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A B S T R A C T

During the production of 18F isotope for radiopharmaceuticals in 18O(p,n)18F reactions, the leakage neutrons
are mostly considered as a waste product. The utilization of a cyclotron based neutron source might be an
interesting application because its average energy is relatively high and emissivity is quite strong. Thus its use
might be useful in many fields of neutron based research. This paper aims to define the methodology and its
following use for the characterization of the secondary neutron field leaking from 18O enriched H2O target
in IBA Cyclone 18/9. Experimental characterization is based on the employment of independent methods,
namely the proton recoil method using a stilbene scintillation detector and neutron activation analysis with
selected IRDFF materials. Neutron field characteristics were also tested by calculation in the standard MCNP6
code model and using FENDL-3, TENDL-2017 nuclear data libraries for (p,n) reactions. The calculation models
have been found as discrepant in some quantities more or less, thus it is recommended to use experimental
characterization as a sole method.

1. Introduction

Although the medical cyclotrons are primarily designed for in-
dustrial radioisotope production, they can successfully be used as a
research instrument as well. In [1] common IBA Cyclone 18/9 was
used for proton induced cross-section measurement. [2] also suggested
the use of secondary neutrons in research connected with radiation
protection, environmental studies or issues related to the 37Ar detection
in nuclear explosions. Another possible use is also a validation of
cross-sections, where the neutron field has to be well-defined with
low uncertainties. Generally, its knowledge is essential not only for
scientific reasons but also for purposes of radiation protection in cy-
clotron laboratories, because the leaking neutrons can cause exposition
of service staff and also activation of cyclotron structural components.

This paper aims to describe the new methodology for characteri-
zation of the secondary neutron field quantities, such as the neutron
spectrum and the neutron flux. The initial approach of the experimental
neutron field characterization was using either Bonner spectrometry [3]
or TLD spectrometry [4] or measurement of activation foils [5]. A
simple 3He counter with moderation block was used to monitor the
neutron flux level [6]. These methods are well usable from a radiation
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safety point of view [7], however they might be connected with high
uncertainties [8–10]. The proton recoil method, namely stilbene scin-
tillation spectrometry seems to be a suitable method for experimental
characterization of neutron spectra. The same method is planned to be
used as neutron tracker in particle therapy [11]. Because of observed
discrepancies between experiments and calculation, the proton recoil
method is supported by spectral indexes of various threshold reactions
using well-defined, mostly IRDFF, materials. The independent method
of spectrum adjustment by STAYSL code, using the measured reaction
rates of selected activation foils, was introduced as well.

Measurement of absolute reaction rates allowed the determination
of absolute neutron flux. Calculations were performed with a detailed
mathematical model of proton induced neutron generation. Thanks to
the precise measurement of the produced activity, the validation of the
18F production (and neutron emissivity) comparing the theoretical and
experimental 18O(p,n)18F reaction rate was possible.

2. Cyclotron arrangement

Neutron field characterization is done in IBA Cyclone 18/9 accel-
erator (18 MeV for H−, 9 MeV for D− particle) which is located in
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Fig. 1. IBA Cyclotron with marked measuring position.

UJV cyclotron laboratory. The most common radioisotope product of
the facility is 2-fluoro-2-deoxy-D-glucose (FDG) labeled by 18F which
origins from 18O(p,n)18F reaction. However, the capacity to produce
the other positron-emitting radio-nuclides such as 11C, 13N, 15O exists.

Cyclotron device is commissioned inside a 4 m wide and 5.75 m
long concrete shielding bunker to avoid irradiation of service staff. The
accelerator itself with 2 m diameter is centered to the shorter side and
the same distance from the side wall (see Fig. 1).

Measurements were performed during irradiation (by 18 MeV pro-
tons) of 2.7 ml 18O enriched water (min. 98%). The water is placed
in a niobium pin (see Fig. 2) which is sealed by a Havar foil, while
accelerator window is sealed by a Ti foil. The current generated by
the proton beam on the target was ∼75 μA in case of the activation
experiment, while at stilbene experiments it was 0.92 μA.

Neutron spectra were measured at 80 cm from the end of the
cyclotron in the direct position in its axis. The activation detectors
were irradiated in the same axis and in the positions on cyclotron end
and 7.5 cm and 80 cm from the end of the cyclotron. For the study

of angular distribution some foils were placed also 8.5 cm below the
target axis.

