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Abstract
In a cyclotron facility, the knowledge of the radiation field around the
accelerator is an important issue for shielding planning and optimization of the
radiation protection of the workers and individuals of the public. Neutrons
emitted by the cyclotron contribute not only to radiation dose ﬁelds around the
accelerator due to activation of cyclotron components and the concrete in the
bunker walls, as well as, the dispersal of radioactive gases produced by
activation of the air inside the cyclotron vault. In this work, the Monte Carlo
code MCNPX was used to assess the influence of the components of the
unshielded GE-PETtrace-8 cyclotron and the concrete vault room in the
neutron radiation field during 18F production. A new radiation source term
from the bombardment of 18O-enriched water target with protons of 16.5 MeV
was used. MCNPX simulations were performed for six different cases, i.e.,
combining the radiation source term, the accelerator, the components of the
accelerator and the cyclotron bunker. The neutron radiation field mapping in
terms of the thermal, epithermal and fast neutron fluence rate was performed at
seven specific points located inside and outside of the cyclotron vault room
defined in a previous work. Results show how the components of the
accelerator and the concrete vault room alter significantly the spectral
distribution of the neutron fluence and equivalent dose rates around the
cyclotron.
Keywords: MCNPX; PET cyclotron; Radiation source term; [18O(H2O)] target;
18
F.
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1.- INTRODUCTION
Neutron spectrometry is important for the complete characterization of the radiation field
in the workplace, becoming essential the knowledge of the correct measurement and the
post evaluation of the doses to which workers exposed to this type of radiation are subject
[Gallerani et al., 2008; Benavente, 2017]. In a cyclotron facility, the knowledge of the
radiation field around the accelerator is an important issue for shielding planning and
optimization of the radiation protection of the workers and individuals of the public.
During the production of PET radionuclides, significant quantities of neutrons are
generated around the cyclotrons. Neutrons produced during cyclotron operation contribute
to direct or indirect exposure of Occupationally Exposed Individuals (IOE), due to the
increase of background radiation inside the bunker. Many elements of concrete and
accelerator components can be activated by the neutron field, producing long half-life
radionuclides such as

60

Co and

134

Cs. In addition, there is an increase in the emissions of

radioactive gases produced by activation of the air inside the cyclotron vault, which is a
problem for the radioprotection of individuals of the public [Birattari et al., 1986; NCRP,
2003; IAEA, 2009].
In recent years, several studies of neutron spectrometry have been carried out at the notself-shielded GE-PETtrace 8 cyclotron of the Nuclear Technology Development Center
(CDTN/CNEN). The main objectives of these studies were estimate the neutron spectra,
the neutron fluence rates and the ambient dose equivalent rates H*(10) during 13N and 18F
production. Monte Carlo and experimental methods have been used to characterize the
neutron radiation ﬁeld around a PET cyclotron [Guimarães et al., 2012; Lacerda et al.,
2013; Benavente et al., 2015, Benavente, 2017].
The aim of this work was to assess the influence of the components of the unshielded GEPET trace 8 cyclotron and the concrete vault room in the neutron radiation field during 18F
production using the Monte Carlo MCNPX code.
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2.- MATERIALS AND METHODS
2.1.- Cyclotron characteristics and facility description
This study was carried out in the GE-PETtrace 8 cyclotron of the Radiopharmaceuticals
Service (SERAF) of the Nuclear Technology Development Center (CDTN/CNEN) in Belo
Horizonte, Brazil. The cyclotron with vertical acceleration plane is capable of accelerates
negatively charged hydrogen ions (H-) to 16.5 MeV or negatively charged deuterium ions
(D-) to 8.4 MeV. The PETtrace is ﬁtted with six targets; two of them included for

18

18

18

production through the bombardment on [ O]H2O (enrichment > 97%) target,

18

F

O(p,n) F

reaction. The equipment is licensed for currents of up to 65 μA in one target or 40 μA per
target in dual beam mode. The cyclotron is housed in a room, 4 m x 6 m inside, with 1.9-mthick concrete walls for shielding purposes. Figure 1 details the principal components of the
cyclotron accelerator PETtrace-8.

