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Abstract: Neutron contamination around LINACs for radiotherapy is a source of undesirable doses for the patient. The 
main source of these neutrons is the photonuclear reactions occurring in the LINAC head and the patient body. Electrons 
also produce neutrons through (e, e’n) reactions. This reaction is known as electrodisintegration and is carried out by the 
electron scattering that produce a virtual photon that is absorbed by the scattering nucleus producing the reaction e + A 
→ (A-1) + n + e´. In this work the electron-neutron spectrum to 100 cm from the isocenter of a 12 MV LINAC has been 
measured using a passive Bonner sphere spectrometer in a novel procedure named Planetary mode. 
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1. Introduction 

Cancer kills more people than Malaria, Tuberculosis and 
the Human immunodeficiency virus combined. [1, 2] 

 
Although new techniques are continually under study 

and development to treat cancer, radiotherapy with pho-
ton and electron beams produced in linear accelerators, 
LINACs, is the most diffused medical technique. [3-5] 

 
Approximately 50% of worldwide cancer cases are 

treated with LINACs. In developed countries 90% of cancer 
patients are treated with linear accelerators. [6] 

 
When LINACs are operated above 6 MV neutrons are 

produced through (e, n) and (, n) reactions. [7-9] 
 
Neutrons, particularly thermal neutrons, also induce ac-

tivation in the patient body, materials and air inside the 
treatment room. 

 
In order to determine the neutron features around the 

LINACs several works have been carried out, using Monte 
Carlo calculations and experimental procedures; all of 
them have been addressed to photoneutrons however, at 
the best of our knowledge, there is not studies involving 
electroneutrons probably because the cross section for 
electroneutron production is approximately 137 times 
smaller than cross section for photoneutron production. 
[10] 
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Electroneutrons are produced through the inelastic 

electron scattering and through electrodisintegration 
where an electron, with energy Ei, interacts with the Cou-
lomb field of a nucleus, A, being scattered, in an angle  
with an energy Ef emerging a virtual photon with energy h 
= Ei – Ef. Mean feature of virtual photon is that is not inde-
pendent of its source and do not satisfy E = p c, where E is 
the photon´s energy and p is the photon´s momentum. The 
virtual photon will interact with the nuclei A to initiate the 
reaction e + A → (A-1) + n + e´, [11] this reaction can be 
written as A(e, e’n)(A-1) or ZX

A
(e, e’n)ZX

A-1
. These reactions 

have been poorly investigated. [12, 13] 
 
The radiator nuclei have a non-spherical charge distribu-

tion due to nucleons clusterization, thus the electric and 
magnetic field of the virtual photon interacts with the nu-
cleus electric and magnetic multipoles. This neu-
tron-generating process is more likely to occur in low 
Z-nuclei plasma as the 

9
Be. [13] 

 
Depending upon its energy neutrons around LINACs in-

duce different nuclear reactions in the LINAC components, 
bunker walls, air and body patient. This radiation is an is-
sue of primary concern for radiation protection. 

 
The aim of this work was to measure the neutron spec-

trum induced through ZX
A
(e, e’n)ZX

A-1
 nuclear reactions in a 

12 MV linac. 

2. Materials and Methods 

During LINAC operation inside the bunker a strong, 
mixed and pulsed radiation field is produced; in such con-
ditions radiation survey devices based upon active detec-
tors are useless, to overcome this drawback the survey 
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apparatus must use a passive detector. In this work a Bon-
ner sphere spectrometer, BSS, with 0, 2, 3, 5, 8, 10 and 12 
inches-diameter polyethylene spheres. At the center of 
each sphere pairs of thermoluminiscent dosimeters, 
TLD600 and TLD700, [14] were used as thermal neutron 
detector. Measurements were carried out with a Varian 
2100CD 12 MV LINAC at Servicios Oncologicos de Aguasca-
lientes. 

2.1. Monte Carlo calculations 

In order to use the BSS in planetary mode a Monte Carlo 
calculation, using the MCNP5 code [15], was carried out to 
evaluate the isotropy of neutron spectra around the IC and 
the cross talking between the spheres located around a 
100 cm radius circle with the centre at the isocentre. 

