A comparison of MCNP6-1.0 and GEANT 4-10.1 when evaluating the neutron output of a complex real world nuclear environment: The Thermal Neutron Facility at the Tri Universities Meson Facility

Monk S.D.a,*, Shippen B.Aa., Colling B.R.a,b, Cheneler D.a, Al Hamrashdi H.a, Alton T.a

aDepartment of Engineering, Lancaster University, Lancaster, United Kingdom LA1 4YW
bCulham Centre for Fusion Energy, Culham Science Centre, Abingdon, United Kingdom, OX14 3DB

A comparison of the Monte Carlo based simulation codes MCNP6-1.0 and GEANT4-10.1 as used for modelling large scale structures is presented here. The high-energy neutron field at the Tri Universities Meson Facility (TRIUMF) in Vancouver, British Columbia is the structure modelled in this work. Work with the emphasis on the modelling of the facility and comparing with experimental results has been published previously, whereas this work is focussed on comparing the performance of the codes over relatively high depths of material rather than the accuracy of the results themselves in comparison to experimental data. Comparisons of three different locations within the neutron facility are modelled and presented using both codes as well as analysis of the transport of typical neutrons fields through large blocks of iron, water, lead and aluminium in order to determine where any deviations are likely to have occurred. Results indicate that over short distances, results from the two codes are in broad agreement – although over greater distances and within more complex geometries, deviation increases dramatically. The conclusions reached are that it is likely the deviations between the codes is caused by both the compounding effect of slight differences between the cross section files used by the two codes to determine the neutron transport through iron, and differences in the processes used by both codes. 

1. IntroductionNTRODUCTION

Despite the fact that they are based on similar modelling paradigms, radiation particle transport codes such as MCNP, GEANT and FLUKA rarely return exactly the same results when used to evaluate realistic scenarios. These three codes along with several others have been compared in numerous other works (1-13), although the evaluations generally involve relatively small scales and simple scenarios where there are reasonably few complex interfaces where slight differences in cross section files would not cause any great divergence between results. For example, in 1995, Gobatkov and Kryuchkov(6) compared Monte Carlo codes MCNP and FLUKA along with one dimensional transport codes ANISN, and ROZ6H. They considered neutron transport through various thicknesses of iron and found good agreement (within 10%) up to a thickness of around 1.5m. Similarly Padilla Cabal et al.(7), characterised a pure germanium based gamma radiation detector using both MCNPX v2.6 and GEANT4-9.2, achieving similar results, again within the region of 10%. Further, in 2007, Yung-shun et al.(8) modelled neutron propagation through water and concrete. Their results appeared to suggest that the FLUKA and MCNP results varied by up to a factor 2 within the 10eV to 1MeV region. However, within the rest of their simulations, the models all agreed to within 20%. Further, in 2011, Guardiola et al.(9) used GEANT4 and MCNPX to evaluate the detection efficiency of planar silicon detectors coupled to various boron based converter layers. They report that the maximum efficiency using Boron-10 is around 5% if MCNPX is used, whereas the corresponding figure is 3.3% with GEANT; indicating a ratio of 1.5 between the results achieved. More recently, Van de Ende et al.(10) compared GEANT4-10.00.p02 and MCNPX v2.7.0 in 2016, characterising a boron lined neutron detector and concluded that the results concurred to within 7% at an absolute maximum. In 2014, Hu et al.(11) reported on the use of MNCP5 and GEANT4-9.4 to design a Bonner sphere system to characterise the Experimental Advanced Superconducting Tokamak (EAST) device reporting only that the codes agree well, although there are minor discrepancies in some of the bins. Hecht et al.(12) utilise a combination of MCNP6 and the CINDER code, along with GEANT4-9.6.1 to characterise gamma rays following fission. There are many results presented, with the maximum level of discrepancy appearing to be of the order of around 10% (in one case increasing to around 20%). Finally, in 2012, Verburg et al.(13) determined prompt gamma rays emitted from proton induced nuclear reactions using both MCNP6 (beta 2) and GEANT4-9.5. They report that the codes deviate by as much as a factor of 2 in extremis although through most of the work the models agree within 25%. 

In the work described here, a real life complex nuclear facility is used as a medium in which to compare the two Monte Carlo codes; MCNP6-1.0 and GEANT4-10.1. This is the Thermal Neutron Facility (TNF) located at the Tri-Universities Meson Facility (TRIUMF) in Vancouver. Previously work has been undertaken by the primary author(14) in order to model the facility utilising the MCNPX v2.6.0 package, and then comparing these neutron fluence rate simulations with practical results achieved at the facility using activated foils. Engineers at the TRIUMF site had used FLUKA version 1999 to model the output of the Thermal Neutron Facility (TNF), although the accuracy of these simulations was unclear. This work focusses on the use of the MCNP6-1.0 and GEANT4-10.1 codes to model the output of the facility and to compare the codes, suggesting reasons for discrepancies between the two results – specifically primarily related to the neutron transport through iron.

