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Abstract 
In order to study the production and transport of spallation neutrons in a thick medium 

for the 500 MeV proton bombardment, an integral experiment was carried out using a lead 
assembly in which a tungsten target is placed in the center. The reaction rate distributions were 
measured with various activation detectors by the y-ray spectrometry in the experiment. The 
analytical study was also performed using the NMTC/JAERI-MCNP4A code system with the 
nuclide production cross section values combining JENDL Dosimetry File and the ALICE-F 
calculation. The calculations using this code system reproduce the measured reaction rates with 
an accuracy of 20 to 30%. 

1. Introduction 
The Monte Carlo simulation code system NMTWJAERI (1) combining MCNP4A (2) has 

been employed for the analysis of spallation experiments in JAERI. The code system is 
considered as a tool for neutronics design of the facilities proposed for the neutron science 

project (3). Experimental benchmark is required to validate the code system for estimating the 
source term as accurate as possible in the neutronic design study. The MCNP4A code itself 
and associated evaluated nuclear data below 20 MeV have been validated very well through the 
activities related to the fusion neutronics. Thus, the major interest is focused on the validation 
of the NMTWJAERI code which simulates the production and transport of spallation neutrons 
in a thick medium. 

As experimental data available for benchmark are very limited, we have started the thick 

target experiments (4S) together with a thin target one (6). In the previous work G), the transport 
of spallation neutrons in a lead assembly were studied using the activation detectors for 500 
MeV proton bombardment at the beam dump room of the booster synchrotron utilization facility 
of High Energy Accelerator Research Organization (KEK). In this work, the reaction rate 
distribution of the activation detectors were measured in the lead assembly in which tungsten 
target was placed in the center aiming at studying the neutron production and transport 
dependent upon the target material. Tungsten was chosen because it was one of promising 
materials for an intense spallation target driven by a proton accelerator with power of MW. For 
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convenience, the lead assembly containing the tungsten target is denoted as ‘tungsten/lead 
assembly’ in this paper. 

2. Experimental Procedure 
The experimental procedure was essentially the same as for the previous work (5). Figure 

1 shows the cross sectional view of the tungsten/lead assembly. The size of the assembly was 
60 cm in outer diameter and 100 cm in length. A 16 cm outer diameter and 30 cm long 
tungsten alloy target with weight fractions of 97 % W, 1% Ni and 2% Cu was embedded in the 
lead assembly. The tungsten target and the lead assembly was covered with 2.5 mm thick 
stainless steel (SS) plates, respectively. The protons were transported through a beam entrance 
hole of 10 cm in diameter and were injected perpendicular to the tungsten target surface. 

The high purity metal pellets of Al, Ni, Au and Nb were used as the activation detectors. 
The diameter of pellets was 8 mm. The thickness was 1 mm for Au and 5 mm for Al and Nb. 
For Ni, both of 2.5 and 5.0 mm thick pellets were used. These pellets were packed in the 
Aluminum capsules having outer diameter of 9.4 mm with thickness of 0.5 mm, and then were 
inserted in the irradiation holes. W and Pb pellets were also filled in the capsules to prevent the 
perturbation of neutron flux. The surface of the irradiation hole was covered with 1.3 mm 
thick SS plate. 

The number of incident protons were measured with a calibrated pick up coil (7) installed 
in the beam line and a Faraday cup using the lead assembly itself. The number of incident 
protons were estimated with accuracy of 3%. The shape of the beam was about 2.5 and 1.5 cm 
in FWHM in the horizontal and vertical directions, respectively. 

The y-ray spectrum of irradiated pellets were measured repeatedly from one day after 
irradiation to a few months. The peak efficiency of Ge-detector was determined using standard 
radionuclide sources with accuracies ranged from 1.5 to 2.0%. The errors of the efficiency 
was estimated as 5% through this calibration. The reaction rate of each activation detector was 
obtained from the peak counts of y-ray spectrum by correcting the decay, peak efficiency, self 
absorption of y-rays in a pellet and the coincidence sum effect in counting. 

3. Calculation 
The tungsten/lead assembly was modelled in a two-dimensional cylinder as shown in 

Fig. 2. The SS liner in the assembly was also taken into account in the two-dimensional 
geometry model. The reaction rates were obtained in the cells with 2 cm width along the 
longitudinal direction. 

