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 The high energy particle induced radioactivity calculation code system consisting PHITS, MCNP4C 
and DCHAIN-SP 2001 was validated for mercury and lead samples by the experimental activation data 
obtained using AGS (Alternative Gradient Synchrotrons) accelerator at Brookhaven National Laboratory.  
As a result, we found that the calculation is consistent with the experimental data within a factor of 2 on the 
average.  Mass yield curves of the spallation reactions were approximately deduced using the 
experimental activation data. 
 
 
1. Introduction 
 
 Radioactivity estimation in spallation neutron field including incident high-energy protons is essential 
for designing spallation neutron target and accelerator driven nuclear transmutation system.  In particular, 
the estimation for heavy material such as mercury and lead is important since those elements are used as 
target materials.  However, the radioactivity estimation for such heavy material has not been easy and 
reliable, because the products cover wide range of nuclei, consideration of huge kinds of reaction paths is 
required, and the most of reaction cross sections for high energy incident particles are unknown or 
unreliable. 
 A radioactivity calculation code consisting PHITS, MCNP4C and DCHAIN-SP 2001 [1] has been used 
for the radioactivity estimation for design of the J-PARC facilities.  It is important to know the safety 
margin of the calculation code for efficient and reliable design.  The code validation has been carried out 
using the experimental activation data for 14 MeV neutron filed, and the nuclide production calculation by 
PHITS has been validated using the experimental cross section data in literature.  However the code 
validation for mixed radiation field including incident protons and spallation neutrons has not been 
performed yet.  Therefore, we carried out the activation experiment for such kinds of mixed filed using 
AGS (Alternative Gradient Synchrotrons) accelerator at Brookhaven National Laboratory.  Using these 
data, we validated the code system for the major structural materials irradiated in the mixed radiation field.  
In this paper, we present the analytical results for mercury and lead samples. 
 
2. Experiment 
 
 Schematic drawing of the AGS accelerator complex and the mercury target used in the experiment 
are shown in Figs. 1 and 2, respectively.  In the experiment, the samples of mercury-oxide, lead and others 
were irradiated around the mercury target, which was bombarded with 2.83 and 24 GeV protons.  The 
samples were placed at the top and side of the target; the top and side samples were called "On-" and 
"Off-beam" samples, respectively.  The on-beam samples were irradiated by incident protons in addition 
to secondary neutrons, and the off-beam samples were mainly irradiated by the spallation neutrons from the 
target.  The number of protons injected to each on-beam sample were determined by the foil activation 
method using the reference reaction of Cu(p, x)24Na.  Using the previous experimental data, the cross 
section values were evaluated to be 3.5±0.5 mb and 3.5±0.2 mb at the proton energies of 2.83 GeV and 
24 GeV, respectively.  The total incident protons were measured by an integrating current transformer 
(ICT) and separated electron chamber (SEC).  The neutron flux at the off-beam samples were validated 
using 93Nb(n, 2n)92mNb reaction.  After the irradiation, the radioactivities of samples were measured with 
HPGe detectors at the cooling time between 2 h and 267 d.  The detail of the experimental procedure and 



the experimental data were shown in the reference [2]. 
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Fig. 1 A schematic drawing of the AGS accelerator complex. 
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Fig. 2 Top, front and side view of the mercury target.  The target container was made of stainless steel with 2.5 mm in 

thickness. The acrylic basr was used to set the activation detectors for measurement of neutron performance of the 
mercury target. 

 

3. Analysis 

 
 In the analysis, we used the calculation model including the mercury target, a target container of 
stainless steel, all samples and concrete walls of the irradiation room.  Proton beam profile was assumed 
to be a Gaussian distribution which was measured parameters of a full width at half maximum (FWHM) 
and the center of proton beam.  For each sample, proton spectrum was calculated by PHITS, and neutron 
spectrum was obtained by PHITS (>20 MeV) and MCNP/4C(<20 MeV).  Using the proton energy spectra 
and the neutron energy spectra above 20 MeV, nuclear production yields were calculated by PHITS.  
DCHAIN-SP calculated the radioactivity of the samples by using the nuclear production yields and the 
neutron energy spectra below 20 MeV.  For the off-beam samples, the proton energy spectra were 
normalized to the number of protons obtained by the activation method using the copper foil.  The proton 
energy spectra of the samples on the side surface and the neutron energy spectra were normalized to the 
number of incident protons measured by ICT.  The calculation procedure is described in the reference 
presented in this conference [3]. 
 
