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Background and motivation 
• PHITS (Japanese code, PHITS2.70~) has been developed to 

simulate high energy photonuclear reactions and can use without 
any  restrictions. 

• Estimation of induced activities is important even for electron 
accelerators in comparison with impact to environment and 
exemption or clearance level. 

• Different models and library data are employed for photonuclear 
reactions in PHITS and FLUKA so benchmark simulations are 
necessary  

• Using the experimental data of the SPring-8 injector, PHITS and 
FLUKA simulations have been performed. 

• Air born radioactivity at the SACLA beam dump room has been 
simulated and compared with measurement data.   
 2017/4/19 Yoshihiro Asano, NewSUBARU 2 



SPring-8 linac injector & the dumps 
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Conceptual plane view of SPring-8 injector. (L1Dump and L2Dump are 250MeV dump and 1.15GeV dump, 
respectively. Unit is mm) At the end station of the linac, accelerated electrons can be extracted to 3 ways. One is to L2 
dump, one is to booster synchrotron, and the other is to small SR ring, NewSUBARU.  

Dump 250MeV 
(L1dump)  

1.15GeV 
(L2dump)  

Electron energy 250MeV 961MeV 

Frequency 60pps 60pps 

Peak current 
(40ns) 143.0mA 134.3mA 

Total electrons 3.48 x1016 7.75x1015 

Experimental conditions 

Neutron dose distribution  at L1 
dump (Horizontal plan at 
electron beam level, unit:pSv/e) 
by FLUKA 
 

Neutron dose distribution due 
to 961MeV electrons. 
(Horizontal plane at electron 
beam level, unit:μSv/e) by 
PHITS 
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L1 dump of SPring-8 linac injector （250MeV electrons)  

Illustration of the 250 MeV electron beam 
dump (L1) and the location of the bismuth 
detectors. D1-1 to D1-9 are bismuth detectors 
and the figures in parenthesis under the 
detector number are the relative values of 
produced bismuth-206, which are normalized 
to the D1-1 detector values 

Bi detector Measured data* (Bq/g)/(e/s) FLUKA cal. (Bq/g)/(e/s) PHITS cal. 
(Bq/g)/(e/s) 

D1-1(Small) 1.74x10-7∓0.36% 2.27x10-7∓0.50% 2.21x10-7∓1.2% 
D1-2(Small) 1.02x10-12∓25% (6.65x10-12∓14%) - 
D1-3(Small) 8.34x10-11∓2.3% (1.40x10-11∓9.6%) (1.70x10-10∓40%) 
D1-4(Large) 2.52x10-12∓2.9% (2.60x10-12∓14%) - 
D1-5(Large) 4.31x10-12∓2.2% 5.03x10-12∓3.7% (2.38x10-10∓23%) 
D1-6(Large) 1.06x10-11∓1.4% 1.30x10-11∓2.7% - 
D1-7(Large) 9.74x10-12∓1.5% 1.30x10-11∓4.5% (1.36x10-10∓41%) 

Bismuth-206 production distribution due to 250MeV electron injection into dump. The errors are considered only 
for statistical errors.  The figures in the parentheses are pro forma amounts because of large statistical errors.  (*;  
with considering self-shielding,  

Detector size Thickness Diameter 

small 1.12cm 2.9cm 

large 2.3cm 8.0cm 

209Bi( γ,3n)206Bi 
209Bi( n,4n)206Bi 
Threshold energy 22.44MeV 



L2 dump of SPring-8 linac injector (961MeV electrons)  
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Configuration of bismuth detectors around the L2 beam dump 
(Vertical plane, left figure is parallel and right is perpendicular 
against the electron beam axis )    
 

Ratios of simulations to experimental data (Full circles and 
open squres are the data of FLUKA and PHITS, respectively. 
The errors are only considering stastical errors.) 

Bi detector No. 
Measured data*2 (Bq/g)/(e/s) 

FLUKA cal. (Bq/g)/(e/s) PHITS cal. (Bq/g)/(e/s) C/E (FLUKA) 
C/E (PHITS) 

D2-1(Small) 1.31x10-11∓17%  (2.16x10-11∓17%) (1.90x10-11∓35%) (1.7∓24%) (1.5∓39%) 

D2-2(Large) 3.15x10-11∓1.8%  2.45x10-11∓4.6% 1.85x10-11∓5.0% 0.78∓4.9% 0.59∓5.3% 

D2-3(Large) 1.79x10-11∓2.3%  2.24x10-11∓4.5% (1.40x10-11∓13%) 1.3∓5.1% (0.78∓13%) 

D2-4(Large) 2.45x10-12∓6.8%  2.74x10-12∓11% 1.18x10-12∓2.2% 1.1∓13% 0.48∓7.1% 
D2-5(Small) 4.26x10-12∓24%  (3.57x10-12∓50%) - (0.84∓55%) - 
D2-6(Small) 6.28x10-12∓18%  (3.56x10-12∓40%) (4.79x10-12∓70%) (0.57∓44%) (0.76∓72%) 

D2-7(Large) 1.71x10-12∓7.8%  (8.87x10-13∓40%) (3.13x10-13∓13%) (0.52∓41% (0.18∓70%) 

D2-8(Large) 1.60x10-21∓8.0%  2.09x10-12∓34% (1.40x10-11∓13%) (1.31∓35%) - 

Bismuth-206 production distribution due to 961MeV electron injection into L2 dump. 



