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Background: Concrete activation in cyclotron vaults is a major concern associated with their 
decommissioning because a considerable amount of activated concrete is generated by second-
ary neutrons during the operation of cyclotrons. Reducing the amount of activated concrete is 
important because of the high cost associated with radioactive waste management. This study 
aims to investigate the capability of the neutron absorbing materials to reduce concrete activa-
tion.

Materials and Methods: The Particle and Heavy Ion Transport code System (PHITS) code 
was used to simulate a cyclotron target and room. The dimensions of the room were 457 cm 
(length), 470 cm (width), and 320 cm (height). Gd2O3, B4C, polyethylene (PE), and borated (5 
wt% natB) PE with thicknesses of 5, 10, and 15 cm and their different combinations were select-
ed as neutron absorbing materials. They were placed on the concrete walls to determine their 
effects on thermal neutrons. Thin B4C and Gd2O3 were placed between the concrete wall and 
additional PE shield separately to decrease the required thickness of the additional shield, and 
the thermal neutron flux at certain depths inside the concrete was calculated for each condition. 
Subsequently, the optimum combination was determined with respect to radioactive waste re-
duction, price, and availability, and the total reduced radioactive concrete waste was estimated.

Results and Discussion: In the specific conditions considered in this study, the front wall with 
respect to the proton beam contained radioactive waste with a depth of up to 64 cm without any 
additional shield. A single layer of additional shield was inefficient because a thick shield was re-
quired. Two-layer combinations comprising 0.1- or 0.4-cm-thick B4C or Gd2O3 behind 10 cm-
thick PE were studied to verify whether the appropriate thickness of the additional shield could 
be maintained. The number of transmitted thermal neutrons reduced to 30% in case of 0.1 cm-
thick Gd2O3+10 cm-thick PE or 0.1 cm-thick B4C+10 cm-thick PE. Thus, the thickness of the 
radioactive waste in the front wall was reduced from 64 to 48 cm.

Conclusion: Based on price and availability, the combination of the 10 cm-thick PE+0.1 cm-
thick B4C was reasonable and could effectively reduce the number of thermal neutrons. The 
amount of radioactive concrete waste was reduced by factor of two when considering whole 
concrete walls of the PET cyclotron vault.

Keywords: Concrete Activation Reduction, PHITS Code, PE, B4C, Gd2O3, PETtrace Cyclo-
tron
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Introduction

Medical proton cyclotrons operating below 20 MeV are used to produce radioiso-

topes for medical diagnostic imaging. Typical short-lived radioisotopes used in posi-
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tron emission tomography (PET) are 11C, 13N, 15O, and 18F 

among which 18F is in particular interest. More than 40 cyclo-

trons are installed in Korea including 20 non-self-shielded 

cyclotrons. These cyclotron facilities are expected to be dis-

mantled before the designed lifespan due to upgrade, chang-

es of purpose and place of use, etc. Activated materials inside 

the cyclotron vault and in concrete walls result in radiologi-

cal hazards during the maintenance and decommissioning 

stage, respectively. Additionally, a huge amount of radioac-

tive waste will be generated, after a long period of cyclotron 

operation, which is one of the main issues during the decom-

missioning stage because of the high cost of radioactive 

waste management. The primary radionuclides that cause 

the concrete activation are 152Eu (T1/2 = 13.52 y) and 60Co 

(T1/2 = 5.27 y). Although 151Eu and 59Co are trace element in 

the concrete constitutes, they have significant thermal neu-

tron absorption cross sections (Table 1). After a long opera-

tion, the specific activities will exceed the order of clearance 

level [1–3]. The clearance level of the radionuclide in this 

work is based on the international standards [4]. A material 

is disregarded as the radioactive waste based on the follow-

ing clearance criterion:

(1)

where  is the specific activity of the isotope i (Bq ∙g-1) and  

is the clearance level for the isotope i (Bq ∙g-1).

