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ANALYSIS AND EVALUATION OF SECONDARY PHOTONS
ORIGINATED IN JAWS AS CONTAMINATION PARTICLES AT THE PHANTOM SURFACE

The present work is focused on the study of the geometry and material of a beam modifier (jaws), which is crucial for
Linac improvement by reducing secondary photons emergent from it. They have negative effects when the cancer was
treated and especially in the deep tumor because their energy is deposited in shallower depth and could destroy the healthy
cells that surround the treatment volume. The purpose of this study is to investigate and evaluate the characterizations of
secondary photons originated in jaws in terms of fluence profile, energy fluence profile, energy fluence distribution,
spectral distribution, and angular spread distribution. This work was performed by using the BEAMnrc Monte Carlo and
BEAMDP codes. The jaws are a potential source of secondary photons nearest to the phantom. The number of secondary
photons emergent from X-jaw (in-plan jaw) is higher and they are more energetic in comparison to secondary photons of
Y-jaw (cross-plan jaw). Therefore, the most significant result is on the angular spread distribution of secondary photons
for each pair jaw. For Y-jaw, the majority of photons are scattered and spread with high angle degree that means these
photons can fall out of the irradiation field and affect the healthy cells but for the X-jaw, most of the secondary photons
are within the irradiation field and they can affect healthy cells mainly only at the entrance of treatment volume.

Keywords: secondary collimator, Monte Carlo simulation, secondary photons, BEAMnrc code, BEAMDP code.

1. Introduction

In radiotherapy, the photons are produced from the
target and they do not all reach the tumor treatment
volume; some of them interact with the head compo-
nent material and produce other particles: scattered
photons (secondary photons), electron contamination
etc. On the phantom surface, the beam is composed
of primary photons, secondary photons, and other
particles. In this study, the secondary photons, emer-
gent from the jaws or secondary collimator, are
examined and analyzed at the phantom surface.

The jaws are used to define and limit the irradia-
tion field as a rectangular field. In this work, the irra-
diation field is square centered on the beam central
axis. Jaws are formed by two pairs’ jaw: X-pair jaw
(in-plan jaw) and Y-pair jaw (cross-plan jaw). The
X-pair is closer to the target but Y-pair is closer to the
phantom. The characterizations of secondary photons
are evaluated in terms of the fluence profile, energy
fluence profile and distribution, spectral distribution,
and angular distribution.

This study was carried out by using BEAMnNrc
Monte Carlo and BEAMDP codes. The knowledge of
the characterizations of secondary photons is essen-
tial for photon dosimetry improvement and jaws en-
hancement in Linac development and also for the
dose determination in radiotherapy treatment.

Monte Carlo simulation is a technique that pro-
vides both accurate and detailed energetic and dosi-
metric calculations of medical linear accelerator head,
the Monte Carlo methods have been used extensively
in medical physics for modeling linear accelerators
and for radiation therapy dose calculation [1 - 4].

In this study, the secondary photons are investi-
gated and analyzed for X-jaw and Y -jaw separately to
displaying the radioprotection problems related to
jaws because they are the last beam modifier in the
photons path and the nearest Linac component to pa-
tients. The Monte Carlo geometry was built for Var-
ian Clinac 2100 by BEAMnrc code [5]. The Linac
head was modeled as realistically as possible and the
simulation validation was done in our previous study
[6]. The photon beam energy was 6 MV, the field size
was 10 x 10 cm? and the source-to-surface distance
(SSD) was 100 cm. The physical process simulation
was performed based on the EGSnrc code where the
transport of radiation was simulated as realistically as
possible [7].

2. Materials and methods
2.1. Monte Carlo simulation

The Monte Carlo simulation was performed for
6 MV photon beam that has been produced by Varian
Clinac 2100. The Linac head was simulated based on
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manufacturer-provided data (Varian Medical System)
by BEAMnrc code. The simulation statistical uncer-
tainty is under 1 % and this result agrees with the
work of Aljamal [8]. The Monte Carlo simulation of
Linac head was validated by using the gamma index
method with criteria of 3 % for dose deviation (DD)
and 3 mm for distance to agreement (DTA). The
simulation validation is ensured by the gamma index
acceptance rate of 99 % for percentage depth dose

Target

Primary collimator —— 5

(PDD) and of 98 % for beam dose profiles [6].

