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DISPOSITION OF NUCLEAR WASTE USING SUBCRITICAL ACCELERATOR-DRIVEN
SYSTEMS: TECHNOLOGY CHOICES AND IMPLEMENTATION SCENARIO - ICONE-6526

Francesco Venneri, Ning Li, Mark Williamson. Michae! Houts. George Lawrence
Los Alamos National Laboratory

ABSTRACT

Los Alamos has led the development of Accelerator-driven Transmutation of Waste (ATW), to provide a
Sfundamental technological solution to the nuclear waste problem. While ATW will not eliminate the need
Jor a high-level waste repository, it offers a new technology option for altering the nature of nuclear
waste and enhancing the capability of a repository. The basic concept of ATW focuses on reducing the
time horizon for the radiological risk from hundreds of thousands of vears to a few hundred years and on
reducing the thermal loading. Furthermore, ATW will greatly reduce the amount of waste that has to he
disposed of in a high-level waste repository. The goal of the ATW nuclear subsystem is to produce a
three orders of magnitude reduction in the long-term radiotoxicity of the waste sent to u repository,
including losses through processing. If the goal is met, the radiotoxicin: of ATW-treated waste afier 300
Years would be less than that of untreated waste after 100,000 vears.

These objectives can be achieved through the use of high neutron fluxes produced in accelerator-driven
subcritical systems. While crirical fission reactors can produce high newtron fluxes o destroy actinides
und the selected fission products, the effectiveness of the destruction is severely limited by the criticalin
requiremeni. Furthermore. 10 achieve sufe reactor operations, a substantial amount of excess reactivity
would have to be supplied initially and compensaied for by control poisons. To overcome these intrinsic
limitations, we searched for solutions in subcritical systems freed from criticality requirement by raking
advantage of the recent breakthroughs in accelerator technology and the release of liquid lead/bismuth
nuclear coolant technology from Russia. The effort led to the selection of an accelerator-driven
subcritical system thal results in near complete destruction of the actinides and fission producis of
concern. as well as permitting easy operational control through the external control of the neutron sowree
rather than the internal control rods

1. INTRODUCTION

Spent reactor fuel from commercial power plants contains significant quantities of plutonium, other
fissionable actinides and fission products, all of which create challenges for permanent disposal because
of the very long half-lives of some isotopes and because of the potential for diversion. [f the level of
global nuclear power generation for the near future continues as it exists today, then in the year 2015
more than 250,000 tons of spent fuel worldwide will have to be stored, containing over 2000 tons of
plutonium. Well over 70,000 tons of this spent fuel will be in the LS, containing more than 500 tons of
plutonium (600 tons of transuranic actinides).

While there is agreement on using geologic repositories for the ultimate disposa! of high-level nuclear
waste. differem strategies for dealing with spent nuclear fue! are being followed by various countries,
reflecting their views on nuclear power, reprocessing and non-proliferation. Current US policy is to store
unreprocessed spent fuel in a geologic repository. Other countriés are opting for treatment of spent fuel,
including partial utilization of the fissile materials contained in the spent fuel prior to geologic storage.



Key issues for the current US repository concept fall into two categories, (1) a long-term radiclogical risk
with the peak risk projected tens of thousands of years afier repository closing and (2) a short-term
thermal loading (decay heat) that limits the capacity of the repository. While not idemtified as an issue. it
is clear that the repository, designed for 70,000 tons of commercial spent fuel and other government-
generated high-level waste (mostly from defense-related activities), will be fully occupied by the spent
fuel produced through the year 2015. 1f the nuclear energy remains to be a viable option for electricity
generation in the future, ultimately there will be a need for a second high-level waste repository.

Studies have shown [1,2] that the repository long-tenn radiological risk is from the long-lived
transuranics and the fission products T¢-99 and 1-129, thermal loading concerns arise mainly from the
short-lived fission products Sr-90 and Cs-137.

In relation to the disposition of nuclear waste, ATW is expected to accomplish the following:

(1) Destroy over 99.9% of the actinides. Actinide destruction eliminates concerns with their releases to
the ground water and the environment, their possible diversion and use in the spent fuel for weapons
construction. Their elimination will also greatly teduce long-term heat loading.

(2) Destroy over 99.9%_ofthe Tc and ], By transmuting technetium and iodine, two of the major long-
)

term radiotoxicity release hazards can be eliminated.

(3) Separate Sr and Cs (short half-life jsotopes). Sr-99 and Cs-137 dominate the repository short-term
heat loading. These isotopes are not suited for transmutation but will be separated from the remainder of
the waste for optimal storage.

(4) Separate uranium. Uranium is separated from the rest of the spent fuel, stored or re-¢nriched for
further use.

(5) Produce electricily. The ATW resembles in many ways a nuclear reactor in that it releases energy
during actinide destruction {fission) that can be converted into electricity. A small fraction (10-15%) of
this electricity will be used 10 power the accelerator, the rest can be distributed for sale.

In the ATW concept, spent fuel would be shipped to a ATW site where the plutonium, other transuranics
and selected long-lived fission products would be destroyed by fission or transmutation in their only pass
through the facility. This approach contrasts with the present-day reprocessing practices in Europe and
Japan, during which high purity plutonium is produced and used in the fabrication of fresh mixed-oxide
fuel (MOX) that is shipped off-site for use in light water reactors. Instead of "reprocessing”, the ATW
approach can be fairly characterized as "once-through destruction”. ATW would inhibit plutonium
accumulation, proliferation and diversion. The end products of ATW are a more benign fission product
waste stream, uranium similar in composition to natural uranium, and electricity. The electricity
produced, and the potential cost benefits realized by enhancing the capacity of a repository (and
elimination of the need for an additional repository), could offset 10 some extent the cost of developing
and implementing the ATW technology.

Far from being limited to waste destruction, ATW technology also brings to the table new concepts that
could be relevant for the next-generation power producing systems. As such, ATW has gained worldwide
interest and could be an important component of strategies to deal with international nuclear materials
management and promote new, proliferation-resistant. sale reactor technologies.

2. ATW SYSTEM DESCRIPTION

An ATW facility consists of three major elements: () a high-power proton linear accelerator; (2) a
pytochemical spent fuel treatment / waste cleanup system: (3) a liquid lead-bismuth c¢ooled burner tha
produces and utilizes an intense source-driven neutron flux for transmutation in a heterogeneous (solid
fuel) core (Fig. 1). The concept is the result of many vears of development at LANL. [3] as well as other
major international research centers [4].



The high-power accelerator for ATW would be based on the APT (Accelerator Production of Tritium})
accelerator (1.7Gev, 100mA, [70MW proton beam). An accelerator, similar to but smaller than the one
now being designed for tritium production would serve as the driver (40 MW) to a subcritical burner.
where transuranics and selected fission products are fissioned or transmuted.

In the spent fuel treatment system (Fig. 2), uranium and a majority of the fission products are separated
from the transuranics and the targeted long-lived fission products by pyrochemical {non-aqueous)
processes. The only requirement is the separation of enough uranium (99%) so that no significant new
plutonium or other actinides are produced during transmautation. Fission product extraction is not
explicitly sought but comes out naturally from the process.

The Mow of the spent fuel in the treatment system can be broken down into three basic streams. One
stream comtains the spent fuel cladding metal, the majority of the fission products from the spent fuel. and
the remaining fission products from the transmuted waste, all of which is prepared for permanent
disposal. Following the electrochemical extraction of the uranium, a second stream consists of actinides
and some cladding zirconium, which is cast into solid metallic fuel elements ("transmutation assemblies")
1o be introduced into the subcritical burner for irradiation. The third stream consists of the uranium sem
out and stored for possible recycle.

In one reference design concept, a third of the core is extracted and processed every year. Inthe ATW
waste cleanup process, eventually all the fission products in the irradiated waste are partitioned into three
forms: active metals, noble metals and lanthanides. This remnant waste is prepared for permanent storage
as: (1) oxides in engineered containers for the active metals (including strontium and cesium). (2) oxides
for the lanthanides, and (3) metal ingots and oxides for the noble metals including zirconium. An average
of 50 kilograms of fission products, per ton of spent fuel, are discharged as waste after transmutation
(including the fission products originally present in the spent fuel), contaminated with less than 100 ppm
of transuranics (mostly in the metal oxide waste form), Most of the radioactivity in the discharges would
decay before three hundred years, with only weak residual activity of negligible environmental impact
remaining afterwards.

The waste burner consists of a heavy metal target (liquid lead-bismuth eutectic (L BE)) producing the high
intensity neutron source and the surrounding subcritical core containing the transmutation assemblies
(Fig. 3). Since significant neutron multiplication and heat production occurs from the fissioning of the
waste actinides contained in the surrounding transmutation assemblies, adequate means for heat removal
must be present, analogous to critical reactors of similar power level. ATW takes advantage of the
exceplional properties of liquid LBE, both as nuclear coolant and as spallation neutron source, for use in
the subcritical waste burmer. The technology, successfully developed and used in Russia for nuclear
submarine propulsion of very fast, deep diving vessels. is becoming accessible to western researchers and
engineers.

The subcritical liquid LBE systems presently being developed at Los Alamos operate in the fast neutron
spectrum, 1o ensure optimal destruction efficiency for the actinides and large neutron availability for
transmutation of the targeted fission products. Very low end-of-life inventories are rapidly achieved by
burn-down strategies involving gradual thermalization of the spectrum to exploit the larpe capture cross
sections of resonances.

Subcriticality does not make ATW by definition "safer” than critical reactors. Rather, subcriticality
facilitales tasks that would be exceedingly difficult or inefficient in ¢ritical systems. Subcritical systems
do not rely on delayed neutrons for control and power change. they are driven only by the externally
generated neutron source (7 ¢ by the ion beamn coming from the accelerator). Control rods and reactivity



Desired Outcome of Program

ATW has reached a stage where further investigation
would determine its suitability and the role it may have
in a future nuclear economy.

To date, studies within the US have been limited to
Institution-supported mvestlgatlons at rather low
Ievels D

Engineering development and demonstration activities
in the 5-year program would provide useful information
for bringing the technology and optlons to a point for
informed decisions. |



Where are we since

STATS Panel?

In 1991 (report 1996) the National Research Council
(STATS panel) concluded that Separations and
Transmutation (including ATW) was:

- immature

-~ too expensive

» leading to proliferation

» commits to expanding nuclear energy

» doesn’t significantly impact need for repository

Technology advancements answer most of the
concerns expressed seven years ago.

A=ANSCE-



Concerns

—- .

Political related issues:

- Reprocessing

- Fuel cycles

- Licensing

- Waste management
Are we making the best investments to ensure a
sustainable and favorable energy future for future
generations?

Are decision makers being given the best data to make
decisions that will have future impacts?



What about International
Interests?

Common technical approach has evolved -- liquid Pb/Bi
coolant, solid fuel, pyrochemistry, sub-crltlcal
accelerator dnve

Europe (Spain, ltaly, France, Sweden, Czech Rep.)
Asia (S. Korea, Japan)

ISTC funding assists Russia and other FSU countries.
Collaborations -- CERN, KAERI, JAERI, CEA, Sweden.

~A=ANS



US Participation -- Other

Laboratories

» Argonne: Have assisted us in pyrochemistry. Preliminary
discussions with them on possible interests in ATW.

- Oak Ridge: Have assisted us in liquid metals and materials.

Preliminary discussions with them on possible interests in
ATW.

Universities

- Host of Ph. D. and M. Sc. thesis topics would be spun out of
this program.

We would like to see them as part of the team.

AN



US Participation -- Present

Laboratories
» Los Alamos: Systems, Pb/Bi, Chemistry, Accelerator, Materials.
~ Livermore: Systems studies, Pb/Bi, Safety.
- Sandia: Safety, Systems analysis, Materials, Diagnostics.
» Savannah River: Engineering and Operations.

Industry
-~ Westinghouse: Nuclear design, Liquid Pb/Bi Technology.
- Bechtel: Engineering.

Northrup-Grumman: Accelerators, Systems.

Universities
- Ilinois: Materials development.

- UC Berkeley: Nuclear design.



Spin-offs from 5-Year Program
Important Outcome/Legacy

Liquid lead/bismuth technology for future advanced
nuclear systems.

High power spallation targets for basic science
research.

Waste disposition processes for environmental
management.

System studies that will provide advanced fuel cycle
information and a basis for future decisions/directions.



Plans and Program

With industry we have developed a viable program plan
for ATW and determined rough cost estimates; resulits
indicate the need for further comprehensive study.

We have a strong team pulled together, with the
intention of making it even stronger with future
additions.

The five year program discussed later focuses on
leveraging items and important issues-- mass flows,
pyrochemistry, materials verification, technology
transfer and integration, liquid Pb/Bi cooled cores with

integral target, accelerator, system studies. LANECE-



ATW Syste

If the scenario were to transmute all of the 70,000 tons
of reactor spent fuel accumulated to 2015 within a 65
year time-frame, then:

et =70,000 tons (including 600 tons TRU).
Output: ‘67,000 tons uranium (LLW).
‘<0.3 tons TRU.
*3000 tons fission products (minimal Tc and I).
*electricity.

‘residual activity and radiotoxicity of waste after
300 years less than non-assisted repository after
100,000 years.



ATW Based on Three
Major Functional Blocks

Subcritical burner using liquid lead/bismuth technology
based on extensive Russian nuclear reactor work and
on solid fuel.

Pyrochemlcal processes based on significant work at
ANL and LANL on efficient processes that have
potential for proliferation resistance and low
environmental impact. **

APT-class accelerator (although about 40 MW of beam
power required -- re 170 MW for APT: building blocks
are based on SDIO investments and APT developments
in high power linac technology).

—AANSCE—




Present System is a Design
Evolution

L T

Many options for ATW have been studied at LANL, as
well as comparisons of critical nuclear assemblies with
accelerator-driven systems. Design has matured
significantly, being based on elements that have
evolved within the international community as well:

= subcritical assembly, fast n spectrum, accelerator drive, liquid

Pb/Bi coolant, solid fuel and pyrochemistry.

Present design /IS NOT based on previously
considered elements such as:

»  molten salt, thermal n spectrum, liquid fuels, centrifuge
separations.