In this work we begin by modelling the neutron fluence rate spectrum at three locations within the TNF facility at the TRIUMF site; the surface of the aluminium target where the spallation neutrons are produced, the entrance to the neutron line where the neutrons thermalised by the water then encounter and the exit of this line where the final position of interest is. The second half of this work involves the modelling of neutron fluence through blocks of various substances; water, aluminium, iron and lead. The neutron fluence rate spectrum is calculated at various depths through the materials to determine the discrepancies between the two codes as the materials are traversed.



2. THE TRI UNIVERSITIES MESON FACILITY (TRIUMF)The Tri-Universities Meson Facility (TRIUMF)
3. 
TRIUMF is a subatomic physics research laboratory located within the campus of the University of British Columbia in Vancouver(15) . At its heart is a cyclotron which accelerates protons through an air-free chamber between the poles of an electromagnet, the field guiding them in an expanding spiral path. The particles are accelerated by pulses of voltage twice per cycle producing approximately 8.74x1014 500 MeV protons per second. When this particle beam reaches the outside of the tank, it is bent into beam lines leading to experimental halls which contain various targets which, when struck by a proton stream, create an intense beam of various particles for use in related experiments. The neutron hall section of the TRIUMF facility is the final destination of the cyclotron-generated proton beam and is based around a horizontally-aligned cylindrical aluminium target (with water cooling channels) submerged in a vertically-aligned, cylindrical tank of water. A simulation of the facility was created in 2002 using a now obsolete version of the FLUKA(16,17,18) code (version 1999), and it is the information in that simulation that has been used to inform these current simulations. It should be noted that the FLUKA licence agreement states that one should not publish simulation results obtained with an obsolete version of FLUKA(19), hence the results are not published here. The geometry used within the FLUKA based TNF model was simplified so it consists of just 5 cylinders and 3 orthogonal box shapes (as shown in Figure 1). This geometry is also utilised here – with additional information attained from two internal TRIUMF documents(20,21). Here, the description of the facility is quite brief – a more detailed description can be found in the earlier work by Monk et al.(14)

Note: MCNP code is written using cm as units of distance and so all co-ordinates referred to here are thus in these units rather than the SI units, metres. Also, the following lists of what is contained in the various materials are in terms of molecular proportions rather than mass proportions.

· The Proton Source is modelled as a circular beam with a geometrical cross section of radius 1.5 cm and consisting of monoenergetic 450MeV protons at a fluence rate of 8.74×1014 s-1.
· The target (cylinder 1) is modelled as an aluminium/water compound with a density of 2.654 g.cm-3 and consisting of 92% aluminium-27, 2.5% oxygen-16 and 5.5% hydrogen-1, 50cm long and with a 10cm radius.
· The water tank (cylinder 2) is modelled as having a density of 1.0 g.cm-3 and consists of 33.3% oxygen-16 and 66.7% hydrogen-1.
· The Iron shielding (cylinder 3) is modelled as Fe-56 with a density of 7.5 g.cm-3
· The Concrete shielding (cylinder 4) has a density of 2.35 g.cm-3 and consists of 55% oxygen-16, 24% silicon-28, 3% calcium-40, 2% aluminium-27 and 16% hydrogen-1.
· The proton beam line (cylinder 5) contains air at an absolute pressure of 10,132.5 Pa (a density of 0.00012 g.cm-3)
· The neutron beam line (Box 1) is a rectangular channel of air (modelled as 78% nitrogen-14, 21% oxygen-16 and 1% argon-40) at an absolute pressure of 10,132.5 Pa corresponding to a density of 0.00012 g.cm-3
· The neutron beam line shielding (box 3) surrounds the ‘box 1’ section and is made from the same iron as in ‘cylinder 3’ above.
· The universe is modelled as an air box with dimensions of 10 metres × 10 metres × 10 metres. The air is simulated as having a density of 0.0012 g.cm-3 and containing 78% nitrogen-14, 21% oxygen-16 and 1% argon-40.
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Figure 1: A Schematic of the TNF (units are in cm)





4. SIMULATION SOFTWARE PACKAGES: MCNP6-1.0 AND GEANT4-10.1Simulation software packages: MCNP6-1.0 and GEANT4-10.1
5. 
The majority of codes developed for particle modelling are based on the Monte Carlo method, renowned for its simplicity of simulation algorithm and the capability to solve complex 3-dimensional problems. The neutron field has been evaluated here with the modelling packages MCNP6-1.0(223,234,245) and GEANT4-10.1(256,267); two of the most widely used codes available today.