L2 dump of SPring-8 linac injector(961MeV electrons) 

Bi Measured (D2-3)* PHITS Cal.    (D2-3) 
205Bi 1.86x10-11           ∓8.2% 1.52x10-11           ∓36% 

204Bi 9.13x10-12        ∓4.0% 1.16x10-11        ∓46% 

203Bi 9.51x10-12     ∓8.4% 3.48x10-12     ∓17% 
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Det. No FLUKA cal. 
(Bq/g)/(e/s) 

PHITS cal. 
(Bq/g)/(e/s) 

FLUKA / PHITS      

No.1 5.64x10-11 ∓1.7% 4.22x10-11   ∓1.9% 1.34
 ∓2.6% 

No.2 3.34x10-11 ∓1.6% 4.34x10-11   ∓1.0% 0.770
 ∓1.9% 

No.3 3.04x10-11 ∓0.88% 2.97x10-11   ∓0.85% 1.02
 ∓1.2% 

No.4 9.99x10-12 ∓1.9% 1.05x10-11   ∓3.2% 0.951
 ∓3.7% 

No.5 2.64x10-12 ∓6.4% 2.67x10-12   ∓1.7% 0.989
 ∓6.6% 

No.6 2.74x10-12 ∓9.6% 3.24x10-12   ∓2.3% 0.846
 ∓9.9% 

No.7 8.60x10-12 ∓2.5% 8.11x10-12   ∓6.1% 1.06
 ∓6.6% 

No.8 8.24x10-12 ∓2.0% 7.70x10-12   ∓4.1% 1.07
 ∓4.6% 

Bismuth radioisotopes production within D2- 3 (uni ;(Bq/g)/(e/s)) 

Reaction Threshold 
energy 

209Bi( γ,4n)205Bi 
209Bi( n,5n)205Bi 

29.48MeV 

209Bi( γ,5n)204Bi 
209Bi( n,6n)204Bi 

37.97MeV 

209Bi( γ,6n)203Bi 
209Bi( n,7n)203Bi 

45.16MeV 

Simulation of bismuth-210 production (neutron absorption 209Bi(n, γ)210Bi) 
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XFEL SACLA and the beam dump 
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Illustration of SACLA XFEL  machine 
（Max.10GeV,  1.88x1011e/s, 0.5nC, 60PPS, 300W, peak 30TW ) 

The dump room has no ventilation system and an air 
volume of 1.21 × 107 cm3. 

The beam dump has a double-quadrangular 
prism structure, where the core (inner) is made 
of graphite with a copper bottom and the outer 
is made of 40-cm-thick iron. 

There are small openings to guide the electron 
beam to the dump, and other instruments such 
as an optical tracking (OTR) system to control 
the beam trajectory. The dump room is thus 
not completely isolated from the undulator hall 

Accelerator hall, shield thickness 2m O.C. 
Undulator hall (shield thickness 1.5m O.C.) 



Dose distribution at XFEL SACLA dump room 
(8GeV electron)  
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PHITS2.82 FLUKA2011.2c.3 

Neutron spectra at the top of the dump and 
the upward of the dump. 
 Blue and Black lines are PHITS data,  and 
Orange and red lines are FLUKA data. 



Air born radioactivity at SACLA dump room 
(photo-nuclear reaction) 
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Induced air radioactivity 
concentrations at the dump room 
depending on the electron energy. 
(A): 13N, (B): 15O, (C) 16N, (D): 11C. 

Relative humidity dependence for 
radioactive concentrations due to photo-
nuclear reactions. Yoshihiro Asano, to be published in J. Health Physics 



Air born radioactivity at SACLA dump room 
(Neutron capture reaction, Argon-41) 
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Neutron yield Y: Mao’s data 
    (Health Physics 70:207-214; 1996) 

FLUKA2011.2c.3 

PHITS2.82 

924 1010 −− ⋅⋅⋅⋅⋅⋅⋅⋅= cmiAi XeYfNS σλ

f: correction factor 
e and Xcm are the electron loss rate (s-1) and 
the neutron traversable distance within air 
(cm) 

The beam dump has a double-quadrangular prism 
structure, where the core (inner ) is made of graphite 
with a copper bottom and the outer  is made of 40-cm-
thick iron So,  2 target cases are shown, iron target and 
graphite target (Mao’s data). 

