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Monte Carlo-linked depletion methods have gained recent interest due to the ability to 

more accurately model complex 3-dimesional geometries and better track the evolution of 

temporal nuclide inventory by simulating the actual physical process utilizing continuous energy 

coefficients.  The integration of CINDER90 into the MCNPX Monte Carlo radiation transport 

code provides a high-fidelity completely self-contained Monte-Carlo-linked depletion capability 

in a well established, widely accepted Monte Carlo radiation transport code that is compatible 

with most nuclear criticality (KCODE) particle tracking features in MCNPX.  MCNPX depletion 

tracks all necessary reaction rates and follows as many isotopes as cross section data permits in 

order to achieve a highly accurate temporal nuclide inventory solution. 

This work chronicles relevant nuclear history, surveys current methodologies of depletion 

theory, details the methodology in applied MCNPX and provides benchmark results for three 

independent OECD/NEA benchmarks.  Relevant nuclear history, from the Oklo reactor two 

billion years ago to the current major United States nuclear fuel cycle development programs, is 

addressed in order to supply the motivation for the development of this technology.  A survey of 

current reaction rate and temporal nuclide inventory techniques is then provided to offer 
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justification for the depletion strategy applied within MCNPX.  The MCNPX depletion strategy 

is then dissected and each code feature is detailed chronicling the methodology development 

from the original linking of MONTEBURNS and MCNP to the most recent public release of the 

integrated capability (MCNPX 2.6.F).  Calculation results of the OECD/ NEA Phase IB 

benchmark, H. B. Robinson benchmark and OECD/ NEA Phase IVB are then provided.  The 

acceptable results of these calculations offer sufficient confidence in the predictive capability of 

the MCNPX depletion method.   This capability sets up a significant foundation, in a well 

established and supported radiation transport code, for further development of a Monte Carlo-

linked depletion methodology which is essential to the future development of advanced reactor 

technologies that exceed the limitations of current deterministic based methods. 
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CHAPTER 1 
INTRODUCTION AND BACKGROUND 

The purpose of the development the Monte Carlo linked depletion methodology within 

MCNPX is to provide a high fidelity depletion methodology available within a widely accepted 

code package that is already the “gold standard” for radiation transport calculations.  To 

understand why development of this methodology is vital to the current nuclear community and 

why the methodology must be implemented into MCNPX, involves first understanding the 

history of reactor development from the first natural reactor in Oklo, Gabon, to the current major 

United States fuel cycle development programs, as well as why the current United States fuel 

cycle program, the Global Nuclear Energy Partnership (GNEP), is interested in such a 

technology. 

Reactor Development History 

The first self-sustaining chain reaction achieved on earth predated the first man made self- 

sustaining chain reaction by roughly two billion years.  The governing process to maintain this 

self-sustaining reaction required that precisely one neutron from each fission process resulted in 

another fission event.  A delicate balance between processes that resulted in increasing the 

neutron population, positive reactivity, and processes that resulted in decreasing the neutron 

population, negative reactivity, was required in order to maintain a self-sustaining reaction.  In 

Oklo, Gabon, considerable heat occurred in several uranium rich deposits when groundwater 

seeped into the uranium deposits leading to ample moderation that sufficiently increased the 

probability of fission to allow for a self-sustaining chain reaction.1  As the uranium rich deposits 

burned fissile uranium-235, fission products and other transmuted actinides were generated. In 

some nuclear reactions, fertile actinides consumed radiation resulting in new fissionable 

actinides that along with uranium-235 contributed to maintaining the sustainability of the chain 
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reaction.  Conversely, the production of fission products and non fissile transmuted actinides, as 

well as the reduction in moderator density from heat build, contributed to decreasing the 

probability of fission, ultimately hindering the sustainability of the chain reaction.2 

Like a gigantic coffee pot percolating away over hundreds of thousands of years, the Oklo 

reactor would first undergo a fission chain reaction until enough heat and nonfissile nuclides 

were generated to hinder the self-sustaining chain reaction.  The system would then cease to 

maintain self-sustaining fission events resulting in a cool off in the moderator leading to an 

increase in the moderator density.  This subsequent moderator density increase would 

correspondingly lead to enough positive reactivity to ultimately restart the chain reaction. 

About 2 billion years later, scientists would later discover the fission process and 

mechanisms in order to fission a nucleus and maintain a self-sustaining reaction.  In 1930, W. 

Bothe and H. Becker found that a highly penetrating radiation was emitted when beryllium, 

boron or lithium were bombarded by alpha particles from a polonium source.3  In 1932, Irene 

Currie and her husband found that protons were produced when striking hydrogen containing 

substances, such as paraffin, with this newly discovered penetrating radiation. James Chadwick 

later demonstrated that the evidence from these experiments was compatible with the assumption 

that this new radiation consisted of an uncharged particle having approximately the same mass of 

a proton.3  He named this new particle “neutron”.3 

In 1934, Enrico Fermi irradiated uranium with neutrons trying to produce the first 

transuranic element; however, he accidentally achieved the world's first nuclear fission.  In 1938, 

he received the Nobel Prize in Physics, "for his demonstrations of the existence of new 

radioactive elements produced by neutron irradiation, and for his related discovery of nuclear 

reactions brought about by slow neutrons”.3  In 1939, Hans and Strassmann later showed that the 
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products from neutron bombardment of uranium included elements in the medium mass region, 

much lighter than the initial uranium nuclide.  The presence of these medium mass region 

nuclides from the bombardment process suggested that the nucleus had split during the reaction, 

and the fact that the sum of these medium mass nuclides did not add to the sum of the initial 

parent uranium nuclide suggested that some of the mass in the reaction was converted into 

energy.  L. Meitner and O. Frisch termed this process fission and also calculated the energy 

released during fission of a U-235 nuclide to be 200 MeV.3   

Albert Einstein then wrote his famous letter to President Franklin Roosevelt on August 2, 

1939 stating "that the element uranium may be turned into a new and important source of energy 

in the immediate future."  That source of energy was to be utilized by the United States to create 

the first atomic bomb. With theoretical models and simulation, Enrico Fermi later theorized that 

the neutrons emitted in fission might induce fission reactions concluding that it should be 

possible to sustain a chain reaction in uranium and that this chain reaction could be made steady 

state by implementing a balance of fissionable and nonfissionable material.  Fermi and Leo 

Szilard further proposed placing uranium in a matrix of graphite, where graphite was used to 

slow the fission neutrons to low enough energy in order to increase the probability of fission to 

maintain a self-sustaining chain reaction.  On December 2, 1942, implementing a delicate 

balance of positive and negative reactivity, based on proper modeling and simulation, the first 

controlled self-sustaining chain reaction was achieved in a squash court under the University of 

Chicago’s Stagg Field.3  The later implementation of this discovery was unleashed, on August 6, 

1945, when Little Boy exploded over Hiroshima killing over 100,000 people, and on August 9, 

1945, when Fat Man exploded over Nagasaki killing 75,000, ultimately ending the war with 
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Japan.  Both atomics bombs were designed using the Monte Carlo modeling and simulation 

method.  

In a later document in 1946, Enrico Fermi published a scheme for outlining the future uses 

of nuclear energy.  In this document he clearly stated that controlled self-sustained fission chain 

reaction energy may be utilized for power generation for the world by use of a steam cycle or 

direct energy conversion process.4  By enriching the amount of U-235 in natural uranium, the 

uranium could be combined with a water coolant and poison materials in order to make a self-

sustaining power reactor system.  On December 8, 1953, United States President Dwight D. 

Eisenhower gave the Atoms for Peace speech to the United Nations and outlined the advantages 

of commercial power generation.  He later tasked the United States Navy with developing the 

first commercial power station.  A proposal by Duquesne Light Company was later accepted for 

the Shippingport Atomic Power Station, and the first reactor went critical on December 2nd 

1957.5  The Shippingport Atomic Power Station was a type of light water reactor (LWR) called a 

pressurized water reactor (PWR).  Another type of competing LWR design was the boiling water 

reactor (BWR), which was developed by a combined effort between Argonne National 

Laboratory and General Electric.   The GE Valecitos BWR was the first commercial BWR to be 

licensed by the United States Atomic Energy Commission.6 

The PWR concept is characterized as a system in which the coolant is sub-cooled and 

contains homogeneously dispersed boron poison in order to maintain criticality. The system 

utilizes an indirect dual-cycle that uses a steam generator to transfer heat from the exiting 

primary radioactive subcooled reactor coolant to a secondary loop containing nonradioactive 

steam.  This nonradioactive steam is used to spin a turbine that when combined with a generator 

creates power for hundreds of thousands of homes.7 
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The BWR concept is characterized as a system that has boiling in the reactor core, with the 

bulk coolant containing no boron, utilizing a direct cycle for power conversion (the 

demonstration BWR/1 plants utilized a dual cycle).  Instead of a secondary loop, this type of 

system exhausts high quality steam from the top of the reactor through the use of moisture 

separators and dryers.  This radioactive steam is fed directly into the turbines that are also 

connected to generators used to make power for hundreds of thousands of homes.7 

The progress of these commercial power systems later led to the development of other 

competing reactor systems.  Due to the advantages in being able to mine large amounts of 

uranium ore, and due to the thought that a country developing enrichment technology may also 

be developing weapons technology, the Canadians decided to develop a system that would not 

rely on enrichment technology.  By taking advantage of the scattering and absorption properties 

of deuterium, the Canadian deuterium uranium reactors (CANDU) were able to generate power 

with natural U-235 concentrations.  Other technologies were also spawned employing a variety 

of coolants and moderators such as the gas cooled fast reactor (GCFR) and graphite moderated 

reactors in order to achieve higher operating temperatures and enhanced thermodynamic 

efficiency.  Technologies were also developed to support the breeding of fissile nuclides 

incorporating various operational characteristics such as the liquid metal fast breeder reactors 

(LMFBR).8   

Though all the vast reactor types incorporate many different materials, fuel and coolant 

forms, geometry combinations and operating strategies, the basic design objectives are still very 

much the same.  The goal is to determine the correct balance of fissile and control material 

needed in order maintain the self-sustaining chain reaction, operate the system at a prescribed 

power, for a prescribed amount of time, achieving some type of operating objective while 
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accounting for reactivity deficits.  These reactivity deficits include temperature and isotope 

buildup effects.  The operating objectives range from maximizing capacity factor, to minimizing 

discharged wasted, to producing irradiation environments, to generating medical isotope 

material.9, 10, 11, 12  In order to develop the most optimized and advanced systems for specific 

operating strategies, designers constantly examine varied types of material and geometry 

combinations in order to design a system that meets the operating goals at the minimum cost.  

This process therefore involves simulating a model in order to investigate many varied types of 

designs, with many design iterations and perturbations, until an optimum configuration is 

reached.13  As the model becomes more detailed and gives better understanding of what is 

actually happening, the designer is able to make a more well-informed decision on how to 

proceed with designing the system.  Furthermore, as the development decisions for nuclear 

reactor extend beyond running the system at a prescribed power for a prescribed amount time to 

minimize the nuclear waste and addressing proliferation concerns, a higher fidelity modeling 

methodology is required in order to make more-informed design decisions.14, 15 

Advanced Fuel Cycle Initiative 

The Advanced Fuel Cycle Initiative (AFCI) was established October 1, 2002, as an 

evolution of the Advanced Accelerator Applications (AAA) program.  The AAA program was a 

Department of Energy (DOE) program commissioned by Congress in FY2000 to construct a 

national effort by DOE laboratories, industry, and universities in order to address key significant 

nuclear issues facing the United States, particularly the advanced fuel cycle technologies, 

actinide transmutation, and treatment of spent nuclear fuel.  The mission of the program was to 

develop a technology basis for the transmutation of nuclear waste and demonstrate the 

practicality of the process for use in long-term nuclear waste management.16  Initially, the focus 

was on the use of accelerator based systems, hence the program name AAA.  In 2002, the 
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program was evolved into AFCI with the focus changing to chemical separations and 

transmutation fuel technologies.  The idea was to couple reactor use of fuel with transmutation 

and separation technologies in order to improve the management of nuclear waste through fuel 

recycle and transmutation.16   

The mission of the AFCI program was to develop advanced fuel cycle technologies 

including spent fuel treatment, advanced fuels development, and transmutation technologies for 

application to current operating commercial nuclear reactors and next-generation reactors with 

the goal of (1) reducing volume of high-level waste; (2) reducing long-lived and highly 

radiotoxic elements; (3) reclaiming valuable energy content in spent nuclear fuel. 

AFCI was part of an integrated strategy of the DOE office of Nuclear Energy, Science and 

Technology, which also includes the Nuclear Power 2010 Program, the Generation IV Nuclear 

Energy Systems Initiative (Generation IV), and the Nuclear Hydrogen Initiative. AFCI was 

important in reestablishing the viability of civilian nuclear capabilities and facilities in the United 

States by utilizing services of DOE laboratories, industry, and universities.  The development of 

an advanced high fidelity technology for simulating transmutation and depletion of nuclear fuel 

fit nicely with the goals of AFCI, thus leading to the initial funding of the MCNPX Monte Carlo 

linked depletion project.17  However, in FY2007, AFCI along with the Nuclear Power 2010 

Program, the Generation IV Nuclear Energy Systems Initiative (Generation IV), and the Nuclear 

Hydrogen Initiative evolved into the GNEP program with the objective of developing an 

Advanced Burner Reactor (ABR) technology in order to transmutate spent nuclear fuel and 

develop separations technologies in order to maximize the amount of energy extracted from 

nuclear fuel, minimize nuclear waste, and mitigate concerns regarding proliferation of weapons 

material from commercial nuclear fuel.18 
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Global Nuclear Energy Partnership 

The main goal of GNEP is to advance nuclear power technologies and enhance the nation’s 

nuclear energy capacity while effectively addressing the challenge of nuclear waste disposal and 

decreasing the risk of nuclear weapons proliferation and.18  As part of President George W. 

Bush's Advanced Energy Initiative, GNEP seeks to develop worldwide consensus on enabling 

expanded use of nuclear power to meet the growing energy demand while ensuring reduced 

dependence on carbon based energy producing systems.18  The GNEP campaign recognizes that 

a plentiful, reliable supply of energy is paramount to sustained economic growth and prosperity, 

and that nuclear power is the only proven technology that can provide abundant supplies of 

electricity reliably and without air pollution or emissions of greenhouse gasses.  The GNEP 

campaign has further recognized that the use of this economical, carbon-free technology will 

reduce the nation’s dependence on environment unfriendly energy producing technologies that 

increase greenhouse gas emissions.18 

GNEP addresses two key issues:  implementing sensitive nuclear technologies in a way 

that protects global security and determining proper methods of disposing of nuclear waste 

safely.  The proposed new nuclear energy infrastructure would implement a closed nuclear fuel 

cycle that enhances energy security, while promoting non-proliferation and recycling nuclear 

fuel to reduce the nation’s nuclear waste.  This closed fuel cycle requires the development of 

technologies that enable consumption of long-lived radioactive waste, and recycling of useful 

fissile isotopes.9, 19 

The following include the major objectives of the GNEP program: 

1. New proliferation-resistant technologies to recycle spent nuclear fuel will be used 
so that more energy may be recovered and total nuclear waste is reduced. 

 
2. The latest and advanced fuel cycle strategies will be employed in order to reduce 

the risk of nuclear proliferation worldwide. 
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3. The growth of prosperity and sustainable development around the world will be 
encouraged by meeting energy capacity demands through the use of nuclear energy. 

 
4. The nation’s dependence on fossil fuels will be reduced encouraging the continual 

improvement of the environment. 
 

These objectives will be achieved by the following strategies: 

1. A new generation of nuclear power plants will be developed in the United States 
that employ advanced fuel burning strategies in order to minimize actinide wastes. 

 
2. An integrated fuel separations technology and recycling capability will be designed 

and deployed. 
 
3. An aggressive strategy to manage spent nuclear fuel and nuclear waste in the 

United States will be determined including permanent geologic storage at Yucca 
Mountain. 

 
4. A reliable fuel services program will be engineered in which participating nations 

with secure nuclear technologies would be required to supply and receive fresh and 
spent nuclear fuel. 

 
5. Cost effective efficient power reactors will be developed and deployed. 

  
6. Nuclear safeguards to enhance the proliferation-resistance and safety of expanded 

nuclear power will be improved. 
 

In order to achieve the GNEP objectives by implementing the mentioned strategies, a 

symbiotic fuel cycle strategy must be implemented that utilizes both LWR and fast reactor (FR) 

technology to maximize the amount of energy extraction from transuranics while minimizing the 

amount of overall waste buildup.  Spent nuclear fuel contains a plethora new actinides due to the 

transmutation that occurs during the burning of the fuel.  These actinides are sources of both 

long-term radiological hazards, because they dominate the long term ingestion radiotoxicity of 

the waste, and proliferation hazards, because they are fissionable nuclides.19  The long lived 

actinides tend to have much larger half-lives than typical fission products.  Therefore the task of 

actinide burning is of utmost importance to addressing the long term radiological waste problem 

and mitigating proliferation concern.  To burn actinides effectively, the actinides must be 
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separated from other isotopes that compete for reactions.20, 21, 22  The GNEP campaign is tasked 

with developing a separations facility to exact burnable actinides from spent nuclear fuel and 

separate these actinides from short-lived fission products.  The short-lived fission products may 

be easily stored in a geological repository as these isotopes will decay away to stability in a 

reasonable amount of time.   

Advanced Burner Reactor Campaign 

The separated actinides must then be recycled and further incinerated in either an 

accelerator or reactor.  Many types of scenarios have been studied that examine this portioned 

approach to actinide incineration; however, the transmutation of waste by accelerator option is 

limited by cost and wasted use of extractable actinide energy.  Two basic types of reactors have 

been considered for further actinide burning.  The extracted actinides could be fabricated into 

mixed oxide (MOX) fuel bundles and placed back into a commercial LWR.  The advantage to 

burning in a commercial thermal spectrum reactor is that commercial reactors are already in 

operation, and therefore transitioning operating strategies for accepting MOX fuel would seem to 

be more viable solution than developing an entire new reactor for transmutation.12, 15, 19, 21  

Recycling of plutonium in thermal reactors would also help to reduce total plutonium and seek to 

mitigate proliferation concern.  Developing operating strategies to account for reduced poison 

worth, from the higher thermal absorption cross section of Pu-239 as compared to the uranium 

isotopes, and faster reactor response, from the reduced delayed neutron fraction of Pu-239, may 

be complicated; however, the solutions to these strategies may be engineered and therefore does 

not limit deployment.11   

The limit of the effectiveness of multi-recycling of actinides in commercial LWRs is 

dictated by the amount of higher actinides generated as a function of burnup.  In a thermal 

reactor spectrum, the higher actinides buildup due to lower fission rates (i.e. curium) in those 
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isotopes and higher capture rates in the thermal spectrum. The fission-to-capture ratio in thermal 

reactors is not as high as in fast reactors and therefore higher actinides are generated and not 

fissioned as readily as compared to fast reactors.  Therefore more Am, Cm, and Cf are generated 

as function of burnup in thermal reactors as compared to fast reactors.19, 22  These isotopes make 

spent fuel recycle challenging through increased heat generation and spontaneous neutron 

emission, and further result in both criticality and radiation protection difficulties.   

The fast reactor spectrum is more favorable for higher actinide transmutation because the 

fission to capture ratio is much higher as compared to thermal spectrum reactors.19  Destruction 

of long-lived actinides requires excess neutrons.  In a fast reactor the difference between neutron 

production by fission and losses by capture in structural and absorbing materials or leakage from 

the core is ~0.4 -0.6 neutrons per fission while in a thermal reactor this surplus is well below at 

0.1 neutrons per fission.19  The cross sections in the fast spectrum favor fission rather than 

capture; however, the fast spectrum cross sections are smaller in magnitude and therefore a 

larger flux is required to achieve the same destruction yield as in thermal reactors.15  Since the 

principal of transmutation consists of recycling actinide wastes in reactor scenarios that favor 

fission as opposed to capture, development of a fast reactor technology is integral to the 

objectives of the GNEP campaign in order to maximize energy extraction from fuel and 

minimize the buildup of long term actinide wastes.    

GNEP will develop and demonstrate Advanced Burner Reactors (ABRs) that consume 

actinide wastes while extracting their usable energy.  The objective of developing these fast 

spectrum reactors will be to destroy actinide wastes in commercial spent nuclear fuel from 

nuclear power plants, avoiding the need to accommodate material in a geological repository for 

hundreds of thousands of years while it decays.  The reality of this objective is that these ABRs 
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will not avoid but reduce the burden of current repository demand.  Significant prior United 

States investment in fast reactors, such as Fast Flux Test Facility and the Experimental Breeder 

Reactor, provides a valuable technology base for supporting future development of ABRs. 

Though the development of ABRs requires following the isotopes in exact detail in order 

understand true transmutation rates of actinide wastes, the initial design process will require 

thousands of core calculations that integrate neutronic, structural, and thermal hydraulic concerns 

in order to license the facility.  These calculations include varied core operating and shutdown 

strategies in order to demonstrate that the core may operate at a certain power, for a certain 

amount of time, and shutdown safely in an accident scenario.  Therefore calculations of actinide 

transmutation rates need not be followed in tremendous detail in order to license the facility so as 

to hamper the ability to complete the plethora of integrated system calculations.  In fact, 

calculations that capture more detail than what is necessary to license the facility will simply 

hinder the completion of the design and possibly the building of the facility.  If a 2-dimensional 

diffusion theory code that runs in 5 seconds achieves an adequate result, why waste time running 

a high fidelity calculation that takes a week (the fallibility in this statement may reside in the fact 

that without experimental benchmarks to validate the less accurate solution method, one cannot 

be certain that the approximations applied to that solution method are indeed correct).  Therefore 

high fidelity depletion modeling may not be of interest to the initial design of the ABRs.  

However, high fidelity depletion modeling is integral to determining adequate source term 

generation for the development of technologies that will be used to segregate detectable signals 

into key nuclide signatures to be used for interpreting proliferation concerns.  

Reactor Safeguards Campaign 

The objective of reactor safeguards is to develop proliferant resistant fuel cycle 

technologies and programs the help prevent misuse of civilian nuclear facilities for non-peaceful 
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purposes.  Reactor safeguards responsibilities include accounting for special nuclear materials, 

control of technology and the ability to inspect and verify compliance with international 

agreements.23  Under the auspices of the International Atomic Energy Agency reactor safeguards 

have been an effective deterrent against the spread of nuclear technology and materials.  The role 

of GNEP safeguards is to provide the opportunity to design modern safeguards directly into the 

planning and building of new nuclear energy systems and fuel cycle facilities. .23  The GNEP 

Safeguards campaign will also focused on improving international safeguards including the 

development of future proliferation-resistant fuel cycle and reactor technologies to be integrated 

world wide.23   

The development of safeguards technologies involves improving the way in which 

diversion of special nuclear material is detected.  The source term of the special nuclear material 

is the actinide wastes generated in nuclear reactors and the soon to be developed ABRs.  

Therefore the safeguards community is concerned with measuring the content of key specific 

nuclides within spent fuel leaving the reactor.  For the GNEP campaign, the spent nuclear 

material will take on many different types of combinations depending on the reactor type that 

generated that specific spent fuel.   

The isotope content of key specific nuclides within the spent fuel may be determined by 

implementing various non-destructive-analysis (NDA) techniques involving the discrimination 

of a detectable signal into the components of a specific nuclide’s radiation signature.24  The 

efficiency of the detection equipment to measure the concentration of a specific nuclide is 

therefore dependent on the ability to segregate the detectable signal into the components that 

contribute to the specific nuclide’s signature and the components that do not contribute.24  Since 

the detectable signal may be a conglomeration of many simultaneously contributing radiation 
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signatures, discrimination of the signal into the key components of a specific nuclide’s signature 

involves knowledge of all the contributions to the signal.  From a modeling standpoint, designing 

more efficient detection equipment involves explicitly following the evolutionary buildup of all 

isotopes contributing to the detectable signatures.  However, in order to accurately account for 

the temporal evolution of the nuclide inventory of all contributors to the detectable signal of key 

nuclide signatures, a method that more accurately captures the true system physics of the source 

term generation becomes paramount.   

MCNPX is widely used in the safeguards community for modeling all aspects of reactor 

safeguards and is considered the “gold standard” in radiation transport modeling.  Historically, 

the MCNPX code lacked the capability to model fuel depletion and therefore could not 

accurately generate the needed source term for development high fidelity detection equipment.  

In the past, this source term was either generated by an externally linked technology or by an 

entirely separate code of which both incorporated varied assumption that ultimately affected 

calculation accuracy. A technology that calculates a high fidelity time-dependant isotope 

inventory is essential for determining a sufficient source term use in a very precise calibration 

and design of high fidelity radiation detection equipment.  It is vital that this capability be placed 

in MCNPX in order to make MCNPX, a tool already implemented by the reactor safeguards and 

considered a gold standard by the community, a more complete tool for reactor safeguards 

calculations. 

Motivations for a Monte Carlo Depletion Tool in MCNPX 

Many deterministic linked tools exist that are capable of modeling fuel depletion for 

advanced reactor concepts.  However, these tools employ a variety of approximations about 

system physics in order to achieve a quick result.25-34  For the result to be reliable, costly 

experimental benchmarking and thorough investigative analysis is required in order to determine 
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the limits of the modeling technology.  Approximations implemented in the calculation of one 

type of system are not necessarily valid for the calculation of a different system.32, 34  This issue 

leads to the necessity to develop and catalogue an assortment of tools employing a diverse range 

of calculation assumptions.35  The selection of an adequate modeling tool therefore relies on the 

ability to predetermine which assumptions are adequate for a particular calculation type and then 

selecting the design tool employing those assumptions. Therefore, it is possible that false 

conclusions of system behavior may be drawn from false hypotheses of system physics when 

incorrect approximations are implemented leading to the inability to make adequate design 

decisions. 

As advanced reactor concepts challenge the accuracy of current modeling technologies, a 

higher fidelity depletion calculation, which employs few, if any, assumptions of system physics, 

is crucial to properly model the wide variety of advanced reactor concepts.  An optimum 

modeling tool would not rely upon predetermined knowledge of adequate assumptions that could 

result in an incorrect calculation; the tool would eliminate system physics assumptions entirely 

and preserve the true physics behavior.  A Monte Carlo linked depletion tool is capable of 

achieving this goal because true system physics is preserved through the simulation of the actual 

complete physical process.  This makes the Monte Carlo linked depletion method highly robust 

and capable of analyzing a wide variety of calculations with immense confidence of achieving an 

accurate result.36   

A few Monte-Carlo-linked depletion codes exist including ALEPH, BURNCALC, 

MCODE, MC-REBUS, MCWO, MCB, MCMG-BURN, MOCUP, MONTEBURNS, MVP and 

RACER.37-49  Most of these codes are externally linked technologies and implement complicated 

directory structures to integrate each externally linked code package.  This results in increased 
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memory restrictions that ultimately constrict the maximum size of the calculation model.  Some 

of these efforts are also not supported, and therefore offer little if any code support for the typical 

user.  Some of these efforts use multi-group Monte Carlo and are therefore slave to the 

calculation assumption of the deterministic methodologies.49  Most of these codes are also 

focused on accelerating the calculation by minimizing the amount of isotopes and reactions 

tracked in order to minimize computational expense at the cost of detail in the simulation thereby 

loosing fidelity that may be of interest to the user.  Since most of these codes are externally 

linked technologies, in most cases, the codes only work with a minimal amount of functionality 

of the codes in which they are linked.  In order to truly take advantage of the robustness of the 

Monte Carlo linked depletion method, the technology must be self-contained, eliminate excess 

top-level processing and calculation size requirements as well as automatically determine and 

track parameters important to the depletion process.   

MCNPX depletion provides a vital modeling framework, within a well established, 

supported reactor safeguards radiation transport code, for high-fidelity depletion calculations to 

assist in the development of technologies requiring ample intricate detail in the depletion 

solution such as the reactor safeguards calculations required for GNEP.  Because this capability 

is fully integrated into the functionality of a well established radiation transport package already 

utilized by the GNEP safeguards committee, the community now has a tool that meets almost all 

the functionality required to meet their current modeling needs. 

Objective 

The goal of this work is to develop a self contained easy-to-use Monte Carlo linked 

depletion modeling framework within a well established radiation transport package that 

eliminates calculation size requirements as well as automatically determines and explicitly tracks 

all the important parameters for computing an accurate depletion solution.  This task involves 
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internally linking the MCNPX steady state-reaction calculator to the CINDER90 number density 

calculator.50, 51  MCNPX will be used to calculate steady-state reaction rates and normalization 

parameters while CINDER90 will be used to calculate the time-dependent isotope 

buildup/depletion.   

The work scope may be bifurcated into two separate processes:  code development and 

code verification and validation.  The following ten code development issues will be addressed: 

1. A Monte Carlo linked depletion capability that works within the confines of the MCNPX 
code package will be developed, making sure the depletion capability is compatible with 
major execution features of MCNPX. 

 
2. The input structure must reside within an MCNPX input deck.  The input structure will 

be simplified yet include ways of user specification for  
 
a. time steps to report isotope and system data; 
b. power lever and percent of full power level to implement at specific time steps; 
c. burn materials to be depleted; 
d. isotopes to omit; 
e. fission products to track; 
f. nuclide concentrations to manually change for different time steps; 
g. ability to order output according to user specification. 

 

3. The output will contain averaged time-dependent information for   
 
a. neutron multiplication; 
b. neutrons per fission; 
c. recoverable energy per fission; 
d. burnup; 
e. source neutrons; 
f. isotope concentrations and activity of radioactive isotopes; 
g. sum of isotope concentrations and activity information. 

 
4. For individual burn materials the code output will report  

 
a. fission power fractions; 
b. burnup; 
c. collision rates; 
d. isotope buildup and activity. 

 
5. The following mechanisms for isotope tracking will include 
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a. tracking each material specified by the user;  
b. selecting fission products to be tracked based on easy-to-implement predefined 

fission product “Tier” sets;  
c. following the concentrations of all the possible daughter reactions from isotopes 

specified as burn materials; 
d. tracking reaction rates of metastable isotopes; 
e. manually adjusting burn material concentrations of specific isotopes if necessary. 

 
6. Reaction rates to be computed for use in the depletion process will be determined, and a 

method will be developed for normalizing the reaction rates based on given and 
calculated system parameters. 

 
7. A methodology will be implemented for addressing the nonlinearity in the reaction rate 

utilization in the depletion equation. 
 
8. A method will be engineered for selecting the proper fission yield to be utilized within a 

specific computation. 
 
9. A capability will be invoked to burn multiple burn materials where individual burn 

material characteristics may be calculated and reported.  
 
10. A technique will be implemented for accurately capturing the average recoverable 

capture gamma energy contribution to the true energy per fission event. 
 

Once the methodology is developed the following benchmark studies will be completed: 
 
11. OECD/NEA Burnup Credit Calculational Criticality Benchmark Phase I-B;52 
 
12. H. B. Robinson Infinitely Reflected Pressurized Water Reactor Fuel Assembly 

Calculation;53 
 
13. OECD/NEA Burnup Credit Calculational Criticality Benchmark Phase IV-B.54 
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CHAPTER 2 
SURVEY OF STATE OF THE ART APPROACHES TO DEPLETION ANALYSIS 

During the operation of a nuclear system, the nuclide concentration will change as isotopes 

consume radiation (neutrons, protons, alphas, betas, etc.) and undergo various nuclear reactions 

[(n, fission), (n, 2n), (n,p), (n,α) , (n,β), etc.].2  The temporal change in isotope concentrations 

results in further changes in scatter, capture, and fission events as isotopes either transmutate or 

fission into new nuclides possessing different probabilities for these reactions.  For example, as 

U-235 depletes as a result of the fission process, fission products are generated.  Because these 

newly created fission products posses capture reaction probabilities that rival U-235 for neutron 

capture, the fission products, combined with the depletion of U-235, reduce the propensity of the 

system to fission and maintain a steady-state chain reaction.  In order to maintain a self 

sustaining steady-state chain reaction, more fuel than is necessary in order to maintain a steady-

state chain reaction must be loaded.  The introduction of this excess fuel increases the net 

multiplication capability of the system.  To maintain the net neutron multiplication of the system 

at a steady state, poison material is introduced to absorb the excess neutrons generated from the 

excess fuel loading.  As the fuel depletes and produces absorbing fission products, the 

controlling material is extracted in order to maintain the delicate reactivity balance needed in 

order to maintain a self sustaining chain reaction.9  Therefore it is crucial to monitor the temporal 

isotopic concentration in the nuclear system because changes in this composition affect the 

operating strategies that are necessary to maintain a steady-state self-sustaining reaction.   

The operating strategies of a nuclear system are affected by the ability to meet limiting 

values of key operational parameters.  These parameters include: flux, power distribution, 

reactivity, shutdown margin, etc.  The limiting values of these parameters are set such that the 

system be able to operate safely for a prescribed time and meet a prescribed objective.  Since 
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these system parameters therefore limit operational characteristics of the system, it is crucial to 

compute these values as each value temporally evolves drastically enough to warrant changes in 

the system operation.  The study of the change of these operational parameters with the time-

dependent production/ depletion of nuclei is known as depletion analysis.2   

The Depletion Equation 

Solving for the time-dependent change of a specified nuclide involves accounting for all 

processes that lead to either the creation or destruction of that nuclide.  The temporal nuclide 

density may be described by the Bateman equations.55  Equation 2-1 states a simplification of a 

form of the Bateman equations so as to describe the depletion of an individual nuclide: 
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dNm = time dependant change in nuclide m 

• mm tN β)(− = destruction of nuclide m 
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mk
mkk tN γ)( = creation of nuclide m via other nuclides in the system 

• mY = production of nuclide m via an external source 
 

Solving for the time-dependent change of a specified nuclide also involves knowledge of 

the time-dependent change of each contributing nuclide.  Therefore the solution of each nuclides 

time-dependent change involves solving a set of coupled differential equations.55  Though 

solving a set of coupled linear differential equations is a straightforward mathematical process, 

the coefficients in the coupled depletion equations are nonlinear therefore making the equations 

unsolvable without approximation.  Expanding the destruction coefficient, mβ , and the creation 

coefficient, mk→γ , clarifies the nature of the nonlinearity of equation 2-1: 
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• =mλ  destruction of nuclide m by radioactive decay 

• ∑∫ Φ
r

rm dEtErE ),,()(,σ  = destruction of nuclide m by transmutation reaction 
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kkmL λ = creation of nuclide m by some isotope radioactively decaying to isotope m 
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Φ
km r

rkrkm dEtErEEY ),,()()( ,, σ  = creation of isotope m by some isotope 

transmutating to isotope m via a transmutation reaction, r. 
 