MCNP6 is a 2013 Monte Carlo transport code which was derived from a combination of two LANL codes, MCNP5 and MCNPX, although other features were then added to make the new code more powerful than the sum of its parts. The earlier codes themselves were updated from earlier iterations themselves with MCNPX beginning in 1994 as an extension of MCNP4B and LAHET 2.8, and envisaged as an extension of operability to all particles and energies up to 150 MeV. The code relies on numerous ‘cards‘ which are written by the user in order to determine all of the parameters within the MCNP6 model such as the physical geometry of the local environment, the source specification and type of result required. MCNP6 groups interactions within the environment into categories depending on the energies involved. Tabular data, whose evaluation contains a careful consideration of nuclear structure effects, forms a convenient area of “low” energy phenomena. In the intermediate range, above the nuclear structure region (~150 MeV in MCNPX) to a few GeV, the most common modelling methods include intranuclear/ pre-equilibrium/ evaporation models. At even higher energies, other methods involving quantum effects are used, and so the code contains an early version of the FLUKA code to handle high-energy interactions(278). Current physics modules include the Bertini and ISABEL models taken from the LAHET Code System™ (LCS), CEM 03, and INCL4. Further, new tally source and variance-reduction options have been developed with libraries for neutrons, photons, electrons, protons and photonuclear interactions. The use of these models can provide the user with control of the physics options. The options controlling the Bertini and ISABEL physics modules are taken from the User Guide to LCS(289,2930). There are slight differences between the models which mostly concern the interactions between the neutrons and other particles within the environment to be simulated. The ISABEL code is an extension by Yariv and Fraenkel(301,312) of the VEGAS code, and the CEM03 model allows neutrons and protons up to 5 GeV and pions up to 2.5 GeV to initiate nuclear reactions. Within this work the material cross sections used are those called with the .80c suffix. These cross sections are found in the ENDF/B-VII.1 library, with room temperature assumed (293k). The current default used is the CEM03 model and it is this model that we use in these simulations(323).

GEANT4 is a library of tools written in C++, specifically designed for simulation-based application development. Required functionality available within the GEANT4 tool kit is selected by placing an instance within the development code. Thus, once the application is developed, a unique simulation designed specifically for the physical environment is obtained. The library is designed with a distributed, hierarchical, object-orientated approach which has been used to ensure that many world-leading experts can work on the development of the code. This enables an accelerated development schedule ensuring fast, reliable and verified simulations. Once developed, the resulting application is a highly-accurate customised simulation which, at a high level, functions in a similar manner to MCNP and other general purpose transport codes. GEANT4 is primarily used for modelling the passage of particles through matter, with particular application areas including high-energy, nuclear and accelerator physics. The tool kit fundamentally comprises of a kernel which implements the transportation capabilities, and a front end guided user interface (GUI) which is used to invoke the GEANT4 kernel as well as customise the given application within developer-defined bounds. Where GEANT4 differs from other simulation packages, such as MCNP, is an ability to rewrite and optimise selected areas of the simulation. This is particularly useful when developing the required simulation physics engine which can be tailored to suit a given task. This allows developers to create custom physics models which mimic the underlying physical processes to a higher degree when compared to models used in other, more generic simulation packages. The GEANT4 model was developed to closely match the parameters specified in the MCNP6 simulation. Thus, both the world geometry and the simulation runtime parameters can be regarded as being fundamentally the same. The only significant difference between the simulations is in the handling of the physics processes where, to aid repeatability, the GEANT4 simulation used a verified tool kit model called QGSP BERT HP(334). This model uses the intra-nuclear-cascade model, Bertini, as it incorporates a library of cross sections for low neutron energies ensuring accurate simulation at these energies. Whilst this model has been experimentally verified, it differs significantly from standard transport models, as used in other simulation codes, which inevitably will influence the estimate of fluence rate to some degree. It should be noted that the Bertini model mentioned here is slightly different to the Bertini model mentioned in the MCNP6 section above.
 
