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 Introduction 

 Evaluation of source terms and bulk shield thickness 

 Shielding analysis for the prompt radiation field 

• Estimation of dose rate and dose mapping 

 Activation analysis 

• Air  

• Coolant  

• Target and beam transport equipment 

• Structural material (concrete) 
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Analysis code system 

Analysis Code Reaction model Library 

Source term PHITS 2.64 
JQMD + JAM + 

INCL 
JENDL-HE 2007, ENDF/B VI 

Bulk shield thickness  MCNPX 2.7 Bertini JENDL-HE 2007, ENDF/B VI 

Shielding design for 
prompt radiation field 

MCNPX 2.7 +  
Advantg 3.1 

Bertini JENDL-HE 2007, ENDF/B VI 

Activation analysis 
PHITS 2.64 +  
MCNPX 2.7 + 

DCHAIN/SP(2011) or FISPACT* 

JQMD + JAM + 
INCL or Bertini 

JENDL-HE 2007, ENDF/B VI 
EAF2010 

*FISPACT: modified version based on the FISPACT2010 for spallation reaction analysis (Chang Ho Shin, Hanyang univ.)  



1) Evaluation of the charged particle distribution 

 Stopping rage of the energetic primary beam was calculated by SRIM 
code. 

 The stopping range of the Oxygen beam with 590 MeV/n is 6.84 
cm in the iron. 

 The heavier beam particle has the shorter stopping range. 

Evaluation of source term for shielding design and analysis 

Primary beam Energy [MeV/n] Stopping range [cm] 

O-16 590 6.84 

Ca-48 550 2.97 

Kr-86 550 1.64 

Sn-112 550 1.12 

U-238 400 0.47 



2) Comparison of neutron and gamma  

 Comparison of the neutron and gamma spectra produced from the IFF 
target: O-16 beam, 590 MeV/n 

 Comparison of contribution to dose rate behind the concrete shield: 

 The contribution of gammas to dose rate is less than 0.1%. Therefore 
the secondary neutrons produced by the primary beam is considered 
as the source term for the radiation shielding analysis 

Evaluation of source term for shielding design and analysis 

Gammas 

Neutrons 



 Neutron source term in each area of the IFF target facility 
Area Neutron production Material Beam loss (intensity) 

High energy beam 
transport room 

@ beam line SS beam line 1 W/m beam loss 

Pre-separator room 

@ target Graphite target 20% beam loss 

@ beam dump Water dump 80% beam loss 

@ pre-separator Pre-separator material Full beam loss (100%) 

Main separator room @ main separator Magnet material Isotope loss data 

Evaluation of source term for shielding design and analysis 

Main 
separator 

room 

High 
energy 
beam 

transport 
room 

Pre-
separator 

room 



 Neutron spectra produced at each angle 

• It is expected that O-16 beam produces most conservative source 
term.  

Evaluated neutron source terms 
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 Neutron spectra at each beam loss point 

 At Target, dump and pre-separator 
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Evaluated neutron source terms 



 Beam loss positons in the main separator room 

Evaluated neutron source terms 



 In main separator room, many isotopes produced from target are 
distributed. About 400 nuclides will be loss.  

 It is impossible to applying all isotopes loss. 

 Most conservative neutron spectra was produced with the Tm-173 
isotope, and it is applied as the source term.   

 Neutron spectra produced by Tm-173    

Evaluated neutron source terms 
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 With the source terms, the bulk shied thicknesses satisfying the 
requirement of exposure limit t be used initial facility design. 

 

 Source term:  

• O-16 beam, 590 MeV/n + target & dump 

 

 Requirement of exposure limit: 

• 5 uSv/hr for radiation workers 

• 0.25 uSv/hr for the public  

Evaluation of the bulk shield thickness 

SW 

BW FW 

Concrete shield 

Target 



 Using the concrete shield only 

Attenuation of dose rate by the shield 
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 Using the combination of concrete and iron as the shield 

• To reduce the shield thickness, iron shield was inserted into the 
concrete shield. 

• The high energetic neutrons loss more energy by the inelastic 
reactions with the high-Z materials such as iron than the light 
elements.   

Attenuation of dose rate by the shield 

SW 

BW FW 

Concrete shield 

Target 

Iron shield 



 Using the combination of concrete and iron as the shield 
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 The bulk shield thickness was reflected in the facility design. 

• The BW is the high energy beam transport room and a prohibited 
area. 

• In the simplified calculation model, the height of the room is 
considered as 2m, but the real design value is more higher and 
removal shield was added.    

Determination of the bulk shield thickness 

Position Bulk shield thickness [cm] Dose rate behind 
shield [uSv/hr] 

Designated wall thickness [cm] 

Iron concrete Total Calculati
on 

Require
ment 

iron concrete total 

FW 150 680 830 4.10 5.00 300 800 1100 

BW 0 630 630 4.11 - 0 180 180 

SW-R 150 650 800 4.82 5.00 173 689 862 

SW-L 150 430 590 4.88 5.00 173 589 762 

Roof 150 510 660 4.53 - 150 100 250 



 According to the domestic regulatory based on the ICRP 
recommendation,  the radiation area was consisted and dose rate limit 
was applied. 

Radiation area of RAON 

Area 

Regulatory 
Designated dose 

rate 
(Safety factor 2) 

Entrance 
condition Regulations 

Conversion to 
dose rate (2000 

hr/yr) 

Radiation area 

Worker’s area 

< 20 mSv/yr 

< 10 uSv/hr < 5 uSv/hr 

Not limited 

Limited area Limited 

High level 
radiation area 

> 10 uSv/hr - Prohibition 

Outside of the 
facility 

Public area < 1 mSv/yr < 0.5 uSv/hr < 0.25 uSv/hr Not limited 



 For the facility design, dose rate distribution at each interesting 
positions was evaluated. 

