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ABSTRACT 
 
The U.S. effort to develop nuclear waste partitioning and transmutation systems is described. This effort has 
evolved since the 1999 ATW Road Map to include the possibility of Multi-tier transmutation systems in which 
much of the plutonium could be fissioned in thermal spectrum power reactors.  A set of transmutation system 
objectives that is being used to cross compare technology options is described.  Technology development 
plans, consistent with the multi-tier approach, are discussed.  An assessment of the available infrastructure of 
people with appropriate expertise and facilities with needed capabilities indicates that emphasis on 
international collaborations and university involvement will be essential to program success.  An integrated 
test facility, envisioned to provide the ultimate proving ground for transmutation technologies, is also 
discussed briefly. 
 
INTRODUCTION 
 
The U.S. effort to develop nuclear waste partitioning and transmutation technologies was launched 
via the ATW (Accelerator-based Transmutation of Waste) Road Map (Ref 1) effort during fiscal year 
1999.  Although there had been prior efforts (Refs 2, 3, 4) within the U.S. to propose such a 
technological approach, as well as efforts to evaluate the potential of such systems (Ref 5), the U.S. 
efforts lagged far behind efforts in France (Ref 6 ) and Japan (Ref 7), for example.  Thus, the 1999 
ATW Road Map effort represented both an opportunity and a challenge, in that the U.S. situation 
regarding spent nuclear fuel, nuclear fuel cycles, and possible technology implementation scenarios 
had not been analyzed systematically.  Rather, various technology options had been studied and 
advocated as stand-alone solutions to the well-known nuclear waste dilemma.  Not surprisingly, the 
1999 ATW Road Map focused primarily on one technology option: accelerator-driven fast spectrum 
transmutation systems and one implementation scenario: burn-down of the spent fuel from all past 
and existing U.S. power reactors, although the latter was a boundary condition for the study and not 
necessarily the choice of the authors.  As a direct result of these assumptions, the proposed system is 
large and costly, the mission time is long, and the message is mixed.   
 
Nearly two years after completion of the ATW Road Map, there has been technical progress on 
several fronts.  Some of the separations effectiveness issues have been addressed, lead-bismuth 
technology (for spallation targets and perhaps nuclear coolants) and accelerator technology have 
advanced, and we’ve learned more about the candidate fuels.  However, the more significant 
advances in understanding have come in the area of transmutation systems within the U.S. context, 

 

mailto:vantuyle@lanl.gov
mailto:rbmatthews@lanl.gov
mailto:d_bennett@lanl.gov
mailto:earthur@lanl.gov
mailto:djhill@anl.gov
mailto:djhill@anl.gov
mailto:Mark.Williams@hq.doe.gov
mailto:JOHN.HERCZEG@hq.doe.gov
mailto:FRANK.GOLDNER@hq.doe.gov


 

where any practice of routinely recycling plutonium in commercial power reactors is currently 
prohibited by presidential directive.  The exception to this rule is the plan to burn excess weapons 
plutonium (in mixed-oxide fuel rods), as a means of destroying waste, which is the manner in which 
plutonium is regarded under U.S. policy.  This proposed practice, not yet implemented, begs the 
question of whether plutonium from power reactors can be similarly destroyed?  Although it may 
seem a fine point, there is a distinction between consuming a problematic material and moving 
towards a nuclear fuel cycle based on optimized production and utilization of plutonium. 
   
The option of consuming plutonium in something other than dedicated fast-spectrum transmutation 
systems led to three shifts in the U.S. approach to waste transmutation: 
 

1 The mission of fissioning transuranic wastes can be achieved through a multi-tier system, 
where much of the plutonium and perhaps other problematic materials can be consumed in 
power reactors, and most of the more challenging minor actinides and fission products can be 
relegated to the more accommodating accelerator-based transmutation systems. 

2 The assumption that the primary mission is transmuting wastes from current generation 
power reactors has been challenged, due partly to the recognition that new power plants may 
be coming along soon and require nuclear waste disposal capacity beyond that available in the 
proposed repository at Yucca Mountain in Nevada. 

3 The recognition that the set of mission objectives needed to be modified in order to 
discriminate amongst candidate transmutation systems.   

 
A major effort is ongoing (2001) to evaluate candidate multi-tier transmutation systems and to 
measure them against a new set of mission objectives, consistent with an advanced nuclear fuel cycle 
rather than a postulated close-out of the current fleet of nuclear power reactors.  A revision of the 
1999 ATW Road Map, designated Road Map II, is to begin in the fall of 2001.   
 
