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a b s t r a c t

High-energy linear accelerators are increasingly used in the medical field. However, the un-

wanted photo-neutrons can also be contributed to the dose delivered to the patients during

their treatments. In this study,neutronfluxesweremeasured inasolidwaterphantomplaced

at the isocenter1-mdistance fromtheheadofan18-MVlinacusing the foil activationmethod.

The produced activities were measured with a calibrated well-type Ge detector. From the

measured fluxes, the total neutron fluence was found to be (1.17 ± 0.06)� 107 n/cm2 per Gy at

the phantom surface in a 20� 20 cm2X-ray field size. Themaximumphoto-neutrondosewas

measured to be 0.67 ± 0.04 mSv/Gy at dmax ¼ 5 cm depth in the phantom at isocenter. The

present results are compared with those obtained for different field sizes of 10 � 10cm2,

15 � 15cm2, and 20 � 20cm2 from 10-, 15-, and 18-MV linacs. Additionally, ambient neutron

doseequivalentsweredeterminedatdifferent locations in theroomandtheywere foundtobe

negligibly low.The results indicate that thephoto-neutrondose at thepatientposition is not a

negligible fraction of the therapeutic photon dose. Thus, there is a need for reduction of the

contaminated neutron dose by taking some additional measures, for instance, neutron

absorbing-protective materials might be used as aprons during the treatment.

Copyright © 2015, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Several types of accelerators are increasingly used formedical

purposes. Today, as a suitable photon source, linear

accelerators (linacs) are commonly employed in radiotherapy

to treat cancer. Modern medical linacs can be used in two

distinct operationmodes: electronmode and photonmode. In

electron mode, primary electrons are used for treatment, but
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in photon mode, photons are used for treatment. In the

photon mode operation of a linac, unwanted neutrons are

created during the radiation therapy by photonuclear re-

actions (g,n) from the interfering elements in the accelerator

head (target, field-flattening filters, and beam collimators) and

other structural materials. In the photon mode, higher energy

photons above the threshold of the (g,n) photonuclear reac-

tion of the elements such as W and Pb used in the treatment

head can interact with nuclei of those high-Z materials and

liberate fast neutrons. If the photon energy in a (g,n) reaction

is greater than the binding energy of the last neutron in the

nucleus, then the threshold energy Eth can be calculated to be

7.41 MeV for the 184W(g,n) 183W reaction and 7.19 MeV for the
186W(g,n) 185W reaction when a tungsten target is used in the

head [1].

It is very likely that these neutrons can scatter throughout

the treatment room and reach the patient position. Thus even

small neutron fluxes may have harmful effects on the patient

since neutrons have a high radiation quality factor compared

with those of x/g radiations for the dose deposited in tissue or

organs. However, the body related protection quantities, e.g.,

equivalent dose and effective dose are not measurable in

practice. Instead, operational quantities such as Hp(10),

Hp(0.07), and H*(10) are used for the assessment of effective

dose or mean equivalent doses in tissue or organs [2]. For

instance, an individual dosimeter worn on the body gives the

dose equivalent to Hp(10), which represents the dose at a

depth, d ¼ 10 mm below a specified point on the human body.

Additionally, the operational quantity, H*(10), was used for

estimating the ambient dose equivalent values from the

neutron fluences in some locations of radiotherapy and oper-

ator rooms.Whenhigh photon doses of about 50 Gy in total are

given at the isocenter position (0,0,0), a significant amount of

neutrons are generated thorough photonuclear reactions.

Therefore, it is worth noting that although the treatment head

of linacwas shielded to a large extent by themassive shielding,

photon leakage is still muchmore abundant than the neutron

flux. However, in recent years, higher energy linacs (6e18 MV)

are commonly used in radiotherapy. Often, either 6 MV or

18 MV in linacs is more preferable for cancer treatment. As a

result, the production of unwanted fast neutrons due to the

increase in photon energy can contaminate the therapeutic

beamand also give a non-negligible contribution to the patient

dose [3]. The knowledge of the extra dose due to photo-

neutrons in the vicinity of the patient position is an impor-

tant issue in radiological protection of patients. Thus, this dose

information might be used for taking additional protective

measures for reduction of unwanted neutron doses.

