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The thermal neutron flux distribution formed in the KEK electron/positron injector linac (KEK-linac) tunnel 
by the positron production beam operation was measured using a gold foil activation technique. The measured 
data were compared with the calculation results of the PHITS code. The data indicate that the thermal 
neutrons were locally distributed within a range of 15-20 m of the target position. The thermal neutron flux 
obtained using the PHITS code reproduced the experimental data at the target location. We obtained 
coefficient “C” for KEK-linac tunnel from experimental result and calculation as 2.25 that is used in empirical 
formula to obtain thermal neutron flux, φth = C Q / S, where Q is neutron source intensity, S is the area of 
tunnel surface. 

Keywords: air activation; neutron yield; thermal neutron distribution; gold foil activation; Monte Carlo 
 
 

1. Introduction1 
  The KEK-linac is a multipurpose 600-m linear 
accelerator for supplying electrons and positrons beams 
to two rings of the SuperKEKB collider and two light 
source rings PF/PF-AR simultaneously. During positron 
production by the 3.3 GeV electron beam, a 2.2-kW 
beam loss occurs regularly at the tungsten target, which 
has a thickness of 4 radiation-lengths.  
  Air activation induced by beam operation is an 
important concern in radiation safety for high-energy 
accelerator facilities. While the activation level of 
electron accelerators is generally low in comparison to 
hadron facilities, the KEK-linac will be operated with 
kW levels of beam loss continuously for the upcoming 
SuperKEKB project; thus, accurate evaluation of air 
activation is important for the radiation shielding 
strategy. 
  In this study, we focused on radioactive 41Ar 
production, as it has a large production cross sections of 
0.66 barn [1], a relatively long half-life of 1.8 hours. It 
makes a considerable contribution to the total amount of 
air activation. 
  Analytical estimation of the thermal neutron flux can 
be obtained from two simple empirical equations. First, 
Mao’s equation gives the number of neutrons per 
electron loss as follows:  𝑌n =8×10 𝐸 Z . + 0.12Z . − 0.001Z .  (1) 
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where Yn is the number of neutrons from giant dipole 
resonance (GDR) reactions, Z is the target material 
atomic number, and E0 is the electron energy in MeV [2]. 
The thermal neutron flux can be obtained from the 
number of neutrons using Patterson’s equation: 

 𝜙th =C
𝑄
S

 (2) 

where φth (/cm2/s) is the average thermal neutron flux in 
the room, S is the inner surface area (cm2) of the room, 
Q is the neutron source intensity (neutrons/s) and C is a 
coefficient as a fitting parameter. Patterson and Thomas 
recommended a C value of 1.25 [3].  
  Ishikawa et al. confirmed that C depends on the 
source neutron energy from calculations using the 
ANISN-W code. They proposed an average C value of 4 
[4]. Lee et al. estimated thermal neutron flux in a 
concrete room with simple shapes using a Monte Carlo 
code (MCNPX) [5]. As a result, their C value was 
smaller than the value proposed by Ishikawa et al., 4, but 
larger than the values recommended by Patterson et al., 
1.25.  
  In addition to the source neutron energy dependence, 
C is possibly affected by the room shape, size and 
absorption of neutrons by various surrounding materials 
such as the accelerator chamber, magnet, and other 
peripheral equipment [4]. Owing to these variables, it 
was still unclear whether C values from previous studies 
are applicable to large accelerator facilities, specifically 
to the KEK-linac. 
  In this study, in order to obtain the most suitable C 
value for the KEK-linac, the thermal neutron distribution 
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caused by the electron beam loss during the positron 
production was measured and calculated. 
  
2. Materials and methods 

2.1. Experimental setup 

  Figure 1 shows a schematic diagram of the positron 
target unit. The primary electrons hit a tungsten crystal 
14 mm thick and 4 mm in diameter. Positrons are 
created by pair production and then focused by a strong 
magnetic field produced by a flux concentrator (FC) 
before acceleration.  
 The KEK-linac is suitable for the measurement and 
Monte Carlo simulation of the thermal neutron 
distribution as its beam line tunnel has a simple linear 
shape (600 m long, 4 m wide and 5 m high). No heavy 
shielding is installed around the target. 
  The thermal neutron flux distribution was measured 
using gold foil activation technique with the Cd 
difference method. The bare and Cd-covered gold foils 

were packed in a polyethylene bags and placed along the 
KEK-linac tunnel. Figure 2 shows the plan and 
sectional views of the installation positions. The disk 
foils were 99.99 % purity gold (197Au) with a thickness 
of 20 μm and a diameter of 6.0 mm. Cd covers of 0.5 
mm thick were used to sandwich the gold foil. 
  After setting the gold foils, the beam operation for 
positron production was performed. The 3.3 GeV 
electron was incident on the tungsten target. The net 
beam operation duration was 2.35 h, and the average 
beam current was 317.4 nA. 