After their parameters have been extracted using
the BEAMDP, the secondary photons are analyzed
and evaluated in terms of the fluence profile, energy
fluence profile and distribution, spectral distribution
and angular distribution at the phantom surface where
SSD was 100 cm [9]. Fig. 1 shows the position of the
scoring plane at the water phantom surface and the
position of jaws in Linac head.

Primary electrons

lonisation chamber ——»

<+—— Flattening filter

Jaws or secondary
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Fig. 1. Cross-section view of Monte Carlo geometry of Linac head and the position of jaws and scoring plane
for phase space file at water phantom surface.

Fig. 1 shows a cross-section view of Linac head
displaying the position of X-jaw and Y-jaw. The cha-
racterizations of secondary photons originated in jaws
are evaluated in terms of fluence profile, energy flu-
ence profile, energy fluence distribution, spectral dis-
tribution, and angular spread distribution.

2.2. Secondary photons characterization evaluation

The secondary photons alter the beam dosimetry
at a shallower depth, and they can destroy the healthy
cells at the entrance of the beam for deep tumor treat-
ment. They have also many problems in radioprotec-
tion if their directions go out of the irradiation field.
To quantify the comparison between X-jaw and
Y-jaw in the production of secondary photons and
their characterizations at the phantom surface, the
fractional contribution (FC) of each pair jaw in all
secondary photons of jaws together (total secondary
photons emergent from jaws together) was evaluated
for each physics characterization of the photons. It
was evaluated in percentage and determined accor-
ding to the formula

X _
FC(%)=100. el (1)

of jaws together

where FC is a fractional contribution, X is fluence
profile, energy fluence profile, energy fluence distri-
bution, spectral distribution, mean energy distribu-
tion, and angular distribution.

3. Results and discussion
3.1. Fluence profile

The fluence profile describes the variation of the
number of photons as a function of off-axis distance.
Fig. 2 gives the planar photon fluence profiles as a
function of off-axis distance for X-jaw and Y-jaw.

It can be seen from Fig. 2, the number of secon-
dary photons originated in jaws changed from X-jaw
to Y-jaw: The X-jaw produced more secondary pho-
tons than the Y-jaw. The secondary photons produc-
tion depends on the position of the jaw referring to the
target. The number of secondary photons emergent
from jaws together decreased with off-axis distance.
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Fig. 2. Fluence profile of secondary photons originated in X-jaw and Y-jaw and jaws together
as a function of off-axis distance.
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Fig. 3. Fractional contribution of photons fluence of X-jaw and Y-jaw in the fluence of jaws together
as a function of off-axis distance.

Fig. 3 shows the fractional contribution of X-jaw
and Y-jaw in the energy fluence of jaws together as a
function of off-axis distance.

We notice from Fig. 3 that the fractional contribu-
tion of X-jaw is higher than Y-jaw. So, the X-jaw pro-
duces more secondary photons than Y-jaw. The posi-
tion of jaw influences the characterizations of scatter-
ing photons on it. The secondary photons coming
from X-jaw (near to the target) increases slightly with
off-axis distance but the secondary photons coming
from the Y-jaw (near to the phantom) decrease
slightly too with off-axis distance and especially near
to the beam edge region.

3.2. Energy fluence profile

The energy fluence profile describes the variation
of the energy of photons as a function of off-axis dis-
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tance. Fig. 4 shows the energy fluence profile of se-
condary photons emergent from X-jaw, Y-jaw, and
jaws together.

The energy fluence profiles decrease with off-axis
distance for all jaw components (jaws separately and
together). The energy fluence of secondary photons
originated in X-jaw is higher in comparison to Y -jaw.
The secondary photons emergent from X-jaw are
more energetic than the secondary photons emergent
from Y-jaw. This difference due to the position of the
jaws according to the target position.