6. RESULTS AND DISCUSSIONSResults and discussions
7. 
Within all of the results presented in this work, the results are presented in neutron fluence rate with units of cm-2.s-1.MeV-1. The MCNP6 simulations were run on an Intel Xeon processor running at 3.4GHz with 16GB of RAM; this corresponded to a maximum of 8 days of time running each one. The only variance reduction technique used within the MCNP environment to speed up the simulations was in the use of varying importance depending on the element in the simulation. Generally, variance reduction techniques were not used within the MCNP simulations as it was felt that this might compromise the integrity of the results attained. As the simulations involved the interactions of thermal neutrons with water, the S(α,β)(345) tables were also utilised in the MCNP simulations. One of the most interesting components of thermal scattering is "incoherent inelastic" where the neutrons exchange energy with the target molecule or crystalline lattice and all the scattered waves are assumed to combine incoherently without interference effects. The effect is only a low-energy phenomena and the cross sections files provided are for neutrons of 4 eV and less. Very few of the neutrons which leave the exit of the neutron line (2.3% of the total) are within this range and so it would be concluded that this S(α,β) effect is relatively insignificant in these calculations.

The Geant4 simulations were performed on two machines, one using an Intel Xeon 1270 v3 CPU and the Geant4-10.1 virtual machine, the other used an Intel 6700k CPU and Ubuntu. The physics list used for the Geant4 simulation was the QGSP_BERT_HP. This uses the Bertini cascade above 20MeV and the NeutronHP package below 20MeV. Further details of the physics involved can be found in the user manual and other published material(356,367,378). Whilst MCNP is able to tally the data when the neutron passes through one of the volumes surface, Geant4 does not appear to operate the same way. Instead in the work presented in Figure 2 the energy was printed when the neutron entered the water tank. Similarly, in the work presented in Figures 3 & 4, a small volume was placed to log the passing neutron at the entrance and exit. The number of particle histories in each of the simulations is dependent on factors such as the complexity of the scenario considered, and is noted on an individual basis

Note on GEANT4-10.1 uncertainties: Within the output of the MCNP6 generated data, uncertainties are produced offering a reader a level of confidence in the results. GEANT4-10.1 does not readily offer such information and so instead a simple standard uncertainty approach is taken here, where the uncertainty is estimated to be the square root of the amount of tallied data.

In order to quantify the similarity between results attained by the two codes tThere are two Figures of Merit used within this work to determine similarity between results. These are firstly, a maximized average ratio as shown in Equation 1 and secondly, a weighted average maximized ratio as shown in Equation 2. In these equations, ai and bi are the number of neutrons calculated by the two respective Monte Carlo codes in energy bins 1 to i.


                                 (equation 1)



       (equation 2)

The Max average ratio simply indicates the average ratio between the numbers of neutrons simulated to be in each bin. However, the absolute numbers within each pair of bins is ignored in this figure of merit (i.e an energy bin which is simulated to have 10 neutrons according to a MCNP6 simulation and 5 neutrons according to a GEANT4 simulation, has the same weight or significance as another energy bin which might have predicted neutron numbers of 5,000 and 10,000 according to the two codes). The weighted max average ratio, on the other hand, takes into account the absolute numbers of neutrons simulated to be in each energy bin. The energy bins are very small at the lower energy end and so relatively few neutrons are collected here. Similarly not many neutrons remain at high energies due to the unlikelihood of a neutron traversing the material with no interactions occurring. Thus the energy range of greatest neutron fluence rate is the middle range, and it is here that the weighted max average ratio concentrates on. However, in the scenarios where each energy bin has the same weightThere is a significance in the difference between the maximised average ratio and the weighted maximised average ratio in situations where there are vastly differing numbers of neutrons in each bin (for example the neutron fluence rate at the three locations considered at the Thermal Neutron Facility), where as in situations where this is not the case (such as the cross section files) the rRatio and wWeighted rRatio fFigures would be the same and so the weighted figure is not mentioned.

8. Comparing the codes at three locations within the simulated environment
9. 
Within this study, three locations within the neutron facility have been assessed and compared:

· The surface of the water and aluminium target (Cylinder 1 above)
· The entrance to the neutron channel (Box 1)
· The exit of the neutron channel (Box 1)
The calculated fluence rate around the aluminium target is shown in Figure 2, using both MCNP6-1.0 (250 million historieinitial particles) and GEANT4-10.1 codes (half a million historieinitial particles) to determine the number of neutrons crossing the surface boundary per cm2 per second per MeV of bin width. Visually the two codes used appear to predict relatively similar spectra with slightly higher fluence rate predicted in the MCNP6-1.0 model at the highest energy regions with the GEANT4-10.1 code predicting a higher fluence rate in the 1eV to 1MeV region. It has been shown in an earlier piece of work from Monk et al.(14), that only a relatively small proportion of the total neutron fluence rate observed at this point has come directly from the aluminium target (~37%), with the majority (~63%) having entered the water tank and scattered back to the target surface over the course of time. Further, of the thermal neutrons observed at this point, only 0.02% have directly been produced here with the rest having entered the water tank and scattered back. Of the neutrons of >0.5eV observed here, 61% have been directly produced by the target with the other 39% having scattered back from the water. The maximised average ratio between the neutron fluence rate predicted by the two Monte Carlo codes is 2.29:1 with the weighted max imised average ratio 2.58:1.
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Figure 2: Comparison of MCNP6-1.0 (250 million particles) and GEANT4-10.1 (0.5 million500,000 particles) to determine the predicted neutron fluence rate at the outside of the aluminium/water target

