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Abstract. Nuclear waste management involves many issues. A W  is an option that can assist a 
repository by enhancing its capability and thereby assist nuclear waste management. Technology advances 
and the recent release of liquid metal coolant information from Russia has had an enormous impact on the 
viability of an ATW system. It now appears economic with many repository enhancing attributes. In 
time, an ATW option added to present repository activities will provide the public with a nuclear fuel cycle 
that is acceptable from economic and environmental points of view. 

1. INTRODUCTION 

The nuclear waste disposal issue for spent fuel from nuclear reactors is one that has 
a large impact on public acceptance of nuclear power generation and of long-term storage 
options. To a lesser degree, this issue has an impact on the costs of generating electricity, 
and the shipping, handling and transport of highly radioactive materials. Various options 
for long-term storage are being considered by different countries, but most schemes result 
in a geologic repository that has to be licensed and certified for a lifetime in excess of 
100,000 years. Much investment has been made in repositories and their capabilities, with 
significant progress and rational solutions. Many individuals state that a geologic 
repository is a good solution and one that can work well. Others express concern over the 
time needed to protect such facilities from overt or covert actions, either from natural effects 
or by planned intrusions. Some express concerns about passing a serious legacy to future 
generations and about the loss of an energy generating resource from the heavy elements in 
the stored spent fuel. These are all difficult issues to consider and require well thought-out 
solutions to effect a win-win outcome for a country, its leaders, industry and the populace. 

The Accelerator Transmutation of Waste (ATW) system is a repository enhancing 
option that should be considered because of the benefits it provides; no matter where the 
repository is located and no matter its stahs. The ATW option can be employed whether 
the spent fuel is fully buried, monitored and retrievable, or in interim storage ponds at 
nuclear installations. ATW supports the premise that a repository is a very good solution 
and assists this solution by making more efficient use of the capacity. A comparison can be 
made of flying across the Atlantic Ocean from North America to Europe in a propeller 
driven plane versus a modern jet airc&. A traveler spends less time getting across, the 
higher flight path is usually less impacted by the weather and the turbulence, and the 
economics are better because of improvements in technology; even though the propeller 
driven aircraft is safe and gets to the destination. Both are acceptable solutions, but the jet 
aircraft is preferred by most individuals because of economics, technology enhancements, 
time spent and other associated benefits. Successful development work on jet engines and 
associated technologies allowed the introduction of this option @to air travel. 
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Estimated benefits to be accrued for an ATW assisted repository include the 
following: 

Radiotoxicity a d  radioactivity are significantly reduced. An ATW assisted repository 
has a lower toxicity (and activity) after 300 years than an unassisted repository after 
100,000 years. 
Because of the above improvement, it may be possible to license a repository for 300 
years rather than the present anticipated 100,000 years plus. 
The amount of transuranic material introduced into a repository is reduced by more 
than three orders of magnitude. In the USA this means that the 600 tons of 
transuranics, contained within the 70,000 tons of spent fuel estimated to be handled 
by 2015, is reduced to less than 0.3 tons. 
At the same time that the transuranic material is being transmuted in the ATW system, 
it is generating useful energy that can be coupled to the electrical grids. 
At no time during the operation of the ATW cycle are weapons materials separated or 
made available in the processing streams. In that sense, the processes are proliferation 
resistant. 
Two of the most worrisome fission products, Tc and I, are transmuted and minimized 
to the point that they are no longer major concerns for repository licensing. 

Over the past decade many technology alternatives for an ATW system were 
studied. It is intriguing and interesting that the international community has evolved to the 
same three basic components for an ATW system. These three components are 
pyrochemistry for the chemical processing, the liquid lead bismuth eutectic (LBE) used for 
both the target and the coolant, and the high-power linear accelerator that provides the 
protons for the spallation process in the target. Other common features used in the design 
of an ATW include solid fuel, fast neutron spectrum and a sub-critical assembly. 
Previously studied elements that are no longer considered include molten salt, thermal 
neutron spectrum, liquid fuels and centrifuge separations. 

