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جة مذ طريقة ن ي ب ة مونت م حن ول رل ت كا ة فوتونا طاق ف 6 ال ي اليكتا لمسرع .م ط خ ق ال دقي طرابلس بمركز ال

-ولبز بمحم برمجيتي باستخدام الطبي

ي كريمة ر صديق *،الجدوعي توفيق ، *س وقريزر ال أي

سم “ل  ليبيا — طرابلس ،طرابئس جامعة ،الهندسة كنية ،النهموية الهندسة ق

سم —2 .تيبيا-طرايثس ،الطبي طرابلس مركز ،العالجية األشعة ق

صة خال

للطاقة الفوتونبة الحزمة لثمذجة (Dosexyznrc) لوز و (Beamnrc) بيم برمجيتا وتحديدا كارلو موتتي طريقة ستخدمت

تمتالطبي طرابئس بمركز الدقيق الخطي انيكتا مسرع بواسطة ألمنتجة نتائجه وأستخدمت ،بيم برمجية بواسطة ألمسرع رإس تصذجة .

ز لمرمجية كدخل ب  الطاقة باستخدام اننمذجة عطية بدأت .الحزمة ومقاطع الصق في كدالة المنوية الجرعة نمذجة في استعمئت التي ل

م0x10 القياسي المجال وحجم ،المصنعة ائشركة بها نوبتنا التي النمطية س  وتمت .سم 100 القياس وسطح المصدر بين والمسافة ؛ا

ت مع اتنمذجة نتائج مقارنة ة القياسا مي س إلئنماع سم 0.35 والقيمة ،النمطية للطاقة ف م 6 القيمة أن على النتائج دلت .ا  انكثي ل

 6 الطاقة عند جرعة أقصى عمق أن ووجد .النمذجة في نإلستخدام المتغيرات لهذه المثلى القيم هي (FWHM) القمة منتصف عند

ف  بقيمة مجال لحجم % 3-0,5 مابين عمليا وانمقاسة المحسوبة القيم بين النسبية تئفروقات المئوية النسبة تراوحت .سم .ل5 هو •م

ك ةسمX 10 ل0 ص و الجرعات لحساب اعتماده بعد كارلو مونتي نموذج أستخدم .سم 20 تجاوزت التي أألعماق عند %8 قيمة إلى ب

كارلولحساب مونتي نموذج وأستخدم .2؛ww25x25 و 2̂w3x3 مابين تراوحت مجاالت لحجوم الحزمة ومقاطع العمق في كدابة اتمنوية

ج عامل م ن سبية اممروقات وترإوحت عمئيا اتمقاسة القيم مع جيد تطابق في أنه لوجد ا صة الن اثمقاسة يجتيم المحسوبة القيم بين الم

.%4"ا مابين عمثيا

Abstract

The 6MV ٠٨^٢١٦  beam produced by the Elekta Preeise Linear aeeelerator of Tripoli Medical Center 
(TMC) was modeled using Beamnrc and Dosexyznrc Monte Carlo codes. ٢١٦^ Beamnrc code was used to 
model the acc^erator head and generate pha'se space files. The phase space files were then used as input 
to the Dosexyznrc code to simulate percentage depth doses and beam profiles. Simulations were first 
started using the nominal energy prodded by the vendor, a standard field size of 10x10cm and Source to 
surface distance (SSD) of 100 cm. Simulations were compared with experimental data and energy tuning



procedures آ ا'ا ا ا ' applied to ا؛ل؛اأآ ا;ا ' the ا)د“ا أ ا ا - Energy إلاا؛سما procedures indicated اا؛اآل the nominal 
energy of 6 M ¥  and a FW HM- of the Gaussian distributions ofthe source- of 0.35 cm were the optimal 
energy and FW HM  for the model. The depth of maximum dose at 6 M V  was found to be 1.5cm. The 
percentage relative differences between calculated and experimental ا ا)1)ة أ ا ) ranged from 0.5% to 3% for 
field size of IOxl0cm and reached a value of 8% at depths greater than 20cm. The model was later used 
to calculate !’  and beam profiles and output factors for different field sizes ranging from 3x3cm to (<؛)(!(،
25x25cm . Calculated output factors were in good agreement with experimental values (the percentage 
relative differences ranged from ١% to 4%).