Figure 3 illustrates the fluence rate predicted using the MCNP6-1.0 (using 250 million historieinitial particles) and GEANT4-10.1 (using 80 million historieinitial particles) codes once the neutrons have traversed the water in the TNF facility and reached the entrance to the neutron channel. The two codes appear to indicate a good level of similarity, with even the resonance peak at around the 20-30keV region evident in both simulations. The overall maximised average ratio for the two codes here is 1.22:1 with the weighted maximised average ratio 1.19:1. This would appear to indicate that the discrepancy observed in Figure 2 has been reduced. In part this is possibly due to the fact that, as noted in the section above, the majority of the neutrons on the surface of the target have come back from the water tank rather than having been produced directly in the aluminium via spallation. Oxygen and hydrogen cross sections are both well defined in Monte Carlo simulation codes, and it would be expected that deviations between codes when traversing it would be limited. 
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Figure 3: Comparison of neutron fluence at entrance of neutron channel using MCNP6-1.0 (250 million histories) and GEANT4-10.1 (80 million histories) 

Figure 4 shows the simulated neutron fluence rate at the exit of the neutron line where the experimentation at the facility is undertaken. Due to the long and complex journey traversed by the neutrons, the maxximised average ratio of the MCNP6-1.0 (250 million histories) and GEANT4-10.1 (180 million histories) codes is dramatically higher than the ratio at the entrance to the neutron channel: 6.07:1. Further, the weighted maximised ratio is 11.64:1. However, the uncertainties are also visibly larger than in the previous Figures as expected. Indeed the average uncertainty in the GEANT4 results is estimated to be 33% with the average uncertainty in the MCNP6 simulations 18%. The path from the source to the end of the neutron line is long and tortuous, and highly dependent on incoming neutron orientation as this effects how much iron is traversed by the particle as it enters the neutrons line. This is obviously the area of most importance to users of the facility as this is where experimentation and testing will typically occur.
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Figure 4: Simulations of the output of the neutron line, using GEANT4-10.1 (180 million histories) and MCNP6-1.0 codes (250 million histories)


The general discrepancy in the overall fluence rate between the two simulation packages may be due to either the cross section files used or the physics process selected for the simulation as briefly discussed above in section ‘SIMULATIONRECONSTRUCTION SOFTWARE: MCNP6-1.0 AND GEANT4-10.1’. Other work undertaken in this field comparing various transport codes(1-13) has reported that the results generated with the codes generally concur to within 20% (up to energies of ~20 MeV). However, they tend to describe simple, physically small-scale situations where only a few materials are traversed. Colonna et al. for example(1) report on the comparison between the results achieved using GEANT version 3.21 and MCNP version 4B when simulating neutrons of various energies (1eV, 1k KeV and 1MeV) through slabs of concrete and iron. The results they achieve suggest little deviation between the codes. According to Guardiola et al.(9), one of the main differences between the two codes is that when comparing thermal neutron treatments, GEANT4 only includes a free gas treatment where as MCNPX also accounts for the chemical binding in solids and liquids. According to Evseev et al.(2), depending on which cross section files are used, the GEANT4-8.2 results vary greatly (by as much as 100%), so this would suggest that cross section file choice is crucial and even a small change in values can cause a great effect in final results. The simulations described here involve an aluminium target converting a beam of protons into neutrons and then their subsequent travel through a large volume of moderating water, vacuum and iron; all situations where a small inconsistency in cross-sectional behaviour can cause a large discrepancy in results. Pioch et al. (389) describe the modelling of a simple Bonner sphere with the GEANT4 and MCNPX codes reporting a divergence of up to 18%. It may be reasonable to conclude that a more complex scenario might produce greater discrepancies in fluence rate.

