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1. Introduction
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Introduction: Importance of the activity reduction
 Cyclotrons in Korea

 Totally 41 cyclotrons

 31 cyclotrons are operating

 20 non-self-shielded & 21 self-shielded

 Majority of cyclotrons for 18F production

Cyclotron model name Number

Cyclone 18/9 6

Cyclone 30 1

CYPRIS HM-7/12S 5

KIRAMS-13/30 8

MC50 1

MINItrace 1

PETtrace 11

RDS 111 1

RDS Eclipse 7

Total 41

PETtrace

RDS Eclipse
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Introduction: Importance of the activity reduction

 Production amount of radioactive waste

 Costs of the radioactive waste
 Radioactive waste cost has almost tripled between 2009 and 2015

 Practical measured must be taken to reduce the amount of wastes 

Radioactive Waste Generation during 

Operation [kg/month]

Shielding wall thickness [m]

Self-Shielded Non-self-shielded

0 ~ 32 0.25 ~ 1 1.5 ~ 1.8
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Introduction: Importance of the activity reduction

Radionuclide Reaction Half-life Thermal neutron 
CX [barn]

Abundance
[%]

Clearance Level
[Bq/g]

Sc-46 45Sc(n,γ)46Sc 83.79 d 26.5 100 0.1

Mn-54
55Mn(n,2n)54Mn

312.20 d 
0.785 100

0.1
54Fe(n,p)54Mn 0.386 5.84

Fe-59 58Fe(n,γ)59Fe 44.495 d 1.15 0.31 1

Co-60 59Co(n,γ)60Co 5.271 y 37 100 0.1

Zn-65 64Zn(n,γ)65Zn 243.93 d 0.78 48.89 0.1

Cs-134 133Cs(n,γ)134Cs 2.0652 y 29 100 0.1

Eu-152 151Eu(n,γ)152Eu 13.517 y 5900 47.7 0.1

Eu-154 153Eu(n,γ)154Eu 8.601 y 390 52.23 0.1

 During cyclotron operation, secondary neutrons from (p, n) reaction can activate the concrete
 A huge amount of radioactive waste is generated  increasing the cost of management

 This radioactive waste should be reduced for decommissioning phase 

6

 Major radionuclides in concrete
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2. Monte Carlo simulations
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Monte Carlo simulations 
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(GE) PETtrace Non-Self-Shielded type

Concrete vault
KIRAMS-1318/9-Non-Self-Shielded

(IBA) Cyclone 18/9-Non-Self-Shielded
 A detailed geometry of different cyclotrons were simulated

 Neutron distributions inside the vault were estimated

 FLUKA [1]

[1] A. Ferrari, et al, "FLUKA: a multi-particle transport code", CERN 2005-10 (2005), 
INFN/TC_05/11, SLAC-R-773.
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Monte Carlo simulations 

 FLUKA
 Neutron flux distribution in different cyclotrons vault
 Walls of cyclotron rooms are expected to be radioactive wastes
 Concrete activation is more sever in non-self-shielded cyclotrons

PETtrace KIRAMS-13 Cyclone18/9

Concrete ConcreteConcrete
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Monte Carlo simulations 

 Eu-152 and Co-60 are the major radionuclides

 Eu-152 clearance index is higher than 1 by a factor of ~3 after shut down

 Around 20 years after shut down, Eu-152 clearance index is 1
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 Major radionuclides in concrete

How to reduce the concrete activation?
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Monte Carlo simulations 

 PHITS-3.02 [1]

 For saving the time, a simple geometry of PETtrace cyclotron was simulated in PHITS

 INCL4.6 [2] followed by GEM [3] were applied for proton-induced reactions on H2
18O

 JENDL-4.0 [3] cross sections library was used for neutron interactions

 An optimum neutron absorbing material was determined
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[1] T. Sato et al, Features of Particle and Heavy Ion Transport code System (PHITS) version 3.02, J. Nucl. Sci. Technol. 55, (2018)
[2] A. Boudrad, et al, New potentialities of the lieège intranuclear cascade model for reactions induced by nucleons and light charged particles, Phys. Rev. C 87, (2013) 
[3] S. Furihata, Statistical analysis of light fragment production from medium energy proton-induced reactions, Nucl. Instrum. Meth. B171, (2000) 
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Monte Carlo simulations 

• Several types of concrete have been analyzed [1] 

• PAL concrete (2017) is used in the simulation

 Concrete composition

[1] A. Lee, N. S. Jung, H. S. Lee, Composition analysis of Ordinary Concrete to Estimate Residual
Isotopes in the Decommissioning of Particle Accelerator, Poster presentation, 14th Specialists’
workshop on Shielding aspects of Accelerators, Targets, and Irradiation Facilities (SATIF14),
Gyeongju, Korea, 2018.
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Monte Carlo simulations 

 H2O is used as the target with enriched O-18
for F-18 production via: 18O(p,n)18F reaction

 Geometry

 A simplified geometry of a PETtrace cyclotron 
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 Proton beam
 16.5 MeV
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Monte Carlo simulations 

Top view

Vertical  view
 T-Track tally was activated in 

PHITS to score neutron fluence.