3. Experimental and calculation methods

The set of neutron spectra in the 0.9 MeV to 14.5 MeV energy range
was measured via the proton-recoil method using a Stilbene scintillator
(10 × 10 mm) with neutron and gamma pulse shape discrimination. The
characteristic of signal evaluation is plotted in Fig. 3.

The spectral indexes were derived from the reaction rates. The
experimental reaction rates were derived from the gamma activities of
irradiated samples. The induced dosimeter activity after irradiation in
the studied neutron field was determined using a well-defined HPGe
detector with verified geometry and efficiency. These quantities are
described in detail in [13]. The calculations were realized using the
MCNP6 code [14], with various nuclear data libraries.

3.1. Stilbene measurement

The upgraded two-parameter spectrometric system NGA-01 [15–17]
is fully digitized and is now able to process up to 500 000 impulse
responses per second. In the described case, the tapered active voltage
divider was used for the photomultiplier tube [18]. This type of divider
has better output linearity than previously used passive resistance,
where the problem with non-linearity could exist even from relatively
low rate of about 104 impulses per second. Solving the non-linearity
problem with active voltage divider based on MOSFETs also solves the
problem of non-linearity depending on the amplitude of the signal.

A large dynamic range of input signal is required for measurement.
Therefore, the input analog signal from the photomultiplier is divided
into two branches with different ratio of amplification (1:8). The signal
is then digitized by separate analog to digital converters with 12-bit
resolution. A high-pass filter is used for better resolution. The difference
in amplification increases the signal-to-noise ratio. Analog-to-digital
converters operating at a sampling frequency of 500 MHz are used,
and digital signal processing is implemented in the field-programmable
gate array (FPGA). Therefore, it can process all the data flow from
both analog to digital converters with negligible dead time in the

Fig. 2. Target with 18O enriched H2O target full (left) [12] and simplified used in simulations (right).
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Fig. 3. Characteristics of evaluation of signal. Energy integral is taken from data start
to peak with energy delta, discrimination integral from the peak with discrimination
delta to the data end.

digital part. Problems at high frequencies (> 105 pulses per second)
are superpositions on signals that can affect the resulting values. These
pulses are largely filtered [19].

Pulse Shape Discrimination (PSD) unit is used to distinguish the type
of the detected particle by analyzing the pulse shape (discrimination
integral), whereas particle energy is evaluated from the integral of the
whole response (energy integral). The PSD value is computed inside
the FPGA by an integration method which uses the comparison of the
area delimited by part of a trailing edge of the measured response with
the area delimited by the whole response. See Fig. 3 for the principle
of the PSD used; the method is more in detail described for example
in [19]. Acquired recoiled proton spectra (or electron spectra in case
of gamma field measurement) are then subjected to deconvolution by
the Maximum Likelihood Estimation [20].

3.2. Reaction rates measurement

The experimental reaction rates were derived from the dosimeter
(activation detector) activity (see Eqs. (1), (2)). This monitor activ-
ity was determined by employing gamma spectrometry with HPGe
detector with well defined efficiency curve [13]. In the case of coin-
cidences, the correction factor was employed, as mentioned in [21].
Various types of dosimeters were used, pure natural Ni, Fe, Al, Cu,
and Ti. The evaluated monitoring reactions were: 58Ni(n,p), 60Ni(n,p),
58Ni(n,x)57Co, 54Fe(n,p), 48Ti(n,p), 27Al(n,𝛼), 63Cu(n,𝛼). The detailed
summary of used activation dosimeters is listed in Table 1. The dosime-
ters were measured in the end cap geometry.

𝐴𝐸𝑛𝑑. = 𝑁𝑃𝐴
(

T𝑀𝑒𝑎𝑠.
)

× 𝜆
𝜀 × 𝜂 ×𝑁

× 1
(

1 − 𝑒−𝜆.T𝑀𝑒𝑎𝑠.
) × 1

𝑒−𝜆.𝛥T
×𝑘𝑇𝑆𝐶𝐹 (1)

𝑞 =
𝐴𝐸𝑛𝑑.

1 − 𝑒−𝜆.T𝐼𝑟𝑟.
(2)

where:
𝑞; is the reaction rate of activation during irradiation batch
𝜆; is the decay constant of the radioisotope considered;
T𝑀𝑒𝑎𝑠.; is a time of measurement by the HPGe;
𝛥T; is the time between the end of irradiation and the start of the HPGe
measurement;
N𝑃𝐴(T𝑚); is the Net Peak Area (the measured number of counts);
𝜀; is the gamma branching ratio;
𝜂; is the detector efficiency (it is being determined via MCNP6 calcula-
tion);
𝑁 ; is the number of target isotope nuclei;
𝑘𝑇𝑆𝐶𝐹 is coincidence summing correction factor
TIrr.; is the end of the irradiation period

Table 1
Used activation detectors.