 
To evaluate the neutron field isotropy a full scale model 

of concrete bunker with a LINAC head modelled as a 10 
cm-thick W shell [10] with a point-like neutron source term 
[16] at the centre was used. In the model was included the 
30x30x15 cm

3
 solid water phantom and the neutron spec-

tra around a 100 cm-radius circle were calculated. 
 
To evaluate the spheres cross talking in the above model 

the polyethylene spheres were modelled and the neutron 
spectrum was estimated in a point located 100 cm from 
the IC, this point was between the 10 and 12 inch-
es-diameter spheres. The angles between the spheres 
were varied from 10 up to 60

o
  

2.2. Neutron spectrum measurements 

During the measurements a 12 MeV electron beam was 
used to deliver 12 Gye, using 3 Gye/min, to the isocenter 
that was located 5 cm depth in a 30x30x15 cm

3
 solid water 

phantom; the irradiation area at the isocenter, IC, was 
20x20 cm

2
. Bonner spheres, each with two TLD600 and two 

TLD700, BSS/TLDs, were distributed along the perimeter of 
a 1 m circle with its centre at the IC in 45

o
 angles as shown 

in Figure 1. Before the measurements the TLDs were 
heated by 1 hour to 400 

o
C. 

 
The TLDs readout were obtained with a TLD reader 

Harshaw 3500 where were heated from 50 to 300 
o
C, in 

nitrogen ambient, with a temperature gradient of 10 
o
C/s. 

For each sphere the mean value of TLD600 readouts were 
calculated and corrected by the mean values of two pairs 
of TLD600 used to measure the background; the same 
procedure was applied to the TLDs700. For each sphere the 
net neutron signal, Sn, was obtained using equation 1. The 
standard deviations were calculated using equation 2. 

 

700Lk600LSn                   (1) 

 
2

700L

22

k

22

600LSn k700L         (2) 

 

In these equations L600 and L700 are the background 
corrected average readouts of TLD600 and TLD700, L600 
and L700 are the respective standard deviations, k is the 
response to  of TLD600-to-response to  of TLD700 ratio, 
and k is its standard deviation. The set of seven Sn values 
and their standard deviations were used as input in the 
BUNKIUT unfolding code [17] and the neutron spectrum 
was calculated. 
 

 

Figure 1.  BSS/TLDs around the IC 

 

3. Results and Discussion 

3.1. Monte Carlo calculations 

From the first calculation the neutron spectrum at any 
point located 1 m from the IC was the same. 

 
From the second set of calculations the neutron spec-

trum was different when the 10 and 12 inches-diameter 
spheres were close. This effect disappeared when the an-
gles were larger than 20

o
. 

3.2. Neutron spectrum measurements 

Using the BSS/TLDs in planetary mode the neutron spec-
trum was measured to 100 from the IC, the neutron spec-
trum is shown in Figure 2. 
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These neutrons were produced during the interaction of 
12 MeV electrons with the radiator in reactions A(e, 
e’n)(A-1). 
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Figure 2.  Neutron spectrum 

 

The neutron fluence is  = 324 ± 42 n/cm
2
-Gye, the am-

bient dose equivalent is H*(10) = 3.73 ± 0.57 nSv/Gye. 
 

4. Discussion 

4.1. Symmetry and Cross talking 

The primary and secondary barriers are to the same dis-
tances from the isocentre, the main difference is the wall 
adjacent to the maze, because there is the access doorway 
between the LINAC hall and the maze [18, 19] nevertheless 
the neutron spectra show symmetry around a 1 m radius 
circle with its centre at the IC. 

 
When neutrons are transported from the LINAC head, 

the phantom and the bunker walls to the room eventually 
will reach the polyethylene spheres of the BSS/TLDs spec-
trometer, some neutrons are scattered out from the 
spheres as a perturbation agent on neutron field; this ef-
fect is larger for the bigger spheres. From the calculations 
was found that in a point located between the two bigger 
spheres this perturbation was negligible when the angles 
were larger than 20

o
. 