The analysis of the temporal nuclide inventory is complicated by the fact that the temporal 

nuclide inventory solution is dependent upon the time-dependent flux.  Unfortunately, the time-

dependent flux is also dependent upon the time-dependent nuclide inventory.  To make equation 

2-1 linear and solvable, approximations must be made regarding the coefficients.  The first 

approximation assumes that the coefficients be made constant over a time step of interest, tacitly 

implying that the time-dependent nuclide solution is separable from the spatial transmuation rate 

calculation.  The second approximation assumes that spatial transmutation rates may be 

calculated using discrete time steps.  The transmutation rates for the temporal nuclide inventory 

calculation are first computed implementing a steady state reaction rate solver.  Then those 

transmutation rates are assumed constant and applied to the temporal nuclide inventory 

calculation in equation 2-1. 

The validity of the approximations is contingent on the fact that the magnitude of the 

transmutation rate implies that large time durations are needed in order to initiate significant 

buildup and depletion of nuclides so as to appreciably alter the spatial transmutation rate 

calculation.2, 55  The definition of “large time durations” is relative and dependent upon the 

builup of highly absorbing isotopes during a time duration that lead to a significant change in the 

transmutation rate.  For example, at the initiation of reactor startup Xe-135 and Sm-149 both 
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contain large absorption cross sections and builup to equilibrium values early in the reactor 

operating cycle.  In reactors containing burnable poisons incorporated into the fuel assembly, the 

burnout of these highly absorbing isotopes during the fuel cycle also offers a significant change 

in transmutation rate as the fuel becomes more reactive in the absence of poisons.  Taking time 

steps that exceed the time to equilibrium buildup of these isotopes affects the further trajectory of 

the depletion solution because the equilibrium buildup of these highly absorbing isotopes does 

greatly affect the calculation of spatial transmutation rates.  This affects the accuracy of the 

number densities generated from equation 2-1 for that time step which further affects the 

calculation of transmutation rates for the next time step.  As long as the transmutation rates do 

not significantly change during a time-step, assuming a constant transmutation rate for a given 

time-step is valid.56  

Zero-Dimension Depletion Calculation 

The depletion equation requires knowledge of reaction rates, decay coefficients and isotope 

concentrations at a specific time-step in order to solve for the isotope concentrations at the 

subsequent time-steps.  The accuracy in the depletion calculation is highly dependent upon the 

appropriateness of the coefficients implemented at given time steps in the solution method, and 

therefore the amount of spatial detail followed in the depletion solution greatly affects 

calculation accuracy.  The depletion equations could be solved on a normalized basis, in which 

power is specified in a per weight basis and isotopes concentrations are determined on a per 

weight basis, if the collision rates utilized in equation 2-1 truly emulate the actual collision rates 

for a given system.  Since this type of calculation is solved over a normalized basis, the solution 

of the coupled depletion equation does not require the coefficients to exhibit spatial dependence.  

The accuracy and applicability of this solution method resides in the validity of the implemented 

coefficients for a given analyzed system.57 
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The ORIGEN and CINDER codes, by themselves, are a family of zero spatial dimension 

depletion codes and therefore the codes have no knowledge of the spatial dependence of the 

transmutation rates.51, 58  Dimensions of the analyzed system are approximated by specifying the 

power in terms of a bases unit (i.e. power/weight).  The major assumption that ORIGEN and 

CINDER make is that the flux is not spatially dependent and may be calculated by equation 2-3: 51, 58 
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The calculation of power based on some spatial flux solution is described by equation 2-4: 
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After determination of flux and system power, the solution methods of the two codes differ 

in approach.  The two most widely used methods for solving the coupled depletion equations 

involve a simplification of either the matrix exponential method or the Markov linear chain 
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method.  The Markov linear chain method involves uncoupling the coupled depletion equations 

into a set of partial linear transmutation paths, solving for the partial buildup/depletion of each 

nuclide within each linear chain, and summing the final buildups of each partial path to 

determine the final nuclide buildup (CINDER90 method previously explained).51  This method 

takes advantage of minimal memory requirements because the computation is broken up into 

smaller memory manageable sets.  The matrix exponential method tries to explicitly solve the 

depletion equations by casting the solution in terms of a matrix exponential (method used in 

ORIGEN and other industry based codes that evolved from the ORIGEN methodology).58, 59  

The main objective of both techniques is to try and determine, as accurately as possible, the 

evolution of the temporal nuclide inventory solution.   

Matrix Exponential Method 

The underlying concept of the matrix exponential method is that the formulas for solving 

normal systems of equations with constant coefficients are identical to the formulas for solving 

first order differential equations with constant coefficients.60  Equation 2-1 may be recast into the 

following form 
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This results in a set of first order homogenous ordinary differential equations with constant 

coefficients.  The solution of this first order differential equation is:60 
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)exp()()( 0 BttNtN =      (2-7) 

where N is a column vector of nuclide densities and B is the matrix of elements calculated of 

equation 2-6.  The function )exp(Bt is a matrix exponential function, and is therefore calculated 

from the following expansion: 
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If the size of the matrix is not too large and not too sparse, the main advantage of this method is 

that the coupled depletion equations may be solved explicitly.59  However, the depletion 

equations require knowledge of all transmuted actinides and fission products leading to a large 

sparse matrix.  This large sparse matrix requires an enormous amount memory in order to store 

all the necessary computations.  Also, the sparse matrix contains both very large values and very 

small eigenvalues depending upon the half-lives of each isotope tracked during the depletion 

process.59  Certain isotopes possess half-lives of a fraction of a second while others posses half-

lives of a billion years. 

The issue of having a large sparse matrix with widely separated eigenvalues leads to 

problems in the ability to compute the solution and therefore approximations are made in order 

to generate a stable solvable matrix.60  Potentially, the size of the matrix can be as large as n2 , 

where n is the amount of nuclides followed in the set of equations (1700 nuclides for 

ORIGEN2.2).  However, because the matrix is sparse, a recursive relationship may be generated 

for formulating the matrix exponential function thereby eliminating the massive memory cost 

associated with storing all the matrix terms of the matrix exponential function.  The relationship 

in ORIGEN2.2 for one nuclide is as follows: 
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where n
ic  is generated by use of the following recursive relationship 
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In this solution method ija  is an element in the matrix that is the first-order rate constant for the 

creation of isotope i from isotope j.  This algorithm for solving for the temporal nuclide 

inventory only requires the storage of a single vector, n
ic , greatly reducing memory cost. 

The main concern computing the summation in equation 2-9 is that it is necessary to 

ensure precision is not lost as a result of addition and subtraction of nearly equal large numbers.  

The time step for the calculation may be reduced so as to limit the size of the matrix coefficients; 

then the resulting matrix may be multiplied by a factor in order to obtain the desired time step.60  

Scaling the matrix calculation would be impractical for a large number of nuclides as many of 

the nuclides contain very short half-lives.  Therefore in order to fix the mentioned numerical 

issue, ORIGEN2.2 decays analytically all short lived nuclides.  A short lived nuclide is defined 

such that the matrix coefficients for this nuclide, resulting from the large amount of decay, are so 

large as to result in numerical issues such that the norm of the matrix exceeds the predetermined 

value of the word length of the computer used for the calculations.  This simplification increases 

the stability of the solution method by eliminating numerical issues.  This assumption is, 

however, only acceptable as long as the isotope does not contain a significant long lived 

precursor with a large interaction cross section.60  For short lived daughter isotopes from long 

lived parent isotopes, the Gauss-Siedel iterative technique is used to accelerate the calculation of 

these nuclides.   
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Ultimately, the amounts of isotopes that are tracked explicitly are limited by the maximum 

memory requirements of the computer utilized to analyze the system.  Therefore implementation 

of the matrix exponential method actually results in only applying a subset of nuclides to the 

explicit matrix exponential computation, and then employing approximations to follow the rest.  

The user must then be careful to select a subset of nuclides that best achieves the most correct 

characterization of the true interaction behavior of the analyzed system, and then the user must 

implement an adequate approximation to follow the rest of the nuclides.  However, further 

numerical limitation still exists as a result of the amount available precesion resulting from the 

applied numerical technique.  If the user wishes to therefore try to solve the Bateman equations 

explicitly, the matrix exponential method may be the method of choice; however, if the user 

determines that a complete set of fission products and actinides is required in order to achieve a 

reliable answer then the linear Markov chain method is more capable of storing the 

concentrations of more nuclide sets without the same type of numerical cost.  

The CINDER90 Linear Markov Chain Method 

The CINDER90 code is a FORTRAN program coupled with an extensive data library used 

to calculated nuclide inventory.61  The origin of the CINDER90 code may be traced back to the 

original development of the CINDER code in 1960 at the Bettis Atomic Power Laboratory 

(BAPL) in support of thermal reactor simulations.  CINDER was utilized by both BAPL and Los 

Alamos National Lab (LANL) for the design of many reactor-fuel investigations.61 Many later 

versions of the CINDER code were developed with improvements in data evaluations, fission 

yield sets, and enhanced decay information.  Initially, CINDER required preset formation of a 

consistent set of linear chains to describe the creation and transmutation paths of all investigated 

cases.61 All versions of CINDER utilized decay and energy integrated reaction rate probabilities 

along with fission yield information to calculate the temporal nuclide buildup and depletion.  



 

41 

Versions of CINDER preceding CINDER90 were limited to reactor fuel calculations involving 

fission products (66<atomic weight<172) and actinides (90<atomic number<96).61 

The development effort of CINDER90 arose from a need by the LANL accelerator 

community to have a more complete calculator for temporal nuclide inventories.61 The library of 

data in CINDER90 was developed to then include isotope decay and interaction probability data 

for 3456 isotopes including, ~30 fission yield sets, and yield data for 1325 fission products.51  

CINDER90 is also capable of following as many reaction types as data exists within the 

CINDER90 library file.  The CINDER90 computation process involves utilizing linear 

Markovian chains to determine the time dependent nuclide densities, solving for the independent 

contributions to nuclide densities in each of a number of linear nuclide chains.  Instead of 

requiring preexisting transmutation path information, in CINDER90 each transmutation of each 

nuclide defined by available nuclear data is followed until the path reaches a nuclide that is 

deemed to be insignificant.  CINDER90 implements an equation similar to equation 2-1 in order 

to calculate the time-dependent nuclide densities: 

∑
≠

→++−=
mk

mkkmmm
m tNYtN

dt
dN

γβ )()(    (2-11) 

where all terms are the same as equation 2-1 except that mY is included to represent the average 

feed rate.  Like equation 2-1, equation 2-11 relies on the assumption that the transmutation 

probabilities are to remain constant for the for the time interval in which a solution is desired.61   

The set differential equations utilized to solve for temporal nuclide buildup/depletion is 

coupled since each equation contains time-dependent isotope density information from other 

nuclides.  In CINDER90, this set of coupled equations is reduced to a set of linear differential 

equations using the Markov method.  Linear chains are created for each isotope transmutation 
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path.  The solutions of each linear chain determines a partial nuclide density, iΝ .  Each 

calculated partial nuclide density, iΝ , computed from a linear chain, is then summed to obtain 

the total nuclide inventory of nuclide, mN .  The differential equation governing the computation 

of )(tΝ  is therefore only coupled to any preceding elements in the sequence leading to the ith 

element.  For the preceding, (i-1) element, all parameters are assumed known.  The entire 

computation is then computed from the simplified equation 

iiiii
i ttY

dt
d

βγ )()( 11 Ν−Ν+=
Ν

−−    (2-12) 

where quantities are now indexed by the order in which they appear within a given sequence and 

1−iγ  is the transmutation probability of forming nuclide element iΝ .  The general solution form 

of a linear sequence of nuclides coupled by any sequence of absorption or decay, first derived 

and implemented by the CINDER code, was: 
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This algorithm therefore depended upon predetermined knowledge of the transmutation path in 

order to properly include every 0
mΝ encountered within a specific path.  This method further 

suffered from large computational cost because the entire transmutation path was to be followed 

even if the probability was low of incurring further nuclide production of a specific isotope 

within a chain.51 

For computational speed enhancement, simplification, and reduction of memory 

requirements, the CINDER90 code employs a methodology that does not require a predefined set 

of nuclides employed in a transmutation path.  The methodology starts at a base set of nuclides 
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and follows each path independently.  Tests of significance at each step of the transmutation path 

are set.  If the test of significance is failed, then the transmutation path is stopped and further 

computation of extraneous nuclides is not incurred.  This lead to the following simplifications 

1,00 ≠=Ν mm       (2-14) 

1,0 ≠= mYm       (2-15) 

ultimately resulting in the following solution for a given linear sequence:61 
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The test for significance in CINDER90 involves calculating the passby quantity, )(tPn .  

The passby of a nuclide is the time-integrated transmutation of that nuclide for a specified time 

interval:  

dtttP n

t

nn β∫Ν=
0

)()(       (2-17) 

The passby therefore may be thought of as the progeny of nuclide n resulting from transmutation 

or decay.61   

The accuracy of CINDER90 is dependent upon the data that is used in the solution of (Eq. 

2-11).  If the code is used by itself to calculate nuclide inventory, the user would be relying 

heavily upon the inherent multi-group cross sections, utilized to determine collapsed energy 

integrated reaction rates, in order to achieve a solution.  Since CINDER90 is a zero-dimensional 

code, similar approximations, as implemented by ORIGEN, would have to be employed in order 

to determine a flux to be used in the computation of reaction rates.  This flux would not 

incorporate the spatial behavior of the system and therefore lead to inaccurate interaction rate 



 

44 

calculations.  This would further propagate into inaccurate temporal nuclide inventory 

computations.  To resolve this issue, CINDER90 must be linked to a steady state reaction rate 

calculator in order to capture the spatial resolution and possible spectral change of the time-

dependent reaction rate behavior. 

Necessity for a Linked Approach 

In the zero spatial dimension calculation, the flux is no longer spatially dependant and 

events such as neutron leakage, scatter and absorption are not accurately depicted.  The physics 

of assuming spatial independence of the reaction rates is highly false because the energy 

dependence of these reactions makes capture and scatter events heavily dependent upon 

geometric configurations.  For example, BWR reactor fuel pins are loaded at various 

enrichments in combination with gadolinium burnable poisons in order to try and achieve a flat 

power distribution across the bundle.62  These bundles are then strategically positioned within the 

reactor core in order to further maintain a flat power distribution across the reactor core.  A flat 

power distribution is preferential because if the peak to average power in the bundle is too high 

then fuel centerline melt, creep, and fission gas pressure constraints limit the average power the 

bundle can be operated, therefore increasing the amount of needed loaded fuel bundles per cycle 

and ultimately reducing fuel economy.  The ability to meet this flat power distribution demand is 

limited by the reactor asymmetries that force non-periodic boundary conditions on the flux 

solution.  For instance, neutrons, generated in fuel bundles at the core periphery, exhibit more 

moderation because of the larger interaction with the surrounding water reflector.  This 

asymmetric interaction is further complicated by the fact that the density of the moderator 

decreases as the moderating fluid heats up and boils as the fluid passes through the reactor core.  

This reduction in moderation leads to less fission and more capture at the beginning of the 

operating cycle.  The boundary condition for the flux solution is therefore set by the asymmetric 



 

45 

properties of the external reflecting fluid and these imposed boundary conditions lead to a flux 

gradient across the reactor core. 

There exists further complicating asymmetries within the bundle itself.  Burnable poisons, 

large cruciform control blades, water holes, and structural guide tubes within the fuel assembly 

also further contribute to flux asymmetry within the fuel assembly.62  The asymmetry in the flux 

solution further propagates during fuel burnup as capture rates and thermalizations are spatially 

affected as a function of the asymmetry in isotope concentrations resulting from the asymmetry 

in prior reaction rates resulting from the asymmetries in the fuel assembly and core structure.  

Therefore implementing a depletion model for a reactor system without accounting for spatial 

dependence will lead to discrepancies in the solution as these types of spatial asymmetries in the 

flux solution lead to further propagation of asymmetry in isotope buildup and depletion.   

As isotopes consume radiation, undergo nuclear reaction, and transmutate into new 

isotopes, the neutron energy spectrum will change due to how the neutrons will interact with the 

newly created transmuted isotopes.2  Simply assuming a single energy-integrated cross section 

set for an entire depletion calculation may not be a valid assumption for systems that undergo 

significant spectral changes.  For example, in a freshly fueled LWR, initially the majority of 

energy is created by fission of U-235 atoms.  As the core burns over time many neutrons are 

parasitically absorbed by U-238 leading to production of U-239.  U-239 quickly decays by beta 

emission to Np-239 and then to Pu-239 which is highly fissile.  At the end of the reactor core 

life, an immense amount of Pu-239 has been created, absorbed neutrons, fissioned, and 

contributed to system power.  The average thermal absorption cross section for Pu-239 is 1011.3 

b which is much higher as compared to U-235 at 680.8 b.7  The average thermal fission cross 

section for Pu-239 is 742.5 b which is also much higher as compared to U-235 at 582.2b.7  
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capture cross section is defined as all absorption reactions not leading to fission, and therefore a 

thermal capture-to-fission ratio may be defined for a specified isotope by equation 2-18: 

f

fa

σ
σσ

α
−

≈       (2-18) 

Changes in the capture-fission-ratio over time change the amount of neutrons that will be 

parasitically absorbed as well as created by the fission process.   These factors ultimately alter 

the neutron energy spectrum and thus lead to time-dependant changes in the transmutation rates.  

The process is also highly geometry dependent because the capture to fission ratios in certain 

sections of a given system will change at different rates due to the energy flux witnesses in a 

specific region.  Inaccurate capture of these changes ultimately affects the accuracy of the 

calculation; therefore it is vital for transmutation rates to be recalculated when isotope 

concentration changes result in significant changes in the energy flux distribution.   

 

Figure 2-1.  Linked Depletion Process. 
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Since considerable changes in the isotope concentration are required in order to 

significantly alter the neutron energy spectrum, equation 2-1 may be approximated as separable 

in space and time.  The equation may then be discretized in several time steps where a steady-

state recalculation of reaction rates is completed at time intervals where it is assumed that 

neutron energy spectrum will be altered significantly enough to alter the trajectory of equation 2-

1.  The procedure for this solution method is outlined in Figure 2-1. The reaction rates utilized in 

the capture terms of equation 2-1, system eigenvalue, and flux normalization terms are first 

calculated utilizing a steady-state reaction rate calculator.  Those capture reactions are then 

assumed constant over a specified time step and implemented in a time-dependent number 

density calculation.  The time-dependant number density calculation then calculates a new set of 

number densities to be utilized in the subsequent steady-state reaction rate calculation.  The 

process repeats itself until the final step. 

Methods of Steady State Reaction Rate Calculation 

Steady state reaction rates may be calculated by either explicitly solving a form of the 

Linear Boltzmann Equation (LBE) or determining the average interaction rate behavior of a 

sample distribution by simulating the actual physical process using the Monte Carlo method.63, 64, 

65  Solving the LBE involves deterministically calculating a continuous spatial reaction rate 

solution by employing a variety of discretizations and approximations.  Accuracy of the 

calculation is highly dependant upon the validity of the discretization and approximation 

techniques utilized to represent the system physics.64  Assumptions must be benchmarked against 

viable experimental data in order to ensure calculation accuracy.  The Monte Carlo method, 

however, simulates the actual physical process through the random sampling of probabilistic 

events.  The method minimizes approximations applied to system coefficients and relies solely 

on knowledge of the probability of particle interaction. 
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Due to the random sampling process, the reaction rates calculated are stochastic and 

therefore the solutions are probabilistic, in contrast to deterministic, thus having an associated 

statistical error.63, 64, 65  Reducing the stochastic error involves modeling larger sample 

distributions to better account for the average behavior of particle interactions.66  The need for 

larger sample sizes to secure adequate calculation precision generally causes the Monte Carlo 

method to execute slower than a typical deterministic calculation.  In certain modeling scenarios, 

an investigator may wish to analyze a plethora of perturbations to a well understood 

benchmarked system of which the approximations applied within the deterministic solution 

method are valid or within the solution tolerance for analyzing the system.  The deterministic 

method is more suited for this type of calculation because the gain in computational performance 

outweighs the accuracy penalty of which may be within the bounds of the solution tolerance.  In 

other modeling scenarios, an investigator may wish to analyze a system that is not well 

understood and/or not benchmarked.  For this type of calculation, the investigator may wish to 

compromise computational performance at the expense of enhancing solution accuracy.  At the 

cost of computational performance, the lack of coefficient approximations, exactness in 3-

dimensional modeling, and explicitness in angular tracking gives the Monte Carlo method a 

distinct advantage for this type of modeling scenario.  The crux of each modeling technique will 

be detailed in the subsequent sections. 

Deterministic Approach to Reaction Rate Calculations 

The deterministic approach to reaction rate calculations involves solving the LBE by using 

a variety of assumptions to achieve a quick, reliable, spatially continuous reaction rate and 

neutron multiplication solution. The steady-state LBE is defined as equation 2-19: 
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Generally, this equation is discretized in energy, space, and angle, or an approximation for 

these dimensions is applied, in order to cast the equation in a deterministic solvable form. 63, 64, 65  

The energy variable is discretized into few defined energy groups ultimately segregating 

equation 2-19 into a set of coupled differential equations, where the coupling of energy groups 

results from the out-group scatter and fission terms: 
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The angular dependence of equation 2-20 is accounted for by either discretizing the angular 

dependence into few angular quadratures, as in the discrete ordinates method, or by assuming 

isotropic scatter behavior and linear dependence of the angular flux, as in diffusion theory. 63, 64, 

65, 67  After angular dependence is accounted for, the examined system geometry must be meshed 

into a fine grid or cast into a solvable ray tracing system.  Reaction rate distributions are 

calculated within each mesh or along each ray by using assuming homogenized parameters 

within the mesh or along the ray and implementing the particle fluxes and currents of the 

neighboring meshes or rays as the boundary conditions for that specific mesh or ray solution. 63, 

64, 65   

The mesh shapes or rays should be chosen so that a problem’s geometry may be modeled 

explicitly, and the homogenizations within each of the shapes or rays do not upset the fidelity of 

the actual calculation.  The ideal mesh or ray scheme would include thousands of tiny meshes or 
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rays so that connect in highly irregular geometries in order to explicitly model a complicated 

geometry.  However, thousands of meshes would require thousands of angular flux at many 

angular quadratures and many energy groups which would ultimately exceed the memory of any 

computer.  Irregular meshing schemes are available such as in the code Atilla; however, irregular 

shaped meshing schemes lead to a highly memory intensive bank of complicated algorithms 

utilized to find a flux solution for each irregular mesh scheme.68  Assumptions must be employed 

on acceptable mesh size and shape so as not to violate the allotted computational memory 

restrictions.  Therefore modeling of highly irregular complicated geometries must be 

approximated by simpler less precise models that may possibly affect the accuracy of the 

solution method.  Ray tracing schemes such as that implemented in the method of characteristics 

(MOC) are capable of better accounting for complicated geometries by setting up a scheme that 

solves a solution at the explicit boundaries of a given geometry.  The MOC method has been 

successfully applied for modeling complicated geometries.69  However, the MOC method, like 

the discrete ordinates method, relies on approximation schemes to develop proper coefficients ( 

i.e. interaction cross sections) in order to solve the deterministic form of the transport equation. 

Within the Evaluated Nuclear Data Files (ENDF), exist infinite-dilute, energy dependant 

reaction rate probability, cross section, data.70  This data functions as the coefficients for the 

transport equation.  The data itself are stated at many energy points and therefore is not exactly 

“continuous” in energy, however since the magnitude of data points existing for a specific 

reaction is considered in fine enough fidelity to assume a continuous distribution, the data is 

deemed continuous.  The ENDF data therefore represents a continuous function for each reaction 

type that is dependent upon impingent energy, and used as the coefficients in order to solve the 

transport equation. Parameters also exist for reconstructing complicated sections of the 
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coefficient function such as the resonances resulting from the eigenstates of the nucleus.  The 

data are also stated to be infinitely dilute because it is assumed that reaction probabilities do not 

incur energy and spatial self-shielding.  Figure 2-2 shows two separate distributions of flux in the 

vicinity of a cross section resonance.  As compared to a 1/E distribution, the actual flux, Φ(E), 

will be depressed in the neighborhood of a cross section resonance peak.  This effect is termed 

energy self-shielding since the large interaction probability of the resonance shields the isotope’s 

nuclei from neutrons around the energy E0 leading to a flux depression.  If the nuclei of interest 

is then further contained within a lump of similar nuclei and placed in the pathway of a beam of 

neutrons with energies in the vicinity of the resonance energy of those nuclei, the majority of 

neutrons will only interact with nuclei at the surface of the lump.  This effect is termed spatial 

self shielding because the inner nuclei of that lump are spatially shielded by the nuclei at the 

surface of the lump.2  In implementing a deterministic solution approach the reaction rate 

coefficients must be properly adjusted to adequately account for these types of self-shielding in 

order to properly model the true system physics. 

 

Figure 2-2.  Flux depression in the neighborhood of a resonance at E0. 
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Casting equation 2-19 into the multi-group form requires that multi-group coefficients be 

generated.  The coefficients are generated based on the premise that the multi-group coefficients 

be a homogenized term that best represents the average behavior within a specified energy 

group.  To preserve true system physics, the energy group averaged interaction rates are 

calculated dividing the energy integrated reaction rate, within a specific energy band, by the 

energy integrated flux within that same energy band as shown in equation 2-21: 
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The concern with this approach is that the flux, the variable that is to be to calculated in equation 

2-20, is used to calculate the cross section which is then utilized to calculate the flux in equation 

2-20 making the process nonlinear.  To make the process linear, an approximation is made in 

which first a homogenous, spatially-infinite, 1-D dimensional calculation is completed with the 

continuous energy ENDF cross sections.  The flux solution from that calculation is then used to 

generate collapsed group energy self-shielded cross sections for a further multi-group 

calculation.63, 64, 65  

Deciding which energy bands to use to compute the group average cross sections will 

highly affect the ultimate outcome of the further calculations that implement those cross sections.  

Ideally, a proper group structure, robust enough to be used for a wide class of calculations, 

would account for every major resonance of every single nuclide.  Figure 2-3 displays the 

absorption cross sections for a few nuclides found  in typical reactor calculations.  Notice that 

each isotope contains many different resonances therefore requiring a large amount of groups to 

capture the true interaction rate behavior of the displayed isotopes.  If the rest of the 389 isotopes 
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containing ENDF data are figured into the calculation, one may then see that an immense amount 

of energy groups is needed in order to model each resonance.  Because the size of the group 

structure is one of the many parameters that dictate the needed memory allocation to solve a 

specific problem, in practice, the ideal approach is not viable because it is possible that 

thousands of energy groups would be necessary in order accurately capture the resonances of 

each available isotope.  Therefore group structures are chosen that utilize as few groups as 

possible, in order to account for as many resonances as possible, to make the group structure 

small enough to be practical for an actual calculation. 

 

Figure 2-3.  Flux depression in the neighborhood of a resonance at E0. 

Accurate group structures may be generated for classes of problems.  For example, the 

nuclear power industry contains accurate multi-group cross section libraries for examining 
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reactors containing uranium-oxide fuel, with zircaloy clad, surrounded by water, and possibly 

controlled by born-carbide or hafnium.25, 26, 30, 32  However, those libraries are not applicable for 

examining exotic isotope combinations such as uranium-nitride fueled, rhenium cladded and 

niobium-carbide coated space reactor designs.71, 72  Furthermore, the nuclear industry is only 

successful in determining these libraries after years of comparing and tuning cross sections to 

operational data.   

The implementer of a deterministic method is constantly burdened by the choice of 

appropriate approximations in order to achieve an accurate result.  If chosen correctly the 

implementer will achieve a quick, reliable, non-stochastic, spatially continuous reaction rate and 

neutron multiplication solution that runs much faster than a Monte Carlo.  However, the burden 

of these choices and the knowledge to make proper determinations of group structure and self-

shielding accountability may be out of the experience base of the implementer or may not be 

possible with current memory restrictions, in which case a more robust tool exhibiting fewer 

approximations of system physics should be implemented. 

Monte Carlo Approach to Reaction Rate Calculations 

The Monte Carlo method uses probability theory to model a system stochastically by 

simulating the actual physical process through the random sampling of events.  Like 

deterministic methods the Monte Carlo method seeks to solve the transport equation to determine 

the average behavior of the neutron population within a system; however, unlike deterministic 

methods the Monte Carlo method solves the transport equation in a probabilistic approach.  The 

Monte Carlo method does not require clever simplifications and approximations to determine 

transport coefficients and model geometry in order to compute solutions of neutron behavior.  In 

certain circumstances, simplifications and approximations employed by deterministic methods 

alter a calculation so significantly that accuracy of neutron behavioral characteristics is lost.  
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Since the Monte Carlo method does not rely on these simplifications and approximations of 

system physics, the method is highly robust and capable of modeling very complex systems.36, 63 

Combinatorial geometry is used to build models for simulation within the Monte Carlo 

process.50  Geometric shapes are represented by the combinations of basic surface types.  The 

geometric shapes created from the combination of these surface types are called “cells”.  These 

cells contain homogenized information of isotope concentration and particle interaction 

behaviors.  Most possible shapes/cells incurred in nuclear system design may be modeled as 

combinations of these basic surface types; therefore making it possible to explicitly model any 

type of geometry encountered.  Particle position is tracked in reference to these cells and 

surfaces, and the particle track length and interaction behavior are determined from interaction 

characteristics within each of the encountered cells.63, 64, 65   

A basic diagram of the Monte Carlo process is displayed in Figure 2-4.  Initially, a particle 

of specified energy and direction enters a cell volume.  The distance the particle travels within 

that cell volume is dependent upon the probability that the particle will have an interaction 

within the specified volume some distance into the volume.  In the one-dimensional case, the 

probability that the particle interacts within a distance between point “a” and point “b” is 

determined from the representative probability density function (PDF), f(x), and calculated by 

equation 2-22: 
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The probability of an event clearly may not be less than 0.  If x may be any real value between ∞ 

and -∞ the distribution may be normalized resulting in equation 2-23: 
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From this equation we can further derive the cumulative probability distribution function (CDF), 

F(x) in equation 2-24, which will be utilized to ultimately determine the actual length of particle 

travel: 
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In order to then simulate the process of particle travel through the random sampling of events we 

set the cumulative distribution function equal to a random number, ξ, and invert the equation in 

order to compute a correlated path length of travel.   

 

Figure 2-4.  Flow diagram for the Monte Carlo particle transport process 

If the calculation is in terms of mean free paths and 0 < x< ∞ , the PDF is 

xexf −=)(        (2-25) 

and the associated CDF is  

xexF −−= 1)(        (2-26) 

No 

Track enters volume

Go to cell boundary and enter 
next cell

Determine interacting isotope

Compute distance to next 

Determine interacting isotope 

Determine reaction type and 
resolve residual parameters 

Interaction 
inside cell 

Particle 
killed? 

Yes 

Yes 

No 



 

57 

Therefore, inverting the cumulative probability distribution function to solve for the mean free 

path results in  

)1ln( ξ−−=x        (2-27) 

and if we choose ξ to be uniformly distributed between 0 and 1 we can further write 

)ln(ξ−=x        (2-28) 

or in terms of track length, l, utilizing the individual isotope number density iN and microscopic 

cross section total cross section, tiE ,)(σ  
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If a particle then interacts within a cell volume, then the isotope that the particle interacted 

with must be determined.  The probability of a particle at specific energy, E, interacts with 

isotope i is simply the ratio of the number density of i multiplied by the total cross section of i to 

the sum of all the isotopes’ number densities multiplied their associated total cross sections: 
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Then to sample the process from a random event, and assuming ξ to be randomly distributed 

between 0 and 1, isotope m is selected for interaction only if the following criterion is met: 
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After the interacting isotope is determined, the type of particle interaction incurred is sampled in 

a similar manner.  First, the probability of incurred a specific reaction, m, is computed by [41]: 
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Then to sample the process from a random event, and assuming ξ to be randomly distributed 

between 0 and 1, isotope m is selected for interaction only if the following criterion is also met: 
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After the interaction type is determined then subsequent residual nuclides/particles are 

determined and resulting energy and angular distributions are calculated. 

