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Abstract

Calculations of the shielding and estimates of soil activation for a medical cyclotron are presented in this work.
Based on the neutron source term from the ¥0(p,n)*®F reaction produced by a 28 MeV proton beam, neutron and
gamma dose rates outside the building were estimated with the Monte Carlo code MCNP6 (Goorley et al 2012
Nucl. Technol. 180 298-315). The neutron source term was calculated with the MCNP6 code and FLUKA (Ferrari
et al 2005 INFN/TC_05/11, SLAC-R-773) code as well as with supplied data by the manufacturer. MCNP and
FLUKA calculations yielded comparable results, while the neutron yield obtained using the manufacturer-supplied
information is about a factor of 5 smaller. The difference is attributed to the missing channels in the manufacturer-
supplied neutron source terms which considers only the *0(p,n)*®F reaction, whereas the MCNP and FLUKA
calculations include additional neutron reaction channels. Soil activation was performed using the FLUKA code.

The estimated dose rate based on MCNP6 calculations in the public area is about 0.035 uSv/h and thus
significantly below the reference value of 0.5 pSv/h (2011 Strahlenschutzverordnung, 9 Auflage vom 01.11.2011,
Bundesanzeiger Verlag). After 5 years of continuous beam operation and a subsequent decay time of 30 days, the
activity concentration of the soil is about 0.34 Bq/g.

Keywords: neutron source terms, shielding calculation, soil activation, cyclotron

1. Introduction

In recent years the need for cyclotron-produced radionuclides for positron emission tomography (PET) and for
other medical applications has strongly increased. The majority of these radionuclides are produced by proton
bombardment of selected targets at dedicated cyclotrons. Neutrons and photons produced in the induced nuclear
reactions are the main source of radioactive dose rate outside of the building and drive the shielding design. The
neutron radiation imposes particularly high requirements for radiation protection, because neutrons, being
uncharged, are deeply penetrating, and they can produce highly ionizing secondary radiation. Many publications
[4, 5, 6, 7 and 8] exist for shielding calculations of neutrons produced in radionuclide production. In these
publications, building structures are different and proton energies are usually lower and therefore donot meet our
requirements.

In the framework of the recently established "Center of Radiopharmaceutical Cancer Research” a TR-FLEX
cyclotron from the company “ADVANCED CYCLOTRON SYSTEMS INC.” (ACSI, Richmond, BC, Canada)
will be installed in the Helmholtz-Zentrum Dresden-Rossendorf (HZDR). It will be located in a basement which is
partially above ground level, with a public road passing close to the building. The cyclotron basement bunker is
built from reinforced concrete (density 2.35 g/cmg3), with a wall thickness of 270 cm. The thickness of the ground
plate is 60 cm. The proton energy of the cyclotron TR-FLEX at HZDR will be up to 28 MeV with a maximum
current of 300 pA. It must be guaranteed that under these conditions, the reference dose rate limit of 0.5 pSv/h
outside the cyclotron bunker is not exceeded.

In a first phase of the design for the “Center of Radiopharmaceutical Cancer Research” the installation of a TR-24
cyclotron with maximum proton energy of 24 MeV was foreseen. With the release of the TR-FLEX it was decided
to increase the proton energy to 28 MeV, and it was therefore investigated whether the radiation protection is
guaranteed with the higher proton energy. Additional calculations were done concerning the soil activation below
the ground plate by the neutron radiation.



Figure 1 shows a vertical section view of the cyclotron bunker including several key points for radiation
protection. The water target (point T) is located about 100 cm from the building wall at beam height (150 cm).
Dose rates were calculated for all points at maximum beam power. The distance of all points from the outer
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Figure 1: Vertical schematic view of the cyclotron room, indicating the
position of the target (T) and the key points for the calculations (A,B,C,D).
All dimensions are in cm.

surface of the wall is 20 cm. Point A is located at beam height, point B is located 20 cm above the road level and
point D, positioned vertically above the target, is the most exposed point above the ceiling. The activation of the
soil is estimated at point C, which is positioned vertically below the target, just below the ground plate.