MISSION OBJECTIVES 
 
Through its interactions with the Nuclear Energy Reactor Advisory Committee’s (NERAC’s) 
Subcommittee of Accelerator Transmutation of Waste (recently renamed the Subcommittee on 
Advanced Nuclear Transformation Technology) (Ref. 8), the Advanced Accelerator Applications 
(AAA) Program, which includes the ATW effort, and the NERAC Subcommittee have established 
the following set of four top-level goals:  (1) improve long-term public safety, (2) provide benefits to 
the repository program, (3) reduce the proliferation risk from plutonium in commercial spent fuel, 
and (4) improve prospects for nuclear power. Each of these top-level goals is supported by specific 
programmatic objectives.  Although some of the objectives support more than one high level goal, 
they are grouped as follows: 
 
Improve long-term public safety 

- Radiotoxicity Objective: Reduce radiotoxicity of spent nuclear fuel below that of source 
uranium within 1, 000 years 

- Dose Objective: Reduce maximum predicted peak dose to future inhabitants by at least 99% 
in comparison to current predictions 

Provide benefits to the repository program 
- Heat Load Objective: Reduce by 90% or more the inventory of materials that contribute to 

long-term heat loads in the repository 
- Criticality Objective: Preclude possibility of future criticalities by reducing and degrading the 

plutonium content 

 



 

- Mass Objective: Reduce mass of commercial spent fuel by separating the uranium and either 
recycling the uranium or diverting it to alternate disposal  

Reduce the proliferation risk from plutonium in commercial spent fuel 
- Plutonium Inventory Objective: Reduce the inventory of plutonium in nuclear fuel cycle, 

reversing the long-term trend of plutonium build-up from the once-through fuel cycle 
- Plutonium Disposal Objective: Reduce the inventory of plutonium passing to the nuclear 

waste repository by 99% and decrease the fissile fraction within that plutonium 
- Plutonium Accessibility Objective: Minimize the risk of plutonium diversion throughout the 

alternate fuel cycle and materials handling processes 
Improve prospects for nuclear power 

- Viability Objective: Provide a viable and economically feasible waste management option for 
commercial spent fuel 

- Technical risk objective: Minimize technical risk to achieve solutions to nuclear waste 
challenge 

- ES&H Objective: Improve upon ES&H characteristics of the once-through fuel cycle 
 
The goal of improved long-term public safety is focused primarily on the repository and its contents, 
although the ES&H objective also supports this top-level goal.  The inspiration for the whole nuclear 
waste partitioning and transmutation approach traces largely to charts that show radiotoxicity of spent 
nuclear fuel falling to uranium ore levels within three hundred years when all of the actinides are 
removed.  Given man’s ability to create containers and barriers that can survive for thousands of 
years, this immediately suggests the possibility of reducing or perhaps avoiding the reliance upon 
long-term geologic stability for the required long-term waste isolation. By removing and transmuting 
over  99.5% of the transuranics, the radiotoxicity of the remainder will reach the source uranium ore 
toxicity within a few thousand years.  In addition to radiotoxicity, there are a few waste stream 
components that tend to leach out and be transported into the environment.  For the proposed Yucca 
Mountain repository, technetium, iodine, and neptunium are dominant dose contributors.  The Dose 
Objective targets these materials for transmutation, with any non-transmuted materials to be placed in 
long-lived leach-resistant waste forms. 
 
The high-level goal of benefiting the repository program is supported by three programmatic 
objectives.  The heat load objective traces to a current challenge for repository designers, i.e., 
minimizing any impact of after heat in spent fuels raising repository temperatures into ranges where 
unforeseen changes are possible.  The criticality objective traces to the remote possibility that water 
and favorable geometries could conspire to set up a future criticality in the repository (although 
improbable, such a criticality is considered far more likely than damaging supercriticalities that were 
postulated a few years ago (Ref. 9)).  Because possible criticalities forces loading constraints, 
elimination of such constraints should be helpful.  But the biggest driver towards a simpler cheaper 
repository could be the mass objective, which involves the doing something else (e.g., recycling or 
disposal elsewhere) with the uranium content, which makes up over 90% of the spent fuel.  
 
The goal of reducing the proliferation risk from plutonium in commercial spent fuel leads to three 
programmatic objectives, reducing the total inventory of plutonium, reducing the amount going into 
repositories, and minimizing the risk of someone diverting plutonium while it is being processed. The 
proliferation risks associated with the spent nuclear fuel in repositories do not appear to be very great, 
at least for the first century or two.  IAEA safeguards are to be provided, and radiation barriers will 
be high.  But the inclusion of several hundred tons of plutonium and other problematic materials begs 
the question of when someone may choose to re-enter nuclear waste repositories.  In addition, any 

 



 

willful intrusion into a waste repository raises issues about the integrity of containers and barriers 
assumed to isolate the materials from the environment.  
 