Particles continue to move within the system until the particle is either absorbed or leaked 

from the system.  A tallying estimator is used in order to retrieve particle information from the 

system such as reaction rates and fluxes.63, 64, 65  The most basic Monte Carlo tally estimator is 

the collision estimator which tallies the amount of a specific collision within a cell volume.  In 

order to calculate the average number of collisions in a volume, V, per unit time the following is 

used equation: 

φσ cVc ~~=       (2-34) 

For the Monte Carlo computation the flux may therefore be approximated by: 

cV
c
σ

φ ~~=       (2-35) 

Where φ is the average flux, cσ~  is the average macroscopic collision interaction cross section, 

and c is the mean number of collisions in a volume,V~ .  If the calculation is normalized to per 

source particle then the collision estimator may be rewritten as: 
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A variation of collision estimator is the absorption estimator where the flux is now tallied not at 

every collision site but at each absorption site: 
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Both the collision and absorption estimators are dependent upon interactions taking place within 

a volume.63, 64, 65     

Due to the stochastic nature of the Monte Carlo process, all quantities computed result in a 

stochastic error (standard error or relative error).  The relative error is composed from the sample 

variance.  The actual variance of the population is  
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where μ is the actual population mean.  Unfortunately, the actual population mean is almost 

never known, and therefore the sample mean, x , is used to determine a sample variance. The 

xi’s tend to be closer to their average, x , than to the population average, μ  , resulting in 

estimated values that are too small on average, therefore a n-1 is used in the divisor to account 

for this underestimating.   For a sample distribution, the sample variance of that distribution is 

calculated by equation 2-38: 
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With further mathematical simplification we derive73 
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The sample variance is referred to having n-1 degrees of freedom.  This terminology results from 

the fact that although the sample variance is based on the n quantities, ( )xx −1 , ( )xx −2 , 

..., ( )xxn − , these sum to 0, so specifying the values of any n-1 of the quantities determines the 

remaining value.73  The Strong Law of Numbers states that if the true mean is finite then the 

sample tends to the true mean as the sample size approaches infinity.66  Furthermore, examining 

equation 2-38 we see that increasing the sample size, n, decreases the sample variance.  The 

variance of the sample mean is calculated to then be implemented in the calculation of the 

relative error74 
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Because the relative error implements the sample mean variance, increasing the sample size 

further decreases the relative error of the calculation.  A major shortcoming of the collision and 

absorption estimators is that reliable estimates of the flux, and thus interaction rates, may only be 

computed if many collisions/absorptions occur within tallied cell volume.  For cell volumes 

containing minimal amount of collisions/ absorptions the relative error for calculated quantities 

will be high and thus leading to a lack of confidence in the computed quantity. 

The track length estimator is another type of Monte Carlo estimator that does not incur the 

mentioned shortcoming.  The track length estimator utilizes the particle’s average track length, l, 

within a specified cell volume to tally flux, and therefore relies of particles passing through a 

specific cell volume and not if the particle happens to interact within the cell volume.  The 

particle density is equated to the scalar flux by 

dVdEdttErvNdVdEdttEr ),,(),,( vv =Φ      (2-41) 
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Since a particle with travel a distance vdt during the time increment dt, the scalar flux may be 

thought of as the total of the path lengths traveled during dt by all particles in the phase space 

volume of dVdE.63  The scalar flux may therefore be defined as the total track length traversed 

by particles within a specified volume  

V
l
~=φ        (2-42) 

where l is the average track length per unit time a particle traverses in volume, V~ .  In a Monte 

Carlo simulation utilizing N particles the track length estimator of the flux may be calculated by: 
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Because the track length estimator of the flux relies only upon tracks entering a volume, more 

particles contribute to the calculation of the relative error and therefore computing reaction rates 

with lower relative error is easier with this flux estimator.63   

Monte Carlo applied to neutron transport may make two distinct types of calculations:  

fixed source and criticality.  A fixed source calculation involves following a preset amount of 

particles from a source, given by the user, until the particles are killed.  Criticality calculations, 

however, determine the effective neutron multiplication of a system by constantly changing the 

geometric source distribution of neutrons for subsequent neutron cycles and following each 

neutron till it is killed in an inelastic reaction, scattered below the weight threshold, or leaked 

from the system and then determining if the way in which the neutron was killed resulted in 

production of new neutrons.  Many cycles of source distributions are analyzed in order to 

converge on a source distribution that is truly representative of the analyzed system so that an 

accurate characterization of the neutron multiplication may be computed.50 
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For a criticality the total amount of particles examined in the computation may be broken 

up into the particles distributed per cycle and the total number of cycles examined.  Initially the 

user inputs a guess at the source distribution of particles.  These particles then transport and are 

eventually killed by an inelastic event, scattered below a weight threshold, or leaked from the 

system.  The absorption sites containing fissile nuclides that lead to fission then become the birth 

sites for the next set of particles in the subsequent cycle.  At each absorption site containing a 

fissile nuclide, the amount of neutrons produced per fission is determined.  The amount of 

neutrons created per source neutron examined represents the multiplication of the system or keff.  

If the system is a self sustaining critical system, for each source neutron lost from the system and 

additional neutron is created for the next cycle.  The multiplication of the system is a global 

parameter and therefore keff is used to explain the entire global system. 

Similar to the mentioned tallying process, three estimators exist for determining criticality.  

Each estimator involves multiplying the flux estimator by a response function, h, to determine 

the system multiplication:74 
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)(~
,, Efniσ is the macroscopic fission cross section of isotope i at energy E, and )(Eiυ is the total 

number of neutrons per fission of fissile isotope i.  The collision and track length estimators are 

tallied from interactions with each isotope i in all volumes n, by:74 
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The absorption criticality estimator is computed slightly different form the absorption flux 

estimator in that only absorptions in fissionable nuclides are tallied  
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All three estimators (similar to the flux estimators) rely on large sample sizes and large 

numbers of hits (i.e. collision/absorptions/number of entering tracks) in order to decrease the 

relative error of the computation to have high confidence in the accuracy of the computed 

quantity.  Therefore, unfortunately, decreasing the relative error of the calculation is directly 

correlated with increasing the associated computational cost of increasing the sample size to be 

followed.  Historically, the Monte Carlo method has been used only as a benchmarking 

technique because of the computational cost associated with large sample sizes. Deterministic 

codes generally calculate results much faster than Monte Carlo codes. However, as core 

designers start to examine more advanced technologies that exhibit behavior that violates the 

validity of the assumptions of the current deterministic methodologies, a method that captures 

the true systems physics accurately becomes vital in order to effectively characterize system 

properties.  

Current Capabilities and Methods of State of the Art Depletion Codes 

Many depletion codes exist in industry and academia for the purpose of determining 

temporal nuclide inventories and reaction rate distributions.35  These codes are either externally 

linked or sequential build technologies that contain a set of constraints used for determining 

which depletion and transport coefficients to track and calculate.  Depending upon the 

investigated system, more or less detail in the solution method may be invoked in order to 

achieve an acceptable characterization.  The level of acceptable characterization may be 

dependent on the validity of the benchmarking for the applied method or the actual level of 
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fidelity necessary to achieve proper knowledge for further design consideration.  As many 

calculations are required in order to license a reactor core, codes utilized by the nuclear power 

industry for continual fuel cycle design of heavily benchmarked systems may employ many 

approximations in order to achieve quick reliable results within the timeframe deadline allotted 

by a particular customer.9  These assumptions are acceptable based on the premise that the 

benchmarking of the system covers the design application space in which the code is 

implemented.  On the other hand, codes utilized for the development of radically new system 

designs, incorporating a wide variety of unique material and geometry combinations that are not 

heavily benchmarked, may implement a higher fidelity of detail in the solution method 

employing few if any approximations. 

Implementation Architecture 

The main focus of most industry-based depletion codes is to support the operation and fuel 

cycle design of commercial power reactors. Industry-based codes usually focus on streamline 

manufacturing of heavily benchmarked systems that push the limiting design constraints to 

maximize returnable profit.35  These types of systems involve many optimization iterations of 

common heavily benchmarked technologies. Only broad, generalized parameters are required to 

meet limiting conditions of operation (i.e. eigenvalue, power density, and linear heat generation 

rate) for most commercial reactor designs.  Therefore, because the calculation tools are heavily 

benchmarked, the design requirements are broad, and the designer must complete the final 

design analysis within a short prescribed time period, most of the current licensed industry codes 

employ deterministic-linked depletion methodologies.35   

Although various companies, such as Westinghouse, General Electric, Areva, and 

Studsvick, use slightly different techniques to approximate time-dependent reactor behavior, the 

overall methodology and processes are quite similar.  First, a fine-fidelity deterministic 
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calculation (using PHOENIX, TGBLA, CASMO-3, etc.) examining many axial and radial slices 

of the reactor are completed to generate coarser 1- to 4- group-averaged interaction rate 

parameters for implementation in a coarser calculation of the full-core geometry (using ANC, 

PANACEA, PRISM, etc.).35    However, due to the limitations of the deterministic method, these 

methodologies are only valid within the design space that they have been benchmarked for.  

Further analysis in group structure and cross section self-shielding is required in order to attempt 

to apply the tools to more exotic applications.  These codes choose to follow a predetermined 

subset of reaction rates for the transport calculation, and further propagate a subset of fission 

products to be followed during the depletion calculation.  Certain reaction rates may not be of 

importance to specific reactor designs or may only contribute within the noise of an acceptable 

solution.  Omitting these unnecessary reaction rates results in extra available memory as well as 

minimizing computation cost.  For most industry based codes major fission products such as the 

Sm and Xe isotopes may be followed explicitly while the buildup of minor reactivity 

contributors may be grouped into a lumped fission product set.2, 25, 29, 31, 32  The advantage to 

fission product lumping is that fewer fission products are followed in the transport process 

leading to a speedup in computation.  The fission product lumps are, however, geometry and 

spectrum dependant, and therefore though one type of fission product lump may be acceptable 

for a certain type of system, that same fission product lump may be acceptable for a different 

system.  The combination of the acceptability of the transport method solution (i.e. energy group 

structure, angular dependence, and geometric approximation), the reaction rates followed, and 

the fission products tracked limits the application space for most industry based depletion codes. 

These codes are usually only valid for the specific systems for which the codes were 

originally developed.  For example, a multi-group code developed for and LWR with certain 
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group structure, fission products, and reactions followed will not be accurate in determining 

individual gamma-line signatures of fast reactor fission products for implementation in detector 

signal segregation.  However, that same code is very capable of determining an adequate neutron 

multiplication and power shape calculation for licensing the reactor for operation. 

Academia-based codes generally are developed for finer fidelity design of a robust variety 

of nuclear systems that are not heavily benchmarked. These codes must implement as few 

assumptions as possible in order to achieve an accurate result.  The types of analysis for these 

systems involve understanding more precisely the sensitivity of certain parameters within the 

design making a higher-fidelity methodology, the design tool of choice. In general, deterministic 

codes developed in academia implement fewer angular approximations [i.e., discrete ordinance 

transport theory (XSDRNPM) versus diffusion theory], implementing a higher degree of 

examined dimensions (i.e., 3D versus 2D), and/or using a finer-energy or continuous group 

structure.35  Even though higher fidelity deterministic technologies exist to address concerns of 

angular dependence, by nature of the process, these technologies still suffer from the burden of 

proper group structure generation and flux self-shielding considerations.   

To eliminate dependence from this burden, burnup codes coupling the Monte Carlo 

reaction rate calculation have received more attention.36-41,46-48,75  However, due to the long 

computation times required to execute a detailed high fidelity calculation, these codes have had 

limiting success in implementation for commercial reactor design processes.  To overcome this 

issue, users would have to consider utilizing longer irradiation steps, with larger spatial zones, 

following fewer nuclides, and fewer interaction rates per nuclides.  An unfortunate example of 

this issue is exemplified in the MCODE.39  In the MCODE only isotopes specified by the user 

are followed in the transmutation process, and only (n,γ) and (n,f) energy integrated reaction 
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rates are calculated for each nuclide.  This simplification neglects key (n,α) reactions as 

witnessed in the depletion of boron-10.  Further acceleration techniques for Monte Carlo may 

include using multi-group Monte Carlo such as in Keno Va.76  Multi-group Monte Carlo speeds 

up the search algorithm when determining and energy dependent cross section at an interaction 

site because far less energy groups need be queried.  However, the limitation of the multi-group 

approach is ultimately the validity of the group structure to a specific calculation.  Implementing 

approximations to a Monte Carlo linked capability, unfortunately, reduces the robustness of the 

technology; therefore to take advantage of the explicitness of the Monte Carlo process, 

computational cost will have to be sacrificed. 

All linked depletion methodologies suffer from how the linking process affects the 

functionality of both codes.  For example, MONTEBURNS links MCNPX/5 with ORIGEN2.2 

for high fidelity depletion calculations.  MCNPX/5 is capable of tracking ~393 isotopes for 

particle transport and ORIGEN2.2 is capable of tracking 1700 nuclides for transmutation.  

MONTEBURNS only chooses to follow a small subset of isotopes for particle transport 

determined by specific reactivity criteria, and is not capable of following multiple isotope 

transmutations at multiple temperatures.75  Other features within MCNPX/5 or ORIGEN2.2 are 

also not compatible with the MONTEBURNS implication as the code was not developed for 

these purposes.  Many other linked technologies suffer from this same deficiency.  All linked 

methodologies suffer the added external input structure necessary to execute the coupling.  For 

example, the SCALE package successfully preserves the functionality of each code by 

implementing each package as a separate module and using a driver code to execute link each 

module however, the driver inputs are limited to certain setups and therefore though each code is 

run as a separate module, the linking input still limits the user to a specific implementation.77  
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Specific features of code mechanics that enable the user larger flexibility might be ignored in the 

linking process such as: operating in parallel execution and continuing a stopped execution.    

All externally linked technologies suffer from the fact that the directory structure of the 

linked package must be coordinated with the setup of each of the technologies to be linked, and 

only the functionality of the linked code is supported by the developer of the linking process.  

For example, ORIGEN is supported by Oak Ridge National Laboratory, MCNP is supported by 

Los Alamos National Laboratory, and MCWO, a script linking MCNP and ORIGEN, is 

supported by Idaho National Laboratory; however, MCWO does not support development of 

ORIGEN or MCNP.41  Therefore if a user of MCWO finds a particle transport error in MCNP or 

a transmutation limitation in ORIGEN, developers of MCWO are not responsible or able to 

support fixes of these independent codes.  Codes like the SCALE package benefit from the fact 

that each code used for calculation is supported by the same organization.76, 77  Therefore an 

optimum multi-purpose depletion package is a code system that minimizes approximations in the 

transport, depletion and linking calculations, supports development of all codes implemented in 

the solution method and maintains full functionality and benefit of each code used in the 

calculation. 

Nuclide Inventory Limitations/ Calculation Size Considerations 

The goal in designing any nuclear system is to determine the minimum amount of incurred 

cost necessary in order to achieve the power and cycle requirements while still meeting safety 

margin considerations.78  To determine these limiting conditions of operation only broad 

generalized parameters are required (i.e., eigenvalue, power density, linear heat generation rate, 

and shutdown margin).  Hundreds of combinations of loading and control strategies incurring 

many design iterations are examined in order to meet limiting design criteria.  Therefore in order 
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to reduce the computational modeling expense approximations of larger system behavior must be 

made. 

To model an entire commercial power reactor core explicitly, capturing the exact 

interaction rate behavior of every single microscopic section of every single material in the 

system, would be an extremely memory restrictive.  Considering that the power distribution 

varies continuously in the radial and axial directions, reactor designers are forced to make 

approximations in order to discretize the full depletion model so that it may be solved.  Within 

each discretization, reaction rates for each isotope of interested must be computed and stored for 

implementation into the time-dependent isotope concentration calculator.  For finer 

discretizations, larger memory requirements and increased computational costs are incurred.62   

For cases that are not concerned with microscopic phenomenon, instead of trying to 

simulate an entire system explicitly, detail of a systems behavior may be resolved from 

examining the large system as composed of average models of explicit sections of the reactor.  

Many calculations of explicit sections of the larger reactor model are completed and major 

interaction parameters are collapsed into an average set representing the explicit microscopic 

section.  Then these average sets of parameters are implemented into a courser representation of 

the full system leading to a final computation that does not require as much explicit detail and 

therefore reducing memory restriction and enhancing computational incentive. 

Currently in the commercial power industry, reactor physics computations are bifurcated 

into two separate processes.  First, a multi-group or stochastic calculation (using MCNP, 

PHOENIX, TGBLA, CASMO-3, etc.) is completed on a fuel bundle at certain axial zones to 

generate collapsed interaction parameters. Then those generated collapsed interaction parameters 

are implemented in a full-core simulator tool (using ANC, PANACEA, PRISM, etc).35  The 
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advantage to this process is the speed up in computation; however, the major fault is that the 

legitimacy of the process now rests upon the validity of the chosen discretizations and averaged 

parameters that are generated from the finer explicit micro-section calculations, and the fidelity 

to determine microscopic behavior of interest is now lost in the averaging process.35 

The most robust, optimum design tool must allow the user the option to examine different 

sizes of possible geometric averaging techniques as well as the capability to eliminate them 

entirely.  Due to the robust modeling capability of combinatorial geometry, Monte Carlo codes 

are capable easily modeling both intricate explicit models of the entire system as well as courser 

representations implementing large blocks of common materials that incur decreased 

computational expense.  Since the Monte Carlo method employs few, if any, assumptions of 

system physics, collapsed average interaction parameters generated by the code may be secured 

to be of highest fidelity.  This makes utilizing Monte Carlo for either group constant generation 

or full core modeling the optimum robust linked depletion tool. 
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CHAPTER 3 
METHODOLOGY DEVELOPMENT 

A driver program is required in order to structure the execution of coupled algorithms 

within coupled process.  The MCNPX code serves as the driver program for the coupled 

depletion process.   MCNPX was chosen as the driver program because the code is already a 

large scale multi-purpose particle transport package.  The MCNPX code package contains ~1000 

subroutines with each subroutine containing hundreds of execution lines.  The CINDER90 

depletion algorithm is placed within the MCNPX code package, and an interface subroutine sets 

CINDER90 inputs and retrieves CINDER90 outputs.  The other 29 implemented subroutines 

execute various assignments in order to properly average data, set parameters for implementation 

in the CINDER90 depletion algorithm, reconstruct atom density information for subsequent 

particle transport calculations, retrieve input information for problem set up or to construct 

output.  The coupled deletion process involves a Monte Carlo (MCNPX) steady-state reaction 

rate calculation linked to a deterministic depletion calculation (CINDER90).  The whole process 

resides in roughly 30 subroutines in the MCNPX code (five new subroutines and 25 augmented 

subroutines).   The linking process is displayed in Figure 3-1.  MCNPX runs a steady-state 

calculation to determine the system eigenvalue, 63-group fluxes, collision rates, ν, and Q values. 

CINDER90 then takes those MCNPX-generated values and carries out the depletion calculation 

to generate new number densities at the following time step. MCNPX then takes those new 

number densities and generates another set of fluxes and reaction rates; the process repeats itself 

until after the final time step.79  The MCNPX linked depletion architecture requires important 

decisions regarding isotope tracking philosophy and methods, calculation of depletion equation 

coefficients, time-dependant cross section averaging techniques, and the implementation 

architecture. 79  Chapter 3 details the development and implementation of these philosophies 
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within the MCNPX depletion methodology and offers key important considerations to account 

for in the development similar technologies. 

 

Figure 3-1. Monte-Carlo-linked depletion process model. 

Approach to Isotope Tracking 

MCNPX depletion burns a system by specified burn material instead of by individual cell 

location.78  This technique was employed in order to take advantage of repeated structure 

geometry simplifications already available in the MCNPX geometry build subroutines that help 

decrease the size of necessary input in order to burn an entire system.50  The trade off in taking 

advantage of this input simplification is that the user must be aware that unique materials are 

required for each burn cell containing a unique power profile.  However, the advantage of this 

capability eases the burden in modeling complicated geometries.   

MCNPX depletion requires that each burn material contain all isotopes to be generated 

within that material at the beginning of the computation.  This therefore requires that the code 
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determine all fission and activation products upfront as well as particle interaction data to be 

used in the depletion process.  As mentioned previously, the depletion process is bifurcated into 

two separate processes:  steady-state particle transport and isotope transmutation.  Particle 

reaction data for use in the particle transport calculation is available from direct experiment via 

evaluated data library sets.  These evaluated library sets include ENDF, JEF, JENDL, BROND, 

CENDL, etc.  Because most of the evaluated library data sets include reaction information from 

experiment, ability to execute and retrieve data from experiments limits the amount of isotopes 

that actually posses evaluated library transport information.  For example, generating an 

experiment to measure interaction rate data from a radioactive isotope with a very short half-life 

may not be possible and therefore the evaluated nuclear data files will usually not contain 

transport information for such an isotope.  The current ENDF/B VII.0 library only contains 

actual transport cross sections for 393 isotopes, and therefore, without an analytical or empirical 

model, a maximum of 393 isotopes may be tracked in particle transport.80  Unfortunately, the 

actual transmutation process has the possibility of generating 3400 isotopes.  Though there exists 

measured decay data for most of these nuclides, interaction rate data does not exist.  CINDER90 

is capable of tracking 3400 isotopes in the transmutation process; however, transmutation rates 

are required in order to complete the calculation.61  These transmutation rates will only have 

spatial dependence if determined from the steady-state reaction rate calculation.  However, if 

continuous energy cross section data does not exist for a specific nuclide, that nuclide cannot be 

employed in the steady-state reaction rate calculation.  For nuclides not containing tabulated 

transport cross sections in the MCNPX data library, MCNPX does have the capability to use a 

theoretical model to generate a cross section for that specific isotope; however, this capability 

was benchmarked for > 150 MeV particle interactions, which is well above the energy regime for 
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the majority of particle interactions incurring in a reactor, and therefore not a safe technique to 

be implemented in reactor calculations.79   

CINDER90 does contain 63-group transmutation rate information for 3400 nuclides.61  

The majority of this data, not derived from evaluated library files, was generated from analytical 

cross section modeling codes or by expert best estimates.  Therefore MCNPX applies a mix and 

match method for transmutation rates in which if there exists and evaluated library transport 

cross section for a nuclide for use in MCNPX, then the reaction rate information from that 

nuclide is calculated directly within MCNPX and sent to CINDER90 as a transmutation 

coefficient.  For all other nuclides, a 63-group spatially dependent flux is calculated within 

MCNPX and sent to CINDER90 to be match with a 63-group cross section sets available in the 

CINDER90 data library file, where that cross section set most probably was derived from an 

analytical model or expert best estimate, to be integrated into a transmutation coefficients for use 

in the depletion equation.79    To save computation time and reduce the influx of memory-

prohibitive information, MCNPX only tracks those isotopes accounted for from the following 

processes:    

1. Listing the isotope on a material card.  
2. Selecting an isotope from a preset fission product tier. 
3. Producing the isotope from the Isotope Generator Algorithm.  
 

CINDER90 still tracks all of the daughter/granddaughter/great-granddaughter/etc. decay 

reactions for 3400 isotopes; therefore, the total isotope concentrations listed in MCNPX are the 

true concentrations from the full depletion process.  

Fission Product Tiers 

Executing a successful depletion calculation involves accounting for the reactivity effects 

of as many fission products as possible.  In most cases, a fission event will result in the creation 

of two-to-three fission products with a total mass that sums to less than the mass of the original 



 

75 

isotope.  The creation of the fission product isotopes is probabilistic in nature and follows a 

distribution.  Figure 3-2 displays the fission product distribution for U-235 for thermal and 14 

MeV fission reactions.  Hundreds of fission product isotope yield combinations are possible for a 

given fission event from a specific isotope.  Each fissionable isotope also contains different yield 

distributions.  Figure 3-3 shows fission product yield distribution for certain pluotonium and 

uranium isotopes.  CINDER90 contains energy dependent fission product yield data for 1325 

different fission products.61 

 

Figure 3-2.  Uranium-235 fission product yield distribution.7 

Due to the nature of the Monte Carlo process, increasing the amount of isotopes tracked in 

a problem increases the associated computational cost.  When a particle interacts within a 

specified cell volume, a calculation must be run to sample which isotope within that material the 

particle interacted with.  This sampling is dependant upon individual isotope atom density, 

interaction cross section, and total amount of isotopes within that given cell.  Increasing the 

amount of isotopes, increases the overall associated computational cost.  However, not tracking 

certain fission products within a calculation leads to altered neutron spectrum ultimately leading 

to inadequate estimation of system reactivity and inaccurate representation of true system 
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physics.  Therefore determining an adequate combination of fission products necessary to 

sufficiently account for the system physics becomes paramount in achieving an accurate 

depletion calculation.   

 

Figure 3-3.  Fission Yield Distributions for Various Plutonium and Uranium Isotopes.81  

Many options exist for determining how the user accounts for the generation of fission 

products within a calculation.  The user could be forced to list, on an input deck, all the fission 

products that were of interest.  This would require that the user had prior knowledge of all the 

fission products generated during the fission process that contained useful transport cross section 

information.  Inputting every single fission product of interest, in all burn material would be a 

very cumbersome task.  MCNPX offers the user preset fission product “tiers”, which are subsets 

of a preset fission product array. By using preset fission product tier sets, the cumbersome and 

tedious task of cataloguing every fission product on an input file is eliminated.82 The user then 

can omit certain isotopes from the fission product tier if necessary. Three tiers of fission product 
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content are available. Each tier corresponds only to those isotopes that are used for particle 

transport in MCNPX and the nuclide densities that are reported in the following output file.  In 

MCNPX 2.6.A the fission product array contained 167 fission products, listed in Figure 3-4, with 

the following fission product tiers:79 

1. Tier 1. (default) Zr-93, Mo-95, Tc-99m, Ru-101, Xe-131, Xe-134, Cs-133, Cs-137, Ba-
138, Pr-141, Nd-143, Nd-145.9 

 
2. Tier 2. Isotopes contained in the fission product array that are included in the released 

cross-section library file (XSDIR) for MCNPX. 
 

3. Tier 3. All isotopes contained in the fission product array.  
 

 

Figure 3-4.  Original fission product array containing 167 fission products.  

Preliminary testing of a typical PWR pin cell calculation utilizing the fission product tiers 

in MCNPX as compared to the benchmarked MONTEBURNS depletion code suggested that 

utilizing the maximum amount fission products increased the agreement between the two 

codes.81  For preliminary analysis purposes, comparing MCNPX depletion and MONTEBURNS 

was deemed acceptable for determining “ballpark” estimates of appropriate functionality because 

MONTEBURNS was also a Monte Carlo linked technology that has been thoroughly 

benchmarked.74, 83  Figure 3-5 displays the difference in neutron multiplication versus time and 

Figure 3-6 and Figure 3-7 display the difference in end-of-life fission product buildup when 

comparing the varied fission product tiers to the benchmarked MONTEBURNS method.  
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Analysis with MCNPX 2.6.A suggested that increasing the amount of fission products followed 

in the calculation, increased the agreement between MCNPX and MONTEBURNS.82  With the 

release of ENDF/B VII.0, it was determined that every fission product containing transport cross 

sections should be included in the fission product array, increasing the array to account for 220 

fission products.84  Each fission product tier continued followed the same criteria as previously 

implemented.  The fission products included in the current 220 fission product array are listed in 

Figure 3-8.84 
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Figure 3-5.  Resulting time-dependent neutron multiplication from implementing fission 
products with and without cross section models in MCNPX as compared to the 
benchmarked MONTEBURNS method.  
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Figure 3-6.  Percent difference of certain fission products from MONTEBURNS using MCNPX 
Tier-1 fission products with and without cross section models. 
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Figure 3-7.  Percent difference of certain fission products from MONTEBURNS using MCNPX 
Tier-2 and Tier-3 fission products with cross-section models. 

 

Figure 3-8.  Enhanced fission product array containing 220 isotopes. 

Isotope Generator Algorithm 

Storing every decay chain for every possible combination of isotope listed on a burn 

material card would be extraordinarily memory prohibitive and would greatly slow down the 

speed of the code. To limit memory consumption and computational cost, only the immediate 

daughter products from isotopes specified within selected burn materials are tracked in MCNPX 

for particle transport.85  These immediate daughter reactions are determined by the Isotope 
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Generator Algorithm.  The algorithm places all possible daughter products, from either reaction 

or decay, within a burn material card at an atom density of 1E-36.   

 

Figure 3-9.  Nuclides created from a decay or nuclear reaction process and generated for particle 
transport by the isotope generator algorithm.3 

Since the isotopes tracked within the MCNPX steady-state must be determined at the 

initiation of the entire calculation, specifying the isotope at a super low atom density secures the 

inclusion of the isotope in the calculation while not incurring an artificial reactivity penalty.  

Figure 3-9 displays the isotopes generated for a nuclide with Z > 4. The location of each 

generated isotope corresponds to the position of that isotope as it would appear in the Chart of 

the Nuclides.3  Each box contains information regarding the interaction or decay process that 

leads to the creation of that isotope.  Blank boxes represent possible decay chain isotopes 

resulting from multi-interaction processes or from other particle interactions (this is a result of 

the possible future application of utilizing the code to look at high energy particle interactions in 

accelerators and solar flares). 
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Manual Time-Dependent Isotope Concentration Changes 

To model real life depletion systems, isotopes may have to added or extracted in order to 

meet the conditions of the operating strategies.  For example, in a PWR, boron must be diluted as 

fuel is depleted in order to maintain criticality.  For another example, in a gaseous fuel or molten 

salt reactor fission products may need to be extracted continuously in order to maintain system 

criticality.  Certain depletion codes only allow the user to manipulate concentrations of isotopes 

used to maintain criticality in LWRs such as diluting boron concentration.  MCNPX is a general 

purpose modeling code used to model all types of reactors.  For the modeling capability to truly 

be robust, the user must be able to manually manipulate the concentration of any nuclide during 

the execution of the depletion process in order to properly model the true system behavior. 

MCNPX depletion process allows for the user to manually manipulate the concentration of 

any isotope within any burned material at any time step.  The user invokes this capability by use 

of the MATMOD keyword on the BURN card (input specification, input structure, cards and 

keywords are explained in the Input Interface section).86  The user is able to manipulate the 

concentration of any isotope by specifying the isotopes atom density, weight density, atom 

fraction or weight fraction within the burn material volume.  The user is also able to able to 

specify how the concentration will change during the time-dependant cross section averaging 

process.  The capability resides within the burn data retrieval subroutine (burn_mat.F) where 

new atom fractions and atom densities are set for use in the next particle transport step.  The 

process of manually setting concentrations for isotopes therefore exists post-executing the 

CINDER90 number density calculation.  For particle transport, the MCNPX code requires that 

isotope concentrations be ultimately be converted to atom fractions to be applied to total material 

atom densities.   
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The process for calculating the renormalized atom fractions if the user specifies an isotope 

to be altered by atom density is as follows:86 

1. A loop is generated that loops through every isotope used in particle transport. 
 
2. If an isotope is not to be manually altered that isotope’s atom density is summed in 

the s2 variable. 
 
3. If the isotope is to be manually altered that isotope’s atom density is summed in the 

cf variable. 
 
4. The total material atom density is then calculated by 

 cfsa += 2ρ      (3-1) 
 
5. To calculate the individual isotope atom fractions, another loop over all the 

isotopes is generated, and the individual isotope atom fractions are calculated by 

a

ka
kAF

ρ
ρ ,=  where ∑=

k
kaa ,ρρ     (3-2) 

 
The process for calculating the renormalized atom fractions if the user specifies an isotope to be 

altered by weight density is similar to the previously mentioned process except the code first 

immediately converts the inputted weight density to an atom density and then the code continues 

along the same solution path as the previously mentioned process.  If the user specifies an 

isotope to be altered by atom fraction, the following process is utilized: 86 

1. A loop is generated that loops through every isotope used in particle transport. 
 
2. If an isotope is not to be altered that isotope’s atom density is summed in the s2 

variable. 
 
3. If the isotope is to be altered that isotope’s input atom fraction is immediately 

saved as well as also summed into the fn variable. 
 
4. The total material atom density is then calculated by 

fn
s

a −
=

1
2ρ        (3-3) 

5. To calculate the individual isotope atom fractions for an isotope not manually 
altered, another loop over all the isotopes is generated: 
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a. If a manually altered isotope is encountered, then the manually given atom 
fraction is implemented and no calculation is required. 

 
b. For the rest of the isotopes the individual isotope atom fractions are 

calculated by 

2
)1(*,

s
fn

AF ka
k

−
=
ρ

      (3-4) 

 
If the user specifies an isotope to be altered by weight fraction, the following process is similar to 

the process that implements the altered atom fraction: 86 

1. A loop is generated that loops through every isotope used in particle transport. 
 
2. For an isotope that is to be altered, the following quantities are tracked (sums for 

this process include only isotopes that are to be altered): 
 
a. The individual isotope weight percent, wj, divided by the individual isotope 

mass, Mj, stored in the xj variable. 
 
b. The sum of xj is stored in the wf variable. 
 
c. The sum of the wj’s are also tracked and stored in fn variable. 

 
3. If an isotope is not to be altered the following quantities are tracked (sums for this 

process include only isotopes that are not to be altered): 
 
a. The sum of the individual isotope masses multiplied by the individual 

isotope atom densities,∑
i

iaiM ,* ρ , are stored in the s3 variable. 

 
b. The sum of the individual isotope atom densities are then stored in the s2 

variable. 
 

4. Another loop over all the isotopes is generated. 
 
5. The following quantity is calculated for each that isotope not to be altered (sums 

encompass only isotopes not to be altered ): 

a. 
∑

−
=

−
=

i
iia

iaia
j M

fn
s

fn
x

*
)1(*

3
)1(*

,

,,

ρ
ρρ

 is stored, where 1-fn represents the 

weight percent and Mi represents the individual atomic mass for each of the 
unaltered isotope. 

 
b. The sum of the xj variable for unaltered isotopes is then stored in the s4 

variable.  
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6. Another loop over all isotopes is generated 
 
7. The following derivation is used in order to generate the equation for calculating 

the individual atom fractions for each isotope 
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This capability enables manual changing of nuclide concentrations during burnup 

calculations.  For example, boron concentrations are usually specified in parts per million weight 

concentration while actinide extraction for fuel recycle may be specified in fractions per atom.  
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The versatility of this capability allows the user flexibility in modeling most types of manual 

isotope changes that exist under real operating strategies. 

Metastable Isotope Tracking 

The MCNPX data library requires that isotopes be listed in and referenced by a ZAID 

format.  The ZAID format consists of the following: 

• Z = atomic number 
• A = atomic mass 
• ID = identifier corresponding to the evaluation type (i.e. specific library set, 

temperature, particle type, etc.) 
 