+ANSCE-



Assisting the Disposal Option

ATW can assist a repository in many ways.

Whether waste disposal is based on fully buried or on
monitored and retrievable, the material can be treated
by an ATW system in the future. ATW ultimately
impacts capacity efficiency of a repository.
ATW thereby impacts the need for a second repository:

» increasing storage efficiency by transmutation.

» increasing storage efficiency by types of materials.

» decreasing long-term risks.

in addition:

converting transuranics to useful energy.



ATW: What is it?

- = R =

Assisting waste disposal options by transmuting waste.

Accelerator provides protons that produce copious
neutrons from spallation target. These neutrons assist.
the nuclear system to transmute transuranics by
fission, and fission products (Tc and I) by absorption.
Subcriticality (accelerator drive) enables the
destruction of actinides and fission products: safely,
without isolation of weapons grade material, without
extensive separations work : in a single-purpose
device. |




Past and Future Interests

Because of an interest in future energy economies for
the country, LANL has made a significant investment in
studies for ATW over the past e|ght years.

We have reached a stage where it would be prudent to
take the next step in technology development -- the 5-
year plan.

This path of ATW technology development could be a
bridge to future nuclear options/strategies (PCAST),
even if ATW was not added to the suite of systems.



Premise

Economics appear favorable for ATW-assisted waste
management system.

Technical path identified; with no show stoppers.

Proposed 5-year engineering design and development |
program addressing key issues provides direction and
provides logical exit criteria.

Positive environmental/societal impact.



Outline

Past and present.

Assist waste disposal options.
System description.
Participation.

Outcomes.

Agenda.

Charge.

Details provided in following presentations.

A=ANGCE—
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The Problem --
Nuclear Waste Issue

—

Issue is nuclear waste disposal -- ATW is a
technology option.

ATW can assist waste disposal options - whether fully
buried, monitored and retrievable, or interim storage.

Permanent repository still necessary (but more efficient
use of capacity with ATW).



Welcomé and Intrdduction

MIT ATW Technical Review
1998, Jan. 15-16

Stan O. Schriber
Deputy Division Director
LANSCE Division



Agenda Los Alames Nagesnal Lar o =>- -

MIT ATW Technical Review
MIT Nuclear Engineering Department
Plasma Physics & Fusion Center, NW17
Second Floor Conference Room

Chair - Professor M. Kazimi .

January 15, 1998
Thursday
U8:30 - 08:45 Informal Gathering
G8.45- 09:30  Welcome and Introduction S. Schriber, LANL
J9:30 - 11-30 ATW Overview | F. Venneri. LANL

1230- 11:45  Break

11:25- 1515 AT Demonstration Conceptual Characterization M. Carelli. Westinghouse STC
13:25- 1400 Lunch (Box lunches provided)

1+.00- 1300 ATW Nuclear Performance M. Houts, LANL

1300- 1515 Break

153.15- 17:13  ATW Process C-emistrv M. Williamson. LANL
A. Schake, LANL

January 16, 1998
Friday
IR.3Y- 09:30 Accelerator Design for ATW G. Lawrence, LANL
W3- 1215 Liquid Lead Technology and Engineering Y. Orlov, A. Dedoul. il'PE
i1 - 11115 Break
Continue Liquid Lead Technology N.Li, LANL

: K. Weloshun. LANL
12::%- 153.15  Preogram Plan and Summary F. Venneri, LANL
1315- 1400  Lunch iBox lunches provided) Exccutive Session

i %= 1300 Collaborator’s Comments - Further Derails as Requested
13- 3- 1700 Executive Session

1700 - S0 Verbal Feedback
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Accelerator Drive (Subcriticality) enables versatile
and effective Nuclear Waste Destruction
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ATW Consists of Three Major Functional Blocks

Accelerator

Subcritical
Burner
(multiple units)

Liguid Lead
Nuclear
Technology

. Power to Accelerator: ~10%

Pyrochemical
Processes .
Proliferation . -
resistant, low |
environmental
impact

Spent Fuel

Residual Waste
to Repository

Power
Produqtion -

Power to Grid:
I 90%

Figure |

 J

L 70,000 1ons

~ ATW Waste Treatment is based on Pyrochemical
,  Processes developed at Los Alamos and Argonne

" Réductive Eutriction o aedik
{medipm salt cleapup) - .

Frgure




feedback have very low importance: these systems are neutronically (but not thermally) decoupled from
their neutron source. Suberiticality therefore allows the ATW system to work with any composition of
fuel (or waste) and to greatly relax the required separation in the'waste treatment steps. This makes
possible, in principle, the destruction of any isotopes (actinides or fission products or mixture of both)
with littie concern for théir neutronic behavior. Fertile materials are not needed to compensate for the
neutronic uncertainties or undesirable reactivity responses 6f the fuel, and extended bumup is achicved by
increasing the power of the accelerator drive to compensate ‘the reactivity decrease.

Because of its subcritical mode of operation, ATW will be ideally suited as "incinerator” of material that:
(1) is not well characterized, (2) burns very poorly or niot at all in reactors: (3) has potentially unstable and
hazardous reactivity respornses; and (4) should not for whatever reason be isolated and placed in reactors.
This includes higher actinides such as neptuniun (the worst contributor to 4n oxidizing repository long-
term performance uncertaintiés), americiun and curium; all isotopeés of plutonium and some long-fived
fission products: -In addition, the neutron-poor thorium-uranium fuel cycle, never successfully
implemented in critical reactors, can be uséd rather straightforwardly in accelerator-driven subcritical
sysiems.

3. LINAC

The 1000 MeV reference linac design for ATW is based on consideration of a number of important
issues. These include low beam losses, high efficiency of electrical power to beam power conversion,
reliable operations, insensitivity to errors in alignment and settings, and cost optimization. The design
uses demonstrated cornporients to transmiit the beam through the different energy regimes. Initially the
beam is aceelerated to 6.7 MeV in a RFQ (Radio Frequency Quadrupole) based on a well-defined beam
emerging from a reliable injector. A suitable injector has been working for months at LANL with
currents in excess of a factor of two for what ATW needs and with beam parameters better than the ATW
requirements to ensure low beam loss. In addition, the CRITS RFQ has been accelerating a proton beam
with good transmission and beam parameters exceeding the ATW requirements.

Following the RFQ is a CCDTL. (Coupled Cavity Drift Tube Linac) that will be demonstrated in the APT
LEDA program. . This structure has revolutionized the ability to transport high quality beams from a RFQ
to following structures. The 21.2 MeV beam from the CCDTL is then fed into a set of superconducting
cavities that 1ake the beam up to 1000 MeV. The first type of cavity that accelerates the beam 1o 100
MeV is based on'a “spoke” resonator design that will require some testing before it is fully qualified for
this program. All indications are that there should be no probléms with this geometry because there
should be no problems with the required field levels in the cavities and previous tests with these lower
beta structures showed their benefits,

The last stage of acceleration will be with elliptical shaped cavities: these have been demonstrated 1o be
able 10 meet the required performance regimes necessary for ATW. The ATW linac length is 355m with
an r{ power need of 42.3 MW for a 40 MW beam. The accelerator was designed for 40 MW in order to
be able to drive ap to a total 2000 MWt fission power, which'could be distributed within one or more
modules. The first Demo ATW is projected to be a 500-1000 MWi system.

4. Ft) YC oGY

spent fuel treatment technology is dertved from pyrochemical processes developed for plutonium
production at Los Alamos [5] and the Inegral Fast Reactor program at Argonne (6], Pyrochemical
processes wereé chosen over the conventional aqueous processes because they are proliferation resistani -
group separations are used instead of single species separations; dllow the processing media, molien saits
and liguid metals, tobe recycled multiple-times thus reducing secondary waste; and allow for short



wernaround times for waste treatment - radiolysis and decay heat are not significant issues [7]. In
addition, the product from the electrochemical processes is easily fabricated into fuel for the system, The
central developmetit issue for process chiemistry is 10 establish process scaling information by designing,
fabricating, and testing various separation systefs and then using that information to develop a more
detailed material tiglance for the fuel treatment processes and process plant parameters. An ATW fuel
treatment facility would be similar to the fuet cycle facility proposed for the Advanced Liquid Metal
Reactor (ALMR) Program [8]. The foliowing sections provide a brief overview of process chemistry and
fuel technology for the ATW system.

4.1 Process Chemistry

The tlow sheet, shown in Figure 2, gives an overview of the flow of material from a spent fuel storage
facility 1o the repository. Process technologies are based on' modifications of existing technologies so as
10 achieve the ATW process requirements (see section 1). A brief description of the flow sheet using as
an example the conversion of spent uraniuin oxide fuel to ATW fuel and the recycle of ATW fuel
tollows.

Spent fuel chopping and decladding found at the front end of the flow sheet is a mechanical process that
chops the fuel tods into small sections and allows for the separation of the spent fuel, uranium oxide,
from the clad matrix, zircalloy. This process is based on technology used at the major reprocessing plants
in Europe. Separation of the oxide fuel from clad material is desired so that the clad material is not
carried into the chemical processes. The clad material could beused as the inert matrix in ATW fuel,
Fission product gases, primarily xenon and krypton; relessed during the decladding process are collected
by cryagenic nmiethods, or in getter-beds, and sent to storage. - The gas collection system is based on
technologies used in Europe and those stiidied and proposed for use in the US.

Spent oxide fuel is converted 1o metal by the direct oxide reduction process. This process involves the
reaction of calcium metal with the oxide fuel to produce calcium ‘oxide and heavy metal (i.e., U, Np, Pu,
Am, Cm). Itis completed in a calcium chloride molten salt flux maintained at approximately 1025 K.
Some fission product partitioning takes place during the oxide reduction process. Fission gases are
released from the matrix of the oxide fuel and are recovered by the same methods described for the
decladding systerh. Active metals, such as cesium, strontium, and barium, are paititioned to the molten
salt and are periodically removed from the salt duting the direct oxide reduction salt recycle process,
placed in engineered slorage containers, and sent to the repasitory. Iodine is also partitioned 1o the
molten salt and recovered from the salt during the salt recycle process. It is collected by eryodistillation
methods, fabricated into targets, and transmuted in the ATW system. The heavy metal produced in the
oxide reduction process is sent to the electrorefining system.

Electrorefining is used to partition the uranium, transuranics (TRU), and fission products. The system
uses electrochemical methods to electrotransport the'U from the anode to a solid cathode. The U-bearing
cathode is removed from the system and either sent 10 storage or recycled. An eutectic mixture of NaCl-
KC! molten salt, at approximately 1000 K, is used as the transport medium. Noble metal fission products
(i.e., Zr, Mo, Ru, etc.) remain at the anode heel in the cell. ‘The anode heel is subjected 10 a second
electrorefining process to-further reduce the amount of TRU present'in the matrix. It is then sent to the
technetium recovery process before being discharged to the repository. TRU's and rare earth fission
products remain in the molten salt. This sal( is treated by the electrowinning process.

Electrowinning is an electrochemical process used to electrodeposit the TRU's from the NaCI-KCl mollen
salt. The TRU's, present in the molten salt as complex chlorides, are reduced at the cathode of the cefl. A
sacrificial anode is used to react with the free chloride prodaced by the reduction of the TRU"s. The
TRU's are transferred to the vacuum casting fuel fabrication systemn. Fuel for the system is 85% Zr, or



zircalloy, - 15% TRU clad in steel. The molten sait is recycled to the electrorefining system afier the rare
earth fission products are removed from the-salt by a reduetive extraction process. After the extraction
process, the rare earths are collected, oxidized, packaged, and sént to the repository.

Technetium is removed from the electrorefining anode heels and sent to the ATW systein for
transmutation. Tc is separated from the anode heels by oxidation of the anode metals followed by the
distillation and condensation of Tc 01, TeyO; is converted to Te by a direct oxide reduction process. The
Tc metal is alloyed with Mo or Ru, fabricated into targets, and irradiated in ATW. The remaining
transition metal oxides are packaged and sent 10 the repository.

The back-end of the fuel cycle uses processes similar to those used at the front-end. Spent ATW fuel is
chopped and decladded by standard techniques. 1t is transferred to an electrorefining system where the
TRU's are partitioned from the active metal, noble metal, and rare earth fission products. These TRU's
are sent to the vacuum casting system where fresh ATW fuel is fabricated. Fission product gases released
during the clectrorefining processes are collected by the aforementioned methods. Noble metais are
removed from the electrorefining cell, transferred 1o the Tc recovery process, and ultimately sent to the
repository. Periodically the TRUJ content in the transport molten'salt is decreased by using the
aforementioned electrowinning process. Also periodically, the rare earth fission products are removed
from the electrorefining salt by reductive extraction techniques and are collected, oxidized, packaged, and
sent to the repository.

Although electrorefining is used in both the front-end U removal and back-end TRU recycle process,
differences exist between the two systems. The front-end system is larger than the back-end system.,
about 400 kg of U is electrotransported in the process as compared to about 8-10 kg of TRU in back-end
process. The process parameters, cell operating current and pfocess time, are quite different. Moreover,
the back-end system must be designed to process Pu-rich mixtures of TRU instead of low enriched U.
Scaling of the electrowinning systems follow that of the electrorefining system.

4.2 Metallic Fuel

Existing technology is used wherever possible in the ATW nuclear subsystem. The primary exception is
the ATW fuet. The need to eliminate uranium from the waste, the desire to use LWR clad (zircalloy) as
the inert fuel matrix, and the desire to make processing as simple and waste-free as possible drives the
fuel form to a zirconjum-based metal matrix with an initial transuranics loading of about 15%. The fuel
is a high melting alloy (> 1900 K) and at the operating temperature of the transmutation system is a solid
solution of TRU in alpha zirconium. Metallic fuels have 1ong been proposed for use in ALMR’s and have
been studied in experimental reactor facilities. Much like other development metallic fuels, ATW fuel
will require both irradiation and materials compatibility testing. Specific issues include fuel swelling,
burn-up limits, fission product, especially fission gas, in-growth, fuel / clad interactions, and fuel / clad
bonding materials.