Figure 1.- PETtrace-8 cyclotron detailing its targets, the extended target 2 and its main
components.
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Figure 2 shows the layout of the bunkers of the cyclotron and the external beam line room,
as well as the measurement locations labelled as points P1 to P7. The point P1 is located to
the right behind of the LTF (Liquid Filled Target), the point P2 is located behind and to the
right of the cyclotron structure, the point P3 is located to the left near to the cyclotron
bunker door, and the point P4 is located to the left of the target in front of pillar.
All the points were positioned at 1.31 m above the floor. The points P5 to P7 were located
just behind the wall that divides the bunkers of the cyclotron and the external beam line.

Figure 2.- Plant of the cyclotron and the external beam line bunkers with the locations of
the points.
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2.2.- Cyclotron PETtrace-8 computational modeling
The MCNPX 2.7.0 Monte Carlo code was used in this work as a computational tool for the
development of the modeling of the cyclotron structure, the bunkers of the cyclotron and
the external beam line, and the cyclotron target developed to estimate the radiation source
term [Pelowitz, 2011].
In order to evaluate the principal contributions of neutrons when the proton beam impinges
the components of the target during the

18

F production, a detailed MCNPX model of the

target has been developed [Benavente, 2017]. The main components of the target assembly
consist of a front flange, helium cooling flange, target chamber and a rear flange as shown
in Figure 3.

Figure 3.- Computational modeling of the PETtrace cyclotron target.
The cyclotron and concrete walls, pillar and ﬂoors were modeled considering some
modifications in relation to previous works [Lacerda et al., 2013; Benavente et al., 2015;
Benavente, 2017]. Additionally, it was also modeled the plates of twenty ﬁve millimeters
thick of 5% borated high density polyethylene that cover the internal walls of the external
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beam line bunker. Accelerator was modeled considering: (a) ion beam acceleration cell; (b)
vacuum chamber; (c) iron block corresponding to the magnet arrangements; (d) iron block
representing to the magnet door; (e) two cupper cylinders representing the coils; (f)
aluminum cylinders describing the vacuum tank and external beam line; (g) an aluminum
block to represent the vacuum pump; (h) iron cylinders representing the quadrupoles of the
external beam line and cyclotron; (i) a set of two plates (10 cm of borated polyethylene and
6 cm of lead) representing the LTF as shown in Figure 4 and 5.

Figure 4.- PETtrace cyclotron model detailing its components visualized in 2D with VISED
software.
_________________________________________________________________
42
Proccedings of the ISSSD 2018

Volume 3

ISSSD 2018

September 24 to 28th, 2018. Oaxaca, Oax. Mexico.
__________________________________________________________________________________

Figure 5.- Cyclotron, target and cyclotron vault room model visualized in 3D with VISED
software.

2.3.- Radiation source term
In the present work, a validated radiation source term was used, which was defined from
the bombardment of the primary proton beam of 16.5 MeV of energy with the [18O]H2O
target during

18

F production [Benavente, 2017]. The proton interaction with the cyclotron

target was modelled using the ENDF70PROT proton data library, based on evaluated data
from ENDF/B-VII.0 (energies less than 20 MeV) [Trellue and Little, 2008]. Cross sections
were used for all materials except 18O, and
Mo,

181

Ta and some components of the Havar 59Co,

55

Mn and C; for which there are no validated cross sections available for a proper

transport in MCNPX. To override this, the TENDL 2015 (TALYS - based Evaluated
Nuclear Data Library) library was used [Cruzate, 2015; Benavente, 2017].
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In this model, the contribution of the gamma radiation due to the reactions (p,γ) from the
interaction of the proton beam with the target and other components during the cyclotron
operation can be neglected and only the contribution of the reactions (p,n) in the total dose
rate is considered.