The following equation is used for calculating the ZAID: 

ZAID = (Z*1000 +A).ID      (3-7) 

CINDER90 uses the AZS format for listing and referencing isotopes.  The AZS format consists 

of the following: 

• Z = atomic number 
• A = atomic mass 
• S = isomeric state 
 

The AZS format is similar to the ZAID format and calculated using the following equation: 

AZS = S+10+10*z+10000*A     (3-8) 

Since both formats are required in order to execute both codes, an algorithm is necessary in order 

to swap formats when accounting for isotopes in each code.  Unfortunately, since there did not 

initially exist a convention for representing isomeric states in ZAID format, transitioning 

metastable isotope between each code was not trivial.  In the past, users created their own 

naming convention for ZAID format metastable isotopes, and as long as a tabular cross section 

file was referenced in the XSDIR library file for these types of isotopes, any naming convention 

could be accepted (i.e. To represent Ag-110m, ZA=47210, Z=47 and A=110+100*(metastable 

state)).  However, because MCNPX is now linked to the CINDER90 code which uses a different 
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naming convention than MCNPX, an MCNPX standard convention for naming metastable 

isotopes is now required.  Metastable isotopes ZA are represented by using the following 

equation: 

A' = (A+300) + (m*100)  where m=0,1,2,3,4  (3-9) 

For example: 

Ag-110m = 47510  47510 = 47110 + 1st metastable  (3-10) 

MCNPX uses the following standard naming convention to convert ZAID format to AZS for 

user in CINDER90, and the conversion takes place within the interface subroutine.87  

Calculation of Depletion Equation Coefficients 

There exists the probability for hundreds of different types of particle reactions within a 

typical nuclear system.  Examining equations 2-1, 2-2a and 2-2b, we can see that increasing the 

amount of reaction rates tracked per isotope greatly increases the size of the depletion equations 

for more reaction types contribute to the calculation of the creation and destruction coefficients.  

Due to the high energy threshold for most of these particle reactions, for the majority of reactor 

applications, only a base set of reaction actually have a significant probability of contributing to 

the calculation of the destruction and creation coefficients.  Therefore choosing to follow 

reactions that do not contribute to the calculation restricts the available memory and diminishes 

computational performance.  For the computed reaction rates, the Monte Carlo steady-state 

calculation computes normalized fluxes and reaction rates per source neutron.  The depletion 

equation requires a total magnitude value for the destruction and creation coefficients.  Because 

the Monte Carlo calculation only calculates these quantities relative to the particle source 

strength, normalization parameters must be further calculated in order to convert the normalized 

coefficients into coefficients that are set at the exact magnitude of the analyzed problem.  After 

the normalization parameters have been calculated for each isotope, the code must be able to 
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properly determine how fission products are yielded from the fission process.  The culmination 

of all of these mentioned procedures compose the important considerations necessary for 

calculating adequate depletion coefficients for achieving an acceptable solution to the temporal 

nuclide inventory. 

Important Reactions Followed 

Each reaction rate tracked per isotope represents memory allocation that further restricts 

other aspects of an analyzed problem.  CINDER90 does contain a 63-group cross section set for 

all reactions available in the library file.  Therefore, CINDER90 theoretically only requires a 63-

group flux to match to its 63-group cross section set in order to calculate depletion coefficients.  

The accuracy of this matching process is therefore highly dependent upon the applicability of the 

cross section sets to a specific design application as well as being limited by the same 

approximations applied to typical deterministic calculations.  Therefore calculating a continuous 

energy integrated reaction rate for use in a depletion coefficient for the depletion equation 

solution better preserves the true system physics represented within the coefficient.  

Unfortunately, the trade-off in tracking continuous energy integrated coefficients within the 

Monte Carlo calculation is that each coefficient tracked must be tracked for each isotope which 

then limits the available memory for other aspects of the calculation.  Initially the MCNPX 

depletion code was set to only track the continuous energy integrated (n,fission) and (n,γ) 

reaction rates for application in the depletion solution.17  Previous analysis suggested that the 

(n,γ) reaction rate was the dominant contributor to the neutron destruction and therefore other 

capture reaction rates were tracked only by matching a 63-group flux in MCNPX to a 63-group 

cross section set in CINDER90 in order minimize necessary memory requirements.  The code 

therefore applied a mix and match procedure in which only the dominant contributors to the 

coefficients were calculated as continuous energy integrated coefficients while the rest of the 
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reactions were calculated by matching a 63-group flux calculated within the steady-state Monte 

Carlo to a 63-group cross section set in CINDER90.  Recoverable energy per fission and 

neutrons generated per fission were also tracked and calculated in continuous energy; however, 

threshold reactions such as (n,3n) and (n,2n) and residual minor capture reactions such as (n,p) 

and (n,α) were not tracked utilizing continuous energy cross sections.  Individual threshold 

reaction rates were implemented by the 63-group matching approach mentioned previously.  The 

concern of the 63-group matching approach was that the validity of this technique resided in the 

applicability of the 63-group cross-section set to various designs. 

The 63-group cross section set within the CINDER90 code was generated by collapsing a 

finer cross section set over an initial arbitrary system flux. The arbitrary flux utilized to generate 

the collapsed 63-group cross section set within CINDER90 generated cross sections that were 

reliable for calculations only representative of that system flux.  Therefore calculations 

implementing the 63-group cross section set within CINDER90 would be in error if the flux of 

the examined system differed from the flux utilized to generate the cross section set.  

Furthermore, if the cross sections themselves were improperly collapsed to be poorly 

representative of threshold reaction boundaries, the calculation would be further in error.  

Therefore, MCNPX was augmented to track these threshold reactions properly in continuous 

energy to eliminate the error in calculation from the multi-group approach.79, 85 

A numerical benchmark calculation was executed in order to isolate whether MCNPX 

burnup should track continuous energy reaction rates for (n,2n), (n,3n), (n,p) and (n,α).   A 

hypothetical infinitely reflected pin cell geometry was depleted using MCNPX 2.6.A 

implementing only (n,γ) and (n,fission) continuous energy reaction rates (OLD MCNPX method) 

and then compared to MCNPX 2.6.A implementing (n,γ), (n,fission), (n,2n), (n,3n), (n,p) and 
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(n,α) continuous energy reaction rates (NEW MCNPX method) and MONBTEBURNS.  Both of 

the MCNPX versions used for this test did not employ a time-dependent cross section averaging 

technique such as the method employed in MONTEBURNS.  MONTEBURNS was chosen as a 

comparator code because of the extensive acceptable benchmarking already completed with this 

depletion code.74, 83    It is true that the methods of isotope tracking and reaction rate calculation 

differ slightly between MCNPX and MONTEBURNS; however, the base solutions should be 

similar since MONTEBURNS has been extensively benchmarked.  

The objective of these comparisons was to determine the magnitude in improvement as a 

result of employing continuous energy reaction rates for minor capture and threshold reaction 

events. The analyzed pin cell geometry is displayed in Figure 3-10. 

 

Figure 3-10. Examined infinitely reflected pin cell geometry. 

Table 3-1.  MOX fuel composition. 
ZA value Atom Density 

[atoms/cm3] 
8016 4.5854e-2 
92235 1.4456e-4 
92238 1.9939e-2 
94238 1.1467e-4 
94239 1.0285e-3 
94240 7.9657e-4 
94241 3.3997e-4 
94242 5.6388e-4 

 
The pin cell geometry consisted of 3 regions:  a cylindrical mixed oxide (MOX) fuel region, a 

zirconium clad region, and a borated water region. The MOX cylindrical fuel dimensions were 

365 cm tall and 0.4095 cm in radius, and the clad was 0.0655 cm thick and composed entirely of 

Borated Water 

Clad 

Fuel 



 

90 

natural zirconium. The fuel composition is listed in Table 3-1.  The entire fuel pin was encased 

within a borated water rectangle 365 cm tall with a 1.313-cm length and 1.313-cm width.  The 

borated water composition is listed in Table 3-2. 

Table 3-2.  Borated water composition. 
ZA value Atom Density  

[atoms/cm3] 
1001.60c 4.7716e-2 
8016.60c 2.3858e-2 
5010.60c 3.6346e-6 
5011.60c 1.6226e-5 

 
The fuel pin was depleted at a power of 66.956 kWt.  This power was approximated to be 

the individual pin power for a typical 3670 MWth pressurized water reactor assuming ~193 17 X 

17 fuel assemblies.  The geometry was burned for a total of 730.645 days (2 years).  The entire 

burn time was separated into 6 depletion steps:  0.645 days, 40 days, 100 days, 140 days, 200 

days, and 250 days, for a total of 730.654 days.  Each steady-state Monte Carlo calculation used 

5000 particles per cycle, skipping the first 5 cycles, for 300 cycles. ENDF/BVI.0 cross sections 

were used for each steady-state calculation. For these calculations, MONTEBURNS used 

MCNPX 2.5.0 linked to ORIGEN2.  Though the depletion steps were unrealistic for achieving 

an acceptable depletion solution due to the expected significant change in the flux shape and 

magnitude over such course depletion steps, the comparison of the methods was hypothesized to 

provide similar results regardless of the implementation as long as the consistency in the 

approach was preserved.  Since both methods employed a linked calculation preserving spatial 

dependence of the solution, incurring the exact same time steps, both methods were deemed 

acceptably consistent enough to warrant fair comparison. 

Preliminary results comparing the OLD MCNPX method with the MONTEBURNS 

depletion code displayed discrepancies in certain actinide and fission product buildup.  Figure 3-
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11 displays the EOL (end of life) percent difference of certain actinides between the OLD 

MCNPX method and the MONTEBURNS method.  The speculated reason for the discrepancies 

were lack of calculating continuous energy threshold reaction rates (reasons of secondary 

concern also included limits of the matrix exponential method in ORIGEN2; however, these 

effects were hypothesized to be of second order effect).  
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Figure 3-11.  Percent difference of certain reference actinides between the OLD MCNPX method 
and the MONTEBURNS method. 

The NEW MCNPX method calculated continuous energy integral reaction rates for (n, 

fission), (n,γ), (n,2n), (n,3n), (n,p), and (n,α). These integral reaction rates were calculated during 

the Monte Carlo process and fed to CINDER90 for isotope depletion. This process varied from 

the OLD MCNPX method in that the majority of significant threshold reaction rates were now 

calculated in continuous energy and no longer required a 63-group Monte Carlo flux to be 

matched to a generalized 63-group CINER90 cross-section set.   

The integral continuous energy reaction rates were calculated separately for each burn 

material and tallied at the site of collision. Figure 3-12 displays the improvement in reference 

actinide calculation.  A drastic improvement in actinide generation is realized when using 

continuous energy reaction rates for threshold reactions. The percent difference in Np-237 drops 
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from -70.24% to -4.85%, and the percent difference in Pu-237 production drops from -95.69% to 

-1.02%.  Due to accentuation of U-237, Np-237, and Pu-237 differences in Figure 3-11, Figure 

3-12 does not capture the improvements in EOL calculation of other important actinides; 

however, by utilizing the continuous energy reaction rates for threshold and minor capture 

reactions, 1-2% improvements in actinide predictions are also witnessed in U-236, U-239 and 

Pu-238.   
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Figure 3-12.  Percent difference of certain reference actinides between the NEW MCNPX 
method and the MONTEBURNS method. 
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Figure 3-13.  Percent difference of certain reference fission products between the NEW MCNPX 
method and the MONTEBURNS method. 
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Though tracking continuous energy threshold and minor capture reactions enhanced 

actinide prediction capabilities, little improvement was witnessed for fission product prediction.  

The NEW and OLD MCNPX methods for reaction rate tracking witnessed similar discrepancies 

in fission product buildup.  Figure 3-13 displays the difference in EOL fission product prediction 

when comparing the new MCNPX method to MONTEBURNS.  Unfortunately, time-dependent 

fission product buildup is a major contributor to negative reactivity trajectories, and therefore 

MCNPX and MONTEBURNS only predicted slightly different time-dependent reactivity.  

Figure 3-14 displays the difference in time-dependent neutron multiplication between the 

MCNPX and MONTEBURNS methods.  Two major possible reasons existed for the differences 

in fission product generation between both MCNPX methods and the MONTEBURNS method:  

fission yield discrepancies and lack of cross section averaging technique. 

CINDER90 offers the latest fission yield data available.61  This data includes fission yield 

information for 35 fissionable isotopes incurring thermal, fast or high energy neutron reactions.  

ORIGEN2 contains fewer fission yield data and makes approximations for yield data for 

fissionable actinides not contained in an ORIGEN library file.  Furthermore, not all fission 

product transmutation paths are followed explicitly in the matrix exponential method in 

ORIGEN2.60  Therefore, it was deemed plausible that the fission yields and subsequent 

transmutation paths used in CINDER90 and ORIGEN2 differed slightly.  

The versions of the MCNPX methods examined for this specific study did not implement 

any type of time-dependent cross section averaging technique.  Figure 3-14 displays evidence of 

this hypothesis. The eigenvalue, keff, is tracked almost exactly during the short time steps at the 

beginning of life (BOL) but differs in the longer time steps. Therefore, a predictor corrector 

methodology was suggested to reduce the difference in isotope transmutation trajectory and 
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eigenvalue prediction for the two codes (this concept is explained further in the Predictor 

Corrector Method section).   However, because actinide production was improved by tracking 

continuous energy threshold and minor capture reaction rates, these reaction rates were chosen 

for inclusion in tracking for further versions of the code.85 
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Figure 3-14. Time-dependent eigenvalue calculations. 

Flux Normalization 

MCNPX calculates reaction rates on a per source basis; however, CINDER90 requires a 

total magnitude reaction rate to deplete the system appropriately.   In order to generate a total 

magnitude reaction rate, MCNPX must determine the magnitude of the source and multiply this 

value by the tracked reaction rates per source to calculate the total magnitude of the reaction 

rates for use in the depletion solution.  The source of neutrons in a multiplying system is the total 

neutron production rate of that system. The total magnitude of the flux may then be calculated by 

multiplying the flux per source by the production rate as in equation 3-11:  

value
MCNPXtotal Q

PMultiplierFluxMultiplierFlux νφφ ×
=⇒×=   (3-11) 

• ν  = neutrons per fission event 
• Qvalue  = recoverable energy per fission event 
• P  = power level 
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How these parameters are calculated and what regions of the calculation these parameters are 

applied complicate the implementation of these parameters as normalization constants.   

At each interaction site within a material that contains an actinide, each reaction mentioned 

in the prior section is tallied along with: 

• (n, fΣ*ν )      = neutrons per fission event multiplied by the macroscopic 
fission cross section for that material per source neutron. 

 
• (n, fvalueQ Σ* ) = recoverable energy per fission event multiplied the macroscopic 

fission cross section for that material per source neutron. 
 
Calculating neutrons per fission and recoverable energy per fission then involves dividing the 

above two values by the macroscopic cross section.  For a complex system of many different 

fissionable actinides, in many different burnable regions, the major question, regarding the 

calculation of the Qvalue and ν, which now arises, is how to represent the normalization 

parameters and apply them to the tallied reaction rates.  Reaction rates and normalization 

parameters are tallied within each burn material.  If for every specific burnable region of a 

system, the interaction rates were normalized explicitly by these calculated parameters within 

that burnable region, it would not be possible to accurately transmute regions that did not contain 

fissionable actinides.  If the region did not contain fissionable actinides, the Qvalue for that 

specific region would not exist forcing the normalization multiplier to be undefined.   

In order to normalize the reaction rates, the code requires knowledge of the source of 

neutrons.  The source of neutrons is actually a global quantity because neutrons born within one 

burnable region migrate to other burnable regions for reaction.  For example, consider a 

geometry containing a single cylinder contained within a rectangular fluid of which posses a 

reflective boundary condition at the boundary of the rectangle.  At the center of the cylinder, 100 

source histories are started and transported.  If 60% of the histories are captured within the 
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cylinder and 40% leak out and interact in the surrounding material, then 60 neutrons are captured 

within that cylinder or 0.6 neutrons per source are absorbed.  Now let us assume that we now 

have two cylinders of same dimension as the prior cylinder and separated in a manner so that the 

pitch between each cylinder mimics the “pseudo” pitch implied from the prior calculation.  A 

rectangular fluid encases both cylinders and that fluid also posses a reflective boundary condition 

at the boundary of the rectangle.  For this new calculation we will still use 100 histories, but start 

50 histories in each of the two spheres.  Ignoring effects of statistical randomness of particle 

travel, if the each cylinder employs the same material as the prior example then we would expect 

that 60% of the neutrons emitted within each cylinder are then captured by each cylinder.  Since 

50 neutrons are emitted in each cylinder, each cylinder must then capture 30 neutrons.  In the 

first example, some neutrons were emitted from the cylinder into the fluid, hit the fluid 

boundary, and then were scattered back into the cylinder for interaction.  In the second example, 

the same process happened as well as having neutrons emitted from one cylinder interacting with 

the other cylinder.  Because the source sites of neutrons for neutron interaction within each 

cylinder may have been located within either cylinder, the neutron source is said to be global to 

the entire geometry.  If we now apply the same thinking to our calculation of flux normalization 

parameters, these normalization parameters must also be tallied globally.  This implementation 

forces the normalization multiplier to be constant and representative of the entire system.  For 

each specified contributing material, MCNPX first tracks (n, fΣ*ν ) and (n, fvalueQ Σ* ) within 

each specified contributing material, divides by the macroscopic fission cross section within each 

material, and then volumetrically averages the quantities to generate globally averaged values for 

neutrons per fission and recoverable energy per fission.  These globally averaged values are then 

combined to create the flux normalization multiplier in equation 3-11.  The normalization 
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multiplier is then said to be the “global production rate” or “source” and multiplied by each 

reaction rate per source to generate the total magnitude of the reaction rates used as destruction 

and creation coefficients in the depletion solution.  Therefore, it no longer maters if the material 

that this normalization factor is applied contains actinides or not, for the same averaged 

normalization constant is applied to reaction rate for each material.  The normalization 

parameters are recalculated and averaged at the end of each time step, so that the multiplier 

dynamically adjusts to changes in temporal parameters as actinide concentrations are 

created/depleted.79  

Table 3-3.  Emitted and recoverable energy per fission of U-235. 
Form Emitted Energy (MeV) Recoverable Energy 

(MeV) 
Fission Fragments 168 168 
Fission Product Decay   
         Gamma-rays 8 8 
         Beta-rays 7 7 
Neutrinos 12 -- 
Prompt Gamma Rays 7 7 
Fission Neutrons (Kinetic 
Energy) 

5 5 

Capture Gamma Rays -- 3-12 
Total 207 198-207 

 
The Qvalue used in the calculation is an estimate of the total recoverable energy per fission 

event.  The total recoverable energy per fission may be described as the sum of many mirco 

events the lead to the recover of energy from a fission event.  Table 3-3 lists the emitted and 

recoverable energy per fission from each micro fission event for U-235.7  MCNPX inherently 

contains an array possessing prompt energy per fission for certain fissionable actinides.  Prompt 

fission release energy is available within the evaluated data libraries, such as ENDF/B and JEFF, 

for roughly 1/3 of all the actinides.  In the ENDF/B based libraries, the breakdown of the data for 

prompt fission energy release exists within File 1 MT 458.70  The breakdown of prompt fission 
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release data includes: prompt kinetic fission energy (EFR), prompt neutron emission energy 

(ENP), prompt gamma energy (EGP), other delayed energy and neutrino energy contributions.70  

Each actinide available within the prompt fission energy release array in MCNPX, as well as the 

breakdown of prompt recoverable energy per fission if available, is listed in Table 3-4.  The sum 

of EFR, ENP and EGP for each actinide is the prompt fission release energy for that actinide.  

Table 3-4.  Prompt fission energy release data available in MCNPX. 
Isotope EFR ENP EGP Total 
90232 160.39000 4.41000 7.11000 171.91000 
91233 163.50000 5.04000 7.03000 175.57000 
92233 168.22000 4.90000 7.72000 180.84000 
92234 167.10000 4.85000 7.50000 179.45000 
92235 169.13000 4.91600 6.60000 180.64600 
92236 167.50000 4.70000 7.30000 179.50000 
92237    180.40000 
92238 169.80000 4.80400 6.68000 181.28400 
92239    180.40000 
92240 169.57000 5.21000 6.53000 181.31000 
93237 170.60000 5.94000 7.13000 183.67000 
94238 173.60000 5.92000 7.13000 186.65000 
94239 175.55000 6.07000 6.74100 188.36100 
94240 173.70000 6.48000 6.18000 186.36000 
94241 175.36000 5.99000 7.64000 188.99000 
94242 174.00000 6.76000 5.22000 185.98000 
94243    187.48000 
95241 176.40000 6.53000 7.90000 190.83000 
95242m 182.37000 4.05000 1.17210 187.59210 
95243 176.30000 7.53000 6.42000 190.25000 
96242 186.22000 5.20000 0.00000 191.42000 
96244 178.50000 7.62000 4.37000 190.49000 

Values listed are in MeV. 
 

To properly account for all the energy per fission event the inherent prompt values must be 

adjusted in order to account for delayed energy as well.  A constant normalization factor, 1.111, 

is multiplied by every Q-value calculated in MCNPX in order to account for delayed energy per 

fission event.  This constant normalization factor 1.111 was estimated based on the idea that if 

multiplied by the prompt energy per fission of a U-235 fission event, the total amount of 
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recoverable fission, delayed and prompt, would equal 200 MeV.79  By implementing a constant 

normalization factor, an approximation is made about the value of the capture gamma energy 

contributing to the total recoverable energy per fission.   

In a large LWR, most of the capture gamma energy is deposited in the heated volume and 

thus contributes to recoverable energy; however, in a long, thin space reactor a lot of the capture 

gamma energy leaks out of the system and does not contribute to recoverable energy of the 

system.  Therefore, the capture gamma energy contribution is highly dependent upon system 

geometry and therefore the normalization constant may or may not estimate the actual Q value 

properly.  Underestimating the Q value leads to an overestimation of the system fluxes and thus, 

an overestimation of the system collision densities. Because the equation for nuclide depletion is 

highly dependent on the collision densities as displayed in equation 3-12, increasing the collision 

density leads to an overestimation of the material burnup. 

),(),(),(),( trNtrtr
dt

trdN
ii

E

i
i Σ−≈ ∑φ      (3-12) 

In the current depletion capability, three methods are used to correct this overestimation 

(input structure will be later explained in the Input Interface section): 

1.  Adjust the Q value multiplier (B1 value on the BOPT keyword; default = 1.0). 
2.  Modify the POWER keyword. 
3.  Alter the system power on the PFRAC keyword. 

 
Unfortunately, the capture gamma contribution to the recoverable energy per fission is burnup 

dependent.  The following equation displays the how the capture gamma energy contribution 

should be applied to the calculation of total recoverable energy per fission event: 

( ) neutrinocaptureeffdelayedprompterablere QQkEQQQ −−++= γν *)(cov   (3-13) 

Since neutrons per fission vary as a function of burnup, assuming a critical system is maintained 

in the calculation, recoverable energy per fission event should also vary as a function of burnup. 
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In ENDF/B VII.0 only 207 out of 390 isotopes contain capture gamma release data.  In 

some cases, the data contain complete spectra information; however, in many cases the data are 

incomplete.80  Without capture gamma photon emission spectra, employing equation 3-13 is 

impossible because there is no way of determining how and where the emission energy is 

deposited.  The integral energy emission may be calculated from a mass defect calculation.  

However, transporting a photon possessing the integral energy from the mass defect calculation 

would not truly represent the physics of the system because the photon would travel farther and 

deposit energy in different regions of the geometry as compared to the photons generated from 

the true emission spectra.  Nonetheless an initial calculation was completed to determine the 

average integral capture gamma energy of all isotopes contained within the CINDER90 library 

file.  A mass defect calculation assuming zero energy neutron capture was completed to 

determine the integral energy from a neutron capture event.  The atomic mass data was taken 

from the Atomic Mass Data Center (AMDC) website.88  The average integral energy from a 

capture reaction with isotopes available in the CINDER library file was calculated to be 7.9 MeV 

per capture.  For fission products containing an MCNPX cross section and CINDER90 fission 

yield information, the average integral energy from neutron capture was calculated to be 6.48 

MeV.  These calculated values only represent integral quantities based on 0 energy neutron 

capture.  Trying to track the true capture gamma energy deposition was deemed futile in 

comparison to applying a delayed energy normalization constant because the true gamma ray 

emission spectra were unknown.  The integral energy deposition from the mass defect could be 

assumed to be deposited locally; however, this assumption would violate the true physics of the 

system.  The implementation of this technique could theoretically at best only improve the 

calculation of recoverable energy per fission by a few percent and at worst result in a more 
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inaccurate representation of the recoverable energy per fission as compared to the normalization 

constant.   

The normalization factor was thus chosen as the method for approximating the recoverable 

energy per fission, and the following recommendations are suggested for trying to better account 

for capture gamma energy contribution: 

1. Photon emission spectra must be generated for all isotopes used in particle 
transport and these photons should be transported to determine where each photon 
deposits its energy, and then equation 3-13 may be used to adjust recoverable 
energy per fission. 

 
2. If the integral mass defect energy is to be employed for determining capture gamma 

energy contribution, a qualified approximation must be derived for determining 
how that energy is smeared within the geometry and what percent of that energy 
escapes the heated volume contributing to system power. 

 
However, since the normalization factor was chosen for implementation, the current recoverable 

energy approximation will continue to slightly affect the flux normalization constant.  

Automatic Fission Yield Selection 

Fission products are generated as actinides consume neutrons and undergo fission events.  

The fission product yield distributions from the fission events are a function of the isotope that 

the causes fission event as well as the impinging neutron energy at the interaction site.  For 

thermal neutron interactions the fission product yield distributions follows the curves witnessed 

in Figure 3-2 and Figure 3-3. 

For higher energy reactions the fission yield distribution curve flattens and isotopes that 

did not have a high probability of formation from a thermal reaction now have a higher 

probability of formation in fast fission events.  The differences in the fission products created 

leads to adverse reactivity conditions; therefore accounting for the proper fission products that 

are generated during a fission event is vital for calculation of reactivity and further interaction 
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rate distributions.  Currently, the ENDF/B files offer a thermal, fast and high energy fission yield 

distribution for various fissionable actinides.80 

Table 3-5.  Available actinide fission yield distributions in CINDER90. 
Isotope Thermal Fast High Energy Spontaneous Fission 
227Th x    
229Th x    
232Th  x x  
231Pa  x   
232U x    
233U x x x  
234U  x x  
235U x x x  
236U  x x  
237U  x   
238U  x x x 
237Np x x x  
238Np  x   
238Pu  x   
239Pu x x x  
240Pu x x x  
241Pu x x   
242Pu x x x  
241Am x x x  
242mAm x    
243Am  x   
242Cm  x   
243Cm x x   
244Cm  x  x 
245Cm x    
246Cm  x  x 
248Cm  x  x 
249Cf x    
250Cf    x 
251Cf x    
252Cf    x 
253Es    x 
254Es x    
254Fm    x 
255Fm x    
256Fm    x 

 
The CINDER90 code offers a thermal, fast, high-energy fission yield for each fissile 

isotope contained in the CINDER90 data file.61  Table 3-5 displays the actinide containing 
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fission yield distributions, within certain energy bands, utilized in CINDER90.61  Since the 

CINDER90 code is an energy integrated depletion code, and is incapable of determining spectral 

characteristics, knowledge of the spectral characteristics must be input by the user.  Because 

proper fission yield selection involves predetermined knowledge of the neutron spectrum and 

because this predetermined knowledge is possibly not known before the system is analyzed, a 

preliminary calculation may be necessary to determine spectrum information. This preliminary 

calculation contributes to the computational cost associated with the depletion process.  

Selecting the adequate fission yield for a given system is dependent upon selecting the 

specific yield that best represents the energy band containing the majority of the system’s 

fissions.  This selection process therefore depends upon the energy-dependent fission rates.  The 

MCNPX depletion code incorporates an algorithm to determine which energy band contains the 

largest fission rate and then properly selects the correct fission yield.85  The MCNPX automatic 

fission yield selection method is diagramed in Figure 3-15.  MCNPX determines which fission 

yield to use for a specified problem by calculating the integral fission rate for the defined energy 

boundaries (thermal, fast, and high energy), determining which energy range contains the 

majority of fissions, and then selecting the appropriate fission yield corresponding to the energy 

range containing the majority of fissions.  The method is versatile in that each individual burn 

material may implement a separate fission yield if the calculation warrants a separate fission 

yield for different geometric locations.  By using this process, the end user does not have to 

endure the computational cost associated with a preliminary calculation to determine the proper 

fission yield to be used for the depletion process.  The end user is also given confidence that the 

fission yield being implemented for a specific problem is in fact the fission yield corresponding 

to the energy-dependent fission rate of the analyzed system.85 
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Figure 3-15. Fission yield selection process diagram 

Time Dependent Cross Section Averaging Techniques 

The depletion equation use interaction rates and nuclide densities to determine the time-

dependent nuclide inventory.  Reexamining equation 2-1 we see that the depletion equation is 

only linear if the depletion coefficients are constant; however, in reality the depletion coefficients 

are also time-dependent.  As the nuclide inventory changes over time, as a function of the 

reaction rates, the interaction rates will also change as a function of time thus making the process 

of nuclide depletion nonlinear.  As discussed in Chapter 2, to make equation 2-1 linear and 

solvable, the depletion coefficients are assumed constant over a given time step.  Because a 

certain amount of fluence is required in order to change the nuclide concentration significantly 

enough to further alter the applied reaction rates, the assumption is valid for certain time 

durations.2   

Acceptable time durations are related to the equilibrium buildup or depletion of highly 

absorbing isotopes.  How the coefficients are applied within these time durations is paramount to 

the accuracy of the calculation.  Equation 3-14 illustrates how power is proportional to the 

macroscopic fission cross section multiplied by the flux: 

φfPower Σ~      (3-14) 
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From a first order standpoint, as the fuel burns and the macroscopic fission cross section 

decreases, the flux must increase in order to maintain constant power.  Therefore if the depletion 

coefficients calculated at t0(initial time step) are utilized for a depletion to ta(subsequent time 

step), the interaction rates implemented into the nuclide inventory calculation will be 

underestimated in comparison to the average interaction rates; ultimately, leading to an under 

burning of the system. 

Making the depletion coefficients time-dependent in order to account for the true 

interaction rate behavior makes the depletion equations nonlinear.  Therefore if the coefficients 

must be made constant in order to make the depletion equation solvable, then the average 

interaction rates must be applied in order to attempt to adequately account for the true interaction 

behavior.  Unfortunately, the true average interaction rates for a given time step cannot be known 

exactly, for that would involve solving the nonlinear equations exactly which is impossible 

because the equations are nonlinear.  However, a “pseudo” average reaction rate may be 

calculated by applying appropriate assumptions related to how the interaction rate is expected to 

behave.  Many methods exist for approximating average coefficient behavior in the solution of 

non-linear equations;46, 74, 89-91  however, for the method to be useful in a computationally 

expensive linked Monte Carlo application, the method must implement as few extra Monte Carlo 

calculations as possible.  One general method for approximating this nonlinear behavior without 

excessive computational expense is the predictor-corrector method. 46, 74, 89, 91, 92  First, an 

assumption is made about the time-integrated flux (setting it to a constant value) to deplete the 

system over a time step and calculate a “predicted” value of the number densities, and interaction 

rates. Values then are “corrected” by depleting the system again over the time step implementing 

the newly calculated interaction rates. The hope of implementing such a calculation is to deplete 
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the system using a best representation of the average of the time-dependent parameters.  

Predictor-corrector methods are defined as any type of routine in which a prediction is made 

regarding behavior and then a further correction is made if that behavior is deemed to change.  

Two cross section averaging techniques were investigated for inclusion in MCNPX.  The 

Cell-2 and MONTEBURNS cross section averaging methods were chosen based on the fact that 

both codes were highly benchmarked and the methods incurred minimal additional 

computational cost when applied in Monte Carlo.74, 91  The Cell-2 method follows a more 

traditional predictor-corrector approach, and the MONTEBURNS method follows a slightly 

different approach that still relies upon the same implied assumptions of the traditional predictor-

corrector approaches but requires less memory per calculation.  

MONTEBURNS Method 
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Figure 3-16. MONTEBURNS cross section averaging technique. 
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The MONTEBURNS cross section averaging procedure is displayed in Figure 3-16.74  The 

MONTEBURNS code first makes a predictor calculation of the nuclide inventory to time 

t(i+1/2), based on interaction rates calculated at time, t(i). The interaction rates then are 

recalculated using the nuclide inventory at t(i+1/2). It is then assumed that these newly 

calculated interaction rates are the average interaction rates.  Then a calculation is made over the 

whole time step implementing the newly calculated average interaction rates to generate 

corrected number densities. The entire process repeats until the final time step. 

CELL-2 Method 
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Figure 3-17. CELL-2 Predictor-Corrector method. 
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The CELL-2 predictor-corrector method is displayed in Figure 3-17.91  The CELL-2 code 

first makes a predictor calculation of the nuclide inventory to time, t(i+1), based on interaction 

rates calculated at time, t(i). The interaction rates then are recalculated using the nuclide 

inventory at t(i+1), and the system then is redepleted from t(i) to t(i+1) to generate new corrected 

number densities. Finally, the predicted and corrected number densities are averaged to 

determine the nuclide inventory at t(i+1). The entire process repeats until the final time step. 

Preliminary Analysis 

An infinitely reflected pin cell geometry was depleted at a power of 66.956 kWt for 2191 

days (6 years), using 5000 particles per cycle for 300 cycles, skipping the first 15 cycles.92  The 

three types of calculations examined were 

1. MCNPX with no-predictor-corrector method (NoPC); 

2. MONTEBURNS predictor-corrector method (PC1); 

3. CELL-2 predictor-corrector method (PC2).   

An initial test involved only burning for a 371 day period.  The 371 day cycle was broken up into 

6 steps for testing predictor corrector methods:  0, 0.654, 31, 91, 181, 271, and 371 days.  A 

MCNX calculation without implementing a predictor corrector method was run for 14 time 

steps: 0, 0.645, 5.7, 16, 31, 46, 61, 76, 91, 136, 181, 271, 321 and 371 days.  This case was run 

as a control case, with the assumption that as the amount time-steps approached infinity the 

calculation would approach true behavior.  Neutron multiplication versus time for the examined 

cases is displayed in Figure 3-18.   