10. Determination of effects on neutrons through water, aluminium, iron and lead
11. 
In order to determine the effects of large volumes of materials on neutron transport, neutrons created within the aluminium target are then generally subjected to four media which they will traverse before reaching the final output channel:

· Water (67% H-1 and 33% O-16)
· Iron (Fe-56)
· Aluminium (Al-27)
· Lead (Pb-208)
Water, iron and aluminium are all used within the simulations, but lead is not. It is included here as it is a typical material used widely as shielding, and thus is a good choice of alternative material with which to test alongside those used in the thermal neutron facility at TRUIMF. The iron covering of the neutron channel is 2.25m long, which is of the same order as the distance which a neutron might have to traverse before reaching its final destination in this simulation. Prior literature suggests that over short distances, GEANT4 and MCNP6 software packages predict very similar results – but over greater distances these results diverge greatly.

The blocks of material simulated have widths and heights of 400cm x 400cm with a length varying between 50cm and 300cm. The beam source of neutrons is always located at the centre of the 400cm x 400cm face of the block and focused towards the opposite face. The total neutron spectrum over the whole of the opposite 400cm x 400cm facia is determined using the two Monte Carlo codes. Figure 5 shows the results for water at a length of both 50cm and 300cm using the two codes. The cross section files for hydrogen and oxygen are well defined and there are minimal numbers of neutron interactions within the substance and so, as expected, the two codes show very similar results at 50cm and still quite similar results at 300cm. Figure 6 shows the same results using iron-56. Here, although the results returned by the codes are quite similar over 50cm, the results at 300cm are very different. Figure 7 shows results for aluminium-27 (similar to water in terms of lack of deviations between codes) and Figure 8 shows the results for lead-208 (similar to the iron result).  
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Figure 5: The effect of 50 cm and 300cm of water on a typical neutron energy spectrum according to both MCNP6-1.0 (both 100 million histories) and GEANT4-10.1 (1 million and 16 million histories)
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Figure 6: Neutrons through 50cm and 300cm of pure Iron using the GEANT4-10.1 (5 million and 1 billion histories) and MCNP6-1.0 codes (100 million and 600 million histories)
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Figure 7: Neutrons through 50cm and 300cm of aluminium using the GEANT4-10.1 (1 million and 3 million histories) and MCNP6-1.0 codes (both 100 million histories)
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Figure 8: Neutrons through 50cm and 300cm of lead using the GEANT4-10.1 (both 10 million histories) and MCNP6-1.0 codes (both 100 million histories)

To illustrate the full set of data more effectively, the maximised average ratio is shown for each material for each length in Figure 9, with the weighted maximised average ratio shown in Figure 10. In the cases of aluminium and water, the deviations are relatively small and do not increase greatly as the length of the block to be traversed increases. However, in the case of lead and iron the deviations grow to large sizes with the distance traversed. The uncertainties in the case of aluminium and water are of the order of the changes in the ratios and so any increase in deviations are difficult to quantify in these towo materials other than to say the deviations are relatively insignificant. The differences between the two codes when analysing transport through iron and lead appears to indicate an exponential increase. Exponential dependences on log-linear graphs appear as straight lines – something that is evident in Figure 10 especially. This would appear to suggest a small deviation compounded numerous times as the material is traversed.
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Figure 9: Average maximised average ratio of MCNP6 and GEANT4 results when calculating the neutron fluence through water, aluminium, iron and lead
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Figure 10: Maximised weighted average ratios of neutron fluence through water, aluminium, iron and lead according to MCNP6 and GEANT4 software

The cross section files used for the interaction of iron, lead, aluminium, oxygen and hydrogen with incident neutrons within the MCNP6-1.0 simulations are drawn from the ENDF/B-VII.1 database(3940). The GEANT4-10.1 cross sections are derived from the ENDF/B-VII.1 database but do not appear to be identical from those used by MCNP6(401,412). Although the two sets of data are presented on different X-axis when extracted from their respective sources, a program was written in National instrument LabView(423) utilising interpolation in order to standardise the data sets and allow a simple determination of the ratio of the data files. If X is energy data and Y is cross section data and these X and Y arrays of data (Xknown and Yknown) are to be converted into a dataset with a fixed 35000 X and Y values (Xunknown and Yunknown) then the algorithm utilised runs as:

Begin loop1 (Xunknown = 1 to 35000)
Begin loop2 (Xknown = 1 to size of known array)
	If Xunknown > Xknown and Xunknown < (Xknown+1) THEN
	Yunknown = Yknown + ((Y known+1 – Yknown) / (Xknown+1 – Xknown)) * (Xunknown – Xknown)
End loop2
End loop1