The shielding calculations were carried out on the basis of radiation that is formed during the production of the
radioactive nuclide ®F, obtained by proton bombardment of a 0-enriched water target via the *%0(p,n)'®F
reaction. °F is used for marking fluorodeoxyglucose (FDG) [9], one of the most commonly used radio-
pharmaceuticals. With a proton beam current of 300 pA, the production of ®F generates the largest amount of
neutron radiation compared to other processes’Because neutron radiation is the most important issue to be
considered in shielding calculations, the presented results are based on neutron emission in the 30(p,n)*®F
reaction.

The neutron source terms were either provided by the manufacturer, or calculated using MCNP6 and FLUKA
Monte Carlo programs (see detailed discussion below). In order to increase the efficiency of the calculations, a
two-step process was used in which pre-calculated source term distributions were supplied to the actual shielding
calculations. These were performed using the MCNP6 program. Fluence @ to ambient dose equivalent H*(10)
conversion coefficients H*(10)/®-ICRU57 [10] for neutrons and photons were used to calculate dose rates from
particle fluence rates. These conversion coefficients are the conversion factors of the ICRP Publication 74 [11].

2. The model for the shielding calculation and the material parameters

Figures 2 and 3 show schematic views of the geometry model used in the MCNP6 simulation. It is common
practice in Monte Carlo simulations to only model the regions relevant to the result. Therefore, to optimize the
calculation of the dose rate outside the building, only the wall with the outer surface towards the street was
modeled with the corresponding thickness of 270 cm. All other walls were modeled only with a thickness of 25
cm, to take into account the scattered neutron radiation from the walls, since pre-calculations show that the tenth
value thickness of concrete is approximately 25 cm. The part of the omitted neutrons is therefore on the order of
1%. The effect on the results is in reality even smaller because the omitted neutrons have their energy reduced
from flying through the concrete. Therefore, the impact of the reduced wall thickness on the results can be
considered insignificant. For the calculation of the fluences below the ground plate (point C) and above ceiling
(point D) separate calculations with the real thicknesses (60 cm and 270 cm) were done. Because the neutron and
gamma fluence rates decrease by several orders of magnitude along the wall thickness, the use of variance
reducing techniques is essential. Geometry splitting/Russian roulette is one of the oldest, most widely used and
effective techniques in Monte Carlo simulations. For these reasons, the 270 cm wall was divided into 14 equally
thick layers to allow for the introduction of zone weights. Correspondingly, the 60 cm ground plate was divided
into 3 layers. This division is again based on the tenth value thickness.



The cyclotron was modeled as a rectangular block of pure iron to simulate possible scattering of neutrons by the
cyclotron. The block has the external dimensions of the cyclotron, and was placed at the cyclotron’s position. All
other installations have been neglected. Since local specifications are not available, the material composition of the
concrete was taken from ref. 12. Table 1 shows the elemental composition of the concrete. The concrete density
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Figure 2: Horizontal schematic view the MCNP calculation model for
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Figure 3: Vertical schematic view the MCNP calculation model for point A

and B.
was 2.35 g/cm3. The reinforcing steel in the concrete was not simulated. It can therefore be assumed that the
results are overestimated due to the absence of neutron and gamma absorption by steel. The calculations with
MCNP6 were performed using the included standard data libraries based on the evaluated nuclear data file ENDF/
B-VII.1[13].

Table 1: Element mix of the concrete from ref. 12:

Element Weight percent Element Weight percent
o 51.02 % Al 1.43 %
Ca 25.05 % Fe 0.92 %
Si 14.83 % H 0.82 %
C 5.83 % S 0.10 %

3. The neutron source term

Three ways to evaluate the neutron source term were followed in this work:

e a manufacturer-supplied normalized neutron spectrum together with a scale factor for the total neutron yield
[14] was taken,

e asource term calculation using the recently released MCNP6 code was used and

e the source term was calculated using the FLUKA code.
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Figure 4: Normalized spectrum to the maximum value of source

neutrons as function of the energy provided by the manufacturer.

