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ABSTRACT 

 
The use of linear accelerators in Radiotherapy is becoming increasingly more common. From the Radiation 

Protection point of view, these instruments represent an advance relative to cobalt and caesium irradiators, 

mainly due to the absence of radioactive material. On the other hand, accelerators with energies over 10 MeV 
contaminate with neutrons the therapeutic beam. These neutrons are generated when high-energy photons 

interact with high-atomic-number materials such as tungsten and lead present in the accelerator itself. Photo-

neutrons can also interact with other materials, present in the treatment room, consequently modifying the initial 

spectrum and causing other types of interactions which privilege the gamma capture. In this way, the 

measurement of the photo-neutron spectrum can be necessary in a radiometric survey. The present work carries 

through measurements in a linear accelerator of 15 MeV using three neutron area monitors calibrated using four 

radioactive sources: three ISO reference sources, 241AmBe (, n), 252Cf (f, n) and 252Cf+D2O, and a 238PuBe(, 
n) source. As the three first sources, this last one was standardized in the LMNRI/IRD manganese bath system.  

Comparison and evaluation of the response of these instruments were thereby made, analyzing whether the 
reading of the detectors using standard sources is adequate. In conclusion, the analysis of the response of 

neutron area calibrated detectors enable the use of them in an environment containing medical linear 

accelerator. 

  

 

1. INTRODUCTION 

 

Currently, several articles have been presented neutrons measurement in treatment clinical 

accelerators with energy upper 10 MeV. They show the concern about the undesirable 

radiation in radiotherapy treatments. This unwanted radiation is generated in the production 

of the photon beam where energetic electrons interact with high atomic number materials in 

the accelerators and produces photoneutron as contaminants of the beam therapy. This 

photoneutron, cross over the head of accelerator in all directions adding to an unwanted dose 

to the patients (during the treatment) and possibly in the equipment operators (area outside 

the treatment room). 

 

The photoneutron spectrum generated by energetic clinical linear accelerators has peak close 

to the nuclear temperature in MeV (typically between 0.4 and 1.0 MeV) and the average 

energy is two times the nuclear temperature in MeV. The main nuclear reaction involved in 

the process is (, n) type [1, 2]. In the work from Lemos [3], the average energy obtained in 
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the neutron spectrum corresponding at the point located 100 cm far from isocenter was 1.59 

MeV. Inside the treatment room, in the patient plane position the neutron spectrum is similar 

to a fission spectrum strongly moderated. Outside this plane, the neutron spectra will be 

degraded due to interactions in the machine structure, the walls and concrete floor.  

 

To evaluate the safety conditions of the radiological facility and for the medical staffs, survey 

meters are used to measure ambient dose equivalent rate in the radiotherapeutic treatment 

rooms. However many users disregard or do not know information about the technical 

characteristics of such equipment. These technical characteristics (resolution, angular 

response, energy response, etc.) can affect the neutron measurement uncertainty, causing 

misinterpretations about the radiation levels due to neutrons in this environment. Another 

important relation to technical characteristics is the calibration process and equipment 

traceability in respect with standard references to certify their reliability.  

 

This work presents the measurement taken with three different neutron survey meter models 

calibrated using four radioactive sources with different neutron spectra, to assess the energy 

influence dependence of the ambient dose equivalent rate quantity. 

 

2. METHODOLOGY 

2.1. Neutron Survey Meters Calibration 

 

The survey meters were calibrated with the following neutrons sources: 
241

AmBe (α, n), 
252

Cf 

(f, n), 
252

Cf + D2O and 
238

PuBe (α, n). These sources were standardized in the Absolute 

Primary System well known as Manganese Sulphate Bath (MSB). The survey meters 

calibrations were performed at the Low Scattering Laboratory (LSL) in Neutron Laboratory. 

The LSL was built so as to minimize the scattered neutrons interference in calibration, 

contributing to the measurements uncertainty. The survey meters calibrated in this work 

were:  FHT-752 coupled to electronic FH 40 GL, ASP-1, and E600 manufactured by Thermo 

Fisher Scientific Inc. The area monitor ASP-1 is out of production and was replaced by 

commercially E600. 

 

The calibration procedure consists in the comparison between the conventional true value of 

the ambient dose equivalent rate and average value of survey meters readings in the interest 

field point. The neutron fluence rate at the calibration point is converted to ambient dose 

equivalent rate, using the conversion coefficient of fluence to the ambient dose equivalent 

(h*(10)), as in Equation 1, where d is the distance from the neutron source centre position to 

radiation field point of interest and )d(


  is the reference fluence field obtained from the 

specific source spectrum calibrated in MSB. 

