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Abstract 

In a cyclotron facility is strongly advised the use of spectrometry techniques to support 

workplace neutron dosimetry. Bonner sphere spectrometer (BSS) is the most used for 

radiation protection applications. BSS data must be unfolded to determine the spectral 

particle fluence. Some computer codes have been utilized for this purpose. These codes 

allow unfolding the spectrum from the BSS count rates through different algorithms. 

Some iterative routines need an initial guess spectrum to start the unfolding. The adequate 

choice of this initial spectrum is a critical part of the process and can affect the final 

solution. In this work, we evaluate the influence of the initial guess spectrum in the 

unfolding of BSS data obtained in four points inside the bunker of a PET cyclotron. The 

measurements were done utilizing a modified BSS system with thermoluminescent 

detectors (TLDs). Codes BUNKIUT and NSDUAZ were utilized to unfold the BSS data. 

For the NSDUAZ the starting spectrum is automatically obtained from a library initial 

guess spectra. For the BUNKIUT code were utilized two different initial guess spectra: 

(a) a Maxwellian spectrum with temperature of 1.4 MeV and shape factor of 0.1, created 

with the MAXIET algorithm and; (b) the spectra obtained through simulation with the 

MCNPX code version 2.7. Spectra obtained with both unfold codes and with the different 

initial guess spectra presented epithermal and thermal neutrons due to room-return 

effects. However, the contribution of the fast neutron to the total fluence were quite 

different for the different cases studied. These differences highlight the importance of an 

appropriate choice of an initial guess spectra for the quality of the results. 
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1.- INTRODUCTION 

 

Bonner sphere spectrometer (BSS) system is an attractive tool for measuring neutron 

spectrum and dose in a cyclotron environment. The BSS system is widely used for radiation 

protection purposes due to a number of advantages like wide energy range, isotropic response, 

reliable values of neutron fluence and ambient dose equivalent. 

 

The most complex aspect of neutron spectrometry with a BSS is the unfolding process, due to 

the different possible solutions. Codes like BUNKIUT, BUMS, MAXED, NSDUAZ and 

NSDann (Lowry and Johnson, 1984; Sweezy et al., 2002; Reginatto and Goldhagen, 1999; 

Vega-Carrillo et al., 2012; Martinez-Blanco et al., 2009) are examples of computational tools 

used to unfold the neutron spectrum from the BSS count rates. 

 

The accurate of the solution is strictly related to the sphere counts and their uncertainties, to 

the availability of a well-established response matrix and some amount of pre-information. 

The use of an initial spectrum, which is iteratively varied according to the numerical values of 

the sphere counts and their uncertainties, is a way to provide pre- information. Some efforts 

have been made to improve the user-friendliness of the codes and to solve the problem of 

providing an initial guess spectrum to start the unfolding process with the BSS.  

 

The aim of this work was evaluate the influence of the initial guess spectrum in the unfolding 

of BSS data obtained in four points inside the bunker of a PET cyclotron. Two different 

computer codes were utilized to unfold the neutron spectrometer data and the results obtained 

with both codes were compared. Dosimetric quantities evaluated by the proposed 

experimental methodology were compared with other published data. 
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2.- MATERIALS AND METHODS 

 

Studies were done in the GE-PET trace 8 cyclotron of the Section of Research and Production 

of Radiopharmaceuticals (SECPRA) of the Development Center of Nuclear Technology 

(CDTN/CNEN) in Belo Horizonte, Brazil. The cyclotron accelerates two types of charged 

particles: protons and deuterons with energy and current maximum intensity of 16.5 MeV and 

75 µA and 8.4 MeV and 60 µA, respectively. 

 

Measurements were performed utilizing a modified BSS system with thermoluminescent 

detectors (TLDs) in four points during 18-flourine production inside the bunker of the 

cyclotron (Guimarães, 2012; Guimarães et al., 2012; Lacerda et al., 2014 and Benavente, 

2015). The points P1 and P4 are located in front of the primary radiation beam and the points 

P2 and P3 are opposed to the primary proton beam. In the Figure 1, the plant view of the 

cyclotron bunkers is shown with the locations of the points where the calculations were 

performed. 