Resolution of the nuclear waste issue could improve prospects for nuclear power, depending on 
the cost, the technical risk, and the risk of increased environmental, safety, or health concerns 
associated with the approach taken.  In principle, these objectives can be met, but they could be key 
discriminators in evaluating transmutation system technology options. 
 
MULTI-TIER TRANSMUTATION SYSTEMS 
 
The premise of the multi-tier transmutation system is that a significant fraction of the plutonium can 
be fissioned in thermal spectrum power reactors, where the economics are thought to be superior to 
the fast spectrum second tier system. Because the minor actinides require excess neutrons (more than 
they produce via fission) in a thermal spectrum, it is virtually impossible to fission all plutonium, 
minor actinides and concurrently transmute technetium and perhaps iodine via neutron capture (Ref. 
10).   Because fast spectrum systems are much more effective in fissioning minor actinides, 
especially when an accelerator driven neutron source is available to provide supplemental neutrons 
and a means of controlling unstable systems, the Tier 2 is assumed to be very versatile in accepting 
waste streams from Tier 1. Such a two-tier transmutation system is illustrated in Figure 1, which also 
includes the current once-through system (for comparison), as well as the waste stream flows into a 
repository.  Note that waste stream losses from multiple separations steps and fuel fabrication steps 
contribute to the flow of transuranics and fission products to the repository, and the sum of the losses 
must be limited to around 0.5% if the system performance objectives are to be met. 
 
Figure 1. Multi-Tier Approach Using Thermal Spectrum Power Reactors to Transmute Pu May 
Improve Economics, but Increases Materials Flow Complexities 
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As can be imagined, there are many possible variations of thermal spectrum reactors, fast spectrum 
systems, fuel forms and fabrication techniques, separations techniques, and waste forms, so a 
complete analysis of all variations in Figure 1 would require a large and extended effort.  Instead, 
cases of particular interest are currently being evaluated, and some variations on those cases are to be 
worked next year. There are three major cases under evaluation, to be compared against each other 
and the once-though cycle.  The first case assumes separated plutonium is fissioned, to the extent 
possible, in light water or gas-cooled thermal spectrum reactors, using either MOX or non-fertile 
fuels.  The second case assumes transuranics (no plutonium separation) is passed through gas-cooled 
or light water reactors. The third case entails driving the entire transuranic and fission product waste 
stream through fast spectrum transmutation systems, making it very similar to the 1999 ATW Road 
Map reference case. 
 
Predictions of mass flows, including isotopics, through the Multi-Tier Systems for cases of interest 
are under development.  Based on those predictions, the toxicity, dose, proliferation, mass, heat load 
and other parameters of importance are to be analyzed.  This will facilitate evaluation of the various 
approaches utilizing the system performance objectives, and which can also indicate the relative 
performances of the postulated approaches. 
 
A subtle but important point must be made regarding these evaluations.  Tier-1 systems are 
considered to function primarily as power producers, and their deployment will be driven in part by 
market forces.  The Tier-2 system(s) must be dedicated transmutation systems.  Thus, in developing 
multi-tier transmutation systems, much of the focus will be on understanding the implications of 
potential Tier-1 systems and developing the Tier-2 system to be responsive to the various possibilities 
for Tier 1.  If a Tier-1 system is particularly attractive for waste transmutation, this could become an 
important factor in the system being utilized, but it cannot be the only consideration. 
 
TECHNOLOGY DEVELOPMENT 
 
Even with much of the technology development effort focused on Tier-2 systems, the technology 
development efforts required for implementation of the Two-tier transmutation systems are quite 
extensive.  These needs are illustrated in Figure 2.  Although much effort is ongoing to analyze the 
multi-tier options, some major development needs are readily apparent.  First and foremost, we need 
fuels (preferably non-fertile {no uranium} fuels) that can accommodate high fractions of plutonium 
and the minor actinides, for Tier 2 and, in some cases, Tier-1 systems.  With plutonium’s poor 
conductivity and low melting temperature, americium’s tendency to vaporize at comparatively low 
temperatures, and curium’s high radioactive dose problems, such fuels will be difficult, especially  
given the desirability to accommodate high burnups.  The limited number of fast spectrum reactors 
available for fuels irradiations compounds the problems.  For these reasons, fuels development 
requirements are thought by most to be the most challenging.  Separations efficiencies must also be 
excellent, in order to meet system performance requirements, with losses of no more than 0.1% of the 
transuranics (per pass) being the current goal. When coupled with goals of minimizing secondary 
waste streams, minimizing the potential for materials diversions, and placing residuals in excellent 
long-lived waste forms, the separations work ranks second only to fuels in terms of development 
needs.  The accelerator and spallation target, sometimes described as the neutron source, continues to 
require some technology developments, but these are now considered to be less challenging than 
those regarding fuels and separations.  Overall system performance, in terms of both the dynamic 
performance of accelerator-driven subcritical reactors and in terms of overall system proof of 
transmutation performance, also poses significant challenges. 
 