)10(h)d()d,10(H 


                (1) 

 

Each survey meters was placed on the arrangement of irradiation at a distance d from the 

neutron source center and the monitor. At each point of measurement were made 10 readings 

in the monitor display, in the 3 tracks to each scale, where each tracks corresponds to 20%, 

50% and 80% of each scale. Different dose equivalent rate were obtained switching the 

distance between the monitor and the neutron source. In this process, adjustment is performed 

on the instrument if there is a deviation greater than or equal to 10% with the reference dose 

value at the calibration point. 
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2.2. Measurements in the Radiotherapy Treatment Room 

 

The survey meters reading were performed inside a room with linear accelerator Varian 

Clinac 2300 C/D in the Brazilian National Cancer Institute (INCa) at the points 1, 2 and 3 

shown in  Figure 1. The point locations are at the entrance of the labyrinth (1), at the internal 

and external side at the treatment room gateway (2 and 3 respectively). In each point was 

placed a camera to record the measurements. In all measurements the accelerator was 

operating with 15 MV and the gantry set at 0°. The photon beam was collimated to an area of 

a 10 x 10 cm
2 

field. The dose rate was set to 100 MU min
-1

 and 400 MU min
-1

. The meaning 

for 1 MU corresponds nominally to 1 cGy delivered to a tissue-equivalent material at the 

depth where the dose is the maximum and at a target to tissue distance of 100 cm using a 10 x 

10 cm
2
 field. To make the following measurements were used the survey meters calibrated as 

described on the last section. 

 

 

 
Figure 1. Measurement points in the radiotherapy 

treatment room. 

 

 

3. RESULTS AND DISCUSSIONS 

 

The neutron survey meters are designed to have an isotropic angular response as close as 

possible with similar characteristics to backscatter of the ICRU sphere. However the 

instruments response for different neutrons energies show a variation may be greater than a 

factor 2 for thermal neutrons. Calibrations in the neutron survey meters can assess if there is 

according with the instrument reading for the calibration conditions (the neutron spectra and 

dose rates).  Figure 2 presents the calibration results for neutron survey meters mentioned 

before. 
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Figure 2. Neutron survey meter calibration results. 

 

The measurement evaluation consisted in a comparison of instrument readings with the dose 

value for each position the instrument was placed from neutron source. The adequacy of the 

survey meters reading is associated with linearity obtained between the measurements and 

reference values. The calibrations performed in the neutron survey meters with the sources 

were important to verify their efficiency in front of several neutron spectra. The graph 

analyze demonstrates that the neutron survey meters do not had a good response in the 

presence of different dose rates and spectra generated by the neutron sources, because the  

calibration curves do not overlap in the graph. The measurements results performed with the 

survey meters inside radiotherapy treatment room with linear accelerator Varian Clinac 2300 

C/D are represented in Table 1 and 2 respectively. 
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Table 1.  Ambient equivalent dose rate with a dose rate set to 100 MU.min
-1 

in isocenter. 

 

Measurement 

Point 

Neutron Survey Meters 

FHT 752 + FH 40 GL E600 ASP-1 

1(mSv.h
-1

) 1.27 ± 0.07 0.98 ± 0.07 1.2 ± 0.2 

2(Sv.h
-1

) 263 ± 21 129 ± 26 180.0 ± 40 

3(Sv.h
-1

) 1.44 ± 0.16 3.4 ± 2.0 2.4 ± 0.8 

 

 

Table 2.  Ambient equivalent dose rate with a dose rate set to 400 MU.min
-1 

in isocenter. 

 

Measurement 

Point 

Neutron Survey Meters 

FHT 752 + FH 40 GL E600 ASP-1 

1(mSv.h
-1

) 5.17 ± 0.11 3.80 ± 0.12 4.20 ± 0.4 

2(Sv.h
-1

) 981± 23 472 ± 35 580.0 ± 60 

3(Sv.h
-1

) 6.63 ± 0.73 6.57 ± 1.82 6.20 ± 0.8 

 

The measurement given by the neutron survey meters at the measurement points may occurs 

according to each monitor response variation from neutron energy generated by the 

accelerator.  

 

3. CONCLUSIONS  

 

Measurements made with the three area monitors in neutron spectrum generated by the 

clinical accelerator showed variations among them in the measurement points. These 

variations should be explain in the calibration curves to each equipment shown in figure 2 

and the individual neutron survey meters characteristics such as, resolution, angular response 

and energy response but the larger variations among results need to be verified in advance 

with new measurements. In the measurement point 3 the results are reduced due the half 

value layer present in the door although uncertainties from individual monitors are very high 

in calibration conditions as shown in figure 2 for dose low values. 

 

This work presents results that demonstrate the complexity and care necessary to do 

measurements in the neutron field produced by energetic electrons linear accelerators at 

radiotherapy treatment rooms. The characteristics knowledge of the neutron survey meters 

and regular calibration are essential actions to ensure the traceability and reliability 

measurements with the radioprotection purpose.  
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