Fig. 5 shows the fractional contribution of the
energy fluence of X-jaw and Y-jaw in the energy flu-
ence of jaws together as a function of off-axis dis-
tance.
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Fig. 4. Energy fluence profile of secondary photons originated in X-jaw, Y-jaw, and in jaws together
as a function of off-axis distance.
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Fig. 5. Fractional contribution of the energy fluence of X-jaw and Y-jaw in energy fluence of jaws together
as a function of off-axis distance.

It can be seen from Fig. 5, the energy fluence profile
of secondary photons emergent from X-jaw increases
slightly with off-axis distance, and the energy fluence
of secondary photons emergent from Y-jaw decreases
slightly with off-axis distance. The secondary photons
of X-jaw are more energetic in comparison to the se-
condary photons of Y-jaw (Figs. 3 and 5)

3.3. Energy fluence distribution

The energy fluence distribution describes the var-
iation of photon’s energy as a function of energy. The
energy fluence distributions are presented in Fig. 6 for
secondary photons that originated in X-jaw and
Y-jaw and jaws together.

All energy fluence distributions have a maximum
of around 0.39 MeV that means the maximum num-

ber of secondary photons originated in jaws has ap-
proximately the energy of 0.4 MeV. The energy flu-
ence profile of secondary photons emergent from
X-jaw is greater than the energy fluence profile of
secondary photons emergent from Y-jaw. For a good
interpretation of these results, Fig. 7 presents the
energy fluence distribution variation around the peak,
which is presented in Fig. 6.

The maximum of energy fluence distribution of
secondary photons emergent from X-jaw is 2.46 10°
MeV/MeV/ incident particle at 0.49 MeV and the
maximum of the energy of secondary photons emer-
gent from Y-jaw is 1.89-10° MeV/MeV/incident par-
ticle at 0.46 MeV. It can be seen that the energy flu-
ence distribution of X-jaw is greater than Y-jaw.
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Fig. 6. Energy fluence distribution of secondary photons originated in X-jaw and Y-jaw and jaws together

as a function of energy.
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Fig. 7. Energy fluence distribution of secondary photons originated in X-jaw and Y-jaw as a function of energy.
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of jaws together as a function of energy.
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We notice from Fig. 8, the energy fluence distri-
bution of secondary photons emergent from X-jaw in-
creases with energy, and it is greater in comparison to
energy fluence distribution of secondary photons
emergent from Y-jaw. For energies more than
3.75 MeV, the fractional contribution values are
caused by a low number of photons and the calcula-
tion fluctuation of Monte Carlo simulation and also to
leakage photons in this region of the field [11].

The energy fluence distribution is significantly
important for dose determination in the treatment
planning system, the physicist should take into ac-
count the secondary photons dosimetry because they
cannot reach the treatment volume, but they just pen-
etrate the shallower depth and affect the healthy cells

— ——X-jaw
1.0E-08

surrounding the tumor and the radiotherapy effi-
ciency may be decreased.

3.4. Spectral distribution

Spectral distribution is the photon's number as a
function of their energy. The knowledge of spectral
distribution is crucial for the radiotherapy and radio-
protection.

We notice from Fig. 9 that all spectral distributions
have a maximum for secondary photons (X-jaw,
Y-jaw, and jaws together) at the energy of 0.49 MeV,
but they decrease for high energy. For good interpre-
tation, Fig. 10 shows the spectral distribution around
the maximum point for X-jaw and Y -jaw.
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Fig. 9. Fluence of secondary photons originated in X-jaw and Y-jaw and jaws together as a function of energy.
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Fig. 10. Spectral distributions of secondary photons originated in X-jaw and Y-jaw as a function of off-axis distance.

We notice from Fig. 10 that there is a gap between
the spectral distributions of X-jaw and Y-jaw and this
gap is very large at the peak of the curves (0.49 MeV).
For X-jaw, the spectral distribution maximum is
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4.89-10" photon/MeV/incident particle and for Y-jaw
the maximum was 3.75-10° photon/MeV/incident
particle (see Fig. 10).
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Fig. 11. Fractional contribution of the spectral distributi

on of X -jaw, and Y-jaw and in the spectral distribution

of jaws together as a function of energy.