Unfortunately, it appeared that the examined cycle time was not long enough to incur a 

significant difference from choosing to utilize the predictor corrector method or not, suggesting 

that the 6 times steps implemented within the 371 day cycle was adequate enough to model 

reaction rate behavior.  A new set of tests were generated examining longer cycle times in order 
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to truly analyze the benefit of implementing the predictor corrector method.  A 2191 day burn (3 

cycles of 2 year burns) was split up into various burn steps and analyzed to determine which of 

the two predictor corrector methods would behave better.  NoPC was analyzed using 30, 20, 10, 

and 5 time steps, whereas PC1 and PC2 were examined using 15, 10, and 5 time steps. Figure 3-

19 displays the burn steps implemented to achieve the 2191 day burn. 
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Figure 3-18. Time dependant neutron multiplication for the predictor corrector method tests. 

For these cases, the assumption was made that the 30 time step case was assumed to be an 

infinite set of time steps.  Therefore each subsequent case was compared to the 30 step case.  

Figure 3-20 and Figure 3-21 display the time-dependent neutron multiplication versus burnup for 

the different predictor corrector cases.  Both predictor corrector methods, PC1 and PC2, calculate 

similar neutron multiplications at each time-step, and the differences in actinide and fission 

product production and depletion rates were also similar in both methods (>0.4% in EOL 

production/depletion between both methods). 

Figure 3-22 displays the percent difference in neutron multiplication of each case when 

compared with the NoPC 30-step case.  When either the PC1 or PC2 5 step calculation (5 step 

calculation = 5 predictor steps + 5 corrector steps = 10 total steps) was employed, there was a 3X 

speedup and less than 1.55 % difference in the EOL keff. Therefore, for this specific geometry, 



 

110 

the conclusion may be made that both the PC1 and PC2 methods were equally acceptable 

techniques for reducing the needed number of time steps to achieve an acceptable EOL keff.  

Since this result suggested that both methods achieve acceptable answers, and since the 

MONTEBURNS method employs less memory, because predictor number densities were not 

saved during the corrector calculation, the MONTEBURNS method was chosen as the method of 

choice for implementation into MCNPX.92 

 

 

Figure 3-19.  Burn steps implemented to achieve 2191 day burn 

3 0 2 0 1 5 1 0 5
0 .0 0 E + 0 0 0 .0 0 E + 0 0 0 .0 0 E + 0 0 0 .0 0 E + 0 0 0 .0 0 E + 0 0
2 .4 8 E - 0 2 2 .4 8 E -0 2 2 .4 8 E - 0 2 2 .4 8 E - 0 2 2 .4 8 E - 0 2
4 .0 9 E - 0 1 4 .0 9 E -0 1 4 .0 9 E - 0 1 1 .9 4 E + 0 0 1 .9 4 E + 0 0
7 .9 3 E - 0 1 7 .9 3 E -0 1 1 .1 8 E + 0 0 1 .1 5 E + 0 1 2 .1 1 E + 0 1
1 .1 8 E + 0 0 1 .1 8 E + 0 0 1 .9 4 E + 0 0 2 .1 1 E + 0 1 5 .1 9 E + 0 1
1 .5 6 E + 0 0 1 .5 6 E + 0 0 6 .7 4 E + 0 0 3 .0 7 E + 0 1 8 .4 1 E + 0 1
1 .9 4 E + 0 0 1 .9 4 E + 0 0 1 .3 5 E + 0 1 4 .1 3 E + 0 1
2 .7 1 E + 0 0 4 .8 2 E + 0 0 2 .1 1 E + 0 1 5 .1 9 E + 0 1
3 .8 6 E + 0 0 7 .7 0 E + 0 0 2 .8 8 E + 0 1 6 .2 4 E + 0 1
5 .4 0 E + 0 0 1 .1 5 E + 0 1 3 .6 5 E + 0 1 7 .3 0 E + 0 1
6 .9 4 E + 0 0 1 .5 4 E + 0 1 4 .4 2 E + 0 1 8 .4 1 E + 0 1
8 .4 7 E + 0 0 2 .1 1 E + 0 1 5 .1 9 E + 0 1
1 .0 0 E + 0 1 2 .7 3 E + 0 1 5 .9 5 E + 0 1
1 .1 5 E + 0 1 3 .3 4 E + 0 1 6 .7 2 E + 0 1
1 .3 9 E + 0 1 3 .9 6 E + 0 1 7 .4 9 E + 0 1
1 .6 2 E + 0 1 4 .5 7 E + 0 1 8 .4 1 E + 0 1
1 .8 5 E + 0 1 5 .1 9 E + 0 1
2 .1 1 E + 0 1 5 .9 5 E + 0 1
2 .3 8 E + 0 1 6 .7 2 E + 0 1
2 .6 9 E + 0 1 7 .4 9 E + 0 1
3 .0 0 E + 0 1 8 .4 1 E + 0 1
3 .3 4 E + 0 1
3 .7 3 E + 0 1
4 .1 9 E + 0 1
4 .6 9 E + 0 1
5 .1 9 E + 0 1
5 .7 6 E + 0 1
6 .3 8 E + 0 1
7 .0 3 E + 0 1
7 .7 2 E + 0 1
8 .4 1 E + 0 1
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Figure 3-20.  Time dependent neutron multiplication utilizing 5 burn steps. 
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Figure 3-21.  Time dependent neutron multiplication utilizing 10 burn steps. 
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Figure 3-22.  Percent Difference in keff When Compared with the NoPC 30-Step Case 

Further Commentary on both Cross Section Averaging Techniques 

Both methods tested were not the exact original method employed within both codes.  

Initially, the CELL-2 method only required a full spectrum calculation for the predictor 

calculation.91  The method reuses the predicted number densities to propagate the spectrum 

calculation at each time step.91  Corrected number densities are calculated using a similar 

procedure as detailed in Figure 3-17 except that these new number densities are not implemented 

in further propagation of the spectra calculation.91  These corrected number densities only serve 

to update outputted values of what is to be believed the true number density at that time step.  

Implementing the CELL-2 method in this way reduces the amount of needed spectra calculations 

by half the amount.  As initially implemented, the MONTEBURNS method only recalculates 

spectra at the half time steps, and then uses that specta as the assumed average spectra to be 

implemented over the entire time step.  Implementing the MONTEBURNS method in this way 

also reduces the amount of needed spectra calculations by half the amount.74  Initially, the 
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method was tested implementing the corrector spectra based on the premise that the corrector 

spectra would be required for systems incurring significant concentration change of highly 

absorbing isotopes.  Later evidence from calculations with MCODE supported this premise for 

BWR lattices containing heavy initial gadolinium loading.75  This evidence suggested that the 

predicted spectra and corrected spectra differed significantly enough to warrant a significant 

enough change in interaction rate to invalidate the applicability of the method for the desired 

time step. Therefore either smaller time steps were required, therefore limiting the effectiveness 

of both methods for long time steps, or the corrected number densities were required in order to 

accurately propagate the temporal nuclide solution.  This evidence supports that using the 

corrected spectra, either from the calculated corrector number densities in the CELL-2 method or 

from the recalculated spectra at the t0 time steps in the MONTEBURNS methods, improves 

nuclide predictability.  Using the corrected spectra increase the length of acceptable time step to 

a value beyond which would have been valid if only the predicted spectra were implemented; 

however, the method still is dependent on the time-step choice.  The corrector spectra calculation 

does represent an extra calculation with extra incurred computational cost.  For any depletion 

system, there may exist an optimum set of time steps in which the extra corrector spectra 

calculation employed for these time steps does not improve computational cost; however, these 

optimum time steps are usually unknown prior to calculation.  For a general purpose tool, 

employing the extra corrector spectra calculation gives the user the best change for achieving 

accuracy in calculation.  Because the MCNPX depletion methodology paradigm was to be 

applied to all types of depletion systems, possibly incurring the limiting cases given from the 

literature, both methods were tested using the corrected spectra calculation, and the “qausi” 

MONTEBURNS predictor corrector method was chosen for implementation in MCNPX 2.6.B.94 
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CHAPTER 4 
IMPLEMENTATION ARCHITECTURE 

The depletion capability is a modular methodology residing within a large scale MCNPX 

code.  As mentioned before, MCNPX is composed of ~1000 subroutines.  The depletion process 

resides in roughly 30 subroutines in the MCNPX code.  Five new self-contained subroutines 

compose the majority of the actual variable averaging, outputting, and interfacing necessary for 

the depletion methodology while the other 25 augmented subroutines simply allow new variables 

to be inputted and set within the code package.  The objective of confining the major 

computations to a minimal amount of self-contained subroutines is to make the package modular 

enough to be portable to earlier or different versions of MCNP.  Self containment within minimal 

subroutines also helps in code augmentation and testing, for if the capability is confined to a 

small section of the larger code, then finding errors generated by the capability will be 

centralized to a minimal amount of subroutines employed by the code.  If the methodology was 

not confined and self contained, debugging and coverage analysis would involve looking at 

larger set of subroutines.  Furthermore, without containment to a small set of subroutines, 

augmentation to the methodology would result in needed coverage analysis for a larger 

subroutine set of the code increasing the computational cost associated with development and 

testing. 

The MCNPX code requires the user to utilize input files in order to initialize variables for 

computation.  The input file structure includes50 (1) a title card; (2) cell cards defining a 

geometry from unions and intersections of surfaces specified on the surface cards (cards 

explaining certain physics options may also exist within in the cell cards section);  (3) surface 

cards defining base surfaces that are used to define volumes on the cell cards; (3) data cards 

defining material, source and physics options available for implementation. 
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For each type of card defining source and physics options, keywords are available that determine 

how the card is implemented.  For example on the SDEF card, the keyword PAR with a particle 

designator is used for determining the type of particle to be omitted from the source.50  Since the 

depletion capability involves many types of options in order to burn a geometry model, the 

depletion capability was setup in a similar manor as the SDEF card.  The development of the 

input interface and output structure spans MCNPX 2.6.A-F.79, 84, 86, 87, 94, 95  The input and output 

features listed below, state the relevant capabilities of the most recent release of MCNPX 2.6.F.87 

Input Interface 

The depletion capability is invoked by using the BURN card.  Within the BURN card exists 

many different types of keyword options.  Figure 4-1 displays the input structure for the BURN 

card.  Each input variable is then explained below Figure 4-1. 

BURN  TIME=T1,T2,T3,... 
  PFRAC=F1,F2,F3,... 
  POWER=P 
  MAT=+/-M1,+/-M2,+/-M3,... 
  OMIT=J1,N1,I11,I12,...,J2,N2,I21,I22,... 
  AFMIN=A1 A2 
 MATVOL= V1, V2, V3, …, Vn 
 MATMOD= ... 
 BOPT=B1,B2,B3 

Figure 4-1.  Burn card input structure. 

The TIME keyword corresponds to the incremental time duration for each depletion step. 

Each “Ti” listed in this keyword corresponds to a time duration (days) in which the system is 

burned. The default for this keyword is 1 day.  For example: 

TIME = 10, 100, 15 

The system is first burned for 10 days, followed by a 100-day burn, followed by a 15-day burn, 

for a total burn of 125 days.  

The PFRAC keyword corresponds to the fractional value of total system power (POWER) in 

which to burn the system for the equivalent time duration. The PFRAC option only changes the 
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total magnitude of power used to normalize the flux, and does not account for possible 

temperature changes in an actual power change. For each Ti value listed on the TIME keyword, 

a corresponding Fi value listed on the PFRAC keyword must exist. For each Ti value that does 

not contain a corresponding Fi value, Fi  = 0 for that time step.  The exception is when the PFRAC 

keyword is not specified at all, and then each Fi = 1 for every time step.   

The POWER keyword is the total system power level, P, (in megawatts). Because this value 

corresponds to the total recoverable energy from the system, the value entered on this keyword 

should correspond to the total recoverable thermal system power. The default for this keyword is 

1MW.  For example: 

POWER = 100    

In this case, the total recoverable thermal system power is assumed to be 100 MW. 

The materials to be burned must be listed on the MAT keyword. Each “Mi” entry 

corresponds to the material number listed in data cards section of the input deck. Figure 4-2 

displays an example BURN card and subsequent materials cards referenced by the BURN card as 

burn materials.  In this example, materials m1, m3, and m4 will be burned. 

Burnup is calculated for the entire system of materials listed on the MAT keyword, as well 

as for each individual material listed on the MAT keyword containing a fissile actinide.  Negative 

material numbers signify materials that are not burned, but do contribute to the power 

normalization by applying the tallied recoverable energy per fission and neutrons per fission of 

those materials to the total power normalization.  Actinide and non-actinide buildup/depletion 

information for negative MAT numbers is not displayed in the output file because the negative MAT 

numbered materials are not burned.   
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BURN TIME=100,70  
     MAT=1,3,4 
     POWER=1.0  
     PFRAC=1.0,1.0 
     BOPT=1.0 -12 1.0 
C Material Cards 
m1  
      8016.60c 4.5854e-2  
     92235.60c 1.4456e-4  
     92238.60c 1.9939e-2  
     94238.60c 1.1467e-4  
     94239.60c 1.0285e-3  
     94240.60c 7.9657e-4  
     94241.60c 3.3997e-4  
     94242.60c 5.6388e-4  
m2    2004 -1.0 
m3   40000.60c -1.0 
m4    1001.60c 4.7716e-2  
      8016.60c 2.3858e-2 
      5010.60c 3.6346e-6 
      5011.60c 1.6226e-5 
mt4 lwtr.01t 
  

Figure 4-2.  BURN card referencing burn materials m1, m3 and m4. 

The OMIT keyword allows the user to run a transport calculation without including the 

transport data from a specified isotope. If an OMIT keyword is used, then the isotope is omitted 

from the transport calculation and omitted from the output file.  Reaction rates are still generated 

for the isotope by importing a 63-group flux into CINDER90, matching the 63-group flux 

calculated from MCNPX to a 63-group cross section set inherent within CINDER90, energy 

integrating the reaction rates, and then producing a total collision rate for each collision type 

tracked. The OMIT keyword has the has the format  

OMIT=J1,N1,I11,I12,...,J2,N2,I21,I22,... 

Table 4-1 contains the available options for this keyword. 

Table 4-1.  OMIT keyword variable tasks. 
Input Variable Variable 
Ji   ith material for which to omit nuclides Ii1, Ii2, etc. 
Ni Number of omitted nuclides listed for the ith material 
Ii1, Ii2, … 1st, 2nd, etc., omitted nuclide for the ith material 
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If J1=-1, then the omitted nuclide list is applied to all materials and J2, J3, etc., are not allowed. 

There is no default for this option. 

The AFMIN keyword allows the user to determine below which mass fraction an isotope 

will be excluded from the transport calculation. The A1 value of AFMIN keyword signifies the 

minimum atom fraction for all isotopes in which isotopes below that atom fraction will have 

their atom fraction set to zero. The default for this option is 1.0E-10. The A2 value sets the decay 

chain convergence criteria (mentioned in the Benchmarks section).  The default for this value is 

now 1e-10 and was 1e-4 for MCNPX 2.6.E and earlier.  Using the new default improves nuclide 

predictability as the cost of increased computation time. 

The B1 value on the BOPT keyword corresponds to the recoverable energy per fission 

multiplier.  The default for this value is 1.0.  The user may choose to adjust this value in order to 

adjust the Q value to better account for the true recoverable energy in the system. 

Table 4-2.  Options invoked for different B2 values. 
Input Value for B2 Output Inventory Ordering 
1 High to low, based on mass (default) 
2 High to low, based on activity 
3 High to low, based on specific activity 
4 Increasing zaid 

 
The B2 value on the BOPT keyword corresponds to the selected fission products used in 

the MCNPX transport process, as well as the format for the nuclide concentrations in the output 

file. MCNPX reports nuclide concentrations only for isotopes that are listed on the material 

cards, generated by the isotope generator algorithm, and/or selected from a fission product tier.   

The B2 value represents the burn table output frequency, ordering, and content flag.  Table 4-2 

displays the different options invoke for different values of B2.  Positive input values cause the 

output to be printed to the output file only at end of an entire job. Negative input values cause 

output at the end of each burn step.  
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Three tiers of fission-product content are available. Each tier corresponds only to those 

isotopes that are used for particle transport in MCNPX and the nuclide densities, which are 

reported in the output file. To select a specific tier, add zero (default), 10, or 20 to the magnitude 

of the B2 input value.  Table 4-3 gives a description of the available actinides in each fission 

product tier. 

Table 4-3.  Options invoked for different B2 values. 
Tier Fission Product Content 
1 Zr-93, Mo-95, Tc-99m, Ru-101, Xe-131, Xe-134, Cs-133, Cs-137, 

Ba-138, Pr-141, Nd-143, Nd-145 (default). 
2 All fission products that posses both CINDER90 yield data and 

transport cross data that are listed in the default MCNPX library file 
for MCNPX 2.6.F (XSDIR file). 

3 All 220 available fission products listed in Figure 3-8. 
  

The B3 value of the BOPT keyword invokes the models option. Cross-section models are a 

heritage of the high-energy physics capabilities of MCNPX. The models are benchmarked for a 

variety of problems for neutron energies >150 MeV. Table 4-4 describes the available options 

for the B3 value of the BOPT keyword. 

Table 4-4.  Available options for the B3 value of the BOPT keyword. 
B3 value Available Option 
-1 Receive a fatal error if cross section models are used in the problem  
0 Zeros out the atom fraction of any isotope using a cross section 

model (it is preferable to determine which isotopes are needed to be 
omitted and to place them on the OMIT keyword for the burned 
material).   

1 Use cross section models in the calculation for isotopes not 
containing tabular interaction rate data. 

 
The MCNPX depletion capability tallies energy integrated reaction rates and normalization 

constants within each separate burn material using the track length estimator.  The track length 

estimator of the flux is calculated by: 
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Initially, MCNPX was setup to calculate and sum the quantity within the larger parenthesis 

during each track for each individual burn material and then later divide by the total number of 

histories.  Due to limitations in the repeated structures mapping algorithm in MCNPX, the code 

cannot always determine the total volume of a plethora of repeated cells. Excessive time is also 

wasted trying to query and calculate the total volume.  For simplicity, in MCNPX 2.6.D, the 

tallying algorithm in equation 4-1 was altered to 

( )∑=
n

nn wl
NV

*1φ      (4-2) 

Now only the particle track multiplied by the weight is tallied during each track for each 

individual burn material.  Once particle tracking is complete, the track length estimator is now 

determined by dividing this new quantity by the sum of all volumes for a specific burn material 

and the total histories.  The user may then input the total burn material volume on the MATVOL 

keyword.  This procedure eliminates the dependency of the code to try and determine this total 

volume when the code may or may not be able to determine this quantity or when the code may 

require excess computation to map this value.  Therefore the user is now free to take advantage 

of the repeated structure geometry features, such as modeling repeated arrays of fuel pins, while 

using the burnup capability.96 

For burnup regions without repeated structures, MCNPX will try to calculate a volume 

and, if unsuccessful, a fatal error is generated and the user is required to then specify the material 

volume using a VOL card. In the case of cells in a lattice, MCNPX is only capable of 

successfully accounting for the volumes of materials if each cell is used only once in the lattice. 

Otherwise, if certain cells are repeated in a lattice, MCNPX is unable to determine the total 

volume of everywhere the material is repeated.  The MATVOL keyword is used to account for the 

volume of materials listed in a repeated structure 
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MATVOL = V1, V2, V3, …, Vn,  

where Vi is the total volume of all cells [cm3] containing burn material, Mi, on the MAT keyword 

of the BURN card.   

Table 4-5.  MATMOD keyword variable values. 
Keyword Value Description 
NT Number of time steps (1 through NT)    
TSNT Time step (1..NT) for which to manually change nuclide concentrations of 

material MTNT,NMNT  Enter “1” for 2nd, etc.  (If positive apply concentrations 
discretely at Ti and Ti+1/2. If negative apply at Ti, and make linear 
interpolation between Ti and Ti+1 to determine the concentration at Ti+1/2. If 
TS is negative at Ti and the concentrations of any of the altered isotopes at 
Ti+1 is equal to the concentration set at Ti then the concentrations of the 
altered isotopes will be set to the value at Ti for  Ti, Ti+1/2, Ti+1.  At Ti+3/2 the 
isotopes will undergo a normal depletion and the concentrations will not be 
set to the value at Ti+1. 

NMNT Number of materials at time step “NT” that incur nuclide concentration 
changes  

MTNT,NMNT NMth material number for which to manually change nuclides at time step 
“NT”.  Positive value indicates atom/wt. fraction and negative value 
indicates atom/gram densities. 

KNT,NMNT Number of nuclides to manually change for the NMth material  
NTNMNT,

NT

K

NMNT,
Z  1st, 2nd,.. Kth nuclide of the MTNT,NMNT th material at time step “NT” for 

which a concentration will be specified.  List as a ZA value. 
NTNMNT,

NT

K

NMNT,
C  Concentration for the Kth isotope in material MTNT,NMNT at time step “NT”.  

Enter positive values for atom fractions or atom densities, and enter a 
negative value for wt. fractions or gram densities.  See sign of MTNT,NMNT to 
specify either fraction or density 

 
If the MATVOL keyword is utilized on the BURN card then there must exist a corresponding 

MATVOL entry for every entry on the MAT keyword of the BURN card.  If repeated structures are 

used without a MATVOL keyword, MCNPX will incorrectly calculate the volume, if possible, 

assuming that the total volume for the entire burn material is equal to the volume stated on the 

VOL card and not the accumulated the sum for the amount of times the cell is repeated. 

The MATMOD keyword allows for time-dependent manual nuclide concentration changes.  

The details of the methodology for this feature were explained in the Manual Time-Dependent 
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Isotope Concentration Changes section.  Table 4-5 describes the detail of each value within the 

MATMOD keyword.  The MATMOD keyword uses the following structure for describing a manual 

concentration change:  

MATMOD = NT TS1 NM1 MT1,1 K1,1 
1

1,1
Z  1

1,1
C  2

1,1
Z  2

1,1
C  . . . 1,1

K

1,1
Z  1,1

K

1,1
C  

                      MT1,NM1 K1,NM1 
1

NM1,
1

Z  1

NM1,
1

C  2

NM1,
1

Z  2

NM1,
1

C  . . . 1NM1,

1

K

NM1,
Z  1NM1,

1

K

NM1,
C  

           TSNT NMNT MTNT,1 KNT,1 1

NT,1
Z  1

NT,1
C  2

NT,1
Z  2

NT,1
C  . . . NT,1

K

NT,1
Z  NT,1

K

NT,1
C   

           MTNT,NMNT KNT,NMNT 
1

NMNT,
NT

Z  1

NMNT,
NT

C  2

NMNT,
NT

Z  2

NMNT,
NT

C . . . NTNMNT,

NT

K

NMNT,
Z  NTNMNT,

NT

K

NMNT,
C  

When using the MATMOD keyword, if a burn material is set to have a concentration change at 

T1, the atom density of that isotope at T1/2 is set to the initial value specified at T0.  This is only 

set for the initial midpoint time step, the rest of the calculation will follow the procedure 

mentioned above. 

Output Structuring 

The MCNPX depletion capability offers many varied outputs describing the temporal 

nuclide inventory process.  Initially, the objective of the depletion outputs was to give the user 

the maximum amount of information necessary in order to make informed system design 

decisions from understanding important parameters regarding the evolution of the temporal 

nuclide inventory solution.  The depletion outputs may be segregated into five distinct sections.  

These output sections include collision rates sent to CINDER90 for use as depletion coefficients, 

generalized global system averaged depletion data, generalized individual material depletion 

data, individual material nuclide data, and system average nuclide data.  Each of the output 

sections is composed of key important information regarding the temporal nuclide inventory. 
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Total continuous energy integrated collision rates within a each burn volume are calculated 

in the particle transport calculation for (n,fission), (n,γ), (n,2n), (n,3n), (n,p) and (n,α).  

Examining these collision rates is important to understanding how the depletion system operates.  

The collision rates for each burn material, tracked in particle transport to be sent to CINDER90 

for use as depletion coefficients are printed at the end of each steady-state KCODE calculation.  

The error associated with each collision rate is the error assuming the steady-state calculation is 

independent from the propagated error resulting from propagated flux and number densitiy error 

from the burnup calculation.  Figure 4-3 displays a cropped example of the format of the 

collision rate outputs.  These outputs help the user to calculate generalized capture-fission ratios, 

as well as other inelastic reaction ratios, to determine system characteristics.   

Material #:    1 
 
 no. zaid  (n,gamma)  error  (n,fission) error (n,nu*fission) error (n,fission*Q) error 
  1  6012 8.19001E+05 0.5671 0.00000E+00 0.0000  0.00000E+00  0.0000 0.00000E+00  0.0000 
  2  6013 2.81939E+08 0.1330 0.00000E+00 0.0000  0.00000E+00  0.0000 0.00000E+00  0.0000 
  3  6014 0.00000E+00 0.0000 0.00000E+00 0.0000  0.00000E+00  0.0000 0.00000E+00  0.0000 
... 
... 
 60 96244 8.41178E+13 0.4713 5.60552E+12 0.1094  2.09288E+13  0.1034 1.18632E+15  0.1094 
 61 96245 4.07591E+11 0.0850 2.84278E+12 0.0738  1.02719E+13  0.0737 5.68499E+14  0.0738 
   
 no. zaid   (n,2n)    error    (n,3n)    error    (n,alpha)   error     (n,p)     error 
  1  6012 0.00000E+00 0.0000 0.00000E+00 0.0000  7.08058E+05  0.6535 0.00000E+00  0.0000 
  2  6013 3.16027E+08 0.9128 0.00000E+00 0.0000  0.00000E+00  0.0000 0.00000E+00  0.0000 
  3  6014 0.00000E+00 0.0000 0.00000E+00 0.0000  0.00000E+00  0.0000 0.00000E+00  0.0000 
... 
... 
 60 96244 9.03869E+09 0.6024 0.00000E+00 0.0000  0.00000E+00  0.0000 0.00000E+00  0.0000 
 61 96245 4.49267E+08 0.4078 0.00000E+00 0.0000  0.00000E+00  0.0000 0.00000E+00  0.0000 
... 
  
Figure 4-3.  Example collision rate outputs.    

The burnup summary table contains global system averaged burnup information and is 

designated “print table 210”.  Each time step is listed with the corresponding time duration and 

actual specified depletion time.  The following system averaged quantities are also listed:  the 

power used for the flux normalization, keff, energy integrated flux, neutrons per fission, 
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recoverable energy per fission, burnup, and production rate.  Figure 4-4 displays an example 

burnup summary table. 

1burnup summary table by material                                                                       print table 210 
 
 
 neutronics and burnup data 
 
 step  duration         time            power        keff          flux          ave. nu    ave. q       burnup          source 
         (days)     (days)         (MW)                                                                     (GWd/MTU)   (nts/sec) 
   0  0.000E+00  0.000E+00  1.000E+00  1.54021  7.715E+14    2.452   200.979   0.000E+00    7.616E+16 
   1  5.000E+01  5.000E+01  1.000E+00  1.50987  7.945E+14    2.473   201.411   7.183E+00    7.664E+16 
   2  1.000E+01  6.000E+01  0.000E+00  1.51150  0.000E+00    2.474   201.448   7.183E+00    0.000E+00 
   3  5.000E+02  5.600E+02  2.000E-01   1.43413  1.699E+14    2.510   202.199   2.155E+01    1.550E+16 
... 
 
Figure 4-4. Example burnup summary table.   

... 
Individual Material Burnup 
 
 Material #:    1 
 
 step  duration        time        power fraction    burnup 
           (days)        (days)                              (GWd/MTU) 
   0  0.000E+00  0.000E+00    5.015E-01      0.000E+00 
   1  5.000E+01  5.000E+01    5.016E-01      7.205E+00 
   2  1.000E+01  6.000E+01    5.002E-01      7.205E+00 
   3  5.000E+02  5.600E+02    5.002E-01      2.158E+01 
 
 Material #:    4 
 
 step  duration        time        power fraction    burnup 
           (days)        (days)                              (GWd/MTU) 
   0  0.000E+00  0.000E+00    4.985E-01      0.000E+00 
   1  5.000E+01  5.000E+01    4.984E-01      7.161E+00 
   2  1.000E+01  6.000E+01    4.998E-01      7.161E+00 
   3  5.000E+02  5.600E+02    4.998E-01      2.152E+01 
... 

Figure 4-5.  Example individual material burnup data. 

If multiple materials are burned then there also exists individual material burnup data.  

Figure 4-5 displays example individual material burnup data.   For this example both materials 1 

and 4 were burned and therefore individual burn material burnup data is available only for those 

materials.  The available information includes: time step, time duration, actual time, fission 

power fraction and individual material burnup.  The fission power fraction is calculated by 
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taking the ratio of the fission power in a particular burn material to the sum of all burn materials.  

The calculated fission power fraction is therefore only related to fissions in burn materials. 

( )
( )∑ ΦΣ

ΦΣ
=

i
if

if

VQ
VQ

fractionpower       (4-3) 

 
The individual material burnup is calculated by 
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PFRACTIMEFractionPOWERPOWERBurnupBurnup i
***

1 += −    (4-4) 

 
... 
nuclide data are sorted by increasing zaid for material   1 volume  3.8457E+02 (cm**3) 
 
 actinide inventory for material   1 at end of step  0, time 0.000E+00 (days), power 1.000E+00 (MW) 
 
  no.  zaid         mass      activity           spec.act.    atom den.     atom fr.      mass fr. 
                         (gm)        (Ci)              (Ci/gm)       (a/b-cm)  
   1  90231  0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
   2  90232  0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
... 
... 
   6  92235  3.441E+02  0.000E+00  0.000E+00  2.293E-03   1.000E-01   9.886E-02 
... 
... 
 actinide inventory for material   1 at end of step  1, time 5.000E+01 (days), power 1.000E+00 (MW) 
 
  no.  zaid         mass      activity         spec.act.     atom den.    atom fr.      mass fr. 
                         (gm)        (Ci)             (Ci/gm)      (a/b-cm)  
   1  9023    1.286E-09   6.837E-04  5.315E+05  8.718E-15  3.832E-13  3.723E-13 
   2  90232  2.394E-08   2.625E-15  1.097E-07   1.616E-13  7.100E-12  6.929E-12 
... 
... 
     totals  3.455E+03  2.584E+05  7.479E+01  2.275E-02  1.000E+00  1.000E+00 
... 
... 
 nonactinide inventory for material   1 at end of step  0, time 0.000E+00 (days), power 1.000E+00 (MW) 
 
  no.  zaid         mass      activity           spec.act.    atom den.      atom fr.      mass fr. 
                         (gm)        (Ci)               (Ci/gm)       (a/b-cm) 
   1   6012  0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
   2   6013  0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
   3   7014  0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
   4   7015  0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
   5   8016  4.684E+02  0.000E+00  0.000E+00  4.585E-02  1.000E+00  1.000E+00 
... 
Figure 4-6.  Example cropped actinide output at two separate timesteps and fission product 

output for one time step. 
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The time dependant isotope buildup/depletion is listed after the burnup summary 

information.  The isotope buildup/depletion for each individual material is given at each time 

step.  The information is further subdivided into actinide and nonactinide categories.  Figure 4-6 

displays a cropped exampled of the reported actinide inventory for two separate time steps.  At 

the end of each subdivision is an accumulation total of the isotope information for that 

subdivision.  Atom and weight fractions calculations are based on the fractions of that specific 

subdivision.   After isotope information for each individual material is given, print table 220 lists 

the sum total information of all actinides and nonactinides from all materials combined for each 

time step.  Figure 4-7 shows a cropped example of print table 220. 

 

1burnup summary table summed over all materials                                                         print table 220 
 
 nuclides with atom fractions below 1.000E-32 for a material are zeroed and deleted from print tables after t=0 
 
 nuclide data are sorted by increasing zaid summed over all materials volume  7.6914E+02 (cm**3) 
 
 actinide inventory for sum of materials at end of step  0, time 0.000E+00 (days), power 1.000E+00 (MW) 
 
  no.  zaid         mass      activity           spec.act.    atom den.      atom fr.      mass fr. 
                         (gm)        (Ci)               (Ci/gm)       (a/b-cm) 
   1  90231  0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
   2  90232  0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
   3  90233  0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
   4  91233  0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
   5  92234  0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
   6  92235  6.883E+02  0.000E+00  0.000E+00  4.585E-03  1.000E-01  9.886E-02 
... 

Figure 4-7.  Cropped example of print table 220. 