In high-energy photon beams in radiotherapy, the mea-

surement of neutron fluxes and the corresponding absorbed

dose is especially difficult due to the large ratio of photons to

neutrons and the lack of knowledge about neutron energy

spectra. Photons interfere through (g,n) reactions in the

detector and through pulse pile-up problems in the de-

tectors which employ electronic pulse mode measurements.

The responses of neutron detectors depend mainly on inci-

dent neutron energy, and thus fluence-to-dose conversion

factors vary strongly with incident neutron energy [4].

Further, one requires knowledge of the neutron energy

spectra which is difficult to obtain for fluence-to-dose

conversion factors. In our literature survey, BF3 proportional

counters were used as an active detector to measure

neutron fluence at about 4.6 � 105 n/cm�2 per GyeX-ray dose

using a Siemens 18-MV accelerator [5]. Suitable thermolu-

minescent dosimeters were also used to deduce the neutron

contribution [6]. However, passive detectors such as activa-

tion detectors are good alternatives for accurate measure-

ment of thermal and epithermal neutron fluxes inside the

treatment room [4]. The neutron activation technique with

use of indium foils was employed to measure thermal

neutron flux in various locations in a treatment room with

the use of 10- and 15-MV linacs [7]. Since the foil activation

technique is a well-known and reliable method, it is a sim-

ple way to measure the thermal and epithermal components

of the neutron flux in radiotherapy rooms. Its main advan-

tage is that activation detectors are insensitive to photon

radiation in a mixed field consisting of both neutrons and

photons. These detectors also have some additional advan-

tages such as their low cost and small sizes of the wire or

foils, thus giving a better spatial resolution to deduce

neutron doses. Nevertheless, the basic disadvantage of an

Fig. 1 e A schematic view of a Varian Clinac DHX linac and

foil locations in treatment room. The letters AeJ denote

eight gold foils where they are placed in operator and

treatment rooms.
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activation detector is that the activity produced in it has to

be measured in a separate gamma counting system, which

must be installed away from the treatment room. In this

context, an ultimate monitor isotope, 197Au, was previously

used to measure the neutron fluence of 2.3 � 105 n/cm2 per

Gy-photon dose at a surface-to-source distance of 100 cm

using an 18-MV accelerator [8]. This work aims to measure

neutron fluxes (thermal plus epithermal neutrons) by using

gold-foil activation and to determine the corresponding

photo-neutron dose equivalent in mSv per Gy-photon dose

at a patient position. Additionally, ambient dose equivalent

values were estimated at different places in the treatment

and operator rooms.

2. Materials and methods

2.1. Description of linac facility and irradiation
conditions

A Varian Clinac DHX dual energy linear accelerator (Varian

Medical Systems, Palo Alto, CA) in the Radiation Oncology

Department of School of Medicine of Süleyman Demirel Uni-

versity in Isparta, Turkeywas used in this work. It is capable of

producing 6- and 18-MV X-ray beams and also electron beams

with 6 MeV, 9 MeV, 12 MeV, 15 MeV, and 18 MeV energies for

treatment purposes. Fig. 1 shows a schematic view of a

radiotherapy room. The treatment room has a floor area of

93.80 m2 and a height of 3.9 m. As primary barriers, the right

wall is 2.2 m thick, the left wall is 2.8 m thick, and the back

wall is 1.5 m thick concrete. The maze in the room was made

of a 30-cm thick concrete wall linedwith 5 cm of boron-loaded

polyethylene and 3 cm of lead. A 1-cm thick steel was added

the sliding door to slow down fast neutrons. The operator

room is also shielded with a 30-cm thick concrete wall,

covered with 3 cm of lead.

Gold foils are placed at different positions in the treatment

room to measure neutron fluxes. The linac was operated at

18 MV photon mode and the gantry and collimator angle were

positioned at 0� vertically oriented, pointing down at the floor.