5. LEAD-BISMUTH EUTECTIC NUCLEAR COOLANT AND SPALLATION TARGET

L.ead-Bismuth eutectic (LBE) possesses some unique physico-chemical properties, making it an excellen
nuclear coolant and spallation neutron source. LBE’s (44.5wt% Pb - 55.5w1% Bi) low melting point
(123.5%C). high boiling point (1670°C) and very low vapor pressure allow for a wide operating
temperature range, eliminates coolant boiling and enhances tircuit safety. The high density of LBE
combined with wide perinissible temperature range 6ffers extraordinary natural convection cooling
capability for enhanced passive safety. LBE's low chemical activity inhibits violent reactions (fire and
explosion) with air and water. The sealed vessels and circuits readily prevent air-borne lead
contamination from exceeding established industrial standards (0.01mg/m” in Russia, 0.03mg/m’ in US),



The choice of LBE coolant for the ATW system is based primarily on two factors. First, the LBE can be
used as both the coolant and the spallation target. .Second, the use of LBE results in a negative overall
coolant void and temperature reactivity coefficient [9].

The integration of nuclear coolant and spallation target in the current ATW cancept drastically improved
the subcritical burner design by simplifying flow configuration, material compatibility and removing
target structures in high proton and neutron fluxes. LBE has very high useful neutron production during
spallation and extremely low neutron capture cross sections. This neutron transparency allows for a
widely spaced core with much reduced pressure drop and pumiping power requirement. The coolant is
also sell-shielding against gamma radiation.

A schematic of the ATW nuclear subsystem is shown in Figure 3. The choice of the pool configuration is
consisient with the objectives to use proven solutions (the pool configuration was chosen over the loop
option for LMRs worldwide) and to maximize safety. The attinide-containing region is 2 m high by 2 m
in diameter. An 0.6 m diameter central region contains LBE that is used as the spallation target. The top
of the target is located 0.15 m above the mid-plane of the actinide-containing region, and a window
separates the inside of the beam tube from the LBE. Passive systems are used to ensure that if LBE
temperature exceeds that expected during normal operation the beam tube will be flooded with LBE,
effectively removing the neutron source from the actinide-containing region and shutting down the
transmutation process.

An intermediate loop could be avoided to reduce cost and in fact some Russian designs place a steam
generator directly inside the primary pool. However, it was decided to adopt an intermediate heat
exchanger in the ATW concept to contain polonium (produced by neutron capture in bismuth), spallation
products and other radioactive isotopes. The secondary coolant is non-radioactive LBE. A minimum ! m
thick LBE reflector surrounds the waste assemblies on all sides. This reflector helps minimize required
actinide loading, flattens the power density across the fissioning region, shields the vessel walls from fast
neutrons, and provides thermal inertia. A core map is ptovided in Figure 4.

5.1 Existing Russian LBE Nuclear Coolant Technology

Although LBE can be rather corrosive and can be contaminated by solid admixtures due to interaction
with construction materials and oxygen, the Russians developed the “heavy metal technology™ to mitigate
these adverse effects by selecting proper materials and actively controlling oxygen thermodynamic
activity in the coolant. The essence of this technology is o adjust the oxygen level in LBE coolant so that
a self-healing protective oxide film can grow on the surface of the structural materials to prevent
corrosion, while no excessive oxygen is available 1o form solid admixtures (mostly lead oxide). The
Russians successiully deployed this technalogy in their nucléar submarine reactors and have over 70
reactor-years (150 MW1 units) of experience [10].

In the US, Brookhaven National Laboratory first tried to use liquid lead-bismuth as a coolant. atiempting
to protect the container walls from corrosion by adding inhibitors, such as zirconium, possibly forming a
surface layer of zirconium nitrate or carbide [11]. This solution was not satisfactory because of the
difficulty in maintaining a consistent protective layer during opérations. Afier extended study. the US
project for a fead-cooled submarine reactor was abandoned.

The surfacing of viable Russian lead technology is opening the door to the possible commercial use in
power producing nuclear plants. Russian designs for small (100MW?1) and large ( 1 000MW1) reactors are
being evaluated. If is widely believed that thesc designs obviate many of the problems inherent 1o
sodium-cooled reactors, such as positive void coefTicients and fire hazards.



6. AN IMPLEMENTATION SCENARIO

The dedicated nature of ATW and the flexibility afforded by subcriticality combined to give us many
possibilities for implementing ATW for effective waste destruction. We will examine one possibie
implementation scenario. Many others can be developed similarly [9].

6.1 Spent Fuel Backlog Transmutation in 65 Years

By the year 2015, there will be 70,000 tons of US spent fuel containing about 600 tons of plutonium and
higher actinides requiring disposal. The ATW objective is to treat the spent fuel backlog, destroy the
transuranics and selected fission products, and prepare the resulting waste for permanent disposition in a
geologic repository within a relevant time horizon.

Twenty one ATW sysiems are brought on line to accomplish the objective over a 65 year period. Each
ATW system consists of an accelerator (1 GeV, variable current 20-40 mA), a subcritical 2000 MWt LBE
burner, and a pyrochemical plant (50 tons/year throughput per burner). Several of these ATW systems
could be located together in one facility. and we have exantined the possibility of having three ATW
facilities. The parameters for the ATW burners are as follows:

Fission Power: 2000 Mwi; Thermal 1o clectric ¢fficiency : 40% ,

Power to Grid: 700 MWe: Recirculated power: 100 MWe (67 1o accelerator, 33 to plant operations).
Operational TRU Inventory: 3000 + 1000 kg. ConversionRratio: 0.0: Process losses: /1000,
TRU Burn Rate: up to 650 kgivr., TRU Burn efficiency (Rate/inventory): 16.25% .

Of particular relevance is the fact that each 2000MW1 ATW burner can destroy up to 650 kg of actinides
(plutonium and transuranics) per year, and that 700 MWe would be available for distribution to the grid
from each burner, after powering the driving-actelerator and the plant. In the three-facility scenario, every
four years a new ATW system is brought on line at each site. -As'the burners and accelerators reach the
end of their operational life, they are decommissioned, and the fuel from the decommissioned burner is
sent to feed other still operational burners. Eventually, the1ast system in operation at each site will
receive alf the remnant waste and destroy it down to less than | ton over a protracted (5 years) inventory
burn-down period (Fig. 5.6).

There are two major characteristics of the ATW that distinguish the accelerator-driven subcritical systems
from critical reactors that had been evaluated for actinide destruction, such as the ALMR: (1) ATW does
not produce higher actinides from a fertile material such as U-238; (2) because ATW is not constrained
by a criticality requirement it can bumm down the end-of-life (EOL) actinide inventory to as low a level as
desired and practical.

6.2 Cost considerations for the burn-down scenario

In general the following key points are known about the cost of an ATW syslem:

* the cost of the particle accelerator will not dominate the economics of ATW, ¢ the pyrochemical waste
treatment processes are acknowledged to be less expensive than traditional agueous chemistry processes
[8]; = the cost of subcritical ATW burners based upon lead/bismuth coolant technology should be
comparable or lower to the cost of critical sodium-cooled reactors; » electricity produced by the ATW
plant could offset operating costs and produce revenue.

bicluding a possible reduction in the cost of the repository introduced by ATW._ it is reasonable to
conclude that the economic prospects for ATW are encouraging, possibly providing an economic gain
along with its other benefits.



1. CO SIONS

ATW destroys virtually all the plutonium and higher actinides without reprocessing the spent fuel in a
way that could lead to weapons material diversion. Onée demonstrated and developed, ATW could be an
essential part of a global non-proliferation strategy for countries that could build up large quantities of
plutenium from their commercial reactor waste. ATW technology, initially proposed in the US, has
received wide and rapidly increasing attention abroad, especially in Europe and the Far East, with major
programs now being planned, organized and funded. Substantial convergence presently exists on the
technology choices among the programs, opening the possibility of a strong and effective international
collaboration on the phased development of the ATW technology.

If the job of nuclear waste destruction has to be done quickly, safely, and with reasonable invesiment, we
believe that a dedicated, once-through subcritical burner (AT W) system would provide the most effective
option. ATW can provide, within a realistic nuclear technology envelope, a way to destroy the undesired
products of nuclear energy generation. This is a new instrument in the field of nuclear systems: it could
accomplish the destruction of all transuranics (including plutonium) and long lived fission products, or
only a residual portion, if recycle of Pu in existing critical reactors is deemed acceptable. The
technologies introduced and developed for ATW (liquid lead/LLBE nuclear coolant, pyrochemical
processes, high power accelerators) will also have important applications to, and could well constitute the
back bone of future nuclear systems (both critical and sub-critical).

ATW systems could be used in a series of different scenarios, including the expanded, sustained or
declining use of nuclear power. The ability to demonstrate such a flexible means of destruction of waste
will be very important in fostering the confidence that a "forever” legacy of waste is not the unavoidable
consequence of having once used nuclear power. or by the saime token in promoting the acceptance of
nuclear power as a viable and environmentally susiainable large-scale energy source.

8. ACKNOWLEDGMENTS

The authors wish to thank Wolfgang Barthold and Mario Carelli for important contributions to the ATW
concept. This research is funded by Los Alamos Nationil Laboratory LDRD. The internal Los Almos
Report number for this paper is LA-UR 98-985.

9. FUR ING

(1] Committee on Separations Technology and Transmutation Systems, “Nuclear Wastes: Technologics
for Separations and Transmutations, ™ Nat. Academy Press, Washington, DC, 1996

(2] G. Michaels, “Potential Benefits of Waste Transmutation to the U.S. High-Level Waste Reposilory™,
AIP Conference Proceedings 346: Int’[ Conf. on Accelerator-Driven Transmutation Technologies and
Applications. 8 (1995) and references therein.

(3] C.D.Bowman et al., "Nuclear Energy Generation and Waste Transmutation using an accelerator-
driven intense thermal newtron source.” Nuciear Instr. and Methods A230, 336 (1992).

(4] C. Rubbia, “A kigh gain Encrgy Amplifier operated with fast neutrons ™', same as [2]

[51 D.C. Christensen, L.J. Mulliris, “Plutonium Metal Production and Purification at Los Alamos,” in
Plitonium Chemistry, Carnall and Choppin, Eds. Am.-Chem. Soc., Washington D.C. , 409 (1983)

[6] J.J. Laidier, J.E. Battles, W.E. Miller, and E.C. GAY, “Development of IFR Pyroprocessing
Fechnology.” in Proceedings of Global '93, (1993).

(7} M.A. Williamson, “Chemistry Technology Base and Fuel Cycle of the Los Alamos Accelerator-
Driven Transmutation System,™ in Proceedings of Globat "97, 263 (1997).



(8] Bums and Roe Company, “ALMR - Fuel Cycle Facilities. Design Report and Cost Estimates ™,
GEFR-00942, BRC-448 (1995).

(9] F. Venneri et al., “Accelerator-driven Transmutation of Waste (ATW)} Technical Review at MIT ™,
LANL Report, LA-UR-98-608.

[10} Communications and contract reports from the Institute of Physies and Power Engineering
(Obninsk) and EDO-Gidropress (Podolsk), Russia.

[11} ). R. Weeks and C. J. Klamut, Nucl. Sci. Eng. 8, 133 (1960).



Agenda for Two Days

Thursday
- 08:45 -09:30 Welcome and Introduction S. Schriber
09:30 -11:30 ATW Overview F. Venneri

11:45 -13:15 ATW Demonstration Conceptual Characterization
M. Carelli, Westinghouse STC

14:00-15:00 ATW Nuclear Performance M. Houts

- 15:15-17:15 ATW Process M. Williamson; A.
Schake

Friday

08:30 -09:30 Accelerator Design for ATW G. Lawrence
09:30 -12:15 Liquid Lead Technology Y. Orlov, IPPE; N.
Li; K. Woloshun
12:15 -13:15 Program Plan and Summary F. Venneri

14:00 -15:00 Bechtel, N-G, Sandia, LLNL
AANE—




Charge

T - - s y———-

Comment on ATW technology choices and status.

Provide feedback on where emphasis shouid be given
within the program.

In what areas do you have concerns and issues? What
recommendations do you have?

Comment on five year program -- elements, goals and
possible accomplishments.

—A-ANSCE—



“Reducing the Impact of Nuclear Waste”

ATW Overview

Francesco Venneri
ATW Project Leader

Los Alamos National Laboralory

-- ATW Project --



ATW addresses SPENT FUEL MANAGEMENT 1ssues:

e Plutonium Accumulation
* long-term Uncertainties

- Efficient use of Resources



How ATW assists Nuclear Waste Management

 Efficient destructfon of transuramc: waste praduced in reactors

. Transmutat:on of Iong-lzved ﬁssron products of :mpact te
repository petfonnance o Ce s

e Full utilization of energy content in nuciear waste for power
production f f - |







ATW and spent fuel:

what,

why

WhY: | water solubility | criticality source term diversion | problem daughters heat
what: and transport

Cladding — - low - —
Uranium high low low Tow High
Plutoninm - fow ‘high high high high
Neptunium high low “high high* high
Other Act. fow fow high low high
Tc, P kl'gh' ——- fow — .
Sr, Cs high* high*
Noble metals HJow low
Lanthanides low low low low
Volatiles - - - .-

high



ATW and spent fuel: how

Cladding ATW plans 1o use the LWR cladding material (zircallovi as matrix for its fuel elements
(S0-90% Zr atom fraction with remainder transuranics).

Uranium Uranium is separated from spent fuel, for furnre use in reactors or disposal.

Plutonium All plutonium isotopes are fissioned. Diversion concerns are eliminated. Long term heat
source 1s eliminated.

Neptunium Neptunium is destroved. = Np is the worst contributor 1o aqueous dose releases.

Minor Actinides | ATW destroys all minor actinides tagether with plutonium and neptunium. No buildup of

heavy actinides occurs

Technetium, I

ATW isolares technetium {we know how to do this) and iodine (we are working on it} and
transmutes them info stable elements. No isorope separation is required.

Strontium, Cs

ATW separates Srrontium and Cesium (high heat producers). These are stored in
oprimized engineered wasteforms. - short term large heat release rate has no effect on
the remainder wasteforms containing longer half-life residuals

Noble metals
Lanthanides
Volatiles

ATW separares the noble merals, lanthanides and volatiles into specific wasteforms.