The first neutron spectrum in the list above was extracted from a report provided by the manufacturer of the
cyclotron. It was calculated with the program ALICE-91 [15], assuming a proton beam energy of 24 MeV. The
ALICE-91 code calculates nuclear reaction on the basis of the Weisskopf-Ewing evaporation model [16]. Since
the calculations were carried out by the manufacturer of the cyclotron, not much information is available about the
calculations itself. Figure 4 shows the normalized spectrum of source neutrons as function of the energy provided
by ref. 14. The total number of emitted neutrons per 1 pA-h primary protons for the *O(p,n)*®F reaction is
reported to be 3.8-10%. For an assumed proton current of 300 pA the neutron source strength is 3.17-10%
neutrons/s.

With the MCNP6 code it is possible to calculate the neutron source term directly and therefore this code was used
to crosscheck the manufacturer-supplied data. The calculation model for the source term evaluation consists of a
cylinder with a radius of 0.55 cm and a length of 4 cm. The volume is filled with water enriched with 97 % 0.
The volume is enclosed with a 0.1 mm thick niobium mantle. The dimensions correspond to the ones of the actual
irradiation target. The emitted neutron spectrum is determined on the surface of a surrounding sphere. The radius
of the sphere is 10 m, large enough to minimize geometrical effects due to the target shape. In addition, the sphere
is divided into four equal areas in order to determine possible directional dependencies.

Evaluated nuclear data were used by MCNP6 for the characterization of the (p,n) reaction. The calculation of the
reaction was carried out with the nuclear data library TENDL, an evaluated data file based on the nuclear model
code TALYS [17]. Since *80-data are not included in the standard library of MCNPS, they were generated using
the NJOY [18] program and imported into MCNP6. Two models were assumed for the shape of the proton beam.
An infinitesimal (point-like) beam was used in the first model, while a circular (surface) one was applied in the
second. In the case of the surface beam a Gaussian distribution was assumed with a standard deviation of 0.125
cm, truncated at the target radius. These assumptions correspond to general beam parameters.

Table 2: Emitted neutrons per incident proton of the calculations with the different simulation codes, beam
conditions and reaction data or models:

Code Eprot iN shape of reaction data or neutron yield stat. unc.
MeV beam model (neutrons/proton)
ACSI Supplied [7]| 24 - - 0.0017
MCNPG6 24 p-Iike* 0.0088 0.20 %
24 surface 0.0087 0.20 %
28 p-like TENDL 0.0130 0.20 %
28 surface 0.0114 0.13 %
FLUKA 24 p-like 0.0104 0.04 %
24 surface 0.0104 0.04 %
28 p-like PEANUT 0.0144 0.04 %
28 surface 0.0145 0.04 %

“point-like



To cross-check the MCNP6 results, the neutron source terms were also determined with FLUKA. The code allows
calculating the neutron source term using the pre-equilibrium cascade model PEANUT [19] for the nuclear
interactions, while the interactions of neutrons with energy below 20 MeV are evaluated using data libraries
ENDF/BVI.8 [20]. Since these neutron cross section libraries do not contain 20 data, *°0 data were used instead.
Geometry and beam parameters were chosen identically to the MCNP6 calculations.

Table 2 shows the number of emitted neutrons per incident proton of the calculations with the different simulation
codes, beam shapes and reaction data or models, both for the nominal value of 24 MeV for the TR-24-cyclotron's
proton beam as well as the value of 28 MeV for the upgraded version of the cyclotron (TR-FLEX). For the yield
derived from the manufacturer-supplied information, only a value at 24 MeV is available.