 

 

Fig. 1. Plant of the cyclotron bunkers with the locations of the points 
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The neutron spectra were obtained utilizing the BUNKIUT and NSDUAZ codes for evaluate 

the influence of the initial guess spectrum in the unfolding of BSS data. For both codes, the 

response matrix UTA4 and the SPUNIT algorithm were selected for the unfolding neutron 

spectra. In the case of NSDUAZ code, the initial guess spectrum was automatically selected 

from a catalog of neutron spectra compiled by the International Atomic Energy Agency 

(Vega-Carrillo, 2012). For the BUNKIUT code, the neutron spectra was reconstructed 

utilizing two different initial guess spectra: (a) a Maxwellian spectrum with temperature of 1.4 

MeV and shape factor of 0.1, created with the MAXIET algorithm and; (b) the spectra 

obtained through simulation with the MCNPX. 

 

Monte Carlo calculations were carried out using MCNPX version 2.7 code with the ENDF/B-

VII.0 nuclear data library (Pelowitz, 2005). The cyclotron, concrete walls, pillar and floors of 

the cyclotron and the external beam bunkers were modeled. The neutron source term was 

generated considering the evaporation and angular distributions, and it was located alternately 

in the target positions 1 and 4 (Lacerda et al., 2014; Benavente et al., 2015). 

 

The total fluence calculated by computacional simulation was divided into the same 26 energy 

bins utilized by the unfolding codes. The number of histories tallied was 5.0E+8 

. The ambient dose equivalent rates (H
*
(10)) were obtained by multiplying the fluence by the 

dose conversion factors of the ICRP publication 74 (ICRP 1996). 

 

 

3.- RESULTS 

 

The Figures 2 to 5 show a comparison of the neutron spectra in terms of fluence per unit 

lethargy for each point (P1–P4), normalized to 1 μA.s, obtained with the MCNPX and the 

experimental measurements obtained by Guimarães (2012), utilizing the BUNKIUT and 

NSDUAZ codes. 
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Figure 2. Comparison of the fluence per unit lethargy spectra (normalized to 1 μA.s) obtained 

with the MCNPX (Targets-1 and 4), BUNKIUT and NSDUAZ for the point P1 

 

Figure 3. Comparison of the fluence per unit lethargy spectra (normalized to 1 μA.s) obtained 

with the MCNPX (Targets-1 and 4), BUNKIUT and NSDUAZ for the point P2 
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Figure 4. Comparison of the fluence per unit lethargy spectra (normalized to 1 μA.s) obtained 

with the MCNPX (Targets-1 and 4), BUNKIUT and NSDUAZ for the point P3 

 

 

Figure 5. Comparison of the fluence per unit lethargy spectra (normalized to 1 μA.s) obtained 

with the MCNPX (Targets-1 and 4), BUNKIUT and NSDUAZ for the point P4 



ISSSD 2015 
September 26-30, 2015 

Leon, Gto. Mexico 

 

617 
 

The Table 1 shows a comparison of the total fluence, ambient dose equivalent rates (H
*
(10)) 

and mean energy obtained with the MCNPX and the experimental data.  

 

Table 1. Comparison of the ambient dose equivalent rate (H
*
(10)), total fluence and mean 

energy obtained with the MCNP and the BUNKIUT and NSDUAZ unfolding codes. Results 

are normalized to 1 μA 

  Points 

  P1 P2 P3 P4 

Total Fluence         

[n.cm
-2

]         

MCNP-T1 (a) 2,728E+05 4,342E+04 5,075E+04 2,931E+05 

MCNP-T4 (a) 1,907E+05 4,255E+04 5,016E+04 3,595E+05 

BUNKIUT-T1 (b) 7,859E+05 2,581E+05 2,796E+05 1,483E+06 

BUNKIUT-T4 (b) 7,927E+05 2,583E+05 2,796E+05 1,480E+06 

BUNKIUT (c) 7,844E+05 2,579E+05 2,797E+05 1,478E+06 

NSDUAZ (d) 7,863E+05 2,625E+05 2,798E+05 1,478E+06 

Energy         

[MeV]         