 
When the bunker is symmetric the BSS/TLD can be used 

in planetary mode locating the spheres in angles larger 
than 20

o
. The advantage of this method is that a single shot 

of LINAC is required to get the neutron spectrum. 

4.2. Electroneutron spectrum 

As can be noticed from Figure 2 thermal neutrons are 
the main component and from 3 to 7 MeV neutrons are 
the less frequent component. This spectrum is different to 
the photoneutron spectrum which has a peak around 1 
MeV and another peak in the thermal region [20]. Probable 
explanation of electroneutron spectrum is as follows: Dur-
ing electron scattering the electron must lose between 7 to 
8 MeV that is converted in the virtual photon that is ab-
sorbed by the nucleus, this energy is enough to separate a 
neutron from tungsten nuclei, any energy above this value 
shows up as neutron kinetic energy, that in this case is 
between 4 to 5 MeV. 

 
In this interaction few neutrons are emitted from the 

electron beam scatterer, that in this case is the scattering 
foil that is used in the LINACs to broad the electron beam 
from a pencil beam to a Gaussian profile; this is a thin foil 
made of high Z materials like W. Also, the cross section to 
produce (e, e’n) reactions is 137 times smaller than (, n) 
reactions [10] therefore a small neutron fluence is pro-
duced. 

 
Once electroneutrons are produced they are transport-

ed through the head losing a small amount of energy, then 
reach the bunker walls and are scattered back to the hall 
with lesser energy, thus the measured neutron spectrum 
shows a large contribution of neutrons with epithermal 
and thermal energies [20]. 

 
The combination of the small thickness of the scattering 

foil and the small cross section for the (e, e’n) reactions is 
the probable explanation of the small neutron fluence 
measured. 

5. Conclusions 

The BSS/TLD spectrometer, in planetary mode, was used 
to measure the electroneutron spectrum to 1 m from the 
IC located 5 cm deep in a solid water phantom. 

 
In this mode the information required to obtain the 

neutron spectrum only requires a single LINAC shot. The 
drawback of this method is that symmetry of the bunker 
and polyethylene spheres cross talking must be evaluated. 

 
When a 12 MV LINAC is operated in electron beam 

mode neutrons are produced mostly being thermal. 
 
To 1 m from the IC the total neutron fluence and the 

ambient dose equivalent are 324 ± 42 n/cm
2
-Gye abd  

3.73 ± 0.57 nSv/Gye respectively. 
 



Proccedings of the ISSSD 2012 
ISBN 978-607-00-6167-7 

 

29 
 

Acknowledgements 

This work was part of project LINAC partially supported 
by COZCyT (Consejo Zacatecano de Ciencia, Tecnología e 
Innovación) 
 

 

References 
[1] IAEA. (2010). Fighting Cancer in developing countries. In-

ternational Atomic Energy Agency Bulletin 52-1. 

[2] Vega-Carrillo HR; Martínez-Ovalle SA; Lallena AM; Mercado 
GA; Benites-Rengifo JL. (2012). Neutron and photon spectra 
in LINACs. Applied Radiation and Isotopes, 
http://dx.doi.org/10.1016/j.apradiso.2012.03.034. 

[3] Barquero R; Mendez R; Vega-Carrillo HR; Iñiguez MP; Ed-
wards TM. (2005). Neutron spectra and dosimetric features 
around an 18 MV linac accelerators. Health Physics 88: 
48-58. 

[4] Rivera JC; Falcao RC; deAlmeida CE. (2008). The measure-
ment of photoneutron dose in the vicinity of clinical linear 
accelerators. Radiation Protection Dosimetry 130: 403-409. 

[5] Amgarou A; Lacoste V; Martin A. (2011). Experimental 
characterization of the neutron spectra generated by a 
high-energy clinical LINAC. Nuclear Instruments and Meth-
ods in Physics Research A 629: 329-336. 