The FLUKA results agree with the ones of MCNP6 between approximately 20% at 24 MeV and up to 27% at 28
MeV. The neutron yield increases from 31 % (MCNPG6, surface) up to 47 % (MCNP6, point-like) if the proton
energy increases from 24 MeV to 28 MeV. In all calculations the influence of the different beam shapes is smaller
than 14 %. In contrast, the neutron yield obtained using the manufacturer-supplied information is about a factor of
5 smaller. This explanation is consistent with observations in ref. 21, where a significant difference for neutron
yields between evaluations with tabulated yield values for the *¥0(p,n)*F reaction from ref. 22 and more complex
calculations was found at 17 MeV proton energies. This may be attributed to the omission of additional neutron
reaction channels. For example, in ref. 17 different reaction channels are determined with neutron production. In
this cross section library the (p,np) cross-section is approximately 20 times larger than the (p,n) cross-section.
Figure 5 shows the different neutron spectra for a proton current of 300 pA and energy of 24 MeV. The curves
show the MCNP6 and FLUKA results with point-like and surface beam and the results obtained from the
manufacturer's report (ACSI). The spectra of the MCNP6 and FLUKA calculations of the point-like source and
the surface source are practically indistinguishable. This suggests that the effect of the neutron interactions in the
target is negligible. The FLUKA/MCNPG6 differences at 24 MeV in the neutron yield come mainly from energies
below 1 MeV.

The discrepancy to the ACSI results is clearly visible. While at about 12 MeV the results of the three codes agree,
at lower energies the ACSI values are up to one order of magnitude smaller respect to the MCNP6 and FLUKA
calculations.
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Figure 5: Spectra of neutron rate per MeV of different calculations for
the proton energy of 24 MeV and a current of 300 pA.

Fig. 6 shows the differences in the neutron spectra for 24 MeV and 28 MeV from MCNP6 and FLUKA
calculations. In the calculation with 28 MeV protons, all parameters were chosen identically to the 24 MeV except
for the proton energy. As expected the amount of neutrons with higher energy increases with higher proton energy.
The increase in the region below 1 MeV is around 30%, while above 10 MeV, it is more than 2 times, both for
MCNP6 and FLUKA results. This means that for shielding calculations only a quantitative scaling of the neutron
fluence rate at different proton energies without an adjustment of the neutron energy spectrum is not feasible.
Because the neutron spectra are substantially equal in the important energy region for the shielding above 1 MeV,
the following shielding calculations were carried out using the results of the MCNP®6 calculations (with TENDL
data and the point-like source). At an energy of 24 MeV and a current of 300 pA, the neutron source strength is
1.65-10" n/s, while for 28 MeV protons it is 2.43-10% n/s.

5



1E+13

N

1E+12 .,

Vs 4
74
y 4

\\
1E+11 ——MCNP6 24 MeV

——FLUKA 24 MeV

——MCNP6 28 MeV

1E+10 ——FLUKA 28 MeV \\

1E+9

d(N/t)/dE [neutrons/s/MeV]

0.10 1.00 10.00
Energy in MeV

Figure 6: Spectra of neutron rate per MeV of MCNP6 and FLUKA
calculations for a point beam with a current of 300 pA. The proton energies
were 24 MeV and 28 MeV.

In addition, it was observed that 40% more neutrons were emitted in the forward hemisphere (in direction of point
A, see Fig. 1). The radiation source term was modeled as an isotropic point source situated at the target location,
the neutron fluence rate was increased by 40% to ensure a realistic description in the proton beam direction and
also in the direction towards the points A and B in Fig. 1. Due to this simplification, the calculated dose values are
overestimated. However, the additional contribution for the point A and B due to the excess of neutrons emitted in
the backward hemisphere will be small because for these neutrons to have an effect on the dose results need to be
scattered back from the walls. For the points C and D there is a larger influence. As will be seen in the next
section, the results show that the dose rates calculated using this approximation are well below the reference value
of 0.5uSv/h, which means that the simplified source term is appropriate for this purpose.