The goal of this work is to reduce the total volume of radio-

active concrete waste by a factor of two by considering the 

capability, availability, and the cost of the shielding materi-

als. To achieve this goal, the thermal neutrons, which are re-

sponsible for the induced radioactivity in the concrete, were 

reduced by using the absorbing materials and the reduced 

amount of activated concrete was estimated. Activation re-

duction methods are important to decrease the activation 

level of the concrete in the depth for non-self-shielded cyclo-

trons that are already installed and are in operation. 

Several researchers have proposed different ways to re-

duce the amount of radioactive waste such as using low acti-

vation concrete [5, 6], or reusing the low activated materials 

[7]. One effective method is to use neutron absorbing mate-

rials with high neutron capture cross sections. In addition to 

the conventional shielding materials as polyethylene (PE) 

and borated polyethylene (BPE), other novel materials such 

as boron carbide, and gadolinium are gaining interest [1, 8]. 

In this work, the effects of conventional and novel materials 

are considered and discussed. These materials can be used 

around the target or on the walls [9] in order to absorb ther-

mal neutrons and consequently to reduce the activated con-

crete. A non-self-shielded PETtrace cyclotron (GE Health-

care, Chicago, IL, USA) has been selected to investigate the 

neutron reduction method by Monte Carlo code, Particle 

and Heavy Ion Transport code System (PHITS) version 3.02 

[10]. The PETtrace is one of the popular medical cyclotrons 

which are used to generate 18F by impinging 16.5-MeV pro-

tons on a water target with enriched 18O via 18O(p,n)18F reac-

tion. In our previous work, the neutron production yields 

from the H2
18O target have been investigated [11]. The sec-

ondary neutrons that are produced along with 18F activate 

the surrounding materials and the bulk concrete, especially, 

in case of non-self-shielded PET cyclotrons [2, 12–14]. 

Materials and Methods

In order to consider the activity reduction in the concrete, 

a geometry of an H2
18O target and a cyclotron vault was sim-

ulated in PHITS-3.02 code [10] as shown in Fig. 1. In the 

PHITS code, by default, proton-induced reactions at ener-

gies up to 3 GeV are simulated by the intra-nuclear cascade 

of Liège model version 4.6 (INCL-4.6) [15]. The INCL-4.6 

model is followed by the generalized evaporation model 

(GEM) [16]. In this simulation, JENDL-4.0 [17] cross sections 

library was applied for neutron interactions. INCL-4.6 was 

used for proton-induced reactions on 18O.

The dimension of the cyclotron vault was 457 cm in length, 

470 cm in width and 320 cm in height. The neutron spectrum 

in the forward direction was scored before reaching the con-

crete (position 1 in Fig. 1). Position 1 was selected in this study 

as it is in the forward direction with respect to the proton 

beam and the maximum neutron flux is expected. The spher-

ical detector radius is 10 cm and distance to the concrete wall 

is 40 cm. Thermal neutrons in the concrete at different depths 

were scored as well (positions 2, 3, and 4 in Fig. 1). Other tal-

Table 1. Major Radionuclides in Concrete and Corresponding Char-
acteristics

Radionu-
clide

Reaction Half-life
Thermal neutron  
absorption cross  

section (barn) [17, 23]

Clearance 
level 

(Bq∙g-1)

152Eu 151Eu(n,γ)152Eu 13.52 yr 5,900 0.1
134Cs 133Cs(n,γ)134Cs 2.06 yr 29 0.1
60Co 59Co(n,γ)60Co 5.27 yr 37 0.1
46Sc 45Sc(n,γ)46Sc 83.79 day 26.5 0.1
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lies were also used to score the neutrons at different direc-