2.4.- Evaluation of the influence of the components of the unshielded GEPETtrace-8 cyclotron and the concrete vault room
Computational evaluation of the influence of the components of the cyclotron PETtrace-8,
as well as the concrete vault room in the neutron radiation field was carried out in terms of
the neutron fluence rate. The fluence rates were calculated at points P1 to P7, as shown in
Figure 1.
First, only the cyclotron target was simulated to evaluate the distribution of the neutron
radiation field when there is no accelerator and bunker component (Figure 6). Second,
simulation of the target and the cyclotron accelerator was performed to evaluate the
influence of both in the radiation field (Figure 7). Third, simulation of the target,
accelerator, vacuum chamber, LTF structure and the extended cyclotron target (target 2)
was performed (Figure 8). Fourth, the simulation of the target and the cyclotron and the
external beam line bunkers was carried out to evaluate the influence of the walls, ceiling
and floor in the field of neutron radiation (Figure 9). Fifth, the simulation of the target, the
cyclotron and the external beam line bunkers, and the accelerator was performed (Figure
10). Finally, the simulation of the target, the cyclotron and the external beam line bunkers,
the accelerator, and the accelerator components (vacuum chamber, LTF structure and target
2) were performed (Figure 11).
Table 1 presents the 6 (six) cases of the simulations carried out to evaluate the influence of
the components of the cyclotron and the bunkers in the neutron radiation field.
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Table 1.- Simulations performed to evaluate the influence of the components of the
cyclotron and the bunkers in the neutron radiation field.
Case

Simulations

1

Target

2

Target and cyclotron accelerator

3

Target, cyclotron accelerator and components

4

Target and bunkers

5

Target, bunkers and cyclotron accelerator

6

Target, bunkers, cyclotron accelerator and components

Figure 6.- Case 1: Cyclotron target simulation.
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Figure 7.- Case 2: Simulation of the target and cyclotron accelerator.

Figure 8.- Case 3: Simulation of the target, cyclotron accelerator and its components.
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Figure 9.- Case 4: Simulation of the cyclotron target and bunkers.

Figure 10.- Case 5: Simulation of the target, bunkers and cyclotron accelerator.
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Figure 11.- Case 6: Simulation of the target, bunkers, cyclotron accelerator and its
components.
In order to obtain Monte Carlo uncertainties less than 3%, the amount of histories was
1.0E+09. Computational simulations in this study were performed in the Orion cluster of
the Neutron Laboratory of the Institute of Radiation Protection and Dosimetry (LN/IRD).

3.- RESULTS
3.1.- Total neutron fluence rates
Table 2 presents the results of the total neutron fluence rates obtained by MCNPX at points
P1 to P7 and for cases 1 to 7. The results were normalized to 1 μA of current. All values of
the expanded uncertainties were determined for a coverage factor equal to 2 (k = 2), with a
confidence level of approximately 95.45%. Figure 12 presents the comparison of the results
of the total neutron fluence rates for cases 1 to 6 in relation to case 1, respectively. Figures
13 to 18 show the MCNPX mesh tally of the neutron radiation field distribution in the XY
plane for cases 1 to 6, respectively.
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Table 2.- Results of total neutron fluence rates obtained by MCNPX at points P1 to P7 and cases 1 to 6. Results normalized to 1 μA.
Quantities
Total fluence

Points
P1

P2

P3

P4

P5

P6

P7

rate
(cm-2.s-1)