Effect of Transmutation

on Thermal Power of
spent LWR fuel
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Effect of Transmutation
on Ingestion Toxicity of
spent fuel

0. 1% cumulative
process losses
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ATW features that make a difference in
dealing with nuclear waste destruction

* no new TRU production via neutron capture
« near-complete burndown of TRUs at end of life

 low-loss fuel recycle processes



ATW compares favorably to other S+T schemes:

*ATW has better transmutation performance
faster, more complete, requires smaller investment

*ATW has simpler processing requirements
smaller number of steps, more proliferation resistant, less waste

details will be provided in the course of the Revien




Performance Drivers in the ATW concept design :

Fast Burn Rates, Low Inventories

Capability for rapid materials inventory reduction
Minimized economic impact

Safety

Engineering design clarity. defense in depth.
inherent safery

Proliferation Resistance,
Low Environmental Impact

Restraints .... (Constraints)
No Liquid Fuel
No On-line Processing



Drivers provide basis for ATW systems and technology choices

Fast Burn Rates, Fast Spectrum, Subcritical Operation,

Llow Inventories Variable Current Drive, EOL burndown,
Conversion Ratio = 0, Tc burnable poison

Safety Liquid lead-bismuth coolant/target, solid
fuel

Proliferation Resistance, Limited Batch Pyroprocessing
Low Environmental Impact




Fast spectrum operation offers considerable neutronic advaniages
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* Efficient neutron production and utilization

» Avoidance of buildups of the very high actinides (Am. Cm, Bk, Cf)
* Fast spectrum eliminates need for rapid fission-product poison removal
* Leakage neutrons can be thermalized for FP transmutation {if necessary)



Accelerator Drive (Subcriticality) enables versatile
and effective Nuclear Waste Destruction

Proton
Heat Exchanger: to

ATW Burner Beam “\—\————; steam-driven power production -

P —  (up to 40% efl)

Typical Power: = : . : N
2000 Mwt —_  __ L A
' S = _Beam
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Window
I e
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NN
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. Region (solid
Py - actinide fuel)

why subcriticality has advantage for
wasie destruction:

& Power control is not linked to

reaclivity feedbacks, delayed

- neutrons or to conirol rods, but

only to the accelerator drive

e ATW has no need for ferlile
materials. ATW uses pure
tran_su_ranic cores.

® Subcritrcal systems work
independently of the fuel

com fon

eEOL inventory is not limited by
criticality. Possible to have EOL
burndown of inventory

® Neulronics and thermohydraulics
are effectively decoupled
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The insertion of 1.03 of reactivity in ATW systems only increases
the steady state power level by ~5%
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Increased coolant temperature

5.945

0.940

k effective

0.936

0.930 b=

normal 1000C 1600C 10%boiling

Because of slow and self limiting response to reactivity changes. and because aof strong negative feedback of
coolant temperature. ATW can use cores with little or no negative Doppler (high fraction of rransuranics)



Variahle accelerator drive provides constant power
operation under extended burnup, without fertile materials
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... we don’t have to resort to liquid fuels



Ic as Burnabie ‘Poison”
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Molvbdenum-Technetium alloy can be cast into rods suituble for irradiation (other possible)
Ruthenium does not need 1o be processed because of low cross section



ATW Fuel Elements

Drivers: non-fertile actinide based fuel, high melting point. compatible with pyrochemical processes.
recycle of waste material, existing experience.
Selection: Transuranic metal fuel in inert Zirconium matrix.

B composition 85-90% Zirconium, 10-15% Transuranics
= melting point ~ 1400 °C

= 316 SS clad, lead bond (He also possible)

m excelient solubility of actinides in Zr phase

= phase equilibria established

m prepared by vacuum casting

m utilizes zircalloy discard cladding from spent fuel

®m considerable experience exists with metallic fuel
~ 80%2r 20%U Naval Fuel
~ 75%U 15%Pu 10°% Zr IFR Fuel

Issues:
irradiation Behavior
Swelling
Bonding compatibility
Fuel bundle geometry
.- Backup: Oxide fuel



The choice of liquid lead/bismuth (LBE):

1. Very hard neutron spectrum

2. No violent reactions with air or water

3. Low melting, high boiling points. Low vapor pressure. Large At. possible.
4. Excellent medium for natural convection (essential for passive safety)

5. Very low neutron absorption. Large P/D ratios are possible. Very low core
pressure drops

6. Materials compatibility established

7. Very effective gamma shielding material and spallation neutron source

Early problems with LBE nuclear systems (corrosion of structural materials, oxygen
balance, handling of Polonium) have been successfully solved (Russian experience)

LBE systems are a natural choice for subcritical configurations driven by
accelerator beams. LBE is an excellent spallation neutron source and
nuclear coolant. One-fluid systems can be readily designed.




ATW uses the same fluid for target and core cooling -- no target structure

The effect of very high energy
spallation neutrons on structural
materials is minimized

THE ATW BURNER WINDOW IS COOLED
BY THE LIQUID LBE CIRCULATING IN BN

- THE CORE beam guide radius = 25 cm
beam radius = 20 cm

EFFECTIVE target radius = 30 - 40 cm

beam energy > 1 GeV

Estimated éﬁergtional life >2 YEARS

LB E ﬁ-‘lkd()W coolin g under relevant
beam conditions will be tested on the
LANL/IPPE target at LANSCE (2000)




Lead as spallation neutron source has been succesfully
tested on large scale at Los Alamos, codes benchmarked
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Spallation residual nuclei production is less than 200g/MW-yr of beam

Residual nuclei per incident 1 GeV proton on LBE
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Design Objectives for ATW Accelerator

A linac for an ATW facility should be designed:

e To have vervy high electrical efficiency (ac to bean power)

» For minimum capital and operating costs

e For minimum spatial footprint {short length)

» To vary the power on target over a wide range

e To have high availabillty and operational flexibility

e To use the best mix of established technology {APT) and anticipated technology
advances

--- High-Gradient SuperConducting (HGSC) Linac
Nominal beam parameters:

40 MW proron beam
1000 AfeV 40 mA 100% Jdury



THE CHOICE OF PYROCHEMISTRY :
Waste Treatment Technology

The OBJECTIVES:

* Rough separation of Uranium (95-99%) from the spent fuel prior to
introduction in the ATW burner

* Periodic recycle of the ATW fuel during operations
* Periodic cleanup of the processing medium

* PYROCHEMISTRY ALLOWS FAST, BULK-TYPE SEPARATIONS.
* ITIS NOT ADVERSELY AFFECTED BY HEAT OR RADIATION.
* IT PRODUCES VERY LOW AMOUNTS OF SECONDARY WASTE.

NONE OF THE PROCESSES PROPOSED PRODUCES “NAKED” PLUTONIUM.



Spent Fuel | ATW Waste Treatment is ‘based on Pyrochemical

70,000 tons i Processes dev_eloped at Los Alamos and Argonne

Electroretining

Fabrication




ATW Waste Forms provide FP partitioning
for good Repository performance

Transition Metal Oxides (contain reisual TRU)
Rare Earth Oxides

Active Metals in engineered storage

Xenon, Krypton

Assemblies, hardware

Uranium

repository
repository
repository
gas storage
repository
LLW



ATW Design Objectives

Subcriticality level: such that nature of the fuel is unimportant for operation
of the system. We have 0.967 as our highest ievel.

Power level: economy of scale important. Maximum allowable beam size
important. Proton damage to window might be driver. Windowless
designs could play important role. We select 2000 MWt, with a beam drive
20-40 mA at 1 GeV.

Accelerator: 40 mA, 1 GeV. Operates at 75 % rated power (ramp 20-40 mA).

Power density: high power density means low inventory. Also short cycle
length. We select 300 w/cc, 7 kw/ft, 120 day cycle, 3000 kg inventory

Passive cooling: 300 MW natural convection capability (15% of rated power)

Process rates: these are governed by the power density. 60 day wait, 60
days to process 1/3 of core. Process inventory is 1000 kg TRU.

Burndown: 5-year special operation. Objective is EOL inventory < 300 kqg.



A Specific ATW Scenario:

Treatment of 70,000 tons
Snent Fuel Backiog



ATW Burner Parameters for Scenario

Fission Power: 2000 MWt

Operational TRU Inventory: 3000 + 1000 kg

TRU Burn Rate: 650 kg/vr

TRU Burn efficiency (Rare/inventorv): 16.25%

Conversion ratio: 0.0

Thermal to electric efficiency : 40%. 800 MWe

Recirculated power: 100 MWe (67 10 accelerator, 33 to plant operations)
Power 1o Grid: 700 MWe

Process losses: 1/1000



#of ATW Burners
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TYW irnolzrnzriziiion scenzrio

Number of ATW units. coming on line. closing down

Time (vears)
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Burndown

P ATW burner i1

vedrs operational life. 2000 MW




Largz rzduciion in Transursric Inyezniory
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The key to the vast improvement over the use of ALMRs is the ability to handle pure
transuranic cores. without fertile material and to reduce EOL inventory beyond criticality



YV = Pigford-Choi TRU reduction factor = TRU in original waste / current TRU inventory

W (Pigford-Choi factor)
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Rough Costs for Scenario

Baseline Assumptions:

OsM

CAPITAL COST___

Electric Sales = ' ) .
Thermal power per bumar (MWL~ 2000 = = 20 _ 40,000 _
coversion ratio 40%

Elgctric power MWe - gross

Component. - _  Unit cost ($M) ___ Quantity _Tolal Cost {SM)
Waste Treatment
Cleanup Facility ) R
Accelerators. . %500 _ = 20 - %i0.,000
Subcritical Bumer =  _ $750¢ . 20
Power Conversion & Distribution . $750 . 20 __ $15.00D

_... 1000 ? ...$1,000

_..._$500 oA . __$500_

. $15,000

LIl T SOTALGAPIIALCHARGE = §41,500

Tl sv2as i A . s1,245

Unit power per accel instalfion 100 20 2000

_Net powar for sale ==> (MWe) 14,000

Cost_of electrcity {mitskWe-h) ==> 30
~ Plant availability ==>_ 75%

Annual revenue from Electic Sale ==> (SM)  $2.761

Net annual revenue for ATW opton — $1.516




Rough Costs for Scenarie

40-year Operations

5 year Consfruction 5-year Decommission
d T T > T M T ¥
- -
%40B |- : S8 REEEREE
- -5
2 - -
3 3 : .
g ] ]
° ] : g 1 Cost
o 0 v -
w - é = -
2 - \/— Revenue
= - ’ -
3 320B - Tt o g o S s e
E - : : :
S - 1
$40B : -
0 10 20 30 40 50

Years (collapsed)

ATW waste destruction could provide economic benefits



ATW Balance

7{) 000 tons of Ypf’n! ﬁw
600 rons TRU

Crariony

65 vears




ALMR> (2000-MW1 parky
each park is 4 modules

ATW ( 2000-MW1 unirsy

TRU iminal

IRU im'emm_T iper wna o park. Core+ Process)
Breeeding Ratio

TRU destruction rate i 73% avail. )
TRU destruction ratio 1rate/imveniory)

Decomiamination Facror

600 rons

~T20+ 5150 = 12.870 kg

-
7

[

B

130 kghr
1.01 S/ir

1000

600 1ons

3000 + 000 = 1000 Kg
0.0

650 keghr

16.23 SAir =~

1000

Campaign time

~320yrs(¥ > 15)

# required (ALMR parks or ATW units) |33+24+17+12+9+.. = LIG***

waste 10 reposiory
1otal electricity produced (40 eff.)

residual TRU inventory

5300 tons
~JO.E+12 kw-hr

~ 39 tons

~65yr(V > 200)
20%+*
3000 rons
~ JO0E+12 kw-hr

< I ron

¥ = Pigford-Chet fuctor = TRU m onginal wasie
* from STATS panel report
*=  >30% during burn-down phuse

=== dil-veur plani life

¢ current TRU inventory




Other Scenarios



ATW can be efficiently deployed to complement many
different fuel cycles and waste management scenarios

40 71— Th fuel no MOX*

- E : : : F
- - - H - 4
: E +

3 den. Th/U fuel (80/20) no MOX"

s . ) 1 (India, ifal
N { tindia, taly)

1 U- based fuel 2 MOX**
1 (France. Japan)

L i e

U- based fuel 1 MOX
{Belgium, Spain. Germany, UK)

ATW Support Ratio

U- based fuel NO MOX
{US, Sweden, S.Korea)

0 3 A H I S SR
20108 40x10° 60x1° 80x10° 100x103
CANDUs — LWRs — — HTGRs —
Fuel Burnup (MWD/#ton)

ATW Support Ratio = the number of reactors
whose aclinide waste is destroyed by one ATW * [arge fraction of - P
system of the same thermal power ** large fraction of minor aciinides




What You Should Remember About ATW

It is a Nuclear Waste Management enhancmq technology

Addresses issues of repository storage capacity and the longevity

of radiological hazards:

destruction of all transuranics

transmutation of Tc-99 and 1-129, other isotopes if required

partition of all other fission products for optimal disposal

radiotoxicity of ATW wasle after 300 years is lower than d:rect—dfsposal waste
after 100,000 years

It is reactor-like in scale and function. Produces usable energy by
destroying nuclear waste

Its components are based on proven technology, can be directly
transfered to nuclear power production

Although spent fuel is processed, weapons-usable material is not
made available

It is adaptable to different fuel cycles

e In the mission of waste destruction, it is significantly faster and
more complete than the other S+T schemes |



S-vear Development Plan

Small-scale Integration

ATW Subcritical Testbed
Facility (STF) at LANL

DEMONSTRATION of
Accelerator-driven Waste
Transmutation system

10-20 MW beam

200-1000 MWk




Power to Grfd :




ATW Design Objectives

Subcriticality level: such that nature of the fuel is unimportant for operation
of the system. We have 0.967 as our highest level.

Power level: economy of scale important. Maximum allowable beam size
important. Proton damage to window might be driver. Windowless
designs could play important role. We select 2000 MWt, with a beam drive
20-40 mA at 1 GeV.