It can be seen from Fig. 11, the fractional contri-
bution of the spectral distribution of secondary pho-
tons originated in X-jaw increases with energy and it
is higher than the fractional contribution of the spec-
tral distribution of secondary photons originated in
Y-jaw and it decreases with energy. So, the position
of jaws influences the spectral distribution of secon-
dary photons emergent from each pear jaw (see
Fig. 11). The fractional contribution values for ener-

—— - X-jaw

gies more than 3.75 MeV are due to the low number
of photons and calculation fluctuation.

3.5. Mean energy

The mean energy is evaluated the energetic behav-
ior of the secondary photons emergent from jaws to-
gether and separately with off-axis distance. Fig. 12
shows the mean energy variation with off-axis dis-
tance.
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Fig. 12. Mean energy of secondary photons originated X-jaw and Y-jaw and in jaws together
as a function of off-axis distance.

The mean energy of secondary photons originated
in X-jaw is equivalent to the mean energy of secon-
dary photons originated in Y-jaw, which means the
position of jaws does not affect the mean energy of
secondary photons originated in secondary collima-
tors (see Fig. 12).

For more understanding, Fig. 13 shows the frac-
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tional contribution of the mean energy of each jaw in
the mean energy of jaws together.

We notice from Fig. 13 that the position of jaws
does not influence the mean energy of the secondary
photons originated in the secondary collimators or
jaws, the fractional contribution remains around
100 % for both jaws with a few fluctuations.
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Fig. 13. Fractional contribution of mean energy of X-jaws and Y-jaws in the mean energy of jaws together
as a function of off-axis distance.

3.6. Angular spread

Angular spread distribution characterizes the
angle spread of photons after their interaction with

———-X-jaw

jaws material. Fig. 14 shows the angular spread dis-
tribution of secondary photons originated in X-jaw
and Y-jaw separately and jaws together.
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Fig. 14. Angular spread distribution of secondary photons of X-jaws, Y-jaws, and jaws together
as a function of angular degree.

The angular spread distribution of secondary pho-
tons originated in X-jaw is higher than the angular
spread distribution of Y-jaw. Angular spread distribu-
tion maximum for X-jaw is 4.59-10® photon/
degree/incident particle at 5.10° and angular spread
distribution maximum for Y-jaw is 2.73-10® pho-
ton/degree/incident particle at 6.30°. Therefore, the
maximum of angular spread distribution decreases
with jaws position on the beam central axis regarding
the target, and the maximum position moves to the
increasing angular degree (see Fig. 14).

For good interpretation of that result, Fig. 15
shows the fractional contribution of angular spread

ISSN 1818-331X AJAEPHA ®I3UKA TA EHEPTETUKA 2020 T.21 Ne2

distribution of secondary photons originated in X-jaw
and Y-jaw in angular spread distribution of secondary
photons originated in jaws together.

We notice from Fig. 15, in the range of 0 to 6°, the
angular spread distribution of secondary photons
emergent from X-jaw is great and steady. It is more
than 60 %. However, the angular spread distribution
for Y-jaw is lower and also steady. It is less than
40 %. In the range of 6 to 10°, the angular spread dis-
tribution increases with the angle for the Y-jaw and
reaches a maximum of 88 %, on the other side, it
decreases with the angle for the X-jaw and reaches a
minimum of 12 %.
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Fig. 15. Fractional contribution of angular spread distribution of X-jaw and Y -jaw
in angular spread distribution of jaws together as a function of angle degree.

The angular spread distribution of secondary pho-
tons varies with the jaw position on the central beam
axis regarding the target. This finding should be taken
into consideration for radioprotection and radiothe-
rapy treatment reasons.

4. Conclusion

Based on this study, the jaws can be potential
sources of low energy photons and they might destroy
the dosimetry quality of the produced photon beam
(clinical beam) and subsequently the radiotherapy
efficiency. The investigated photons are produced in
high quantity and energy by X-jaw compared to
Y-jaw. The position of jaws influences the scattering
photons characterizations except for the mean energy
which is approximately similar for both jaws.

Secondary photons originated in secondary colli-
mator hurt the deep tumor treatment because they de-
posited their energy in the shallower depth and they
could affect healthy tissues surrounding planning tu-
mor volume. The International Atomic Energy
Agency protocols recommend reducing the photons
of low energy at the patient skin [12]. In light of these
recommendations, we advise the physicists and phy-
sicians to take into account the secondary photons’
effects in dosimetry determination according to the
results of this work.

