both detectors were used
parallel to beam axis. The detectors effective point of measurement were set to isocentric
distance (SDD = 100 cm). Square fields measured had nominal field sides 5.0, 3.0, 2.0, 1.5
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and 1.1 cm. Lower field sizes were not measured due to detector size limitations. All signals
were normalized to the signal of a 10×10 cm2 field for the same detector. The normalization
signal was collected just prior or after the small field measurements to minimize temperature
and pressure dependences and also to minimize variations in linac performances.
Before any head scatter factors or profile scans were performed, care was taken to locate the
“real” central axis (CAX) of the narrow beams for alignment of the detector. This can be done
by measuring dose profiles in one direction, then taking a new profile in the orthogonal
direction with an off-axis off-set at the dose max of the previous scan. By repeating this, a
good estimation can be made of where the actual center of the beam is. The OmniPro Accept
software on the other hand has an internal scan protocol for finding the CAX. This function
was used to find the CAX and correct the coordinate system of the scanning. Following cross
scans confirmed that the CAX protocol worked with good results. Visual checks of the
detector shadow from the field light were also done to further confirm that the whole detector
was within the beam.
All output measurements of small fields and reference fields were repeated 5 times with both
detectors. Film measurements of the fixed collimator settings were performed in between the
switching of detectors.

3.4.2. Build-up caps
To be able to measure as small fields in air as possible, and still be sure that the entire detector
with build-up cap is within the field limits, sufficiently small buildup caps had to be
constructed to reduce the overall size. Therefore build-up caps made of tungsten (Z=74,
ρ=19.3) were custom manufactured (Edstraco AB) for the CC04 and SFD detectors. If the
energy fluence varies too much over the sensitive detector volume CPE is lost and the signal
is no longer representative for the dose to the effective measurement point. To get enough
build-up and to filter out contaminating electrons the thickness of the caps in cm were
determined as approximately one-third of the nominal linac potential in MV (which is
approximately the mean photon energy) divided by the material density in g/cm3, as described
by the HELAX-TMS Treatment Unit Characterization manual. The caps were designed to be
used for both 6 and 15 MV beams, so in this case the thickness was
15MV 1 g
≈ 0.26 cm.
2
19.3 g cm3 3 (cm ⋅ MV )

(12)

3.4.3. Reference detector
Since the linac gives a pulsed dose rate the signal from the field detector is normally
synchronized to a reference detector placed near the edges of the photon beam above the
phantom when scanning profiles. This gives a more stable and reliable signal than not using a
reference detector, especially for a Step-by-step scan. In large fields photon fluence
perturbations by the attenuation and scattering from a reference chamber are very small and
can be neglected. However, for the small field sizes investigated in this study (less than 5×5
cm2) the reference detector shades a large part of the beam and the perturbation is no longer
negligible. To overcome this problem the linac’s built-in monitor chamber was used as
reference detector by reading the signal from the linac’s dose rate output board (DOSE A)
using a special circuit board constructed by B Blad in Lund, Sweden. Therefore the SFD
together with the reference chamber was used in a step-by-step mode.
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Unfortunately the electrometer used could not give separate polarization potential to the field
and reference detectors and the dose rate output board could not accept the 300 V used by the
CC04. So the CC04 had to be used without a reference detector in a slow continuous mode,
where the CC04 is moved continuously and the signal is measured during fixed time intervals.
This required longer scan time but still gave satisfying signal stability. This however makes
the CC04 profile scans more sensitive to doserate variations.
3.5. DOSE OUTPUT TO WATER
Square fields with field sides 5.0, 2.0, 1.5, 1.0, 0.8 and 0.5 cm were used and the dose
normalized to a 10×10 cm2 reference square field which was measured at several occasions.
Smaller field sizes were not measured due to detector size limits. Prior to the measurements,
as for the head scatter measurements, the OmniPro Accept CAX finding protocol was used to
find the centre of the beam for each detector. Film measurements of the collimator settings
were done in between switching of detectors.

Total output factors and dose profiles in X and Y directions were measured. Due to time
limits depth doses were not performed since small beam depth scans require extensive care of
central beam axis verification. A small off-set from the center of the beam may drastically
alter the measured depth dose.
All the measured values were then compared to pencil beam (PB) and collapsed cone (CC)
simulations in the MasterPlan™ system. The 3D dose grid of the PB and CC simulations was
set to default resolution, to emulate normal clinical settings. The PB dose grid was set to
1×1×1 mm3 while the CC dose grid was set to 3×3×3 mm3.

3.5.1. Total Output Factors
The total output factor Scp is defined as the ratio of dose in water per MU at SSD = 90 cm and
10 cm depth for the field of interest to that of a 10×10 cm2 reference field. All Scp
measurements of small fields and reference fields were repeated 5 times with both detectors.
Film measurements of the collimator settings were done in between the switching of the
detectors.

3.5.2. Profiles
The profile scans were repeated 4-6 times (depending on signal stability) going back and forth
to avoid scan directional effects. Averages of the scans were made. The profiles were
normalized to dose per monitor units (Gy/MU) by their respective Scp.
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4. RESULTS
4.1. SOURCE SIZE AND SHAPE
The resulting source size estimations can be seen in Table 1. For completeness the results are
given in both source diameters Ø and FWHM, with the relations given by equation (10).
Table 1 Estimated 2D-Gaussian distributed 6 MV source sizes given in diameters 1/e of
max (Ø) and FWHM for different modalities. PB and CC are results from beam
characterizations for the pencil beam and the collapsed cone algorithms, respectively.
“Before” and “after” indicate the time of the focal spot camera measurements compared
to the PB and CC source measurements (see method description “Determination of the Xray source size and shape”).

Modality

Source size in X ; Y
[cm ; cm]
FWHM
Ø
0.31 ; 0.31
0.26 ; 0.26
0.36 ; 0.36
0.30 ; 0.30
0.45 ; 0.25
0.37 ; 0.21
0.20 ; 0.20
0.17 ; 0.17
0.40 ; 0.40
0.33 ; 0.33
0.18 ; 0.11
0.15 ; 0.09

Lutz camera (before)
Lutz camera (after)
New PB
New CC
Old PB
Old CC

The simulated curves in X direction with the PB algorithms are compared to the
measurements in Figure 9 (see Figure 35 in Appendix B for similar scans in the Y direction).
As can be seen the SFD has an over response in the large field, due to an increase of lowenergy scattered photons. In Figure 10 the SFD profile has been normalized to the Scp value
for CC04 (red diamond) at 10 cm inside the asymmetric field (see Figure 36 in Appendix B
for similar renormalization in Y direction).
1.4

1.2

Output factor normalized dose

1

0.8

SFD
CC04
New PB
Old PB

0.6
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0
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Figure 9 Crossline dose profile of an asymmetrical 20×40 cm2 6 MV field with one collimator in zero position.
Note that the CC04 (ion chamber) is in good agreement with the PB calculations.
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Figure 10 Dose profile of an asymetrical 20×40 cm2 6 MV field. The diode scan (SFD) has been renormalized to
the ionization chamber measurement (CC04) 10 cm inside the field.

The results from the Lutz camera measurements before and after the water phantom
measurements indicate a circular FWHM source size of 0.26 and 0.30 cm respectively (Table
1). For the theoretical calculations a mean FWHM of 0.28 cm was therefore used for source
shape Gaussian distribution. Converting this to the 1/e standard the source size is Ø ≈ 0.34
cm.
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4.2. COLLIMATOR SETTINGS
The FWHM results from the film measurements of the collimator settings are shown in Figure
11 and Figure 12. Figure 37 to Figure 41 in Appendix B show results of the collimator setting
profiles in X direction for the “dose in water” fields. The results are also listed in Table 3 to
Table 6 in Appendix A. In the X direction care was taken not to measure between MLC
leaves where the interleaf leakage will broaden the field width. No field sizes over 3×3 cm2
were measured with film.