Coverage factor k = 2.0

Case 1

5.83E+04 ± 0.3%

2.18E+04 ± 0.3%

1.42E+04 ± 2.8%

5.88E+04 ± 0.3%

1.49E+04 ± 0.3%

1.90E+04 ± 0.3%

1.19E+04 ± 0.4%

Case 2

1.03E+05 ± 0.3%

2.68E+03 ± 1.3%

1.91E+03 ± 1.0%

1.00E+05 ± 0.3%

2.87E+04 ± 0.3%

3.58E+04 ± 0.3%

2.25E+04 ± 0.3%

Case 3

4.81E+04 ± 0.4%

3.14E+03 ± 1.2%

2.33E+03 ± 0.9%

1.21E+05 ± 0.3%

2.52E+04 ± 0.3%

1.18E+04 ± 0.6%

2.48E+04 ± 0.3%

Case 4

1.93E+05 ± 0.4%

1.16E+05 ± 0.4%

1.03E+05 ± 0.4%

2.12E+05 ± 0.3%

1.13E+02 ± 100%

9.71E+00 ± 100%

3.32E-04 ± 33.0%

Case 5

2.84E+05 ± 0.4%

5.03E+04 ± 0.5%

5.46E+04 ± 0.5%

2.83E+05 ± 0.4%

6.95E-01 ± 99.8% 2.49E+01 ± 72.4% 8.62E-02 ± 99.7%

Case 6

1.69E+05 ± 0.4%

4.26E+04 ± 0.6%

4.79E+04 ± 0.6%

2.75E+05 ± 0.3%

1.83E-03 ± 27.0%

2.64E-04 ± 41.9%
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Figure 12.- Comparison of the results of neutron total fluence rates in relation to case 1
obtained by MCNPX for points P1 to P7 and cases 1 to 6.
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Figure 13.- Mesh tally of the distribution of the neutron radiation field around of the
cyclotron target in terms of fluence rate (Case 1).
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Figure 14.- Mesh tally of the distribution of the neutron radiation field around of the
cyclotron target in terms of fluence rate (Case 2).

Figure 15.- Mesh tally of the distribution of the neutron radiation field around of the
cyclotron target in terms of fluence rate (Case 3).
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Figure 16.- Mesh tally of the distribution of the neutron radiation field around of the
cyclotron target in terms of fluence rate (Case 4).
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Figure 17.- Mesh tally of the distribution of the neutron radiation field around of the
cyclotron target in terms of fluence rate (Case 5).

Figure 18.- Mesh tally of the distribution of the neutron radiation field around of the
cyclotron target in terms of fluence rate (Case 6).

3.2.- Thermal, epithermal and fast neutron fluence rates
An analysis of the results in terms of total fluence rate was performed, although it can
provide very important information, it does not detail the influence of each of the
components studied in the range of thermal, epithermal and fast neutrons.
Tables 3 to 5 show the values of the thermal, epithermal and fast neutron fluence rates
obtained by the MCNPX for the points P1 to P7 and cases 1 to 6, respectively. The results
were normalized to 1 μA of current. All values of the expanded uncertainties were
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determined for a coverage factor equal to 2 (k = 2), with a confidence level of
approximately 95.45%.
Figures 19 to 21 present the comparison of the results of the thermal, epithermal and fast
neutron fluence rates for cases 1 to 3, and 4 to 5, in relation to case 1, respectively.
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Table 3.- Results of thermal neutron fluence rates obtained by MCNPX at points P1 to P7 and cases 1 to 6.
Results normalized to 1 μA.
Quantities
Thermal

Points
P1

P2

P3

P4

P5

P6

P7

fluence rate
(cm-2.s-1)

Coverage factor k = 2.0

Case 1

1.43E+00 ± (a)

1.50E-01 ± (c)

1.49E-01 ± (c)

1.57E+00 ± (a)

4.39E-01 ± (b)

5.85E-01 ± (b)

4.44E-01 ± (b)

Case 2

1.22E+00 ± (a)

3.67E-01 ± (b)

2.39E-01 ± (c)

1.36E+00 ± (a)

5.29E-01 ± (b)

9.87E-01 ± (a)

4.40E-01 ± (b)

Case 3

1.33E+00 ± (a)

1.54E-01 ± (c)

3.01E-01 ± (b)

4.98E+00 ± (a)

7.81E-01 ± (b)