The output is structured so as to give the user maximum amount of information in well 

organized concise tables.  Each concise table is located in the output in the order in which the 

calculations have been made.  For example, the collision rate tables always follow the KCODE 

information, and the burnup summary tables are then located directly below the collision rate 

tables (or at the end of the entire output if so invoked by an output option).  For a large burnup 
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example, using many burn materials, the user will generate huge output files as a result of 

reporting all of the information available in the burnup tables.  However, this information is 

necessary for determining how derivative quantities, such as reaction rates, contribute to the 

integral solution, such as global time dependant neutron multiplication and isotope analysis. 
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CHAPTER 5 
BENCHMARKS 

The Nuclear Energy Agency (NEA) is a specific agency within the Organization for 

Economic Cooperation and Development (OECD), an intergovernmental organization composed 

of many industrialized countries, based in Paris, France.  The mission of the NEA is to assist its 

member countries in maintaining and further developing, through international co-operation, the 

scientific, technological and legal bases required for the safe, environmentally friendly and 

economical use of nuclear energy for peaceful purposes.97  The membership consists of 28 

countries including: Australia, Austria, Belgium, Canada, Czech Republic, Denmark, Finland, 

France, Germany, Greece, Hungary, Iceland, Ireland, Italy, Japan, Luxembourg, Mexico, the 

Netherlands, Norway, Portugal, Republic of Korea, Slovak Republic, Spain, Sweden, 

Switzerland, Turkey, the United Kingdom and the United States.97  The NEA is further divided 

into many working parties and these working parties are composed of expert working groups that 

are tasked with examining various aspects of the Nuclear Fuel Cycle.97  Criticality safety aspects 

of the Nuclear Fuel Cycle are examined by the Working Party on Nuclear Criticality Safety 

(WPNCS), and understanding the reactivity and isotope prediction capability is the responsibility 

of the Burnup Credit Criticality Safety expert group.  One of the objectives of the Burnup Credit 

Criticality Safety expert group is to examine burn-up credit as applied to criticality safety in the 

transportation, storage, and treatment of spent fuel for a wide range of fuel types, including 

urainium-oxides (UOX) and MOX fuels for PWRs, BWRs, and Vodaa Vodiannee 

Energititscherski Reactors (VVER).  Achieving this objective involves carrying out international 

comparisons and benchmarks in order to assess the capability of code systems to accurately 

predict reactivity and temporal nuclide inventories, including both code-to-code and available 

experimental data comparisons.97 
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In order to asses the validity of the MCNPX depletion method three separate types of 

OECD/NEA benchmarks were completed.  Table 5-1 lists the benchmarks that were used to test 

the MCNPX depletion capability.  In most of the benchmarks, many combinations of operating 

techniques were investigated.  For the purpose of this study, only benchmarks that employ the 

maximum amount of fission products following all transmuted actinides were investigated.  

Therefore only a subset of the full amount of cases analyzed in the complete benchmark were 

examined.  However, the analyzed sections of these benchmarks do adequately test the ability of 

the code to predict real core behavior as a maximum amount of fission products are generated 

during real reactor behavior.  It is important to realize that the specified benchmarks only truly 

test the codes predictive capability for certain LWR operating strategies.  However, before one 

tries to validate a methodology for more complicated operating scenarios, one must be able to 

first also correctively predict behavior of well benchmarked LWRs.   

Table 5-1.  Examined benchmark cases. 
Benchmark Case Geometry Type 
OECD/NEA Burnup Credit Phase IB52 PWR UO2 adjusted pin cell calculation 
H. B. Robinson53 PWR UO2 assembly calcation 
OECD/NEA Burnup Credit Phase IVB54 LWR MOX assembly calculation 
 

OECD/NEA Burnup Credit Phase IB Benchmark Specification 

The purpose of the OECD/NEA Burnup Credit Calculational Criticality Benchmark Phase 

IB is to compare computed nuclide concentrations for a simple pin-cell depletion model.52  Prior 

radiochemical analysis was completed on a 14 X 14 Combustion Engineering fuel assembly in 

order to determine nuclide concentrations for use in the benchmark.  The simple pin cell model 

incorporates actual pin dimensions from a Combustion Engineering assembly; however, the fuel 

pin pitch has been adjusted in order to mimic the fuel-to-moderator ratio exhibited in the full 

assembly.  Further approximations applied to the analyzed geometry included modeling the fuel 
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pin as an infinitely reflected geometry.  An infinitely reflected geometry assumes zero net 

leakage at the geometry boundary.  This type of boundary condition is only incurred within a flat 

power distribution region of the reactor.  Such a region is never incurred on a pin cell level and 

therefore the approximation of infinitely reflected geometry was expected to affect the final 

solution outcome.   

     

Figure 5-1.  Infinitely reflected pin cell geometry. 

Table 5-2.  Model description for Phase IB Benchmark*.  
Parameter Data 
Type fuel pellet UO2 
Rod pitch 1.5586 cm 
Clad outer diameter 1.118 cm 
Clad inner diameter 0.986 cm 
Fuel diameter 0.9563 cm 
Active fuel length 347.2 cm 
Effective fuel temperature 841 K 
Clad temperature 620 K 
Water temperature 558 K 
*Data taken from reference. 
 

The pin cell model was divided into four radial regions.  The pin geometry is displayed in 

Figure 5-1 and the fuel pin dimensions are listed in Table 5-2.    Temperatures were assumed 

constant throughout each region.  The fuel pin was composed of a tall cylindrical fuel region 

divided into ten axial regions implementing the same average temperature and volume in each 

Borated Water

Clad

Fuel

Gap 
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axial division.  Surrounding the fuel region was a cylindrical voided gap region.  Enclosing the 

fuel and gap regions was a cylindrical Zicaloy-2 clad region.  Finally encasing the entire 

geometry was a rectangular borated water box.  The fuel, clad, and borated water concentrations 

are listed in Table 5-3, Table 5-4 and Table 5-5.  The compositions are displayed in the same 

units as listed in the benchmark report.52  Three different pin burnup cases were analyzed.  For 

each burnup case, four operating cycles were implemented using common burn times, down 

times and operating concentrations.  Table 5-6 details the common operating strategies utilized 

for each case.  Table 5-7 lists the operating powers utilized for each individual case in order to 

achieve the prescribed burnups.  

Table 5-3.  Fuel composition for Phase IB Benchmark (density =10.045 g/cm3). 
Nuclide Number Density 

(atoms/b-cm) 
234U 6.15164E-6 
235U 6.89220E-4 
236U 3.16265E-6 
238U 2.17104E-2 
12C 9.13357E-6 
14N 1.04072E-5 
16O 4.48178E-2 
 

ENDF/B VII.0 temperature dependent cross sections and scattering law data were 

implemented in the steady state reaction rate calculation.  Each steady-state reaction rate 

calculation was executed using 3000 particles per cycle for 115 cycles skipping the first 5 cycles.  

Ten starting source locations were equally spaced axially along the fuel pin center.  The 

combination of skipped cycles and source locations was hypothesized to result in an adequately 

converged fission source distribution, thereby resulting in a further converged reaction rate 

calculation.   The amount time steps, particles per cycle, and cycles were minimized in order to 

achieve a depletion solution within a minimal amount of time.  Running on a linux platform 

across 25 1.4 GHz Opteron processors, each case ran for ~22 hours. 
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Table 5-4.  Clad composition for Phase IB Benchmark (6.44 g/ cm3). 
Nuclide  Weight Fraction 
54Fe 0.0275 % 
56Fe 0.4477 % 
57Fe 0.0105 % 
58Fe 0.0143 % 
90Zr 49.0926 % 
91Zr 10.8251 % 
92Zr 17.8204 % 
94Zr 17.3218 % 
96Zr 2.8501 % 
112Sn 0.0145 % 
114Sn 0.0101 % 
115Sn 0.0052 % 
116Sn 0.2257 % 
117Sn 0.1203 % 
118Sn 0.3825 % 
119Sn 0.1368 % 
120Sn 0.5232 % 
122Sn 0.0756 % 
124Sn 0.0961 % 
 
Table 5-5.  Borated water composition for Phase IB Benchmark (0.7569 g/ cm3).   
Nuclide Number Density 

(atoms/b-cm) 
1H 5.06153E-2 
16O 2.53076E-2 
10B 2.75612E-6 
11B 1.11890E-5 
 
Table 5-6.  Operating history data for Phase IB Benchmark.   
Operating Cycle Burn time 

(days) 
Burn Duration 

(days) 
Downtime 

(days) 
Boron 

Concentration 
(ppm) 

1 306.0 1, 15, 30, 40, 50, 
50, 60, 60 

71.0 331.0 

2 381.7 1.7, 20, 35, 45, 
55, 65, 75, 85 

83.1 469.7 

3 466.0 6, 20, 45, 65, 70, 
80, 85, 95 

85.0 504.1 

4 461.1 6.1, 20, 45, 60, 
70, 80, 85, 95 

1870.0 492.5 
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Table 5-7.  Operating power (MW) for each case for Phase IB Benchmark.   
Operating Cycle Case A 

(final burnup = 
27.35 GWD/MTU) 

Case B 
(final burnup = 

37.12 GWD/MTU) 

Case C 
(final burnup = 

44.34 GWD/MTU) 
1 0.038068 0.054585 0.068717 
2 0.042904 0.059090 0.071786 
3 0.037627 0.050434 0.057853 
4 0.032172 0.041667 0.048844 

 

OECD/NEA Burnup Credit Phase IB Results 

Table 5-8.  Initial Phase IB Benchmark results and comparison of Case A (27.35 MWD/MTU). 
Isotope MCNPX  

Value  
(mg/g UO2) 

Experiment 
Value  
(mg/g UO2) 

% Error* Range of Values from other Codes 

234U 1.408E-1 1.600E-1 -12.00 1.330E-1 to 1.750E-1 
235U 7.988 8.470 -5.69 7.445 to 8.661 
236U 3.227 3.140 2.77 3.128 to 3.540 
238U 8.375E+2 8.425E+2 -0.59 8.637E+2 to 8.415E+2 
237Np 2.764E-1 2.680E-1 3.12 2.527E-1 to 3.396E-1 
238Pu 9.046E-2 1.012E-1 -10.61 5.721E-2 to 1.083E-1 
239Pu 3.790 4.264 -11.12 3.660 to 4.690 
240Pu 1.599 1.719 -6.99 1.573 to 8.60 
241Pu 6.491E-1 6.812E-1 -4.71 5.310E-1 to 7.335E-1 
242Pu 2.952E-1 2.886E-1 2.30 2.000E-1 to 3.192E-1 
241Am 2.274E-1 N/A N/A 2.269E-1 to 2.598E-1 
243Am 4.487E-2 N/A N/A 3.480E-2 to 4.672E-1 
95Mo 5.501E-1 N/A N/A 5.590E-1 to 5.795E-1 
99Tc 5.397E-1 N/A N/A 5.648E-1 to 6.904E-1 
133Cs 8.012E-1 8.500E-1 -5.74 6.820E-1 to 8.640E-1 
135Cs 3.535E-1 3.600E-1 -1.80 3.728E-1 to 3.959E-1 
143Nd 5.752E-1 6.130E-1 -6.16 6.040E-1 to 6.792E-1 
145Nd 4.886E-1 5.100E-1 -4.19 4.984E-1 to 5.151E-1 
147Sm 1.522E-1 N/A N/A 1.564E-1 to 1.932E-1 
149Sm 1.628E-3 2.900E-3 -43.86 1.626E-3 to 2.900E-3 
150Sm 1.762E-1 2.070E-1 -14.86 1.713E-1 to 2.146E-1 
151Sm 7.070E-3 N/A N/A 6.376E-3 to1.413E-2 
152Sm 7.940E-2 8.700E-2 -8.74 7.947E-2 to 1.073E-1 
153Eu 7.022E-2 7.900E-2 -11.12 6.730E-2 to 8.921E-2 
155Gd 2.629E-3 N/A N/A 1.507E-3 to 5.762E-3 
*(Calculated/Measured-1)*100 
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The Burnup Credit Phase IB benchmark contains data from a variety of calculation tools, 

as well as experimental results from radiochemical analysis of the 14 X 14 Combustion 

Engineering fuel assembly, for certain key actinides and fission products.  The initial MCNPX 

calculated nuclide concentrations for all three benchmark cases are displayed in Table 5-8, Table 

5-9 and Table 5-10.  For each nuclide the following quantities are listed: MCNPX calculated 

value, experimentally determined value, percent error between MCNPX calculated value and 

experimental value and range of calculated values from other various methodologies presented in 

the benchmark.   

Table 5-9.  Initial Phase IB Benchmark results and comparison of Case B (37.12 MWD/MTU). 
Isotope MCNPX  

Value  
(mg/g UO2) 

Experiment 
Value  
(mg/g UO2) 

% Error* Range of Values from other Codes 

234U 1.148E-01 1.400E-01 -17.96 1.080E-1 to 1.570E-01 
235U 4.587 5.170 -11.28 4.022 to 5.510 
236U 3.641 3.530 3.15 3.526 to 3.930 
238U 8.303E+02 8.327E+02 -0.28 8.292E+02 to 8.360E+02 
237Np 3.980E-01 3.560E-01 11.79 3.619E-01 to 4.919E-01 
238Pu 1.727E-01 1.893E-01 -8.77 1.144E-01 to 2.069E-01 
239Pu 3.849 4.357 -11.66 3.710 to 4.877 
240Pu 2.057 2.239 -8.14 1.996 to 2.347 
241Pu 8.379E-01 9.028E-01 -7.19 7.510E-01 to 9.846E-01 
242Pu 5.916E-01 5.761E-01 2.69 4.200E-01 to 6.347E-01 
241Am 2.853E-01 N/A N/A 2.880E-01 to 3.418E-01 
243Am 1.181E-01 N/A N/A 9.637E-02 to 1.391E-01 
95Mo 7.066E-01 N/A N/A 7.214E-01 to 7.545E-01 
99Tc 6.898E-01 N/A N/A 7.327E-01 to 8.372E-01 
133Cs 1.022 1.090 -6.24 8.784E-01 to 1.117 
135Cs 3.793E-01 4.000E-01 -5.17 3.967E-01 to 4.317E-01 
143Nd 6.523E-01 7.160E-01 -8.90 7.013E-01 to 8.254E-01 
145Nd 6.112E-01 6.530E-01 -6.41 6.326E-01 to 6.600E-01 
147Sm 1.607E-01 N/A N/A 1.659E-01 to 2.201E-01 
149Sm 1.653E-03 3.000E-03 -44.91 1.736E-03 to 3.092E-03 
150Sm 2.311E-01 2.710E-01 -14.72 2.297E-01 to 3.152E-01 
151Sm 7.397E-03 N/A N/A 7.990E-03 to 1.571E-02 
152Sm 9.521E-02 1.040E-01 -8.45 9.761E-02 to 1.416E-01 
153Eu 9.940E-02 1.090E-01 -8.81 9.960E-02 to 9.960E-02 
155Gd 4.076E-03 N/A N/A 2.538E-03 to 1.028E-02 
*(Calculated/Measured-1)*100 
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Table 5-10.  Initial Phase IB Benchmark results and comparison of Case C (44.34 MWD/MTU). 
Isotope MCNPX  

Value  
(mg/g UO2) 

Experiment 
Value  
(mg/g UO2) 

% Error* Range of Values from other Codes 

234U 9.896E-02 1.200E-01 -17.53 9.030E-02 to 1.440E-01 
235U 2.897 3.540 -18.18 2.389 to 3.716 
236U 3.772 3.690 2.21 3.641 to 4.030 
238U 8.243E+02 8.249E+02 -0.07 8.234E+02 to 8.316E+02 
237Np 4.794E-01 4.680E-01 2.44 4.327E-01 to 5.934E-01 
238Pu 2.399E-01 2.688E-01 -10.76 1.656E-01 to 2.810E-01 
239Pu 3.832 4.357 -12.04 3.659 to 4.902 
240Pu 2.292 2.543 -9.86 2.180 to 2.661 
241Pu 9.229E-01 1.020 -9.52 8.560E-01 to 1.111 
242Pu 8.479E-01 8.401E-01 0.93 5.960E-01 to 9.103E-01 
241Am 3.071E-01 N/A N/A 3.102E-01 to 3.785E-01 
243Am 1.924E-01 N/A N/A 1.634E-01 to 2.316E-01 
95Mo 8.100E-01 N/A N/A 8.092E-01 to 8.742E-01 
99Tc 7.852E-01 N/A N/A 8.449E-01 to 9.861E-01 
133Cs 1.160 1.240 -6.45 9.723E-01 to 1.286 
135Cs 3.958E-01 4.300E-01 -7.94 3.977E-01 to 4.605E-01 
143Nd 6.746E-01 7.630E-01 -11.58 7.397E-01 to 8.839E-01 
145Nd 6.858E-01 7.440E-01 -7.82 7.170E-01 to 7.560E-01 
147Sm 1.598E-01 N/A N/A 1.655E-01 to 2.302E-01 
149Sm 1.686E-03 4.700E-03 -64.13 1.842E-03 to 3.286E-03 
150Sm 2.690E-01 3.610E-01 -25.49 2.725E-01 to 3.980E-01 
151Sm 7.585E-03 N/A N/A 8.102E-03 to 1.682E-02 
152Sm 1.038E-01 1.210E-01 -14.25 1.077E-01 to 1.587E-01 
153Eu 1.173E-01 1.480E-01 -20.75 1.210E-01 to 1.596E-01 
155Gd 5.046E-03 N/A N/A 3.379E-03 to 1.318E-02 
*(Calculated/Measured-1)*100 
 

MCNPX initially had poor nuclide prediction.  The predictive capability also seemed to get 

worse at higher burnups.  MCNPX was able to calculate actinide prediction within the range of 

other depletion codes; however, the actinide predictions were not close to the measured values 

and the percent error between measured and calculated values increased with increasing burnup.  

MCNPX fission product predictions were outside of the range values predicted by other 

depletion codes, and the fission product predictions were also not close to the measured values.  

The percent error between measured and calculated fission product values also increased with 

increasing burnup.  Because the MCNPX results were poorer at higher burnups, it was 
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hypothesized that the burnup per time step might affect the accuracy of the result.  Limitation of 

the burnup per time step is function of both significant changes in reaction rate over a time step, 

and limitations in the actual depletion algorithm.  It is true that common time steps were used for 

each burnup case, and therefore the burnup step durations were unequal for all three cases.  

Therefore for the higher burnup cases it is possible that the time step duration was too long and 

too much burnup occurred ultimately invalidating the assumption that significant change in flux 

had not occurred.  However, since the predictive capability was so poor compared to a 

deterministic solver, the hypothesis that the CINDER90 algorithm may be faulted was tested.   

CINDER90 uses a Linear Markov Chain method in order to solve the depletion equations.  

CINDER90 solves for nuclide densities by following a series of equations along the 

transmutation chain.61, 50  The following procedure is used:  

1. Linear chains are created for each isotope transmutation path. 
 
2. The solutions of each linear chain determines a partial nuclide density  
 
3. Each calculated partial nuclide density, computed from a linear chain, is then 

summed to obtain the total nuclide inventory of nuclide.   
 
The differential equation governing the computation of the ith nuclide is therefore only coupled 

to preceding contributing nuclides leading to the creation of the ith nuclide.  However, in order to 

stop the propagation of a chain, the code determines if significant progeny will be created; and if 

the current nuclide does not produce significant progeny the calculation of the chain ceases.  A 

series of checks exist within CINDER90 to determine if progeny will be created, passby 

calculation, and these checks posses limiting checking values for determining significance.  For 

example, the magnitude of the nuclide density of a given isotope and the integral of the creation 

coefficient must both be above a certain value or the code ceases the transmutation chain.  This 

would appear to affect short half-live nuclides in secular equilibrium and all resulting nuclides 
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within that transmutation chain.  Preliminary investigation suggested that the order of such 

checks and the magnitude of the limiting checking values determined how accurately the code 

determined if significant progeny existed thereby ultimately affecting the solution outcome.   

Table 5-11.  MCNPXc Phase IB Benchmark results and comparison of Case A (27.35 
MWD/MTU). 

Isotope MCNPX  
Value  
(mg/g UO2) 

Experiment 
Value  
(mg/g UO2) 

% Error* Range of Values from other Codes 

234U 1.422E-01 1.600E-1 -11.13 1.330E-1 to 1.750E-1 
235U 8.339 8.470 -1.54 7.445 to 8.661 
236U 3.173 3.140 1.06 3.128 to 3.540 
238U 8.375E+02 8.425E+2 -0.59 8.637E+2 to 8.415E+2 
237Np 2.794E-01 2.680E-1 4.25 2.527E-1 to 3.396E-1 
238Pu 9.445E-02 1.012E-1 -6.67 5.721E-2 to 1.083E-1 
239Pu 3.891 4.264 -8.74 3.660 to 4.690 
240Pu 1.640 1.719 -4.60 1.573 to 8.60 
241Pu 6.615E-01 6.812E-1 -2.90 5.310E-1 to 7.335E-1 
242Pu 3.069E-01 2.886E-1 6.36 2.000E-1 to 3.192E-1 
241Am 2.320E-01 N/A N/A 2.269E-1 to 2.598E-1 
243Am 4.886E-02 N/A N/A 3.480E-2 to 4.672E-1 
95Mo 5.661E-01 N/A N/A 5.590E-1 to 5.795E-1 
99Tc 5.661E-01 N/A N/A 5.648E-1 to 6.904E-1 
133Cs 8.259E-01 8.500E-1 -2.83 6.820E-1 to 8.640E-1 
135Cs 3.620E-01 3.600E-1 0.54 3.728E-1 to 3.959E-1 
143Nd 5.840E-01 6.130E-1 -4.73 6.040E-1 to 6.792E-1 
145Nd 4.894E-01 5.100E-1 -4.04 4.984E-1 to 5.151E-1 
147Sm 1.518E-01 N/A N/A 1.564E-1 to 1.932E-1 
149Sm 1.679E-03 2.900E-3 -42.10 1.626E-3 to 2.900E-3 
150Sm 1.854E-01 2.070E-1 -10.44 1.713E-1 to 2.146E-1 
151Sm 7.401E-03 N/A N/A 6.376E-3 to1.413E-2 
152Sm 8.124E-02 8.700E-2 -6.62 7.947E-2 to 1.073E-1 
153Eu 7.257E-02 7.900E-2 -8.13 6.730E-2 to 8.921E-2 
155Gd 2.724E-03 N/A N/A 1.507E-3 to 5.762E-3 
*(Calculated/Measured-1)*100 
 

A further investigation was completed to set the limiting checking value for density 

contribution of a specific nuclide to 1E-10 from the default 1E-4 value in order to determine if 

this change actually affected the ultimate depletion outcome.   Table 5-11, Table 5-12 and Table 

5-13 display the results augmenting this limiting checking value (MCNPXc).  All of the same 
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conditions applied in the initial calculations were also applied for the MCNPXc cases.  The 

results from the MCNPXc cases show significant improvement in actinide and fission product 

prediction.  

Table 5-12.  MCNPXc Phase IB Benchmark results and comparison of Case B (37.12 
MWD/MTU). 

Isotope MCNPXc  
Value  
(mg/g UO2) 

Experiment 
Value  
(mg/g UO2) 

% Error* Rang of Values from other Codes 

234U 1.164E-01 1.400E-01 -16.88 1.080E-1 to 1.570E-01 
235U 4.822 5.170 -6.73 4.022 to 5.510 
236U 3.619 3.530 2.51 3.526 to 3.930 
238U 8.303E+02 8.327E+02 -0.28 8.292E+02 to 8.360E+02 
237Np 4.032E-01 3.560E-01 13.26 3.619E-01 to 4.919E-01 
238Pu 1.750E-01 1.893E-01 -7.55 1.144E-01 to 2.069E-01 
239Pu 3.987 4.357 -8.50 3.710 to 4.877 
240Pu 2.120 2.239 -5.31 1.996 to 2.347 
241Pu 8.699E-01 9.028E-01 -3.65 7.510E-01 to 9.846E-01 
242Pu 5.936E-01 5.761E-01 3.04 4.200E-01 to 6.347E-01 
241Am 2.976E-01 N/A N/A 2.880E-01 to 3.418E-01 
243Am 1.186E-01 N/A N/A 9.637E-02 to 1.391E-01 
95Mo 7.293E-01 N/A N/A 7.214E-01 to 7.545E-01 
99Tc 7.277E-01 N/A N/A 7.327E-01 to 8.372E-01 
133Cs 1.060 1.090 -6.24 8.784E-01 to 1.117 
135Cs 3.930E-01 4.000E-01 -5.17 3.967E-01 to 4.317E-01 
143Nd 6.750E-01 7.160E-01 -8.90 7.013E-01 to 8.254E-01 
145Nd 6.172E-01 6.530E-01 -6.41 6.326E-01 to 6.600E-01 
147Sm 1.632E-01 N/A N/A 1.659E-01 to 2.201E-01 
149Sm 1.711E-03 3.000E-03 -44.91 1.736E-03 to 3.092E-03 
150Sm 2.521E-01 2.710E-01 -14.72 2.297E-01 to 3.152E-01 
151Sm 7.924E-03 N/A N/A 7.990E-03 to 1.571E-02 
152Sm 9.892E-02 1.040E-01 -8.45 9.761E-02 to 1.416E-01 
153Eu 1.035E-01 1.090E-01 -8.81 9.960E-02 to 9.960E-02 
155Gd 4.251E-03 N/A N/A 2.538E-03 to 1.028E-02 
*(Calculated/Measured-1)*100 
 

For the most part, the results calculated by MCNPXc fell within the range of values 

calculated by the other depletion codes.  These calculated values, however, did not exactly match 

the measured experiment values.  There are many possible explanations for the discrepancies in 

calculated results as compared to the experimental data.  The reasons include:  (1) nuclear data; 
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(2) treatment of normalization parameters; (3) inadequacy of time steps; (4) statistical variance 

(5) differences in neutron spectra; (6) spatial reactivity effects of the modeled geometry.   

Table 5-13.  MCNPXc Phase IB Benchmark results and comparison of Case C (44.34 
MWD/MTU). 

Isotope MCNPXc  
Value  
(mg/g UO2) 

Experiment 
Value  
(mg/g UO2) 

% Error* Rang of Values from other Codes 

234U 1.006E-01 1.200E-01 -16.14 9.030E-02 to 1.440E-01 
235U 3.131 3.540 -11.54 2.389 to 3.716 
236U 3.758 3.690 1.84 3.641 to 4.030 
238U 8.247E+02 8.249E+02 -0.02 8.234E+02 to 8.316E+02 
237Np 4.854E-01 4.680E-01 3.72 4.327E-01 to 5.934E-01 
238Pu 2.434E-01 2.688E-01 -9.47 1.656E-01 to 2.810E-01 
239Pu 3.970 4.357 -8.89 3.659 to 4.902 
240Pu 2.362 2.543 -7.13 2.180 to 2.661 
241Pu 9.633E-01 1.020 -5.56 8.560E-01 to 1.111 
242Pu 8.463E-01 8.401E-01 0.74 5.960E-01 to 9.103E-01 
241Am 3.222E-01 N/A N/A 3.102E-01 to 3.785E-01 
243Am 1.919E-01 N/A N/A 1.634E-01 to 2.316E-01 
95Mo 8.359E-01 N/A N/A 8.092E-01 to 8.742E-01 
99Tc 8.303E-01 N/A N/A 8.449E-01 to 9.861E-01 
133Cs 1.206 1.240 -2.71 9.723E-01 to 1.286 
135Cs 4.104E-01 4.300E-01 -4.56 3.977E-01 to 4.605E-01 
143Nd 7.038E-01 7.630E-01 -7.76 7.397E-01 to 8.839E-01 
145Nd 6.930E-01 7.440E-01 -6.85 7.170E-01 to 7.560E-01 
147Sm 1.635E-01 N/A N/A 1.655E-01 to 2.302E-01 
149Sm 1.751E-03 4.700E-03 -62.75 1.842E-03 to 3.286E-03 
150Sm 2.975E-01 3.610E-01 -17.59 2.725E-01 to 3.980E-01 
151Sm 8.239E-03 N/A N/A 8.102E-03 to 1.682E-02 
152Sm 1.084E-01 1.210E-01 -10.39 1.077E-01 to 1.587E-01 
153Eu 1.228E-01 1.480E-01 -17.00 1.210E-01 to 1.596E-01 
155Gd 5.289E-03 N/A N/A 3.379E-03 to 1.318E-02 
*(Calculated/Measured-1)*100 
 
Nuclear Data  

The MCNPX benchmark calculations used ENDF/B VII.0 temperature dependent cross 

section data for steady-state particle transport.  The range of values calculated from other 

depletion codes used either ENDF/B IV.0 or V.0 which was the data available at the time of the 

benchmark.  Possible discrepancies in the implemented transport data may result in calculation 
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error.  CINDER90 uses ENDF/B VI.0 fission yield data.  This data may differ from the fission 

yield available in ENDF/B V.0 or IV.0 resulting in further error in calculation.  CINDER90 also 

contains transmutation cross sections for 3400 nuclides.  Over 3000 of those nuclides do not 

contain available ENDF data.  Therefore cross section determination codes were used to 

calculate the data implemented in CINDER90.  The CINDER90 data may also differ from what 

is used by other codes leading to further error in calculation when comparing to other tools.   

Treatment of Normalization Parameters 

MCNPX currently does not account for the true recoverable energy per fission.  An 

approximation is made in order to try and determine the delayed energy contribution.  The 

delayed energy contribution is unfortunately system dependent.  For this modeled system, 

however, the geometry modeled was not the actual experimental geometry and therefore 

accounting for the true recoverable energy per fission in the adjusted geometry would not be 

possible.  Therefore the assumptions made about delayed energy contribution were deemed 

acceptable for lack of a better approximation but known to affect the final solution outcome. 

Inadequate Time Steps  

The same time steps were used for each examined case.  Therefore a larger amount of 

burnup was witnessed per time step for the higher burnup cases.  It is possible that the time steps 

used for the benchmark were not short enough in order to account for significant change in 

neutron spectrum.  Adequate time step selection is usually a trial and error process of accounting 

for significant changes in the neutron spectrum as a result of the asymptotic buildup of highly 

absorbing isotopes.  Therefore choosing time-steps that are too large will not properly account 

for significant changes in neutron spectrum ultimately resulting in calculation error.  



 

141 

Statistical Variance 

By using the Monte Carlo method and simulating the actual physical process, the 

calculated reaction rates, used as coefficients for the depletion solution, possessed an associated 

statistical error.  This error propagates through the linked solution process.  Therefore the 

coefficients generated for each time step possessed a propagated statistical error.  For rarely 

sampled interactions, this error can be very large ultimately affecting the transmutation vector for 

nuclides resulting from those interactions.  Furthermore, the cross sections themselves also 

posses a measured error associated with each value.  The combination of the measured error 

incurred from determining the cross section values and the stochastic error from the modeling 

process ultimately influences the accuracy of the calculated results. 

Differences in Neutron Spectra  

The Combustion Engineering 14 X 14 fuel assembly that was used for the experimental 

benchmark was burned with a critical spectrum.  The modeled geometry, however, possessed a 

spectrum that was either supercritical, for the beginning time steps, or subcritical, for the latter 

time steps.  Unfortunately, true system operating parameters were not given.   For example, to 

maintain criticality in a PWR, the boron concentration in the water coolant is constantly diluted 

in order to subsidize the negative reactivity deficit incurred from burning fuel.  For the 

benchmark cases, boron concentration was assumed constant over the entire cycle.  Therefore the 

neutron spectrum of the modeled geometry could not possibly be made critical.  

Simply adjusting the boron concentration to maintain criticality in a pin cell model would 

also result in further error.  Criticality is maintained in a system by balancing the leakage and 

absorption.  For example, the critical spectrum in a modeled geometry is preserved by 

accounting for the leakage of neighboring geometries while operating the system with the true 

operating conditions.  Unfortunately, when modeling a subsection of a larger geometry, the 
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leakage into that subsection may not be known and must be approximated.  Approximating a pin 

cell calculation with reflective boundary conditions is a false representation of the boundary 

conditions witnessed in a typical reactor.  The only way to truly burn the fuel bundle at critical is 

to model the entire system.  This benchmark did not give specification for modeling the entire 

system and therefore errors should be expected in comparing results with experiment.   

Spatial Reactivity Effects of the Modeled Geometry 

The modeled geometry was an infinitely reflected pin cell with adjusted fuel-to-moderator 

ratio in order to try and mimic the same nuclide buildup as a 14 X14 Combustion Engineering 

fuel assembly.  An infinitely reflected boundary condition is only appropriate for scenarios in 

which the boundary posses a true zero net leakage.  For a certain section of a larger geometry, 

approximating a zero net leakage boundary condition is acceptable if the section of the geometry 

resides in a region possessing a flat flux or power distribution.  For example, a fuel assembly that 

sits in a region of the reactor where the fuel assembly is surrounded by similar fuel assemblies 

exhibiting a similar power distribution.  Unfortunately, this condition is never truly realized on a 

pin cell level.  A radial power distribution exists across the fuel assembly and therefore each pin 

within the bundle burns at a different rate.  By only modeling a single fuel pin to represent the 

entire fuel assembly, the spatial reactivity effects are ignored that would otherwise be witnessed 

in the full fuel assembly.  This disregard of spatial reactivity effects ultimately affects the 

accuracy of the solution outcome.  Because only a pin cell is modeled, comparisons between the 

calculated results and radiochemical analysis data taken from the full assembly analysis are 

expected to be error.  

Further MONTEBURNS Comparisons 

MONTEBURNS calculations for the OECD/NEA Burnup Credit Calculational Criticality 

Benchmark Phase IB had been completed as part of a prior thesis. 75  Due to computational 
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limitations at the time of those calculations, a coarser representation of the benchmark was 

modeled.  The model implemented for that work used a single 360 cm tall fuel zone, ENDF V 

cross sections, and single time steps for operating durations (the exact model description 

implemented is explained in the reference).  The model also lacked many of the fission products 

captured by the MCNPX depletion methodology (setting the MONTEBURNS transmutation 

importance fraction to 0.001).  In the thesis, values were only calculated for cases A and B, and 

these values were within the range of values demonstrated by other codes and MCNPX. 

In order to better compare the MONTEBURNS methodology and MCNPX, a series of 

MONTEBURNS 2.0 calculations were rerun using the same fidelity model as implemented for 

the MCNPX depletion calculations.  ENDF VII.0 temperature dependent cross sections were 

implemented.  The same kcode parameters, time steps, power levels, and manually set material 

concentrations used in the MCNPX calculations were also used for the MONTEBURNS 2.0 

calculations.  For these MONTEBURNS calculations, the importance fraction was set to 1e-10 in 

order to account for more of the fission and activation products.  MONTEBURNS 2.0 was 

incapable of burning the borated water region and resetting the boron concentrations at each step.  

MONTEBURNS 2.0 was also incapable of modeling the same isotope at multiple temperatures; 

therefore all fission products that aligned with cladding nuclides used the same temperature 

dependent cross sections for the cladding temperature.  These two issues are easily handled in 

MCNPX, however, not treated in MONTEBURNS 2.0, and therefore differences were expected 

as a result of these discrepancies.  MONTEBURNS results are compared with MCNPXc results 

and experimental values, for cases A and B, in Table 5-14 and Table 5-15.   