tions as shown in Fig. 1. However, the results from positions 

1, 2, 3, and 4 are shown in this work. In this simulation, the 

concrete wall was divided into layers with the dimensions of 

30× 30 cm2 and the thickness of 3 cm. Neutrons were scored 

at each layer using the [T-Track] tally in the PHITS code. The 

scored neutron fluence was folded with the cross sections 

taken from JENDL-4.0 to consider the impact of the thermal, 

epithermal and fast neutrons on the radionuclides produc-

tion. The thickness of the H2
18O target was 1.04 cm with a di-

ameter of 1.4 cm. The target is bombarded with 16.5-MeV 

protons. The radioactivity is due to trace element in the con-

crete such as Eu and Co. The magnitude of activation will 

highly depend on the concrete composition. In this calcula-

tions, concrete compositions are taken from PAL-XFEL-2017 

(Pohang Accelerator Laboratory X-ray Free Electron Laser) 

[18] with the density of 2.337 g ∙cm-3. 

The operation scheme was selected based on the survey 

that was conducted about the cyclotrons in Korea [19] so that 

the maximum operation frequency and daily operation was 

selected to be 5 days per week and 4 hours a day. Additional-

ly, it is expected that many of the cyclotrons would stop the 

operation before 10 years because of upgrade, changes of 

purpose, and place of use [20]. Therefore, the operation 

scheme in this work is quite conservative. 

Boron, gadolinium, and hydrogen have high neutron ab-

sorption cross sections (Fig. 2) so that they can reduce ther-

mal neutrons significantly and in case of hydrogen, it is rela-

tively an effective neutron moderator. The whole walls of the 

cyclotron vault were then covered by neutron absorbing ma-
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Fig. 1. PETtrace room geometry simulated using the PHITS code (A) 
top view, (B) vertical view, (C) 16.5-MeV proton beam striking the 
H2

18O target. Neutron spectra were scored inside the room and in 
the concrete at positions 1, 2, 3, and 4, respectively. The size of the 
room is 457 cm in length, 470 cm in width and 320 cm in height. 
PHITS, Particle and Heavy Ion Transport code System.

y 
(c

m
)

105

100

95

90

z (cm)

-70 -60 -50 -40

C

Air
AI
Nb
Water
Helium
Void
Havar

C
ro

ss
 s

ec
tio

n 
(b

am
)

107

105

103

101

10-1

10-3

10-5

Neutron energy (MeV)

10-11 10-9 10-7 10-5 10-3 10-1 101

Fig. 2. Neutron absorption cross sections for natGd, natB, and natH 
taken from JENDL-4.0 [17]. The vertical dashed line indicates the 
thermal neutron energy of 0.4 eV.
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terials so as the effects of each material could be investigated 

separately. In the calculations, Gd2O3 (7.407 g ∙cm-3), B4C 

(2.52 g ∙cm-3), BPE (1.01 g ∙cm-3), and PE (0.94 g ∙cm-3), with 

thicknesses of 5, 10, and 15 cm were considered for each ma-

terial. In addition, a combination of PE+Gd2O3, and PE+B4C 

were studied as well. Optimum material was determined by 

considering the thermal neutron absorption capability, the 

material cost and availability. Finally, the concrete thickness 

to be the radioactive waste were determined. 

Results and Discussion

1. Thermal Neutron Depth Profile 
The neutron spectrum in the forward direction was scored 

before reaching the concrete (position 1 in Fig. 1) and is 

shown in Fig. 3. The spectrum contains 20% thermal neu-

trons and 80% epithermal and fast neutrons that can be 

down-scattered to thermal neutrons. The neutron spectra 

without any absorbing material are shown in Fig. 4A at sev-

eral concrete depths. It is seen that fast neutrons are higher 

at the very beginning of the concrete depth and decrease as 

the concrete thickness increases. On the other hand, the 

number of thermal neutrons increases in the higher depths 

of concrete. Suppressing these thermal neutrons is extremely 

important to reduce the radioactivity in the concrete. The 

impact of the epithermal and fast neutrons on the 152Eu and 
60Co production were also considered. Even though consid-

ering the wall position where those flux are maximum, the 

contribution of the epithermal and fast neutrons to the pro-

duction of 152Eu was less than 10%, while they contribute to 

the 60Co production by 15% at the concrete surface and in 

the deeper positions it was less than 10%. Therefore, the 

thermal neutrons were the major concern in the 152Eu and 
60Co production.