We would like to thank Varian Medical Systems
for providing us the Varian Clinac 2100 geometry
data and for the opportunity to study the Varian linear
accelerator technology and take part in its future
development.
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ANALYSIS AND EVALUATION OF SECONDARY PHOTONS
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L Kagpeopa ¢hisuxu, paxyrvmem nayx i mexnonoziti Moxammedis, yuisepcumem Kacabnanxu Xacana II,
Moxammedin, Mapoxko
2 Jlabopamopis LISTA, kagpedpa izuxu, naykoeuii paxynomem Jfxap Env-Maxpas,
yuigepcumem Cioi Moxameo ben A6dennax, ®ec, Mapoxko
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AHAJII3 I OIIHKA BTOPUHHHUX ®OTOHIB BIJIl MOJAUPIKATOPA ITYYKA YACTHHOK
SAK PAJIALIIMHOI'O ®OHY HA IOBEPXHI ®AHTOMY

[ana po6ota 30cepe/pkeHa Ha BUBUSHHI reoMeTpii Ta MaTepiaidy MoaudikaTopa mydka YaCTHHOK («IIeier), o Mae
BHpilIaJbHE 3HAYCHHS JUIS NOKPAILIEHHs JIHIKHOTO NMPHCKOpIOBada 3a PaxyHOK 3MEHIIECHHS BTOPHHHHUX (OTOHIB, IO
BHXOJATH 3 HHOI'0. BOHNM MaroTh HEraTHBHUI BIUTMB IPH JIKYBaHHI paKy, 0COOJIMBO MPH ITyXJIMHI, [0 TIINOOKO pO3TaIIo-
BaHA, OCKLTBKY TXHS CHEpris BUAUIIETHCSA HAa MEHIIIH TTHOWHI 1 MOXe 3HHUIIUTH 3[J0POBi KIIITHHH, [0 OTOYYIOTh 00’ €KT
nikyBaHHA. Merta 11i€l poOOTH — TOCTIAUTH Ta OIIHUTH XapaKTEPUCTUKU BTOPHUHHUX (DOTOHIB, 110 BUHUKIIH Y IIEJernax,
3 TOYKH 30py Ipodisito MOTOKY, PO3MOILTY €Heprii, CIEeKTPaTbHOrO Ta KyTOBOTO po3mosiny. Llg pobora Oyna BukoHaHa
3a moromoroio MonTte-Kapio xoxis BEAMnrc Ta BEAMDP. Illenenu € moTeHIiHHIM HKepeToM BTOPUHHUX (POTOHIB,
HaWOmKIMM 10 panToma. KinmbKicTh BTOpUHHUX (OTOHIB, IO BUXOAATH 13 X-1ienenu (IPOJOBXKHS Lieserna), € Oiib-
IIOF0, 1 BOHU O1JIBII €HEepriliHi MOPIBHIHO 13 BTOPUHHUMH (hoTOHAMHU Y -IIeJienu (IonepeyHa mesnena). ToMy HalOuIbIn
3HAYYLIMM PE3YJIbTATOM € OTPHUMaHHS KyTOBOI'O PO3MOALTY BTOPHHHUX (DOTOHIB JUIst KOKHOT mapu mmenen. JJms Y -e-
yieny OibIIiCTh (POTOHIB PO3CIIOIOTHCS 3 BEIMKUMH KyTaMH, II0 O3HAJae, Mo Il (OTOHH MOKYTh BUMTH 32 MEXKi HOJIs
OIIPOMIHEHHSI 1 HAHECTH IIKO/Ly 3JJ0POBHM KIIITHHAM, aye Juisi X-IIeJIeny OUTbIIicTh BTOPUHHUX (DOTOHIB 3HAXOAUTHCS B
TIOJIi ONIPOMIHEHHS; BOHM MOXXYTh BIUIMBATH TiJbKHM TOJIOBHHUM YMHOM Ha 370pOBI KIITHHH, IO 3HAXOISTHCS Iepen
00’€KTOM JTIiKyBaHHSI.