Accelerator: 40 mA, 1 GeV. Operates at 75 % rated power (ramp 20-40 mA).

Power density: high power density means low inventory. Also short cycle
length. We select 300 w/cc, 7 kw/ft, 120 day cycie, 3000 kg inventory

Passive cooling: 300 MW natural convection capability (15% of rated power)

Process rates: these are governed by the power density. 60 day wait, 60
days to process 1/3 of core. Process inventory is 1000 kg TRU.

Burndown: 5-year special operation. Objective is EOL inventory < 300 kg.



Many engineering, technological and safety problems of ATW are common to
reactors. Russian experience will be very valuable in development of design.

Engineering Variants

Coolant Type Pb-Bi Pb

Target design | Windowed Windowless

Target cooling system | Separate circuit Same as blanket
cooling system

Number of circuits 2 3

Coolant circulation Forced circulation Natural convection

Fuel type Oxides Metal

Fuel rod type & fuel Spacing by Spacer grid

assembly design rib wrap

Safety Considerations

Freezing/defreezing coolant technology PO decontamination Loss of heat sink accident
Steam generator tube rupture Oxygen level control Loss of coolant circulation




ATW DEVELOPMENT

Beam Power |Fission Power | Power Density] Fuel Type {Neutron Flux| Chemistry
LANL-IPPE Target (1999 - 2001) . "
no fissionable matesial Competency I MW - 500 wicc - >10**]3  |Oxygen control
development. High radiation environ.
Window testing, TH stressed
Subcritical testbed (2001-2010) 1-2MW 10-30 MW 100 wicc  Y0,(20% enr.} | >10%*[4 Po removal
Limited fissonable inventory. Could use 0.75-0.9 keff metal fuel test Oxvgen control
LANSCE. TRU fuel development + test,
ATW demonstration (2007 - ) 10 - 20 MW | 500-1000 MW 100 wice metal fuel >10**]5  Afully integrated
Conservative approach. Forgiving 0.95 keff 1/ - TRU core waste treatment
Operation. Could be at SAS/APT. N '
Chermistry, FP transmutation., full TH +Hransmutanon

20 - 40 MW 2000 MW 350 wiee metal fuel >10**]5  (fully integrared

ATW full size burner (2015 - ) 0.97-0.93 keff full TRU core waste treatmeni

Full TRU destruction performance.
Acceferator load foflowing, extend. burn,

+iransmuiation




SUBCRITICAL REACTOR CONCEPTUAL CHARACTERIZATION

THE ATW DEMONSTRATION PLANT

Marto D. Carelli. Tom J. Fagan, Larry Green.
Dmitry V. Paramonov. and Wayne L. Chase

Westinghouse Science & Technology Center

M. Houts

Los Alamos National Laboratory

A presentation to MIT. Nuclear Engineening Department

January 15-16. 1998

@) W estinghouse

\Z/ Science & Technology Center



OUTLINE

* Approach
* Point Design
* Preliminary Performance Calculations

 Future Effort

(-W, Westinghouse
\T=/ Science & Technology Center



HEAVY METAL (LEAD BISMUTH
EUTECTIC) COOLED REACTOR

* Transfer Soviet technology (Alpha class submarines)
* No need for separate target

* Potentially safer than either water or alkali metal cooled
reactors
— Very high boiling point
— No pressurization needed
— No violent reaction with air or water
— Self-plugging leaks (melting point higher than room temperature)
— Natural circulation potential under normal operation
— Can be designed to be passively safe

P

(q N‘) W estinghouse
=/ Science & Technology Center



APPROACH

* Minimize development
— Russian cooperation
— Utilize water and sodium reactors experience

« Safety/design conservatism has precedence over
economic performance for demo

e Qutline potential improvements for future
designs

"'.‘;,\ Westinghouse

=/ Science & Technology Center



WHY A DEMO

Demonstrates new technology
Identifies development needs
Easily scaleable to prototype

* Design and operation experience

Provides realistic test bed

@) W estinghoust

Science & Technology Center



DESIGN CHOICES

* Pool configuration

— LMR experience

— Safety
* Intermediate heat exchanger (IHX)

— Polonium and other radioisotopes containment
Nuclear steam turbine

- LWR experience

— More compact IHX and steam generator

— Margin for upgrading

(’{',}‘-—] W estinghouse
2=/ Science & Technology Center



ATW REACTOR SCHEMATIC

To steam drum 271 °C !

)
—
Primary 404 °C 0.391x108 kg/hr
() pump
i Steam
510 °C |~ Overfliow & generator
L Nt/ i J | ~ purification
;‘ Secondary —
( L pump
AN ~ )
Core || I\ H’
—{||] 1000 i 340 °C Feedwater
| MWt - '~ 200 °C 177 °C
\ — -—
.\ Pb-Bi Eutectic 0.391x108 kg/hr

*0.471x108 kg/hr

1. 15

One of Three Loops

Westinghouse
Science & Technology Center



DESIGN CHOICES (Cont’d.)

* Hexagonal canned assemblies
— LMR experience
— Orificing to offset radial power distribution
— VVER and thermal breeder experience for
triangular pitch grids
* 1000 MWt reactor design
* Core inlet/outlet temperatures 340/510“C

— Same as Russian design

 “Diluted” core
— Enhance natural circulation
— Moderate power density

(Vv' Wesiinghouse
=/ Science & Technology Center



VVER (TEMELIN) FUEL ASSEMBLY
(ATW ASSEMBLY HAS 91 PINS)

@ Westinghouse
Science & Technology Center



ATW REACTOR SCHEMATIC

e oy

2:()

—:T“"

@
P

{

T

(I

—— —— e ————— —— Sty | —

Westinghouse
Science & Technology Center



COMPARISON OF COOLANTS FOR

NATURAL CIRCULATION

Coolant | Reactor | Tin/Tout | Driving Head (Ap) Heat Capacity (pc; Margin to Boiling
(ﬁC‘) (T'ha?-!i‘Tﬁuz )
| g/em | normalized J/m""_K normalized =C normalized
; 10°
Pb-Bi ATW | 330/510 | 0.205 1 1.53 1 1160 1
eutectic |
Ph BREST | 420/540 | 0.146 0.71 1.50 0.9% 1185 1.02
Na CRBR | 38R%/335 | 0.036 0.1% 1.08 0.71 350 0.30
H-O | 4loop | 283/325 | 0.073 0.36 2.93 .91 18 0.02
| PWR
|

@ Westinghouse
:') Science & Technology Center



CORE GEOMETRY

Outer diameter Im

Inner diameter 0.8 m
Height 2m
Hexagonal assemblies. triangular pitch

# assemblies 416

# pins/assembly 91

Pin diameter 0.8382 cm
p/d 1.69

Cladding thickness 0.46 mm
Pellet diameter 0.7068 cm
Gap (metal bond)* 0.2 mm
Can flat-to-flat 13.5cm
Can thickness 3 mm

*He gap alternative is considered
Westinghouse
0w ¥
@ Science & Technolagy Center






Steady-State Demo-ATW Radial Power
Profile

Relative Power Density vs Radial Position {cm)

Power

Peak/Average

19 g un wy u} 0y i i uy
h=2 0y L M~ o] o o — (o] [ ] h* ¢

Radial Position {cm)
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PRELIMINARY LIMITING
TEMPERATURES

Coolant None (boiling point is
higher than all other limits)

Vessel 700°C (Russian data)
Cladding 800°C (Russian data)
Fuel 1200°C (LANL, Zr matrix)

(’@) Westinghouse
=/ Science & Technology Center



PRELIMINARY UNCERTAINTY FACTORS

Enthalpy Rise 1.8
Film AT 2.0
Cladding AT - 1.5
Gap AT 2.0
Fuel AT 2.0
Radial peaking factor not 1.1
compensated by orificing

@ Westinghouse
Science & Technelogy Center



PIN RADIAL TEMPERATURE PROFILE

1200 - :
i - )
! ! o——C With uncertanties | 7-160 cm i
-i o——e Nominal | ' *
10007 - - S ;
o L AR 1
— i "k\“‘\\\h '{ % ; ;

) A P ;
‘5 \\\\ i : l s
E 8()()i """""" : o \\"“}\\ - l% .r
2 | RN
e | Fuel W ;
sool - T ;
L i Clad :
E‘*\Q\‘\.’L. Coolant |
M S

: i

400 S

0 0.1 0.2 0.3 04 0.5

Radial position {cm)

(fm Westinghouse
=~ Science & Technology Center



HELIUM GAP TEMPERATURE DROP (NOMINAL)

00

200

1080

Ciap temperature drop (deg, (1

0 0.05 0l Q.13

Gap size tmmy

@) Westinghouse

Science & Technology Center



INTERMEDIATE HEAT EXCHANGER

p 2 halves of 60 x 70 rows - 4200 tubes . iagem
(2.23 cm diameter x 2.14 m length) : | ' ’
each on a triangular pitch - P/D =15

“* Overall dimensions: 2.58 x 2.14 x : e

 5.22m ; |

; g — ‘\
e H-27 steel (3 Cr, 0.8 Mo) \ y

TR IOnS

* Primary fluid (outside tubes) velocity = :
0.463 m/s, AP= 3.6 psi X

* Secondary fluid (inside tubes) velocity
=0.921 m/s, AP = 5.9 psi

@ Westinghouse
Science & Technology Center



PRIMARY SYSTEM HYDRAULICS SUMMARY

Paramefer Pumps On Pumps Off
v qug Exit Temperature (°C). 510 631
1 Core Temperaturg Rise (°C) 170 295
_:.-_E;Mass Flow Rate (kg/sec) 3.96x10° 2.32x10¢
Core Pressure Drop {(pst) 5.0 1.9
Core Flow Velocity {m/s) 0.79 0.47
IHX Pressure Drop (psi) 3.6 1.3
IHX Flow Velocity (m/s) 1.0 0.6
|/ Piping Pressure Drop (psi)’ 4.6 1.7
| Pum'p_Pressure Drop (psi) - 1.0
“--HiTotai Pressure Drop (psi) 13.2 5.9
i Convection Head / Total Pressure Loss 0.25 1.0
Pumpmg Power (MWe) 0.73 -

" Conservatively estimated at ~50% of total calculated value for core and IHX

vt | Westinghouse
L N L o Science & Technology Center



PUMP FAILURE ACCIDENT -
ESTABLISHMENT OF NATURAL

CIRCULATION
50000 | 18
s |
2 40000 o 143
e | 3
T 30000 JPta 110 2
‘E’ “ \"‘- i ' g
= Lo 12
% 20000} c g O
£ | _ L a
5 | E
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®

Westinghnuse
Science & Technology Center



BEAM ON, PUMPS OFF ACCIDENT - TRANSIENT
THERMAL RESP.NSE (NOMINAL CONDITIONS)

700

600

/m/m

Temperature ("C)
o -
o
Lo}

400}

- Core inlet

-500 0 500 1000
| | Time (sec)

West nghouse
Science & Technology Center



L.oss of Heat Sink Accident
(Beam Off, IHX Off, Pump Off)

650

o))
o)
o

550

Coolant temperature (°C)

""" )
/”‘/I
500 ' // — ,
10° 10 10° 10° 10° 10°
Time (sec)

®

Westinghouse
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PASSIVE SAFETY CORE
“SHUTDOWN?”

ToiFrom Steam 3 Cold pool
Generator - L tavel nominal)
i g ;
R U wih pups
2 e operating
- 202 B P NIl BEE A
----- B R ISR S R
/_,/_/ Coolani level
A7 wilh pumps off
- and at nominal
i/ temperalure
. Hot pool
- fgvel fnomina!) H Rl
with pumps y T
operating 1" Pump
Hol
] H L . - Ponl
PATENT PENIE\'CK
1 Cold Pool
_K\‘\\..
2 T Yesse!
. i ’._’//_ ............
~—— |
1 - Quter pipe T .
2 - Beam pipe \ Core
3 - "Coid” beam windown e
4 - Meitable plug T
5 - Oufer pipe epening
§ - "Hat" window
Direction of sootant
fiow in an accident o
§
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FUTURE HIGH PRIORITY ANALYSES

Detailed core physics/power distribution
Core orificing

Reactivity insertion transients

Window design

Reactivity swing over lifetime

Fuel management

@ Westinghouse
Science & Technology Center



SUMMARY CONCLUSIONS

Established Design Philosophy and Exercised Design
Choices
Taken Maximum Advantage of Past Experience

Established Necessary Framework for Technology
Transfer

Preliminary Performance Calculations are Very
Encouraging

Excellent Passive Safety Capabilities and Potential
Outlined Plan for Next Step in Design

@ Westinghouse
Science & Technology Center



ATW Nuclear Performance

Los Alamos National Laboratory
- ATW Project -

- Presented by: Michael G. Houts

Nuclear Systems Design and Analysis Group

Prepared with: David 1. Poston and Holly R. Trellue



Outline

ATW System Description

Experience Base for the ATW

ATW Safety

ATW Waste Cycle

Technetium Transmutation

End-of-Life (EOL) Inventory Reduction
Research Needs

Conclusions



ATW System Description
 The ATW point design is not yet optimized, but is
intended to meet ATW goals:
— Less than 3000 kg steady-state actinide inventory.
— Greater than 500 kg/year actinide burnup.
— Greater than 40 kg/year technetium transmutation.

e The ATW point design has a lower 1nvent0ry and a
higher burnup rate than the ATW Demo.

* The ATW Demo and the Subcritical Testbed Facility
provide the data and experlence necessary to build the
ATW.



ATW Builds on the ATW Demo

Parameter ATW Demo ATW -
Coolant  44.5%Pb/555%Bi  44.5%Pb/55.5%Bi
Power (MWt) 1000 2000

Fissioning Maternial (Np/Pu/AmvyCm)Zr (Np/Pu/Am/Cm)Zr
Power Density (MW/liter) 0.076 0.34

Vessel Material / Clad Matenal 316 SS/ 316 5SS 316 SS/316 SS
Average Linear Heat Rate (kW/ft) 6.4 7.3

Fuel Cycle, Nominal (Full Power Days) 360 100

Actinide Inventory, no Tc Buming (kg) 4900 2400

Actinide Inventory, with Tc Buming (kg) 6400 2960

Average Coolant Velocity (m/s) 1.2 <5

Prompt Reactivity Feedback Near-Zero Near-Zero

Overall Reactivity Feedback Negative Negative




The ATW Demo w111 have Demonstrated
Key Requirements and Features of ATW

* Beam transport and beam window.
* Flowing LBE target.