 Detector size: 30*30*3 [cm3]

Beam
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 Neutron fluence obtained at 

different depths in concrete
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3. Results for neutron absorbing materials
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Results for neutron absorbing materials

Material Thickness
(cm)

Gd2O3

5
10
15

B4C
5

10
15

PE
5

10
15

BPE (5%wt)
5

10
15

PE+ Gd2O3
10+10
5+10

PE+ B4C 10+10

 Gd, Polyethylene (PE) and B are well-known absorbing materials

 All cyclotron vault walls were covered 
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Results for neutron absorbing materials

Gd2O3
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Transmitted neutrons

 Reduction of thermal neutrons 
using Gd

 PE thermalizes fast neutrons
 At concrete surface, thermal neutrons increase
 In the higher depths, neutrons are captured by concrete

PE B(5%wt)PE

 Neutrons thermalized in PE 
are captured by 10B 
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Results for neutron absorbing materials
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PE+Gd2O3

 B4C can reduce thermal 
neurons dramatically.

PE+B4C
B4C

 Placing PE before B4C can help to remove 
the majority of thermal neutrons

Transmitted neutrons

 Placing PE before Gd2O3 can help to 
remove thermal neutrons but less 
than B4C
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Results for neutron absorbing materials

Material Thickness
(cm)

Transmitted neutrons
(%)

Gd2O3

5
10
15

74
63
52

B4C
5

10
15

34
20
10

PE
5

10
15

68
42
25

BPE (5%wt)
5

10
15

58
35
20

PE+ Gd2O3
10+10
5+10

20
23

PE+ B4C 10+10 7

 B4C seems to reduce the thermal neutrons better than Gd2O3.

 By placing 10 cm Polyethylene, it thermalizes fast neutrons and 
then can be captured by Gd or B isotopes dramatically.
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natGd(n,g)
natB(n,α)

Results for neutron absorbing materials
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 Gd has high thermal neutron CX below 0.4 eV

 Many resonances above 0.4 eV in natGd CX

 B has no resonances in the CX

 Average CXs above 0.4 eV for natGd and natB

are approximately equal

 Number density of B in B4C is higher than Gd in 

Gd2O3 by factor of 4.5

 80% of neutrons are in the epithermal and 
fast areas

 B can block more neutrons in these areas 
than Gd

Therefore, B4C seems to reduce the 
thermal neutrons better than Gd2O3

Absorbed 
neutrons 
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Results for neutron absorbing materials
 Estimating production yield of (Eu-152 & Co-60)

I. Calculating the thermal neutron flux using PHITS

II. Applying JENDL-4.0 library

III. Folding thermal neutron flux and the cross section 

(En< 0.25 eV)
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𝑅𝑅 = �𝑁𝑁𝜎𝜎(𝐸𝐸)Φ(𝐸𝐸)Δ𝐸𝐸

• R: production yield
• N: number of atoms of the target nuclei
• σ: production cross section of  the interested 

nuclei [cm2]
• Φ: Thermal neutron flux [n/cm2/MeV/source]
• ΔE: Energy bin (MeV)

JENDL-4.0
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Results for neutron absorbing materials
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 Using different neutron absorbing materials:
 decreasing thermal neutron flux Reducing of concrete activation
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Results for neutron absorbing materials

 Required thickness to reduce thermal 

neutrons by a factor of 3 @ concrete 

depth of 20 cm:

• ~ 24.5 cm of Gd2O3

• ~ 7 cm of B4C

• ~ 14 cm of PE

• ~12 cm B(5%wt)PE

PE

Gd2O3

BPE

B4C
 Attenuation of thermal neutrons 
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Less expensive than Gd2O3 and B4C

Applied in a real geometry in FLUKA to 
re-evaluate the neutron distribution
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Results for neutron absorbing materials
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 Expected concrete thickness to be 
radioactive waste in the PETtrace, 
without shielding 

 Reduced concrete thickness to be 
radioactive waste in the PETtrace
with 12 cm BPE shielding

 Thermal neutrons inside the room 
are reduced as well

 Reduced concrete thickness to be 
radioactive waste in the PETtrace, 
with 14 cm PE shielding

 Thermal neutrons inside the room is 
not reduced 
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Conclusions and remarks
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• Radioactive waste management is a crucial issue
• There are totally 41 cyclotrons in Korea of which 31 

cyclotrons are in operation, generating huge amount of 
radioactive waste

Practical measures must be 
taken to reduce the waste

• Materials with high neutron absorption cross sections 

are suitable to reduce the activated concrete  (Gd2O3, 

B4C, PE, and BPE)

~24.5 cm of Gd2O3
~7 cm of B4C
~14 cm of PE

~12 cm of BPE
are needed to reduce the neutrons 

by a factor of 3 @ 20 cm depth

• Different cyclotrons were simulated in details using FLULA

• A simple geometry of a PETtrace was simulated in PHITS

PE and BPE are proved to be 
acceptable according to the price 
and neutron absorption capability

BPE can reduce the concrete 
activation and also the thermal 

neutrons inside the room
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Thank you for your attention!
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