6.44E-01 ± (b)

1.00E+00 ± (a)

Case 4

5.51E+04 ± 0.4%

4.56E+04 ± 0.6%

4.26E+04 ± 0.7%

7.06E+04 ± 0.4%

6.64E+01 ± 4.2%

8.51E+00 ± 13.8%

0.00E+00

Case 5

6.29E+04 ± 0.1%

2.59E+04 ± 0.8%

2.78E+04 ± 1.0%

7.29E+04 ± 0.1%

1.59E-02 ± (c)

8.54E+00 ± 13.8%

4.14E-02 ± (c)

Case 6

4.38E+04 ± 0.4%

2.11E+04 ± 0.8%

2.32E+04 ± 0.6%

5.53E+04 ± 0.3%

0.00E+00

0.00E+00

0.00E+00

(a) uncertainty range: 100% < u ≤ 500%
(b) uncertainty range: 500% < u ≤ 1000%
(c) uncertainty range: u > 1000%
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Table 4.- Results of epithermal neutron fluence rates obtained by MCNPX at points P1 to P7 and cases 1 to 6.
Results normalized to 1 μA.
Quantities
Epithermal

Points
P1

P2

P3

P4

P5

P6

P7

fluence rate
(cm-2.s-1)

Coverage factor k = 2.0

Case 1

2.57E+03 ± 4.5%

7.75E+02 ± 12.5% 5.33E+02 ± 16.6%

2.48E+03 ± 4.7%

7.05E+02 ± 8.7%

8.72E+02 ± 9.9%

5.69E+02 ± 9.1%

Case 2

9.60E+03 ± 2.4%

1.21E+03 ± 8.1%

6.74E+02 ± 14.6%

8.79E+03 ± 2.5%

3.02E+03 ± 4.4%

3.73E+03 ± 4.1%

2.30E+03 ± 6.3%

Case 3

5.39E+03 ± 2.0%

1.44E+03 ± 7.5%

8.19E+02 ± 13.7%

1.56E+04 ± 1.8%

3.10E+03 ± 5.0%

3.39E+03± 3.6%

3.56E+03 ± 4.1%

Case 4

4.19E+04 ± 0.4%

2.49E+04 ± 0.9%

2.38E+04 ± 0.5%

4.29E+04 ± 0.6%

1.96E+01 ± 12.3%

1.00E-19 ± (c)

1.12E-19 ± (c)

Case 5

7.38E+04 ± 0.4%

1.42E+04 ± 1.4%

1.53E+04 ± 1.3%

6.94E+04 ± 0.5%

2.94E-02 ± (c)

3.70E+00 ± 27.4%

3.86E-02 ± (c)

Case 6

4.91E+04 ± 0.4%

1.27E+04 ± 1.5%

1.43E+04 ± 1.3%

7.18E+04 ± 0.4%

4.04E-21 ± (c)

1.56E-19 ± (c)

1.12E-19 ± (c)

(a) uncertainty range: 100% < u ≤ 500%
(b) uncertainty range: 500% < u ≤ 1000%
(c) uncertainty range: u > 1000%
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Table 5.- Results of fast neutron fluence rates obtained by MCNPX at points P1 to P7 and cases 1 to 6.
Results normalized to 1 μA.
Quantities
Fast fluence

Points
P1

P2

P3

P4

P5

P6

P7

rate
(cm-2.s-1)

Coverage factor k = 2.0

Case 1

4.70E+04 ± 0.8%

1.73E+04 ± 2.3%

1.12E+04 ± 3.5%

4.74E+04 ± 0.9%

1.21E+04 ± 2.7%

1.55E+04 ± 2.2%

9.55E+03 ± 2.6%

Case 2

6.74E+04 ± 0.7%

4.81E+02 ± 10.1% 4.28E+02 ± 17.7%

6.62E+04 ± 0.7%

1.80E+04 ± 2.1%

2.27E+04 ± 1.8%

1.42E+04 ± 2.8%

Case 3

3.31E+04 ± 0.8%

5.83E+02 ± 9.5%

5.22E+02 ± 16.3%

7.33E+04 ± 0.7%

1.61E+04 ± 2.5%

4.08E+03 ± 4.1%

1.46E+04 ± 2.9%

Case 4

6.71E+04 ± 0.6%

2.72E+04 ± 1.3%

2.07E+04 ± 1.2%

6.65E+04 ± 0.7%

1.11E+01 ± 13.7%

4.49E-03 ± (c)

