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Abstract. The production of the most common used PET radioisotope Fluorine-18 with commercial cyclotrons is obtained from the 18O(p,n)18F nuclear reaction when 18O-enriched water is bombarded with a proton beam. We present 
the characterization of the secondary neutron field spectra produced by this reaction in different locations around the cyclotron, through a comparison between MCNP6 Monte Carlo simulation results and experimental data obtained 

with Neutron Activation Analysis (NAA) of thin target foils of different materials.

1 Introduction

 PET (Positron Emission Tomography) has become a widely used functional imaging technique for determining
biochemical and physiological processes in vivo by using radiopharmaceuticals labeled with positron-emitting
radionuclides such as 11C, 13N, 15O and 18F, mostly produced by commercial cyclotrons directly produced at
health centers or at least nearby.

 During isotopes productions, an undesirable neutron field is however generated making, neutrons the main
shielding problem to deal with. Furthermore, health physics program requires to determine the neutron energy
spectrum as more detailed as possible, although neutron spectrum measurement is not a trivial task.

 One of the most commonly used radiopharmaceuticals is 2-deoxy-2-[18F]fluoro-D-glucose ([18F] FDG), which is
labelled with the radioactive 18F isotope obtained from the 18O(p,n)18F nuclear reaction when 18O-enriched
water is bombarded with a proton beam. As a product of this reaction, a secondary neutron field is formed in
addition to the gamma rays generated upon de-excitation of the nuclides formed during 18F production as well
as in neutron-induced nuclear reactions occurring in the various cyclotron components and, in minor
concentrations, in the bunker wall materials.

 In this work (Alloni and Prata, 2017), we study with the MCNP6 Monte Carlo N-Particle Transport Code (Goorley,
2012; Briesmeister, 2000) the secondary neutron field spectra in three different locations around a commercial
cyclotron using detailed cyclotron and target geometrical models and compare the simulation results with
experimental data obtained by means of Neutron Activation Analysis (NAA).

2. Materials and methods
2.1 Facility description and cyclotron/target modeling

 The device employed at the Laboratory of Applied Nuclear Energy (LENA) of the University of Pavia, is an IBA
cyclotron (model Cyclone® 18/9) set up for 18 MeV proton bombardment of a highly 18O-enriched H2O
(18O>98.0 Atom %, provided by Huayi Isotopes Co.) target with a nominal 30 μA beam current (Figure 1).

 To perform the simulations of neutron transport inside the bunker and to modelling the entire cyclotron
geometry, the Monte Carlo MCNP6 code was used. Figures 2, 3 and 4 show both a top and side views of the
modeled cyclotron. The neutron flux positions where the neutron spectra have been tallied with MC calculations
are indicated by circles with cross symbols. At the same locations, NAA measurements with target foils have
been carried out.

We have included in our simulation geometry model, both the complex structure and material composition of
the target (for target detail see Figure 5) of the cyclotron in order simulate with the highest detail the neutrons
transport in the water volume inside the complex multi-material structure of the target itself.

2.2 Monte Carlo simulations of neutron transport

 The neutron spectrum around the cyclotron is not fully known. The most commonly used theoretical model to
describe the source neutron spectrum that, is generated by the (p,n) nuclear reaction, is the evaporation model
(Carrol, 1987, 2001, 2002; Bertini, 1963, 1965). The energy distribution of the emitted neutrons can be
estimated by the expression N(E)dE∝E0.45 exp(-E/θ) where, θ is nuclear temperature, usually between 1 and 10
MeV. This expression has been selected as input for the energy distribution spectra for the isotropically-emitting
neutron source in MCNP calculations, representing an evaporation model point-like neutron source (see Figure
6), with θ = 2.7 MeV (Carrol, 1987), located inside the water volume housed in the complex target structure (see
Figure 5).

 The number of source neutrons, for each simulation run, was chosen to be 5.0 x 108 to have an MC statistical
uncertainty less than 1% in each tally position.

 The three different F5 tallies point-detectors were positioned:
 at 25 cm from the LV target externally to the cyclotron yoke surface,
 at 100 cm from the target (near the outer wall surface in front of the LV target);
 at 180 cm over the top of the cyclotron, vertically with respect to the center of the upper yoke surface.
 For each of three measurement positions (LV, WALL and TOP) the MCNP6-calculated spectra, reported in Figure

7, for that positions have been compared with SAND II outputs. Tally results, given as neutron fluence per
neutron source particle, have been multiplied by the neutron source strength (3.345 x 1011 s-1) to finally get, as
output result, the differential neutron flux (cm-2s-1MeV-1) to be used as guess spectrum for SAND II data
processing.

4. Results
4.1 Data analysis, processing and iteration test controls

 The calculated values for target foils activity due to different nuclear reactions have been used as input data for
the SAND II program which processes the different experimental data of the specific activity at saturation
calculated starting from the measured induced activities in the target foils (for further details see Alloni et al.,
2013). The final results of this comparison, are reported in the following Section (see Figure 8).