* Assured beam shutoff (or removal of spallation
- source from waste region).

» Operation with small delayed neutron fraction.

e Operation with near-zero prompt reactivity
feedback.

. Operatlon with uncertainties 1n the composition
‘and physics of the Waste



In addition to utilizing Russian LBE reactor
experience, ATW also stays within relevant FFTF

experience.
Parameter FFTF ATW
Power‘Density (MW/liter) 0.39 0.34
VesselMaterial/ Clad Material 304 SS/ 316 SS 316 SS/316 SS
Average Linear Heat Rate (kW/ft) 7.3 7.3
Fuel Cycle, Nominal (Full Power Days) 100 100
Demonstrated Capacity Factor 0.75 Not Known
Average Coolant Velocity (rmvs) 6.4 <5
Coolant delta-T (C) ” 170 250
Prompt Reactivity Feedback Negative Near-Zero
Overall Reactivity Feedback Negative Negative
Coolant Sodium 44.5%Pb / 55.5%B8i
Po:‘\we.r (MWt) 400 2000
Fissioning Material 25%Pu0,/75%U0,

N —

(Np/Pu/AmyCm)Zr




ATW has Excellent Neutronic Safety Characteristics

v Lo . .

Keff vs Percent Compacﬁon
2 m x 2 m Waste Region, Steady-State

1.005

0.995

0.99

_ 0.985

E 0.98

0.975

0.97

0.965

0.96
0.955

K_eff:

Volume Percent Compaction

retains subcriticality with up to 13% volumetric compaction.



ATW has Excellent Neutronic Safety Characteristics

Relative Power

093 o 09

Large reactivity insertions result in small power increases.
Fission power rapidly drops to zero if source is removed.

Relative Power vs Keff Assuming Constant Neutron Source

e

1.4

2

_21



' Simple Waste-Burning Scenarios
give Adequate Performance

» 3-zone scheme has adequate performance
(improvements possible).
* “Fresh” waste pins placed in Zone 3, moved

to Zone 2 after 1st burn cycle and Zone 1
after 2nd burn cycle.

» After burn cycle in Zone 1, waste 1s
processed, actinides concentrated to obtain
desired reactivity, and waste refabricated
into pins. Then waste inserted into Zone 3.



Simple Waste-Burning Scenarios
give Adequate Performance

Spallation

Target

Reflector






Mass (kg)

400

350

300

250

ATW Steady-State Waste Cycle

Isotopics of Steady-State ATW Batch (2-GW, 4 month burn cycle)

Batch moves R3-R2-R1; then actinides concentrated and enriched with LWR discharge, and moved into R3
(the difference between the first and last bar is the SS feed rate, except for U238)

Into region 3 (0 mo.) - 1055kgof transti;énic__
Ointo region 2 (4 mo.) - 990 kg of transuranic
" Olnto region 1 (8 mo.) - 915 kg of transuranic

™~
L3
o
jo R

0 Out of region 1 {12 mo.) - 815 kg of transuranic

System transuranic inventory
Beginning of cycie = 2960 kg
End of 4 mo. cycle = 2720 kg
{40 kg Tc99 burned per cycle)
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Variabie accelerator drive provides constant power
operation under extended burnup, without fertile materials

-————r—7————1——— 35

—e— Beam power irelafive to inmal)j

1 25
: '
: o
] N ok
- 320 =
X ] =
415 =
=
_,

ffffff : N 4 1.0 (inital power = 10-20 MW)

4075
0_9 [ a 1] i ] 3 i i i i a ) 0_5
0 20 40 60 80 100 120

Time (davs)

.... we don’t have to resort to liquid fuels
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ATW has an Acceptable Power Profile

Relative Power Density Vs Axial Position (cm)
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ATW EfflClently Transmutes
Technetium

* Increases actinide loadmg and acceptable
cycle length B

. Hardens neutron spectrum it unmoderated
increasing eta and reducmg build-in of
higher actinides.

* Moderated targets allow use of Tc as
burnable poison, and increase Tc
transmutation rate.



ATW Eftticiently Transmutes
Technetium

‘Tc transmutation rates greater than the required
rate (40 kg/yr) are easily attainable.

Highest transmutation fraction attained by closely
mixing Tc with moderator pins.

More than adequate Tc transmutation feasible
through use of moderated targets radially
surrounding the fissioning region or possibly Tc
impregnated end-reflectors within the fuel pins.
Fast-spectrum transmutation of Tc in the
fissioning region also has reasonable performance.
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ATW Inventory Reduced at EOL

When a plant reaches end of operational lifetime (EOL).
residual actinide inventory transferred to remaining plants.
The final remaining site (Two 2 GWt plants) will be used for
burn-down.

As inventory drops, actinides are concentrated. waste region
size reduced, and power is reduced as needed. Fast spectrum
maintained as long as practical.

Moderator introduced at EOL to attain very low (100 kg)
residual inventory while maintaining reasonable multiplication.

Reduce residual Np and Tc inventories to less than 5 kg.



“Waste Mixtures with no Plutonium can
be burned.

Actinide Loading and Power Density vs Actinide Fraction
in Fuel (1000 MWt)
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Research Needs from Subcritical Test Facility
and ATW Demo

 Fuel (Waste) Performance (Demo)

— High actinide burnup.
* Fuel (Waste) Handling (Demo)

— Rapid shuffling, removal, and insertion.
 Materials (STF)

— Relatively high LBE flow velocity and delta-T.

e Interface between beam and waste burner
(Demo & STEF).

— High beam power, beam power density.



Summary

A logical path exists for developing ATW systems.
ATW has excellent neutronic safety characteristics.
ATW burns actinides efficiently.

ATW transmutes technetium efficiently.

ATW has a low EOL actinide inventory.

ATW fuel is well suited for processing.

ATW reduces actinide and technetium waste inventories
by 3 orders of magnitude.



ATW Process Chemistry

Los Alamos National Laboratory
- ATW Project-

Presented by: Mark A. Williamson
Nuclear Materials Technology Division



Outline

ATW process chemistry requirements
ATW waste treatment flow chart
Process chemistry simulations

* LWR spent fuel

« ATW waste treatment
Waste streams

Technetium and ATW

Conclusions



AT v Process Chemistry .s Proliferation Resis.ant
and not Complex

e Transuranics are separated as a group for burning in ATW,
no weapons usable material is produced during processing

e Technetium and iodine are separated for transmutation in
ATW

* Secondary waste minimized

* Segregated waste materials produced for storage
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A1 WV Process Simulatio.« Routines Benchmai ced
with Experimental Data

* SOLGAS - equilibrium thermodynamic calculations based
on free energy minimization, routinely used in process
simulations for 25 yrs

— Direct Oxide Reduction (DOR)
— DOR salt regeneration

* TRAIL - mass transfer modeled with diffusion layer theory,
Kobayashi et al., J. Alloys and Compounds 197, 7 (1993),
code written by Y. Hu and N. Li, verified with U
electrorefining data

— Electrorefining

— Electrowinning



gt
i

Direct Uxide
Reduction Salt
¢




LWR Waste Treatment Simulation

One PWR fuel assembly
33 MW day / kg average burn-up
150 days cooling time

Composition data from Nuclear Chemical Engineering,
Benedict, Pigford, and Levi



Spent Fuel Decladding Produces Feed Material
Jor Oxide Reduction Process

* Support hardware removed from assembly
* Pins chopped by traditional methods

* Oxide fuel separated from clad material, sent to oxide
reduction process

 Clad used as source of Zr for ATW fuel

* Offgas released by decladding process is collected, sent
to storage
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Electrorefining of PWR Assembly Provides

Uranium Separation

Input Materials |
398 kg HM from #2

385 kg U
3.98 kg TRU
3.98 kg RE

20 kg U™
188 kg NaCl-KCl

Operating Conditions

I=500 A
Time = 265 hrs
T=1000 K

U

éﬁthode

QOutput Materials

Anode to #4
5040 g NM
2800 g U

15 g TRU
14g RE

Molten Salt to #5

10200 g U

3965 ¢ TRU including Np
3966 g RE

188 kg NaCl-KCl

Cathode
392 kg U

Four Batches of 99.5 kg HM with U* re-enrichment to 6% in molten salt




arge

h

ISC

D

T

duc

Re

“

Oluiput Materials

NM

2
e

-t

rom &3

wadde |

e

18.8 kg NaCl-K(l




Electrowinning Provides Feed Material

N

for ATW Fuel Fabrication

Input Materials
molten salt from #3
10200 g U

3965 ¢ TRU

3966 g RE

4334 ¢ Na as alloy
188 kg NaCl-KCl

Sacr\if;"ic‘:'ié\'l*‘ | S
Anode - - | Cathode

Operating Conditions

=500 A
Time = 6.2 hrs U

3.7 hrs U/TRU/RE

T=1000 K

Material from one PWR assembly

- Qutput Materials

‘Molten Salt to #7

3466 g RE
192.3 kg NaCI-KCl

- Cathede
- U extraction
9200 g U

U/TRU/RE extraction
to #6

1000 g U

3965 ¢ TRU

500 ¢ RE
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" Reductive Extraction Process Removes Rare Earths
from Molten Salt

Input Materials
Molten salt from #5
3466 g RE

Output Materials

Molten Salt to #3

1707 g Na as alloy 189 kg NaCl-KC(l

188 kg NaCl-KCl

Metal Phase
3466 g RE

QOperating Conditions

Time = 8 hrs
T=1000 K




Direct Oxide Reducuon Salt is Recycled
after Chlormatzon and Calcium Regeneratwn

8 !
Cathode

 Input Materials |

oL QOut gut Materials
- Chlorination

189 kg CaO N Chlormatmn
187(} kg CaCl, S

239 kg Cl, 12244 kg Ca(l,
L |54kg O,
‘Electrowinning |

2244 kg CaCl, ' Electrowinning

- ‘recycle to #2

— — 1870 kg CaCl,
Operating Conditions 135 kg Ca

T= 1000 K 239 ke Cl,
Electrowinning

I=2250 A

Time = 80.2 hrs

Treatment of four batche_s of DOR salt



Treatment of 70000 t of Spent Nuclear Fuel in 60 yrs
Requzres 2 t/ day / Plant"‘

Pmcess Plant Parameters

System Batch Process ‘Number of |- Capac:?y Operating
(kg HM) Time (hr) Systems |  Per day Parameters
Decladding 400 24 6 2400
DOR 120 8 6 2160
SR 8000 A
DOR Salt . _ _.
Recycle 121 (Ca) __20 6 726 . (8 kW)
Electrorefinning ' 8000 A
T s - 400 17 S 2000
LWR fuel (8 kW)
Eie{‘fmreﬁ_qning 3 P 5 15 500 A
Anode Polish (500 “r)
‘Electrowinning 500 A
U/TRU/RE 18 10 5 90 (500 W)
Reductive - N
Extraction 3.5 8 - 21
Fuel = _ -
Fabrication 4 12 . 27
Offgas Xe and Kr crvodlstﬂlatmn
System - and collection S i

- Two chemical plants are required to treat LV - .

and ATW waste, 300 day/vr - 24 hr/day.
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ATW Waste Treatment Simulation

One ATW waste fuel assembly

182 MW day/ kg average burn-up

60 days cooling time

Composition from ORIGEN calculations



Chopping ATW Asscinbly Produces Feed
Material for the Electrorefining Process

Support hardware removed from assembly

Spent ATW fuel chopped into small (~0.5 in) sections
using traditional methods

If no fuel / clad bonding material is used, cladding is
sent to storage

Offgas released by chopping is collected and stored
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Liectrowinning TRU jrom Process Salt Allows
for Salt Recycle

11 Sacrificial | . )
| Anode " :f. | Cathode

Input Materials

molten salt from #10
1720 U

7390 ¢ TRU

500 g RE

QOutput Materials

Molten Salf to #13
400 g RE

2852 g Na as alloy 190.8 kg NaCl-K(Cl

188 kg NaCl-KCl

Cathode to #12
U/TRU/RE extraction

1720 U

7390 g TRU

100 g RE

Operating Conditions

I=500 A
Time = 6.1 hrs U/TRU/RE

T=1000 K

Molten Salt from 10 electrorefining systems
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Treatment of ATW Waste Requires
360 kg / day / Plant*

Process Plant Parameters

System Batch Process Number of | apacity Operating
(kg HM) Time thn Systems per day Parameters
itkg™)
Electrorefining 1.7 6.7 1 160 500 A
’ (500 W,
Electrowinning 9.2 6.1 1 9.2 300 A
(500 W)
Reductive o
Extraction 0.3 8 1 0.5
Fuel 4 6 5 100
Fabrication
Offgas Xe and Kr cryodistillation
System and collection !

*Twao chemical plants are required to treat LWR and ATW waste. 175 dav/yr - 24hr/day.
* Includes Zr in ATW waste




Projected TRU Waste Qutput to Repository

Treatment of LWR spent fuel

— simulations indicate 12 ppm TRU waste output with
anode polishing

Treatment of ATW 'Spelit fuel
— simulations indicate 10 ppm TRU waste output

Higher process loss may be present in engineering scale
systems

Total TRU sent to repository, 60 yrs operation: < 300 kg in
approximately 900 t of NM



ATW Provides Segregated Waste Streams for
Disposal

 Uranium - low level waste, radioactivity of natural U

* Maetals - repository
— spent fuel clad and fuel assembly hardware

* Transition Metal Oxides - repository
* Lanthanide Oxides - repository

* Active Metals
— engineered storage containers, repository



Treatment of ATW Waste Offers Advantages over
ALMR Fuel Reprocessing

* Less material to process, U is not present at significant levels
— smaller batch size, 45 kg instead of 400 kg
— moderate operatmg current 500 A instead of 8000 A
- possnble reduced cost

* No deleterious effect of fission product carry-over into fresh
fuel



Process Chemistry Issues Addressed in 5 Year Program

* Develop process scalability information by designing, fabricating, and
testing various size electrochemical cells, reduction systems, and reductive
extraction systems

* Develop more detailed material balance for process chemistry

* Verification of separation efficiency for electrorefining and
electrowinning processes at 10 kg scale

* [Establish complete thermodynamic database, e.g., Cm and Np

* Verification of proposed ATW fuel preparation process at kg scale,
provide fuel for irradiation experiments

* Verification of multicomponent reductive extraction process at 10 kg scale



Technetium and ATW

- Los Alamos National Laboratory
- ATW Project-

Presented by: Ann R. Schake
Nuclear Materials Technology Division



In a Repository ...