We have reached the stage in the development for an ATW system where it makes 
sense to take the next step -to start sigmlicant funding over the next five years to develop 
and test the concepts to the point such that an informed decision could be made by policy 
makers on whether this technology should be taken to the next stage, a demonstration ATW 
plant of the lo00 MWt class. 

An outcome of the five year development program would not only be the concepts 
and the feasibility of an ATW system, but would include the technology that could be used 
in other applications. The pyrochemistry, the LBE target, a LBE-cooled fast reactor 
concept and the accelerator technology could all be of benefit to programs which have as 
part of their infrastructure items such as spallation neutron sources and targets, future 
nuclear stations, and high-power proton accelerator applications including radio-isotope 
production, muon colliders and neutron scattering. Some have even suggested that the 
technology developments in LBE and pyrochemistry could be the bridge to future nuclear 
systems that may have the following advantages: simpMied operation, minimal waste 
streams, more efficient use of heavy element resources and reduced costs. 

r 

2. SYSTEM DESCRIPTION 

As mentioned above, an ATW system consists of three major building blocks. 
These are the high-power proton accelerator, a liquid LBE target and cooling system, and 
pyrochemistry processing. Our studies and those of our international colleagues indicate 
that economics for an ATW-assisted repository appear to be favorable. This economic 
indication has been verified by industrial partners who have completed simple systems 



studies; not detailed economic analysis based on item-by-item component lists, scheduled 
deliveries and supplier quotes. We have not reached the state in our studies to be able to 
provide such detailed information. Information of this nature would be part of the outcome 
from the five year technology development program planned for the future. 

Choices for the three major building blocks are based on the following information. 
The subcritical burner uses liquid LBE and is based on solid fuels and extensive Russian 
nuclear reactor work with liquid LBE. The pyrochemical processes are based on 
siwicant work at ANL and LANL on efficient processes that have the potential for 
proliferation resistance and low environmental impact. The linear accelerator is based on 
work underway within the USA for an Accelerator Production of Tritim (APT) accelerator 
(170 MW of continuous beam power), and the innovations and developments achieved 
earlier under the Strategic Defense Initiative (SDI) ion beam programs. These three recent 
developments have revolutionized the ATW capabilities and have made it possible to 
consider significant advantages for an ATW-assisted repository. 

ATW assists waste disposal options by transmuting waste. The process starts by 
accelerating protons to about 1 GeV in an efficient linear accelerator. Accelerator economic 
studies using real hardware costs have shown that 1 GeV is an optimum energy for this . 
application, within a rather large minimum cost band. These energetic protons produce 
copious neutrons from the spallation process when they impinge on a high atomic number 
spallation target. At the proton beam energies and LBE target of interest, each proton 
produces about 30 neutrons. Having this source of neutrons allows an ATW system to 
operate sub-critical and thereby assist the nuclear system in transmuting transuranics by 
causing them to fission, and transmuting fission products (mainly Tc and I) by neutron 
absorption to other isotopes. Subcriticality and pyrochemistry enable the destruction of 
actinides and fission products safely, without isolation of weapons-grade material, without 
extensive separations and in a single-purpose device. Aspects of handling and 

by having most of the activities completed at the ATW site. transportation are mumuzed 

nuclear system consisting of transmutation solid fuel assemblies. The choice of liquid LBE 
for the target and coolant is based on the more than 75 reactor years of experience in Russia 
for liquid LBE-based nuclear reactors that were mainly used for their “Alpha-class” 
submarines. The solid fuel assemblies are made from first decladding spent fuel and then 
performing several stages of pyrochemistry involving direct oxide reduction, 
electrorefmg and electrowinning of the materials. Fuel assemblies are then fabricated 
from the material coming from the electrowinning process and from the Zr that was declad 
from the spent fuel. 

Transmutation assemblies spend about a year within the transmutation burner core, 
being shuffled between the three zones of the core during this period. After this shuffling 
cycle is completed, the rods are allowed to “cool” and then go through a similar process as 
for the spent fuel to provide separations and material streams that eventually lead to a 
reduction of three orders of magnitude in the transuranics that would be put into a 
repository. 

with 400°C to the steam generator) permit efficient conversion of heat to electrical power. 
About 10% of the power generated would be fed back to the accelerator to provide the 
necessary power to operate it and its ancillaries. 

