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Abstract 
To improve the reliability of Monte Carlo simulations for photo-nuclear reactions, intercomparisons between 
the results of FLUKA and PHITS Monte Carlo codes were performed by using the measurement results of 
the bismuth activation detectors at linac dumps with 250 and 961 MeV electrons. The air induced activities 
were also evaluated by using 7.8 GeV electrons.  All PHITS simulations show reasonably agreements with 
the FLUKA in a range of within about 50% for bismuth activation detectors, and within factor 2 for air 
activation.        
 
1. Introduction 
In addition to analytical methods such as Swanson[1] and Jenkins’[2] formula, the Monte Carlo code 
FLUKA[3] is commonly used  for radiation safety design of high energy electron facilities. FLUKA is one of 
the highest reliabile codes and many synchrotron radiation facilities are used for the shielding designs, 
however the level of uncertainty is not clear for the simulations of photo-nuclear reaction, specially induced 
activities, due to insufficient benchmark simulations. It is, therefore,  important to compare the simulation 
results with the experimental data of photo-nuclear reaction, and the codes each other. Recently the upgrade 
PHITS[4] code (version 2.70) can simulate the photo-nuclear reaction process without any restrictions to use.   
PHITS is a particle and heavy ion transport code system, and can calculate activated nuclei due to 
photonuclear reaction, neutron absorption, or other processes by using DCHAIN-SP in the code package. For 
the photonuclear reaction process, PHITS employs the GEM model [5] for the giant resonance region with 
the JENDLE/PD-2004 cross-section library [6], the JAERI quantum molecular dynamics model [7] for the 
dominant region of the quasi-deuteron disintegration process, and the JAM model [8] for the high-energy 
region up to 1 TeV. On the other hand, FLUKA is general-purpose code for calculating particle transport and 
interactions with matter, and can simulate photonuclear reactions by using giant dipole resonance, quasi-
deuteron interaction, and the modified vector-meson dominant model [9] with extended PEANUT model[10] 
ranging up to 20 TeV. Based on the IAEA data libraries, the total cross-section libraries of the photo-neutron 
productions are uniquely improved in FLUKA, and multi-groups of 260 are employed for the transport 
calculation of neutron energies lower than 20 MeV. Under these conditions, it is important to perform the 
close-check between the codes and experimental data.  At 9th international conference on radiation shielding 
ICRS9, some data of benchmark experiments using 250MeV and 961 MeV electrons of SPring-8 injector were 
presented[11]. At that time, however it was difficult to use saticefactory simulation codes for the photo-nuclear 
reaction process. It is useful and important to provide new data and compare the measurement data with the 
simulation results of FLUKA and PHITS.  The evaluation of induced air activity due to high energy electrons is 
one of the crusial issues for the estimation of the impact to environment. It is, therefore, important for X-ray free 
electron laser facilities that operate large amount of electrons with high energy to estimate the induced air 
activities, precisely. Induced air activities, therefore, measured by using 7.8 GeV electrons at SACLA beam dump 
room[12] and compare to simulation results of PHITS and FLUKA. These were presented at the 13th international 
conference on radiation shielding [13], and the 14th international congress of radiation protection [14] and Journal 
of Health Physics [15].               
   
2. Experiments 
2.1 SPring-8 injector 
Bismuth is an useful metal to measure high energy neutrons and gamma-rays because of the neutron and 
gamma-ray threshold energy dependence of the nuclear production of the bismuth radioisotopes such as 
209Bi(γ,3n)206Bi with 22.44MeV threshold energy and 209Bi(γ,4n)205Bi with 29.48 MeV threshold energy. 
The bismuth activation detectors were set around the 250 MeV and 1.15GeV beam dumps of SPring-8 
injector, as shown in Figs.1 and 2.  The dumps have double cylindrical structures, made of graphite for inner 
layer and iron for outer layer to reduce photo-neutron production and shielding. The measurments were 
performed in 1998 and the experimental conditions of electron beams are indicated in Table 1. The density 
of bismuth metal is more than 9.7g/cm3 so that the self-shielding of the bismuth detectors cannot be ignored 
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to measure gamma-rays. In the experiments, two sizes of bismuth detecors were employed. One is 1.12cm in 
thickness and 2.9cm in diameter, and the other is 2.3cm in thickness and 8cm in diameter. Figure 3 show the 
self-shielding factors depending on the photon energy and the size for bismuth detectors on the assumption 
of uniform distributions of bismuth radioisotopes. The assumption of the uniform distribution is reasonable 
because of not so much thick detectors for high energy photons and neutrons.  
 

Table 1.  Electron beam conditions of the linac injector during the experiments. 