...the high mobility in ground water and long-
lived radiotoxicity makes accountability of
technetium extremely important.



Yucca Mountain Geology

Unsaturated
Zone

Saturated Zone

<—— Welded tuff

‘ﬁ.x"‘_hfdff¥§ffﬁ?zeolites

~2 km thick tuff

(volcanic a._‘sh) layers

hlghly 'frac"t”ured

water table ~500 m
below surface

proposed repository in
water-unsaturated zone






Tc Mobility is a Concern for a Repository

Tc and TcO, are easily oxidized to Tc,0, and subsequently TcO,’
—~ TcOy is extremely mobile in the environment

Reducing conditions are needed to maintain TcO,
~ Expect oxidizing conditions at Yucca Mountain

~ In POLLUX containers a large excess of Fe is needed to retain
reducmg conditions (Fe:Tc = 14700:1)

— Even under reducmg conditions radlolysm forms TcV!

Tc release rate is 1-2 orders of magnitude greater than that for Cs
and Sr

"Tc half-life is more than four orders of magnitude greater than
137Cs and *'Sr



ATW Provides a Solution to the Concerns
Posed by Tc

* Tc exists as an alloyed metal in spent fuel.
— Tc metal can be recovered and made into targets
— 70000t inventory contains about 5.3 t of Tc

. Tcis transmuted to Ru ‘by_ neutron capture in ATW

* Tcis transmuted in either fast or thermal spectrum
ATW system



Technetium is Isolated in the Anode
of the Electrorefining Process

Tc Recovery

~ Oxidation of Tc, and anode metals, forming Tc,0;,
« Other metals will also be oxidized, e.g. Zr, Mo, Ru

— Distill and condense Tc,0,

e Tc forms the most volatile metal oxide of those
present

— Direct oxide reduction to recover Tc

— Alloy Tc¢ with Mo
» Mo is a good host for Tc, ~10 atom percent solubility
‘of Tc in Mo



Thermodynamic Properties of
Tc and Related compounds

Species | Melting Point (K) | Boiling Point (K) BO?IEOY Pressure “;’53)1(
Te 2445 4850

Mo 2890 4885

Re | 2883 | am

TcO,’ (dec. 1173K) | | 345¢-11 | 7.26e-5
Tc,0, 392 “ 583 1.26e-3 72.4

| MoO; 1073 | 1428 2.72¢-34 7.08e-15
Re,0, 570 | 635 | 60210 2.54

*Thermodynamic data shown is for ReQ,.




Experiments Planned for the Five Year Program

* Separation experlments on Re/ Mo and Mo / Tc oxides
and alloys R o

— bench-scale tests using Re as a Tc surrogate
— distillation experiments

— DOR experiments

- aHoy studies

. ‘Non-aqueous oxidation potential for Mo, Re, and T¢
— important for ER process



Summary

Recovery and transmutation of Tc in ATW reduces the
uncertainty associated with Tc management.

* Chemistry of Tc in a repository environment is established

* Process chemistry is established for the recovery of Tc

- Oxidation, distillation/condehsation, oxide reduction

* Tcis transmuted in either fast or thermal spectrum in ATW
system



Conclusions

Pyrochemical processing provides the link
between spent fuel clean-up and the TRU
burning in the ATW system.

Process chemistry builds on existing experience
Spent fuel treatment flow chart established

Simulations indicate processes are viable and produce
minimal TRU discharge

Minimal secondary waste produced
Main process chemistry issues identified



Accelerator Design for ATW

George Lawrence
Project Leader for APT Accelerator Design
Los Alamos National Laboratory

Presentation at
ATW Technical Review

Massachusetts Institute of Technology
January 15-16, 1998



Outline

» Accelerator design basis

* Proposed ATW linac design

* Relation to APT |

. Te_(_:__h_nica&l issues and ED&D program



Design Objectives for ATW Accelerator

A linac for an ATW facility should be designed:

¢ To have very high electriea. efﬁcaency \ac to beam power)
 For mmlmum capltal and operatmg costs

+ For rmmmum Spatlal footprmt (short Iength)

* Tovary the power on target over a mde range |

« To have hlgh avallabuhty and operatlonal ﬂexlblhty B

* To use the best mix of estabhshed technology and anhcnpated
technology advances ' . -

Nominal beam parameters
* 40 MW proton beam
* 1000 MeV, 40 mA 100% duty
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for ATW

Norm

1al-Conducting

Proton energy

CW beam current
Beam power
Total BE power
Linac AC powar

Peak coupler “ower

g%%‘i}fﬁi}ﬁi} es
Klystrons (1-MW)
Linac length
Aperture radius
Cryoplant load (2K)

Mwwiﬂ
{M

M”ﬁ

1000 MeV
40 mA

f*z ?&éﬁiﬁ&? ;
%ggi‘? MW
95 MW
200 kW

2087119

56
5 m
3/4/5/7.5 cm
5 kW

W

;‘




High-3 Superconducting Linac Architecture ( = 0.71)
Singlet Lattice, 4 Cavities per Cryomodule

1-MW 7OOMH2 Kiys{ron

Energy span 240 - 1000 MeV Section length 199.5 m
Eaccelera{ing 15.2 MV/m KlyStI’OHS 38
Eaverage 4.41 MV/m Power/coupler 200 kW
5-cell cavities 76 Power/klystron 800 kW
Cryomodules 19 SC quadrupoles 95



Global Accelerator Parameters

Parameter Value
Output proton current 140 mA
Duty factor. 100%
Final energy of NC linac (MeV) - 21.2
Final energy of SC linac (MeV) 1000
Length(m) - = - 1345
RF power (MW) - 1446 |
Number of kiystrons 13 at 350 MHz; 53 at 700 MHz
Number of cryomodules 31 |
Number of NC accelerating cavities 106 x 2
Number of SC accelerating cavities 134
Number of NC quadrupoles 105 x 2
Number of SC quadrupoles 165




NC Linac Parameters

Freguency {MH2z)

Parameter RFQ CCDTL
Structure gradient (MV/m) 1.38 2.04 - 1.86
Average gradient (MV/m) 1.38 0.77 - 1.03

Length {m) 8.0 29.6
Synchronous phase. (deg) 1-30 -30
Quadrupole lattice period BA 8-90A
Number of quadrupoles - 105 x 2
Focusing lattice - singlet FODO
Aperture radius {cm) 0.23-0.34 1.0
Copper RF power loss (MW) 1.26x2 1.02 x2
Beam power (MW) 0.26 (.58
Total RF power (MW) 2.8 2.6
Number of klystrons 3x2 3x2
Energy range {MeV) 0.075-6.7 67-21.2
Number of accelerating cavities |4 x 2 105 x 2
350 700




Superconducting Linac Parameters

Parameter =025 P=035 p=048 p=071
Initial energy {MeV) 21.2 46 100 | 240
Final energy (MeV) 46 100 240 1000
Structure gradient (MV/m) -B.6 9.3 1112 . 1152
Active accelerating fraction - 0.166 10.215 0.252 0,290
Average gradient (MV/m) - '1.43 12.00 2.82 4.41
Energy gain per cavity (MeV) 20 . . 3.0 . 1 5.0 10.0-.
Synchronaus phase: {deg) -30 -30 -30 -30
RF power per cavity (kW) . . 80 120 200 400
‘RF. power per section: (MW). - 110 . . - 2.2 - 5.6 30.4
RF. coupler power: (kW) 8O 120 200 200
Cavities per cryomodule 6 6 4 4
Klystrons per cryomodule 1 1 1 2
Number of cavities 12 18 28 76
Number of cryomodules 12 13 7 19
Number of kiystrons 2 3 7 38
Number: of SC quadrupoles 14 21 35 85
Quadrupole length (cm): 28 28. 28 40
Number of couplers per ca\nty 1 1 1 2
Focusing - lattice 3 ‘FODO FODO FODO FODO
Cryomodule period (mL 9.7 10.4 8.2 10.5
Section length {m) 19.4 31.2 57.4 199.5
Aperture radius {cm) 3 4 5 7.5
1700 700 700 700

Freguency (MHz)




Integrated SC/NC Linac Provides Optimum Performance
by Exploiting Advantages of Each Technology

« NC Ilnac for low energies
— high- dens&ty magnetic focusing lattice
- — smoothly varying accelerating and focusing parameters
— excellent emittance control of high-current beam
‘— minimal generation of beam halo

» SC linac for high energies
- ehmmatmg cawty RF losses provides very high power efficiency
— very large aperture dramatically reduces beam loss threat
—short cavities provide wide velocity acceptance bandwidth
— gradient adjustability and independent RF phasing allow flexibility
to meet beam-power needs by energy/current tradeoff

— large apertures plus retunability provide increased tolerance to a
wide range of error and fauit conditions




ATW Lmac Design
is Based on AP.;-;;; IeSign and Technology

Developed integrated hlgh-»power 1700—Mev 100-mA linac design.

Issued Conceptual Desrgn Report and Cost Estlmate (confirmed by ICE).

Linac design and ED&D program revrewed by h:gh -level technical panels.
Highlights

— Linac architecture emphasizes large apertures and smooth variation of
parameters for very low beam loss.

L ]

— High-current, high-reliability proton injector in operation.

_-— ngh-energy 100-mA 350- MHz RFQ desngned and bemg fabncated
— Des:gned and modeied CCDTL as solution for low-energy regzon

- Des:gned multicell elliptical cavities and cryomodules for SC linac.
—~ Tested smgle-cell niobium SC cavities for medium-beta (0.48, 0.64).
- Developed 700-MHz 1-MW CW high-efficiency klystrons.

— Worked out control approach for coupled beam/cavity/RF-drive.

— Designed BOP systems for support of high-power linac.



Integrated SC/NC Linac Design for APT Plant

(New Baseline, 10/97)

3-kg/yr Production Rate

Normal-Conducting Superconducting
" Singlet Focusing ” - Doublet Focusing : ]
350 MHz 700 MHz | 700 MHz

I*#'o”(}mA} ' R "4;3-6"‘5'1Mv1m] T 525 MVIm
75 keV 7MeV  100MaV 211 MeV 471 MeV o ' 1700 MeV

High-efficiency operation over wide range of beam power
and tritium production requirements.

10/18/97

APT




High-Level Technical Reviews
Have Confirmed APT Linac Design

JASONS have reviewed APT linac dessgn several times as it has
evolved (1988, 1992 1995 1997).

1997 JASON Re\new endorsed SC high-energy linac design
 proposed as replacement for high-energy NC linac.

* Comprehensive review of APT system design undertaken by
LLNL (11/94); stimulated study of SC high-energy linac option.

MIT Review examined APT linac design when NC high-energy
linac was the baseline (10/94).

APT External Review Committee has provided overall technical
critique and guidance for design evolution.



Transverse Size (cm)

Linac Beam Simulation from 6.7 to 1700 MeV
No Machine Errors Included
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Transverse Size (cm)

Linac Beam Simulation ;‘rom 6.7 to 1700 MeV
Standard Machine Errors Included

Apertiure —»

/ Maximum Particle
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ATW Linac Design is More Advanced than APT;
Provides Efficiency and Cost Advantages

+ Higher accelerating gradient in SC linac
— much shorter linac; reduces length and costs
— 15 MV/m for ATW vs 5 MV/m for APT |
— gradients achieved in TESLA cavity tests

 Cryomodules contain SC quadrupoles in FODO lattice
- — stronger focusing; larger aperture/beam-size ratio
— higher electrical efficiency; minimizes quadrupole power

» SC linac starts at lower energy
— 20 MeV instead of 210 MeV
— reduces RF losses in low-energy linac; increases efficiency
— increases aperture size at low energies
— makes use of 1/2-wave (spoke-type) SC resonators



tor has Demonstrated APT Beam

=

njec

The LEDA |

Performance Requirements and Reliability




Two LEDA RFQ segments are
coupled for measurement of
RF power distribution, con-
firming details of fabrication.




As in APT Design, CCDTL Accelerating Structures will be
Used in the Energy Range from 7 MeV to 21 MeV.

+ Short DTLs, resonantly coupled.
« Combines best features of DTL and SCL.

« Strong RF coupling; field stability.

* Separation of acceleration and focusing.

* Ease of fabrication and assembly.

; external to RF structure.
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Spoke-Type SC Resonators Have Been Developed
for Acceleration in the Low Beta Region

LOHOUC TR T

I oM LAY
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:
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2-gap 1/4-wave resonator
(400 MHz, B = 0.15)

3-gap 1/2-wave resonator
(850 MHz, B = 0.28)



BETA = 0.64 5-Cell Niobium Test Cavity




RF Power System is Major Design Driver in Terms of
Costs, Operability, and Availability

SV 7 o
* RF power dominates acceleratar S A
construction and operating costs..
~ use largest-size RF.generators
~ make full use of klystran output
power capability -+
~ choose fargest pra{:tical value for .
RF power couplers | :

. Circulator -

Spi!ﬁar 807 High-Power
L : Phasa Shifter

» Power sphttlng archltecture. :
impacts RF control, tunnel
geometry, and Imac avallablhty

Wavequtde Sw;tchnq
- {3 Port)

3-8 Hybnd
Splitter
AF Windows

Powar Coupler
200 kW




APT Linac Engineering Development and Demonstration

Low-Energy Demonstration Accelerator (LEDA) will address beam
performance and integration/operation/availability issues for linac front end.

