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Abstract

The study of the induced radioactivity following radiotherapy with high energy X-rays from medical linear
accelerator. Patient equivalent phantom made of Polymethyl methacrylate (PMMA) of 30x30x27 cm size
irradiated with 15 MV X-rays from Versa HD medical linear accelerator form Elekta. Induced radioactive and
ambient dose rates were measured at 0.25, 0.5 and 1 m from beam center using GR1® spectrometry with
Cadmium Zinc Telluride (CZT) detectors having energy resolution less than 2%. Spectrum analysis was
performed using MultiSpect software. The measured spectrum showed 511 keV annihilation photons possibly as
a result of positron emitter of which most likely candidates are *>Cu(T1/2: 9.7 min), ®*Cu (T1/2: 12.7 h ) and
S'Ni (T1/2: 35.6 h) and a peak at = 1780 keV that could be attributed Al and 2'*Bi radioisotope. Ambient
photon dose rates post radiotherapy treatment ranged 660 pGyh'at 0.5 m to 41 uGyh'at 1 m. These values agree
well with the results presented in the literature.
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1. Introduction

Medical linear accelerators (LINAC) are among the most important modalities for cancer treatment in modern
healthcare [1,2]. Even though there are several options available for cancer treatment, LINAC is the most
commonly used due to their advantages of low skin dose and high depth dose for killing cancer cells further
reducing scattered radiation that could be exposed to healthy tissues outside the tissue-target volume [3,4]. Asa
result, about 90% of radiation therapy treatment are carried out using electrons and high energy photon from
medical linear accelerators.

During LINAC operation, undesired photoneutrons are created from the interactions of the incident high
energy photons with materials in the accelerator head such as targets, flattening filters and collimation systems
and other structural materials [1]. These neutrons are formed when the incident photon energy fall above 8 MeV,
the threshold energy for the (y, n) photonuclear reaction mainly due to the giant dipole resonance reactions.
Other unimportant reactions are photodisintegrations (y,2n), (y,p).

Photoneutrons are produced as a result of interaction of high energy photons with materials in the
radiotherapy linear accelerator head including W, Pb, Cu and Fe. In particular, the high atomic number materials
in the linac head: tungsten and lead have very low absorption cross sections for the photoneutrons produced and
thus does not affect the intensity of the produced photoneutrons [5]. Photoneutrons produced in medical linear
accelerator could undergo (n,y) neutron capture reaction inducing different activation products. Accordingly, the
radiotherapy treatment room is contaminated with radioactive products mostly exist inside the primary beam
with half-lives that range from 5 minute to 5 years subsequently exposing the patients and radiation therapy
technologists to unnecessary excessive radiation doses. As a result, activation products inside the treatment room
post radiotherapy remain the most significant source of occupational exposure to radiotherapy technologist, who
repeatedly enter the treatment room following radiotherapy to manage patient or physicists involved in quality
control and dosimetric measurements whose work demand repeatedly entrance in the treatment room post
radiotherapy

Several studies have been performed in the literature to study to study both (y, n) and (n, y) reaction flowing
radiotherapy with high energy X-rays and their associated occupational dose and radiation risk to nearby
individuals. Petrovic et al. (2011) measured radioactive isotopes following radiotherapy with X-rays and have
identified 28Al and ®*Cu short half-life but also **Mn, **Cu and '*’W of medium half-life [6]. In a similar study,
spectrometric measurements were made in a treatment room following a radiotherapy with 18 MV X-rays.
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Radioisotopes produced as a result of photoneutron capture in the linear accelerator head included: '3"W, 63Zn,
5Mn, 2*Na, and 2Al. The authors have also estimated an occupational exposure level of 750 mSv.y™!' at the
patient site. They concluded that closing the linac jaws before re-entering the treatment room could reduce
annual exposure at the patient site to 65 mSv [7]. M. Janiszewskal et al. (2013) have measured the unwanted
excessive dose following the radiotherapy using 18 MV high energy X-rays from using a medical linear
accelerator [8]. The main source of the excessive dose was attributed to radioscopes Mn56 in the stainless steel
and W187 from the collimation materials in addition to positron emitters from [n,y] activation reaction. Neutron
contamination following radiotherapy with high energy X-rays has been an important area of research interest in
terms of induced nuclear reactions, secondary cancers to radiotherapy patients and unwanted excessive dose that
contribute to the occupational exposure of the radiotherapy technologist.

Herein we aimed to investigate the activation products and the quantity of uncalculated dose in treatment
room following radiotherapy with Megavoltage X-rays. The study results will be used to enhance radiation
protection of patient and workers involved in radiotherapy.

2. Materials and Methods
The experimental measurements were performed on a linear accelerator type Versa HD form Elekta located at
Radiotherapy Unit of the King Abdelaziz University hospital in Jeddah, Saudi Arabia.