Fig. 4B shows the integrated thermal neutron fluence for 

energies less than 0.4 eV as a function of concrete depth, and 

illustrates that thermal neutron fluence reaches a maximum 

around 10 cm. The reason of this increase is that neutrons 

coming into the concrete interact with the hydrogens in a 
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Fig. 3. Neutron spectrum in the forward direction respect to the 
proton beam indicated as position 1 in Fig. 1 at 40 cm before the 
concrete. The spectrum contains 20% thermal neutrons and 80% 
epithermal and fast neutrons. The vertical dashed line indicates the 
thermal neutron energy of 0.4 eV.

N
eu

tro
n 

flu
en

ce
 (n

/c
m

2 /
le

th
ar

gy
/p

)

10-8

10-9

10-10

Neutron energy (MeV)

10-10 10-8 10-6 10-4 10-2 100 102

A

Th
er

m
al

 n
eu

tro
n 

flu
en

ce
 (n

/c
m

2 /
p)

6

5

4

3

2

1

0

Depth in concrete (cm)

0 10 20 30 40 50 60 70

B

Fig. 4. (A) Neutron fluence at different concrete depths without neutron absorbing materials, (B) integrated neutron fluence (En <0.4 eV) as a 
function of concrete thickness in the front wall indicated as position 2 in Fig. 1. The proton beam current is 60 µA. Horizontal and vertical 
dashed lines correspond to the thermal neutron flux of 105 n∙cm-2 ∙s-1 and 64 cm concrete to be radioactive waste, respectively.
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concrete and are thermalized, and then reach the maximum 

around the depth of 10 cm. Thermalized neutrons are cap-

tured by the elements of concrete and the number of ther-

mal neutrons decreases after 10 cm depth. The level of con-

crete activity mainly depends on the amount of Eu and Co, 

and the thermal neutron flux. We measured the average val-

ues of Eu and Co as 1 and 15 ppm, respectively [18]. By con-

sidering the operation scheme of 4 hours per day, 5 days per 

week over 520 weeks (10 years), and the thermal neutron 

flux of 105 n ∙cm-2 ∙s-1, the specific activities of 152Eu and 60Co 

were matched the clearance level. In other words, where the 

thermal neutron flux exceeded 105 n ∙cm-2 ∙s-1, the concrete 

was considered as the radioactive waste in this work. The 

horizontal and vertical lines in Fig. 4B correspond to the 

thermal neutron flux of 105 n ∙cm-2 ∙s-1 and the concrete 

depth which it is radioactive waste, respectively. It is seen 

that around 64 cm of the concrete becomes radioactive 

waste in the front wall.

In the simulations, the walls were covered by the absorb-

ing materials with different thicknesses. Table 2 shows the 

thickness of each material and the corresponding transmit-

ted thermal neutrons ratios obtained as Φwith shield/Φno shield at 

depth of 64 cm in the concrete wall. The thermal neutron 

fluence and the Φwith shield/Φno shield  versus the depth in concrete 

for single materials are shown in Fig. 5 and for different com-

binations are shown in Fig. 6. 

Fig. 5A and 5B indicate the thermal neutron fluence 

against depth in concrete and corresponding ratios to case 

with no shield, respectively. The radioactive concrete waste 

in the front wall decreases to 59, 58, and 49 cm in depth by 

using 5, 10, and 15 cm-thick Gd2O3 shield and transmitted 

thermal neutrons are 65%, 40%, and 25%, respectively. It is 

seen from Fig. 5C that B4C can reduce the concrete thickness 

as the radioactive waste to 55, 43, and 30 cm. According to 

Fig. 5D, the thermal neutrons decrease dramatically so that 

for 5, 10, and 15 cm-thick B4C, the transmitted thermal neu-

trons are 45%, 20%, and 10%, respectively. Although boron 

carbide is quite effective in thermal neutron abortion, it is 

one of the costly materials, in particular, for covering whole 

wall of cyclotron walls with thick layers. 