Measured F from film FWHM
[cm]

2.50

2.00

1.50

Water
Air
Unity line

1.00

0.50

0.00
0.0

0.5

1.0

1.5

2.0

2.5

Nominal field size F in X [cm]

Figure 11 Measured field sizes in the X direction (FX) compared to the nominal field sizes. Blue dots are for
field sizes measured from dose in water and red crosses are for field sizes measured from energy fluence in air.
Unity line indicates when the measured field side equals the nominal field side.

Measured F from film FWHM
[cm]

2.50
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Figure 12 Measured field sizes in the Y direction (FY) compared to the nominal field sizes. Blue dots are field
sizes measured from dose in water and red crosses are for field sizes measured in air. Unity line indicates when
the measured field side equals the nominal field side.
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The profiles in the X direction show a difference up to -0.2 cm in field width FX, see Table 3
and Table 5. For FX smaller than 1.5 cm the profiles do not really look saturated and so the
FWHM in the X direction might not be a good estimation of the field size for fields that small.
To evaluate this, energy fluence simulations with the New PB algorithm at 60 cm was
performed and compared to the film profiles. In Figure 37 to Figure 41 in Appendix B the
systematic -0.2 hypothesis was tested. The profiles in the Y direction have quite good
saturation almost down to the smallest field of 0.5×0.5 cm2 and film FWHM shows good
agreement with nominal FY. For convenience, the nominal square field sizes are further on in
this study considered to be -0.2 cm smaller in the X direction, i.e. the nominal 1.0 cm square
field sides (1.0×1.0 cm2) is in reality 0.8×1.0 cm2.

4.3. SMALLEST USABLE SUBFIELD
An example of chessboard energy fluence map can be seen in Figure 13. Using the mean
FWHM = 0.28 cm from the Lutz camera experiment (Table 1) and the linac’s collimatorsource distances fX = 37.3 cm and fY = 50.9 cm in equation (1) and (2), the geometrical
penumbra PSF was calculated to
⎛

x2

y2

⎞

⎟
−⎜
+
⎜ 0.2827 2 0.1622 2 ⎟
1
⎠
⎝
G ( x, y ) =
e
(0.2827 × 0.1622)π

(13)

where x and y are in cm. The resulting geometrical penumbra PSF is shown in Figure 14.
The electron transport parameterization (4) for TPR20/10 = 0,6852 (yielding az = 4.263 09 and
Az/az = 0.010 935 5 at depth z = 10 cm) was fitted using a series of three Gaussians, Figure 15.
The resulting normalized series is
p

ρ

(r ,10) fit =

0.02341 −(r 0.4926 )2
0.02968 −(r 0.1856 )2
0.01538 − (r 0.04178 )2
e
e
+
+
e
. (14)
0.4926 2 π
0.1856 2 π
0.04178 2 π

The PSF of the lateral electron transport can be seen in Figure 16.
Equation (13) and (14) were convolved and normalized to unity, and sequently convolved
with the chessboard modulation distribution. The resulting convolution of the geometrical
penumbra PSF, lateral electron transport fit PSF and energy fluence map for two different
subfield sizes can be seen in Figure 13. The modulation was calculated by comparing the
blurred dose profile of a ½-subfield-width from the centre of the resulting mapping to the
original chessboard fluence map, a selection of this can be seen in Figure 18.
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Figure 13 A chessboard modulation distribution made up of small 0.5 cm square subfields, red areas. Blue areas
have no photon fluence.

Figure 14 The geometrical penumbra PSF at the isoplane (d = 100 cm). The source size is (0.28, 0.28) cm
(FWHM). Note: The collimators are situated at different distances from the source (fX = 37.3 cm and fY = 50.9
cm), therefore the elliptical PSF shape.
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dose / incident energy [g-1]
Figure 15 Gaussian fit to lateral electron transport function (blue solid line). Red dashed line is a fit with a series
of three Gaussian functions.

Figure 16 The electron transport PSF for 6 MV.
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Normalized dose

Normalized dose

Figure 17 Normalized dose distribution from a chess board fluence map made up of small square subfields
convolved with geometrical penumbra and lateral electron transport functions. Left: 0.5×0.5 cm2 subfields.
Right: 0.3×0.3 cm2 subfields. Source size is 0.28, 0.28 cm (FWHM).

(b)

Normalized dose

Normalized dose

(a)

(c)

(d)

Figure 18 Red solid line: Crossline (X direction) profile ½-subfield-width from the centre of the dose
distribution from the 6 MV chessboard energy fluence map of subfield sizes (a) 2.0×2.0; (b) 1.0×1.0; (c) 0.5×0.5
and (d) 0.3×0.3 cm2. Blue dashed line represents an ideal dose distribution. Dotted lines indicate min and max
value at the centre part of the dose distribution.
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The modulation is displayed in Figure 19 as a modulation transfer function (MTF) of square
subfield sides per length, i.e. 1/F. The calculations are done with the circular 0.28 cm source
(FWHM) and additional source sizes from Table 1 to illustrate the MTF response to the
source size and shape. Additional calculations were done with extremely small circular source
sizes (0.05, 0.01 and 0.001 cm FWHM) in Figure 20 to illustrate where the electron transport
starts to dominate the MTF. The 0.01 and 0.001 cm (FWHM) sources gave same results in the
calculations and 0.001 cm is therefore excluded in the graph.

1
Source [cm]
0.75

0.17, 0.17

MTF

0.26, 0.26
0.5

0.28, 0.28
0.30, 0.30
0.37, 0.21

0.25

0
0

0.5

1

1.5

2

2.5

3

3.5

Field frequency [1/cm]

Figure 19 Modulation Transfer Function (MTF) of square fields per cm at isocenter. Sources are given in
FWHM and in directions X, Y.
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Figure 20 Modulation Transfer Function (MTF) of square fields per cm at isocenter, with calculations for
extremely small field sizes. Sources are given in FWHM and with same source distribution diameter in X and Y
directions.
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4.4. ENERGY FLUENCE

4.4.1. Head Scatter Factors
The results of Sc measurements and calculations are shown in Figure 21 and the values are
listed in Table 7 in Appendix A. The relative deviations in Sc for the simulations to the
detectors are included in Figure 42 in Appendix B. To validate the agreement in the measured
results, a comparison with the commissioning square field Head Scatter factors can be seen in
Figure 22. The -0.2 cm off-set in the field sides FX was included in the simulations.
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Figure 21 Head scatter factors Sc for small square fields. CC04 is a small ionization chamber and SFD is a
stereotactic diode. Error bars are given as 2 std.
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Figure 22 Head scatter factors Sc for small and large square fields. Error bars are given as 2 std.

To estimate how good the homogeneity of the energy fluence is within the detectors plus
build-up caps, a comparison of build-up cap and air cavity diameters vs. energy fluence was
made for the F = 2.0, 1.5 and 1.1 cm using the Enhanced energy fluence calculations, see
Figure 23 to Figure 25. In the graphs the measured air scans in the X direction with SFD and
CC04 have been included to give an indication of how sensitive the Sc measurements are to
positional uncertainties. All scans are normalized at the field centre to their respective Head
Scatter factor Sc shown in Table 7.
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Figure 23 Energy fluence crossline scan, normalized to Sc, for a 2.0 cm square field. Blue line is the New PB
energy fluence calculations. The green dots are the measured air scan with CC04 with tungsten build-up cap and
the purple line is the same for SFD. The dashed vertical lines illustrate the CC04 build-up cap diameter, 1.1 cm.
The dotted vertical lines show the diameter of the CC04 air cavity. The irregularities in the calculated profiles
are artefacts from the Enhanced fluence calculations in MasterPlan™ due to undersampling of the beam source.
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Figure 24 Energy fluence crossline scan, normalized to Sc, for a 1.5 cm square field. Blue line is the New PB
energy fluence calculations. The green dots are the measured air scan with CC04 with tungsten build-up cap and
the purple line is the same for SFD. The dashed vertical lines illustrate the CC04 build-up cap diameter, 1.1 cm.
The dotted vertical lines show the diameter of the CC04 air cavity.
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Figure 25 Energy fluence crossline scan, normalized to Sc, for a 1.1 cm square field. Blue line is the New PB
energy fluence calculations. The green dots are the measured air scan with CC04 with tungsten build-up cap and
the purple line is the same for SFD. The dashed vertical lines illustrate the CC04 build-up cap diameter, 1.1 cm.
The dotted vertical lines show the diameter of the CC04 air cavity. The irregularities in the calculated profiles
are artefacts from the Enhanced fluence calculations in MasterPlan™ due to undersampling of the beam source.