4, Estimate of the dose rate

As mentioned above, the cyclotron TR-FLEX with nominal proton energy of 28 MeV will be installed at HZDR.
We present therefore only results for a 28 MeV proton beam.

According to the described geometrical model (Fig. 2 and 3), the neutron and gamma fluence rates are calculated
with the MCNP6 code for a neutron source strength of 2.43-10" n/s. The dose rates in the points A and B (see Fig.
1) behind the 270 cm thick shielding wall were determined on the basis of particle spectra and the energy-
dependent conversion factors. The particle spectra were estimated with a "Point Detector”. A point detector is a
deterministic estimate of the flux at a point in space [23]. Table 3 shows the resulting total fluence and dose rates.
The gamma fluence rates in Table 3 are only for gammas from neutron reactions in the concrete walls. The gamma
fluence rates coming from reactions in the water target were calculated separately. The results are shown at the
end of this section.

Table 3: Total fluence and dose rates and the corresponding uncertainties at points A, B and D (see Fig. 1) due to
the neutrons emitted from the target hit by a 28 MeV proton beam:

. point A point B point D

particle

value error value error value error

total fluence rate in particle/s/cm?
neutrons 0.057 0.6% 0.020 0.9% 0.027 0.9%
gammas 6.252 0.4% 3.057 0.5% 3.061 0.5%
dose rate in uSv/h

neutrons 0.004 1.0% 0.001 1.5% 0.002 0.5%
gammas 0.045 0.5% 0.022 0.6% 0.022 0.6%
sum 0.049 0.5% 0.023 0.6% 0.024 0.6%




Table 4: Total fluence and dose rates and the corresponding uncertainties at points A, B and D (see Fig. 1) due to
the gammas emitted from the target hit by a 28 MeV proton beam:

. point A point B point D
Particle value error value error value error
total fluence rate in particle/s/cm?
gammas 3.325 1.4% 1.375 1.2% 2.077 1.8%
dose rate in uSv/h
gammas 0.030 1.9% 0.012 1.6% 0.019 1.5%

The calculated total dose rate in point B (at the public road) for neutrons and gammas was estimated to be 0.023
uSv/h. A total value of 0.049 uSv/h was calculated at point A, a factor of two compared to point B. For point D
(vertical direction above the target, just above the 270 cm ceiling) the total dose rate is comparable with the dose
rate found in point B.

It can be noted that the calculated fluence and dose rates of the gammas are much larger compared to the ones of
the neutrons. This is due to gammas produced by neutron reactions inside the concrete walls.

The partitioning of the shielding wall in zones allows for the possibility to estimate fluence rate values at the zone
surfaces. Fig. 7 shows the decrease of the neutron and gamma fluence rates across the wall thickness. The
calculated statistical error (1 o) for all values was found to be less than 1 %. The curves show a significant smaller
decrease of the gamma fluence rate with respect to the neutron fluence rate, resulting in a higher rate after a
thickness of about 100 cm. This is due to the fact that the gammas are constantly replenished by neutron reactions.
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Figure 7: Neutron and gamma fluence rate inside the shielding wall.

Based on these results, the “tenth value thickness” could be determined for the assumed concrete composition by
fitting the values in the range between 60 cm and 240 cm. The result is (26.3 £ 0.1) cm for neutrons and (32.8 +
0.2) cm for gammas.

With MCNP6 the emitted number and spectrum of gammas by the 28 MeV proton beam on water target was also
calculated. The emitted gamma source strength was 8.15-10%? gammas/s at a current of 300 pA. Similar
calculations like for the neutrons were carried out with the gamma source term. Table 4 shows the results.