The cross sections used by both the MCNP6 and GEANT4 software packages of Aluminium-27, Iron-56, Lead-208, Oxygen-16 and Hydrogen-1 respectively are shown in Figures 11,12,13,14 and 15. The cross sections of the five elements considered are very similar over both packages – but not identical. Table 1 shows the average difference between the cross-section files used by MCNP6 and GEANT4 for each element.
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Figure 11: Cross section files for neutrons interacting with aluminium in the MCNP6 and GEANT4 environments
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Figure 12: Cross section files for neutrons interacting with iron in the MCNP6 and GEANT4 environment

[image: C:\Users\monk\Desktop\TRIUMF NIM B Submission 2\Fig 13 Pb Xsec.jpg]
Figure 13: Cross section files for neutrons interacting with lead in the MCNP6 and GEANT4 environments
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Figure 14: Cross section files for neutrons interacting with oxygen in the MCNP6 and GEANT4 environments
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Figure 15: Cross section files for neutrons interacting with hydrogen in the MCNP6 and GEANT4 environments


Table 1: Difference in cross section files used
	Element
	Difference in cross sections (%)

	Oxygen-16
	2.4%

	Hydrogen-1
	1.6%

	Aluminium-27
			1.5%

	Iron-56
	2.9%

	Lead-208
	1.7%



The neutron cross section of water varies dramatically with incident energy. MCNP6 simulation appear to indicate a MCNP6 simulations were ran to determine cross section values at various energies. A rough average macroscopic cross section value ofappears to be 4 m-1 – a mean free path of 25cm and an absolute minimum ofwhich a minimum of 12 collisions over the course of 3 metres of neutron travel. An average deviation of 2.0% between the cross sections used would predict a maximum deviation of 1.0212 = 1.27:1. Similarly, Aluminium-27 has an average cross section of 2.15 barns, and a number density of 6x1028,m-3 indicating and thus a macroscopic cross section of 12.9 m-1 indicating a minimum. Over of the course of 3 metres, thus it could be estimated that an average of approximately 38.7 interactions occur between the neutrons and the aluminium particles. If each interaction produces a deviation of a factor of 1.015 between the two codes – then over the course of 38.76 interactions this could invoke a deviation of 1.01538.7; a factor of 1.78:1. 

Extending this theory to the iron-56 case, a number density of 8x1028 m-3 and , an average cross section of 8.44 barns throughout its energy range and. This indicates a macroscopic cross section of 67.5m-1. Over the course of three metres, this could indicatinge a minimum ofthat 202 collisions could be expected to occur between the neutrons and the iron molecules. An average deviation of 2.9% could lead to a compound deviation and deviation ofof as much as 1.029202 = 322:1. Repeating the process for leadSimilarly , lead has a (number density of 3.27x1028 m-3,and an average cross section of 9.7 barns, indicating a macroscopic cross section of 31.7m-11. This could therefore corresponding to a minimum of 95 collisions over 3 metres and a. There was an average deviation of 1.7% between the two cross section files used by the MCNP6 and GEANT4 codes therefore indicating a possible deviation of 1.01795 = 4.96:1. This is a lower than expected difference value, but it does assume the neutron will all travel through the lead in a straight line which is obviously unlikely to be the case. More likely is a tortuous route with great levels of scattering. This would invite a greater estimation of deviation as more collisions suggests more deviation.

All of these calculations roughly back-up the results achieved by the MCNP6 and GEANT4 codes except for the case of lead where the predicted maximum deviation is around 5:1 where as the actual average deviation is around 200:1, and 400:1 if the weighting of the particle numbers is taken into account.  In the water case, cross sections are well defined and so behaviour is unlikely to be significantly different in each code. Yung-Shun et al.(8) used both codes to simulate the transport of neutrons through 10cm of water and found the results achieved using MCNP were greater than those with GEANT4 by between 5% and about 20% depending on exact energies, with the results appearing to converge as the energy increases to 140 MeV.

Although it cannot be stated with any level of certainty that the cross sections are definitely where the deviations arise from, it is very likely that a compounded sum of numerous small deviations are the cause of the discrepancy, rather than one significant difference in the physics models. As suggested above, the deviations between the code simulated fluences appear to vary exponentially with distance. The possibility that the cross section files are the main culprit of these discrepancies is explored further by Mendoza et al(434), which features a figure (Figure 6) suggesting that using MCNPX with the ENDF/B-VII.0 cross section files gives visually identical results as using GEANT4 with the same cross section files. Similarly using the MCNPX code with the JEFF-3.1cross section files gives the visually identical output as using the GEANT4 code with the same JEFF-3.1 files. However, The MCNPX results using the ENDF/B-VII.0 and the results using MCNPX with the JEFF-3.1 files are quite different suggesting the cross section files are more important than the codes used in this case. However, they also suggest some other reasons for deviations between the two codes. These systematic reasons are that MCNPX and GEANT4 do not use the same mathematical models to sample the cross section data, MCNPX requires Doppler broadening cross sections while GEANT4 performs the Doppler broadening within the code, and the physics for the thermalisation is not the same in each of the codes.   