1-Introduction

External beam radiotherapy (EBRT) is a major treatment modality in radiation therapy. It uses 
ionizing radiation sources outside a patient's body to treat (mostly) malignant conditions in the 
body. Fhotons in the energy range of 6 -25 MV produced by medical linear accelerators are used 
the most !٨ EBRT [1-3]. An important component in the treatment planning process is the 
accurate calculation of dose distribution, as inaccuracies in radiation dosimetry may result in the 
failure to control a tumor or unwanted complications [4], Clinical Radiation dosimetry is usually 
carried out using ionization chambers and water phantoms and performed according to 
international dosimetry protocols. Most of the difficulties associated with experimental 
dosimetry arise from the need of using a physical radiation detector. Monte Carlo (MC) 
calculations offer means of improved accuracy, especially where measurement is difficult or not 
possible [5,6]. The basic MC algorithm simulates the physical processes governing the 
interactions of ionizing particle with matter and the energy transfer to matter at each interaction 
event. MC simulation requires extensive validation and benchmarking against measured data for 
a range of ionizing particles and energies. When the basic algorithm is validated it can, in 
principle, be used for other cases within the tested energy range [?]. Accurate dose calculation by 
the MC method requires accurate chaacterization of the radiation source [5-6]. Detailed 
information on MC calculations of photon beams can be found elsewhere [8مل The output factor 
(OF) is defined as the ratio ofthe absorbed dose in water at depth of dose maximum (dmax) on the 
central axis of the beam for the field of interest to the reference field for the same number of 
monitor unit [2,3]. Output factors for high energy photon beams in radiotherapy are normally 
measured according to the international dosimetry protocols. These protocols are based on 
ionization chamber dosimetry and are accepted to be valid for most types of clinical photon 
beams [2]. Measurement of output factors for small field size used in clinical practice is faced 
with practical difficulties. Small fields often do not exhibit a flat dose distribution near the 
central axis and, therefore, dose measurements with a detector of finite lateral dimensions will 
always yield an average dose that is too low compared to the dose at the central axis. Hence, the 
true dose is underestimated [6].

In this paper, the MC model of the 6 MV photon beam produced by the Eleketa Frcise linear 
accelerator of Tripoli Medical Center using Beamnrc/Doscxyxnrc MC codes is presented along 
with the use ofthe energy tunning procedure to validate it. The use of the validated model to 
calculate percentage depth doses, beam profiles and output factors for different field sizes is also 
presented.



2 - M a t e r i a l s  a n d  M e t h o d s

2-1 Elekta Precise  L inear Accelerator
The linear a e c ^ r a t o r  (L nac) o؛ f  Tripoli medical center, is an Elekta ?recipe model (Elekta, 
Craw ly ,UK ). The treatment System is a gantry-mounted electron linear accelerator for radiation 
therapy. This machine is used to deliver accurately controlled beams o f  X-rays and electrons for 
conventional and advanced r^ io th e ra p y  t ^ h n i ؟ ues. The Elekta linac can work  in two modes: 
electron beam mode and photon beam mode. Details o f  this accelerator can be found elsewhere
٣٦٠

2-2 B E A M nrc and D O SE X Y Z nrc codes
BeamnrcflO] is a user code o f  the general purpose Monte Carlo code EGSnrc. It is used to 

model radiotherapy sources. The code was developed as part o f th e  O M EG A  project to develop
3-D treatment p lanning for radiotherapy. The BEAM nrc code has been designed to simulate 
radiation beams from any r^ io th e ra p y  source, including low -energy x-rays, Co-60 units, and 
both photon and ^ec tro n  beams from a w ide variety o f  accelerators. D OSX YZnrc[ l  1] is another 
EGSnrc user code, which is used for three-dimensional absorbed dose calculations. It simulates 
the transport o f  photons and electrons in a Cartesian volume and scores the energy deposition in
the designated voxels.

2-3 W ater phantom  ^ a s u r e m e n t s

]'he m ^ u r e m e n t s  were carried out on the Elekta linac o f  Tripoli medical center for field sizes 
ranging from (3x3cm2) to (25x25  cm2) using water phantom and Farmer ionization chambers. 
Two sets o f  ionization measurements namely: a c ^ t r a l -a x i s  dep th-dose ionization scan and dose- 
profile scans at different depths were performed on the 6 MV  photon beam. The output factor tor 
each field size was calculated.