In case of PE, thermal neutrons increase at the surface of 

the concrete due to thermalization process in PE. At inner 

positions, however, thermal neutrons are attenuated by con-

crete (Fig. 5E, 5F). Placing 5, 10, and 15 cm of PE shield, the 

concrete thickness as the waste is 56, 48, and 43 cm, and the 

transmitted thermal neutrons are 58%, 31%, and 19%, re-

spectively. On the other hand, for BPE, neutrons are elasti-

cally scattered by the hydrogen atoms in PE and lose energy 

and are absorbed by boron. Thus, the thermal neutron flu-

ence is lower than that of only PE at shallow positions in the 

concrete. The activated thickness of the concrete after using 

5, 10, and 15 cm-thick BPE shield is 56, 48, and 43 cm and 

the transmitted neutrons are 59%, 35%, and 20%, respective-

ly (Fig. 5G, 5H).

10 cm-thick PE+10 cm-thick B4C can reduce dramatically 

the radioactive concrete waste to 20 cm in depth and the 

transmitted thermal neutrons to 7% (Fig. 6A, 6B). As indicat-

ed in Fig. 6C and 6D, the activated concrete thickness is re-

duced to 40, 45, and 38 cm and the transmitted thermal neu-

trons reach 20% by using 10 cm-thick PE+10 cm-thick Gd2O3, 

and 23% for 10 cm-thick PE+5 cm-thick Gd2O3, and 5 cm-

thick PE+10 cm-thick Gd2O3. 

It should be mentioned that in economical view, using a 

large amount of these absorbing materials are not cost effec-

tive. Therefore, thin layer shields of B4C and Gd2O3 were 

placed between 10 cm-thick PE and the concrete wall one by 

one and the results were compared together. As shown in 

Fig. 6A and 6B, using 0.1 or 0.4 cm-thick B4C layer, the ther-

mal neutron fluence was reduced absolutely in the concrete 

depth up to 24 cm. Because the fast neutrons are thermal-

Table 2. Neutron Absorbing Materials and Thicknesses Used in the 
Calculations and Corresponding Transmitted Thermal Neutrons at 
Depth of 64 cm in Concrete

Material Thickness (cm) Transmitted thermal neutrons (%)

Gd2O3   5 65
10 40
15 25

B4C   5 45
10 20
15 10

PE   5 58
10 31
15 19

BPE   5 59
10 35
15 20

PE+Gd2O3 10+10 20
10+5 23
10+0.4 30
10+0.1 30
5+10 23

PE+B4C 10+10   7
10+0.4 30
10+0.1 30

PE, polyethylene; BPE, borated polyethylene.
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Fig. 5. Thermal neutron fluences for different neutron absorbing materials and corresponding ratios, (Φwith shield/Φno shield) as function of concrete 
thickness in the front wall indicated as position 2 in Fig. 1. (A, B) for Gd2O3, (C, D) for B4C, (E, F) for PE, and (G, H) for BPE. Horizontal dashed 
lines correspond to thermal neutron flux of 105 n∙cm-2 ∙s-1. PE, polyethylene; BPE, borated polyethylene.
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ized in the PE shield and then are absorbed by boron before 

the concrete wall. On the other hand, the results for 0.1 cm 

and 0.4 cm-thick B4C with 10 cm-thick PE are almost similar 

so as the transmitted thermal neutrons was reduced to 30%. 

The thickness of concrete wall to be considered radioactive 

was also reduced to 48 cm in the front wall. According to Fig. 