[6] Salgado AP; Pereira WW; da Fonseca ES; Patrao KCS; Batista 
DVS. (2010). Calibration and evaluation of neutron survey 
meters used at linac facility. Radiation Measurements 45: 
1502-1504. 

[7] Wen-Shan L; Sheng-Pin Ch; Lung-Kwang P; Hsien-Chun T; 
Chien-Yi Ch. (2011). Thermal neutron fluence in a treatment 
room with a Varian linear accelerator at a medical universi-
ty hospital. Radiation Physics and Chemistry 80: 917-922. 

[8] Konefal A; Orlef A; Laciak M; Ciba A; Szewczuk M. (2012). 
Thermal and resonance neutrons generated by various elec-
tron and X-ray therapeutic beams from medical linacs in-
stalled in Polish oncological centers. Reports of Practical 
Oncology and Radiotherapy, http://dx.doi.org/10.1016/j.rp 
or.2012.06.004. 

[9] Donadille L; Trompier F; Robbes I; Derreumaux S; Mantione 
J; Asselineau B; Amgarou K; Martin A; Bottollier-Depois JF; 
Queinnec F; Aubert B; Clairand I. (2008). Radiation protec-
tion of workers associated with secondary neutrons pro-
duced by medical linear accelerators. Radiation Measure-
ments 43: 939-943. 

[10] NCRP. NEUTRON CONTAMINATION FROM MEDICAL ELEC-
TRON ACCELERATORS. National Council on Radiation Pro-
tection and Measurements Report No 79. Bethesda, MD. 
USA (1979). 

[11] Pasichnyi AA. (2010). The Coulomb resonances and dyna-
mics of electrodisintegration of nuclei by high-energy elec-
trons. Physics of Particles and Nuclei 41: 108-148. 

[12] Buss O; Gaitanos T; Gallmeister K; van Hees H; Kaskulov M; 
Lalakulich O; Larionov AB; Leitner T; Weil J; Mosel U. (2012). 
Transport-theoretical description of nuclear reactions. Phy-
icis Reports 512: 1-124. 

[13] Voronchev VT; Kukulin VI; Kuzhevskij BM. (2005). Electrodi-
sintegration reaction in beryllium plasma as a source of 
neutrons Nuclear Instruments and Methods in Physics Re-
search A 539: 640-645. 

[14] Vega-Carrillo HR. (2002). TLDs pairs as termal neutron de-
tector in neutron multisphere spectrometry. Radiation 
Measurements 35: 251-254. 

[15] Forster RA; Lawrence JC; Barrett RF; Booth TE; Briesmeister 
JF; Brown FB; Bull JS; Geisler GC; Goorley JT; Mosteller RD; 
Post SE; Prael RE. (2004). MCNP

TM
 Version 5. Nuclear Ins-

truments and Methods in Physics Research B 213: 82-86. 

[16] Tosi G; Torresin A; Agosteo S; Folgio Para A; Sangiust V; Zeni 
L; Silari M. (1991). Neutron measurements around medical 
electron accelerators by active and passive detection tech-
niques. Medical Physics 18: 54-60. 

[17] Lowry KA; Johnson TL. (1984). Modifications to recursion 
unfolding algorithms to find more appropriate neutron 
spectra. Naval Research Laboratory Report NRL-5340. 
Washington, DC. 

[18] Vega-Carrillo HR; Baltazar-Raigosa A. (2011). Photoneutron 
spectra around an 18 MV LINAC. Journal of Radioanalytical 
and Nuclear Chemistry 287: 323-327. 

[19] Hernandez-Adame L; Contreras-Sandoval H; Vega-Carrillo 
HR; Perez-Landeros LH. (2011). Design of a treatment room 
for an 18 MV LINAC. Nuclear Technology 175: 105-112. 

[20] Vega-Carrillo HR; Manzanares-Acuña E; Iñiguez MP; Gallego 
E; Lorente A. (2007). Study of room-return. Radiation Meas-
urements 42: 413-419. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

http://dx.doi.org/10.1016/j.rp

