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Tunnel  
Section  

Cryomodule 
Type 

#  of  
Cryomodules 

# of  
Cavities  

Tunnel  
Length (m) 

Proton 
Energy (MeV) 

Uranium 
Energy (MeV/u) 

SCL1 
(total legnth) 

QWR 21 1 24 
6 

6 

HWR1 13 2 24 
21 

13 

HWR2 18 4 530 

75 

18.5 

SCL2 
(total legnth) 

SSR1 23 3 62 
187 

55 

SSR2 23 6 120 

600 

200 

upgrade ? ? 120 

1000 

400 



Geometrical Modeling of Tunnel and Beam Line 

6 

단면도 

평면도 

6 6 

Regulation - 50 % margin 

 ( 2000 working hour per year) 

Public 0.25 uSv/hr  

Radiation worker 5 uSv/hr 



Beam Loss (1 w/m) - Source Term 
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Employed 1 W/m - SNS determination above 100 MeV 
   
    I. Strasik et al., Phys. Rev. ST AB 13, 2010.  
    Daniela Ene, “Radioprotection Studies for the ESS”, ESS AD Technical Note (2010). 
   H. Nakashima, J. Nucl. Sci. Tech., Supplement 1, 870, (1990). 

 
 



Glancing Angle - Beam dynamics ( 1 w/m )    
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Glancing angle between projectiles and beam pipe 

->  3 mrad at RAON High Energy Linac 



Equivalent Bulky Target Model ( 1 w/m ) 
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 Nb  (8.57 g/cc) 

SUS (8.03 g/cc) 

of lost beam 

45% 

45% 

Cu  (8.96 g/cc) 10% 

 Spatial bin (36 bins)-5 degree  

 Energy bin (1000 bins, SCL1 : Log, SCL2: linear) -1e-6 ~ 1e+3 MeV 

12 CPU time 
12 hour runnings 



Direct Glancing Angle (3 mrad) VS Bulky Target 

Proton Beam Energy  
(MeV/u) 

tunnel length 
(cm) 

in dose cal. 

Total neutron fluence 
(#/source) 

Concrete Thickness  
(cm)  

margin on  5uSv/h 
 limitation  

Glancing Angle 
(3mrad)  

600 11960 - 360 

Bulky Target 600 11960 5.49818 365 ( ~ 2%) 



 Projectiles in SCL2 
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Primary beam Energy (MeV/u) 
Current (SCL2)  

At 400kW 
Neutron/sec 

238U 200.00  5.24E+13 5.14E+08 
176Yb 213.00  6.66E+13 5.91E+08 
170Er 217.00  6.77E+13 6.08E+08 
160Gd 219.00  7.12E+13 6.43E+08 
150Nd 220.00  7.57E+13 6.79E+08 
130Te 230.00  8.35E+13 8.05E+08 
124Sn 230.00  8.75E+13 8.15E+08 
124Xe 252.00  7.99E+13 6.76E+08 
112Sn 263.00  8.48E+13 7.05E+08 
96Zr 248.00  1.05E+14 9.82E+08 
86Kr 258.00  1.13E+14 1.11E+09 
82Se 256.00  1.19E+14 1.19E+09 
76Ge 260.00  1.26E+14 1.23E+09 
64Ni 277.00  1.41E+14 1.34E+09 
64Zn 289.00  1.35E+14 1.09E+09 
58Ni 296.00  1.45E+14 1.10E+09 
48Ca 264.00  1.97E+14 1.96E+09 
40Ca 317.00  1.97E+14 1.54E+09 
18O 299.00  4.64E+14 4.81E+09 
16O 333.00  4.69E+14 4.41E+09 
40Ar 270.00  2.31E+14 1.85E+09 
20Ne 300.00  4.16E+14 3.04E+09 
14N 300.00  5.94E+14 4.56E+09 
12C 330.00  6.93E+14 5.94E+09 

Proton 600.00  4.16E+15 3.45E+10 



Primary Projectiles : Angular spectra 
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Primary Projectiles : Angular spectra 
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Primary Projectiles : Dose Rate per projectile 
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Primary Projectiles : Dose Rate at 1 w/m beamloss 
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Cross section libraries and Physics Models 
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 Monte Carlo Codes   

  

 

 

 Cross Section Libraries   

 