. .  . 
The proton beam impinges on a liquid LBE target that is also the coolant for the 

Operational parameters for the liquid LBE coolant (340°C inlet and 540°C outlet 

3. REPOSITORY ENHANCING SCENARIO 

A scenario has been developed using information available at this time for the 
performance of the ATW system described in this paper. This scenario is based on the 
70,000 tons of reactor spent fuel expected to be accumulated within the USA by the year 
2015. Assuming that this material should be transmuted within a reasonable time-frame 



and that the number of ATW systems shouldn’t be too complex or costly, the following 
attributes are possible. No optimization of the transmutation complex has been completed, 
nor has any inference been made about continuing ATW-type systems after the campaign -- 
this scenario is provided only to give an indication of possibilities that can be accrued. 
Over a 65 year period it is possible to convert the 70,000 tons of reactor spent fuel (with 
600 tons of transuranics) to: 

67,000 tons of uranium (could be considered as LLW (Low Level Waste) -- 
radioactivity of natural U) which would be a small addition to the present LLW 
uranium. 
Less than 0.3 tons of transuranics. 
3,000 tons of fission products (with minimal Tc and I). 
560 GWe-year of electricity generation assuming an overall 35% plant 
efficiency (including thermal conversion). Even at 20 mils per k W h  this 
represents a sizable return on the investment -- about $100 Billion over the 65 
years. 
No significant Pu or Np. 

Because of this conversion only about 3000 tons of material needs to be transferred 
to the repository (a reduction of a factor of 20 from the initial 70,000 tons), a situation that 
seriously impacts the needs for additional repositories in the future. This impact is realized 
because the repository storage efficiency is improved by the transmutation process, by the 
types of materials to be stored, and by the changes in the heat load and radiotoxicity -- all 
leading to decreased long-term risks. 

The 65 year scenario involves the commissioning and installation of twenty 2000 
MWt transmutation burners, staggered over a 25 year period and each with a 40 year 
lifetime, such that the transmutation campaign ends after 65 years. This scenario could be 
realized by utilizing three locations with seven transmutation burners at each of the 
locations, with only one location functional for the last ten years of the campaign. A very 
rough investment cost of this three location scenario for the 25 years is in the “ball park” of 
$60 B with average operating costs “guesstimated” at $2 B per year. Much work needs to 
be done to refine these “ball park’, numbers and their implications. 

4. TECHNOLOGY CHOICES 

As stated above, the three major choices for the accelerator, subcritical assembly 
and the chemical processing were made on the basis of recent technology developments and 
information releases, all of which make the ATW system a very interesting option to be 
considered for assisting repositories in the future. Development work is still needed to 
bring this technological application to a state of maturity such that reasonable decisions 
could be made on whether this option should be pursued further. 

4.1 Chemistry And Fuels 
Based on significant work at ANL and at LANL in pyrochemical processing and 

because of difficulties encountered with waste streams from aqueous processing, 
pyrochemistry was chosen as the appropriate method for processing reactor spent fuel and 
the transmutation assemblies. Some of the pyrochemical procksses are interpolations of 
systems that have been demonstrated, whereas the majority involve extrapolations which 
appear to be within reasonable bounds. Although within rgasonable bounds, they still need 
to be demonstrated on a larger scale than at present. This is part of the five year 
development program planned for the future. We are using process models and 



simulations that have been verified with data from systems that have operated at ANL and 
LANL. 

The pyrochemical process is considered to be proliferation resistant because the 
transuranics are separated as a group to be transmuted within an ATW burner. At no time 
are weapons-grade materials made available during the processing. Obviously, 
international controls will have to be employed to ensure that chemical processes are not 
altered in a significant manner. 

Figure 1 shows a chemical processing flow chart for reactor spent fuel on the left 
and transmutation assemblies on the right. Within the processes, secondary wastes are 
minimized and waste materials destined for the repository are segregated in a manner that 
assists preparations necessary prior to repository transport. 