Foil Dimensions Reaction Peak [keV] Efficiency CSCF

Fe 1 × 1 × 0.3 cm 54Fe(n,p) 834.8 3.504 × 10−2 1.000
54Fe(n, 𝛼) 320.1 7.466 × 10−2 1.000

Ni 1.6 × 1.6 × 0.1 cm 58Ni(n,p) 810.8 4.586 × 10−2 0.933
60Ni(n,p) 1173.0 3.428 × 10−2 0.824

1332.5 3.086 × 10−2 0.818
58Ni(n,x)57Co 122.1 1.489 × 10−1 1.000

Al D=1.27, th. 0.3 cm 27Al(n, 𝛼) 1368.6 2.910 × 10−2 0.862

Ti 0.9 × 0.9 × 0.1 cm 48Ti(n,p) 983.5 4.054 × 10−2 0.648
1037.5 3.885 × 10−2 0.641
1312.1 3.210 × 10−2 0.629

46Ti(n,p) 889.3 4.397 × 10−2 0.820
47Ti(n,p) 159.4 1.703 × 10−1 1.000

Cu 1 x 1 x 0.4 cm 63Cu(n, 𝛼) 1173.0 3.001 × 10−2 0.841
1332.5 2.717 × 10−2 0.837

3.3. STAYSL adjustment of neutron spectra

In addition to measurements with the stilbene scintillator, the neu-
tron spectrum was adjusted with STAYSL code using measured reaction
rates. STAYSL PNNL is a suite of programs that includes STAYSL
itself and various supporting utilities [22] containing a variant of
code STAY’SL [23] developed by Dr. Perey at Oak Ridge National
Laboratory. Given a set of neutron activation rates measured in a
nuclear fission reactor or at an accelerator based neutron source,
STAYSL PNNL uses least-square fitting methods to solve the dosimetry
neutron spectral adjustment problem and thus determines the most
likely neutron flux spectrum [22]. This process is referred to as neutron
spectral adjustment [24,25]. Neutron spectrum adjustment is carried
out in order to find a spectrum which, for a specified dosimetry cross
section, will give the most likely fit to the set of measured activities.

In order to perform the spectral adjustment, the following quan-
tities must be calculated by individual part of STAYSL PNNL suite:
corrected activation rates (calculated by SigPhi Calculator), the neu-
tron self-shielding correction factors (SHIELD code), cross-sections and
covariance data libraries (NJOY99/NJpp), and initial neutron flux spec-
trum estimation (preferably from code such as MCNP). For further
details and mathematical description of the process see [22,23].

3.4. Calculation methods

The calculations were performed using the MCNP6 Monte Carlo
code in proton/neutron transport mode and except proton data libraries
the default model settings were tested for (p,n) reactions with 18 MeV
protons. In the MCNP6 model testing, default settings containing the
Cascade–Exciton Model (CEM) model is used for nuclear interactions
of accelerated protons. The CEM model, originally proposed in Dubna,
incorporates all three stages of nuclear reactions: intranuclear cas-
cade, pre-equilibrium, and equilibrium (or compound nucleus) [26,27],
where mostly pre-equilibrium and equilibrium stages are applicable to
our problem. The neutron emission spectrum, in this case, is close to
the evaporation model [28,29] used in [5]. However the one obtained
from the CEM model should perform better in terms of the neutron
angular distribution. Better results are attributed to the anisotropy
treatment of released secondary neutrons [26]. After the evaporation,
the MCNP code models are accounting de-excitation phase by gamma
emission [14].

For comparison, the employment of 18O(p,n)18F libraries from
TENDL-2017 [30] and FENDL-3 [31] were also tested. ENDF/B-VII.1
nuclear data library was used for simulation of neutron interactions in
structural materials and for 58Ni(n,x)57Co reaction. All other monitors’
cross sections were described using IRDFF v.1.05 [32,33] (see Fig. 8).

It is worth noting that the structural components have special
importance in the formation of the secondary neutron field. It is evident
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Fig. 4. Comparison of calculated neutron spectra 80 cm from cyclotron end showing
the effect of structural components on the neutron field.

that the low part of the neutron spectrum is generated by the room
effect (see Fig. 4). The uncertainties in the calculated reaction rates are
below 2%. Hence the calculation uncertainties in the spectral indexes
and attenuation factors are less than 3%. The uncertainties in the
neutron fluence rate are about 2% in lower regions and 5 - 9% in upper
regions.