 

 

 Physics Models 

Title Developer Projectile Upper Energy Limit 
Number of 

nuclide 

LA150, ENDF66 LANL n, p 150 MeV 42 

JENDL-HE07 JAEA n, p 3 GeV 69 

Codes Developer 

MCNPX LANS Particle Transport 

PHITS JAEA Particle Transport 

SP-FISPACT , CINDER UKAEA Activation and Decay  

 
INC (Intranuclear Cascade) 

 
Evaporation  

 
Fission  

 

MCNP 
Bertini, Isabel, INCL  

 
Dresner, ABLA 

 
RAL, ONAL 

 

CEM,LAQSM GEM GEM 

Phits 

 
JAM (microscopic transport model) 

 JQMD (quantum molecular dynamics) 
 

GEM GEM 



Physics Models 
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Prompt Dose Rate (1w/m Uniform Loss) 
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Main Beam  
Cryomodule  

name 
P Energy 
(MeV) 

 
Concrete thickness 
(cm) at 1 uSv/hr 

 limitation  
 

 
Concrete thickness 
(cm) at 5 uSv/hr 

 limitation  
 

SCL1 

QWR 6 50 30 

HWR1 21 110 90 

HWR2 75 160 130 

SCL2 

SSR1 187 280 230 

SSR2 600 440 370 

SSR4 1000 470 400 



Comparison 
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Soil Activation 
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Tunnel 

Gallery 

Soil 

Why Soil Activation important? 
1. For Decommission 
2. Soil Water Migration 

Tunnel wall should be thick 
enough to mitigate soil activation : 
1. For radioactive waste limit of soil 
2. For Effect of Soil Water Migration 

Rock Bed 



Radionuclide concentration in the soil 
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General running cycle for RAON 
 
 beam on - 6000 hours per year 
 beam off - 2500 hours per year  
 30 years of normal facility operation span.  

 99% volume of soil  SP-FISPACT, CINDER 

Self-disposal possible  
When below 
3H - 48 Bq/cc 
22Na - 0.047 Bq/cc 

120cm thick 
Concreate wall 

    Activity concentration (Bq/cc) 

Radionuclide Half-life Shutdown 1year 30year 50year 

3H 12.3 y 1.16E-01 1.12E-01 2.15E-02 6.86E-03 

7Be 53.3 d 3.43E-02 2.97E-04 - - 

22Na 2.6 y 6.89E-02 5.30E-02 2.30E-05 1.10E-07 

24Na 15.0 h 3.88E-01 - - - 

37Ar 35.0d 6.20E-02 4.54E-05 - - 

45Ca 163.8 d 5.75E-03 1.22E-03 - - 

51Cr 27.7 d 7.58E-03 8.17E-07 - - 

54Mn 312.1 d 1.55E-02 6.92E-03 4.14E-13 - 

55Fe 2.7 y 5.28E-02 4.11E-02 2.59E-05 1.60E-07 

Activity concentration 4.38E+00 1.87E+00 1.68E+00 1.66E+00 



Radionuclide concentration in the soil 
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General running cycle for RAON 
 
 beam on - 6000 hours per year 
 beam off - 2500 hours per year  
 30 years of normal facility operation span.  

 99% volume of soil  SP-FISPACT, CINDER 

120cm thick 
Concreate wall 

    Activity concentration (Bq/cc) 

Radionuclide Half-life Shutdown 1year 20year 50year 

3H 12.3 y 1.16E-01 1.12E-01 2.15E-02 6.86E-03 

7Be 53.3 d 3.43E-02 2.97E-04 - - 

22Na 2.6 y 6.89E-02 5.30E-02 2.30E-05 1.10E-07 

24Na 15.0 h 3.88E-01 - - - 

37Ar 35.0d 6.20E-02 4.54E-05 - - 

45Ca 163.8 d 5.75E-03 1.22E-03 - - 

51Cr 27.7 d 7.58E-03 8.17E-07 - - 

54Mn 312.1 d 1.55E-02 6.92E-03 4.14E-13 - 

55Fe 2.7 y 5.28E-02 4.11E-02 2.59E-05 1.60E-07 

Activity concentration 4.38E+00 1.87E+00 1.68E+00 1.66E+00 

    Average specific activity (Bq/cc) 