3.32E-04 ± (c)

Case 5

9.05E+04 ± 0.5%

2.70E+03 ± 4.7%

3.31E+03 ± 3.3%

8.65E+04 ± 0.6%

1.59E-03 ± (c)

1.15E+01 ± 8.7%

2.61E-04 ± (c)

Case 6

4.70E+04 ± 0.6%

2.36E+03 ± 4.3%

3.05E+03 ± 3.1%

9.10E+04 ± 0.5%

1.83E-03 ± (c)

2.64E-04 ± (c)

2.38E-04 ± (c)

(a) uncertainty range: 100% < u ≤ 500%
(b) uncertainty range: 500% < u ≤ 1000%
(c) uncertainty range: u > 1000%
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Figure 19.- Comparison of the results of thermal neutron fluence rates in relation to case 1
obtained by MCNPX for points P1 to P7 and cases 1 to 3.

Figure 20.- Comparison of the results of epithermal neutron fluence rates in relation to case
1 obtained by MCNPX for points P1 to P7 and cases 1 to 3.
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Figure 21.- Comparison of the results of fast neutron fluence rates in relation to case 1
obtained by MCNPX for points P1 to P7 and cases 1 to 3.

4.- DISCUSSION
4.1.- Total neutron fluence rates
From the values reported in Table 2 and Figure 12, it can be seen that the values of the total
fluence rates for case 2 (target and cyclotron accelerator) in relation to case 1 (target)
increased by a factor of approximately 1.70 to 1.92 for all points. However, for points P2
and P3 there was a decrease by a factor of 0.12; this due to the interaction of the radiation
field with the body cyclotron accelerator, as shown in Figure 14.
For case 3 (target, cyclotron accelerator and its components), the values of the fluence rates
at point P1 decreased by a factor of 0.83 due to the influence of the LTF structure, contrary
to the value presented at point P4 where the factor increased to 2.05. The points P2 and P3
showed the same decrease presented in case 2, although with a minimal increase in the
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neutron flux, with factors of 0.14 and 0.16; respectively. The points P5 and P6 showed a
decrease in the fluence rate, with factors of 1.69 and 0.62; contrary to point P 7, factor of
2.08; this mainly due to the attenuation of the radiation field with the extended target of the
cyclotron (Figure 15).
The results observed for case 4 (target and bunkers), according to Figure 12, showed an
increase in neutron fluence rate, factors were approximately 3.3 and 3.6 for points P1 and
P4, and of 5.3 and 7.3 for points P2 and P3, respectively. The points P5 to P7 showed very
low values of fluence, due mainly to the attenuation of the wall that divides the bunkers of
the cyclotron and the external beam line and the borated polyethylene plates that cover the
wall (Figure 16).
For case 5 (target, bunkers and accelerator) the values of the neutron fluence rates showed
an increase for the points P1 and P4 (factor of 4.88 and 4.81) and a decrease in the points P2
and P3 (factors of 2.3 and 3.8) in relation to the results presented in case 4. This behavior is
mainly due to the influence of the accelerator, as well as to the neutron field backscattered
by the walls, ceiling and floor of the cyclotron vault room. Points P5 to P7 did not present
significant values of fluence rate (Figure 17).
The results observed for the case 6 (target, bunkers, and cyclotron components) showed a
decrease in the fluence rate values in relation to the reported for the case 5, this mainly due
to the influence of the cyclotron components. At point P1, there was a decrease in neutron
flux due to the LTF structure, with a factor of 2.9. The points P2, P3 and P4, presented
factors of the same order as the case 5, 1.95; 3.36 and 4.68; respectively. Points P 5 to P7 did
not present significant values of fluence rate (Figure 18).

