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Photoneutron spectrum measured with a Bonner sphere spectrometer
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H I G H L I G H T S
� The photoneutrons spectrum of a 15 MV LINAC was measured.

� A Bonner sphere spectrometer with pairs of TLDs were used.
� Measurements were carried out with the BSS in Planetary method mode.
� Measured spectrum is compared with calculated spectrum.
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The spectrum of photoneutrons produced by a 15 MV VARIAN iX linac working in Bremsstrahlung mode
was measured a 100 cm from the IC located 5 cm-depth of a solid water phantom. The spectrum was
measured with a Bonner spheres spectrometer with pairs of TLDs as thermal neutron detector. The
measurements were carried out using the spectrometer in planetary method mode where a single shoot
of the LINAC was required.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The main purpose of using linear accelerators, LINACs, in cancer
treatment is to deliver a localized dose mainly in the ill tissue; this
is the dominant technology worldwide used either using photon
or electron beams (Amgarou et al., 2011). However when LINACs
work above 10 MV together with the therapeutic beam a neutron
field is produced delivering an undesirable neutron dose to the
patient (Barquero et al., 2002).

Operating in Bremsstrahlung mode these photoneutrons are
produced when photons interact with the jaws, flattening filter,
collimators and LINAC head through (γ, n) reactions (Followill
et al., 2003; Mesbahi et al., 2010).

The presence of neutrons around LINACs also induces activation
products becoming a radiological issue around the facility (Konefal
et al., 2013).

In order to evaluate the risk for a patient during cancer
treatment with a LINAC due to the neutron contamination and
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to define adequate radiation protection protocols for the accel-
erator staff due the induced activation is important to determine
the photoneutrons energy distribution or spectrum. However, this
is not a trivial task; during LINAC operation an intense, mixed and
pulsed radiation field is produced that prevents the use of
measurement systems with active detectors due the large dead
times and pulses pileup (Amgarou et al., 2011).

To overcome these problem systems like the Bonner sphere
spectrometer, BSS, with passive detectors have been used, such as
pairs of thermoluminescent dosimeters, gold and dysprosium foils
and track detectors (Barquero et al., 2005; Esposito et al., 2008;
Bedogni et al., 2010, 2012; Garny et al., 2011).

Pairs of thermoluminscent dosimeters, TLD600 and TLD700,
have approximately the same effective atomic number therefore
their response to gamma rays is alike. TLD600 contains 95.6% 6Li
and 4.4% 7Li while TLD700 has 0.1% 6Li and 99.9% 7Li. The total
cross section of 6Li for thermal neutrons is roughly four orders of
magnitude larger than 7Li, thus using pairs of these TLDs in mixed,
neutron and gamma, radiation fields the thermal neutron can be
measured (Vega-Carrillo, 2002).

An inconvenient of using the BSS with passive detectors to
measure the photoneutron spectrum around the LINACs is that is
required to shots the LINAC as many times as polyethylene spheres
has the BSS. In order to reduce the amount of shots the spheres
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can be setup around a circle with its center at the isocenter, in an
array named planetary method (Vega-Carrillo and Pérez-Landeros,
2012).

The aim of this work is to use a Bonner sphere spectrometer in
planetary method mode to determine the photoneutron spectrum
produced by a 15 MV LINAC at 1 m from the isocenter when
600 cGy of X-ray were delivered on a solid water phantom.
Fig. 1. Bonner sphere spectrometer in planetary method mode.
2. Materials and methods

The photoneutron spectrum produced by a 15 MV linear accel-
erator VARIAN iX has been measured using a Bonner sphere
spectrometer with a passive thermal neutron detector. The BSS
was used in planetary method mode using a single shoot of the
LINAC. The linear accelerator is at the Center for Cancer Treatment
of the Public Health Services from the State of Nayarit.