12. ConclusionsONCLUSIONS
13. 
In conclusion, visually the differences between the neutron fluence rates simulated by the MCNP6 and GEANT4 codes when evaluating a real life environment such as the Thermal Neutron Facility at TRIUMF are relatively insignificant. However, closer mathematical inspection reveals an average ratio between the codes of approx. 6:1, or even approximately 11:1 when the ratio is weighted towards the number of neutrons in each bin. At two prior locations within the facility (the surface of the aluminium target and the entrance to the neutron line), the simulated fluence rates were also simulated and deviations were significantly less.

A closer inspection of the effects of some of the materials used within the simulation was performed to further investigate the source of the discrepancies and mounting deviation between the code outputs. Using the codes to simulate increasingly long blocks of four materials (water, aluminium, iron and lead) was undertaken in order to determine the effects of the materials on neutrons. The discrepancies were shown to be relatively minimal at short distances (up to around 150cm), but increase in magnitude dramatically over longer distances. Further, within the low Z materials investigated (water and aluminium-27) where only a relatively small number of interactions are likely to occur, seemed to indicate very close agreement between the codes.  Although the cross section files used by the two Monte Carlo codes are very similar, it does not appear that they are absolutely identical. The slow increase in these discrepancies appears to follow a pattern indicating propagation of numerous small deviations which are relatively benign when transport distance is small, but which begin to increase significantly when the distances grow. This may be partly due to slight differences in cross section files or perhaps partly due to systematic differences in the processes used by the two transport codes. When comparing MCNPX and GEANT4.9.5, Mendoza et al(44) considers the differences in mathematical sampling methods, Doppler broadening treatments and the thermalisation physics. Further to this Guardiola et al(9) suggest that GEANT4 only includes a free gas treatment where as MCNPX also accounts for the chemical binding in solids and liquids. These are all processes which could cause slight discrepancies here too, which when compounded could lead to the differences in code output noted above.

It should also be noted that the results are purposefully presented in way as to show the deviations in as harsh a light as possible where default values and processes in the GEANT4 and MCNP6 codes have been selected in both codes and a maximised ratio chosen in each case with a large number of energy bins. Obviously an experienced user of any code will likely alter setting and select processes and even cross section files depending on the exact scenario which they wish to simulate.

In conclusion, visually the differences between the neutron fluence rates simulated by the MCNP6 and GEANT4 codes when evaluating a real life environment such as the Thermal Neutron Facility at TRIUMF are relatively insignificant. However, closer mathematical inspection reveals an average ratio of approx. 61, or even approx 111 when the number of neutrons in each bin is considered. At two prior locations within the facility, the simulated fluence rates were also simulated and deviations were significantly less. A closer inspection of the effects of some of the materials used within the simulation was performed to further investigate the source of the discrepancies and mounting deviation between the code outputs.

Using the codes to simulate increasingly long blocks of four materials (water, aluminium, iron and lead) was undertaken in order to determine the effects of the materials on neutrons. The discrepancies were shown to be relatively minimal at short distances, but increase in magnitude dramatically over longer distances. Although the cross section files used by the two Monte Carlo codes are very similar, it does not appear that they are absolutely identical. The slow increase in these discrepancies appears to follow a pattern indicating propagation of numerous small deviations which are relatively benign when transport distance is small, but which begin to increase significantly when the distances grow. This may be partly due to slight differences in cross section files or perhaps partly due to systematic differences in the processes used by the two transport codes. When comparing MCNPX and GEANT4.9.5, Mendoza et al (44) considers the differences in mathematical sampling methods, Doppler broadening treatments and the thermalisation physics. Further to this Guardiola et al (9) suggest that GEANT4 only includes a free gas treatment where as MCNPX also accounts for the chemical binding in solids and liquids. These are all processes which could cause slight discrepancies here too, which when compounded could lead to the differences in code output noted above.

It should also be noted that as much as possible, the default values were utilised in this work on both the MCNP6 and GEANT4 platforms. This may indicate that a user may alter some settings within the code in order to better optimise the simulation dependent on exact scenario and thus achieve better synergy between the two codes.
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