MCNP-T1 (a) 1,22 0,09 0,12 1,00 

MCNP-T4 (a) 0,49 0,09 0,12 1,26 

BUNKIUT-T1 (b) 1,80 1,02 0,38 1,12 

BUNKIUT-T4 (b) 1,99 1,03 0,38 1,04 

BUNKIUT (c) 1,80 1,01 0,38 1,00 

NSDUAZ (d) 1,88 1,35 0,38 0,87 

H*(10)         

[mSv.h
-1

]         

MCNP-T1 (a) 183 6 9 189 

MCNP-T4 (a) 74 6 8 278 

BUNKIUT-T1 (b) 495 64 115 877 

BUNKIUT-T4 (b) 514 64 114 858 

BUNKIUT (c) 493 64 114 847 

NSDUAZ (d) 502 72 114 808 

(a) Simulated spectra       

(b) MCNP initial spectra       

(c) Maxwellian initial spectra       

(d) Automatic initial spectra       
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4.- DISCUSSION 

 

In each of the figures it can be observed that the behavior of the spectra obtained by computer 

simulation differ of the spectra obtained from the deconvolution codes. It can be appreciated 

that although used the same count rates, the same response matrix (UTA4) and different initial 

spectra, the results obtained by deconvolution codes show very similar spectral characteristics. 

 

From the analysis of the figures 2 to 5 and Table 1, it can be noticed a good agreement in 

neutron spectra using the codes BUNKIUT (Maxwellian and MCNP initial spectra) and 

NSDUAZ (Automatic initial spectra). Spectra unfolded by the codes present a small thermal 

neutron contribution of 7 and 16 %, for the points P1 and P4, and P2 and P3, respectively. 

This behavior is also showed to the neutron spectra obtained by MCNP code. 

 

Epithermal region of the simulated spectra presented an almost constant flux, contrary to the 

unfolded spectra, that presented pronounced peaks in this region. Although the behavior of the 

spectra in this region are different, the contribution of epithermal neutrons was almost constant 

at point P1 (40%) and P2 (60%). For P3 and P4 points, the contributions were different. The 

contribution for point P3 was approximately 40% for the unfold codes, and 60% for the 

MCNP. For point P4, the contribution of the unfold codes was approximately 50% and of 35% 

for the MCNP code. 

 

In the case of the contribution of fast neutrons, the points P3 and P4 presented approximate 

contributions, around 45% for the spectra obtained by the unfolded codes, and the 20% (P3) 

and 60% (P4) for the neutron spectra obtained by MCNP. 

 

The Table 1 shows the calculated neutron fluence for all points are found to be about a factor 

of 3 to 6 smaller than experimental ones. The ambient dose equivalent rates (H*(10)) obtained 

with the MCNPX were underestimated by a factor of about 3 to 7 for points P1 and P4 and by 

a factor of about 11 to 14 for points P2 and P3. The mean energies obtained with the MCNPX 
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presented significant differences compared with those obtained experimentally. At P4, the 

simulated mean energies were close to those obtained with the codes. 

 

 

 

5.- CONCLUSIONS 

 

In this work, it was evaluated the influence of the initial guess spectrum in the unfolding of 

BSS data obtained in four points inside the bunker of a CDTN PET cyclotron during routine 

production of the 18 FDG.  

 

Neutron spectra in 4 points (P1-P4) around the targets of the cyclotron were obtained utilizing 

the unfolding code BUNKIUT with the initial guess spectrum obtained by Monte Carlo code 

MCNPX. The results were compared with the calculate data obtained by Lacerda (2013) and 

with the experimental spectra obtained with modified BSS system with TLDs and the 

unfolding codes BUNKIUT and NSDUAZ. The results of the BUNKIUT with the initial 

guess spectrum obtained by MCNP had a similar behavior with the spectra obtained by the 

unfold codes. Opposite the results obtained by computer simulation.  

 

A special caution must be taken in the selection of the matrix response suitable for the passive 

detectors (e.g. TLDs) instead of a matrix response (e.g. UTA4) developed for scintillation 

detectors. It can be concluded that the use of simulated spectra for each point as the starting 

one for the unfold codes should be considered for the quality of the final solution of the 

reconstructed spectra. 
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