The neutron flux in the tungsten/lead assembly was calculated with NMTUJAERI in 
combination with MCNP4A. NMTUJAERI simulates the nuclear reactions and particle 
transport in the energy region above 20 MeV by the use of the intranuclear cascade model of 
Bertini (8) and a particle evaporation model taking account of the high energy fission process. 
The level density parameter derived by a formulae of Ignatyuk (9) was used in the evaporation 
calculation. The cut-off energies for particle transport were set to be 20 MeV for neutron and 2 
MeV for charged particles. The energy group structure defined in the HILO-86R library (10) 
was employed up to 400 MeV in this calculation. For neutrons above 400 MeV, the energy 
group structure was extended with an interval of 50 MeV. The reaction rate was obtained with 
the nuclide production cross sections calculated by the ALICE-F code (It). Here, some of 
calculated cross sections were adjusted to connect smoothly with the ones compiled in JENDL 
Dosimetry file (12) at 20 MeV. These cross sections are shown in Fig. 3. 

MCNP4A calculates the transport of the neutrons in the energy region lower than 20 
MeV using a continuous energy cross section library which has been processed from JENDL- 
Fusion File (13). Transport of charged particles with energies below 2 MeV was not treated in 
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this calculation. 
The histories of 2 millions of incident protons were calculated with the conditions that 

the incident beam shape was expressed by the Gaussian distribution with FWHMs of 2.5 and 
1.5 cm in horizontal and vertical direction. The importance sampling technique was employed 
to obtain an enough statistics for estimating the neutron flux. 

4. Results and Discussion 
Figure 4 shows the reaction rate distribution of the 27Al(n,x)24Na reaction measured in 

the tungsten/lead assembly bombarded with 500 MeV protons. For comparison, the results of 

the previous experiment (5) are shown with the open marks in the Figure. It is observed that the 
reaction rate shows the maximum value around 25 cm from the front surface of the lead 
assembly and decreases with the distance. The width of longitudinal reaction rate distribution 
in tungsten target is narrower than that in lead one. This characteristics is attributed to the 
following physical aspects: The range of 500 MeV proton is about 12 cm for tungsten, while 
20 cm for lead. The mean free path of fast neutron is shorter in tungsten than in lead because 
of large macroscopic total cross section of tungsten. 

Figure 5 shows the measured and calculated reaction rates of the natNi(n,x)WZo reaction 
in the tungsten/lead assembly. The calculation reproduces the shape of the measured reaction 
rate distribution well. Quantitatively, however, the calculation overestimates the measured 

reaction rates at the whole positions. The natNi(n,x)Wo reaction is induced predominantly by 
the neutrons in the MeV region. Moreover, the cross section of this reaction is evaluated very 
well. Thus, this discrepancy indicates that the NMTUJAERI-MCNP4A code system 
overestimates the neutron yield in the MeV region. This overestimation is attributable to the 
lack of the preequilibrium process in the nuclear reaction calculation in NMTUJAERI. The 
excitation energy of a residual nucleus in the evaporation process is estimated somewhat higher 
so that the number of MeV neutrons emitted from the nucleus might be overestimated. 

Figure 6 shows the measured and calculated reaction rates of the 197Au(n’,2n)196Au 
reaction in the tungsten/lead assembly. The calculation is in good agreement with the 
experiments although slight discrepancies are observed at the longitudinal positions of 5, 55 

and 65 cm from the front surface. The 197Au(n,2n)t96Au reaction is sensitive to the neutrons 
from 10 to 20 MeV. As shown in Figs 7 and 8, good agreement is observed between the 

calculations and the experiments for the 27Al(n,x)24Na and 93Nb(n,2n)92mNb reactions 
sensitive to the neutrons from 10 to 20 MeV, respectively. Consequently, it can be concluded 
that the NMTUJAERI-MCNP4A code system estimates well the neutron yield in the energy 
region of 10 to 20 MeV for tungsten target. 

Figures 9 and 10 show the reaction rate distributions of the 197Au(n,4n)194Au and 

93Nb(n,4n)gONb reactions in the tungsten/lead assembly, respectively. These reactions are 
sensitive to the neutrons in the energy region of 30 to 45 MeV where the production and 
transport of neutrons is treated by the NMTUJAERI code. It is observed in Fig. 9 that the 
NMTUJAERI calculation underestimates the measured reaction rates by 20 to 30% for the 

197Au(n,4n)t94Au reaction at almost all the positions. This result is similar with that of the 

previous experiment (5) using the pure lead assembly. On the other hand, good agreement is 

observed between the calculation and the experiment for the 93Nb(n,4n)gONb reaction sensitive 
to neutrons with 30 to 40 MeV. 

In Fig. 11, the total and the elastic neutron cross sections (14) for tungsten used in 
NMTUJAERI are compared with those in an evaluated nuclear data file of Los Alamos 
National Laboratory (15). Not only the total cross section but also the fraction of non-elastic 
one used in NMTUJAEFU is higher than the evaluated data. This suggests that the mean free 
path of neutrons in the energy region below 30 MeV might be estimated short in the NMTC 

450 





(8) H.W.Bertini : Phys. Rev. 188, (1969) 17 11 . 
(9) A.V.Ignatyuk, G.N.Smirenkin, A.S.Tishin : Sov. J. Nucl. Phys. 21, (1975) 256 . 