4. Results

4.1. Differential neutron spectra

The neutron spectrum in position 80 cm from 18O enriched H2O
target was measured using 10 × 10 mm stilbene detector. It is formed by
the evaporation process; thus its shape is different from other common
sources (see Fig. 5).

The resulted spectrum of MCNP6 models compared with calcu-
lations using various proton induced data libraries are presented in
Fig. 6 and listed in Table 2. The listed experimental uncertainties cover
statistical uncertainty, uncertainty in energy and efficiency calibration
and uncertainty in the evaluation method. It is obvious that from the
presented results, the most reasonable agreement with experiment is
in the case of MCNP6 models. However, even in this case, significant
discrepancies can be found. The C/E−1 comparison is presented in
Fig. 7. From this graph, it is clear that the discrepancy in the 2–
6 MeV interval is 2–3 times higher than the related uncertainty and
in the region around 10 MeV, even higher than 5 times the respective
uncertainty.

The calculations realized with TENDL-2017, and FENDL-3 do not
differ significantly in the region below 6 MeV. In the upper region,
they begin to diverge from the others. In a region above 10 MeV, the
discrepancies are obvious.

4.2. Spectral indexes

Comparison of measurements with the stilbene scintillator with
calculation shows significant discrepancies, especially in higher energy
regions. To confirm that the reported discrepancies are not caused
by measurements with the stilbene scintillator (resolution problems,
efficiency problems), they were supplemented by evaluation of the
spectral indexes (see Eq. (4)) which were derived from reaction rates
of IRDFF materials [32,33]. The spectral indices are an important tool
used for characterization of the shape of a neutron spectrum [34]. They
are defined as a ratio of the observed reaction rate to the reference rate.
Reaction rates ratio is independent on the absolute neutron flux.

𝑅𝑅𝐴 = ∫𝐸
𝜎𝐴 (𝐸) × 𝜑 (𝐸) 𝑑𝐸 = 𝑛 × ∫𝐸

𝜎𝐴 (𝐸) × 𝜓 (𝐸) 𝑑𝐸 (3)

Fig. 5. Comparison of various sources’ neutron spectrum.

Fig. 6. Calculated and stilbene scintillator measured neutron spectrum 80 cm from
cyclotron end.

Fig. 7. C/E−1 of calculated and measured neutron spectrum 80 cm from cyclotron
end.

(

𝑅𝑅𝐴
𝑅𝑅𝐵

)

=
∫𝐸 𝜎𝐴 (𝐸) × 𝜑 (𝐸) 𝑑𝐸
∫𝐸 𝜎𝐵 (𝐸) × 𝜑 (𝐸) 𝑑𝐸

=
∫ ∞
0 𝜎𝐴 (𝐸) × 𝜓 (𝐸) 𝑑𝐸

∫ ∞
0 𝜎𝐵 (𝐸) × 𝜓 (𝐸) 𝑑𝐸

(4)

𝜎𝐴 (𝐸) Cross section of reaction A
𝜑 (𝐸) Neutron flux density
𝑛 Neutron flux
𝜓 (𝐸) Neutron spectrum (∫ ∞

0 𝜓 (𝐸) 𝑑𝐸 = 1)
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Table 2
Measured group neutron flux, 80 cm from cyclotron end, normalized per 1 proton emitted from the accelerator.
𝐸up d𝛷 [cm−2 s−1] Rel. unc. [%] 𝐸up d𝛷 [cm−2 s−1] Rel. unc. [%] 𝐸up d𝛷[cm−2 s−1] Rel. unc. [%] 𝐸up d𝛷 [cm−2 s−1] Rel. unc. [%]

