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The shielding experiment was performed at the anti-proton (pbar) production target station in Fermi National 

Accelerator Laboratory to obtain benchmark data for various transport calculation codes. At the pbar target station, an 
antiproton production target, consisted of Inconel and copper disks, were irradiated by 120 GeV proton beam. The 
beam intensity was 2.3 x 1012 proton per second. The iron and concrete shields were placed on the upper side of the 
target. The thickness of iron and concrete shields were 188 and 122 cm, respectively. Aluminum, bismuth, and 
indium samples were placed in the concrete shields to measure the neutron energy spectra in the concrete shields. 
After irradiation, induced activities in samples were measured by using HPGe detector. The reaction rate spatial 
distributions of 27Al (n,!) 24Na, 209Bi (n,xn) 203,204,205,206Bi, and 115In (n,n') 115mIn reactions were measured in the 
concrete shields. The neutron energy spectra in the concrete shields were also obtained by unfolding the measured 
reaction rates with the aid of neutron induced reaction cross sections. 
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I. Introduction1 
The Japanese and American Study of Muon Interaction 

and Neutron detection (JASMIN) collaboration has been 
organized to study radiation effects associated with the high 
energy particle beams at the Fermi National Accelerator 
Laboratory (FNAL)1). The collaboration aims to study the 
behavior of secondary particles generated from beam losses 
in high-energy accelerators: particle fluxes and spectra, 
activities in air, water and materials, and radiation damage of 
components. Although considerable work has been done by 
similar experiments in the past2-5), only a few have attempted 
such measurements with beam energies exceeding 1 GeV6, 7).  
In this energy region, most simulation codes implement a 
transition of reaction models from intermediate to high 
energies8-11). The collection of reaction data and comparison 
of the measured data to simulations is the basic methodology 
for benchmarking studies to improve the reaction models. 

The data discussed here were taken at the anti-proton 
(Pbar) production hall at FNAL. The Pbar target produces 
anti-protons for FNAL experiments in the Tevatron collider 
using a 65-kW proton beam of momentum 120 GeV/c. The 
spatial distribution of nuclear interactions and the neutron 
flux behind the shielding have been measured at this facility 
and an analysis comparing them with Monte Carlo 
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calculations has been performed. Preliminary results are 
reported 12-15) and the studies are ongoing. 

In this study, the spatial distributions of reaction rates of 
samples which were placed in the concrete shield were 
measured to obtain the experimental data for high energy 
secondary particle transport from the target bombarded by 
high energy protons. The neutron energy spectra in the 
concrete shield were also obtained by unfolding the 
measured reaction rates with the aid of neutron induced 
reaction cross sections. 

 
II. Experiment 

Figure 1 shows the cross sectional view of the Pbar target 
station. At this station, an antiproton production target made 
of inconel and copper disks was irradiated by 120 GeV 
protons. Average beam intensity was 2.3 x 1012 protons/sec. 
In downstream of the target, a correction lens, collimator and 
a pulsed magnet are placed to focus, collimate, and extract 
the produced antiprotons. The remaining protons and 
secondary particles are absorbed by the dump placed in 
downstream of the pulsed magnet. Iron and concrete shields 
are placed upper side of the target and magnets. The 
thicknesses of iron and concrete shields above the target are 
188 and 122 cm, respectively. The concrete shields were 
renewed to install the activation samples. Air gap of 179 cm 
height is between the iron and concrete shields. The distance 
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between the target and the lower surface of iron shields is 46 
cm. The activation samples (Aluminum, bismuth, and 
indium) were installed in concrete shields to measure spatial 
distribution of secondary neutrons. Figure 2 shows the 
position of installed samples in concrete shields. There were 
4 holes which were placed just above the target for hole B 
and in 136-cm upstream and 136, 204-cm downstream from 
the target for hole A, C, D, respectively. Seven samples were 
installed into each hole. The physical properties of 
radioactive nuclides used in this study are listed in Table 
116).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Fig. 1 The cross sectional view of the Pbar target station. 