4.5. DOSE TO WATER

4.5.1. Total Output Factors
The total output factors Scp are plotted in Figure 26 and are also compared to the beam
commissioning results in Figure 27. Scp are also listed in Table 8 in Appendix A. All Scp are
normalized to a 10×10 cm2 field since this is the reference field normally used. However the
non water equivalence of the SFD can give a small over response in detector signal for the
larger 10×10 cm2 reference field due to an increased fluence of low-energy scattered photons.
This will happen because the energy absorption coefficient is higher for the diode’s silicon
chip compared to water for the low-energy photons (Westermark et al. 2000). This will result
in an underestimation of Scp for SFD when using 10×10 cm2 as a reference field. Haryanto et
al. (2002) instead uses a reference 5×5 cm2 field when measuring small fields.
Therefore in this work all the Scp were normalized to their respective 10×10 cm2 fields, but the
SFD output factor were renormalized in such a way that its Scp at 5×5 cm2 is set to equal that
of the Scp for the CC04 output factor at field size 5×5 cm2, se Figure 26. This renormalization
results in larger uncertainties of Scp for SFD than before, however the increase in uncertainties
is very small. Here one could have renormalized Scp for all detectors and simulations to their
5×5 cm2 fields, but it is more practical to use the same 10×10 cm2reference field for small and
larger subfields as is used clinically. The relative deviations in Scp for the simulations to the
detectors are included in Figure 43 in Appendix B.
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Figure 26 Total output factors Scp for small square fields. Error bars are given as 2 standard deviations. SFD is
renormalized, see the text above.

A comparison of Scp for the small detectors to Scp from the commissioning can be seen in
Figure 27.
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Figure 27 Output factors in water Scp for small and large square fields. Error bars are given as 2 standard
deviations.
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To evaluate how sensitive Scp is to variations of the source size and shape separate simulations
were made with the new PB algorithm. In Figure 28 to Figure 30 Scp is plotted for the new PB
simulations with different 2D-gaussian source sizes and shapes (range Ø = 0.2 – 0.4 cm in
both X and Y directions) for field sizes ranging from 0.3×0.5 to 1.8×2.0 cm2. The differences
in Scp of the whole set of source sizes for a fixed field size are listed in Table 2. The
differences are defined as the maximum difference of Scp for the given field size divided by
the mean of Scp for the same field size in percent.
Table 2 The maximum difference in total output factor Scp for a source size change from 0.2 to 0.4 cm of the
whole set of source sizes for a given field size. Data are normalized such that for a given field the deviation is
divided by the mean of Scp for the same field size and given as percent.
Field size X×Y
Max diff.
[cm×cm]
[%]
0.3x0.5
57
0.8x1.0
17
1.8x2.0
1
10.0x10.0
0

0.45

Output factor S cp

0.4

Source size
in Y

0.35
0.3

0.2 in Y

0.25

0.3 in Y

0.2

0.4 in Y

0.15
0.1
0.05
0
0.2

0.3

0.4

Source size in X

Figure 28 The total output factors Scp of a 0.3×0.5 cm2 field as functions of different shapes of a 2D-gaussian
source size. The source sizes are given as the diameter at 1/e-of-maximum Ø [cm] of the source distribution.
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Figure 29 The total output factors Scp of a 0.8×1.0 cm2 field as functions of different shapes of a 2D-gaussian
source size. The source sizes are given as the diameter at 1/e-of-maximum Ø [cm] of the source distribution.
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Figure 30 The total output factors Scp of a 1.8×2.0 cm2 field as functions of different shapes of a 2D-gaussian
source size. The source sizes are given as the diameter at 1/e-of-maximum Ø [cm] of the source distribution.

Note that changing the source size and shape, will also change the penumbra width. This has
not been included in this test but should be kept in mind.
To estimate when a lack of CPE at the central beam axis is expected for small (circular)
fields, a circular integration of equation (3) can be made. By defining CPE as the condition
when dose per incident energy fluence is 98% of the asymptotic value as in Figure 31, a
radius r(98%) is acquired. The CPE calculation is here simplified by using equation (4) since
we are only interested in the smallest fields. Using the method mentioned earlier by Nyholm
et al (2006), this results in r(98%) ≈ 0.92 cm, as can be seen from Figure 31. Using the
equivalent square field formula
a eq2 = π ⋅ r 2

(15)

this corresponds to square field side of aeq ≈ 1.63 cm. A question arises though if equation
(15) is valid for these small fields, but this analogy might give an idea of the effects of nonCPE for small square fields. Using an equation derived by Bjärngard and Siddon (1982) the
equivalent square field side is then given as
a eq =

π ⋅r

(

2 ln 1 + 2

)

(16)

which gives a similar result of aeq ≈ 1.64 cm. So, somewhere close to field size 1.6×1.6 cm2
CPE is lost at the centre of the field. If the secondary photons are taken into account in Figure
31 the smallest field size for CPE would increase a bit. Again, equation (15) and (16) require
homogenous fluence inside the field. However this test is only intended to give an order of
magnitude for the CPE limit of narrow square fields.
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Figure 31 Dose at centre of a circular 6 MV photon beam at 10 cm water depth as a function of beam radius.
The dashed line indicates at what radius CPE is established, defined as where the value reaches 98% of the
asymptotic value.
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4.5.2. Profiles
A selection of dose profiles can be seen in Figure 32 and Figure 33. The remaining graphs of
the complete set of dose profiles can be seen in Appendix B.
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Figure 32 Crossline (X) dose profile for 0.3×0.5 cm2 photon beam at 10 cm depth.
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Figure 33 Inline (Y) dose profile for 0.3×0.5 cm2 photon beam at 10 cm depth.
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5. DISCUSSION
Previous works have discussed the issues of narrow photon fields and made recommendations
on narrow field measurements and validation of IMRT plans. This thesis further focuses on
the independent clinical validation of source distribution, collimator settings, energy fluence
and dose distribution and also to establish practical guidelines for the choice of minimum
IMRT subfield sizes in the clinic.
The choice of changing detectors, while keeping the field setting fixed, removes uncertainties
in setup reproducibility. The strength in this procedure is that both detectors and the film
measure exactly the same field setting. Also by using the detectors immediately after each
other and doing regular reference field measurements minimizes linac performance variations
over time in the results. Therefore the variances in the results are low even for the narrowest
fields. However this two-detector-validation method is very time-consuming and probably not
practical in clinical work in its present form. Instead only one suitable detector could be used
in the clinical validation of narrow subfields. The method of using several detectors could
instead be used in an annual QC or to compare the performance of a new detector to a known
one. Other validation software, equipments as well as optimization of the validation
procedures, might reduce the required time to make this validation more convenient to use in
practice.
What is not included in this method is the effect of uncertainties in setup reproducibility and
calibration, e.g. in gantry and collimator head angles, collimator positioning and patient
movement during treatment. These uncertainties also have to be considered in the choice of
subfield sizes limits. However this validation method may be weighted into the final decision
of lower limits for subfields together with tests of the other factors.