1.0 1.20 × 10−9 11.7 4.5 2.56 × 10−10 4.1 8.0 9.57 × 10−11 4.6 11.5 4.06 × 10−11 6.9
1.1 1.63 × 10−9 7.4 4.6 2.48 × 10−10 4.2 8.1 9.34 × 10−11 4.7 11.6 3.95 × 10−11 7.3
1.2 1.70 × 10−9 11.0 4.7 2.39 × 10−10 4.1 8.2 9.16 × 10−11 4.7 11.7 3.84 × 10−11 7.0
1.3 1.72 × 10−9 5.5 4.8 2.32 × 10−10 4.0 8.3 8.97 × 10−11 4.6 11.8 3.73 × 10−11 7.4
1.4 1.60 × 10−9 9.3 4.9 2.24 × 10−10 4.0 8.4 8.77 × 10−11 4.7 11.9 3.63 × 10−11 7.7
1.5 1.50 × 10−9 7.2 5.0 2.17 × 10−10 4.0 8.5 8.57 × 10−11 4.8 12.0 3.53 × 10−11 7.3
1.6 1.37 × 10−9 6.1 5.1 2.10 × 10−10 4.1 8.6 8.37 × 10−11 4.9 12.1 3.43 × 10−11 7.9
1.7 1.25 × 10−9 5.6 5.2 2.03 × 10−10 4.1 8.7 8.16 × 10−11 5.0 12.2 3.33 × 10−11 8.3
1.8 1.14 × 10−9 5.4 5.3 1.97 × 10−10 4.1 8.8 7.95 × 10−11 4.9 12.3 3.23 × 10−11 8.6
1.9 1.04 × 10−9 4.9 5.4 1.91 × 10−10 4.1 8.9 7.75 × 10−11 5.0 12.4 3.14 × 10−11 8.9
2.0 9.65 × 10−10 4.5 5.5 1.85 × 10−10 4.1 9.0 7.55 × 10−11 5.0 12.5 3.05 × 10−11 9.6
2.1 8.92 × 10−10 4.6 5.6 1.80 × 10−10 4.1 9.1 7.35 × 10−11 5.0 12.6 2.96 × 10−11 8.9
2.2 8.30 × 10−10 4.5 5.7 1.74 × 10−10 4.1 9.2 7.19 × 10−11 5.0 12.7 2.87 × 10−11 9.6
2.3 7.70 × 10−10 4.4 5.8 1.70 × 10−10 4.1 9.3 7.03 × 10−11 5.6 12.8 2.78 × 10−11 10.4
2.4 7.19 × 10−10 4.4 5.9 1.65 × 10−10 4.1 9.4 6.86 × 10−11 5.8 12.9 2.69 × 10−11 11.2
2.5 6.70 × 10−10 4.5 6.0 1.60 × 10−10 4.3 9.5 6.70 × 10−11 5.2 13.0 2.60 × 10−11 12.4
2.6 6.28 × 10−10 4.3 6.1 1.56 × 10−10 4.2 9.6 6.55 × 10−11 5.3 13.1 2.51 × 10−11 11.9
2.7 5.88 × 10−10 4.4 6.2 1.52 × 10−10 4.1 9.7 6.40 × 10−11 5.3 13.2 2.42 × 10−11 13.1
2.8 5.52 × 10−10 4.4 6.3 1.47 × 10−10 4.2 9.8 6.26 × 10−11 5.7 13.3 2.34 × 10−11 13.1
2.9 5.17 × 10−10 4.3 6.4 1.44 × 10−10 4.2 9.9 6.13 × 10−11 5.6 13.4 2.26 × 10−11 14.5
3.0 4.90 × 10−10 4.3 6.5 1.40 × 10−10 4.5 10.0 6.00 × 10−11 5.7 13.5 2.18 × 10−11 16.2
3.1 4.63 × 10−10 4.3 6.6 1.36 × 10−10 4.3 10.1 5.86 × 10−11 5.8 13.6 2.11 × 10−11 14.1
3.2 4.42 × 10−10 4.3 6.7 1.33 × 10−10 4.3 10.2 5.72 × 10−11 5.8 13.7 2.03 × 10−11 15.8
3.3 4.22 × 10−10 4.2 6.8 1.29 × 10−10 4.3 10.3 5.58 × 10−11 5.7 13.8 1.96 × 10−11 15.9
3.4 4.03 × 10−10 4.2 6.9 1.26 × 10−10 4.3 10.4 5.44 × 10−11 5.8 13.9 1.89 × 10−11 18.5
3.5 3.84 × 10−10 4.2 7.0 1.22 × 10−10 4.5 10.5 5.30 × 10−11 5.9 14.0 1.83 × 10−11 18.6
3.6 3.67 × 10−10 4.2 7.1 1.19 × 10−10 4.2 10.6 5.15 × 10−11 5.9 14.1 1.76 × 10−11 19.0
3.7 3.51 × 10−10 4.2 7.2 1.16 × 10−10 4.2 10.7 5.01 × 10−11 6.0 14.2 1.70 × 10−11 19.8
3.8 3.36 × 10−10 4.3 7.3 1.13 × 10−10 4.3 10.8 4.88 × 10−11 6.2 14.3 1.64 × 10−11 20.8
3.9 3.21 × 10−10 4.2 7.4 1.10 × 10−10 4.8 10.9 4.76 × 10−11 6.1 14.4 1.58 × 10−11 22.4
4.0 3.09 × 10−10 4.2 7.5 1.08 × 10−10 4.5 11.0 4.63 × 10−11 6.0 14.5 1.52 × 10−11 24.0
4.1 2.97 × 10−10 4.1 7.6 1.05 × 10−10 4.4 11.1 4.51 × 10−11 6.3 14.6 1.49 × 10−11 24.0
4.2 2.86 × 10−10 4.1 7.7 1.03 × 10−10 4.7 11.2 4.39 × 10−11 6.3 14.7 1.45 × 10−11 24.0
4.3 2.76 × 10−10 4.1 7.8 1.00 × 10−10 4.9 11.3 4.28 × 10−11 6.3
4.4 2.66 × 10−10 4.1 7.9 9.79 × 10−11 4.6 11.4 4.17 × 10−11 6.8