The higher fidelity MONEBURNS calculations for this benchmark are in larger error than 

the MCNPXc calculations.  The reasons for the gross error in 238Pu is mostly due to the 242mAm 
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and 242Am cross section mixup.  The large over prediction of nuclides is not well determined.  

Increasing the amount of fission products tracked within MONTEBURNS 2.0 causes a 

competition for capture and therefore reduces actinide burning and transmutation.  However, the 

prior thesis results show a large under prediction of nuclide concentration while the new results 

show a large over prediction.  These discrepancies may be related to the treatment of incomplete 

cross sections, or limitations of the MONTEBURNS 2.0 tally routines, or limitations of the 

ORIGEN2.2 algorithm. 

Table 5-14.  MONTEBURNS* Phase IB Benchmark results and comparison of Case A (27.35 
MWD/MTU). 

Isotope Experiment 
Value  
(mg/g UO2) 

% Error 
MONTEBURNS 
OLD** 

% Error 
MONTEBURNS  
NEW** 

% Error 
MCNPXc** 

234U 1.422E-01 -2.45 2.77 -11.13 
235U 8.339 -4.32 9.06 -1.54 
236U 3.173 2.09 3.07 1.06 
238U 8.375E+02 -0.5 0.31 -0.59 
237Np 2.794E-01 6.65 6.11 4.25 
238Pu 9.445E-02 -6.12 25.03 -6.67 
239Pu 3.891 -7.50 7.34 -8.74 
240Pu 1.640 -2.00 10.29 -4.60 
241Pu 6.615E-01 -2.72 9.77 -2.90 
242Pu 3.069E-01 6.65 12.07 6.36 
133Cs 8.259E-01 1.91 -6.92% -2.83 
135Cs 3.620E-01 4.46 -1.40% 0.54 
143Nd 5.840E-01 -0.36 -5.51% -4.73 
150Sm 1.854E-01 -13.22 -14.51% -10.44 
152Sm 8.124E-02 -1.35 -6.39% -6.62 
153Eu 7.257E-02 5.11 -5.71% -8.13 
*MONTEBURNS OLD = MONTEBURNS from prior thesis; 75  
  MONTEBURNS NEW =MOTNEBURNS 2.0 with higher fidelity model 
***(Calculated/Measured-1)*100 
 

The results do show major cause for concern, because a higher fidelity model should show 

better results.  It seems that modeling more of the available fission products actually hurt the 

calculation; however, further testing is required in order to determine the root cause of the 

miscalculation.  New MONTEBURNS versions have been developed since MONTEBURNS 2.0 
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and therefore further testing will be required in order to determine the origin of this cause and 

whether or not the cause is problem dependent. 

Table 5-15.  MONTEBURNS* Phase IB Benchmark results and comparison of Case A (37.38 
MWD/MTU). 

Isotope Experiment 
Value  
(mg/g UO2) 

% Error 
MONTEBURNS 
OLD** 

% Error 
MONTEBURNS  
NEW** 

% Error 
MCNPXc** 

234U 1.164E-01 -5.05 -11 -16.88 
235U 4.822 -9.66 -31.71 -6.73 
236U 3.619 2.68 -11.43 2.51 
238U 8.303E+02 -0.28 1.25 -0.28 
237Np 4.032E-01 14.38 -36.40 13.26 
238Pu 1.750E-01 -3.84 -44.37 -7.55 
239Pu 3.987 -7.46 3.95 -8.50 
240Pu 2.120 -2.47 -18.18 -5.31 
241Pu 8.699E-01 -4.05 -21.07 -3.65 
242Pu 5.936E-01 7.41 -77.15 3.04 
133Cs 1.060 2.55 20.93 -6.24 
135Cs 3.930E-01 4.79 7.42 -5.17 
143Nd 6.750E-01 -0.76 11.81 -8.90 
150Sm 2.521E-01 -8.96 -30 -14.72 
152Sm 9.892E-02 -0.20 27 -8.45 
153Eu 1.035E-01 13.17 -30 -8.81 
*MONTEBURNS OLD = MONTEBURNS from prior thesis; 75  
  MONTEBURNS NEW =MOTNEBURNS 2.0 with higher fidelity model 
***(Calculated/Measured-1)*100 
 

H. B. Robinson Benchmark Specification 

The Burnup Credit Criticality Safety expert group offers the Spent Fuel Isotopic 

Composition database containing measured nuclide composition data for 14 LWRs in order to 

help validate burn-up codes.97  The H. B. Robinson benchmark is one of the 14 available LWR 

benchmarks.  Post irradiation examination measurements exist for select fuel pins within one 15 

X 15 Westinghouse fuel assembly from the H. B. Robinson Unit 2 reactor.53  For a specific fuel 

pin within the assembly, radiochemical analysis was completed at several axial levels 

corresponding to several different burnups.  The benchmark was chosen for this study because 

full assembly geometry specification was available, and the full modeled assembly was 
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considered to be in a core location assumed to possess a reasonably “flat enough” power 

distribution to assume zero net leakage at the physical boundary of the assembly.  Because zero 

net leakage was assumed at the assembly boundary, it was also further assumed that the 

assembly could be modeled as infinitely reflected at the geometry boundary.  Because leakage 

from assembly to assembly is affected by the ultimate core boundaries, power shaping and 

poison positioning, this assumption is not exactly true. However, the assumption was deemed 

acceptable enough to model the assembly because the power distribution across the assembly 

region was assumed “flat enough”.  

 

Figure 5-2.  Infinitely reflected pin cell geometry. 

Oak Ridge National Laboratory had also completed a verification study of the SCALE 

package using this benchmark.  This verification study offered knowledge of how to setup the 

benchmark for direct comparison with the SCALE package. The Oak Ridge National Laboratory 

report, ORNL/TM-12667.28, was therefore used to determine the benchmark setup.53  The H. B. 

Robinson Fuel assembly was modeled using eighth bundle symmetry, and took advantage of 

repeated structure modeling available since MCNPX 2.6.D.  The exact modeled geometry is 
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Instrument Tube 
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displayed in Figure 5-2.  Table 5-16 displays the modeled assembly design data for the 

benchmark.  The material compositions for the fuel, clad, guide tube, and burnable poison rod 

materials are specified in the Oak Ridge National Laboratory report, ORNL/TM-12667.28.53   

Table 5-16.  Fuel assembly design data for H. B. Robinson Benchmark*. 
Parameter Data 
Assembly general data  
Designer Westinghouse 
Lattice 15 × 15 
Number of fuel rods 204 
Number of guide tubes 8 
Number of burnable poison rods 12 
Number of instrument tubes 1 
Assembly pitch 21.50 cm 
Assembly fuel 443.7 kg U 
Fuel rod data  
Type of fuel pellet UO2 
Enrichment:  wt % 235U 2.561 
                      wt % 234U 0.023 
                      wt % 236U 0.013 
Pellet density 9.44 g/cm3 
Rod Pitch 1.43 cm 
Rod OD 1.0719 cm 
Rod ID 0.9484 cm 
Pellet diameter 0.9242 cm 
Active fuel length 365.76 cm 
Clad temperature 595 K 
Clad material Zircaloy-4 
Guide tube data  
Inner radius 0.6502 cm 
Outer radius  0.6934 cm 
Material  Zircaloy-4 
Instrument tube data  
Inner radius  0.6502 cm 
Outer radius  0.6934 cm 
Material  Zircaloy-4 
Burnable poison rod data  
Air OD  0.5677 cm 
SS304 OD 0.6007 cm 
Air OD  0.6172 cm 
Borosilicate glass OD  1.0058 cm 
Air OD 1.0173 cm 
SS304 OD 1.1151 cm 
*Data taken from reference53 
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Each steady-state Monte Carlo calculation was completed running 4000 histories per cycle 

for 155 cycles skipping the first 25 cycles.  Initial source particles were started in each of the 

fissile fuel locations.  Though the geometry was modeled in 3-dimensions, only 1 axial region 

was utilized; therefore the model does not account for axial variation of the power distribution as 

a function of burnup.  However, each fuel pin, within an eighth assembly symmetric section, 

used a separate burn material in order to account for radial variation of the interaction rates.  

Four different cases, corresponding to four axial locations, experiencing four separate burnups, 

were examined as part of the benchmark.  Cases A-D represents the different burnup cases from 

the benchmark: (1) Case A = 16.02 GWD/MTU; (2) Case B = 23.8 GWD/MTU; (3) Case C = 

28.47 GWD/MTU; (4) Case D = 31.66 GWD/MTU.  The measured burnup given for case A did 

not correspond to the final time interval specified in the Oak Ridge National Laboratory Report.  

For the Case A calculation, the final operating interval was changed from 156 days to 165 days 

in order to correspond to the expected burnup exhibited in the assembly.54  Table 5-17 and Table 

5-18 display the operating intervals, time steps used for each interval, corresponding down times, 

and cycle dependent soluble boron concentrations for Case A-D. 

Table 5-17.  Operating data for H. B. Robinson fuel assembly. 
Cycle 1 2 3 4 
Operating Interval 
(days) 

243.5 243.5 156 156 

Interval Time Step Durations 
(days) 

1, 15, 20, 30, 
37, 44, 46 

1, 15, 20, 30, 
37, 44, 46 

1, 15, 20, 
30, 40, 50 

1, 15, 20, 
30, 40, 50* 

Downtime 
(days) 

40 64 39 --** 

Average Soluble Boron 
Concentration 
(ppm) 

625.5 247.5 652.5 247.5 

*   This value was set to 59 for Case A. 
** This value was set either to 3936 for Cases A-B or 3637 for Cases C-D. 
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Table 5-18.  Operating data for H. B. Robinson fuel assembly 
Case Total Burnup 

(GWD/MTU) 
Moderator Temperature

(K) 
Moderator Density 

(g/cm3) 
Fuel Temperature 

(K) 
A 16.02 559 0.7544 743 
B 23.81 559 0.7538 830 
C 28.47 576 0.7208 883 
D 31.66 576 0.7135 923 
 

H. B. Robinson Benchmark Results 

The results of the benchmark were compared to the results from SCALE as specified in 

ORNL/TM-12667.53  The SCALE sequence used in the calculations was SAS2H/ORIGEN-S 

analysis sequence and 27-group cross-section library (27BURNUPLIB) of SCALE-4.53  Two 

sets of analysis were completed.  The first set used the original MCNPX, and the next set used 

the modified MCNPXc.  The results of the benchmark using MCNPX are displayed in Table 5-

19, and the results of the benchmark using MCNPXc are displayed in Table 5-20. 

   

 Table 5-19.  The H. B. Robinson Benchmark results* using MCNPX compared with SCALE. 
 Case A 

16.02 GWD/MTU 
Case B 

23.8 GWD/MTU 
Case C 

28.47 GWD/MTU 
Case D 

31.66 GWD/MTU 
Isotope MCNPX SCALE MCNPX SCALE MCNPX SCALE MCNPX SCALE 
235U 0.18 0.60 -3.11 1.40 -11.8 -4.90 -9.66 0.10 
236U -1.62 -1.5 -1.05 -2.20 3.72 2.20 1.18 -0.50 
238U -0.12 0.10 -0.60 -0.60 0.47 0.50 -0.73 -0.20 
237Np -10.57 1.50 -8.09 0.90 -14.72 -6.50 -10.69 -0.40 
238Pu -6.35 7.00 -6.41 7.70 -9.22 5.30 -8.66 8.20 
239Pu -3.19 -1.5 -4.75 -4.20 -5.42 -4.90 -6.52 -3.70 
240Pu -1.23 5.90 -1.45 6.00 -11.03 0.50 -8.79 5.4 
241Pu -8.23 6.00 -6.30 5.50 2.43 14.30 3.08 11.10 
99Tc 7.74 12.40 4.20 8.60 9.58 14.60 5.53 11.70 
137Cs -3.10 0.20 -3.10 -0.80 -0.38 3.90 -3.09 1.2 
*Percent difference from measured experimental results [(Calculated/Measured -1)*100]. 
 

The results displayed in 5-18 exhibits the same trend in burnup and predictive capability as 

the MCNPX results for the OECD/NEA Burnup Credit Phase IB.  As burnup increases, nuclide 

predictive capability gets worse and the calculated values seem not as close to the actual 
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measured calculation.  For example, the calculation percent difference from experiment for most 

actinides for Cases A-B was <8%; however, at higher burnups, Cases C-D, the calculation 

percent difference from experiment grew to 14%.  Though the SCALE values and the MCNPX 

values seemed relatively close in magnitude, further calculations were also completed using 

MCNPXc to see the magnitude of improvement.  In Table 5-19, the results show significant 

improvement in actinide prediction for uranium and plutonium isotopes when utilizing 

MCNPXc. 

Table 5-20.  The H. B. Robinson Benchmark results* using MCNPXc compared with SCALE. 
 Case A 

16.02 GWD/MTU 
Case B 

23.8 GWD/MTU 
Case C 

28.47 GWD/MTU 
Case D 

31.66 GWD/MTU 
Isotope MCNPXc SCALE MCNPXc SCALE MCNPXc SCALE MCNPXc SCALE
235U 0.47 0.60 -0.58 1.40 -8.19 -4.90 -5.35 0.10 
236U -1.81 -1.5 -1.90 -2.20 2.77 2.20 0.57 -0.50 
238U 0.12 0.10 -0.54 -0.60 0.53 0.50 -0.73 -0.20 
237Np -6.63 1.50 -7.31 0.90 -11.21 -6.50 -7.41 -0.40 
238Pu -4.125 7.00 -3.86 7.70 -3.29 5.30 -1.89 8.20 
239Pu -0.005 -1.5 -0.37 -4.20 -0.38 -4.90 -0.52 -3.70 
240Pu 4.013 5.90 0.59 6.00 -6.94 0.50 -3.66 5.4 
241Pu 2.4 6.00 2.82 5.50 1.88 14.30 1.36 11.10 
99Tc 10.815 12.40 6.76 8.60 12.13 14.60 8.49 11.70 
137Cs -1.152 0.20 -1.88 -0.80 0.67 3.90 -1.81 1.2 
*Percent difference from measured experimental results [(Calculated/Measured -1)*100]. 
 

The possible reasons for error in the calculation are similar to those mentioned in the 

OECD/NEA Burnup Credit Phase IB benchmark.  Errors in nuclear data, treatment of 

normalization parameters, statistical variance in reaction rates, and not modeling a critical 

spectrum all contribute to errors in the calculation.  It is important to note that the same time step 

durations were also used for each of the cases.  Therefore each case was modeled using different 

size burnup steps.  The coefficients for the depletion calculation were therefore updated over 

longer burnup steps for the higher burnup cases.  Therefore these results also suggest that the 

longer burnup step durations used for the higher burnup cases may have been too large to assume 
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that significant change in the flux had not occurred over the time step.  As mentioned previously, 

selecting adequate time steps depends upon the buildup and depletion of highly absorbing 

isotopes that affect the neutron spectrum in the material.  Therefore, as is displayed in the results, 

the prior statement may be further translated to mean that adequate time selection is not just 

related to resident time but also related to the combination of resident time and operating power 

over that time, or burnup.  However, for Cases A-B, the percent difference in actinide prediction 

from measured experiment is <4% except for Np-237 which is superior to the SCALE 

calculation.  These results therefore suggest that MCNPX is very capable of modeling full 

assembly behavior and accurately predicting nuclide buildup as long as adequate burnup step 

durations are maintained. 

Another important source of error to consider is that the measured data also possess error 

as a function of the precision and accuracy of the measurement process.  Unfortunately, the 

measurement error for this benchmark does not exist.  The Spent Fuel Isotopic Composition 

database posted on the NEA website also does not contain measurement error for any of the 14 

available experimental benchmarks.97  Most of the reports used to generate the database do 

contain the methods of radiochemical analysis applied to extract the experimental data; however, 

these reports do not contain a quantification of the error associated in obtaining the measured 

data.  This problem of not listing experimental error therefore must be addressed in future 

benchmarks in order to understand the validity of calculated results when compared to the 

measured data. 

OECD/NEA Burnup Credit Phase IVB Benchmark Specification 

Both the OECD/NEA Burnup Credit Phase IB benchmark and H. B. Robinson benchmark 

modeled typical PWR uranium dioxide fuel operating conditions.  In order to prove the 

versatility of the of the MCNPX depletion methodology for different types of reactors, another 
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operating scenario, besides a typical PWR uranium dioxide fuel operating strategy, was 

investigated.  The OECD/NEA Burnup Credit Phase IVB benchmark offers a suite of benchmark 

calculations for mixed oxide fuel (MOX).54  MOX assembly modeling is important to a closed 

reactor fuel cycle because the recycled assembly will contain a combination of uranium and 

plutonium (and possibly other actinides) at BOL for the recycled assembly.9  Calculations of the 

OECD/NEA Burnup Credit Phase IVB benchmark have been completed with many different 

depletion codes, and therefore an adequate comparison database is available for the benchmark.54   

Table 5-21.  Fuel assembly design data for OECD/NEA Burnup Credit Phase IVB Benchmark. 
Parameter Data 
Assembly general data  
Lattice 17× 17 
Number of fuel rods 264 
Number of guide tubes 24 
Number of instrument tubes 1 
Fuel rod data  
Type of fuel pellet MOX 
Rod pitch 1.26 cm 
Clad thickness 0.065 cm (no gap between fuel and clad) 
Pellet diameter 0.410 cm 
Active fuel length 365.76 cm 
Fuel temperature 900 K 
Clad temperature 620 K 
Clad material Zircaloy-2 
Guide and Instrument tube data  
Inner radius 0.571 cm 
Outer radius 0.613 cm 
Material  Zircaloy-2 
 

Modeling a single infinitely reflected MOX fuel assembly does not adequately represent 

the true reactor operating conditions of the assembly.  Many neutronic characteristics of the 

MOX assembly limit the assembly’s placement to certain patterns within certain sections of the 

reactor core.  The higher absorption cross sectiond of the plutonium isotopes, limits the negative 

reactivity worth of control material, such as dissolved boron or control blades, in the presence of 

the MOX assembly.  The high fission cross section of Pu-239 and large initial loading of Pu-239 
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produces large fission peaks; therefore to accommodate this affect and flatten the power peak, 

MOX assemblies are placed away from water gap regions.9  Finally, the fact that Pu-239 

possesses a smaller delayed neutron fraction (β = 0.0021) and shorter neutron lifetime (l = 27μs), 

than U-235 (β=0.0065, l = 47μs), thus limiting controllability of kinetic response, limits the 

amount of MOX assemblies placed in the reactor core.9  Countries already implementing the 

MOX fuel cycle, such as France, limit the amount of MOX loading to no more than 30%, and 

never load MOX assemblies surrounded by other MOX assemblies.9  However, since the H. B. 

Robinson benchmark only offered code-to-code comparison with SCALE, the author decided to 

use the OECD/NEA Burnup Credit Phase IVB benchmark as a comparison tool, knowing that 

modeling a infinitely reflected MOX assembly would not model true reactor behavior, because 

the benchmark offered data from a variety of codes for adequate code-to-code comparison for 

MOX assembly modeling strategy. 

Table 5-22.  Initial MOX fuel composition for Case A for Phase IVB Benchmark. 
Values Expressed in (atoms/b-cm) 

Nuclide High Enrichment Medium Enrichment Low Enrichment 
234U 2.57E-07 2.64E-07 2.68E-07 
235U 5.38E-05 5.53E-05 5.60E-05 
238U 2.12E-02 2.18E-02 2.21E-02 
238Pu 5.17E-05 3.61E-05 2.85E-05 
239Pu 1.13E-03 7.87E-04 6.20E-04 
240Pu 5.35E-04 3.74E-04 2.95E-04 
241Pu 1.94E-04 1.36E-04 1.07E-04 
242Pu 1.46E-04 1.02E-04 8.06E-05 
16O 4.66E-02 4.66E-02 4.65E-02 
 

Two types of infinitely reflected 17 X 17 MOX fuel assemblies were modeled.  Each 

modeled case assembly was composed of MOX fuel pellets encased in Zircaloy-2 clad fuel pins 

along with Zircaloy-2 guide tubes.  The geometry specifications for both cases are given in Table 

5-21.  The Case A model included a MOX assembly possessing plutonium nuclide 

concentrations consistent with typical concentrations expected from a first recycle PWR 
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assembly.   The Case B model included a MOX assembly possessing plutonium nuclide 

concentrations consistent with typical concentrations expected from weapons disposition 

material.   

Table 5-23.  Initial MOX fuel composition for Case B for Phase IVB Benchmark. 
Values Expressed in (atoms/b-cm) 

Nuclide High Enrichment Medium Enrichment Low Enrichment 
234U 2.69E-07 2.73E-07 2.75E-07 
235U 5.63E-05 5.71E-05 5.74E-05 
238U 2.22E-02 2.25E-02 2.26E-02 
238Pu 5.09E-07 3.56E-07 2.81E-07 
239Pu 9.49E-04 6.64E-04 5.23E-04 
240Pu 6.06E-05 4.24E-05 3.34E-05 
241Pu 3.02E-06 2.11E-06 1.66E-06 
242Pu 5.01E-07 3.50E-07 2.76E-07 
16O 4.65E-02 4.65E-02 4.65E-02 
 

For each case, three types of plutonium concentration loadings were used for the fuel pins 

within each case.  Table 5-22 lists the fuel compositions for Case A, and Table 5-23 lists the fuel 

composition for Case B.  Table 5-24 lists the borated water composition and Table 5-25 lists the 

Zircaloy-2 composition used for the fuel clad and guide tubes.  Figure 5-3 displays the 

distribution of the different fuel pins throughout the fuel assembly for both cases.  Each steady-

state reaction rate case was completed using 4000 particles per cycle skipping the first 25 cycles 

for 155 cycles.  Initial source locations were placed within each fissile cell location.  Case A was 

burned at 17.896 MW, and Case B was burned at 17.862 MW.  The operating data for the 

assembly is listed in Table 5-26. 

Table 5-24.  Borated water composition for Phase IVB Benchmark (660ppm boron, density 
0.7245 g/cm3). 

Nuclide Number Density 
(atoms/b-cm) 

1H 4.8414E-02 
16O 2.4213E-02 
10B 4.7896E-06 
11B 1.9424E-05 
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Figure 5-3.  MOX fuel enrichment map for Phase IVB Benchmark.  
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Table 5-25.  Zicaloy-2 composition used for clad and guide tube material for Phase IVB 
Benchmark (density 5.8736 g/cm3). 

Nuclide (Atoms/b-cm) 
50Sn 2.9656E-06 
52Sn 5.7189E-05 
53Sn 6.4848E-06 
54Sn 1.6142E-06 
54Fe 7.8122E-06 
56Fe 1.2245E-04 
57Fe 2.8278E-06 
58Fe 3.7633E-07 
90Zr 1.9889E-02 
91Zr 4.3373E-03 
92Zr 6.6297E-03 
94Zr 6.7186E-03 
96Zr 1.0824E-03 
 
Table 5-26. Operating data for Phase IVB Benchmark. 
Cycle 1 2 3 
Operating Interval 
(days) 

420 420 420 

Interval Time Step Durations 
(days) 

1, 15, 20, 30, 50, 
60, 60, 60, 60, 64 

1, 15, 20, 30, 50, 
60, 60, 60, 60, 64 

1, 15, 20, 30, 50, 
60, 60, 60, 60, 64

Downtime  
(days) 

30 30 0, 1826.25 

 
OECD/NEA Burnup Credit Phase IVB Benchmark Results 

The OECD/NEA Burnup Credit Phase IVB benchmark offers cycle by cycle nuclide 

buildup and depletion information for a plethora of actinides and fission products.  Table 5-27, 

Table 5-28, Table 5-29 and Table 5-30 present the MCNPX EOC 1, 2, 3 and after 5 years of 

cooling results for Case A as compared to the range of values achieved from other depletion 

codes in the benchmark.  Table 5-31, Table 5-32, Table 5-33 and Table 5-34 present the 

MCNPX EOC 1, 2, 3 and after 5 years of cooling results for Case B as compared to the range of 

values achieved from other depletion codes in the benchmark.  Due to the success in nuclide 

prediction of MCNPXc, each of these cases were run using MCNPXc.   
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Table 5-27. EOC 1 results for Case A of the Phase IVB Benchmark. 
Nuclide MCNPX 

(atoms/b-cm) 
Range of Values from  
Other Depletion Codes 
(atoms/b-cm) 

234U 5.8483E-07 2.1279E-07 to 5.8216E-07 
235U 4.3753E-05 4.3720E-05 to 4.3925E-05 
236U 2.6406E-06 2.4858E-06 to 2.6190E-06 
238U 2.1134E-02 2.1155E-02 to 2.1163E-02 
238Pu 4.1533E-05 4.0713E-05 to 4.1630E-05 
239Pu 8.0377E-04 7.9700E-04 to 8.1275E-04 
240Pu 4.7370E-04 4.7109E-04 to 4.8300E-04 
241Pu 2.1855E-04 2.1520E-04 to 2.2011E-04 
242Pu 1.6393E-04 1.3389E-04 to 1.3785E-04 
237Np 1.6176E-06 1.0400E-07 to 1.6560E-06 
241Am 9.4895E-06 8.4140E-06 to 8.8762E-06 
243Am 1.8069E-05 1.5613E-05 to 1.8260E-05 
242Cm 9.5381E-07 8.7154E-07 to 9.8523E-07 
243Cm 1.3915E-08 1.1641E-08 to 1.4560E-08 
244Cm 5.3807E-06 2.6688E-06 to 3.9610E-06 
245Cm 2.8581E-07 1.2915E-07 to 1.9877E-07 
95Mo 1.2829E-05 1.1690E-05 to 1.7651E-05 
99Tc 2.1958E-05 2.1756E-05 to 2.3060E-05 
101Ru 2.2331E-05 2.1640E-05 to 2.3054E-05 
103Rh 2.0106E-06 1.9630E-05 to 2.2642E-05 
109Ag 5.0294E-06 4.6603E-06 to 5.9460E-06 
133Cs 2.4605E-05 2.3463E-05 to 2.4597E-05 
143Nd 1.5949E-05 1.5350E-05 to 1.6594E-05 
145Nd 1.1238E-05 1.1183E-05 to 1.1518E-05 
147Sm 8.0947E-07 7.8960E-07 to 8.2700E-07 
149Sm 4.2895E-07 3.7767E-07 to 4.3945E-07 
150Sm 4.7391E-06 4.7807E-06 to 5.1050E-06 
151Sm 1.3397E-06 1.3420E-06 to 1.5281E-06 
152Sm 2.7837E-06 2.7790E-06 to 3.1530E-06 
153Eu 2.0936E-06 2.0380E-06 to 2.2411E-06 
155Gd 8.6977E-09 4.3940E-09 to 1.6769E-08 
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Table 5-28. EOC 2 results for Case A of the Phase IVB Benchmark. 
Nuclide MCNPX 

(atoms/b-cm) 
Range of Values from  
Other Depletion Codes 
(atoms/b-cm) 

234U 8.0735E-07 1.7413E-07 to 8.4354E-07 
235U 3.4593E-05 3.4500E-05 to 3.4893E-05 
236U 4.6979E-06 4.4215E-06 to 4.6370E-06 
238U 2.0896E-02 2.0910E-02 to 2.0927E-02 
238Pu 3.9782E-05 3.5013E-05 to 3.9340E-05 
239Pu 6.3728E-04 6.2980E-04 to 6.5524E-04 
240Pu 4.4837E-04 4.4499E-04 to 4.6350E-04 
241Pu 2.3731E-04 2.3210E-04 to 2.3979E-04 
242Pu 1.7027E-04 1.4147E-04 to 1.4982E-04 
237Np 3.1341E-06 3.6114E-07 to 3.2139E-06 
241Am 1.5907E-05 1.4680E-05 to 1.5982E-05 
243Am 2.9191E-05 2.7797E-05 to 3.1620E-05 
242Cm 2.5536E-06 2.3253E-06 to 2.6204E-06 
243Cm 7.2443E-08 5.8709E-08 to 7.0660E-08 
244Cm 1.7168E-05 9.2778E-06 to 1.3050E-05 
245Cm 1.7035E-06 8.1985E-07 to 1.2348E-06 
95Mo 2.9454E-05 2.8330E-05 to 3.4297E-05 
99Tc 4.1886E-05 4.1811E-05 to 4.4400E-05 
101Ru 4.3865E-05 4.2320E-05 to 4.5186E-05 
103Rh 4.0075E-05 3.7469E-05 to 4.0914E-05 
109Ag 9.0959E-06 8.0989E-06 to 1.0640E-05 
133Cs 4.6303E-05 4.4403E-05 to 4.6602E-05 
143Nd 3.0328E-05 2.9970E-05 to 3.1809E-05 
145Nd 2.1678E-05 2.1322E-05 to 2.2191E-05 
147Sm 2.1430E-06 2.4130E-06 to 2.4742E-06 
149Sm 4.0373E-07 3.5930E-07 to 4.1990E-07 
150Sm 1.0296E-05 1.0197E-05 to 1.1350E-05 
151Sm 1.5541E-06 1.5306E-06 to 1.8870E-06 
152Sm 4.9712E-06 5.0468E-06 to 5.9850E-06 
153Eu 4.9325E-06 5.0480E-06 to 5.4745E-06 
155Gd 1.6016E-08 7.9700E-09 to 2.8935E-08 
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Table 5-29. EOC 3 results for Case A of the Phase IVB Benchmark. 
Nuclide MCNPX 

(atoms/b-cm) 
Range of Values from  
Other Depletion Codes 
(atoms/b-cm) 

234U 9.4561E-07 1.4169E-07 to 1.0509E-06 
235U 2.6715E-05 2.6596E-05 to 2.7129E-05 
236U 6.2239E-06 5.8461E-06 to 6.1140E-06 
238U 2.0648E-02 2.0657E-02 to 2.0678E-02 
238Pu 4.0397E-05 2.9577E-05 to 3.9688E-05 
239Pu 5.0933E-04 5.0368E-04 to 5.3435E-04 
240Pu 4.1054E-04 4.0836E-04 to 4.2870E-04 
241Pu 2.3785E-04 2.3107E-04 to 2.4058E-04 
242Pu 1.8086E-04 1.5231E-04 to 1.6558E-04 
237Np 4.3966E-06 6.9348E-07 to 4.5652E-06 
241Am 1.8127E-05 1.7960E-05 to 2.0066E-05 
243Am 3.6401E-05 3.6793E-05 to 4.2000E-05 
242Cm 4.3963E-06 3.5650E-06 to 4.0436E-06 
243Cm 1.5834E-07 1.2551E-07 to 1.4820E-07 
244Cm 3.1800E-05 1.8435E-05 to 2.4950E-05 
245Cm 4.1506E-06 2.1928E-06 to 3.2335E-06 
95Mo 4.3988E-05 4.3990E-05 to 4.9929E-05 
99Tc 5.9641E-05 6.0068E-05 to 6.3850E-05 
101Ru 6.4487E-05 6.1990E-05 to 6.6364E-05 
103Rh 5.3043E-05 5.1041E-05 to 5.5357E-05 
109Ag 1.2395E-05 1.0524E-05 to 1.4480E-05 
133Cs 6.4706E-05 6.2829E-05 to 6.6172E-05 
143Nd 4.2327E-05 4.2830E-05 to 4.5385E-05 
145Nd 3.1270E-05 3.0386E-05 to 3.2104E-05 
147Sm 3.1679E-06 4.0280E-06 to 4.1579E-06 
149Sm 3.2126E-07 3.2302E-07 to 3.8520E-07 
150Sm 1.5873E-05 1.5410E-05 to 1.7660E-05 
151Sm 1.5666E-06 1.5340E-06 to 2.0110E-06 
152Sm 6.3075E-06 6.3335E-06 to 7.9580E-06 
153Eu 7.5412E-06 8.1310E-06 to 8.6655E-06 
155Gd 1.9499E-08 1.3920E-08 to 4.2299E-08 
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Table 5-30. Five year cooling time results for Case A of the Phase IVB Benchmark. 
Nuclide MCNPX 

(atoms/b-cm) 
Range of Values from  
Other Depletion Codes 
(atoms/b-cm) 

234U 2.6607E-06 1.4169E-07 to 2.7220E-06 
235U 2.6785E-05 2.6668E-05 to 2.7206E-05 
236U 6.4390E-06 5.8461E-06 to 6.2030E-06 
238U 2.0648E-02 2.0657E-02 to 2.0678E-02 
238Pu 4.3111E-05 2.8432E-05 to 4.1989E-05 
239Pu 5.1081E-04 5.0542E-04 to 5.3613E-04 
240Pu 4.1585E-04 4.1217E-04 to 4.3260E-04 
241Pu 1.8680E-04 1.8167E-04 to 1.8891E-04 
242Pu 1.8086E-04 1.5231E-04 to 1.6558E-04 
237Np 4.8116E-06 7.0645E-07 to 4.9848E-06 
241Am 6.8783E-05 6.6320E-05 to 7.0845E-05 
243Am 3.6406E-05 3.6793E-05 to 3.9880E-05 
242Cm 2.5594E-09 1.6887E-09 to 5.0942E-09 
243Cm 1.4022E-07 1.1143E-07 to 1.2852E-07 
244Cm 2.6279E-05 1.5224E-05 to 1.9671E-05 
245Cm 4.1491E-06 2.1928E-06 to 3.2321E-06 
95Mo 4.9799E-05 4.9929E-05 to 5.0765E-05 
99Tc 5.9856E-05 6.0280E-05 to 6.4090E-05 
101Ru 6.4487E-05 6.3251E-05 to 6.6366E-05 
103Rh 5.6463E-05 5.1041E-05 to 5.8208E-05 
109Ag 1.2416E-05 1.0524E-05 to 1.4490E-05 
133Cs 6.5257E-05 6.2829E-05 to 6.6172E-05 
143Nd 4.3169E-05 4.4116E-05 to 4.5385E-05 
145Nd 3.1278E-05 3.0386E-05 to 3.2104E-05 
147Sm 7.8905E-06 9.9452E-06 to 1.0734E-05 
149Sm 3.6852E-07 3.7494E-07 to 4.2796E-07 
150Sm 1.5873E-05 1.5410E-05 to 1.6679E-05 
151Sm 1.5196E-06 1.4779E-06 to 1.8916E-06 
152Sm 6.3090E-06 6.3335E-06 to 7.9580E-06 
153Eu 7.5868E-06 8.1650E-06 to 8.6716E-06 
155Gd 3.6011E-07 3.3400E-07 to 1.0081E-06 
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Table 5-31.  EOC 1 results for Case B of the Phase IVB Benchmark. 
Nuclide MCNPX 