The measurement was carried out 100 cm from the isocenter
using 20�20 cm2 X-ray therapeutic beam delivering 600 cGy. The
isocenter was located 5 cm depth in a 30�30�15 cm3 solid water
phantom. The passive thermal neutron detectors of the Bonner
sphere spectrometer were made with two pairs of thermolumies-
cent dosimeters, TLD600 and TLD700, in each sphere.

The planetary method consists in to setup at once all the
Bonner spheres at the perimeter of a circle with its centre at the
isocentre, prior to use this method two features need to be
evaluated: The symmetry of the neutron field in measuring sites
and the cross-talking between the polyethylene spheres of the BSS
(Vega-Carrillo and Pérez-Landeros, 2012).

These two features were evaluated using Monte Carlo methods
with the MCNP5 code (X-5 Monte Carlo team, 2003), where a
model of the bunker, the LINAC head and the phantom was
designed.

The head was modelled as a hollow sphere 15 cm thick of
tungsten, in its centre the neutron source term was located. The
source term was obtained with the Tosi et al. (1991) function. The
sphere has an aperture to produce a 20�20 cm2 irradiation area
at the isocenter in the 30�30�15 cm3 solid water phantom.

In order to verify the symmetry conditions point-like detectors
were distributed around a 1 m-radius circle and the neutron
spectra, and total neutron fluences were calculated.

Models of 2, 3, 5, 8, 10 and 12 in-diameter polyethylene spheres
were included in the model around the perimeter of 1 m-radius
circle varying the separation angle between the spheres since 121
up to 501. In this array the bare detector was located between the
10 and 12 in-diameter spheres and the neutron spectrum was
estimated. This spectrum was compared with the spectrum
obtained in absence of all the spheres; it was found that, for this
hall, using angles above 171 there is not cross-talking between the
spheres. The amount of histories used in these calculations were
1E(8) and the obtained uncertainty less than 1%.

Once both conditions were fulfilled the 0, 2, 3, 5, 8, 10 and 12
in-diameter spheres were located around the perimeter of 1-m-
radius circle whose centre was the isocentre, using 251 between
the spheres, allowing to measuring the neutron spectrum using a
single accelerator shot as it is shown in Fig. 1.

Before the measurements the TLDs were heated to 400 1C
during 1 h, the TLDs readout was carried out with a Harshaw
3500 reader from 50 to 300 1C using a gradient of 10 1C/s.

From the TLD readouts the net neutron response were calcu-
lated and converted to 6LiI(Eu) scintillator counts that were used
to unfold the neutron spectrum using the NSDUAZ code (Vega-
Carrillo et al., 2012). Beside the spectrum the code gives out the
ambient dose equivalent and the neutrons mean energy.

To convert the TLD net neutron response to 6LiI(Eu) response,
the BSS with TLDs was used to measure the neutron spectrum of
bare 252Cf, 252Cf/D2O and 239PuBe sources. In this procedure the
BSS was at 1 m from the source and the spectrum was measured
using the scintillator and the TLD pairs; for each sphere a
conversion factor is obtained. These factors depend of units used
by the TLD reader.

The calculated neutron spectrum at 1 m from the isocenter
(Benites-Rengifo et al., 2010), was integrated in energy to obtain
the total neutron fluence rate, ϕMCNP, that was used with the
measured neutron fluence rate, ϕExp, to estimate the LINAC
neutron yield, Q, using Eq. 1.

Q ¼ QMCNP
φExp

φMCNP

� �
ð1Þ

The relative uncertainty of Q was calculated using Eq. (2).

εQ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε2φExp

þ ε2φMCNP

QMCNP

s
ð2Þ

In these equations QMCNP is the source term neutron yield, and
εϕExp and εϕMCNP are the relative uncertainties in the measured and
calculated neutron fluence rates respectively.
3. Results and discussion

In Fig. 2 is shown the unfolded neutron spectrum.
To 100 cm from the isocenter the neutron spectrum, has a peak

between 0.1 and 1 MeV with a maximum between 0.2 and
0.4 MeV. Another peak is noticed due to thermal neutrons that
are related to the fast peak through epithermal neutrons. This
spectrum is alike to neutron spectra measured around LINACs
(Barquero et al., 2002, 2005).