 
2.2. Activity determination of 198Au in the gold foil 

  After beam operation, the gold foils were retrieved 
from the tunnel, taped to a sheet of paper with Scotch 
tape, and placed on an imaging plate (Fujifilm, BAS 
SR2040) which was then exposed to radiation from 
198Au (T1/2 = 2.7 days; main γ -ray energy and its 
intensity is 411.8 keV and 95.58 % respectively) 
produced in the foils. The exposure was performed in a 
lead shield box for 31 hours. The imaging plate was 
scanned with a laser scanner (GE Healthcare, Typhoon 
FLA 7000) for phosphor imaging (Figure 3) to obtain 
the photo-stimulated luminescence (PSL) values, which 
indicate the relative activities of 198Au in the gold foil. 
The relative activities were converted to absolute 
activity using the reference gold foil. The absolute 
activity of was determined using gamma-ray 
spectrometry with an HP-Ge detector (Canberra, 
GC2518). The detection efficiency of the HP-Ge 
detector was determined using LabSOCS [6]. 

2.3. Determination of thermal neutron flux 

 The 2,200 m/s neutron flux φ0 and the thermal neutron 
flux φth were obtained using the following equations,  

 ϕ0 Fth Abare − FcdAcdNAuσ  (3) 

 𝜙  2√𝜋 𝑇𝑇 / 𝜙  (4) 

 
  

 
Figure 1.  Schematic view of the positron production 
target unit (not to scale). 

 
 

Figure 2.  Experimental setup for the thermal neutron measurements at the KEK-linac. 

 

Figure 3.  (left) Photo of gold foils taped to a sheet of paper. 
(right) Phosphor imaging scan of an imaging plate. 

target

5 m

e- beam

gold foil

e- gun z

x

X1

X2



Progress in Nuclear Science and Technology, Volume 6, 2019 

 

183

where: 
Abare = saturation activity of bare gold foil (Bq/g), 
ACd = saturation activity of Cd-covered gold foil 
(Bq/g), 
NAu = total number of target nuclei in the gold foil, 
σ = 98.65±0.09 barn, the activation cross-section 
by 2,200 m/s neutrons [1], 
Fth = 1.038, a correction factor for self-shielding in 
the gold foil [7], 
FCd = 1.013, a correction factor for epithermal 
neutron absorbed into Cd [7], 
T = neutron temperature, and 
T0 = medium temperature. 

Suppose that the energy spectrum of thermal neutrons in 
KEK-linac tunnel is Maxwellian, the term  φth can be 
defined as the integral over all thermal energy region 
below the Cd cutoff energy (about 0.5 eV). 
 
2.4. PHITS Monte Carlo model 

  To investigate the process of the neutron production 
by electron beam loss at the tungsten target, attenuation 
of produced neutrons and thermalizaition in the 
KEK-linac tunnel, the neutron yields and the thermal 
neutron flux when 3.3 GeV electron on the tungsten 
target were calculated using the PHITS 2.91 code [8].  
  Figure 4 shows the geometry for the PHITS 
calculation. The geometry description includes the 
KEK-linac tunnel structure; positron target unit; and 
beamline equipment at the downstream side of the target, 
such as accelerator tube, solenoids and magnets. The 
target position was defined as the origin of the 
coordinate system (x = y = z = 0 m). 
  The electron beam energy incident on the target was 

3.3 GeV. The transport of electrons, positrons and 
photons was calculated by the EGS5 algorithm 
incorporated within the PHITS [9]. The neutron 
interaction was calculated by INCL and GEM models 
for high energy neutrons and by the JENDL-4.0 nuclear 
data library below 20MeV. 
  The PHITS calculation outputs were the number of 
neutrons Yn from GDR reactions, and the spatial 
distribution of the thermal neutron flux φth (up to 0.5 eV) 
in the KEK-linac tunnel. The number of GDR neutrons 
Yn was obtained by scoring the neutrons up to 10 MeV 
from photo nuclear interaction immediately after 
generation. 
 