5.1. SOURCE SIZE AND SHAPE
As can be seen from Table 1 the actual source size and shape were difficult to determine and
validate with high precision as it depends on which method is used to estimate it. For the Lutz
camera measurements the source even seems to change size over the same day (about 8 h).
Further measurements are needed to confirm this. Since the New PB and New CC use the
same energy fluence algorithm, the source should be identical. The 3 mm dose grid for the CC
calculations was probably too crude for field sizes this small, and probably resulted in a too
broad penumbra by the CC calculations. To compensate for this a narrower source diameter
was used manually for the New CC to fit the calculated penumbras to the measured
penumbras. A 1 mm dose grid should probably give more accurate source determination. This
should be further investigated.

The method of measuring profiles under collimated edge with large asymmetrical fields had a
drawback. The SFD is preferred to the CC04 for measuring the penumbra shape as shown by
Westermark et al. (2000). However the SFD (and other diodes, like the PFD3G) is
oversensitive to the lower energy scattered photons of the larger fields which affects both the
height of the measured plateau and the tail of the profile, as was seen by the CC04 point
checks in Figure 9. This overestimation may broaden the penumbra shape and therefore may
also broaden the estimated source size. The use of diodes for penumbra measurements should
therefore be confirmed with other water equivalent detectors (like the CC04) in points inside
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and outside the penumbra region, or be performed with diamond detectors or liquid ionization
chambers if available. Another method might be to reduce the asymmetrical field sizes to
reduce low-energy fluence for source size and shape determinations.
The simulations of Scp for different sources, as shown in Figure 28 to Figure 30, show that the
smaller subfields are more sensitive to uncertainties in collimator calibration and in the size
and shape of the source. The effect is largest in the direction of the collimator closest to the
target, which for this linac design it is in the X direction. Therefore determination and
validation of the source characteristics, as well as collimator calibration and reproducibility
uncertainties, become crucial for the smaller subfields the clinic choose to use for Step-andShoot IMRT.
Another criterion that should be taken into account for the choice of the smallest subfields is
the stabilization time for focal spot positioning of the linac. Sonke et al. (2003) have shown
that in the beginning of irradiation the focal spot can move, especially in the Y direction with
about 0.05 – 0.7 mm, depending on system and linac design. This movement of the focal spot
may affect the effective Scp and worsen the geometrical penumbra for the smallest subfields
delivered with just a few MU. This could become an issue if the Step-and-Shoot IMRT fields
consist of many small subfields with just a few MU. The source movement effect should also
be examined and taken into account in the choice of smallest subfield for the linacs in use.
The focal spot camera was fortunately available for this thesis and proved to be easy to use
after some tests. Once the GafChromic® EBT film was calibrated the camera was convenient
to handle. However, the noise level was quite high in the resulting film image. The Focal spot
software by Wickström is still in development but already has in its present state a very userfriendly graphical user interface (GUI) and the resulting source size agrees well with the
source sizes derived by the MasterPlan RDH processing. The Lutz camera together with a
further developed GUI could become a good independent verification tool of source size and
shape for clinical QC. Further investigations on the precision reliability of the focal spot
camera and evaluation tool is warranted.
Also, optimization of the dose image extracting procedures of the GafChromic® EBT film is
needed to further reduce the signal noise on all dose levels and still keeping the signal-to-dose
bit-range as wide as possible. Practical step-by-step instructions on calibration, scanning and
evaluation of small pieces of the EBT are warranted, in opposition to calibrating and using
large EBT arcs.
5.2. COLLIMATOR SETTINGS
The results from the film measurements of the field size raised a suspicion of a systematic
-0.2 cm off-set of the collimator settings in the X direction (FX). Figure 11 indicates however
that this off-set is smaller for the smaller fields, the 0.5×0.5 cm2 field even shows no off-set at
all (see also Table 5). However when doing simulations with the nominal field sizes (e.g.
0.5×0.5 cm2 etc.) this gave too high Scp and too broad profiles in the X direction compared to
the measured Scp and penumbras. As suspected the differences also got larger as the field sizes
decreased. Simulations with -0.2 cm off-set in FX gave much better agreements with
measurements. Whether this error was in just one of the X-collimators or a combined total
error from the collimator pairs is not known.
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The calibration of the collimators had been done with the Electronic Portal Imaging Device
(EPID) of SL04 using the software AutoCAL 2.0 (Scanditronix-Wellhöfer). The calibration
using the radiation field failed for some reason so the calibration had to be done using the
light fields of the linac instead. Verifications of the collimator calibration with the radiation
fields were within acceptance limits (0.2 cm) for conformal radiotherapy. This is probably the
origin of the -0.2 cm off-set in X. This indicates that a 0.2 cm tolerance of the collimator
settings is too large for IMRT, when small subfields are used.
Comparison of the film profiles and simulations of the energy fluence with the New PB
algorithm supports the finding of the -0.2 cm off-set in FX (see Figure 37 to Figure 41) and
also predicts the widening of the FWHM as CPE is lost. The simulations even indicate that
the fields might be narrower than the nominal side FX -0.2 cm, especially for the 0.5×0.5 cm2
field (Figure 37). This effect might be caused by a too large source size estimation in the New
PB simulation ((0.45, 0.25) cm) and also that the real source size of this linac is too large in X
direction for the smallest field. For the FWHM to work satisfactorily as a measure of field
size, two criteria have to be fulfilled at the position of the profile’s maximum value or plateau:
1) there must be CPE.
2) the whole source must be in full view (not blocked by collimators).
The first criterion is taken care of by the 2 mm tungsten sheet, since the highest energy
electrons (6 MeV) have a continuous-slowing-down range (CSDR) of about 2.2 mm in
tungsten (ICRU Report Nr. 37, 1984) and the majority of contaminating electrons have much
lower energies and thus shorter CSDR. The second criterion can be analyzed geometrically as
follows:
A requirement for the source to be considered “in full view” is that the source must not be collimated
inside it’s e-4 ≈ 1.8 % of maximum diameter (this equals γ = 2 in equation (6)), see Figure 34. Given
this: for a given collimator spacing F the largest tolerable source diameter Ømax is then
Ømax =

F ⋅d
.
2(d − f )

(17)

where d is the isocentric distance 100 cm and f is the source-collimator distance. The MLC of the SL04
is the secondary collimator situated closest to the source with its highest edge fmin = 29.8 cm from the
source and its lowest edge at fmax = 37.3 cm. For the MLC spacing of 0.3 cm (0.5 – 0.2 cm form the offset in the measurements) this gives an interval of source diameters Ømax = (0.3, 0.4) cm, which is a bit
too small considering the range of source sizes in Table 1. For MLC spacing larger or equal to 0.5 cm
all estimated source sizes in Table 1 are sufficiently small for this linac.
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Figure 34 For this linac the MLC spacing is most critical for small square fields.

With collimators further away from the target (larger f) and film measurements closer to the
target (smaller d) the evaluation collimation spacing with the tray holder construction (Figure
7) will work satisfactory for smaller field sizes and larger source sizes.
Finally, the -0.2 cm off-set in FX was corrected for when doing the simulations. This stresses
the importance of field size determination, reproducibility of collimator settings and
collimator calibration for the small subfields.