The high-energy peak are evaporation neutrons, the epithermal
neutrons are evaporation neutrons that during interactions with
the LINAC head and materials in the room are slowed down, while
the thermal neutrons are mainly those due to room-return (Vega-
Carrillo et al., 2007).

The total neutron fluence is (5.2077%)E(6) n/cm2-Gyx, and the
linear accelerator neutron source strength is 0.67E(12) 77% n/Gyx,
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Fig. 2. Photoneutron spectrum.

Table 1
Mean energy and ambient dose equivalent values of photoneutrons at 100 cm from
the isocenter.

Parameter Lower Middle Upper Median

Mean energy [MeV] 0.15 0.23 0.30 0.21
Hn(10)ICRP74 [μSv/Gyx] 496735 633744 724751 612743

100 cm from IC
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Fig. 3. Low and high resolution neutron spectrum calculated with Monte Carlo
methods.
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Fig. 4. Measured and calculated neutron spectrum.
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this is in agreement with source strength of similar LINACs
(Followill et al., 2003).

In Table 1 are shown the neutrons mean energy and the ambient-
dose-equivalent calculated using the ICRP74 fluence-to-dose conver-
sion coefficients (ICRP, 1997). For these calculations the NSDUAZ code
uses four criteria: The lower, middle, upper and median energy
values of the class intervals of the energy groups used to describe the
neutron spectrum.

In Fig. 3 is shown the neutron spectrum calculated by Monte
Carlo methods (Benites-Rengifo et al., 2010) under the same condi-
tions used during the measurements. The spectrum was calculated
using two energy structures; the corresponding low resolution
spectrum has 24 energy groups was calculated using the same
energy groups used in the unfolding with the NSDUAZ code.

The shape of the high resolution spectrum, with 39 energy
groups, is alike to the spectrum reported by Esposito et al. (2008)
measured with BSS with TLDs at 1 m from the isocenter of an 18 MV
LINAC. Their spectrum is defined for a larger amount of energy
groups, however two peaks are noticed, on from 1E(−8) to 2E(−7)
MeV and another from 3E(−2) up 2 MeV with a maximum in
approximately 0.35 MeV. In the spectra shown in Fig. 3 the same
peaks are noticed however here the maximum is in 0.2 MeV
probably due to the difference in the LINAC energy. Here, the amount
of knock off neutrons is smaller than those in 18 MV LINACs, and the
main source are evaporation neutrons that in the interactions with
the head lose energy shifting the peak to lower energies.

In Fig. 4 are shown the calculated and the measured neutron
spectra, here it can be noticed that both agree well, even when a
simple model of the LINAC head was used during calculations.
4. Conclusions

To 100 cm from the isocenter, the photoneutron spectrum
produced by a 15 MV VARIAN iX linear accelerator was measured
using a passive BSS in planetary method mode.
The photoneutron spectrum has two peaks, one in the area of
thermal neutrons and the other in the area of fast neutrons. The
first peak are the room-return neutrons whose features are due to
the walls, floor and ceiling inner surface areas of the bunker, while
the fast neutrons are evaporation neutrons produced during the
(γ, n) reactions.

The measured spectrum agrees with the spectrum calculated
by Monte Carlo methods, which validates the spectra calculated in
other parts of the room and the patient'’s body.

The neutron fluence per dose at 100 cm from the isocentre is
5.20E(6) cm−2-Gyx−1, whose average energy is 0.30 MeV.

The ambient dose equivalent is 724 mSv/Gyx, and the fluence-
to-ambient dose equivalent conversion factor is 139 pSv-cm2.

The neutron yield per applied absorbed dose is 0.67E (12)77%
neutrons/Gyx.
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