4.2.- Thermal, epithermal and fast neutron fluence rates
From the analysis of the results of Table 3 and Figure 19, it can be observed that the values
of the thermal fluence rates for case 2 (target and cyclotron accelerator) in relation to case 1
(target) increased by a factor of 2.44; 1.60; 1.20 and 1.69 for points P 2, P3, P5 and P6,
_________________________________________________________________
61
Proccedings of the ISSSD 2018

Volume 3

ISSSD 2018

September 24 to 28th, 2018. Oaxaca, Oax. Mexico.
__________________________________________________________________________________

respectively; contrary to the points P1 and P4 where a decrease is presented (factors of 0.85
and 0.87); this due to the interaction of the radiation field with the cyclotron accelerator
body.
For case 3 (target, cyclotron accelerator and components), the values of thermal fluence
rate at point P1 increased, in relation to case 2, by a factor of 0.93 due to the influence of
the LTF structure. The increase in thermal flux is also observed for points P3, P4, P5 and P7,
with factors of 2.02; 3.17; 1.78; 2.26, respectively, due mainly to the interaction of the
radiation field with the extended target of the cyclotron (target 2) and the vacuum chamber.
This fact is not observed at points P2 and P6, where a decrease is presented in relation to
case 2, with factors of 1.02 and 1.10; respectively.
For cases 4, 5 and 6, the values of thermal neutron fluence rates at points P1 to P4 showed a
considerable increase, with factors on the order of approximately 3.1E+04 to 3.0E+05; due
mainly to the interaction of the radiation field with the walls, ceiling and floor of the
cyclotron vault room [Vega-Carrillo et al., 2007]. For the points P5 (case 4) and P6 (cases 4
and 5) there was an increase in the values of thermal fluence rate, and presented factors of
approximately 151 and 14.5; respectively. For the other cases, the P5, P6 and P7 points
presented very low thermal fluence values due to attenuation of the neutron radiation field
by the wall and by the borated polyethylene plates that divides the bunkers of the cyclotron
and the external beam line.
In a similar analysis, from the results of Table 4 and Figure 20, it can be observed that the
values of the epithermal fluence rates for case 2 (target and cyclotron accelerator) in
relation to case 1 (target), for the points P1, P4, P5, P6, P7, increased by a factor of 3.73;
3.55; 4.29; 4.28; 4.04; respectively, contrary to points P2 and P3 where a decrease was
showed, with factors of 1.57 and 1.26; this due to the interaction of the radiation field with
the cyclotron accelerator body.
For case 3 (target, cyclotron accelerator and components), the LTF structure attenuated the
epithermal fluence rate by a factor of 2.10 at point P1. For the points P2, P3, P5, there was no
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significant change in the values of the epithermal rate in relation to case 2, presenting
factors of 1.85; 1.54; 4.39; respectively. For the point P6, the epithermal neutron flux
decreased and presented a factor of 3.89; due to attenuation of the extended target of the
cyclotron, contrary to showed in points P4 and P7, where there was an increase, factors of
6.28 and 6.25; respectively.
For case 4 (target and bunkers), the values of the epithermal neutron fluence rates had an
increase in relation to the previous cases, due to the interaction of the radiation field with
the walls, ceiling and floor of the cyclotron vault room, presenting factors of 16.30 and
17.32 for points P1 and P4, and 32.06 and 44.69 for points P2 and P3, respectively.
For case 5 (target, bunkers and accelerator), the values of the epithermal fluence rates in
relation to case 4, at points P1 and P4 increased by a factor of 28.72 and 28.02; contrary to
points P2 and P3, where there was a decrease, with factors of 18.36 and 28.71; respectively.
This behavior was due to the interaction of the radiation field with the vault room and the
cyclotron accelerator.
For case 6 (target, bunkers, cyclotron and components) the values of the epithermal fluence
rates in relation to those reported for case 5, presented a decrease in the point P1, with a