 



 

 
Figure 2. Technology Development: Determine System Performance Requirements, Identify 
Technology Requirements, Develop & Demonstrate Necessary Technologies 
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The 1999 ATW Road Map (Ref 1) provides an extensive mapping of how these technologies may be 
developed.  Efforts to provide updated technology development plans consistent with the multi-tier 
transmutation systems are planned for next year. 
 
INFRASTRUCTURE ISSUES 
 
The extensive technology development requirements for nuclear waste partitioning and transmutation  
systems raise an important issue regarding the current infrastructure of people with necessary 
expertise and facilities with the required testing capabilities.  The situation is illustrated in Figure 3. 
 
In terms of people with appropriate expertise, the domestic infrastructure of people with expertise in 
designing and building nuclear reactors has diminished significantly since the 1970s, a problem that 
is most acute in companies that design and build nuclear reactors, but also apparent in the universities 
and national laboratories.  Similarly, expertise in developing new fuels types has decreased.  Pockets 
of separations expertise exist, particularly in association with clean-up activities or weapons 
programs.  Personnel with expertise in particle accelerators and spallation targets are available at key 
installations, so that area is not of great concern.  Under the current circumstances, development and 
demonstration on nuclear waste partitioning and transmutation may rest on two factors- major 

 



 

international collaborations to augment the expertise existing in the U.S., and active involvement by 
U.S. universities to educate and train a new generation of nuclear technology specialists. 
 
 
Figure 3. AAA Mission Requires Optimum Utilization (and Bolstering) of Dwindling Nuclear 
Infrastructure and an Integrated Test Facility 
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Limitations in existing facilities pose similar problems.  Thermal spectrum reactors remain abundant, 
but their usefulness in testing fast spectrum fuels is limited.  Efficient utilization of the few remaining 
fast spectrum reactors (Phenix, Joyo, Bor-60, and perhaps FFTF or MONJU) will be essential.  Other 
facilities for developing separations technologies, for fabricating fuels, for performing tests of 
accelerator-driven subcritical reactors, and for testing new accelerator technologies and spallation 
targets, are limited and in some cases in need of upgrades.  For cost reasons, as well as the limited 
availability of appropriate facilities, international collaborations are again seen as essential for 
success.  Fortunately, the French have a large ongoing program that has similar goals and proposes 
similar technologies.  In addition, there are many excellent technical efforts ongoing in other parts of 
Europe and in Asia, and the U.S. Program can greatly benefit by collaborations with several nations 
having active programs in the field.  These are under development. 
 
As there are no integrated accelerator-driven subcritical reactor facilities in the world, such a facility 
will be needed in order to prove out the technology.  Appropriate separations and fuel fabrication 
facilities will also be needed, although not necessarily co-located.  Given the limitations in current 
facilities, it would be advantageous to have such a facility come on line in the 2010 time frame, as the 
technology would then be ready for such integrated testing. However, it may be necessary to perform 
some of the initial technology development and demonstration activities before construction of such a 

 



 

facility can be initiated. This might delay the ultimate deployment of waste partitioning and 
transmutation technology, but such a delay might be unavoidable. 
 
SUMMARY 
 
The U.S. effort to develop nuclear waste partitioning and transmutation systems has evolved since the 
1999 ATW Road Map (Ref 1) to include the possibility of Multi-tier transmutation systems in which 
much of the plutonium could be fissioned in thermal spectrum power reactors.  A set transmutation 
system objectives has been developed and is being used to cross compare technology options.  
Technology development plans are being updated, consistent with the multi-tier approach, with some 
technologies such as fuels and separations already under development.  An assessment of the 
available infrastructure of people with appropriate expertise and facilities with needed capabilities 
indicates that emphasis on international collaborations and university involvement will be essential to 
program success.  An integrated test facility is envisioned to provide the ultimate proving ground for 
transmutation technologies, although the timing for that facility remains an open issue at this time. 
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