(10) H.Kotegawa, Y.Nakane, A.Hasegawa, Sh.Tanaka :“Neutron-photon Multigroup Cross 
Sections for Neutron Energies up to 400 MeV, HIL086R”, JAERI-M 93-020, (1993). 

(11) T.Fukahori :“ALICE-F Calculation of Nuclear Data up to 1 GeV”, Proc. of the Specialists’ 
Mtg. on High Energy Nqcl. Data, Oct. 3-4, 1991, JAERI, Tokai, JAERI-M 92-039, pp. 
114-122 (1992). 

(12) M.Nakazawa, et al. : ” JENDL Dosimetry File”, JAERI- 1325, ( 1992). 
(13) S.Chiba, B.Yu, T.Fukahori : “Evaluation of JENDL Fusion File”, Proc. of the 199 1 Symp. 

on Nucl. Data, Nov. 28-29,199 1, JAERI, Tokai, Japan, JAERI-M 92-027, pp. 35-44 (1992). 
(14) S.Pearlstein : Astrophys. J. 346, (1989) 1049. 
(15 ) M.B.Chadwick, et al.:“Cross Section Evaluations to 150 MeV for Accelerator-Driven 

Systems and Implementation in MCNPX”, LA-UR-9% 1825 (1998). 

4-l ‘W-Target 1 
x’ 100 Unit (cm) View from X-x’ plane 

Fig. 1 Cross sectional view of the tungsten/lead assembly. The characters A to J indicate the 
irradiation hole for activation detectors. 
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Fig. 2 Illustraion of the geometry model of the tungsten/lead assembly for analysis using the 

NMTCYMCNP4A code system. 
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Fig. 3 Neutron cross sections of the reactions of natNi(n,x)58Co, 27Al(n,x)24Na, 198Au(n,2n)196Au, 

93tNb(n,2n)92mNb, 93tNb(n,4n)90Nb and ‘98Au(n,4n)194Au employed in the calculation of 

reaction rate. The data below 20 MeV are taken from JENDL Dosimetry file(12). Those 

above 20 MeV are calculated by ALICE-F’“). 
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Fig. 4 Measured reaction rate distributions of the 27Al(n,x)24Na reaction in the lead assemblies 

bombarded with 500 MeV protons. The open and solid marks indicated the measured 

data for lead/lead assembly U) and for tungsten/lead one, respectively. 
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Fig. 5 Reaction rate distribution of the natNi(n,x)58Co reaction in the tungsten/lead assembly 

bombarded with 500 MeV protons. The solid marks and lines indicate the experimental 

results and the calculation using the NMTUJAERI-MCNP4A code system, respectively. 

The dotted lines are for eye guide. The character ‘z’ means the depth of the assembly 

where activation detectors were inserted. 
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Fig. 6 Reaction rate distribution of the 197Au(n,2n)196Au reaction in the tungsten/lead assembly 
bombarded with 500 MeV protons. The notes to the marks and lines are the same as for 
Fig. 5. 
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Fig. 7 Reaction rate distribution of the 
27Al(n,x)24Na reaction in the tungsten/ 
lead assembly bombarded with 500 
MeV protons. The notes to the marks 
and the lines are the same as for Fig. 5. 
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Fig. 8 Reaction rate distribution of the 
93Nb(n,2n)92mNb reaction in the 
tungsten/lead assembly bombarded with 
500 MeV protons. The notes to the 
marks and the lines are the same as for 
Fig. 5. 
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Reaction rate distribution of the Fig. 10 Reaction rate distribution of the 

197Au(n,4n)‘94Au reaction in the 93Nb(n,4n)90Nb reaction in the 

tungsten/lead assembly bombarded tungsten/lead assembly bombarded 

with 500 MeV protons. The notes to with 500 MeV protons. The notes to 

the marks and the lines are the same the marks and the lines are the same 

as for Fig. 5. as for Fig. 5. 

7 I 
104 n+ W 

6 I. 
-Total (NMTC) 

F 
--------- Elastic(NMTC) 

‘- 
l - -Total(LANL_ENDF) 

n 5 1 ----o--- Elastic(LANL_ENDF) 

5 .- 
-G 4- 

$ 
v) 

zi 
3 L 

6 
2 1 

1 - 
IO 

‘. ‘. - *.._ 
I I I 

100 
Neutron Energy (MeV) 

Comaprison of neutron cross sections of lB4W . The solid and dotted lines indicate the 

total and elastic cross sections (14) emoployed in NMTUJAERI. Those with marks 

stand for the cross sections evaluated by Chadwick et al. (15). 
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