The accelerator isocenter is at position (0,0,0) in this work, as

shown in Fig. 2. A water-equivalent solid slab phantom (RW3)

was positioned at the isocenter. Each of the foils was inter-

posed between phantom layers. The gold foil detectors with

and without Cd shield cover were placed on the surface of the

phantomat d¼ 0 cm and at depths of 5 cm and 10 cm from the

surface. The standard RW3 phantom is considered to be

water-equivalent in the energy ranges from 1.25 MeV (60Co) to

25-MV linac photons and from 4- to 25-MeV electrons [9].

During the irradiation session, one bare and one Cd-covered

gold foil were placed on the central axis and coirradiated in

the RW3 solid phantom. The solid phantom surface was fixed

at a surface-to-source distance of 100 cm. The maximum

photon dose at 5 cm was measured to be 50.4 ± 0.6 Gy in the

water phantom for a 20 � 20 cm2 field size using an ionization

chamber. Other photon doses were measured to be

41.9 ± 0.5 Gy at 10 cm, 34.7 ± 0.4 Gy at 15 cm, and

28.6 ± 0.3 Gy at 20 cm in the phantom for a time period of 748

seconds (about 12.5 minutes).

The foil irradiations were performed at the point of

maximum photon dose of ~50.4 Gy (5,000 MU) accumulated

during one irradiation session of 12.5 minutes. At the end of

irradiation, the foils were transferred to the laboratory of the

Institute of Nuclear Sciences in Ankara, Turkey for measure-

ment of the activity produced in the foils by using a calibrated

Ge detector.

2.2. Description of the gamma-ray spectrometer

The detector used is a p-typewell Ge (Canberra Industries Inc.,

800 Research Parkway, CT06450, USA; GCW4023) with a rela-

tive efficiency of 44.8% and a resolution of 2 keV at 1,332.5 keV.

The Ge detector has a well with a 16-mm diameter and a 40-

mm depth. It has a standard 10-cm thick lead shield graded

by a 1-mm thick tin and 1.6-mm thick copper layers, jacketed

by a 9.5-mm steel outer housing.

For the data acquisition, the preamplifier was connected to

a spectroscopy amplifier (Canberra 2025) and then interfaced

to a 16 K ADC/MCA analyzer (Canberra Multiport II) operating

through Genie 2000 software (Canberra Industries Inc., 800

Research Parkway, CT06450, USA). The spectra were collected

in 4,096 ADC/MCA channels by setting suitable adjustments

[10].

Gold foils were measured using a 1-mm thick polystyrene

tube in the well of the Ge detector. For this measurement

geometry, the full-energy peak detection efficiency, εp for the

411.8 keV peak of 198Au, was determined by means of ANGLE

software (Advanced Quantative Gamma-Spectrometry

Fig. 2 e Irradiation geometry for foil activation detectors at

isocenter on the z central axis. Isocenter is at the point

(0,0,0) on the phantom. SSD, surface-to-source distance.
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(ANGLE 3), Podgorica, Montenegro) [11] by using a reference

efficiency curve. To do this, the point sources 22Na, 57Co, 54Mn,
60Co, 65Zn, 109Cd, 133Ba, and 137Cs (Eckert and Ziegler Inc.,

Valencia, CA, USA) were measured at a distance of 3 cm from

the end-cap surface. The full-energy peak detection efficiency,

εp, was also calculated using GESPECOR (Version 4.2) software

(CID Media GmbH, Strurhweg 1, 63594 Hasselroth, Germany)

that uses a Monte-Carlo simulation [12]. The resulting εp value

for the 411.8 keV peak of 198Au was found to be 0.298 ± 0.067

for a 12.7-mm diameter foil measured in the well of the

detector.

Since the activity produced in each foil was high enough,

they were left at least 1 day for high decaying activity, thus

avoiding pulse pile-up and reducing dead time counting losses

in the counting system. Thus, the measurement periods were

chosen between 21 hours and 66 hours to obtain good statis-

tics of the spectrum counts. The room background measure-

ments were subtracted the peak area of interest.

2.3. Neutron flux determination by gold foil activation
method

As a passive neutron detector, gold is well known and adopted

as a reliable monitor to measure neutron fluxes in mixed ra-

diation fields because of its good nuclear and decay properties,

as given in Table 1. For instance, it behaves as a good 1/v-

detector in the thermal neutron region with a relatively high

neutron capture cross section of s0 ¼ 98.8 ± 0.1 b and reso-

nance integral of I0 ¼ 1,550 ± 28 b via 197Au(n,g)198Au reaction.