Dump 250MeV 
(L1dump)  

1.15GeV 
(L2dump)  

Electron energy 250MeV 961MeV 

Frequency 60pps 60pps 

Peak current (40ns) 143.0mA 134.3mA 

Total electrons 3.48 x106 7.75x1015 

 

 
Fig.1 Illustration of 250MeV beam dump. Left and right side figures are cross sectional view of lateral and parallel 

against the beam, respectively. Each number indicates the bismuth detector. 
 
2.2 Induced air activity 
The measurements of induced air activity were performed by using 7.8GeV electrons with 0.23±0.1% 
nC/pulse and a reptation rate of 30Hz. The air was sampled from the dump room to the air monitoring 
chamber with a 76.2mmφ x 76.2mmH NaI(Tl) detector which located at outside the shield tunnel by using 
air sampling system. The diameter and the height of cylindirical air chamber are 540mm and 519mm, 
respectively. The dump and dump room are illustrated in Fig.4, and the air volume of the dump room is 1.21 
x 107 cm3. The electron beam is extracted into the dump with an inclination of 20 degrees. The beam dump 
has a double qaudranglur-prism structure and the core of the dump is made of graphite with a copper bottom 
and the outer shell is made of 40cm thick iron. The dump is located in the dump room under the undullator 
hall, surrounded by ordinary concrete with iron plates at the top of the dump to reduce the skyshine neuton 
dose. Figure 5 shows the outputs of the air monitor during the injection of the 7.8GeV electron beam to the 
dump with and witout the air flow sampling. In the figure, the annihilation gamma-rays were detected and 
41Ar cannot detected clearly. Table 2 indicates the  measurement results and the detection limits of the air 
monitor. 
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Fig.2 Illustration of 1.15GeV beam dump. Left and right side figures are cross sectional view of parallel and lateral 

against the beam, respectively. Each number indicates the bismuth detector. 
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Fig.3 Self-shielding effect for the gamma-ray measurements of the bismuth radioisotopes depending on the photon energy and size of 
the detectors. The arrows of bismuth radioisotopes indicate the photon energy of main emissions. Full and open circles are for small 
and large detectors, respectively.(Small and large detector sizes are  1.12cm and 2.3cm in thickness, and 2.9cm and 8cm in 
diameter, respectively) 

 
Fig.4 Cross sectional view of SACLA beam dump and the dump room(unit:mm) 
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Fig.5 Output of air monitor during the 7.8 GeV electron beam operation with air sampling system on and without the 

system.  
 

Table2 Air activity concentration in dump room during the 7.8 GeV electron injection with 0.23nC/pulse and 
30Hz(53.9W), and the detection limit of the air monitoring system 

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% 
 

3.Simulations 
In this study, PHITS 2.82 was used with the parameter of pnimul = 100, which is the scale factor of 
photonuclear reaction sampling to reduce statistical error, and FLUKA2011.2c.3 and 5 were used. The 
weight ratios of material compositions for air were employed as nitrogen; 0.753912452, oxygen; 
0.232980486, argon; 0.012944694, carbon; 0.000162368. All error bars of both PHITS and FLUKA 
simulations indicate the standard deviations of the simulations. 
3.1 SPring-8 injector    
Gamma-ray and neutron dose distributions around the 250MeV dump are shown in Fig.6 by using FLUKA.  
Figure 7 shows the effective dose distributions around the 1.15GeV dump by using PHITS.  
 3.2 Induced air activity 
The effective dose distributions around the beam dump are shown in Fig.8 by using FLUKA and PHITS.  
 
4 Intercomparison between the simulation results of FLUKA and PHITS with measurement data  
4.1 SPring-8 injector 
The measurements and simulation results of bismuth-206 production distribution around the 250MeV dump 
are indicated in Table 3. In Table3, the D1-1 detector was located just download the graphite core of the 
dump and FLUKA simulation shows good agreements within 30% discrepancies and about 1.30 times higher 
than that of the measurement data. FLUKA simulation for bismuth-206 of D1-1 detector shows close 
agreement with that of PHITS. PHITS simulation has large statistical error for other detectors.  Table 4 
indicates the bismuth-206 productions around the 1.15GeV dump using 961MeV electrons, and the 
configuration of detectors are shown in Fig. 2. In these simulations, both FLUKA and PHITS show good 
agreement within about ±50%  as shown in Fig.9.  Another bismuth radioisotopes that were produced in the 
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detector of D2-3 are listed in Table5 including the PHITS simulation. These measurement data are useful to 
estimate the photon and neutron energy distributions because of the threshold energy dependence on the 
photon and neutron energy for each reactions such as 22.44MeV, 29.48MeV, 37.97MeV, and 45.16MeV for 
209Bi( γ,3n)206Bi,  209Bi( γ,4n)205Bi, 209Bi( γ,5n)204Bi, and 209Bi( γ,6n)203Bi, respectively. It is difficult to 
estimate the amount of 210Bi experimentally and directly, however it is easy to compare between the 
simulations. In comparison with the simulations, 210Bi productions are listed as indicated in Table 6, and 
shown in good agreements.  