4.2 Comparison between simulation (MCNP) and experimental data (SAND II)

 Figure 7 shows the MCNP-calculated neutron energy spectra plotted as a function of energy for 60 different
energy groups, obtained with point detector tallies (F5 tally) in the three different position of interest labelled
LV, WALL and TOP (see Figure 2). The calculated values of the total and thermal neutron fluxes in the same
positions are also reported in Table 2. The thermal flux has been obtained summing the flux contributions in the
first four energy bins corresponding to the energy range 0 - 6.9×10-7 MeV.

 Because of the scattering events, the spectra are shifted to lower energies with respect to the source term
spectrum and the shift is larger at TOP and WALL position than LV, because neutrons undergo more collisions as
the distance to the source (located in the target) increases. Furthermore, because the neutrons are strongly
slowed down by the light materials of the walls, near the walls the spectrum is more thermalized.

Figures 7 show that measured and calculated spectra have the same behavior and are in good agreement.
Moreover, the neutron spectra obtained in the site close to target position shows a peak in the high-energy region
that is shifted to lower energies as the tally detector distance to the target increases where the contribution of
epithermal and thermal neutrons became more effective.

5. Conclusions

 In this work, we have characterized, with the MCNP6 Monte Carlo code, the secondary neutron flux spectra in
three different locations around the cyclotron, using detailed cyclotron and target geometrical/composition
computer models and compared the simulation results with experimental data obtained with NAA of thin target
foils processed with SAND II code.

 The experimental data obtained in this work, are in good agreement with the MC simulations and these results
represent a further validation the method proposed by the authors for a previous study and the
characterization of the neutron field inside a subcritical assembly (Alloni et al., 2013) at the University of Pavia.

 The detailed reconstruction of the target geometry will allow a future study of the target dynamic under proton
bombardment such as activation of the materials and dose depositions in different part of the target obtaining
information useful for health physics program during maintenance of the machine for the most activated part.

 In this context, the method described in this work could represents a useful alternative to other methods
described elsewhere, e.g. thermoluminescent method used in combination with Bonner sphere spectrometry
(Mendez et al., 2002a, 2002b; Barquero et al., 2015)
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3.Target foil irradiation and induced activity calculation

 In order to validate the Monte Carlo simulations, measurement of the neutron flux around the cyclotron with
NAA (Neutron Activation Analysis) technique (Alfassi, 1994) has been performed and the experimental data
have been processed with the SAND II code.

 In this work, three irradiation positions around the cyclotron, as indicated in Figure 2, have been selected as
representatives of all the irradiation positions. In the case of neutron fields coming from a cyclotron, threshold
reactions must be used to determine the fast flux component of the neutron spectrum coming from the nuclear
reaction originating in the cyclotron target.

 The chosen set of foils can detect only the thermal and fast neutron flux components; to detect the epithermal
component of neutron flux, the gold and copper foils have been also covered by a thin layer of cadmium which
has a high thermal neutron capture cross section for, in this way, gold and copper foils mainly absorb the
epithermal and fast components of the neutron flux.

 After the irradiation, at proton beam intensity of 30 μA for 60 minutes, the induced activity in each target foils
was measured on a low-background HPGe detector (EG&G ORTEC).The multi-purpose gamma ray analysis
software GammaVision® was used for peaks identification and evaluation. Details and data of the irradiated
target foils are reported in Table 1.

Tally position Total flux 

(cm-2 s-1)

Thermal flux 

(cm-2 s-1)

LV 7.4973×107 4.9872×105

WALL 6.4102×106 5.1303×105

TOP 2.4485×106 8.1576×105

Position H*(10) 

(mSv/µAh)

LV 56 ± 0.4

WALL 84 ± 0.9

TOP 27 ± 0.5
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4.3 Ambient dose estimation

 The calculated neutron spectra obtained wit MCNP6,
considering the (ICRP 119, 2012) ambient dose equivalent-to-
fluence conversion coefficients, were used to estimate the
ambient dose equiva-lent H*(10). The calculated H*(10) in sites
LV, WALL and TOP are reported in Table 3.

 The largest H*(10) value is observed in site WALL, while in the LV
and TOP the H*(10) is lower due to neutron spectra modification
(low energy shift) produced by the cyclotron body materials and
the neutron scattering near the bunker concrete walls. Further
experimental validation will be performed in future campaign.
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Left image: example of foils irradiation near the cyclotron LV target. 
Target foils have been placed in small plastic box and subjected to 

the same irradiation conditions. Right image:  position of the lateral 
MCNP tallies (circle with cross symbols)

Table1: Reactions used in this work for induced activities calculation. The symbol (+) beside reactions in the 
fourth column indicates foil irradiation with cadmium cover. (last column) errors correspond to one standard 

deviation of five repeated measurements on the detector.

FIG. 7

FIGURES 8: Comparison between the neutron flux spectrum obtained with MCNP6 simulations (continuous line with circles) and experimental data processed with the SAND II code (dotted line 
with square symbols) for different irradiation position. The errors for MCNP6 are limited to the symbols, error bars for SAND II data are reported.

Table 2: MCNP6 results for total and thermal flux in the
three different positions around the cyclotron. For each
reported value, Monte Carlo statistical standard (1σ)
uncertainty is less than 1%.

Table 3: MCNP6-estimated values of H*(10), with
Monte Carlo statistical standard (1σ) uncertainty,
in different location around the cyclotron.

The figures, 2, 3, 4 and 5  
are obtained by the MCNP 
graphical user interface.
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