Fig. 8. Cross sections used for spectrum index determination.

The energy dependence of cross sections used in spectrum index
comparison is plotted in Fig. 8, the sensitivities in the stilbene scintilla-
tor measured spectrum are plotted in Fig. 9. The summary of spectrum
indexes is in Table 3.

It is obvious that there are significant discrepancies between ex-
periment and calculation. The spectral ratio of 54Fe(n,p)/27Al(n, 𝛼)
supports the result that both TENDL-2017 and FENDL-3 are strongly
underestimating experiment in the region above 7 MeV because the
calculated ratio is about 60%–150% higher than the experiment. This
higher rate of overestimation reflects the problems in describing the
high-energy tail of the neutron spectrum. In the case of the neutron
spectrum calculated by MCNP6 models (CEM), the ratio is higher by
18%. The obtained result is seemingly consistent when compared with
TENDL-2017 and FENDL calculations. But a closer look at the neutron
spectrum measurement by stilbene scintillator (Figs. 6 and 7) would

Fig. 9. Sensitivity of used reaction rates for various energy in measured spectra.

suggest that this agreement is a consequence of compensating effects
caused by the neutron spectrum shape as a product of CEM model. The
issue of the correct description of the neutron spectrum high energy
tail is well-answered in 58Ni(n,p)/58Ni(n,x)57Ni spectral index where
MCNP6 model differs by 3%, while FENDL-3 and TENDL-2017 results
are 4 or 30 times higher than an experiment. This result points to large
differences in the region above 9 MeV because the threshold energy
of 58Ni(n,x)57Ni is 9 MeV and maximum sensitivity in the measured
spectrum lies in the energy of 12.7 MeV, where the differences between
spectra are the most dramatic.

The sensitivities in stilbene measured energy spectrum are shown in
Fig. 9.

Using deconvolution codes, the neutron spectrum can be derived
from a set of reaction rates. The neutron spectrum for the position
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Table 3
Spectral indexes in position 7.5 cm from cyclotron end.

54Fe(n,p)/27Al(n,𝛼) 54Fe(n,p)/48Ti(n,p) 54Fe(n,p)/58Ni(n,p) 58Ni(n,p)/58Ni(n,x)57Co

MCNP6 20.83 50.39 0.77 19.21
FENDL-3 30.26 76.96 0.77 73.64
TENDL-2017 42.92 110.13 0.76 487.54
Experiment 17.05 41.31 0.68 17.42
Rel. unc. 8.6% 8.3% 7.8% 4.2%

Table 4
Measured reaction rates in various positions from target normalized per 1 proton.

Cyclotron end 80 cm distance 8.5 cm below target

Mean Rel. unc. Mean Rel. unc. Mean Rel. unc.
58Ni(n,p) – – 7.05 × 10−33 4.5% – –
54Fe(n,p) 1.16 × 10−31 3.9% 5.16 × 10−33 4.6% 4.65 × 10−31 3.7%
54Fe(n,𝛼) 4.42 × 10−33 12.4% 2.38 × 10−34 12.0% 1.68 × 10−32 8.6%
27Al(n,𝛼) 7.15 × 10−33 3.6% 3.36 × 10−34 4.5% – –
60Ni(n,p) – – 5.44 × 10−34 12.5% – –
58Co(n,x)57Co – – 4.40 × 10−34 4.9% – –
63Cu(n,𝛼) 2.26 × 10−33 4.1% – – 9.87 × 10−33 4.9%

Fig. 10. Comparison of measurement, calculations and STAYSL adjustment of neutron
spectrum 7.5 cm from cyclotron end.