Radionuclide Half-life 

SLAC ESS SNS RAON 

FLUKA FLUKA ORIHET95 SP-FISPACT CINDER 

3H 12.3 y 1.40E-01 9.67E-01 1.76E-01 1.16E-01 1.16E-01 

7Be 53.3 d 1.60E+00 9.77E-02 3.43E-02 2.90E-02 

22Na 2.6 y 4.10E-01 1.54E-01 4.00E-02 6.89E-02 6.72E-02 

24Na 15.0 h - 5.35E+01 3.88E-01 3.38E-02 

45Ca 163.8 d - 1.05E+00 5.75E-03 8.55E-04 

54Mn 312.1 d 5.67E-01 1.59E-01 9.19E+00 1.55E-02 1.40E-03 

55Fe 2.7 y - 1.94E+01 4.83E-02 5.28E-02 1.80E-02 

Self-disposal possible  
When below 
3H - 48 Bq/cc 
22Na - 0.047 Bq/cc 



Radionuclide concentration in the soil water 
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  Radiological impacts on the public area 

 level of soil activation right next to tunnel 
       (20cm soil layer from concrete wall)  

 The water inside soil : Initial Concentration  

Into the public area : Final Concentration  

SP-FISPACT 

Leaching = 1  

Leaching : 3H=1, 22Na=0.3 

WHO recommendation limit 

 
𝐶𝐻−3

𝑓𝑖𝑛𝑎𝑙

10
+  

𝐶𝑁𝑎−22
𝑓𝑖𝑛𝑎𝑙

0.1
 ≤ 1 

    Average specific activity (Bq/cc)  

Radionu
clide 

Half-life KEK RAON 

3H 12.3 y 1.10E-01 1.28E-01 

22Na 2.6 y 7.84E-04 2.19E-02 



Radionuclide concentration in the soil 
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WHO Recommendation limit  
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Concrete Thickness (cm) 

 

ssr4 p 1000 MeV 50 years

ssr2 p 600 MeV 50 years

ssr1 p 187 MeV 50 years



Radionuclide concentration in the soil 
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Main Beam  
Cryomodule  

name 
P Energy 
(MeV) 

Minimum concrete t
hickness (cm) at WH
O recommendation l

imit 

SCL1 

QWR 6 30 

HWR1 21 30 

HWR2 
75 30 

SCL2 

SSR1 187 50 

SSR2 600 125 

SSR4 1000 135 



Summary 
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Main Beam  
Cryomodule  

name 
P Energy (MeV) 

 
Concrete thickness (cm) 

at 1 uSv/hr 
 limitation  

 

Minimum concrete thickness 
(cm) at WHO recommendatio

n limit 

 
Soil thickness 

 (cm) 
1 uSv/hr limit 

(assummed soil density is 
10% lower than concrete) 

 

SCL1 

QWR 6 50 30 22 

HWR1 21 110 30 88 

HWR2 75 160 30 142 

SCL2 

SSR1 187 280 50 252 

SSR2 600 440 125 345 

SSR4 1000 470 135 367 

 Geometrical Modeling of Beam line, tunnel, and beam loss have been done 
 

 Proton is primary projectile for tunnel radiation analysis. 
 

 Prompt radiation shielding thickness has been obtained. 
 

 From Soil activation and the soil water concentration, tunnel wall thickness  
   determined. 
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Thank you for attention ! 



Chemical composition of Soil 
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Elemental Composition Mass Fractions (%) 

H 1.6 

O 54.6 

Si 30.7 

Ca 1.2 

Na 1.3 

Mg 1.7 

Al 4.2 

K 2.5 

Fe 1.8 

Mn 0.003 

Density 2.1 g/cc 

(WEATHERED SOIL 30% WATER Volum FRACTION-refer to SLAC document) 



 dose rates below ~1 mSv/h measured at 30 cm 
from component surface for 100 day/4 hour 
irradiation/cooling condition. 

 

 

 

 

1.1 mSv/h  
• At 30 cm 
• 1 W/m 
• 1 GeV protons on beam pip

e/bulk copper 
• 100 days/4 hours. 

FLUKA simulations from I. Strasik et al., Phys. Rev. ST AB 13, 
2010. - ESS   

Questionnaire 



Questionnaire 
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-ESS 