The study was aimed to measure the activation products and the quantity of uncalculated dose in treatment
room following radiotherapy with Megavoltage X-rays. As both short-lived and long-lived radionuclides are
generated, measurements were made before treatment to measure long-lived radionuclides produced from
previous treatments and immediately after ceasing the treatment to measure the short-lived radionuclides. Thus,
the study is focused on two areas of interest noted as 1 and 2 in Figure 1, which is time before starting-up the
machine and after closing down the machine.

(Figure 1)

To simulate typical radiation scatter conditions, patient equivalent phantom made of 12 slabs of PMMA
with 30x30x2.25 cm each for a total height of 27 cm were placed on the couch at the center of the 20x20x20 cm
field size aligning the beam iso-center to slabs center (Figure 2). The experimental setup was irradiated with 15
MYV X-rays at source-to-surface distance of 0.95 m.

Radioactive products were measured using Quant for GR1® spectrometry with Cadmium Zinc Telluride
(CZT) detectors having energy resolution less than 2% and equipped with MultiSpect software. Energy and
efficiency calibration of Quant for GR1® spectrometry was carried out using 662 keV for Cs'*7 and 1173 &
1332 keV for Co® standard sources. Radioactivity was measured using CZT detectors was placed on the couch
successively at three different positions from the center of the slabs at distances of 25 cm, 50 cm and 100 cm
from the center of the beam (Figure 3).

(Figure 2)
(Figure 2)

Moreover, CZT detector was connected to a laptop by a long cable to avoid damaging the laptop electronics.
MultiSpect software was used to start the experiment and the time of each measurement did not exceed 5
minutes, taking the measurement twice for each position to see if there is difference between each trial. The time
gap between each trial is estimated to be 4-5 minutes to change the setup and preparing the timers. Figure 1
shows PMMA labs placed over the couch to simulate patient scatter.

Radiations absorbed dose in the CZT detector using the obtained count rate using the following relation [9]:
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Were: @ = photon flux; E- energy of photon, Hm= mass absorption coefficient of CZT detector crystal

hr

and P = density of CZT crystal.
The activity of the induced radioisotopes is defined as particle per second and is taken the same as the

photon flux in dose calculation using equation 1. Mass absorption coefficient of CZT crystal (Ymm) are taken
from the published literature [10].

3. Results
Spectrometric measurements are presented for the radioactivity inside radiotherapy treatment room at
measurements points located at 0.25 m, 0.5 m and 1.0 m distances from the beam center.

Figure 4 Shows the spectrum of the radioactivity measurements in the treatment room using, CZT detector
showing the areas of interest identified with color to show different spectrum zones. Because of very large ratio
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of counts rates, these three zones were defined to help understand the graph easier with the exception of peaks
being present. Figure 5 Shows the spectrum of the radioactivity measurements in the treatment room showing
photopeak locations. Five peaks were
Identified possibly coming from radioactive products or scatted radiation coming from the treatment head.
(Figure 4)
(Figure 5)

Table 1 shows (n, v) activation products in the treatment room measured using CZT detector. Only peaks 4
& 5 are the possible source of radioactive isotopes as a result (n, y) reactions. Peak 4 shows 511 keV annihilation
photons possibly as a result of positron emitter isotopes of which most likely candidates are >Cu (T1/2: 9.7 min),
%4Cu (T1/2: 12.7 h) and *’Ni (T1/2: 35.6 h) . Peak 5 = 1780 keV and could be traced back to be 28Al and 2“Bi
radioisotope that are mostly likely to be generated via (n, y) interactions inside treatment room.

(Table 1)

Table 2 shows the ambient dose rates inside radiotherapy treatment room measured using CZT detector.
Dose rates were measured at 0.25 m, 0.5 m and 1.0 m distances from the beam center resulting 2.590, 0.660 and
0.041 mGyh', respectively. The spectrum showing dose rates are graphically depicted in Figures 6 to 8.

(Table 2)

(Fig. 6)

(Fig. 7)

(Fig. 8)
4. Discussion
Most neutrons produced following radiotherapy with medical linear accelerator are coming from (y, n) reactions
whose cross section is high for high Z materials such as tungsten and lead. Other materials such as iron or
aluminum can also produce photoneutrons, but their low cross section requires a high photon flux for a
significant contribution of photoneutrons. Activation product as a results (n,y ) neutron capture interaction
disintegrate by emitting y-rays , -+ and p— particles with half-lives that range from 2 min to more than 5 years
[7, 11,12]. Thus, deemed as the major source of occupational radiation exposure for technologist and physicist
who repeatedly enter the treatment room after radiotherapy treatment for patient management or quality
assurance measurements [13,14].