2-4 M C  M ode l using Beam /D osexyznrc
The Beamnrc code was used to develop  a model for the head o f th e  acc^erator. The first step in 
the simulation was specifying the accelerator Component Modules (CM). Figure I shows these 
component modules. The CM s were specified as (target -  primary collimator -  flatting filter -  
ionization chamber — mirror -  jaws) .  The linac photon target was modeled with the SLABS CM . 
f a t t e n in g  filter was modeled by the FLATF1LT  CM . The M IRROR  CM  was used to model the 
mirror in the linac head and the upper jaw s were modeled by the ،JAWS CM . Each CM  was 
named with different name and all the materials and dimensions were loaded in the input file. 
When all CM s were specified, the Beamnrc was run to build the accelerator. The main input 
parameters o f th e  Beamnrc code are number o f  histories (20x1 o6 for small field sizes to 10x10^

0.1 - or large fields sizes), the cutoff energy for electrons and photons (Ecut -0 .7  MeV  and Pcut؛'
MeV  respectively) and the source number (Source no. ا و , parallel beam with 2D Gaussian X-Y 
distribution was used in this study). Phase space files were g y r a t e d  using Beamnrc and used as 
input files by the Dosexyznrc to calculate central axis depth dose and o ff  axis doses (beam 
profiles). Volumetric cells (voxels) were defined in Dosexyz. Figure 2a and b shows a schematic 
diagram o f th e  geometry used in the z  scan to calculate depth doses and the X scan to calculate
beam profiles.
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figure 2. A schematic diagram of the geometry used ؛٨  the z  scan (a) to calculate depth doses 
and the X scan (b) to calculate beam profiles[! I].

2-5 Energy Tunning Procedure

Seuntjen and Verhagon[8] described the energy tunning procedure that is used to validate the 
MC model. It is based on varying the primary electron energy (starting with nominal energy) of a
mono-energetic electron pencil beam for a 1 ه ح ١٠  cm field to match the measured depth dose
in a phantom and a good match is achieved when dose differences at depths exceeding ،/max are 
within 2%. Then the radial width of a Gaussian electron beam is varied to match measured dose



profiles in air or at a shallow depth in a phantom for a large field. The match between caleulated 
and measnred depth doses is re-verified. If changes to the primary energy are required at this 
stage, the whole procedure has to repeated. It should be noted that verifying geometries, 
materials and density, in partieular ofthe flattening filter and primary collimator are not part of 
the matching procedure. Such data should be taken directly from manufacturers or from 
mechanical or attenuation measurements[8]. Almberg et al[12] suggested similar procedure with 
the exception of using small field size, e.g. 5 x 5  cm .

-Results and Discussion

3-lEnergy tuning procedure and validation of the mod،؛l

Beamnrc code was used to obtain the phase space file at the specific scoring plane - water 
phantom surface in the case of this study. The simulation started using the nominal energy for 
the reference field size (10x10cm ) at SSD of 100 cm. The phase space file was used as input to 
the Dosexyznrc code. Dosexyznrc was run to calculate the percentage depth dose (?٥ ٥ ) and the 
beam profile. Figure 3 shows a comparison of experimental and calculated PDD at 6 MV for 10 
X 10cm photon beam and the relative differences as a function of depth.
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Figure. 3 a- Comparison of Experimental and c^culated PDD at 6M V ٢٠٢ a field size of ١٠ X 10 cm2 and 
SSD of lOOern. b- relative differenees between the calculated and experimental PDD.

The calculated and ex^rimental PDD were very close to each other, the relative difference 
varied from 1% at depths close to z max to less than 5% at depths greater than 20 cm. However, 
relative values of 2% or less at such depths have to be achieved to accept the model [8]م Hence 
energy tuning procedure had to be applied. Three other runs were carried out on the Beamnrc 
code using the same conditions as in the 6 MV run but at three different energies, namely: 6.1 
MV6.2 ؛ MV and 6.3 MV. Figure 6 shows calculated depth doses at different energies and 
measured depth dose at 6 MV. As can be seen, PDD(s) for the 6 MV run were the closest to the



experimental PDD(s). The largest differences were noticed in the case of 6.3 MV run, where 
relative differences of up to 20% were noticed.
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Figure 4: Comparison of Experimental and calculated PDD9s) for 6.1, 6.2 and 6.3 MV photon
beams.

The PDD(s) values for the 6 MV run were more stable (i.e followed a similar trend -  decreasing 
with depth with almost no fluctuations) than those of the other runs. PDD(s) for the 6.3 MV 
were more fluctuating than those of the other runs. The aforementioned results led to a 
conclusion that the 6MV run was the best and the closest to the experimental results among the 
other runs. However, since a somewhat large relative differences were noticed at depths of 
around 20 cm, the model had still to be improved. As such, the second step in the energy tuninng 
procedure had to be applied. This second step, represents, the variation ofthe radial width of the 
Gaussian electron beam (FWHM) to achieve a good match between experimental and calculated 
beam profiles and to avoid the confounding influence ofphantom scatter at greater depths [8].