6C and 6D, the layered shields of 10 cm-thick PE+0.4 cm-

thick Gd2O3 and 10 cm-thick PE+0.1 cm-thick Gd2O3 reduce 

the radioactive concrete thickness to 48 cm and the trans-

mitted thermal neutrons were 30%.

Fig. 6 illustrates the results for the front wall where the ef-

fect of 10 cm-thick PE and 10 cm-thick PE+0.1 cm-thick B4C 

on the waste reduction seems similar. However, it is obvious 

in Fig. 7 to figure out the effect of B4C on the radioactive 

waste reduction compared with only PE layer. The depth 

profile of thermal neutrons at backward and left side walls, 

which are indicated as position 3 and position 4 in Fig. 1, are 

also shown in Fig. 7. It can be seen that in backward (Fig. 7A) 

and left side (Fig. 7B) walls, no radioactive waste is generated 

by using 10 cm-thick PE+0.1 cm-thick B4C, while the con-

crete waste thickness is around 20 cm for 10 cm-thick PE in 

both positions.

By placing 0.1 cm-thick B4C+10 cm-thick PE or 0.1 cm-

thick Gd2O3+10 cm-thick PE on the concrete wall, the depth 

of concrete wall treated as the radioactive waste was reduced 

similarly, from 64 cm of no shield case to around 48 cm. Al-

Fig. 6. Thermal neutron fluences for different neutron absorbing materials and corresponding ratios, (Φwith shield/Φno shield) as function of concrete 
thickness in the front wall indicated as position 2 in Fig. 1. (A, B) for PE+B4C and (C, D) for PE+Gd2O3. The layers of B4C and Gd2O3 are 
placed between the wall and PE. Horizontal dashed lines correspond to thermal neutron flux of 105 n∙cm-2 ∙s-1. PE, polyethylene.
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Fig. 7. Thermal neutron fluences for PE and PE+B4C combinations as function of concrete thickness. (A) In the backward wall indicated as 
position 3 in Fig. 1 and (B) in the left side wall indicated as position 4 in Fig. 1. Horizontal dashed lines correspond to thermal neutron flux of 
105 n∙cm-2 ∙s-1. PE, polyethylene. 
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though the price of 10 cm-thick PE+0.1 cm-thick Gd2O3 is 

around 20% lower than that of 10 cm-thick PE+0.1 cm-thick 

B4C. The Gd2O3 is in the form of powder and needs to be fab-

ricated in a correct way to be used after the PE layer. On the 

other hand, B4C is commercially available in different forms 

and it is easy to be shaped and used after the PE layer. There-

fore, 10 cm-thick PE+0.1 cm-thick B4C is considered to be the 

best combination as additional shielding materials.

2. Estimation of Radioactive Concrete Reduction 
The thermal neutron versus concrete thickness shown in 

Fig. 6 are only for the forward direction with respect to the 

proton beam (front wall). In order to estimate the total re-

duction of radioactive concrete waste, the thermal neutron 

distribution inside the cyclotron room as well as all concrete 

walls are shown in Fig. 8 and discussed. The figures were ob-

tained for the cases without any additional shielding materi-

al (Fig. 8A, 8B), with 10 cm-thick PE (Fig. 8C, 8D), and with 

10 cm-thick PE+0.1 cm-thick B4C shield (Fig. 8E, 8F). Fig. 8 il-

lustrates the thermal neutron distributions (En < 0.4 eV) cal-

culated by the PHITS code in the vertical (left column) and 

top views (right column). The concrete depths at which the 

thermal neutron exceeds 105 n ∙cm-2 ∙s-1 are indicated for 

each case. Without neutron absorbing materials, more than 

60 cm of the concrete was considered to be radioactive waste 

in the front wall regarding the proton beam as well as in the 

floor and more than 40 cm in all other walls. By using 10 cm-

thick PE, the radioactive waste thickness in the front wall and 

floor is 48 cm and that of ceiling is 30 cm (Fig. 8C). The radio-

active waste thickness is 20 cm for the left side and backward 

walls and 32 cm for the right side wall respecting to the pro-

ton beam (Fig. 8D). On the other hand, 10 cm-thick PE+0.1 

cm-thick B4C can reduce the concrete waste thickness to 48 

cm in the front wall as well as in the floor and 24 cm in the 

ceiling (Fig. 8E). Thickness of 28 cm of the concrete is radio-

active waste in the right side wall regarding to the proton 

beam. No activated concrete was generated in the backward 

and left side walls (Fig. 8F). 

