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Abstract. The report provides a description of the numerical methods and the calculated results related to the 
ANSTO-3 Benchmark part of IAEA CRP T12029 the OPAL gold grain activation benchmark. The final results 
provided are calculated activities for the gold grains for two irradiations and compared to measurements in the 
benchmark.  
 
 
1. INTRODUCTION 
 
Medical radioisotopes are used commonly throughout the world to diagnose and treat a range 
of medical conditions. Successful utilisation of these radioisotopes requires well calibrated 
sources that in turn place tight tolerances on the post-irradiation specific activity of the 
targets. This can only be achieved by careful and accurate modelling of the irradiation 
process. To assist in achieving this, benchmark data for the nuclear analyst is required to 
validate their calculation codes and methods.  
 
The purpose of this report is to present the codes and methods used at the Australian Nuclear 
Science and Technology Organisation (ANSTO) to estimate activities of gold grains post-
irradiation in the OPAL reactor. The scope is to calculate the final activity of the gold grains 
following irradiation and then decay up to the calibration time specified by the client.  
 
2. SUMMARY OF THE CODES AND LIBRARIES USED 
 
The calculation was carried out in three stages each providing a necessary result to determine 
the final required activities. The computer codes and any associated data libraries used in 
these calculations is presented. 
 
2.1 MCNP5 AND ENDF/B VI DATA LIBRARIES 
 
In Stages 1 and 2 of the calculation the Monte Carlo based neutron, photon and electron 
transport code MCNP5 1.40 [1] was used. MCNP5 allows for complete 3-D modelling of the 
reactor and components and detailed physics process to transport neutrons, photons and 
electrons. Variance reduction tools and other methods are available to enhance efficiency of 
calculations along with analytics to monitor the calculation and convergence of results.  
 
In Stage 1 it was used to calculate the neutron flux at a surface represented by the outer 
perimeter of the irradiation facility. This became the surface source used in Stage 2 of the 
calculation to calculate reaction rates in each of the gold grains. This two stage calculation 
allows for improved variance in the final results. The cross-section library used was ENDF/B-
VI Release 8 for neutron data. 

 
The final Stage of the calculations was performed in an Excel Spreadsheet (Microsoft) to 
solve the simple activation buildup and radioactive decay equations. The spreadsheet allows 
for a transparent means of recording all equations and values adopted in the calculation. 

 
3. RESULTS OF THE BENCHMARK 
 
An outline of the Benchmark will be presented followed by the results obtained. 
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3.1 SUMMARY OF THE BENCHMARK SPECIFICATION 
 
The goal of the Benchmark is to calculate the activity of Au198 in the irradiated gold grains 
following irradiation and decay. To enable the analyst to perform these calculations the 
following details were provided as part of the Benchmark 
 
 Detailed reactor specification to allow modelling of the relevant components if the 

reactor; 
 Further details of the irradiation facility, the target can and target gold grains, including 

dimensions and material compositions; 
 A simplified burnup specification of the core during the irradiation cycle; 
 Duration of the irradiation and decay time following irradiation up to activity 

measurements; 
 Activity measurements.  
 
Details of the Specifications are contained in [2] and the Experimental Data in [2]. 
 
3.2 MODELLING 
 
The models constructed and the assumptions adopted for the various calculations are 
presented in turn for each of the Stages. 
 
3.2.1 Stage 1 
 
A detailed 3-D MCNP model of the OPAL reactor was constructed using the Reactor 
Specification in [2]. In addition, further details of the relevant irradiation facility and the 
targets and core burnup was used to provide a full description during the irradiation [2]. The 
MCNP model and detail can be seen in Figure 1, 2 and 3. 
 
The target can insert and can were modelled as a solid annulus of aluminium with inner 
diameter of 10 mm and outer diameter of 22.5 mm. The insert cap, aluminium foil and lid 
were not modelled. The platinum coated gold grains were modelled explicitly, embedded 
within the aluminium annulus, see Figure 3. The can was modelled to be within the LE6-2A 
facility, see Figure 2.  
 