 Total 16 calculation points were selected considering penetration holes, 
entrance area, door etc.     

Evaluation of dose rate distribution 



 All calculated dose rate satisfied with the designated limit. 

# Floor 위치 개요 Radiation area 
Limit 

[uSv/hr] 

Calculated dose 
rate 

[uSv/hr] 

1 B1 Side of the IFF target 

Limited area 

< 5 

3.8 

2 B1 Side of the beam dump 4.5 

3 B1 Front of the beam dump 4.2 

4 B1 Door of cooling system room 1.2E-02 

5 B2 Entrance are of the drained water processing room 5.2E-04 

6 B2 Entrance of the rad-waste storage room  2.3E-05 

7 1F Inside of the Window station room 8.7E-03 

8 1F Inside of the remote control room 5.4E-05 

9 1F Side of the remote control room 2.4E-04 

10 1F Entrance of the remote control room 3.4E-03 

11 2F Entrance of the 2F 1.7E-10 

12 2F HEBT room inside 

Worker’s are 

2.4E-12 

13 2F Electricity room inside 2.4E-12 

14 2F UPS room inside 4.1E-13 

15 2F Aisle 
Limited area 

6.6E-17 

16 3F Ventilation room entrance 3.2E-08 

Dose rates in the IFF target facility 



 With the final facility design, dose map was produced. 

 From the dose map, it’s expected the dose rates distributed inside the 
facility satisfy with the limit in the all area. 

Dose map 



 Induced activities inside the facility were evaluated with the neutron 
source term and geometric model. 

 Source term: 

1)High energy beam transport room: 1 W/m beam loss 

2)Pre-separator room: 20% beam loss at the target and 80% beam 
loss at the dump 

3)Main separator room: beam loss at the every loss position 

Evaluation of air activation 



 Calculation area for air activation 

Evaluation of air activation 



 The release of the long-live radio-active nuclides, H-3 and C-14, were 
estimated less than 0.3 mg 

 In this estimation, the operation time of 5000 hour per year is assumed, 
conservatively.  

Long-lived radio-active nuclide release 

Area 

Activity [Bq/cc] Activity [Bq] 

  H-3 C-14   H-3 C-14 

High energy beam 
transport room 

1.92E-04 4.57E-05 1.44E+06 3.43E+05 

Pre-separator room 1.63E-04 1.31E-04 2.00E+06 1.61E+06 

Main separator room  7.59E-08 1.72E-07 4.44E+03 1.01E+04 

Activity after 200 hour operation 3.45E+06 1.96E+06 

Total release during an year [Bq] 8.62E+07 4.91E+07 

Total release during an year [mg] 2.41E-04 2.97E-01 



 Target, Collimator and dump 

 

 

 

 

 

 

 Dipole 

Evaluation of coolant activation 
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 Quadrupole: 

 

 

 

 

 

 

 

 

 Hexapole: 

Cooling 
channel 

Evaluation of coolant activation 

Cooling 
channel 

Cooling 
channel 



 Various radio-active nuclides are produced in the water. 

 Most of them are produced primary beam spallation. 

 The cooling system of the closed loop should be installed. 

Evaluation of coolant activation 



 For the all component of the pre-separator, induced activity was 
calculated and dose rate around the pre-separator due to the decay 
gamma. 

 The operation time of 5000 hour (in a year) was assumed, 
conservatively. 

 U-238 beam with 400 MeV/u was applied as the primary beam. 

Activation of pre-separator 
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 Activities and dominant nuclides in each component 
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Activation of pre-separator 
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Activation of pre-separator 

 Decay gamma spectra were estimated at each component and cooling 
time step for evaluating shutdown dose rate. 



 Dose rate was evaluated by the decay gamma spectra from the 
irradiated pre-separator. 

 The target and collimator are dominant components contributing to 
the exposure after a shutdown. 

0.1 1 10 100 1000 10000

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

 

 

D
o

s
e

 r
a

te
 [

S

v
/h

r]

Cooling time after an Irradiation of 5000 hr [hr]

Dose rate due to decay gamma-ray at 1m from equipment 

 Target

 Collimator

 Dump-water

 Q1, coil 1 set
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 It is difficult to predict the composition of the concrete including 
impurities at the design stage. 

 The density and composition of the ANSI/ANS 6.4-1977 was applied in 
the shielding calculation and activation analysis for the IFF target facility. 

 Additionally, impurities was assumed based on the experiment data of 
other facilities. 

Concrete activation 

Concrete composition Impurities 



 Operation condition: 30 years operation, 5000 hours per year is applied 
as the operation time. 

 Most reaction of impurities, producing radio-active nuclides, is capture 
reaction, (n,γ). Because the hard neutron spectra (high energy neutrons 
dominant) of the source term, the increase in the activity is about 1.5 
times.  

Concrete activation 
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Summary, experience and discussion 

 The radiation shielding analysis for the IFF target facility of RAON was 
performed in this study. 

 At first, the source terms and bulk shield thickness were evaluated. 
Secondly, the dose rate distribution during an operation was estimated 
and produce the dose map. Finally induced activities and shutdown 
dose distribution were evaluated. 

 

 In the activation calculation, impurities may affect the calculation results. 
But it is difficult to predict the composition and contents of impurity 
during the design step.  

 For the large-scale facility, obtaining enough low rel. error is not easy 
in the MC calculation. In this study, Advantg code producing ww file 
was used. It was very useful in the reduction of the computation time. 

 I also expect more powerful modelling tool will be developed.  