A maximum dose rate 0.012 uSv/h was estimated in point B. This is 50% of the gamma dose rate value in Table 3
from neutron-induced reactions in the walls. The estimated dose rate contribution in point A from the gamma
source is 0.03 uSv/h and in point D 0.019 uSv/h. These estimates show that the gamma source can’t be neglected
in the estimation of the dose rate.

The total calculated dose rate in the region of the public road is 0.035 uSv/h (point B), and thus far below the limit
of 0.5 uSv/h, corresponding to the effective dose reference figure for the general public (1 mSv per calendar year
according to the German Radiation Protection Ordinance). Above the building (point D), the dose rate amounts to
0.043 pSv/h and will not exceed 0.5 uSv/h.

5. Estimate of the soil activation

In contrast to the walls the ground plate has only a thickness of 60 cm. Consequently, much higher neutron fluence
rates occur here outside the concrete. As a result, an undesirably amount of radionuclides could be produced in the
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ground during the beam operation. For the estimation of the resulting soil activation for a cyclotron operating with
proton energy of 28 MeV and current 300 WA, the average neutron fluence rates in 260 energy groups in a cube
with a side length of 20 cm directly below the concrete foundation were calculated with MCNP6 (see Fig. 1, point
C). The gamma spectrum was calculated in order to determine possible gamma-induced activation in the soil. The
number of gamma energy groups used was 20. At point C (Fig. 1), the total neutron fluence rate was found to be
3.1-10%s/cm?, while the total gamma fluence rate was 4.9-10%s/cm?, both at a proton beam of 28 MeV and 300
MA. It can be assumed that the real values are approximately 20% smaller due to the assumption of an isotropic
source.

The generated radionuclides and the saturation activities in the soil material were determined in a second step with
the FLUKA Monte Carlo code, by using the fluence rates for neutrons and gammas mentioned above. The
FLUKA geometrical model was a 15 cm x 15 cm x 15 cm cube filled with soil. Particle fluences were
conservatively assumed homogeneous and isotropic over the whole volume. The cyclotron operation has been
assumed continuous over 5 years with a beam time of 7 hours a day, 5 days a week and 52 weeks a year with the
maximum beam parameters. The radiological evaluation of the soil based on individual activity concentrations for
this irradiation cycle and corresponding decay times was carried out according to the German Radiation Protection
Ordinance [3].

The soil composition which was used in the calculations is listed in Table 5. It is a representable composition
which was already used in shielding evaluations for other HZDR facilities [24]. The assumed density of the
ground material is 2.0 g/cm3.

Table 5: Soil composition in weight percent (wt %) from ref. 24:

wt % wt % wt %
(0] 53.0 K 1.0 Ni 0.001
Si 32.0 C 1.0 As 0.001
Al 4.0 Mn 0.5 Th 0.0004
Ca 3.0 Cr 0.0055 U 0.0002
Fe 2.0 Zn 0.005 Cd 0.0001
Mg 2.0 Pb 0.005
Na 1.0 Cu 0.002

FLUKA calculations of the activities induced by gammas inside the soil volume showed that no production of
radionuclides was detected in the considered volume. In principle, this result was expected. The reason is that the
potentially possible nuclear reactions have an energy threshold larger than approximately 9 MeV and the share of
the spectrum of gammas above this energy is less than 0.5%. The 9 MeV result as a rule-of-thumb value from the
binding energy of the nucleons in nuclei [25]. In addition, the reactions usually have a small cross section. For
these reasons, the gamma-induced activation of the soil can be neglected. The soil activation is therefore
determined only by the neutrons.

An activity concentration of about 78 Bq/g was calculated for the soil directly after the shutdown of the cyclotron
after 5 years of operation with a proton beam of 28 MeV and 300 pA. The decay of the total activity is shown in
Table 6.

The neutron-induced soil activity is mainly determined by radionuclides with short half-life. Therefore the total
activity concentration reduces within 30 days after shutdown of the cyclotron by about two orders of magnitude.