Figures 5 a and b show calculated beam Profiles for the 6.0 MV photon beam at different values 
ofthe FWHM. The experimental beam profile is also displayed with them for comparison. As 
can be noted, the closest calculated beam profile to the experimental one, especially in the 
penumbra region was achieved when a value of 0.35 cm was assigned to the FWHM. The 
maximum difference was less than 4% in the central region, 12% in the penumbra region and 
19% in the umbra region. The other calculated beam profiles (FWHM= 0.2, 0.25 and 0.4) 
showed greater deviations (up to 30% in the penumbra region) from the experimental beam 
profile.

م
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F iguer 5a: Comparison o f  calculated and measured beam profiles for 6M V  and 10x1 Ocm at two 
different FW HM  o f th e  source (0.2 cm and 0.25cm).
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Figure 5b: c a p a r i s o n  o f  calculated and measured beam profiles for 6. MV  and 10x10cm for 
two different values o f th e  FW HM  o f th e  source (0.35cm and 0.4cm)

The last step in the energy tuning procedure was recalculating the PDD using the op timum (best) 
value o f  the FW HM  to assure that the PDD values had not changed. Figures 6 a and b show  a 
comparison o f  calculated and measured PDD at 6 MV  and the percentage relative differences as 
a function o f  depth. The ^ r c e n ta g e  relative differences were in the range o f  0.5%  to 3%  up to 
dep ths o f  26  cm. This result was the best result that could be achieved and the recommended 
values for the discrepancy [8] were eventually achieved. Hence, the model was validated. This 
result also indicated that the depth o f  max imum dose (Zmax) was 1.5 cm, which was w ithin the 
expected value (1.5±0.2 cm )، Figure 7 a and b shows the beam profile when a value o f  0.35 
(best obtained value) was assigned for the FW HM  o f th e  Gaussian distribution o f th e  o u r c e  and 
the percentage relative differences.
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Figure 7: a- Comparison o f  calculate and measured Beam Profile curves for 6. M V  and 

lOxlOcm^ (FW H M  =0.35cm). b- Relative differences.

When the results of the energy tuning procedure were compared with results obtained by 
Almberg et al [13], there were noticeable differences in the energy of the photon beam and the 
value ofthe standard deviation ofthe FWHM. They reported values ،١(' 6 ه. و  MV for the energy 
and 0.25 mm (in plane) and 1 mm (cross plane) for the standard deviation of the Gaussian 
distribution, compared with 6 MV for the energy and 1.48 mm (cross plane) for the standard 
deviation ofthe FWHM in this study. It should be noted that the accelerator involved in Almberg 
et al[13] study was ؛ل١٦ ااا'ا'ا<آ؛ا  Synergy ؛،nd the one reported in this study was Elekta Precise. 
They also used different ال؛تاآا  size to calculate these parameters. They use a field size of 5 X 5 
cm2 compared to a field size of 10 X 10 cm2 in this study.

3.2 Percentage depth doses and beam profiles for different field sizes

Once the model has been validated, the main parameters (energy and FW H M ) could be used to 

calculate any other parameters at different field sizes. Hence, the model w^s used to calculate 

PDD(s) and beam profiles for different field sizes, from small fields (3x3 cm2 ) up to large fields 

o f (25x25cm ). Figures 8 a and b, figures 9 a and b and figure 10 a and b show the PDD(s) and 

the relative differences as a function o f depth for field sizes 5x5 cm2, 15x15cm2, and 25x25 cm2 

respectively.
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As can be noted, there were good agreement between MC calculated and experimental FDD(s). 
The depths of maximum doses were within the expected value of 1.5±0.2 cm. Small relative 
difference of less than 1% were noticed at depths close to z max, such value agreed well with 
those reported in the literatures ا ت أ8.ا . Discrepancies between MC calculated and experimental 
PDD(s) increased with depths for all field sizes, somewhat large discrepancies of up to 8% were 
noticed at depths greater than 20 cm in PDD(s) of large field sizes (25x25cm ). The high values



of discrepancies, especially at large field sizes are attributed to the effect of scattering, where its 
effect is exacerbated at such fields. Beam Profiles for field sizes of 5x5 cm2, 15x15 cm and 
25x25 cm were also calculated and compared to experimental field sizes. Figures 11-a and b, 
figure 12-a and b and figure 13 a and b show a comparison of calculated and measured beam 
profiles and the relative differences for field sizes of 3x3 cm , 5x5 cm , 15x15 cm and 25x25 
cm respectively. Table 1 lists the relative differences in the beam profiles in the three regions 
(central region, penumbra and umbra).
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Figure 11: a- Beam Profile curve of 6 MV and FS (5x5cm2) normalized to z max. b- The realtive 
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Table ]- Percentage relative difference in the central, penumbra and umbra regions ص beam profiles at 
field sizes of 5x5cm ,̂ 15xl5cm^ and 25x25cm