Most of the resonances of 197Au occur at low energies, about

4.9 eV. Additionally, when gold is irradiated with neutrons,

the total equivalent 2,200m/s flux can be determined from the

induced 198Au activity by the following equation [13]:

F0 ¼ 1

GthgTs0

h
Rs � GepiR

Cd
s FCd

i
(1)

where gT is the correction for departure from the 1/v cross

section behavior of the monitor isotope and Gth and Gepi are

the thermal and epithermal neutron self-shielding factors,

respectively. Rs and RCd
s are the reaction rates per atom for bare

and cadmium-covered foil irradiations. FCd is the cadmium

correction factor for the monitor isotope of interest. For the

calculation of thermal component, Eq. (1) is simply expressed

as follows:

Fth ¼ 1:128� F0 (2)

In Eq. (2), themultiplier 1.128 is used for the relation of total

equivalent 2,200m/s flux. In otherwords, all thermal neutrons

are assumed to be at an energy of 0.0253 eV [14]. The epi-

thermal component of neutron flux, Fepi, is defined as:

Fepi ¼ F0$
1

ðRCd � 1Þ$
gTs0

I0
$
Gth

Gepi
(3)

The reaction rate per atom for bare foil, Rs, and cadmium

covered foil, Rs,Cd, irradiation can be derived from the induced

activity in the foil [15,16].

For the determination of neutron flux, the foils used have

high purity of 99.95%, a 0.0508-mm (0.002 inch) thickness, and

a 12.7-mm (0.5 inch) diameter. They were purchased from

Shieldwerx, A Division of Bladewerx LLC, Rio Rancho, NM,

USA. The mean values, thermal neutron self-shielding factor

Gth ¼ 0:939ð5Þ, and epithermal neutron self-shielding factor

Gepi ¼ 0:257ð4Þ were calculated for the foils based on the

formulae given in [15,17]. Nuclear and decay data required for

the 197Au(n,g)198Au reaction are provided in Table 1.

3. Results and discussion

In a radiotherapy treatment room, the contribution of a photo-

neutron dose to patients due to a therapeutic photon beam

from an 18-MV linac operating in photonmode wasmeasured

using gold activation foils. Some were placed in the solid

water phantom (RW3) layers and the others suspended freely

on thewalls of the room. The collimator was opened to specify

a 20 � 20 cm2 X-ray field size and each irradiation session

lasted for about 12.5 minutes to obtain a total 50 Gy photon

dose at dmax ¼ 5 cm below the surface of the phantom placed

at the isocenter. The measured neutron fluxes for different

Table 1 e Decay and nuclear data for gold activation
detector.

Characteristic properties Value Reference

Thermal neutron cross section, s0 (b) 98.7 (1) [18]

Resonance integral cross section, I0 (b) 1,550 (28) [18]

Cadmium correction factor, FCd 0.991 [19]

Correction factor for departure from

1/v cross section behaviour, gT

1.0051 [19]

Atomic weight, M (g/mol) 196.966569 (3) [20]

Isotopic abundance of 197Au, q (%) 100 [20]

Half-life of 198Au, t1/2 (d) 2.6943 (3) [21]

Correction factor for gamma

self-attenuation in foil, Fs

1.009 (2) [22]

Correction factor for true

coincidence

summing effects, Fc

0.996 (90) [23]

Gamma emission

probability of 198Au, fg (%)

95.62 (6) [21]

Peak energy of 198Au, Eg(keV) 411.80205 (17) [21]

Table 2 e Neutron flux measurements and corresponding dose equivalents in solid water phantom.