At forward direction, the effect of 10 cm-thick PE and 10 

cm-thick PE+0.1 cm-thick B4C seems to be similar. For the 

side walls, ceiling, floor, and back wall, however, 0.1 cm-thick 

B4C can absorb the scattered neutrons dramatically as can 

be seen from Figs. 7 and 8. The reason is that the neutrons 

are scattered and become thermal and can be captured by 

B4C. As a result, the total radioactive waste volume decreas-

es. In the forward direction, most neutrons are epithermal 

and fast neutrons that cannot be captured by B4C so that the 

difference between the 10 cm-thick PE and 10 cm-thick 

PE+0.1 cm-thick B4C is small. It is found that the amount of 

radioactive concrete waste can be reduced by a factor of 2 

using the 10 cm-thick PE+0.1 cm-thick B4C shield. It can be 

seen from Fig. 8 that the front wall respecting to the proton 

beam and the floor are the hot spots where the amount of ra-

dioactive waste is quite high. Thus, 10 cm-thick PE+0.1 cm-

thick B4C can be used for these areas, and for other side 

walls, thinner shielding materials is enough to reduce ther-

mal neutron fluence inside the walls and results in lowering 

the price of the shielding materials. In a real cyclotron vault, 
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Fig. 8. Distributions of thermal neutron flux (En <0.4 eV) inside the cyclotron room and the concrete walls in vertical (left column) and top 
views (right column) (A, B) without neutron absorbing materials, (C, D) with 10 cm-thick PE, and (E, F) with 10 cm-thick PE+0.1 cm-thick 
B4C. The thin layer of B4C is placed between the wall and PE. The numbers indicate the depths at which thermal neutron flux exceeds 105 
n∙cm-2 ∙s-1 and concrete is radioactive waste. PE, polyethylene.
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Fig. 9. (A) Fast neutron fluence (En >1 MeV) against the concrete depth without and with the 10 cm-thick PE+0.1 cm-thick B4C shielding, (B) 
transmitted fast neutrons, (Φwith shield/Φno shield) as a function of concrete thickness in the front wall indicated as position 2 in Fig. 1. PE, polyethyl-
ene.
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however, neutrons can be scattered by the cyclotron body 

remarkably and reach to the thermal energy which can be 

captured by boron in the B4C. Therefore, 10 cm-thick PE+0.1 

cm-thick B4C is expected to be more effective to reduce the 

radioactive waste in concrete than the simple geometry con-

sidered in this work. It is emphasized that the operation 

scheme in this work was conservative so that in the case of 

the operations corresponding to around 20% of our opera-

tion scheme and using 10 cm-thick PE+0.1 cm-thick B4C, 

one should not consider the concrete as the radioactive 

waste. By considering the installation cost of the shielding 

material, it seems to be very beneficial to reduce the radioac-

tive waste storage expenses.

It should be pointed out that the B4C is available in rubber 

form that can be shaped easily and can be attached to the 

walls. The amount of B4C in the rubber material is 80% and 

20% is the glue to form the rubber. Therefore, the required 

thickness of the B4C rubber is 0.12 cm to make equivalent to 

0.1 cm-thick B4C.