5.3. SMALLEST USABLE SUBFIELD
From Figure 19, given a criteria of MTF ≥ 0.5, the theoretically smallest square field size that
is usable is around 0.7×0.7 cm2 (1.43 cm-1) for this linac with circular source size Ø ≈ 0.34 cm
(0.28 cm FWHM). Subfields below this square size will probably not improve the treatment
objectives. The variation in the MTF depending on determined source size and shape can be
seen from the same graph. The two separate Lutz camera results indicate about the same
smallest field size, 0.7×0.7 cm2 using the same MTF limit. Using the source size of the New
PB the smallest square field became about 0.8×0.8 cm2 while using the New CC source gave
approximately 0.5×0.5 cm2. Note again that the New CC was probably simulated with too
crude dose grid. So from these results one can suspect that the lowest theoretical limit for the
SL04 is 0.7×0.7 cm2 for IMRT subfields. The MTF have to be separately calculated for the
linac in question with its specific characteristics (collimators, focal spot size etc.).

There are two vital factors in the results of this simple theoretical model. One is the
determination of the electron transport PSF, the other the geometrical penumbra PSF. Here
the electron transport PSF is simplified as only the primary part of equation (3), but this is not
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a too bad assumption since the scatter part is much smaller in magnitude for these small
fields.
The geometrical penumbra in this model is simplified to the lower edge of the collimators
only (i.e. a thin collimator approximation). In reality the collimation of the small fields is
made over the rounded MLC leaves in the X direction and on either the upper or the lower
edge of the collimator jaw the in the Y direction, depending on the position on the isoplane
profile. However by comparing Figure 14 and Figure 16 or equations (13) and (14), it can be
seen that the dominant factor is the geometrical penumbra PSF that depends on the collimator
design and the size and shape of the X-ray source. Considering the uncertainty of the source
size and its effect on Scp and penumbra width (as discussed earlier in Source size and shape)
this seems to be the most important factor for the choice of smallest subfield to be used
clinically.
If linacs in the future could be constructed with almost ideal point-source characteristics, then
the geometrical penumbra could be ignored. However, even if patient position issues could be
totally circumvented and the linac could have geometrical settings with extremely high
precision, the photons still need to have some energy to penetrate tissue and damage tumour
DNA. So the electron transport will always set the limits for the smallest usable subfields. The
calculations in Figure 20 with the very small sources indicate this limit to be about 0.4×0.4
cm2, which isn’t much smaller than the 0.7×0.7 cm2 limit indicated for the SL04. However
when the geometrical penumbra PSF becomes very narrow the results become sensitive to the
electron transport PSF simplifications. However, Figure 20 still shows the existence of an
absolute limit. If more detailed collimators or smaller source sizes are to be constructed, it is
recommended that this limit is evaluated with more advanced calculation models, like Monte
Carlo simulations. While the technology to reduce the source size is probably far-reached the
technology development should focus on to ensure that the source is well defined and stabile
for IMRT linacs.
5.4. ENERGY FLUENCE

5.4.1. Head Scatter Factors
The measured Sc in Figure 21 agree within 2.5% and 1.5% with the new energy fluence
algorithm for the CC04 and SFD respectively. The old energy fluence algorithm agrees within
5% for field sizes larger or equal to 1.5 cm, but for field sizes smaller than 1.5 cm the old
algorithm overestimates Sc by more than 10%. As mentioned earlier, the fluence calculation
of the Old PB algorithm is built on point source distribution and the finite source effect is later
included by the dose deposition kernel. This means that at the center of a field for the old
energy fluence algorithm the entire source is considered to be visible, while the fluence is
almost a straight line for all field sizes in Figure 21. In the new energy fluence algorithm the
finite source effect is taken into account explicitly by the energy fluence calculation.
The signal of the CC04 ionization chamber is proportional to the kerma in the tungsten buildup cap. Since the electron range is short in tungsten most electrons originates form the inner
part of the build-up cap. But variation in energy fluence over the build-up cap area, as seen in
Figure 23 to Figure 25, may lead to a volume effect that causes systematic uncertainties in the
CC04 signal readout, which may lead to false Sc values. The SFD diode measurement is a
mixture of ionizations from electrons originating both from the tungsten cap and inside the
silicon ship (and electrodes) but can still be affected by the lack of CPE from energy fluence
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inhomogeneity. How the energy fluence inhomogeneity inside the tungsten build-up cap
affects Sc could be further investigated by Monte Carlo simulations. However, such
calculations were not performed in this study and therefore the effect was not taken into
account.
The measured air scans in Figure 23 to Figure 25 are averages of just two scans back and
forth and consequently they might have limitations in statistics. However, they illustrate the
sensitivity of the positioning for each field size and detector type. The comparisons are shown
only in the X direction since it has broader penumbra than in the Y direction. The tweaks in
the calculated penumbras (Figure 23 to Figure 25) stem from discretization artefacts in
MasterPlan™.

5.4.2. Build-up caps
The use of high atomic number materials, such as tungsten, for build-up caps might be a
problem for high energies (e.g. 18 MV) and large fields (Weber et al. 1997). The mean energy
decreases more with increasing field size for high energies than for low energies due to the
larger difference in cross section between high energy primary photons and low energy
scattered photons. However in this work only narrow fields and low energies (6 MV) were
used. The thickness of the caps is also sufficient to shield out contaminating electrons, which
is the most important factor for build-up caps according to the same study (Weber et al.
1997).
5.5. DOSE TO WATER

5.5.1. Total Output Factors
As shown in a previous study (Sanchez-Doblado et al. 2003), the photon energy spectrum is
hardened slightly with increasing water depth. For small field sizes it is a softening of the
spectrum which increases with the off-axis distance. The change in electron spectra is small
for all various positions. So measurements of small fields are more sensitive to the detectors
response to changes in the photon energy spectrum than to changes in the mass stopping
power ratios. In this work only on-axis centered square fields are studied at SSD = 90 cm and
a water depth of 10 cm in water. However the effects of detector volume and lack of CPE
have to be taken into consideration.
As seen in Figure 26, the measured Scp start to diverge and the deviation becomes larger at
field sizes smaller than 2×2 cm2. To estimate what the actual Scp could be, one can look at the
different behaviours of CC04 and SFD in small fields.
For the smallest fields the SFD may overestimate the output factors for two reasons (Haryanto
et al. 2002):
1)
The materials surrounding the effective detector volume may reduce the
electron disequilibrium due to the materials higher lateral scattering and
density compared to water.
2)
The increase in mean secondary electron energy due to the decrease in CPE
increases mass collision stopping power ratio of water to silicon.
As mentioned earlier, the changes in photon and electron energy spectra are small at the
isocenter at 10 cm water depth when comparing small field sizes (Sanchez-Doblado et al.
2003), so the overestimation should be small.
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Some pinpoint ionization chambers have inner electrodes of higher atomic number materials
(steel, aluminum) which could give a similar problem with overestimation from absence of
CPE as for the SFD (Wu et al. 1993). The CC04 has outer and inner electrodes of C-552
which is close to air equivalence but has higher density than water. Still, the field size
dependence in the water to air stopping power ratio can increase uncertainties (about 1%) in
the chamber signal for small fields and large depths as shown by Andreo and Brahme (1986).
Only the small field condition is an issue here, since in this work only 10 cm water depth is
studied. Haryanto et al. have shown that larger air cavity gives less CPE and therefore lower
dose in the air cavity (Haryanto et al. 2002). Laub and Wong (2003) have shown that an
underestimation of Scp of small beams for ionization chambers is more due to the lateral
electron disequilibrium than of the volume effect. However in that work they were using an
ionization chamber with inner aluminum electrode.
Hence, the proper Scp is expected to lie somewhere between the CC04 and SFD values, but
probably closer to the SFD since it has a smaller detector volume. Using liquid ionization
chambers or diamond detectors would probably have given more accurate results, but they
were not available for this study.
The agreement in Scp between the MasterPlan™ v3.1 algorithms (New PB and New CC) and
the measurements in Figure 26 is good for all the small fields, less than 5% from the SFD for
field sizes larger than 0.5×0.5 cm2. The simulations are also closer to the smaller SFD than
the larger CC04 values. The old algorithms work well down to 2×2 cm2 field sizes, but start to
differ by more than 5 % at field sizes smaller than 1.5×1.5 cm2. However, it must be pointed
out that any calculation result depends strongly on the source size value.
Even though the dose voxels might be too large for the smaller field sizes, the New CC still
gives good agreement with the measured values. However as discussed earlier, the validation
of the source from a too crude dose grid becomes an issue. If really small subfields are to be
used, higher source matrix resolution and smaller dose voxels should be used to give better
agreement between simulations and measurements, to the cost of more calculation time.
From the PB calculations with different source sizes and shapes (Figure 28 to Figure 30) the
biggest differences can be seen by varying the X directional size of the source. Source
determination seems to become more and more an influencing factor for square field sizes
less than 2×2 cm2. The Lutz camera measurements indicate that the source size may even
change notably during the same day (0.31 to 0.36 cm within about 8 h) for the linac
investigated.
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5.5.2. Profiles
Normal penumbra comparisons with 20 – 80 % and 10 – 90 % can not be done for these small
fields since there is a lack of CPE at the dose max and for the smallest fields the source might
not be in full view even at the dose max. Therefore evaluation of the profiles was only
qualitative.
As can be seen from the profiles the New PB and New CC algorithms both agree quite well
with the measured profiles. The Old PB and Old CC algorithms have problems with
overestimating Scp for the smallest fields as discussed above. The measured Scp starts to
diverge between CC04 and SFD for the narrower fields, but the SFD profiles might be best
suited for comparison with the simulations as mentioned earlier. The CC04 broadens the
penumbra due to volume effect. Monte Carlo calculations of penumbras in water have shown
close agreements for measurements with diodes like SFD, and even better agreements for
liquid ionization chambers and micro scintillators (Westermark et al. 2000). Regrettably, the
last two detector types were not available for this work.
Due to the demanding computer calculations, one problem with the CC algorithms is again
the large dose voxels used to speed up simulations. These large interpolation distances give
too crude profiles for the smallest subfields. The New CC profiles are however in much better
agreement with the measurements than the Old CC.