Phantom depth
(cm)

Thermal neutron flux, F (n/cm2/s) Epithermal neutron flux, F(n/cm2/s) Neutron dose equivalenta

(mSv)

0 (6.65 ± 0.20) � 105 (1.15 ± 0.05) � 105 7.45 ± 0.41

5 (3.73 ± 0.11) � 106 (1.12 ± 0.05) � 105 33.56 ± 1.82

10 (2.18 ± 0.06) � 106 (3.73 ± 0.17) � 104 19.17 ± 1.04

a Fluence-to-dose conversion factors, Hp,slab (10,0�)/f are taken from International Commission on Radiological Protection publication 74 [24].
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depths in the solid water phantom are given in Table 2. Flu-

ence (f) was calculated from the measured flux (F) by taking

into account exposure time (tirr). Then, personal dose equiv-

alent and ambient dose equivalent values were determined

from the resulting thermal neutron fluences by employing the

neutron fluence-to-dose conversion factors as Hp,slab(10,0�)/f

andH*(10) /f at a thermal neutron energy of ~0.0253 eV, which

was taken from The International Commission on Radiolog-

ical Protection 74 document [24]. Similarly, the doses due to

epithermal neutron fluences were calculated using the

average conversion factors in the epithermal neutron energy

range from ~0.5 eV to 100 keV. If we express the neutron dose

equivalent in terms of mSv per Gy photon dose, it is observed

that the maximum total neutron contamination is below

dmax ¼ 5 cm depth from phantom surface. Thus, the corre-

sponding total dose equivalent due to thermal plus epithermal

neutrons was found to be about 0.67 ± 0.04mSv per Gy photon

dose at a 5-cm depth in the water phantom, where the

maximum cumulative photon dose is 50.4 ± 0.6 Gy at the

isocenter with a 20 � 20 cm2 X-ray field size. The dose distri-

bution depending on depth in the phantom is also shown in

Fig. 3. The increase in neutron contamination dose is expected

due to not only the increased thermal flux in the water

phantom but also the maximum photon flux (thus leading to

the increment in photo-neutron dose) measured at the treat-

ment planning depth from the phantom surface, where the

depth is theoretically assumed to be dmax ¼ 5 cm from the

surface of solid water phantom.

For other locations in the treatment room, the ambient

dose equivalent values, H*(10), due to thermal plus epithermal

neutrons are given in Table 3. For instance, the total neutron

contamination dose in the operator room was found to be

almost zero, i.e., the value of 2.43 ± 2.28 mSv. The photo-

neutron dose was measured to be 33.56 ± 1.82 mSv at the

patient position (phantom surface) at the isocenter, where

surface-to-source distance ¼ 100 cm was chosen.

The calculated neutron dose values for the points repre-

sented by letters D and E, asmarked in Fig. 1, were expected to

be the same due to the symmetrical distances from the left

and right primary barriers but some scattering arising from

the variation of distances to the ceiling and floor had some

effect. The neutron doses measured at the entrance door

Fig. 3 e Variation of photo-neutron dose equivalent to the given photon dose depending on depth of phantom placed at

isocenter.

Table 3 e Measured neutron fluxes and calculated dose
equivalent values in treatment room,maze entrance, and
operator room.

Irradiation location Total neutron
fluxb

F (n/cm2/s)

Neutron dose
(mSv)

Patient position at

isocenter at dmax ¼ 5 cm

in the phantoma

(3.85 ± 0.21) � 106 33.56 ± 1.82

Left wall (~3.8 m distance

from isocenter), foil D

suspended

(1.00 ± 0.03) � 105 0.80 ± 0.03

Right wall (~3.8 m

distance from isocenter),

foil E suspended

(9.81 ± 0.30) � 104 0.78 ± 0.02

Patient position 45cm

distance from isocenter,

foil F suspended

(1.32 ± 0.04) � 105 1.05 ± 0.03

Maze wall-1

(foil G suspended)

(1.24 ± 0.06) � 104 0.098 ± 0.005

Maze wall-2

(foil H suspended)

(1.07 ± 0.52) � 103 (8.47 ± 4.08) � 10�3

Maze entrance

(foil I suspended)

(2.36 ± 1.30) � 102 (1.87 ± 1.03) � 10�3

Operator room

(foil J suspended)

(3.06 ± 2.88) � 102 (2.43 ± 2.28) � 10�3

a Two set foils denoted to A, B, and C are co-irradiated as bare foil

and with cadmium cover-foil between phantom layers.
b Due to only thermal neutron plus epithermal neutron flux, where

excepting the fast neutrons with energies of above 500 keV.
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(letter I) and in the operator room (letter J) were also found to

be very low, i.e., almost zero.