3. Results and discussion 

3.1. Thermal neutron distribution 

  Figure 5 shows a comparison of the experimental 
data and PHITS calculations for the thermal neutron 
distribution along the KEK-linac tunnel. More than 
90 % of the thermal neutrons were locally distributed 
within a range of 15 m of the target position. Because of 
several small beam losses that occurred at the 
downstream side of the target, the thermal neutron 
distribution is asymmetrical with respect to the target 
position.  
  The thermal neutron flux obtained by PHITS 
reproduced the experimental data well. These results 
indicated that PHITS is properly described neutron 
production at the target and peripheral equipment, and, 
neutron thermalization. 
  Figure 6 shows the calculated thermal neutron 
distribution in a Y1-Y2 plane perpendicular to the beam 
axis; the distribution is indicated by a dashed line in 

  
Figure 5.  Comparison between experimental results using 
gold foils and the PHITS calculation. 

Figure 6.  Calculated horizontal distribution of thermal 
neutrons.  

 
 

Figure 4.  Top cross-section view of the PHITS calculation model of KEK-linac tunnel. (left) Closeup of the positron production 
target unit; (right) Beam line tunnel and the devices considered on the downstream side of the target. 
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Figure 4. The thermal neutrons were uniformly 
distributed over the horizontal direction, except at the 
partition wall between the beamline area and a side 
room. Thus, the average thermal neutron flux in the 
KEK-linac can be obtained from the distribution in a 
beam direction.  
 
3.2. Derivation of experimental C values 
 In this section, we deduced the C values for the 
KEK-linac tunnel based on the experimental results. 
During positron production, more than 90% of the 
thermal neutrons were distributed within 15 m of the 
target position. In this area, the average thermal neutron 
flux φth and surface area S of the concrete wall were 
estimated to be 1.42×105 /cm2/kW and 5.46×106 cm2, 
respectively. 
  The neutron source intensity Q was calculated using 
the PHITS code. According to the concept in Eq.1, Q is 
the number of GDR neutrons induced by the electron 
beam loss, and it is equal to Yn. Figure 7 shows the 
energy spectrum of GDR neutrons generated at beam 
line device depicted in Figure 4. Then, by integrating the 
energy spectrum up to 10 MeV, Yn was obtained from 
the GDR reaction. The PHITS calculation estimated Yn 
to be 1.38×1012 neutrons/kW. However, this Yn value did 
not account for shielding effects such as neutron 
absorption. In order to take account for shielding effects 

properly, the value Nn is defined as a quantity of the 
number of neutrons entering the concrete wall. The tally 
region of Nn was defined over entire the surface of the 
concrete wall in Figure 4. Figure 8 shows the energy 
spectrum of the neutrons. Nn was obtained from the 
energy spectrum to be 3.45×1011 neutrons/kW, which is 
approximately 4 times lower than Yn. This indicates that 
the shielding effect of the beamline equipment is not 
negligible. Taking the neutron source intensity Q as Nn, 
the coefficient C for the KEK-linac was estimated to be 
2.25. In comparison with the C values reported in 
previous studies, our result is smaller than Ishikawa’s 
value (4) and larger than Patterson’s value (1.25). Lee’s 
value for 3 MeV mono-energy neutrons, 2.43, is close to 
the value we obtained. 
 
4. Conclusion 
  To estimate the 41Ar production in air, the thermal 
neutron flux distribution in the KEK-linac tunnel was 
measured by the gold foil activation method for 3.3 GeV 
electrons on a tungsten target. The experimental results 
indicated that the thermal neutrons were locally 
distributed within 15 m of the target. The thermal 
neutron flux obtained by the PHITS code reproduced the 
experimental data at the target location. The coefficient 
C value was determined to be 2.25, using values for φth 
and Nn obtained from experimental data and the PHITS 
code. 
  The methodology of this study will be applied to the 
experiments with another accelerator facility, including 
the particle accelerator, to develop a more practical 
technique for the estimation of φth in the beamline tunnel 
that replaces Patterson’s equation, φth = C Q / S. 
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Figure 7.  Calculated neutron energy spectra when neutrons 
were generated by photonuclear reaction.  

 
Figure 8.  Calculated neutron energy spectra when generated 
photoneutrons reached the concrete wall. 