5.6. MISCELLANEOUS
Due to unforeseeable delays in material acquisition only square fields were studied. A similar
study would be interesting to perform for thin elongated fields and various small irregular
fields as well. It is hard at this point to say which method would work best and maybe they
have to be studied separately. By keeping the geometries simple and studying small square
fields the comparison and evaluation will be more rigid than for irregular field shapes.

The photon energies of this linac were 6 and 15 MV, but only 6 MV was studied in this thesis.
For time restrictions the study was focused on 6 MV since it is is the common beam energy in
use for IMRT while 15 MV is rarely used in clinical applications. It might be interesting
though to study higher photon energies that may be appealing for treating more obese patients
which is becoming a growing part of the population. Studies of higher photon energies are
therefore also warranted.
A survey was sent out to 11 Swedish radio therapy clinics with questions about their use of
IMRT and settings for the smallest subfields (field segments), see Appendix E. Eight of the
clinics answered, out of which five clinics were using step-and-shoot IMRT. The rest were
using dynamic IMRT. The clinics used a variety of settings for the smallest field segments
used ranging from 7 cm2 down to 3 cm2 and the settings for making these segments differed,
like the minimum number of leaves used. Settings for square and elongated fields differed for
some clinics, as for example some used the same segment-area limit where others did not. On
the question on how small segments they would never use, the answer varied from 5 cm2 to 3
cm2, which for square fields equals F between 1.7 – 2.2 cm field sides that is larger than the
theoretical limit of 0.7 cm calculated in this thesis. Only one of the clinics was using 15 MV
photon beam for IMRT for some prostate patients.
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6. CONCLUSIONS
It has been shown in this thesis the importance of knowing how small subfields can be
confidently used in Step-and-Shoot IMRT. A simple mathematical model indicates that the
smallest theoretical subfield for 6 MV photon beams is about 0.7×0.7 cm2 for IMRT. Below
this size modulation of the dose distribution is probably not improved.
Care should be taken to determine the source size of the linac for IMRT as precisely as
possible and to determine the stability of the source. Uncertainties in source size and shape
can result in large variations of Scp and Sc for square field sizes below 2×2 cm2. Effects on Scp
and Sc from any variation in the source position in the beginning of the irradiation should be
further investigated, since many small subfields smaller than 2×2 cm2 are often delivered with
very few MU. The focal spot camera could become a good independent verification tool for
source size and shape determinations.
Care must also be taken for calibration of the collimator leaf positioning and performance
since the consistency of collimator positioning between the TPS and radiation delivery is of
outmost importance in small field dose delivery. Relative energy fluence measurements with
GafChromic® EBT film behind a tungsten sheet up close to the target is a good tool for
verifying the actual field size collimator setting when evaluating very small fields. However,
optimized film processing is needed for the GafChromic® EBT film to reduce noise and make
the field size evaluations more accurate and reliable.
The over response from diodes to low-energy photons should be evaluated with point
measurements inside and outside the field by a water equivalent detector when scanning
profiles of large fields for source size evaluation and commissioning. Diamond detectors or
liquid ionization chambers might be a better alternative for this process if available. If not,
diodes are to be preferred due to their small size. However, due to the their over response to
low-energy photons, 5×5 cm2 reference fields are to be preferred for output measurements
with diodes.
Calculated values of Sc with MasterPlan™ v3.1 for the Enhanced energy fluence algorithm
are in good agreement with the measured values (within 1.5 %) for field sizes down to 1.1 cm
nominal square fields. Narrower field sizes were not measured. The old algorithm is within
5% of the measured Sc for field sizes larger or equal to 1.5 cm.
For dose simulations in water with MasterPlan™, Scp and profiles show good agreement to
diode and pinpoint chamber measurements down to field sizes 1.5 – 2 cm. For smaller fields
the measurements start to diverge in Scp. However, due to its small active volume, the diode
gives results more in agreement with calculations. The Enhanced pencil beam and collapsed
cone algorithms show good agreement with the measurements down to 0.8 cm square fields.
For better verification measurements liquid ionization chambers or diamond detectors may be
preferred if fields smaller than 2×2 cm2 are to be used in IMRT. A satisfying dose grid size
for the source determination of the New CC (with respect to precision and required clinical
dose calculation time) should be further investigated.
In conclusion, subfield sizes smaller than 2×2 cm2 should be used with much caution and
great care should be taken to determine and validate the X-ray source, collimator performance
and used detectors. Individual tests should be made for every linac that is in use for IMRT.
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LIST OF SYMBOLS AND ACRONYMS
Az, az, Bz, and bz
a
b
CAX
CC
CPE
d
f
F
FWHM
g
MU
n
Ø
PB
PSF
r
RDH
Sc
Scp
SSD
std
TPR20/10
X
x
Y
y
z
γ
σ
Ψ

pencil beam fitting parameters
Gaussian spread parameter crossline
Gaussian spread parameter inline
Central beam axis
Collapsed cone
Charged particle equilibrium
Target-detector distance
Target-collimator distance
Field side of photon beam field
Full width at half maximum
Geometrical penumbra width
Monitor units
Parameterization size of source
Gaussian source diameter at 1/e level of maximum value
Pencil beam
Point spread function
cylindrical radius from the beam axis
Radiation Data Handling (Nucletron)
Head Scatter factor
Output factor in water
Source-Surface Distance
Standard deviation
Tissue phantom ratio
Crossline
Coordinate in crossline direction
Inline
Coordinate in inline direction
Water depth
2D-Gaussian spread function
Standard deviation
Photon energy fluence

New PB
Old PB
New CC
Old CC

Enhanced pencil beam algorithm in MasterPlan™ v3.1
Classical pencil beam algorithm in MasterPlan™ v3.0
Enhanced collapsed cone algorithm in MasterPlan™ v3.1
Classical collapsed cone algorithm in MasterPlan™ v3.0

B
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APPENDIX A: TABLES
COLLIMATOR SETTINGS

Measurements of collimator settings with 2 mm tungsten buildup on Gafchromic® EBT film
60 cm from the X-ray target.