As given in Table 4, the total neutron fluence was

measured to be 5.71 � 107 n/cm2 per Gy-photon dose at the

isocenter. This measured fluence and the corresponding

photo-neutron dose were compared with the results obtained

in literature at different X-ray field sizes (10 � 10 cm2,

15 � 15 cm2, and 20 � 20 cm2) from other 10-, 15-, and 18-MV

linacs. It is clear that a relatively higher fluence is estimated in

our work than those other studies. This is due to the contri-

bution of the epithermal neutron component to the thermal

component in the water phantom. In general, the contami-

nation neutron dose equivalent was determined to be < 0.7%

of the photon dose delivered to the patient at the isocenter.

Nevertheless, this extra dose delivered to patients due to

photo-neutrons in the vicinity of the patient position is not a

negligible fraction of the therapeutic photon dose. Thus, this

implies that there is a need for dose reduction measures from

the point of view of radiation protection during the treatment

of patients.

This study presents a measurement method of photo-

neutron dose employing the gold foil activation method. It is

a fact that during operation of amedical linac in photonmode,

the production of photo-neutrons via (g,n) reactions from the

target and surrounding materials is not negligible because of

the high-energy photon beams used in radiotherapy. In a

Table 4 e A comparison of the measured neutron fluence and corresponding neutron dose for 10-MV, 15-MV, and 18-MV
linacs.

Medical
accelerator

Measurement/
calculation
methoda

Potential
(MV)

Field size
(cm2)

Neutron fluence
per unit photon
dose (n/cm2/Gy)

Neutron dose
to photon dose

(mSv/Gy)

Total neutron per
unit photon dose

(n/Gy)

Reference

Varian Clinac DHX Au-foil 18 20 � 20 (5.71 ± 0.33) � 107 0.67 ± 0.04 (2.28 ± 0.13) � 1010 This work

Varian 2100 C/D PC films 18 20 � 20 None 3.30 ± 0.50 None Hashemi et al

2011 [25]

Varian

CLINAC 2100C

CR39 dosimeter 18 20 � 20 1.07 � 105 1.15 None Paredes et al

1999 [26]

Mevatron-77 Au foil 18 15 � 15 2.30 � 105 None 5.18 � 107 Palta et al 1984 [8]

Philips SL/75-20 In-foil 18 10 � 10 1.40 � 106 None 1.40 � 108 Gur et al 1978 [27]

Elekta Precise Au-foil 18 None (9.11 ± 0.19) � 106 1.95 None Esposito et al

2008 [28]

Varian 21EX

Platinum Plus

BSS/TLD 18 10 � 10 (5.00 ± 0.40) � 106 None 5.00 � 108 Vega-Carrillo et al

2010 [29]

Varian Clinac

2100/2300C

Monte Carlo 18 None None None 1.20 � 1012 Kase et al 1998 [30]

Varian Clinac 21EX BSS/Au-foil 18 10 � 10 7.47 � 106 1.65 7.47 � 108 Kry et al 2008 [31]

Siemens Monte Carlo 18 20 � 20 None 6.96 None Chibani et al

2003 [32]

Siemens Monte Carlo 18 10 � 10 None 5.03 None Chibani et al

2003 [32]

Varian Monte Carlo 18 10 � 10 None 20.40 None Chibani et al

2003 [32]

Varian Monte Carlo 15 10 � 10 None 13.30 None Chibani et al

2003 [32]

Varian Clinac

2300C/D

Bubble Detector 15 20 � 20 None 2.50 None Ipe et al 2000 [33]

Varian Clinac

2300C/D

Au-foil 15 20 � 20 None 3.00 None Ipe et al 2000 [33]

Varian Clinac

2300C/D

Track-Etch 15 20 � 20 None 8.50 None Ipe et al 2000 [33]

Elekta Precise CR39 dosimeter 15 15 � 15 (6.10 ± 0.12) � 106 None 1.37 � 109 Khaled et al

2011 [34]