III. Analysis 
After irradiation, the samples were taken to a counting 

laboratory equipped with Canberra high-purity germanium 
(HPGe) detectors. The HPGe detectors are used to 

characterize the gamma-ray spectra and measure the decay 
curves. In this way, the nuclides induced in the foils are 
identified. Reaction rates for each nuclide are determined 
after being corrected for the peak efficiency of the HPGe 
detectors and the beam current fluctuation during the 
irradiation. One of the HPGe detectors was calibrated by 
Canberra17). The peak efficiency of the calibrated HPGe 
detector was determined using Canberra's LabSOCS 
software18). For the non-calibrated detectors, the peak 
efficiency was determined from the ratios of their peak 
counting rates to that of the calibrated detector. The 
components of estimated errors in reaction rates were the 
counting statistics and detector efficiency. 

To compare experimental results with simulation, neutron 
energy spectra on sample position were calculated by the 

PHITS code10,11). In this PHITS calculation, the simplified 
two-dimensional(R-Z) geometry was adopted as shown in 
!"#$%&'(. For comparison, the calculated neutron energy
spectra were converted to reaction rates by multiplying them 
with reaction cross sections19,20) as shown in !"#$%&').

The neutron energy spectra were also obtained by 
unfolding the measured reaction rates with the aid of 
response function. The SAND II code21) was used for this 
unfolding. The initial guess spectra for this unfolding were 
obtained from the PHITS calculation described above. The 
reaction cross section data shown in !"#$%&') were adopted
as the response functions. 

!"#*'( Two-dimensional(R-Z) simplified geometry.
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Fig. 2 The position of installed samples in concrete shields. 

Table 1 The physical properties of radioactive nuclides. 

Reaction  Half-life Gamma-ray 
Energy[keV] 

Branching 
Ratio[%] 

27Al(n,!)24Na 14.959h 1368.63 100 
209Bi(n,4n)206Bi 6.243d 803.1 98.9
209Bi(n,5n)205Bi 15.31d 703.45 31.1 
209Bi(n,6n)204Bi 11.22h 374.76 81.8 
209Bi(n,7n)203Bi 11.76h 820.23 29.6 
115In(n,n')115mIn 4.486h 336.241 45.9 
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Fig. 4 Reaction cross sections of produced nuclides. 
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IV. Results and Discussion 
1. Spatial distribution of neutron-induced reaction in 
concrete shield 

The spatial distributions of neutron-induced reactions in 
concrete shield are shown in !"#$%&'!. The points indicate 
experimental results. The lines indicate calculation results. In 
!"#$%&'!, the calculation results generally agree with 

experimental results, but there are some difference between 
calculation results and experimental results. Further 

Fig. 5 The spatial distribution of neutron-induced reaction in concrete shield. 

!"#('"' The C/E values for the reaction rates by unfolded spectra 
and that by calculated spectra.  

Fig. 6 The neutron energy spectra in concrete shield (hole B). 
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calculation analyses are required for investigation of 
behavior of secondary neutron in concrete shield, because 
the simplified two-dimensional(R-Z) geometry was adopted 
in this calculation.  
2. Neutron energy spectra in concrete shield 

calculated spectra in open circles are shown in !"#$%&'!. In 
!"#$%&'!, the reaction rates by unfolded spectra agree with 
measured reaction rates for all reactions.     

The neutron energy spectra in concrete shield are shown 
in !"#$%&'". The bold lines indicate unfolded energy spectra.
The narrow lines indicate calculated energy spectra. 

The C/E values of the reaction rates obtained form 
unfolded spectra in closed black circles and those from 

 
V. Conclusions 

The spatial distributions of reaction rate of samples in 
concrete shield were measured. The neutron energy spectra 
in the concrete shields were also obtained by unfolding the 
measured reaction rates with the aid of neutron induced 
reaction cross sections. 

These experimental results will be useful as benchmark 
data to investigate the accuracy of various transport 
calculation codes. 
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