 
Fig.6 Effective dose distribution (worst geometry) around the 250MeV dump.(Left and right side figures are gamma-ray 
dose and neutron dose, respectively. The unit is pSv/250MeV electron)    
 

 
Fig.7 Effective dose distribution (AP geometry) around the 1.15GeV dump.(Left and right side figures are 
gamma-ray dose and neutron dose, respectively. The unit is μSv/961MeV electron) 
 

  
Fig.8 Effective dose distributions around the dump of SACLA. (Left side figure is using FLUKA, and right side is PHITS. 
The unit is μSv/8GeV primary electron) 
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Table3 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.  

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%) 

 
Table 4 Bismuth-206 production distribution due to 961MeV electron injection into 1.15GeV dump. The errors are 
considered only for statistical errors.  The figures in the parentheses are pro forma amounts because of large statistical 
errors.  
Bi detector 
No. 

Measured data 
(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%) - 

2 4 6 8
0

0.5

1

1.5

2

Detector No.

C
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Fig.9 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.) 

 
Table 5 Bismuth radioisotopes production within D2- 3 (uni ;(Bq/g)/(e/s)) 

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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Table6 Simulation of bismuth-210 production (neutron absorption 
209

Bi(n, γ)
210

Bi) due to 961 MeV electron injected 
into 1.15GeV dump 

Det. 
No 

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

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

FLUKA / 
PHITS      

D2-1 5.64x10-11 ±1.7% 4.22x10-11   ±1.9% 1.34
 ±2.6% 

D2-2 3.34x10-11 ±1.6% 4.34x10-11   ±1.0% 0.770
 ±1.9% 

D2-3 3.04x10-11 ±0.88% 2.97x10-11   ±0.85% 1.02
 ±1.2% 

D2-4 9.99x10-12 ±1.9% 1.05x10-11   ±3.2% 0.951
 ±3.7% 

D2-5 2.64x10-12 ±6.4% 2.67x10-12   ±1.7% 0.989
 ±6.6% 

D2-6 2.74x10-12 ±9.6% 3.24x10-12   ±2.3% 0.846
 ±9.9% 

D2-7 8.60x10-12 ±2.5% 8.11x10-12   ±6.1% 1.06
 ±6.6% 

D2-8 8.24x10-12 ±2.0% 7.70x10-12   ±4.1% 1.07
 ±4.6% 

 
4.2 Induced air activity  
The simulation results of induced air activities for 13N, 15O, 16N, and 11C due to high energy electrons from 6 
to 10 GeV at the dump room of SAXLA are shown in Fig.10 with the analytical methods of Swanson [1]. As 
shown in figures, the simulations between FLUKA and PHITS show agreements within the factor 2. The 
results of Swanson’s method show several times higher than that of simulations, except 16N. One reasons for 
the differences of 16N is that the saturation radioactivity seems incorrect as indicated in Swanson (20x103 
Bq.m-1.KW-1). 16N production process can be considered as 15N(n,γ )16N and 18O(γ ,np)16N, so 16N 
production process is not simple photonuclear reaction.  Figure 11 show the simulation results of 41Ar 
production with the results of analytical method using Mao’s data [16] as graphite and iron target cases. 
Table 7 indicates the comparison between the experimental results and simulations. 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 as14O, 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. In any event, accurate photonuclear reaction data of 
double-differential cross sections, which are expected as functions of photon energy and neutron emission 
angle for light nuclei, are necessary.   

 

Table7 Ratio between the measurement and the simulations. For 41Ar at Mao data(E/C), the correction factor, f, for 
neutrons contributing to the absorption reaction is indicated. 

Measurement/calculation 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% 
 

5. 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,(1)The estimation using Swansons’ radioactivity saturation method 
indicates conservative values for air born nuclei except 16N. (2) 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. (3)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. 
(4)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  
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Fig.10 Induced air radioactivity concentrations at the dump room depending on the electron energy. (A): 13N, (B): 15O, 
(C) 16N, (D): 11C. In the figures, full triangles are the results by using Swanson’s saturated activity method[1], open and 
full circles are the simulation results of FLUKA and PHITS, respectively.  

 
Fig.11 41Ar radioactivity concentrations at the dump room depending on the electron energy. The simboles are same as 
figure 9. Open and full triangles show the results of the analyticalmethods using Mao’s data on the assumption of iron 

and graphite targets,respectively.  

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