Kniouosi cnosa: BropuHHHHA KoiiMaTop, MonTte-Kapno mozpenroBanHs, BTopuHHI (otonn, kon BEAMnrc, kon
BEAMDRP.
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! Kagheopa pusuxu, paxyrvmem nayx u mexuonozuii Moxammeous, ynueepcumem Kacabranxu Xacana 11,
Moxammeous, Mapokko
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AHAJIM3 1 OIEHKA BTOPUYHBIX ®OTOHOB OT MOJIUPUKATOPA ITYUYKA HACTHUIL]
KAK PAIMAIIMOHHOTI'O ®OHA HA TIOBEPXHOCTU ®AHTOMA

[JanHas paboTa cocpeioToyeHa Ha N3Y4YEeHHH TeOMETPHU M MaTepualla MoU(HKaTOpa MydKa 4acTull («4eIrcTein»),
HMMEIOLIMX pelIatoliee 3HaUCHHUe JUIsl YIy4IlIeHHs TIMHEHHOTO YCKOPHUTEIIS 32 CUET YMEHBIICHHS BTOPUYHBIX (POTOHOB,
BBIXOZSIIIMX 13 Hero. OHM MMEIOT HETaTUBHOE BIMSHHUE IPH JICUCHUH paka, 0COOCHHO MPH TIIyOOKO PacHOJIOKEHHON
OITyXOJIH, TIOCKOJIBKY WX 9HEPTHsl BBIIENISCTCS Ha MEHbIIEH TTyOMHE U MOXKET YHHUTOKHUTB 3/I0POBBIE KIETKH, OKpYKa-
fomme o0bekT JieueHus. Llenb 3Toi paboThI - HCCIIeI0BaTh M OLIEHUTh XapaKTEPUCTUKH BTOPUYHBIX (DOTOHOB, BO3HHK-
[IMX B YEJIOCTAX, C TOYKHU 3PEHUS MPOQHIIA TTOTOKA, pacIpeAeTICHNs YHEPTUH, CTIEKTPAIHHOTO M YIIIOBOTO pacipeiee-
Hus. DTa paboTta ObUIa BHIMONHEHa ¢ momoribio Monte-Kapno xomoB BEAMnrc 1 BEAMDP. Yenroctu sBisroTcs
MTOTEHIINATFHBIM HCTOYHUKOM BTOPUYHBIX (POTOHOB, OmmkaiiM K ¢panTomy. KonmndgecTBo BTOPHYHBIX (POTOHOB, BBIXO-
JSIIHX 13 X-4elfOCTH (MIPOIOIIbHAS YCTIOCTh), OOJIbIIIE, U OHM 00JIee SHEPTHYHBI 10 CPABHEHHIO ¢ BTOPUYHBIMH (POTO-
HaM# Y-4emtocTH (monepeyHas dyemocTs). [loaroMmy Hanbosee 3HAYMMBIM Pe3yJIbTaTOM SIBIISETCS TOIy9YEeHHE YTIIOBOTO
pactpeneeHrs BTOPHYHBIX (POTOHOB ISl K&KIOW mapsl democte. [ Y -4emocTy 00IbIMMHCTBO (POTOHOB paccenBa-
OTCA C 6OJ'II)LLII/IMI/I yriiamMu, 4TO 03Ha4acT, 4TO 3TU (bOTOH])I MOryT BBIMTH 3a peacJibl MO 06nyquH;1 1 HAHECTU BpECa
30POBBIM KJIETKaM, HO JJIsd X-4earocTu 60ﬂb1HI/IHCTBO BTOPUYHBIX (1)OTOHOB HaXOaUTCA B I10JI€ 06ﬂyqu1/1;1; OHU MOTYT
BJIMATH TOJBKO I''TaBHBIM O6p8,30M Ha 3J0POBLIC KJIIETKU, KOTOPbIC HAXOAATCA EPE] O6L6KTOM JICUCHUS.

Kniouegvie cnosa: BropuuHblil Kommumarop, Monte-Kapio moznenupoBanue, BTopuunsie GpoToHsl, kox BEAMnrce,
kox BEAMDP.
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