At no ooint in the ATW Waste Treatment 
are weapons-usable materials isolated 
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Figure 1 ATW Process Chemistry Flow Chart 

The spent fuel decladding process provides the feed material for the direct oxide 
reduction process. Zr from the cladding is used as feed material for fabrication of 
transmutation assemblies. Within the oxide reduction process, Sr and Cs are left in the 
molten salt, oxide fuel is converted to a metal for further treatment and offgasses are 
collected as in the decladding process. Electrorefining accomplishes uranium separation in 
a manner to ensure no other actinides are transferred with it. Electrowinning provides the 
feed material for fabrication of the transmutation assemblies. A reductive extraction 
process is used to remove the rare earths from the molten salt. At most, three plants would 
be required to accommodate the 65 year transmutation scenario described above and each of 
these could fit within a 5000 square foot building. 

In a similar manner, the spent transmutation assembly chopping provides the feed 
material for the electrorefining process. Here the electrorefining process separates the U, 
transuranics and the fission products. These processes could fit within the building 
mentioned above. 



The high melting point transmutation assemblies consist of non-fertile actinides 
(15%) and Zr (85%) with 316 SS cladding, and are compatible with the pyrochemical 
processes mentioned above. There are many issues that need to be addressed for the 
assemblies including swelling, bonding compatibility, and other irradiation effects. 

4.2 Liquid Metal Coolant 
Using the same fluid for the spallation target as well as the core coolant results in 

many improvements including elimination of a target cooling system and associated 
mechanical assemblies. Liquid LBE is an excellent spallation source because of the high 
atomic number, very “hard‘, neutron spectrum generated and very low neutron absorption. 

Russian advances in the use of liquid LBE for nuclear reactor cooling showed the 
importance of oxygen control, and the instrumentation for monitoring oxygen to the levels 
required has been developed by them. Liquid LBE is an excellent coolant for this 
application, as well as for future fast reactors, because liquid LBE has the following 
properties: 

Maintains the “hard‘, neutron spectrum. 
Has a very low neutron absorption, which can lead to core design 
improvements. 
Is a very effective radiation shield for the outer walls. 
Has the potential to enhance natural convection. 
Has no violent reactions with water or air. 
Has low melting and high boiling temperatures. 
Has a potential for self-plugging leaks. 

4.3 Accelerator 
Using a high power proton accelerator to drive a subcritical assembly enables 

effective nuclear waste disposal. The accelerator-produced spallation neutrons allow much 
flexibility for a system that needs to handle many types of nuclear waste forms. This frees 
the designer to concentrate on advantages for the transmutation core without invoking 
constraints that could lead to specific designs for specific spent fuel assemblies or severely 
constrain end-of-life inventory burn down. Advantages for a subcritical system include the 
following: 

Power control is linked to accelerator drive, not to control rods, reactivity 
feedback and delayed neutrons. 
Fertile materials are not needed for the core. Pure transuranic cores ensure a 
minimum of further transuranic production. 
The burner operates independent of fuel composition to first order. 
End-of-life inventory is not limited by criticality criteria. 
Neutronics and thennohydraulics are effectively decoupled. 

Design for the ATW accelerator driver invokes a number of design constraints 
including high conversion efficiency of electrical power to beam power, current variable by 
a factor of two, extremely low beam loss, minimal length, minimal operating and capital 
costs, and high availability and reliability. Maximum proton beam power required for each 
2000 MWt burner is 40 MW at 1 GeV. 

The accelerator design constraints have led to selection of a modest linac, 355 m in 
length, which employs superconducting structures to accelerate the proton beam from 21 to 
lo00 MeV. The “fr~nt-end‘~ employs conventional room-temperature structures and 
injectors for which all of the necessary performance characteristics will have been 
demonstrated when the “front-end” Low Energy Demonstration Accelerator (LEDA) 



operates with proton beam before CY 1999 as part of the APT program. Work on the 
“spoke” cavities employed for acceleration from 21 to 100 MeV will be required as part of 
the five year development program. Table 1 lists the parameters for the linear accelerator. 
Combining benefits of room-temperature and superconducting technology exploits the 
advantages of both systems for the maximum benefit of the “driver”. Room-temperature 
technology is employed to 21 MeV in order to provide excellent emittance control and 
minimize halo generation. After this, superconducting technology is employed to minimize 
rf cavity losses, provide large beam apertures, reduce accelerator length, and provide 
flexibility for rf phasing, error tolerances and beam current variations. 

