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Abstract: We measured the spectrum of photoneutrons at 100 cm isocenter (IC) linear accelerator (Linac) VARIAN iX 
operating at 15 MV Bremsstrahlung mode. In this process was used a radiation field of 20 x 20 cm

2
 at a depth of 5 cm in a 

solid water phantom with dimensions of 30 x 30 x 15 cm
3
. The measurement was performed with a system using it Bonner 

Spheres spectrometric method Planetary mode. As neutron detector of the spectrometer is used thermoluminescent do-
simeters pairs of type 600 and 700. 
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1. Introduction 

Treatment of cancer, type of teletherapy, using linear 
accelerators (Linacs) that operate in mode X-ray brems-
strahlung emit megavoltage to provide absorbed dose to 
the patient's tumor volume. A disadvantages of using Lin-
acs is that photons interact with the jaws, flattening filter, 
collimators and shielding of the head producing neutrons 
by photonuclear reactions of type (, n) depositing an un-
wanted dose to the patient [Barquero et al., 2002]. 
 

In order to define the risk to the patient and establish 
appropriate protocols in radiation protection is important 
to determine the energy distribution of the photoneutrons 
(spectra). During operation of the Linac treatment room in 
the field is generated intense mixed pulsed radiation that 
prevents the use of measurement systems with active de-
tectors, for that reason we have developed several meth-
ods to measure the neutron spectra and one of the sys-
tems is the system used spectrometric Bonner spheres 
(SSB) consisting of several areas of polyethylene with a 
neutron detector at its center [Schraube et al., 2002]. 

2. Materials and Methods 

The photoneutron spectrum produced by a 15 MV linear 
accelerator VARIAN iX has been measured using a passive 
Bonner sphere spectrometer (BSS) in Planetary Method 
mode, as shown in figure 1. 
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Figure 1.  BSS in Planetary mode. 

 
The linear accelerator is at the Center for Cancer Treat-

ment of the Public Health Services from the State of Naya-
rit. The measurement was carried out 100 cm from the 
isocenter using 20 x 20 cm

2
 X-ray therapeutic beam, the 

isocenter was located 5 cm depth in a 30 x 30 x 15 cm
3
 sol-

id water phantom. The passive thermal neutron detectors 
of the Bonner sphere spectrometer were made with 
TLD600 and TLD700 pairs. 

 
For first time the spectrometer was used in Planetary 

Method mode where the 0, 2, 3, 5, 8, 10 and 12 inch-
es-diameter spheres were located around the perimeter of 
1-meter-radius circle whose center was the isocenter, al-
lowing to measuring the neutron spectrum using a single 
accelerator shot. Before the measurements the TLDs were 
heated to 400 °C during 1 h, the TLDs readout was carried 
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out with a Harshaw 3500 reader from 50 to 300 °C using a 
gradient of 10 °C/s. From the TLD readouts the net neutron 
response were calculated and converted to 

6
LiI(Eu) scintil-

lator counts that were used to unfold the neutron spec-
trum using the NSDUAZ code [Vega-Carrillo et al., 2012]. 

3. Results 

The result of this reconstruction is shown in Figure 2. Also 
the mean neutron energy, ambient dose equivalent and 
the neutron source strength were estimated. At 100 cm 
from the isocenter the neutron spectrum, has a fast neu-
tron peak with a maximum between 0.2 to 0.4 MeV, a peak 
due to thermal neutrons related with epithermal neutrons, 
the total neutron fluence is (5.203±0.364)E(6) n/cm

2
-Gyx, 

mean neutron energy, using the spectrum´s class interval 
upper limit, is 0.3043 MeV, the fluence-to-ambient-dose 
equivalent conversion coefficient is 139 pSv-cm

-2
-Gyx

-1
 and 

the linear accelerator neutron source strength is 0.67E(12) 
± 7% n/Gyx. 

 
Figure 2.  Neutron spectrum. 

 

Figure 3 shows the spectrum calculated by Monte Carlo 
methods [Benites et al., 2010] of IC 100 cm used two en-
ergy groups, the corresponding low resolution was calcu-
lated using the same energy groups used in the reconstruc-
tion process of the experimental spectrum NSDUAZ code. 
 

 

Figure 3.  Calculated Spectra of Photoneutrons. 
The low resolution spectrum was normalized to the meas-
ured spectral data in order to compare them; Figure 4 

shows the measured and calculated spectrum at 100 cm 
from the IC. From this spectrum was found to exhibit a fast 
neutron peak with a maximum between 0.2 to 0.4 MeV, 
another peak due to thermal neutrons associated with a 
group of epithermal neutrons, neutron fluence per Gy total 
treatment is (± 5203 0364) E (6) n/cm

2
-Gyx. The value of 

the average neutron energy, using the upper limit of class 
intervals for each group of energy is 0.3043 MeV. 
 

 

Figure 4.  Spectra, measured and calculated 

 

The Ambient dose equivalent, H*(10), [ICRP74] and the 
Equivalent dose, H, [ICRP21] due to neutrons at 100 cm 
from the IC, are shown in Table 1, which includes the values 
calculated using the lower middle, upper and median val-
ues of the class intervals of energy groups. 

 

Table 1. - Average energy and dose of photoneutrons. 

 

Parameter Lower Middle Upper Median 

Mean energy 

[MeV] 
0.1503 0.2273 0.3043 0.2138 

H*(10)ICRP74 

[Sv/Gyx] 
496±35 633±44 724±51 612±43 

HICRP21 

[Sv/Gyx] 
421±29 526±37 618±43 509±36 

 

By the experimental value of flow per unit of therapeutic 
dose and the values of the neutron fluence and emissiv-
ity obtained by Monte Carlo calculations was used to 
calculate the emissivity of the Linac neutron source, 
whose value is Qexp = 0.67E (12) ± 7% n / Gyx. 
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5. Conclusions 

Was measured at a distance of 100 cm from the isocenter, 
the spectrum of the photoneutrons produced during the 
operation, as Bremsstrahlung, VARIAN iX linear accelerator, 
for 15 MV photons, the Cancer Center of State Health Ser-
vices and Nayarit have evaluated the integral features as-
sociated with the spectrum. In this work the most im-
portant findings are: 

 
The spectrum of photoneutrons presents 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 the walls, floor and ceiling surface 
area of the bunker, while the fast neutrons are evaporation 
and knock-off neutrons produced during the (, n) reac-
tions. 

 
The measured spectrum coincides with the spectrum cal-
culated by Monte Carlo methods, which validates the 
spectra calculated in other parts of the room and the pa-
tient's body. 

 
The neutron fluence at 100 cm from the isocentre is 
5203E(6) cm

-2
-Gyx

-1
, whose average energy is 0.3043 MeV. 

 
The equivalent dose is 618 µSv/Gyx, so that the flu-
ence-to-equivalent dose conversion factor is 119 pSv-cm

2
. 

The ambient dose equivalent is 724 µSv/Gyx, and the flu-
ence-to-ambient dose equivalent conversion factor is 139 
pSv-cm

2
. 

 
The neutron emissivity per unit therapeutic dose is 0.67E 
(12) ± 7% neutrons/Gyx, which coincides with the emissivi-
ty reported in the literature [Followill et al., 2003] for a 
Linac VARIAN 1800. 
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