factor of 19.13; this mainly due to the influence of the LTF structure. For points P 2 and P3,
there was also a decrease in the intensity of the epithermal flux, although very low,
presenting factors of 16.34 and 26.78; respectively. For the point P4, the epithermal flux
had a minimum increase, with a factor of 28.98; due to the interaction of the radiation field
with the walls and the pillar of the cyclotron vault room. In the case of points P5 to P7, the
values of the epithermal neutrons fluence rate presented very low values for cases 4, 5 and
6, due mainly to the attenuation of the wall that divides the bunkers of the cyclotron and the
external beam line and the borated polyethylene plates that cover the wall.
From the results in Table 5 and Figure 21, it can be observed that the values of the fast
fluence rates for case 2 (target and cyclotron accelerator) in relation to case 1 (target), had
an increase of approximately 40 to 50% for points P1, P4, P5, P6, P7, presenting factors of
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1.44; 1.40; 1.50; 1.47; 1.49; respectively, contrary to the values presented for points P 2 and
P3, where the factors were 0.03 and 0.04; respectively.
For case 3 (target, cyclotron accelerator and components), the LTF structure attenuated the
fast fluence rate by 30% at point P1, presenting a factor of 0.70. The values of the fast
fluence for points P2 and P3 did not have a significant variation, presenting factors of 0.03
and 0.05. At points P4 and P7, there was an increase of the fast neutron flux, where its
factors were 1.55 and 1.53; respectively. At points P5 and P6, there was a decrease in the
flux of the radiation field, with factors of 1.33 and 0.26; respectively, this due to the
attenuation of the extended target.
For case 4 (target and bunkers), the values of the fast neutron fluence rates had an increase
of approximately 40% for the points P1 and P4, presenting factors of 1.43 and 1.40;
respectively. For points P2 and P3, the fast neutron flux increased by approximately 60 and
90%, where its factors were 1.57 and 1.85; respectively, due to the interaction of the
radiation field with the walls, ceiling and floor of the cyclotron vault room.
For case 5 (target, bunkers and accelerator), the values of the fast fluence rates at points P1
and P4 increased by a factor of 1.93 and 1.82, contrary to that presented in points P2 and P3,
where there was a decrease of approximately 80 and 70%, factors of 0.16 and 1.82;
respectively, due to the interaction of the radiation field with the cyclotron bunker and the
accelerator.
For case 6 (target, bunkers, cyclotron and components) the values of the fast fluence rates
were constant for the point P1, factor of 1.0; for point P4 there was an increase of 90%,
factor 1.92. For points P2 and P3, the value of the fast fluence rate had a minimal variation
in relation to case 5, presenting factors of 0.14 and 0.27; respectively. In the case of points
P5 to P7, the values of the fast neutron fluence rate presented very low values for cases 4, 5
and 6 due mainly to the attenuation of the wall that divides the bunkers of the cyclotron and
the external beam line and the borated polyethylene plates that cover the wall.
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5.- CONCLUSIONS
In this work, the evaluation of the influence of the components of the unshielded GE-PET
trace-8 cyclotron and the concrete vault room in the neutron radiation field during

18

F

routine production using the Monte Carlo MCNPX code was performed.
The neutron radiation field mapping in terms of the thermal, epithermal and fast neutron
fluence rate was performed inside and outside of the cyclotron vault room.
The computational simulations were performed using a new radiation source term from the
bombardment of 18O-enriched water target with protons of 16.5 MeV.
From the results obtained in this work, we can observe how the components of the
accelerator and the concrete vault room alter significantly the spectral distribution of the
neutron fluence and equivalent dose rates around the cyclotron.
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