Due to the small volume of the gold grains and the significant self-shielding of Au197, two 
MCNP computations were required to produce statistically meaningful flux and reaction rate 
results. The first MCNP computation compiled a surface source file for the outer wall 
surrounding the LE6-2A facility. The reactor was modelled with the 16 fuel assemblies 
arranged as for the BOC 21 core and the control rod positions were 85%, 35%, 35%, 85% and 
20% extracted. This was the relevant core state at the time of the initial irradiation request. 
The heavy water purity was assumed to be 99.56% w/w D2O which was also the value at the 
request. The impact of this deviation from the Benchmark Specification is minor and within 
the expected cycle-to cycle variation that will be experienced for different irradiations. As 
such it was accepted as a reasonable source. 
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FIG. 1. Two views at different heights of the same model showing the core and reflector                
vessel internal components.     
              

 
FIG. 1. MCNP plot of LRT can loaded with gold grains in LE6-2A. 

 

 
FIG. 2. Plots from MCNP of the plan and elevated view of the gold grains, can and insert. 
 
 

 

LRT can containing 
gold grains 

Gold grains 
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3.2.2 Stage 2 
 
The second computation used a geometry input which was limited to the contents of LE6-2A 
within the outer wall. An LRT can containing gold grains was placed in this facility as shown 
in Figure 2. The surface source file written in the previous computation was run in this 
computation for 10 times the number of original particle histories written into the source 
using the NPS card. This resulted in typical errors in the thermal flux and reaction rates tallied 
over individual grains of 4% (1σ). 
 
3.2.3 Stage 3 
 
The activity at the calibration time was calculated taking into account the average 
Au197(n,γ)Au198 reaction rate calculated in Stage 2 and decay of the product. The burnup of 
Au198 was neglected for this relatively short irradiation (compared to the half-life). There 
was no adjustment made for the slightly higher heavy water purity during the irradiation 
compared to that assumed in the calculation. This effect is expected to be less than 1%. 
Results were normalised to the specified reactor power during the irradiation. The effect of 
the different core state is expected to be less than a few percent given the distance of the 
irradiation facility from the core. 
 
3.3 RESULTS  
 
The results from Stages 2 and 3 of the calculation will be presented and discussed. 
 
3.3.1 Neutron fluxes and reaction rates in the gold grains 
 
The neutron fluxes and reaction rates in the gold grains obtained from the MCNP simulation 
in Stage 2 of the calculation are depicted in Table 1. These results are normalized to a reactor 
power of 20 MW. 
 
TABLE 1. NEUTRON FLUXES AND REACTION RATES IN THE GOLD GRAINS. 

 Thermal flux 
(n/cm2/s) 

Au197(n,γ)Au198 reaction rate 
(Interactions/cm3/s) 

Average 5.70E+13 2.78E+14 
Minimum 5.21E+13 2.51E+14 
Maximum 6.29E+13 3.02E+14 

 
 
3.3.2 Activities of the gold grains 
 
Using the volumetric reaction rates calculated in Stage 2 the final activities for Au198 were 
calculated for the two irradiations taking into account the irradiation time and decay time. 
These were normalized to the actual reactor power during the irradiation. Results are 
presented in Table 2. The agreement between calculated and measured values is excellent. 
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TABLE 2.  IRRADIATION DATA AND CALCULATED RESULTS. 
Irradiation Irradiation 

time    
[minutes] 

Decay 
time  

[days] 

Reactor 
power  
[MW] 

Measured 
activity  
[MBq] 

Calculated 
activity  
[MBq] 

1 66 8.4104 19.05 182 181 
2 64 8.3701 19.36 181 180 

 
4. CONCLUSION 

 
Detailed MCNP models of the OPAL reactor were constructed to estimate the neutron flux 
and Au197(n,γ)Au198 reaction rate in gold grains irradiated in the OPAL reactor. Using the 
calculated reaction rate the activity of Au198 was calculated following irradiation and decay 
and compared to the measured activity. The agreement was very good, better than 1% which 
is more than sufficient for planning of such irradiations. This result demonstrates that the 
detailed Monte Carlo method can be used to accurately and reliable calculate reaction rates 
and hence expected activities for the production of radioisotopes. 
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