Air
Table 3 Measured collimator settings for air measurements compare to nominal field size in X direction (FX).
This direction is collimated by both MLC and back-up collimator jaws. FWHM is measured not to lie in line
within interleaf leakage. The difference is defined as the calculated FX minus the nominal FX. Films were
measured at SDD = 60 cm.

Nominal FX
[cm]

Measured film
FWHM [cm]

Calculated FX
[cm]

Diff.
[cm]

3.0
2.0
1.5
1.1

1.68
1.07
0.79
0.56

2.8
1.8
1.3
0.9

-0.20
-0.22
-0.18
-0.17

Table 4 Measured collimator settings for air measurements compare to nominal field size in Y direction (FY).
This direction is collimated by a collimator jaw pair. The difference is defined as the calculated FY minus the
nominal FY. Films were measured at SDD = 60 cm.

Nominal FY
[cm]

Measured film
FWHM [cm]

Calculated FY
[cm]

Diff.
[cm]

3.0
2.0
1.5
1.1

1.81
1.19
0.89
0.65

3.0
2.0
1.5
1.1

0.02
-0.02
-0.02
-0.02

Water
Table 5 Measured collimator settings for water the measurements compare to nominal field size in X direction
(FX). This direction is collimated by both MLC and back-up collimator jaws. FWHM is measured not to lie in
line within interleaf leakage. The difference is defined as the calculated FX minus the nominal FX. Films were
measured at SDD = 60 cm.

Nominal FX
[cm]

Measured film
FWHM [cm]

Calculated FX
[cm]

Diff.
[cm]

2.0
1.5
1.0
0.8
0.5

1.07
0.774
0.51
0.40
0.31

1.78
1.29
0.85
0.67
0.52

-0.22
-0.21
-0.15
-0.13
0.02

Table 6 Measured collimator settings for water measurements compare to nominal field size in Y direction (FY).
This direction is collimated by a collimator jaw pair. The difference is defined as the calculated FY minus the
nominal FY. Films were measured at SDD = 60 cm.

Nominal FY
[cm]

Measured film
FWHM [cm]

Calculated FY
[cm]

Diff.
[cm]

2.0
1.5
1.0
0.8
0.5

1.19
0.90
0.60
0.48
0.30

1.98
1.50
1.00
0.80
0.50

-0.02
0.00
0.00
0.00
0.00
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ENERGY FLUENCE
Table 7 Head scatter factors Sc of small square fields with -0.2 cm off-set of nominal F in X direction. CC04 is a
small ion chamber and SFD is a stereotactic diode. Both detectors were used with tungsten build-up caps. PB is
Pencil Beam simulations with new and old energy fluence algorithms respectively. Uncertainties are given in 1
std.

Field side
F [cm]
5.0
3.0
2.0
1.5
1.1

Sc
CC04
0.9718 ± 0.0009
0.9563 ± 0.0011
0.9484 ± 0.0015
0.9130 ± 0.0015
0.8212 ± 0.0015

SFD
0.9745 ± 0.0017
0.9526 ± 0.0022
0.9408 ± 0.0008
0.9206 ± 0.0037
0.8352 ± 0.0040

New PB

Old PB

0.9707
0.9586
0.9534
0.9344
0.8277

0.9720
0.9600
0.9552
0.9534
0.9524

DOSE TO WATER
Table 8 Output factors Scp of small square fields with -0.2 cm off-set of nominal F in X direction. CC04 is a
small ion chamber and SFD is a stereotactic diode. PB is Pencil Beam and CC is Collapsed Cone simulations
with new and old energy fluence algorithms respectively.. Uncertainties are given in 1 std.

Field side
F [cm]
5.0
2.0
1.5
1.0
0.8
0.5

CC04
0.9014 ± 0.0003
0.7851 ± 0.0014
0.7138 ± 0.0010
0.5540 ± 0.0047
0.4253 ± 0.0021
0.2260 ± 0.0027

SFD
0.8799 ± 0.0015
0.7652 ± 0.0011
0.7120 ± 0.0010
0.5789 ± 0.0035
0.4677 ± 0.0018
0.2885 ± 0.0105

Scp
New PB
0.9013
0.8109
0.7518
0.5876
0.4639
0.2219

Old PB
0.9018
0.8235
0.7879
0.6826
0.5675
0.3075

New CC
0.9016
0.7989
0.7495
0.6023
0.4830
0.2570

Old CC
0.9025
0.7999
0.7615
0.7054
0.6457
0.3785
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APPENDIX B: GRAPHS
SOURCE SIZE AND SHAPE
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Figure 35 Inline (Y) dose profile of an asymmetrical 40×20 cm2 field with one collimator in zero position. Note
that the CC04 (ion chamber) is in good agreement with the PB calculations.
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Figure 36 Inline (Y) dose profile of an asymmetrical 40×20 cm2 field. The diode scan (SFD) has been
renormalized to the ionization chamber measurement (CC04) at 10 cm inside the field.
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COLLIMATOR SETTINGS

Norm. Energy fluence
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Figure 37 Crossline (X) energy fluence profiles from a collimator setting film measurement of a nominal
0.5×0.5 cm2 field used for the “Dose in water” measurements. The measurement was made 60.0 cm from the
source. The film profiles are compared to an energy fluence simulation at 60.0 cm from the source using the
New PB algorithm with field size 0.3×0.5 cm2, due to a collimator calibration off-set of -0.2 cm in X dirrection,
see section 4.2.
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Figure 38 Crossline (X) energy fluence profiles from a collimator setting film measurement of a nominal
0.8×0.8 field used for the “Dose in water” measurements. The measurement was made 60.0 cm from the source.
The film profiles are compared to an energy fluence simulation at 60.0 cm from the source using the New PB
algorithm with field size 0.6×0.8 cm2.
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Figure 39 Crossline (X) energy fluence profiles from a collimator setting film measurement of a nominal
1.0×1.0 cm2 field used for the “Dose in water” measurements. The measurement was made 60.0 cm from the
source. The film profiles are compared to an energy fluence simulation at 60.0 cm from the source using the
New PB algorithm with field size 0.8×1.0 cm2.
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Figure 40 Crossline (X) energy fluence profiles from a collimator setting film measurement of a nominal
1.5×1.5 cm2 field used for the “Dose in water” measurements. The measurement was made 60.0 cm from the
source. The film profiles are compared to an energy fluence simulation at 60.0 cm from the source using the
New PB algorithm with field size 1.3×1.5 cm2.
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Figure 41 Crossline (X) energy fluence profiles from a collimator setting film measurement of a nominal
2.0×2.0 cm2 field used for the “Dose in water” measurements. The measurement was made 60.0 cm from the
source. The film profiles are compared to an energy fluence simulation at 60.0 cm from the source using the
New PB algorithm with field size 1.8×2.0 cm2.

56

ENERGY FLUENCE
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Figure 42 Relative deviations in Sc for the PB algorithms to the measured values with detectors. Note: The
scales are different between the graphs.
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Figure 43 Relative deviations in Scp for various simulation algorithms to the measured values with detectors.
Note: The simulation results are very sensitive to source size determination results.