Table 6: Calculated total activity concentration and the corresponding uncertainties (1 6) below the ground plate
of the building in dependence of the decay time after shutdown of the cyclotron:

decay time in days Total activity concentration in Bg/g error
0 78.34 0.01 %

7 0.47 0.1%

30 0.34 0.1%

180 0.10 0.7 %

Fig. 8 shows the total decay activity and the decay activities for the most important nuclides. The change of the
nuclide composition over the time changes the value of the unrestricted clearance in accordance with the German
Radiation Protection Ordinance. 30 days after shutdown the value for unrestricted clearance of 12.3 Bq/g is
obtained (nuclides with a calculated single activity of less 10° Bg/g were neglected). The total activity
concentration 30 days after shutdown is 0.34 Bq/g, this is 2.8 % of the allowed value in ref. 3. The radionuclide



STAr is the main component of the soil activation until 90 days after shutdown of the facility. The radionuclides
*5Ca and %5Fe dominate thereafter.
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Figure 8: The total decay and the decay of the most important nuclides
after 5 years of operation below the ground plate, short-lived radionuclides
are not shown.

6. Conclusions

The aim of this document is to demonstrate that the permitted dose rate of 0.5 uSv/h in public places is not
exceeded under maximal beam conditions of the new cyclotron to be installed at the HZDR. Based on the neutron
and gamma radiation generated by the production of '8F, dose rates were calculated behind a 270 cm thick wall of
normal concrete at relevant points outside the cyclotron building. The dose rates were estimated with the Monte
Carlo method using the radiation transport code MCNP®6. In addition, the soil activation was calculated below the
building using the FLUKA code.

The source terms of neutron and gamma emission for the *¥0(p,n)*F reaction were calculated with the MCNP6
code. The emitted particle rate was 2.43-10" neutrons/s and 8.15-10* gammas/s with a proton energy of 28 MeV
and a current of 300 pA. The results were cross-checked with FLUKA calculations. The calculations show that the
maximum dose rates outside the building are far below the legal limit. At a distance of 20 cm from the building
wall, at the point B (public road), the neutron source term from the target gives a total dose rate of 0.023 pSv/h.
The dose rate of gammas originating from the 0 target amounts to 0.012 pSv/h. The calculations show that these
gammas from nuclear reactions in the target can contribute in a non-negligible way to the total dose rate. The total
dose rate outside the building amounts to 0.035 pSv/h.

The generated radionuclides and the saturation activities in soil material under the ground plate were determined
with the particle transport program FLUKA on the basis of the neutron fluence rate calculated with MCNP6. To
determine the activities it is assumed that the cyclotron is operated over 5 years (see section 5). It was shown that
the activities are mainly created by radionuclides with short half-life time. For maximum proton energy of 28
MeV and a current of 300 HA a total activity concentration of about 78 Bg/g was calculated for the soil right after
shutdown of the cyclotron. After a decay time of 30 days a value of 0.34 Bg/g was calculated. Under these
conditions after 30 days the value of 12.3 Bq/g is permitted for the unrestricted clearance in accordance with the
German Radiation Protection Ordinance4. Thus, 2.8 % of the maximally allowed value is exhausted.

For energy of 24 MeV a neutron source term was J)rovided by the manufacturer. This source term is obtained only
on the basis of the yield calculated for **0(p,n)*F reaction and using differential cross sections calculated with
ALICE-91. In this case the maximum emitted neutron rate was 1.65-10™ n/s for a proton beam current of 300 pA.
The comparison of calculated emitted neutron rates showed that the rates obtain with MCNP6 and FLUKA were
about 5 times larger than the one provided by the manufacturer. The reason is that a calculation based on the *°F
activity only doesn't include all neutron-producing reactions, and can lead to an underestimation of the actual
shielding requirements. Given the importance of our results, we have started an experimental program to validate
our simulation results, since the basis of all shielding calculations is a reliable calculation of the radiation source
term.
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