7.5 cm from the cyclotron end was derived by STAYSL code from fol-
lowing reactions: 58Ni(n,p), 27Al(n, 𝛼), 54Fe(n,p), 54Fe(n, 𝛼), 48Ti(n,p),
46Ti(n,p), 47Ti(n,p), 63Cu(n, 𝛼), 60Ni(n,p). The result compared with the
stilbene scintillator measurement and MCNP6 calculations are plotted
in Fig. 10. It can be said that the STAYSL results for the neutron
spectrum are closer to stilbene measurement than to calculations using
proton libraries and models.

4.3. Distribution of neutron fluxes

The reaction rate is a function of the reaction cross section and the
actual neutron spectrum (see Eq. (3)). Assuming known cross section,
this can be used for the determination of neutron flux. It means that
the reaction rates listed in Table 4 can be used to characterize the
integral neutron flux at different positions from the 18O target. The
C/E−1 comparison for a position in cyclotron end and in distance 80 cm
in its vertical axis from the target is listed in Tables 5 and 6.

The agreement is satisfactory in some separate cases but generally
is not very good. It means that the proton libraries and mathematical
model (TENDL-2017, FENDL-3, MCNP6) are not satisfactory for the
correct description of the neutron field. The discrepancy rate seems to
be comparable in both distances from the target. This fact is reflected in
similar calculated and measured attenuation of reaction rates between
positions at the end of the cyclotron and 80 cm behind it (see Table 7).
As the results of the attenuation calculation are in good agreement
with the experimentally determined attenuation, it can be stated that
the mathematical description of neutron flux attenuation in forwarding
transport is satisfactory.

Table 5
C/E-1 of measured reaction rates in end of the cyclotron.

MCNP6 FENDL-3 TENDL-2017
54Fe(n,p) 21.7% 25.7% −1.9%
54Fe(n, 𝛼) 14.9% −10.4% −43.8%
27Al(n, 𝛼) −6.5% −34.3% −63.2%
63Cu(n, 𝛼) 35.5% 6.2% −33.6%

Table 6
C/E-1 of measured reaction rates 80 cm from cyclotron end.

MCNP6 FENDL-3 TENDL-2017
58Ni(n,p) 13.4% 23.1% −2.8%
54Fe(n,p) 19.8% 29.4% 1.4%
54Fe(n,𝛼) −5.0% −20.6% −49.3%
27Al(n,𝛼) −13.2% −34.1% −62.2%
60Ni(n,p) −7.3% −18.9% −47.0%
58Ni(n,x)57Co −2.5% −73.2% −96.3%

Table 7
Reaction rates attenuation factor between positions in end of the accelerator and in
80 cm distance in the vertical axis.

Attenuation MCNP6 FENDL-3 TENDL-2017 Experiment Exp. unc.
54Fe(n,p) 22.7 21.7 21.7 22.4 5.0%
27Al(n,𝛼) 22.9 21.2 20.7 21.3 5.6%

4.4. Angular distribution

The axially located position is the most important one for the utiliza-
tion of secondary neutrons due to the dependence of flux and distance
from the source. However, the angular distribution (see Fig. 11) is
also important, because it affects the neutron field around the target.
This neutron field can contribute to the positions close to the exit
window and is also responsible for the activation of accelerator struc-
tural components. Due to the high flux and small space in the exit
window, the angular profile determination is based on the reaction
rates. The ratio of reaction rate below target to reaction rate in the exit
window is about 4 in case of 54Fe(n,p) and 4.4 in case of 63Cu(n,𝛼).
Assuming the point character of the neutron source and taking into
account about twice longer path of 18O(p,n) neutrons into the target
in the vertical axis, the result implies a nearly isotropic distribution of
neutrons. The assumption of similar neutron spectrum shape in various
angles is confirmed by similar spectral indexes (see Table 9). This
trend is not followed by calculation. The calculation models seem to be
incorrect, namely highly under-predicting in higher energies, because
the reaction rates of higher energy threshold reactions are significantly
under-predicting the experimental value (see Table 8).
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Table 8
C/E-1 of measured reaction rates 8.5 cm below the target axis.

MCNP6 FENDL-3 TENDL-2017
54Fe(n,p) 4.5% 29.1% −2.7%
54Fe(n,𝛼) −67.8% −29.0% −59.6%
63Cu(n,𝛼) −68.2% −31.6% −61.0%

Table 9
Spectral index 54Fe(n,p)/63Cu(n,𝛼) in various angles regarding to proton beam.