57

0.7

0.6

0.5

CC04
SFD (renorm)
New PB
Old PB
New CC
Old CC

Dose/100MU

0.4

0.3

0.2

0.1

0
-3

-2

-1

0

1

2

3

Crossline [cm]

Figure 44 Crossline (X) dose profile for 0.6×0.8 cm2 photon beam at 10 cm depth. The SFD (diode) is
renormalized to compensate for its over response to the scattered photons in the 10×10 cm2 reference field, see
section 4.5.1.
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Figure 45 Inline (Y) dose profile for 0.6×0.8 cm2 photon beam at 10 cm depth.
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Figure 46 Crossline (X) dose profile for 0.8×1.0 cm2 photon beam at 10 cm depth.
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Figure 47 Inline (Y) dose profile for 0.8×1.0 cm2 photon beam at 10 cm depth.
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Figure 48 Crossline (X) dose profile for 1.3×1.5 cm2 photon beam at 10 cm depth.
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Figure 49 Inline (Y) dose profile for 1.3×1.5 cm2 photon beam at 10 cm depth.
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Figure 50 Crossline (X) dose profile for 1.8×2.0 cm2 photon beam at 10 cm depth.
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Figure 51 Inline (Y) dose profile for 1.8×2.0 cm2 photon beam at 10 cm depth.
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Figure 52 Crossline (X) dose profile for 5.0×5.0 cm2 photon beam at 10 cm depth.
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Figure 53 Inline (Y) dose profile for 5.0×5.0 cm2 photon beam at 10 cm depth.
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APPENDIX C: COMMISSIONING
The MasterPlan™ simulations are based on the data from the commissioning of the linac
photon beams. To check the present condition of the linac, a new commissioning of photon
beam data was performed to be used as input for MasterPlan parameterizations. The
commissioning data was used in the Radiation Data Handling (RDH) to fit the
parameterizations of pencil beam and collapsed cone.
The commissioning was performed for 6 MV open photon beams according to the
MasterPlan™ Radiation Commissioning and QA manual. Water measurements were
performed in water phantom at SSD = 90 cm and isocenter at 10 cm water depth.
Central axis depth doses in water were measured for the field sizes 5×5, 10×10, 15×15 and
20×20 cm2 from 35.0 cm depth to 0.1 cm depth in steps of 0.1 cm. To avoid perturbation from
water surface tension effects the direction of the measurements of depth doses were
performed towards the surface. A compact ionization chamber CC04 (Scanditronix
Wellhöfer) with an active volume of 0.04 cm3 was used as detector. The outer diameter of the
active detector is 4.8 mm and the inner diameter is 4.0 mm. The central and outer electrodes
are made of Shonka (C-552) ρ = 1.7 g/cm3. The reference point is 2.3 mm from the distal end
of the chamber thimble. Recommended polarization potential / bias voltage is 300 V. The
detector is fully guarded and ventilated.
Profiles along X and Y axes were performed in water for the same field sizes at depths of 1.5,
5, 10 and 20 cm. Star profiles of a field at 40×40 cm2, which is MLC limit, were performed at
depth 10 cm crossing isocenter. The angle between scans was 10°, resulting in 21 scans. A
photon diode PFD3G (Scanditronix Wellhöfer) with a high doped p-type silicon chip, diameter
2.5 mm (side) and 0.5 mm (thickness) was used as detector. The diameter of the active area is
2 mm and the thickness of the active volume is 0.06 mm. The effective measurement point is
0.5 ± 0.15 mm from the detector’s distal end.
Measurements of output factors Scp at 10 cm depth in water were performed with a Farmer
chamber and head scatter factors Sc were performed using the same chamber with brass
buildup cap. The Framer chamber is an ionization chamber NE 2505/3 Farmer (Nuclear
Enterprises) with an active volume of 0.6 cm3 and graphite walls and aluminum central
electrode. The bias voltage was set to -200 V.
The electrometer used with the Farmer chamber was a PTW Unidos (PTW) and the
electrometer used with the CC04 and PFD3G detectors was a CU 500E (ScanditronixWellhöfer). This electrometer also acts as the servo control unit for the water phantom,
BluePhantom (Scanditronix-Wellhöfer).
All profile scans were done using OmniPro™ Accept 6.5 A (Scanditronix-Wellhöfer). Scan
data was converted to Nucletron standard (Oncentra DCM) using the OmniPro™ Accept
RTPS interface.
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APPENDIX D: FILM CALIBRATION
Independent measurements of collimator spacing and slit camera evaluations of source size
and shape were done using GafChromic® EBT film (ISP Inc.). The film reacts to ionization
through polymerization that changes the optical density of the film. It is almost water
equivalent with the atomic number Zeff = 6.98 compared to water (Zeff = 7.42), and therefore
photon energy independent (Chiu-Tsao et al. 2005).
EBT has absorption spectra that changes with wavelength used in scanning. The major
absorption peak around 635 nm (red color) has shown no change with dose deposed of the
film (Devic et al. 2007). Therefore the red channel of the scanned image is used for
measuring the deposited dose.
Apart from knowing the X and Y directions of the scanned image, all film pieces (both for
calibration and measurements) were marked for orientation since the EBT suffers from a
polarization effect. Ignoring this effect might cause significant variations in the signal output
ADC when scanning the film, especially for lower doses (Butson et al. 2006). This could
otherwise cause large errors in FWHM determinations.
After irradiation the polymerization reaction will continue to darken the film for some time.
To improve stability of the film evaluation the film pieces were scanned at least 6 h after
exposure to let the post-irradiation coloration effect to saturate as recommended (Cheung et
al. 2005). The films were stored and archived at room temperature inside a thick cardboard
box not to expose the film to unnecessary light and to avoid finger print artifacts, cotton
gloves were always used while handling the film.
The GafChromic® EBT film was calibrated by exposing 5×5 cm2 pieces of film to doses
ranging from 0 to 8.25 Gy. The films were placed in a polystyrene phantom at isocenter
distance SDD = 100 and with 5 cm polystyrene buildup. SSD = 95 was measured with the
linac’s mechanical distance meter. The films were exposed one at a time centered in a 10×10
cm2 6 MV open photon field.
To check the validity of the film calibration chain the same calibration exposures were later
repeated. Exposures of 1.50, 4.50 and 7.50 Gy were repeated 5 times to evaluate the variance
of dose response of the film. A flat bed EPSON Expression 1680 Pro (serial nr. 014573) was
used for the scanning of the film pieces.
The scanning was performed using EPSON-TWAIN software with a scanning resolution set
to 600 pixels per inch and 16 bit RGB. The EPSON-TWAIN’s automatic image processing
was deactivated in order to maintain the linearity of the calibration. A manual setting of
exposure, gamma curve, highlight and shadow levels was done to have the scanner-signal-todose response of the film as linear as possible and to get a wider image gray scale range for
the signals of the calibration. Identical scanner setting was then used for all further film scans.
The images were then exported to PhotoShop™ CS (Adobe), saved as tiff-files and the red
channel of the tiff-files was imported to the scanning program of OmniPro I’mRT
(Scanditronix Wellhöfer). There the images where used to make a signal-to-dose calibration
curve for further use o fGafChromic® EBT.
The resulting calibration verification can be seen in Figure 54. The larger variance at mid
dose (≈ 4 Gy) may lead to higher noise level than at the lower doses.
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Figure 54 Check of reproducibility and variance of dose read out of GafChromic® EBT. Red crosses are average
of 5 measurements, error bars are 3 standard deviations.
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APPENDIX E: SURVEY QUESTIONS
1)

What treatment planning system do you use for IMRT?

2)

What linac brand and photon energy do you use for IMRT?

3)

Does your MLC have backup collimators?

4)

What is the projected width at isocenter of your MLC leaves? (e.g., 1 cm)

5)

What are the treatments where you use IMRT? (e.g., head&neck, prostate, etc.)

6)

Do you have a standard number of gantry angles you use? If so, how many?

7) Do you ever change the "smallest field/segment" in the treatment planning system
setting or do you always use a default setting?
8)

Does this setting differ for small square and small rectangular/elongated shaped fields?

9)

How small segments would you never use?
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