Table 1 Accelerator Parameters for 1 GeV ATW Proton Linac 

4.4 Nuclear System 
A schematic for a 2000 MWt nuclear transmutation burner is shown in Figure 2. 

The proton beam impinges on the liquid LBE (44.5% Pb/ 55.5% Si) from the top with the 
transmutation area consisting of transmutation assemblies surrounding this target area. 
Liquid LBE cools the burner with pumps and heat exchangers co-located in the nuclear 
system. LMR experience is used in the design of the nuclear system incorporating 
hexagonal canned assemblies. The core is about 3 m in diameter and 2 m in height fitting 
into a nuclear system with an overall diameter of 10 m and an overall height of about 17 m. 
Maximum keff is 0.967 and maximum power density is 0.34 MWA. A three zone concept 
is envisioned with fuel assemblies being moved from the-outer zone to the center and then 
to the inner zone during burnup fuel cycle changes. 

5. ATW DEVELOPMENT PROGRAM 

With industrial input, a five year development plan has been detemined that will 
provide the technical support for large-scale integration and deployment of ATW 
technologies. This $1 15 M program over five years focuses on issues of importance to 
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Figure 2 Schematic of 2000 MWt ATW Burner 

enable a logical decision to be made at the end of the five year development program as to 
whether a further five year program should be pursued. This second five year program 
would focus on construction and operation of a 5 MW Subcritical Test Facility to be driven 
by a 1 MW proton beam, design of an ATW Processing Facility geared toward full scale 
pyrochemical processing and design of a lo00 MWt Demonstration Plant that could be 
located at some strategic location. 

The first five year program plan focuses on materials verification studies and 
experiments, liquid LBE performance verification including spallation product 
measurements, nuclear design, chemical database, chemical processes at up to 10 kg scale, 
mass flows, accelerator design, system studies and some design work to determine 
characteristics necessary for a future Demonstration Facility. 

6. COLLABORATIONS 
Considerable interest in ATW has developed within laboratories, institutions and 

industries around the world, not only because of ATW but because of technologies 
spinning-off from this program which have many other applications. Within the USA we 
have formed a team consisting of LANL, LLNL, Sandia, Savannah River, Bechtel, 
Northrup-Grumman, Westinghouse-STC, UC-Berkeley and U. Illinois. Funds to this 
point have been forthcoming from each institution participating, with LANL recently 
investing $1.7 M for each of the three years ending in 1999. 

A common technical approach has emerged within the international community and 
this common approach has assisted collaborations in a significant manner. Europe and 
Asia are investing considerable amounts of manpower and money in order to put ATW 
technology on a f m e r  foundation than at present. Within Europe, countries including the 



Czech Republic, France, Italy, Spain and Sweden have shown considerable interest and 
within Asia, S. Korea and Japan have started investigations. Collaborations exist between 
Russia, CERN, CEA, KAERI, Sweden and the USA team. 

7. CONCLUSIONS AND SUMMARY 

An ATW system could assist a repository by enhancing its capability. An ATW- 
assisted repository has many other worthwhile features that need to be investigated in more 
detail. Work on repository solutions should not be stopped. However, options that could 
make a repository even better in the future should be investigated to the point that logical 
decisions based on complete information can be made. For this reason it is suggested that a 
five year development program should be vigorously pursued. Enough information is 
available at this time to indicate that there are no known “show-stoppers”. Some 
development work will lead to further technology selections, but this does not appear to 
indicate that ATW is not possible, nor that it isn’t within the economic “ball park”. 

The major components of an ATW system are based on proven technology or on 
those that will be demonstrated very soon by other programs. Performance drivers that 
have been used in determining the present ATW system are safety, proliferation resistance, 
low environmental impact, fast burn rates and low inventories. All of these goals are met 
in the system described above. 

A logical path has been shown for developing an ATW system with opportunities to 
make future decisions for continuing or stopping. 
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