MCNP6 FENDL-3 TENDL-2017 Experiment Exp. unc.

Below target 155.0 88.9 117.6 47.1 6.1%
In axis 46.3 60.6 76.7 51.1 5.6%

Fig. 11. Calculated neutron spectrum below target and in the exit window.

4.5. Validation of source neutron emission

The neutrons are emitted from 18O(p,n)18F reaction. It means that
neglecting neutrons from (p,n) reactions in Havar and Ti structural
foils; the neutron emission is identical with 18F production rate. Thanks
to this fact, the comparison between real and theoretical production
was compared to 3.5 min after irradiation. The activity of produced
18F was measured in certified geometry, within 5% uncertainty. The
TENDL-2017 [30] cross section of 18O(n,p)18F reaction was used in
this evaluation because of good agreement with experimental cross
sections [35]. The production rate of 18F seems to be correct, as it was
many times validated.

From the radiation safety point of view, 18F enriched H2O is trans-
ferred from the cyclotron cell by piping. It was determined that in the
used standard target, 6.9% of the total activity induced in the target
during irradiation by protons remains in pipes. Taking into account
this correction, the C/E−1 of 18F activity was determined to be 0.03.
Knowing that purity of 18O in the enriched water is about 98%, it
can be concluded that the agreement is very good. These results are
interesting because [36] report that in the case of applying the same
TENDL-2017 libraries the GEANT code under-predicts is by a factor of
0.53, while FLUKA over-predicts by a factor of 1.66. The summary of
the experimental results is listed in Table 10.

5. Validation of selected cross sections in 18O(p,n)18F field

The developed methodology of characterization of 18F production
cyclotron was applied to the set of measured dosimeters in position
80 cm from the cyclotron end (see Table 11). The dosimeters sensitive
in various energy regions were used. The reaction rates obtained with
developed characterization are in satisfactory agreement with exper-
iment. The related uncertainties of experimental reaction rates are
listed in Table 4, the uncertainties of reaction rates calculated using
characterized spectra are ∼6% – 8%. The main source of uncertainty is
uncertainty in characterized neutron spectra.

Table 10
Validation of 18F production.

Validated parameter Mean value

A (measured) [Bq] 189.3
Correction to decay during transport 1.022
Correction to piping residual activity 1.069
A (produced) [Bq] 206.9 ± 5.2

T [s] 5940
Current [μA] 51.79
RR [18F/1p] 1.42 × 10−3

A (TENDL) [Bq] 213.2 ± 0.4

C/E-1 3.10%

Table 11
Validation of selected IRDFF cross sections in the experimentally characterized field
(EVAL/E-1).

Reaction EVAL/E-1
27Al(n,𝛼) −4.9%
54Fe(n,p) 12.9%
54Fe(n,𝛼) 0.1%
58Ni(n,p) 7.6%
60Ni(n,p) −2.8%
58Ni(n,x)57Co −7.1%

6. Conclusions

The methodology of characterization of leakage neutron field of the
18F production cyclotron was presented and applied for IBA Cyclone
18/9 cyclotron with XL cylindrical target. The tested mathematical
models and proton libraries show significant discrepancies; thus they
are not suitable for a precise description of the secondary neutron field
to be used as a scientific instrument.

The TENDL-2017 and FENDL-3 libraries differ significantly in the
shape of the spectrum in the high-energy tail, whereas MCNP6 default
model is incorrect in angular distribution. Regarding the calculations of
the 18F production yields, the MCNP6 seems to be a useful tool in com-
bination with TENDL-2017 proton library, because the calculation to
experiment discrepancy is about 3% and is comparable with respective
uncertainties.

The neutron spectrum can be effectively characterized using stilbene
scintillation spectrometry, the flux with neutron activation analysis.
When the dosimeters are properly selected, the ratio of reaction rates
can be effectively used for adjustment of the spectrum shape. Very
useful seems to be the 58Ni(n,p) / 58Ni(n,x)57Co spectral ratio because
as it is evaluated from one dosimeter and many of the uncertainties
are suppressed. A leakage neutron field is an interesting option for
irradiation experiments due to quite high flux, but also for the valida-
tion of high energy threshold reactions due to relatively high average
energy. This type of experiments generally has a very high scientific
potential, as radioisotopes production and research can take place
simultaneously. The NGA-01 spectrometer has proven to be suitable for
measurements in fields formed by evaporation neutrons.
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