41Ar radioactivity concentrations at the dump room 
depending on the electron energy 

Yoshihiro Asano, to be published in J. Health Physics 



Air monitor 
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Illustration of the gas monitoring system. D 
and H are diameter and height of air chamber, 
respectively. 3’φ x3’ NaI(Tl) scinti. is set at the 
center of the air chamber. 

Calculation results of the photon 
fluence distribution at the case 
of 1 photon/cm3 with 0.511 MeV 
energy. The size of the air 
chamber is 540 mm diameter 
and 519 mm height. 

Counting efficiency of the air gas 
monitor depending on the photon 
energy and the size. (D and H are 
the diameter and the height, 
respectively.) 

The counting efficiency of the gas 
monitor was measured by using a 137Cs 
standard radioisotope to set four points 
(bottom, in and outside the air chamber 
wall, and contact the detector wall), and 
compared to the PHITS calculations 
showing good agreement within 2%.  Yoshihiro Asano, to be published in J. Health Physics 



Measurement data of air born radioactivity 
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Nuclei Detection limit Measurement results* 
Positron emitter 
(13N,15O,11C etc) 

7.1 x10-4 (Bq/cm3)±1.1% 9.3x10-5(Bq/cm3/W) ±1.1% 

41 Ar  1.3x10-3 (Bq/cm3) ±2.0% <2.3x10-5(Bq/cm3/W) ±2.0% 

Measurement/ca
lculation 

IAEA/Mao 
data(E/C) 

PHITS 
(E/C) 

FLUKA 
(E/C) 

Positron emitter 
(13N,15O,11C etc) 

0.37 
±1.1% 

3.6 
±13% 

3.2 
±5.8%   

41 Ar ( f ) <0.18 
±2% 

<0.29 
±2.0% 

<0.45 
±8.9% 
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511KeV(13N , 15O, 11C)

1.46MeV(40K)

NaI(Tl) scinti. output

: air–flow on

:air–flow off

Output distribution of the PHA of the air gas monitor 
with NaI(Tl) scintillation detector. Red dots are the 
output during the sampling of dump room air with the 
electron charge of 6.9 C/s and 7.8GeV, and black dots 
are without air flow (B.G.).  

Air activity concentration in dump room during the 7.8 
GeV electron injection with the detection limit of the air 
monitoring system 

Ratio between the measurement and the simulations. 
 For 41Ar,  correction factors are indicated. 

The higher measurement values for annihilations in 
comparison with the simulations may be due to the 
presence of other positron emitters with short lifetimes, 
such as 14O, because 0.511-MeV gamma rays could not 
be detected soon after the airflow was turned off. Off-
gas with short-life positron emitters from the dump 
core is another possibility, because the electron beam 
directly hits the graphite core. 

Yoshihiro Asano, to be published in J. Health Physics 



summary 
• The experimental data of bismuth radioisotopes distribution at around the beam dumps produced by 

961 MeV electrons are presented as well as that of due to 250 MeV electrons. These data are useful to 
compare to the simulations.  

• FLUKA and PHITS Monte Carlo simulations have been performed to compare to these data and the 
both simulations show reasonably agreements in a range of within about ∓50%.  

• Air activity concentrations within the dump room of SACLA induced by high energy electron have 
been estimated by using analytical methods and Monte Carlo code, and measured by the gas monitor 
with NaI(Tl) scintillation counter.   As the results, 

• The estimation using Swansons’ radioactivity saturation method indicates conservative values for air 
born nuclei except 16N.  

•  For 13N, the results of PHITS are lower than that of Swansons’ analytical method within about factor 
10, and positron emitter measurements showed intermediate values. 

• The concentration of 16N by the analytical method indicates lower values and large differences each 
other because another reactions such as 15N(n,γ)16N and 18O(γ,np)16N must be considered. 

• The 41Ar concentrations calculated by using PHITS and FLUKA were about 0.63-fold and 0.41-fold, 
respectively, compared with the values from Mao’s analytical method. In the measurements, the 
concentration was less than 2.3 × 10-5 Bq·cm-3·W-1, and the simulation results gave values from 2.2 to 
3.4 times higher. In these experiments, the correction factor f for neutrons contributing to the 
absorption reaction in Mao’s equation was less than 0.18.  

• All PHITS simulations agreed with those of FLUKA within a factor of 2. However, there are some 
differences between the PHITS photoneutron production cross-section and that of the FLUKA code, 
even for total photoneutron production cross-sections. It is important, therefore, to obtain precise 
experimental data for the DDX of photoneutron production processes for estimation of radiation 
shielding and induced activities.   
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