3. Production of Other Radionuclides
Together with the 152Eu and 60Co radionuclides, the 54Mn, 

22Na, and 3H radionuclides can be produced through the 
54Fe(n,p)54Mn, 23Na(n,2n)22Na, 2H(n,γ)3H, and 6Li(n,α)3H re-

actions. 54Mn and 22Na are generated by fast neutrons so as 

their production were approximately in the order of 152Eu 

and 60Co at the concrete surface. The 54Mn and 22Na produc-

tion decreased exponentially with the concrete depth and 

became one order lower than 152Eu and 60Co at 30 cm. The 

production of 3H in the concrete was about one order higher 

than other radionuclides due to the high reaction cross sec-

tion of the 6Li(n,α)3H reaction. These results are in agreement 

with the results reported in the literature [2, 13]. However, 

the clearance level of 3H is 100 Bq ∙g-1 which is three orders 

higher than that of 152Eu and 60Co. It was also confirmed that 
3H is produced mainly by the thermal neutrons and the 

transmitted thermal neutrons decrease to 30% by using the 

10 cm-thick PE+0.1 cm-thick B4C shielding material and the 

production of the 3H could reduce correspondingly. The 

number of fast neutrons at different concrete depths without 

and with the 10 cm-thick PE+0.1 cm-thick B4C shielding are 

shown in Fig. 9A and corresponding ratio is indicated in Fig. 

9B. It is seen that the transmitted fast neutrons also decrease 

to 40% by using the shielding material. It means that the 3H, 
54Mn, and 22Na production could also decrease considerably 

and they could not be a major issue for the radioactive waste 

management of concrete. 

Structural concrete is often reinforced with steel bars that 

become activated via 54Fe(n,γ)55Fe, 54Fe(n,p)54Mn, and 
59Co(n,γ)60Co reactions. The reinforcing bars contribution to 

the activation can be significant [21]. However, the number 

of fast and thermal neutrons significantly decrease by using 

10 cm-thick PE+0.1 cm-thick B4C as the shielding material 

and the activation of the reinforcing bars are also decreased 

proportionally. It is noticed that the activated bars are local-

ized and could be separated from the concrete during the 
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dismantling. They are not as voluminous as the concrete to 

become a major concern for the radioactive waste storage. 

For the case of 54Mn, its activation level remains constant af-

ter several years of operation [21, 22]. By considering the typ-

ical cooling time before the decommissioning the activity 

level of 54Mn could reduce as well.

Conclusion

The use of non-self-shielded cyclotrons for the PET iso-

topes production results in serious concrete activation after 

a long operation. In this study, intensive Monte Carlo calcu-

lations were performed to mitigate the concrete activation by 

using additional neutron absorbing materials. A non-self-shield-

ed PETtrace cyclotron vault and an H2
18O target was simulat-

ed by the PHITS code to study the effects of neutron absorb-

ers on thermal neutrons reduction. The conservative cyclo-

tron operation scheme of 4 hours per day, 5 days per week 

over 520 weeks (10 years) and 60 µA proton beams was se-

lected in this work. The amounts of Eu and Co were 1 and 15 

ppm, respectively. The thermal neutron flux of 105 n ∙cm-2 ∙s-1 

was obtained at above specific condition, which the concrete 

was considered as the radioactive waste. Results showed that 

Gd2O3, B4C, PE, and BPE would be effective to decrease the 

activation level of concrete. However, a combination of these 

materials is more effective than using single shield material 

to decrease the price of the shielding. It was concluded that 

placing 0.1 cm-thick B4C between 10 cm-thick PE and the 

concrete wall could reduce the total radioactive concrete waste 

by a factor of 2 in the whole cyclotron room. However, this 

combination is expected to reduce more thermal neutrons 

in a real cyclotron vault. Additionally, the amount of radioac-

tive waste decreases dramatically at cyclotron with lower op-

erating parameters. By taking the price of 0.1 cm-thick B4C 

and 10 cm-thick PE into account, it is still cost-effective to 

use it as a shielding material to achieve a significant reduc-

tion of radioactive concrete waste volumes. 
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