Field size
% Relative difference in the

Central region Penumbra region Out of beam edge region

5x5 €١١١؛ 0.5-2.5% 14-17% >?٨%

15x15cm2 0.1 -3% 15-32% >27%
25x25cm2 .02- 5% 13-31% >30%
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Venselaar [12] recommended different criteria for the acceptance of calculation results in the 
water phantom. ٦٦١٠١٢ proposed values of tolerances for beam profiles are as follow:- 2% for 
central region; ١٥% for Fenumbra region and 30% outside beam edge. From the listed results in 
table 1, it can be noticed that, a good match between calculated and measured beam profiles was 
achieved. The exception was the 25x25cm beam profile, the large relative differences between 
calculated and measured beam profiles for this field size could be attributed to insufficient 
number of histories used in the run (inaccuracy of 2% was the lowest value can be reached by 
the code). The relative differences were somewhat larger than the recommended values in the 
penumbra region. Here, the relative differences increased with increasing field sizes, as doses 
decreased more steeply in large fields compared with smaller fields.

Output factor calculations

The output factor or field scatter factor is calculated using equation

RDl A h r  = S . J A . h v ) ة  ي ت ث ث ح م ء ي

م ء '■" D, Z,,,,X U)

Output factors were also calculated for field sizes from (3x3cm^ ) to ( 25x25cm 2 ). Table 2 lists 
the calculated and measured output factors. It can be clearly seen that the linac output decreases 
with decreasing field size، The ^ e r i m e n t a l  and c^cu la ted  output factors were very close to 
each others, the relative difference varied from about 0.4%  at large field sizes to around 3%  at 
small field sizes. These difference were close to those reported elsewhere [8], where differences 
o f  up to 2 %  were achieved. The relative differences b ^ w een  calculated and measured field sizes 
were higher at small field sizes, this could be attributed the fact that the accuracy o f  measured 
data is lower at small field sizes due to incomp lete charged a r t i c l e  e ( u .um at such fields؛br؛l؛



Table 2. M C calculated and experimentally mea$ured output factors value for different field sizes

FIELD SIZE 
Cm“

Experimental output
Factor

MC Calculated output
Factror

Percentage relative 
difference

3x3 0.898 9.35E-01 -4.17E+00

4x4 0.90 9.38E-01 -4.27E+00

5x5
°92و '

9.58E-01 -3.11E+00

?X? 0.962 9.76E-01 -1.50E+00

9x9 0.989 9.85E-01 3.97E-01

10x10 1.00E+00 ل0عم+0م 0.00E+00

12x12 1.018E+00 1.01E+00 3.90E-01

15x15 1.042E+00 1.04E+00 -2.00E-01

18x18 1.057E+00 1.06E+00 -2.00E-01

20x20 L066E+00 1.08E+00 -9.52E-01

25x25
1.085E+00 1.08E+00 7ن3ع-0ل

- Contusions

The EGSnrc user codes, Beamnrc and □osexyxnrc were successfully used to model the 6MV 
photon beam produced by the Elekta precise linear accelerator of Tripoli Medical €enter. The 
optimum values for the electron energy and the FHHM ofthe Gaussian distribution ofthe source 
were found to be 6MV and 0.35 cm respectively. The depth of maximum doses was found to be
1.5 cm. A good match between calculated and measured PDD(s) was achieved with relative 
differences of less than ا % near the depth of maximum dose. Discrepancies between MC 
calculated and experimental PDD(s) increased with depths for all field sizes, somewhat large 
discrepancies of up to 8% were noticed at depths greater than 20 cm in PDD(s) of large field 
sizes (25x25cm ). A good match between calculated and measured beam profiles was also 
achieved (apart from the 25x25cm ). The relative differences between calculated and measured 
beam profiles were somewhat larger than the recommended values in the penumbra region. 
Output factors decreased with decreasing field size. The experimental and calculated output 
factors were very close to each other and the percentage relative differences were higher at small 
field sizes.
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