(atoms/b-cm) 
Range of Values from  
Other Depletion Codes 
(atoms/b-cm) 

234U 2.1859E-07 2.1683E-07 to 2.2681E-07 
235U 4.2074E-05 4.1730E-05 to 4.2085E-05 
236U 3.1619E-06 3.0287E-06 to 3.1900E-06 
238U 2.2041E-02 2.2000E-02 to 2.2049E-02 
238Pu 1.1757E-06 3.7913E-07 to 7.1826E-07 
239Pu 5.6960E-04 5.6280E-04 to 5.7659E-04 
240Pu 1.5241E-04 1.4600E-04 to 1.5008E-04 
241Pu 6.0895E-05 5.6781E-05 to 6.3800E-05 
242Pu 7.1572E-06 5.3572E-06 to 6.1170E-06 
237Np 1.5688E-06 1.3364E-07 to 1.6488E-06 
241Am 1.6417E-06 1.3107E-06 to 1.4360E-06 
243Am 9.6882E-07 6.2689E-07 to 8.0100E-07 
242Cm 1.8012E-07 1.5269E-07 to 1.7950E-07 
243Cm 2.0951E-09 1.6814E-09 to 2.0300E-09 
244Cm 2.4339E-07 9.3251E-08 to 1.3100E-07 
245Cm 1.1257E-08 3.4090E-09 to 4.6024E-09 
95Mo 1.3153E-05 1.2181E-05 to 1.8204E-05 
99Tc 2.1838E-05 2.1900E-05 to 2.2950E-05 
101Ru 2.1979E-05 2.1769E-05 to 2.3058E-05 
103Rh 2.0336E-05 1.8759E-05 to 2.1765E-05 
109Ag 4.3321E-06 3.6778E-06 to 5.5840E-06 
133Cs 2.4560E-05 2.3439E-05 to 2.4574E-05 
143Nd 1.5453E-05 1.5100E-05 to 1.6346E-05 
145Nd 1.0969E-05 1.1117E-05 to 1.1454E-05 
147Sm 7.6879E-07 7.6500E-07 to 7.8701E-07 
149Sm 2.3529E-07 1.9930E-07 to 2.2432E-07 
150Sm 4.7705E-06 4.9051E-06 to 5.2700E-06 
151Sm 8.6623E-07 8.8308E-07 to 1.0200E-06 
152Sm 2.8949E-06 2.9600E-06 to 3.3370E-06 
153Eu 2.0836E-06 2.0570E-06 to 2.2659E-06 
155Gd 4.5104E-09 1.8000E-09 to 7.6886E-09 
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Table 5-32.  EOC 2 results for Case B of the Phase IVB Benchmark. 
Nuclide MCNPX 

(atoms/b-cm) 
Range of Values from  
Other Depletion Codes 
(atoms/b-cm) 

234U 1.8049E-07 1.7098E-07 to 1.9333E-07 
235U 2.9106E-05 2.8760E-05 to 2.9257E-05 
236U 5.5884E-06 5.3234E-06 to 5.5600E-06 
238U 2.1773E-02 2.1767E-02 to 2.1800E-02 
238Pu 2.6720E-06 2.9817E-07 to 2.0587E-06 
239Pu 3.7031E-04 3.6608E-04 to 3.8300E-04 
240Pu 1.8694E-04 1.8070E-04 to 1.8624E-04 
241Pu 9.7981E-05 9.4093E-05 to 1.0080E-04 
242Pu 2.2218E-05 1.9550E-05 to 2.1840E-05 
237Np 3.0365E-06 4.5945E-07 to 3.1897E-06 
241Am 4.1152E-06 3.6692E-06 to 3.9280E-06 
243Am 4.3621E-06 3.6612E-06 to 4.7300E-06 
242Cm 8.9769E-07 7.7886E-07 to 8.9591E-07 
243Cm 4.3621E-06 1.6565E-08 to 2.0900E-08 
244Cm 1.8948E-06 1.0277E-06 to 1.4100E-06 
245Cm 1.4495E-07 6.0866E-08 to 8.6913E-08 
95Mo 2.9951E-05 2.9300E-05 to 3.5096E-05 
99Tc 4.1181E-05 4.1730E-05 to 4.3780E-05 
101Ru 4.3022E-05 4.2699E-05 to 4.5057E-05 
103Rh 3.5805E-05 3.3166E-05 to 3.7099E-05 
109Ag 7.7718E-06 6.5223E-06 to 9.7410E-06 
133Cs 4.5646E-05 4.3917E-05 to 4.6063E-05 
143Nd 2.8262E-05 2.8500E-05 to 3.0200E-05 
145Nd 2.0952E-05 2.1048E-05 to 2.1882E-05 
147Sm 1.9461E-06 2.2520E-06 to 2.2924E-06 
149Sm 2.0460E-07 1.7336E-07 to 1.9700E-07 
150Sm 1.0170E-05 1.0500E-05 to 1.1600E-05 
151Sm 8.4275E-07 8.4937E-07 to 1.0900E-06 
152Sm 4.7605E-06 4.8514E-06 to 5.9030E-06 
153Eu 4.8992E-06 5.1650E-06 to 5.5763E-06 
155Gd 9.7191E-09 3.8100E-09 to 1.1850E-08 
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Table 5-33. EOC 3 results for Case A of the Phase IVB Benchmark. 
Nuclide MCNPX 

(atoms/b-cm) 
Range of Values from  
Other Depletion Codes 
(atoms/b-cm) 

234U 1.1520E-13 1.3174E-07 to 1.7954E-07 
235U 1.8445E-05 1.8119E-05 to 1.8791E-05 
236U 7.1794E-06 6.8091E-06 to 7.0700E-06 
238U 2.1481E-02 2.1467E-02 to 2.1500E-02 
238Pu 5.5067E-06 2.2123E-07 to 4.7927E-06 
239Pu 2.5259E-04 2.4767E-04 to 2.7200E-04 
240Pu 1.8124E-04 1.7470E-04 to 1.8437E-04 
241Pu 1.0690E-04 1.0323E-04 to 1.0850E-04 
242Pu 4.3597E-05 3.9815E-05 to 4.3080E-05 
237Np 4.1982E-06 8.5608E-07 to 4.4424E-06 
241Am 4.9089E-06 4.9773E-06 to 5.4746E-06 
243Am 1.0121E-05 9.3994E-06 to 1.1700E-05 
242Cm 1.9925E-06 1.5821E-06 to 1.8030E-06 
243Cm 6.2628E-08 4.8232E-08 to 5.9200E-08 
244Cm 6.7113E-06 4.1608E-06 to 5.4200E-06 
245Cm 6.6887E-07 3.2603E-07 to 4.7115E-07 
95Mo 4.4224E-05 4.5000E-05 to 5.0570E-05 
99Tc 5.7742E-05 5.9218E-05 to 6.2220E-05 
101Ru 6.2895E-05 6.2300E-05 to 6.5908E-05 
103Rh 4.3988E-05 4.2315E-05 to 4.7011E-05 
109Ag 1.0536E-05 8.5551E-06 to 1.2920E-05 
133Cs 6.2697E-05 6.1230E-05 to 6.4442E-05 
143Nd 3.7203E-05 3.8700E-05 to 4.0746E-05 
145Nd 2.9770E-05 2.9641E-05 to 3.1166E-05 
147Sm 2.7210E-06 3.5820E-06 to 3.6688E-06 
149Sm 1.2934E-07 1.4821E-07 to 1.6900E-07 
150Sm 1.5432E-05 1.5880E-05 to 1.7900E-05 
151Sm 7.8954E-07 8.0820E-07 to 1.1000E-06 
152Sm 5.6451E-06 5.7314E-06 to 7.4850E-06 
153Eu 7.1295E-06 7.9849E-06 to 8.6528E-06 
155Gd 8.0878E-09 6.3000E-09 to 1.5641E-08 
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Table 5-34.  Five year cooling time results for Case B of the Phase IVB Benchmark. 
Nuclide MCNPX 

(atoms/b-cm) 
Range of Values from  
Other Depletion Codes 
(atoms/b-cm) 

234U 4.4485E-07 1.3174E-07 to 4.1870E-07 
235U 1.8480E-05 1.8119E-05 to 1.8830E-05 
236U 7.2745E-06 6.9037E-06 to 7.0634E-06 
238U 2.1481E-02 2.1467E-02 to 2.1493E-02 
238Pu 7.2430E-06 2.1267E-07 to 6.3483E-06 
239Pu 2.5476E-04 2.4983E-04 to 2.7284E-04 
240Pu 1.8232E-04 1.7540E-04 to 1.8510E-04 
241Pu 8.3970E-05 8.1013E-05 to 8.5710E-05 
242Pu 4.3597E-05 3.9817E-05 to 4.3090E-05 
237Np 4.3965E-06 8.7398E-07 to 4.6418E-06 
241Am 2.7709E-05 2.6942E-05 to 2.8303E-05 
243Am 1.0125E-05 9.3994E-06 to 1.0616E-05 
242Cm 9.8698E-10 7.5522E-10 to 1.4676E-09 
243Cm 5.5486E-08 4.2821E-08 to 5.1277E-08 
244Cm 5.5500E-06 3.4362E-06 to 3.8927E-06 
245Cm 6.6887E-07 3.2603E-07 to 4.7096E-07 
95Mo 5.0010E-05 5.0570E-05 to 5.1528E-05 
99Tc 5.7945E-05 5.9428E-05 to 6.2460E-05 
101Ru 6.2895E-05 6.2654E-05 to 6.5909E-05 
103Rh 4.7293E-05 4.2315E-05 to 4.9970E-05 
109Ag 1.0552E-05 8.5551E-06 to 1.2940E-05 
133Cs 6.3248E-05 6.1230E-05 to 6.4442E-05 
143Nd 3.8029E-05 3.9608E-05 to 4.0746E-05 
145Nd 2.9778E-05 2.9642E-05 to 3.1176E-05 
147Sm 6.8077E-06 8.7798E-06 to 9.5399E-06 
149Sm 1.7692E-07 2.0516E-07 to 2.2260E-07 
150Sm 1.5432E-05 1.5880E-05 to 1.7344E-05 
151Sm 7.7139E-07 7.7864E-07 to 9.9180E-07 
152Sm 5.6451E-06 5.7314E-06 to 7.4860E-06 
153Eu 7.1797E-06 7.9849E-06 to 8.7110E-06 
155Gd 3.3990E-07 3.2182E-07 to 9.2307E-07 
 

In both cases, for most actinides and fission products, values were predicted within the 

range of values of the other depletion codes available in the benchmark.  General trends of 

buildup and depletion also fit the data from other depletion codes available in the benchmark.  

However, the buildup of Cm isotopes is larger in both Cases A and B as compared to other 

depletion codes.  Since this benchmark is code-code comparison benchmark, deviation from 
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expected buildup must be the result of methodology or utilized data differences.  First of all, 

though metastable isotope representation is available in MCNPX, for this benchmark, metastable 

isotopes were not tracked in particle transport.  However, historically in the data releases for the 

MCNP codes, 242mAm has been listed with a zaid of 95242 instead of the 95642 as expected from 

equations 3-9 and 3-10.  As a result of the heritage of the data release, MCNPX depletion 

expects Am-242m to be listed as 95242; however, the cross sections for these calculations were 

generated by an external source that decided to generate 242Am as 95242.  The end result of this 

confusion is that in particle transport reaction rates were calculated for 95242 using the 242Am  

cross sections; however, these reaction rates were converted into destruction and creation 

coefficients for 242mAm, and the 63-group match approach was used to generate coefficients for 

242Am.  The isomer and the ground state isotope do posses different reaction rate probabilities; 

242mAm has a long half life (141 years) and a larger resonance integral in the harder MOX 

spectrum as compared to the ground state 242Am. 242mAm either fissions, possessing a large 

fission cross section, or captures a neutron to become Am-243, which decays to Cm-243. The 

nuclide Am-242 decays quickly to Cm-242 which then decays to Pu-238.  242Am has a higher 

capture-to-fission ratio than 242mAm and a larger radiative capture resonance integral in the 

harder MOX spectrum; therefore, using the 242Am cross section instead of  242mAm will lead to 

more captures resulting in greater production of Cm-243 Cm-244 and Cm-245.  This hypothesis 

seems to be validated by the fact that Cm-243, Cm -244 and Cm-245 seem to be predicted higher 

than the range of values.  Other possible hypothesized differences in calculation may result from 

the CINDER90 depletion algorithm.  Further working of the CINDER90 algorithm will be 

required in order to validate the latter hypothesis.  The results do, however, suggest good 
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agreement with the other available depletion codes, and do show that MCNPX is capable of 

modeling MOX fuel assemblies. 

Further Considerations 

In the analyzed benchmarks either single pin or single assembly geometries were analyzed.  

Reflective boundary conditions were assumed for each boundary of the examined geometries.  In 

a real reactor operating scenario, net current at the pin or assembly boundary is never zero.  

Therefore in order to truly test the validity of the methodology for a certain application, a full 

core analysis would be required.  In order to preserve exact accuracy, a full core analysis 

involves detailed initial isotope and operation data.  Most commercial data, at this level of detail, 

is proprietary and for the moment unavailable to the general public.   

Another major issue to consider is that the NEA only has available accepted benchmark 

data for roughly 14 LWRs. The necessary measured data to test a depletion methodology versus 

more complicated reactor designs is not readily available or yet to be validated.  Development of 

time-dependent nuclear reactor experiments and the radiochemical analysis involved in exacting 

isotope concentrations for analysis is expensive.  Unfortunately, this concern has limited the 

amount of available benchmark data for advanced reactor designs. However, as the United States 

attempts to meet the initiatives of the GNEP program and develop further advanced reactor 

technologies, experiments should be developed, and valuable data should be extracted, leading to 

a plethora of new benchmarks to prove the viability of advanced methodologies. 

 
 

 
 



 

167 

CHAPTER 6 
CONCLUSIONS AND SUMMARY 

The MCNPX depletion capability offers complete, relatively easy-to-use depletion 

calculations in a single, well established, radiation transport Monte Carlo code.  The capability 

links the well-established MCNPX steady-state reaction rate calculator to the CINDER90 

temporal nuclide inventory calculator.  MCNPX is not limited by typical approximations utilized 

in deterministic methodologies.  The MCNPX steady-state reaction rate calculator implements 3-

dimensional continuous energy Monte Carlo in order to determine true interaction rate behavior 

for any type of material and geometry combination.  The use of CINDER90 allows for the most 

potential robustness in modeling capability because the Linear Markov Chain method does not 

rely upon parsing a matrix into a solvable form and approximating depletion behavior of certain 

nuclides.  CINDER90 simply casts the set of coupled depletion equations into sets of linear 

transmutation chains, solving each chain for partial nuclide densities, and then summing those 

nuclide densities to determine total nuclide concentrations.  This algorithm allows any type of 

depletion system, fast burning or slow burning, to be modeled exactly.  This work differs from 

prior efforts in Monte Carlo linked depletion development in that the capability has been 

incorporated into a widely used and accepted radiation transport package.  Each feature 

implemented in the methodology has been tested in order to provide adequate justification for 

implementation instead of simply arbitrarily incorporating methodologies for the sake of linking 

to independent code packages.  This capability attempts to track as many nuclides as data permits 

while tracking all important reaction rates, and accounting for average interaction rate behavior  

in order to achieve a highly accurate depletion solution that attempts to account for true system 

physics behavior. 
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Accomplishments 

Many features have been implemented into the methodology and tested in order to enhance 

the versatility of the capability as compared to other available code packages.  The following 

features were accomplished as part of this work:  

1. A comprehensive input structure that gives the user versatility in modeling 
capability was developed. 

 
2. An organized easy to understand output structure that groups data in terms of 

average system parameters and individual burn material data was provided. 
 
3. Isotope tracking was simplified by providing predefined fission product tier sets 

which contain all available fission products containing ENDF/B VII.0 transport 
cross sections as well as CINDER90 fission yield information.  Testing 
demonstrated that implementing the maximum amount of fission products better 
mimics the results of the benchmarked MONTEBURNS depletion code. 

 
4. A mechanism was developed for automatically determining and tracking all 

immediate daughter reaction isotopes. 
 
5. A capability was created in order to allow the user to manually adjust the 

concentration of any nuclide at any time step by specifying the atom fraction, 
weight fraction, atom density or weight density of the nuclide to be changed. 

 
6. A structure was engineered for including available metastable isotopes in 

continuous energy reaction rate tracking and transforming that the nuclide’s 
information for use in the depletion calculation in CINDER90. 

 
7. A methodology was established for tracking in continuous energy the (n, fission), 

(n,γ), (n,2n), (n,3n), (n,p), and (n,α) interaction rates for predefined nuclides.  
Testing has demonstrated that the inclusion of these reaction rates, for a simple pin 
cell calculation, demonstrates improvement in actinide predictability as compared 
to simply tracking (n, fission) and (n,γ). 

 
8. A methodology was conceived for determining system averaged flux normalization 

parameters used in determining global neutron source, which is also used in 
calculating the total magnitude of the flux.  This capability was further augmented 
to work with the repeated structures feature in MCNPX. 

 
9. An algorithm was developed to automatically determin the proper energy 

dependent fission yield to be used in a given burn material by determining the 
energy band containing the majority of fission reactions and using that 
corresponding fission yield. 
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10. A technique for adjusting depletion coefficients was developed in order to account 
for average behavior over a given time step by incorporating a cross section 
averaging technique that utilizes spectra calculation at both the predictor and 
corrector steps.  Two independent methods were tested, and the results demonstrate 
the MONTEBURNS “like” method achieved similar results to the CELL-2 “like” 
method, and because the MONTEBURNS “like” method achieved the result 
incorporating less memory usage, this method was chosen for implementation in 
MCNPX. 

 
11. The default decay chain convergence criterion for use in CINDER90 was 

determined based on testing.  A keyword value was implemented in order to allow 
user control of this criteria 

 
Analysis of Benchmark Results 

Three different benchmarks were also completed in order to validate the current 

methodology.  The OECD/ NEA Phase IB benchmark results showed that the code was capable 

of modeling an adjusted fuel-to-moderator ratio pin cell and achieve results within the range of 

other depletion methodologies. Though the modeled geometry for this benchmark did not 

account for the true spatial behavior witnessed in the experiment, comparison to experiment did 

demonstrate ability to achieve adequate results.  The H. B. Robinson benchmark demonstrated 

ability to model real core behavior, of a typical PWR assembly, and achieve accurate results if 

appropriate burnup steps were implemented.  The OECD/ NEA Phase IVB benchmark results 

demonstrated the ability to model MOX assemblies and achieve the similar results to other 

depletion methodologies.  Though these calculations only represent the ability to model a PWR 

assembly, uranium-dioxide or MOX fueled, placed in an operating scenario in which the 

assembly boundaries may be modeled as infinitely reflected, the results do suggest positive 

evidence that the capability can model depletion systems adequately.  

Differences between measured and calculated values, or code-to-code differences, were a 

result of the following issues:  accuracy of the applied nuclear data, treatment of normalization 

parameters, inadequacy of the implemented time steps, differences in neutron spectra as 



 

170 

compared to a critical spectrum calculation, spatial reactivity effects of the modeled geometry, 

and statistical variance of the reaction rates and rare events.  ENDF/B VII.0 cross sections were 

utilized in particle transport.  Due to the recent availability of this data, the pedigree of the data is 

not exactly known as it has not been widely tested.  The cross sections implemented in the 

calculation were generated utilizing an automated subroutine with resonance reconstruction 

tolerances that may or may not be adequate for the applied application.  The ENDF/B VII.0 data 

may also not be complete and therefore may not contain cross section information for every 

reaction of interest.  However, MCNPX depletion assumes that if an isotope is used in particle 

transport and contains an accessible cross section file, then data must exist for each reaction type.  

Though the methodology only requires cross section information for (n, fission), (n,γ), (n,2n), 

(n,3n), (n,p), and (n,α) interactions, it may be possible that some of these reactions do not exist in 

the cross section data file.  Unfortunately, such an instance would result in the code assuming a 

zero cross section for that reaction type even though a nonzero reaction rate might be available in 

the CINDER90 library file.  Most of the “other depletion code” results were previously 

generated using ENDF/B IV, V, or VI data and therefore discrepancies in the ENDF/B VII.0 data 

as compared to these libraries also resulted in differences in calculated values.  CINDER90 also 

contains transmutation cross sections for 3400 nuclides and over 3000 of those nuclides do not 

contain available ENDF data.  Therefore cross section determination codes were used to 

calculate the data implemented in CINDER90 library file.  Unfortunately, the pedigree of the 

cross section determination code is version dependent and has evolved in accuracy as better 

models have become available.  Therefore the CINDER90 data for these nuclides may have also 

differed from what is used by other codes leading to further error in calculation when comparing 

to other tools.  Pedigree of this implemented data will only be proven with further benchmarking 
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and testing.  The buildup of Cm isotopes, in the Phase IVB Benchark, was larger for both cases 

when compared to other depletion codes.  Though metastable isotope representation was 

available in MCNPX, for this benchmark, metastable isotopes were not tracked in particle 

transport.  The confusion in utilizing the 242Am cross section as opposed to the 242mAm resulted 

in further calculation error.  The isomer and the ground state isotope do posses very different 

reaction rate probabilities.  Ground state 242Am has a larger resonance integral over the harder 

MOX spectrum than 242Am.  242Am also decays into 242Cm which then decays to 238Pu, or 

fissions.  The 1st excited state isomer  242mAm absorbs a neutron and either fissions or becomes 

243Am which later becomes other Cm isotopes.  Due to the differences in capture-to-fission ratio 

between the ground and excited states, and the difference in resonance integral over the harder 

MOX spectrum, the mix up in isomer representation caused more buildup of 244Cm and thus 

more buildup of 245Cm.  The discrepancies in 238Pu production were also probably a function of 

the misrepresentation of this isomer.    

MCNPX determines the global neutron source, for use as a flux normalization constant, by 

calculating system averaged parameters.  Unfortunately, these system average parameters only 

exist for certain actinides.  One example is recoverable energy per fission.  Though an energy 

dependent fission cross section exists for almost every actinide, prompt fission release energy 

information only exists for 1/3 of all fissionable actinides.  For all other actinides, 235U based 

parameters are assumed in MCNPX depletion.  MCNPX depletion currently does account for the 

true recoverable energy per fission.  An approximation is made in order to try and determine the 

delayed energy contribution by multiplying the prompt fission release energy by a constant that 

is assumed to account for delayed energy.  The delayed energy contribution is unfortunately 

system dependent.  For these benchmarks, however, the geometry modeled was not the actual 
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experimental geometry, the full core was not modeled, and therefore accounting for the true 

recoverable energy per fission in the adjusted geometry would not be possible.  Also 

understanding how the delayed energy is deposited involves knowing the emission spectra of 

that energy and transporting that energy to where it is deposited.  As mentioned previously, even 

for the majority of nuclides containing ENDF/B VII.0 transport cross sections, capture gamma 

photon emission spectra is unknown.  An initial calculation was performed to determine the mass 

defect integral energy contribution.  However, a photon containing the integral energy from the 

mass defect transports differently than the actual photons spectra generated from the reaction.  

Therefore due to lack of photon spectra information, the applied constant was deemed most 

acceptable for accounting for delayed energy contribution, and this constant ultimately affected 

the solution outcome.  For full core modeling at critical, the delayed energy contribution only 

scales as a function of neutrons emitted per fission therefore this value only changes between 

2.43-3 neutrons per fission as function of building up higher actinides, and therefore the delayed 

energy contribution change should not be very significant as function of burnup for these types 

of systems. 

For each calculation, common time durations using varied powers were implemented in 

order to burn each of the benchmarks to the required burnups.  Unfortunately, this type of 

burning led to burning the system with varied burnup steps.  If reactivity contributing isotope 

changes density too significantly during a burn step, then it is possible that the constant creation 

and destruction coefficient approximation is not valid for that time step.  The most probable 

reason for the benchmark calculations achieving poorer predictability for higher burnups was 

related to the fact that the burnup steps for the higher burnup cases may have been too long in 
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order to assume the constant coefficient approximation.  However, the results for the lower 

burnup cases did show excellent agreement in code-to-code and experimental comparison.  

Each of the modeled geometries did not incorporate an approximation to account for 

critical spectrum.  When the pin or assembly is in the reactor core, the geometry is burned 

assuming the geometry is in a critical configuration.  Therefore the true leakage in and out of the 

modeled benchmark geometries varies as function of burnup and is not a true reflective boundary 

condition.  In deterministic based codes, critical spectrum is approximated by adjusting the flux 

by a normalization parameter generated from a buckling adjustment calculation.  Not modeling a 

geometry utilizing the critical spectra will cause the propagation of nuclide generation and 

depletion to be different from what is expected from the actual geometry because the captures, 

fissions, and scatters will be different than what is expected from the critical spectrum.  Because 

the system is not modeled accounting for the true operating behavior, the spatial reactivity 

behavior will also be affected.  For the Phase IB Benchmark, the adjusted-fuel-to-moderator ratio 

pin cell calculation does not account for the true spatial behavior of the reactions because the pin 

dimensions have been augmented in order to achieve similar global reactivity behavior.  

However, the actual interaction rate behavior within the pin for each reaction type is not 

preserved.  Therefore the evolution of the temporal nuclide inventory will be in error as the true 

reaction rates differ from the calculation.  Even in the H. B. Robinson and Phase IVB 

benchmarks, where a full assembly was modeled, true interaction rate behavior is not preserved 

because the reflective boundary condition is not indicative of the expected leakage condition for 

those assemblies during actual reactor operation.  Only modeling the full reactor, with the actual 

operating conditions will achieve the most accurate result. 



 

174 

Most codes, deterministic/Monte Carlo based, have historically had issues in calculated 

237Np concentration as well as other downstream nuclides produced from the 237Np transmutation 

path.  As determined from the previous testing, 237Np and therefore 238Pu predictability is 

improved by accounting for the energy integrated collision rate of (n,2n) reactions (i. e. 238U + n 

--> 2n+ 237U; 237U --> 237Np;  237Np + n --> 238Np --> 238Pu  (rare event!) or 239Pu + n --> 238Pu 

+2n (very rare event!).  It also possible to form 237Np from either 235U +n --> no fission --> 236U; 

236U +n-->237U -->237Np (only account for 10-20% of reactions with 235U) or alpha decay from 

241Am (rare event due to long half life).  238Pu is also formed from decay of 242mAm -->242Cm --

>238Pu.  Where 242mAm is formed from multiple Pu isotope captures. The common theme in the 

miscalculation of these isotopes is related to properly sampling rare events.  Therefore why not 

try a type of forced reaction type sample?  In "Nonanalog Implementations of Monte Carlo 

Isotope Inventory Analysis," the authors tried to develop a method of stochastically solving the 

actual depletion equations (instead of just stochastically solving for coefficients to be applied for 

a deterministic temporal nuclide inventory solution).99  They tried a forced collision method for 

sampling rare events (rare interactions), and found that forced collision sampling of rare events 

for a finite amount of histories decreased the amount of sampled non-rare events leading to an 

inadequate sampling of non-rare events and ultimately affecting the transmutation path outcome.  

Forced collision sampling may affect some part of the analyzed problem when an artificial bias 

is introduced.  They found that the only way to really cure this issue was to use more histories.  

Therefore this evidence suggests that running more histories may fix the problem of sampling 

rare events and therefore lead to better prediction of rare event isotopes.  Further testing of a 

variety of benchmarks will be required in order to truly validate this hypothesis.  
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Future Work 

Further enhancements to the MCNPX depletion methodology will be required in order to 

enhance the usefulness of the technology.  The current MCNPX 2.6.F depletion method does not 

currently account for critical spectrum adjustments or posses a method to incorporate thermo 

hydraulic feedback, which is essential for modeling true system physics.32  Critical spectrum 

may be calculated by weighting the impinging reflected leakage flux with the mean free path and 

continuing to adjust the impinging flux until criticality is reached.  More or less weight would be 

given to a reflected neutron depending upon if the system was initially sub or super critical.  This 

type of calculation would involve tagging and tracking all reflected neutrons that contribute to 

reactivity. However, this approximation must be thoroughly tested versus a wide variety of 

benchmarks in order to prove validity of the method.  Thermohydraulic feedback may be 

incorporated into MCNPX by linking MCNPX to a code that takes power distribution data in 

order to generate temperature distributions.  Unfortunately, the calculation of thermohydraulic 

feedback is an iterative process, because the effects are nonlinear and dependent upon each other, 

and therefore a computationally expensive process when using Monte Carlo. However, this type 

calculation is required in order to preserve true system physics.  The depletion methodology also 

does not propagate number density error, or possess functionality to alter the geometry during 

the burnup.98  The relative error associated with the isotope concentration calculations are a 

function of the relative error of the flux used to calculate the collision densities, as well as the 

isotopes’ relative error from the previous calculation.  Knowledge of the propagation of the 

number density error is required in order to understand the precision of the calculated result and 

therefore must be incorporated in further versions of the capability.   The evidence of the 

benchmark calculations does suggest that further investigation is also required in the passby 

calculation in the CINDER90 algorithm.  Many tests exist for determining progeny generation 
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and it is possible that the ordering of these tests may affect the solution outcome.  However, 

these issues along with other functionality concerns will be addressed in further development of 

the capability.   

This capability does set up a significant foundation, in a well established and supported 

radiation transport code, for further development of a Monte Carlo-linked depletion 

methodology.  Such a capability will be essential to the future development of advanced reactor 

technologies, and detector systems to monitor those reactor technologies, that violate the 

limitations of current deterministic based methods.  
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APPENDIX A 
SAMPLE INPUT 

In the following example, a 4 X 4 fuel pin array is modeled in order to demonstrate the 

necessary keyword implementation for burning a repeated structure while also utilizing manual 

concentration changes at specific time steps: 

... 
1   1  6.87812e-2  -1      u=2  imp:n=1 vol=192.287  $ fuel 
3   2  4.5854e-2    1 -2   u=2  imp:n=1 vol=66.43    $ clad 
4   3  7.1594e-2    2      u=2  imp:n=1 vol=370.82   $ water 
6   4  6.87812e-2  -1      u=3  imp:n=1 vol=192.287  $ fuel 
7   5  4.5854e-2    1 -2   u=3  imp:n=1 vol=66.43    $ clad 
8   6  7.1594e-2      2    u=3  imp:n=1 vol=370.82   $ water 
10  0           -3 4 -5 6   u=1  imp:n=1 lat=1 fill=0:1 0:1 0:0  
                                                    2 3 
                                                    2 3 
... 
 
... 
BURN  TIME=50,10,500 
      MAT=  1 4 
      POWER= 1.0  
      PFRAC= 1.0 0 0.2 
      OMIT= 1,8,6014,7016,8018,9018,90234,91232,95240,95244 
          4,8,6014,7016,8018,9018,90234,91232,95240,95244            
      BOPT= 1.0, -4 
      AFMIN= 1e-32 
      MATVOL= 384.57 384.57 
      MATMOD= 2 
                 1  
                   1 -4 1 94238 1e-6  
                 2  
                   2 -1 2 94238 1e-6 94241 1e-6  
                        -4 1 94238 1e-6       
... 
 

The following example utilizes a lattice containing universes 2 and 3 which are both 

repeated twice in the lattice.  Universe 2 is comprised of cells 1, 3 and 4, where cell 1 contains 

material 1, and universe 3 is comprised of cells 6, 7 and 8, where cell 6 contains material 4.  The 

MAT keyword specifies that both materials 1 and 4 will be burned.  The combination of the 

TIME, POWER and PFRAC keywords specify that these materials will be burned first for 50 

days at 100% of 1MW, then decayed for 10 days, and then finally burned for 500 days at 20% of 

1 MW.   
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The BOPT keyword specifies that the following options will be invoked: Q-value 

multiplier = 1.0, tier 1 fission products, output ordered by zaid, the output is printed at the end of 

each kcode run and only tabular transport cross sections are utilized.  Because tabular transport 

cross sections do not exist for every isotope generated, and OMIT card is required in order to 

omit these isotopes from the transport process.  The transmutation of these isotopes is accounted 

for by sending a 63-group flux from MCNPX to be matched to a 63-group cross section set 

within CINDER90 which will be energy integrated to determine a total collision rate.  The OMIT 

card in the example omits 8 isotopes from material 1 and 8 isotopes from material 4.  The 

AFMIN card states that only isotopes possessing an atom fraction below 1e-32 will be omitted 

from the transport calculation. 

Since repeated structures are utilized in the example, a MATVOL keyword is required in 

order to calculate the track length estimated reaction rates in each repeated structure.  In this 

example, since material 1 and 4 are repeated twice and each material possesses a volume of 

192.287, MATVOL keyword entries of 384.57 (192.287*2) were required for each material 

being burned.   

A MATMOD keyword is used in order to manually change the concentration of certain 

isotopes at specified time steps.  In this example, manual isotope concentration changes are to be 

completed at 2 time steps. At time step 1, material 4 will have the atom density of 1 isotope 

changed: 94238 will be set to 1e-6 atoms/barn-cm.  At time step 2, material 1 will have the atom 

densities of 2 isotopes changed:  material 1 will have isotope 94238 changed to 1e-6 atoms/barn-

cm and isotope 94241 will be changed to 1e-6 atoms/barn-cm, material 4 will have the atom 

density of 1 isotope changed: 94238 will be set to 1e-6 atoms/barn-cm. 
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