4. Result and Discussion 
 
 Decay curves of induced radioactivities were calculated for each sample.  Figure 3 shows the 
calculated decay curves and the experimental data for mercury-oxide samples irradiated at on-beam 
position for 2.83 GeV protons.  This figure shows that the calculation well-reproduces the decay feature of 
major products such as 203Hg, 197mHg, 198gAu, 185Os and 182mRe.  C/E-values for each radioactive product 
are shown for mercury-oxide and lead samples in Fig. 4 and 5, respectively.  If we had multiple 



experimental data with different cooling time, the average values were adopted as representative values.  
These figures show that the calculation is consistent with the experimental data within a factor of 2 on the 
average.  However, the calculated values are lower than the experimental data on the whole.  In addition 
the C/E-values have the mass-number dependence, which implies that the calculated yield curve for 
spallation reactions shows different tendency from the real curve.  In order to make it clear, the 
experimental-basis mass yield curves for Pb were deduced under the assumptions as follows: 
• Proton-number (Z) dependence of calculated spallation yield at a fixed mass number (A) is 

approximately reasonable. 
• The differences between the calculated and experimental radioactivities are largely due to the 

calculated mass yield. 
On the basis of these assumptions, the experimental-basis mass yields were deduced from (Calculated total 
yield)/(C/E).  The upper figures in Fig. 6 show the mass yield curves for Pb samples irradiated at on-beam 
position on 2.83 and 24 GeV incident protons.  The calculated production yield for proton- and 
neutron-incidents and the total yield curves are shown in the figure.  The lower figures show the 
C/E-values for radioactivities as a function of mass number of products.  Experimental-basis yields are 
shown by circles in the upper figures.  Considering the distribution of the circles, the yield curves should 
be drawn in between the two dotted lines indicated by two-headed arrows in order to obtain more 
consistency between the calculation and the experimental data. The calculation curves at A~20 and 170 
show underestimation by a factor of more than 10 and 2, respectively. 
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Fig. 3 Radioactivity of the HGO sample irradiated at on-beam position for 2.83 GeV incident protons.  Circles, squares and 

crosses show the measured data, and lines show the decay curve calcualted using DCHAIN-SP. 
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Fig. 4 C/E for the radioactivity of HgO samples. 
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Fig. 5 C/E for the radioactivity of Pb samples. 
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Fig. 6 The upper figures show the mass yield curves for the Pb sample irradiated at on-beam position on 2.83 and 24 GeV 

incident protons. In the figures the dotteed lines show the production yield for protons and neutrons, and the solid 
lines show the total yield curve.  The lower figures show the C/E values of radioactivities as a function of mass 
number of products.  The closed circles in the upper figures are experimental-basis yield deduced by dividing the 
calculated total yield by the C/E-value.  On the basis of the present experimental data, the yield curves should be 
drawn in between the two dotted lines indicated by two-headed arrows. 

 
 In order to check the calculation in detail, proton-induced cross sections for 2.8 and 24 GeV were 
estimated using the present activation data of the on-beam samples by negleting the contribution of netrons.  
Since the radioactive products in the on-beam samples were almost induced by incident protons except at 
A∼200, we supposed to obtain the reasoable proton-induced cross sections using the present activation data.  
In Fig. 7, the cross sections deduced using the present data are plotted as a function of the mass number of 
products. Previous reported data of Gloris et al. [4] for 1.6 GeV protons are shown in the figure for 
reference.  The mass-yield cross sections caluclated by PHITS were also plotted.  At A~170, the Gloris' 
data for 1.6 GeV shows 20~30 mb and the present data for 2.83 and 24 GeV are 20~30 mb and 10~20 mb, 
respectively.  The present values are reasonable considering the typical shape of the excitation curves in 
this mass region.  The experimental cross sections, which is cumulative yields of spallation products, can 
be interpreted as the minimum value of the mass yield cross section.  The mass yield curve should always 
be larger than the experimental data.  In this context, the calculation curve of PHITS shows 



underestimation at A~20 and 170. 
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Fig. 7 Proton induced cross sections for 2.8 and 24 GeV were dudeuce using the present experimental data for the on-beam 

samples by negleting the contribution of netrons.  The closed and open circles show the present data for 24 and 
2.83 GeV protons, respectively.  The experimental data for 1.6 GeV protons, which were reported by Gloris et al.[4], 
are plotted by triangles.  The lines show the calculation curves by PHITS for 1.6, 2.83 and 24 GeV incident-protons. 

 
 
5. Summary 
 
 The high energy particle induced radioactivity calculation code system was validated for mercury 
and lead samples by using the experimental activation data.  As a result, the calculation is consistent with 
the experimental data within a factor of 2 on the average, and calculated values are lower than the 
experimental data on the whole.  Mass yield curves of the spallation reactions could be approximately 
deduced using the experimental activation data.  By comparing between the experimental-basis mass yield 
curve and the calculation curve, we found that the calculation show underestimation by a factor about 2 
around A~170.  The calculated production yield should be larger by a factor more than 10 at A~ 20. 
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