Varian 23EX CR39 dosimeter 15 15 � 15 (5.23 ± 0.10) � 106 None 1.18 � 109 Khaled et al

2011 [34]

Varian CLINAC

21EX

In-foil 15 20 � 20 1.97 � 105 None 7.88 � 107 Liu et al 2011 [7]

Varian CLINAC

21EX

In-foil 10 20 � 20 1.46 � 104 None 5.84 � 106 Liu et al 2011 [7]

Elekta Precise CR39 dosimeter 10 15 � 15 (4.00 ± 0.08) � 106 None 9.00 � 108 Khaled et al

2011 [34]

Neptun 10PC Monte Carlo 10 20 � 20 None 0.042 None Zabihinpoor et al

2011 [35]

Varian Clinac

2100/2300C

Monte Carlo 10 None None None 3.80 � 1010 Kase et al 1998 [30]

BSS, bonner sphere spectrometer; TLD, thermoluminescent dosimeter.
a Surface-to-source distance ¼ 100 cm.
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water phantom, the measured neutron dose equivalents as a

function of depth per unit total photon dose were presented

for 20 � 20 cm2 X-ray fields. In all cases the measured

maximum neutron dose equivalent was less than 0.7% of the

photon dose.

Since the gold foil activation technique is a more reliable

and effective method of measuring both thermal and epi-

thermal neutron fluence rates, the neutron doses were accu-

rately assessed at the patient position. The present results

indicate that the total neutron dose equivalent represents a

small contribution to the therapeutic photon dose, meaning

that it is still two or three orders of magnitude smaller than

the photon dose delivered to the patient. However, the

amount of this extra dose in the vicinity of the patient position

cannot be neglected in view of radiological protection

assessment related to the patients. In conclusion, there is a

need for dose reduction measures against the neutron

contamination. For instance, some elastomeric materials

loaded with neutron absorbers might be used as protective

aprons during the treatment of patients.

Conflicts of interest

All authors have no conflicts of interest to declare.

Acknowledgments

This work was supported by the Ankara University Scientific

Research Project, No. BAP-12A4045001.

r e f e r e n c e s

[1] A. Alfuraih, M. Chin, N. Spyrou, Measurements of the
photonuclear neutron yield of 15 MV medical linear
accelerator, J. Radioanal. Nucl. Chem. 278 (2008) 681e684.

[2] International Commission on Radiological Protection (ICRP
103), The 2007 Recommendations of the International
Commission on Radiological Protection, ICRP Publication 103,
Ann. ICRP, Elsevier Ltd., The Netherlands, 2007.

[3] C. Ongaro, A. Zanini, U. Nastasi, J. R�odenas, G. Ottaviano,
C. Manfredotti, Analysis of photoneutron spectra produced
in medical accelerators, Phys. Med. Biol. 45 (2000) L55.

[4] A. Nath, A. Boyer, P. La Riviere, R. McCall, K. Price, Neutron
measurements around high energy X-ray radiotherapy
machine, The American Association of Physicists in
Medicine (AAPM), 1986. Report No. 19.

[5] R. Barquero, R. Mendez, H.R. Vega-Carrillo, M.P. I~niguez,
T.M. Edwards,Neutron spectra anddosimetric features around
an 18 MV linac accelerator, Health Phys. 88 (2005) 48e58.

[6] R.B. Sanz, R.M. Villafa~ne, M. Bayo, H. Vega-Carrilho,
Determination of neutron dose to patients from a 18 MV
LINAC, Trabajo CB/UEN-07/039, 2001.

[7] W.S. Liu, S.P. Changlai, L.K. Pan, H.C. Tseng, C.Y. Chen,
Thermal neutron fluence in a treatment room with a Varian
linear accelerator at a medical university hospital, Rad. Phys.
Chem. 80 (2011) 917e922.

[8] J.R. Palta, K.R. Hogstrom, C. Tannanonta, Neutron leakage
measurements from a medical linear accelerator, Med. Phys.
11 (1984) 498.

[9] PTW [Internet]. [cited 2014 May 6] PTW Freiburg GmbH,
Germany. Available from: http://www.ptw.de/acrylic_and_
rw3_slab_phantoms0.html.
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