Spectrometric measurements performed in this study showed an interesting result. As shown in Figure 1,
the 511 keV energy is due to annihilation photons due to B+ and B— decays, which suggest the presence of
activation products such as Cu, ®*Cu and ¥ ’Ni. The = 1850 peak is traced back to be Al and 2!“Bi radioisotope
that are mostly likely to be generated via photoneutron interactions inside treatment room. These results are in
agreement with the results of study by Petrovic et al. (2011), who measured radioactive isotopes following
radiotherapy with X-rays included ?Al and ®Cu ,’*Mn, *Cu and "W [6]. Ateia et al. (2008) studied the
activation products in radiotherapy linear accelerator identifying 28Al, ®2Cu, *Mn, *Cu, "W, and 3'Ni as
radioisotopes following radiotherapy treatment [7]. Some differences exist in the type of radionuclide detected as
this is related to differences in materials in the accelerator head. The main concern of radioisotopes in the
treatment room is it is contribution in the unwanted excessive dose to the technologist who enters the treatment
room repeatedly after radiotherapy thus contributing to annual dose.

According to the International Commission on Radiological Protection (ICRP), occupational exposure of
radiation workers is entailed to satisfy the principles of radiation limit, which is an annual effective dose of 20
mSv [15]. As shown in Table 3, the excessive unwanted dose rates out the treatment field was about 41 uGyh-'.
Ateia et al. (2008) the measured dose rates at the isocenter ranged from 2.2 puSv/h to 10 puSv/h [7]. it was
observed by the authors that within 10 minutes after ceasing the linear accelerator operation, the dose rate
decreased to values of 0.8 pSv/h.

5. Conclusion

Spectrometric measurements have been carried out for the induced radioactivity as a results neutron capture
reaction following radiotherapy with 15 MV X-rays from medical linear accelerator. 511 keV annihilation
photons believed to come from + and f— emitter as well as peaks at high energy gamma lines that are attributed
to 28Al and ?'“Bi radioisotope as a result (y, n) and (n, y) interaction in the linear accelerator treatment head. The
results revealed a significant radiation risk to technologists entering the treatment room post radiotherapy that
require urgent protection measures to mitigate the radiological risk of post neutron capture induced activation
materials and to reduce the unnecessary excessive radiation dose to technologist. The results highlighted a clear
room for continuing research in this area to further investigate dose levels due neutron contamination, the
induced radioactivity post radiotherapy and levels of unwanted doses due to both (y, n) and (n, y) reaction
following radiotherapy with high energy X-rays.
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Table 1. (n, y) activation products from medical linear accelerator

Spectrum Energy Analysis
(keV)
Peak 1 Small peak of only 67 counts could be background a scattered radiation coming
from main beam
Peak 2 & 3 The explanation is that they are simply scattered radiation from treatment rom
Peak 4 511 keV Annihilation photons as a result of positron emitter isotopes of which most
likely candidates are ®*Cu, **Cu and 3'Ni.
Peak 5 ~ 1780 Area 2 shows a very unclear photopeak of energy due to short experiment time,
(Area 2) the peak is traced back to be Al and 2'“Bi radioisotope that are mostly likely

to be generated via photoneutron interactions inside treatment room.
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Table 2 Ambient dose rates from (n, y) activation product from medical linear accelerator

Position Dose rates Comments

(distance) (mGyh™)

Position 1 2.590 Counts around 511 keV appeared which might suggest that this region have a

(25 cm) lot of annihilation interaction,

Position 2 0.660 energies of 326 and 338 keV scored high number of counts which might

(50 cm) suggest of this region is main region of radioisotopes formulation.

Position3 (100 0.041 only on low energies that ranges from 40-70 keV which might be the

cm) ‘leftover’ radiation that didn’t interacted with matter traveling to this
distance, those photons might be secondary or scattered radiation inside
room.

DOSE VS. TIME
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Figure 1 Dose and Time relationship in radiotherapy treatment room

Figure 2 The PMMA slabs used in this experiment to simulate patient scatter
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Figure 3 the experimental setup for measurements of radioactivity post radiotherapy with high energy
X-rays
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Spectrometry of acquired data
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Figure 4 Shows the spectrum of the radioactivity measurements in the treatment room using, CZT detector
showing the areas of interest identified with color to show different spectrum zones (Red, 0-0.5 MEV, > 10
counts; Yellow, 0.5-1.85 MEV, < 3 counts; Blue, 1.85-3.0 MeV, 1< count); (P1T1 & P1T2, trial 1& 2 position 1;
P2T1 & P2T2, trial 1& 2 position 2; P3T1 & P3T2, trial 1& 2 position 3).

Spectrometry of acquired data
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Figure 5 Shows the spectrum of the radioactivity measurements in the treatment room showing photopeak
locations(P1T1 & P1T2, trial 1& 2 position 1; P2T1 & P2T2, trial 1& 2 position 2; P3T1 & P3T2, trial 1& 2
position 3).
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Figure 6 dose vs. energy graph at a distance of 25 cm from beam head
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Figure 7 dose vs. energy graph at a distance of 50 cm from beam head
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Figure 8 dose vs. energy graph at a distance of 100 cm from beam head
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