Power test of 100-MeV CCDTL/CCL segments will confirm CW cooling
and operation of NC linac sections with highest heat deposition.

SC cavity and cryomodule prototyping. Three- -stage program wm confirm
SC cawty and cryomodule designs and operability. S

Advanced RF tube development. Prototypes of advanced RF generators
(klystrons, HOM 10Ts) will enable higher electrical efficiency for plant.

High power RF window development. Objective is to develop reliable 1-MW
CW windows that have “mflmte" hfe at 210 kW (nommal operation).

Advanced HVDC power supply development has potential for significant
cost savings.



Purpose and Functions of LEDA
(Low Energy Demonstration Accelerator)

Beam properties Component lifetimes
Characterize: Operational reliability Time to repair/replace

Failure mechanisms

Beam

H* Injector Diagnostics
\ Expander
350 MHz 700 MHz \
A T T 100 mA
’OOO ' C OO Beam Stop
75 keV 6.7 MeV =20 MeV
Demonstrate integrated full-power Qualify vendors
operation of APT low-energy linac. Improve cost estimates

Refine equipment designs for plant.



bfngle-Cell B =0.48 Cav@ Measurements Indicate
that ATW Design Performance is Attainable
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SCRF ED&D Program Will Build
Prototype Cryomodules for APT Linac

System System System




ATW Linac ED&D Program Will Focus on
Accelerator Design and Performance Requirements
that are Different from APT

Development of high-gradient single-cell and multicell SC elliptical cavities
for medium-beta (3 = 0.48, 0.71).

D\evetopfhent of high—gradient single-cell and multicell SC spoke cavities
for low-beta (B = 0.25, 0.35) region.

Development of short SC quadrupoles for SC linac cryomodules.

Development of adjustable RF power couplers to provide efficient
operatib‘n over full range of beam current.

Prototyping of complete elhptical ca\nty medium- beta cryomodules
(including sC quadrupoies)

Prototyping of complete spoke-cavity low-beta cryomodules
(including SC quadrupoles).



Preliminary Cost Estimate for 1000 MeV 40 mA ATW Linac (12/97)
Labor Hours Thousand Dollars {1997)
Prebminary & Componan! Procurement, Prefiminary & | Component
Final Dasign Fabrication & Instaliation 1 Final Desgn | Procure, Fab., Purchased Component
{P&FDH - [PF&Y & Install Material Total
Component Prol Teach Prof Tech Cralt (PEFD) {PF&I)
Injector 7,992 | 4,440 | 4,808 | 9515 | 3835 $1.634 |  $1.684 $326 $3,644
HQ 7,104 2,664 28,892 65,528 5,750 $1,350 $10,005 £7380 $12,235
CCOTL 8,880 5328 | 11,196 | 38,329 | 3,000 $1.847 $5.014 $0 542 $9.403
Spoke Hesonator Cavilies{ 21,312 28,416 14,208 35,620 8.880 $5,683 $5.479 $21,000 §32,153
Eliiptical Cavities 31,968 53,280 15,431 41,873 10,327 $9.,377 ¢ $6,232 544,252 . $59,861
RF Power 15,984 22,644 31,007 . 153,487 | 120,572 $4,369 $22.063 £75.576 $102.008
| Cryoplant 17,760 35,520 7,000 14,800 0 $5,683 £1.920 $£37,000 £44 6803
Linac Controls b 26,640 46.176. 3 62,160 & 79,920 { 26 640 $7,956 $17,405 $11,873 $37.234
[Groundruies & Assumptions ] Lirac Sysfem Subtotal ($k) ==> $301.141
* Hourty Labor Rates {$Mr)
Pmolessional $160 30% Contingency ==> $90,342
Technician ~ $B0
Cralt  $40 [ TOTAL LINAC SYSTEM COST ==>  $391,483 |

= Afl estimales assume a lunctionlng APT linac {in place talent pool)

= All inac {excep! Spoke Resonator) scaled from APT $39 1 . 5 M
* Spoke resonator astimates scaled from "grass roots”™ work done on IFMIF project
* Linac controls inchude all componants from lnac through cable runs and controting computers
+ Estimates above assume successful compietion of a separate technology davelopment program
cavily devalopmenl. spoke resonator & eliplical
- high S fiekds C
+ 30% contingency scated from APTAEMIF valuas considenng increased rsk of the ATW lechnical requiremaents

Note: The Total ATW Linac System Cost Eslimate of $391M is highily preliminary;

The comparable Cost Estimate for the APT (ﬁ kg) Linac |s $980 M



Summary

APT accelerator design and ED&D program is firmily estabiished,
has been intensively reviewed, and has high credibility. An
integrated NC/SC linac is the Project baseline.

ATW linac design rests on APT accelerator conceptual design,
and ED&D program advances.

ATW-specific linac design requirements emphasize higher
electrical efficiency and shorter length compared with APT.

ATW design solution pushes to higher accelerating gradients,
and lower starting energy for SC linac.

A modest extension of the APT program will have high payoff for
support of an ATW-specific advanced linac design.



Stages of development of
LLead-Bismuth as a coolant for
nuclear reactors in Russia

Prof. Yu. I. Orlov

State Scienttic Center of Russian Federation
Institute of Physics and Power Engineering
249020 Obninsk. Russia

IPPE. Obnmsk, Ruxssia



Alexander Ilylch Le_1pun5k

One of the founders of the IPPE.

A member of Ukraine Academy

of Sciences, he worked in the IPPE
in 1949-1972, was a scientific
SUpervisor of the institute and of

all the trends of liquid metal reactor
design. |

In the early 1950s academician
Leipunskii suggested using

lead-bismuth eutectic as a coolant
in nuclear reactors of transport

systems.

LLead-Bismuth eutectic was chosen for its unique qualities.

IPPE, Obninsk, Russia
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The favorable properties
of Pb-B1 eutectic

* The impossibility of explosion and fire at
the alloy interaction with air, water and
vapor because of the low chemical lead
and bismuth activity

e The impossibility of the coolant boiling out

with high energy deposition due to the
high boiling point of Pb-Bi (1670°C),

* The low working pressure of the coolant
in the circuit increases the facility safety,
simplifies the equipment design and
construction, makes significantly simpler
working conditions for fuel elements

IPPE, Obninsk. Russia



[.ead-Bismuth cooled reactors

« Since 1952 the IPPE has been engaged in designing
nuclear power reactors cooled by the lead-bismuth alloy.
Units like these are used in high speed, highly
maneuverable, nuclear submarines.

* In the course of this work a team of specialists has been
formed, an experimental basis has been created, and
experlence in investigation, design, construction and
operation of this type of installation has béen gained.

» Specific features of the reactors being developed required
a complex of investigations to -be done on reactor
physics, heat transfer, hydrodynamms coolant
technology, matema] corrosion, safety, control and
monitoring systems, developmemt of fuel elements and
equipment capable to function in the lead-bismuth alloy
medium,

* According to some publications intensive research on
lead-bismuth was conducted at the same time in United
States and Canada.

IPPE, Obninsk, Russia



[_ead-Bismuth cooled reactors

e In early 1960s the first nuclear submarine,
in which lead-bismuth alloy was used as a
coolant, was commissioned.

» However, in the second half of 1968 there
was an accident with a nuclear reactor.

* The analysis that followed showed that the
cause of the accident was lack of full
knowledge about the coolant.

IPPE. Obninsk, Russia



Pb-Bi alloy properties that can
negatively affect reactor
- performance .

 The Pb-Bi coolant is comparatively
corrosive to the construction matenials.

« Pb-Bi coolant can be contaminated by
solid admixtures during operation due to
interaction with construction materials and
oxygen. | ) |

e At the first stage of work 7wi'th Pb-Bi coolant these
factors caused the following ’

- doamg of Pb-Bi programs in USA

— decrease of operating hfe of the first Nuclear
Power Plant.

IPPE. Obminsk. Rissia






Principle tasks of Pb-Bi
coolant technology

* For the long and safe operation of Pb-Bi coolant facilities
it was necessary to do the following.
— Ensure the corrosion-erosion resistance of the
construction materials used.

— Ensure the cleanliness of coolant and inside
surface of the equipment where the coolant
circulated.

* In order to perform these tasks an extensive program of
research was carried out.

— Pb-Bi alloy properties. physical and chemical
processes that take place in anisothermal circuits.
COrrosion resistance of construction materials.
admixture sources and influence of all these factors
on efficiency of the tacility were studied.

— Large experimental base, including dozens of
circulation tacilities. was created 1in Russia and 1s
still operating.

— Hundreds of experts were involved in solving these
problems.

[IPPF. Obnmsk, Rissia



Corrosion Resistance of Materials

* (Corrosion resistance of materials can be improved by
— selecting suitable steel or creating a special one
~ creating protective film on the steel
— correcting the coolant quality (O:, particulates)

*  Equipment in Pb-Bi facilities. that has to work at temperaturex
up to 450C. requires ordinary stainless steel of kinds 24-1T
(IXISHIOT)Y. 3IT-2302 (1 X15SHYC3B1) of the austenite class.

*  Equipment that has to work at temperatures above 430C 1s
produced from the special steel of ferritic-martensitic class.
* The protective film consists of oxide compounds of steel
components. The basis of the film is Fe:0..
Reacuon of formation and dissociatuon of oxide Fe:0xq is
Jdescribed be the tollowing formula.
20, +3Fe¢ & Fe,0,

with equilibrium constant

IPPE. Obnpivik, Russici
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Corrosion Resistance of Materials

» If there are conditions for existence of phase FezO4, then

' = and connection between ¢, .. . and
Q[Fe\(;)_t] 1’ co twee a{,ﬁe}

o has fixed properties.

« Decrease in concentration of oxygen dissolved in alloy is
possible up to the values that are equal or less than equilibrium
with Fe304.

*  On the other hand, existence of a considerable amount of oxygen
in a circuit 1s undesirable as this can cause accumulation excess
amount of oxide admixtures, primarily, coolant oxide.

* It is necessary to maintain amount dissolved oxygen at a
fixed level.

*  Testing for dissolved oxygen concentration in alloy was done by
a controller of oxygen thermodynamic activity. Controller,
designed and made in IPPE, uses principle of galvanic
concentration register with solid electrolyte. Methods and
equipment for oxygen activity correction were developed also.

These device and procedures provided corrosion resistance for
structural materials at all stages of Pb-Bi facility operation.

IPPE, Obninsk, Russia



Temperature dependence
of thermodynamic oxygen activity
and concentration of oxygen
and iron for lead-bismuth

-lg @
= 600 °C

l [t

7 |Liquid LBE corrosive
- to structural material

“ P Oxide film formation | /
‘11 on structiiral materials

1.0 1.2 1.4 1.6 1.8
IPPFE, Obninsk, Russia
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Cross sections of steels exposed in forced-circulation lead
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Ensuring of cleanliness of
circulation circuit and coolant

* During the long factlity operation accumulation of
coolant admixtures. which can cause some
negative etfects. inevitably takes place. The
composition of depositions formed in the circuit
depend on the construction materials. regime of
operation and can vary greatly.

e The met’hods and devices for removal of lead oxide
(the basic admixture) by reducing it to lead directly
in the circuit were developed in the [PPE.
Chemical reaction of oxides with hydrogen was

applied
PbO+H, =Pb+H.O

* The chosen condiuons for this reaction do not allow
reduction of the oxides that consttute the hase of
the protective films on the construction materials.

* For the removal of admixtures that cannot be
reduced chemically special filters were created.

IPPE. Obnmsk, Rusyia









Conclusion

As a result of the work done on lead-bismuth
cooled reactors the following problems were solved

I Scientitic base tor Pb-Bi coolant treatment
technology was determined.

2 New construction materials for use in contact with
Pb-B1 alloy at temperatures up to 600C were
chosen or created

3 Methods and devices tor control of Pb-B1 alloy

quality were created.

4+ Methods and devices to maintain Pb-B1 alloy
quality were determined.

'

Methods and devices for removal of admixtures
trom the coolant and circuit surfaces were created.

IPPE, Obninsk. Russia



 Complex of methods and means, which are
named “Heavy Coolant Technology”
(HCT) was carefully tested at many
experimental facilities, at a prototype of a
nuclear power plant and was applied to
industrial facilities.

* There were no facilities’ breakdowns
caused by the coolant during operations
due to use of this technology.

» At present IPPE 1s the world leader in lead-
bismuth coolant technology.

IPPE, Obninsk, Russia




Influence of Spallation Products
on Mass Transter Process

*  New clements generated by proton beam 1n spallation reactions can take
part in difterent chenucal reactions disturbing chemical equihibrium in the
circuit. The most important among these reactions are oxidizing reactions
with formation of nonsoluble oxides. Reactions with reducuon
o1 e, with taking oxvgen from oxide} are especially importanmt since they
Jestroy protecting films on structural matenals.
*  New elements formed 1n spallation reactions may be divided into three
Zroups
i elements with oxygen affimty less than lead will be
dissolved in lead-bismuth withour oxide formation (Au. Ag.
Pt. Hg Os. Cu. TL Pb. B
AG 2 -160kJ /g —atom ar 3007 C
2. elements with oxygen affinity between the values for lead
and won will be dissolved or oxidized depending on
thermodynamic activity of oxygen.
Re. As, Te. Sh. Co. Ni. Mo, Sn. Fei
—160kJ / g —atom > AG > -=230kJ / g — atom
ar 300Y C

3 elements with oxygen atfimity higher than iron will be able
o cause reduction in FesO: and destroy protective film in
some conditions (lantamdes, gatlogens, atkaline elements.
Be. Y. Sc. AL Ge. Ti. Hh

AG <-230kJ /I g—atom ar 300°C
* Inthe whele. analysis demonstrated that for 10-20 MW circuits influence

of admxture~ generated by proton beam on mass transter process can be
noticeable and requires special attention

IPPE. Obrisk. Riossic



Pb-Bi1 and Pb coolant
Experimental Base in Russia

Facilities

Investigation’s

Coolant

Temperature

Coolant

- 0 : , Coolant
field C SSW/ ;";te Voju me
m-

I | CBT-3M | Thermohydr | Pb-Bi | 160-450 . | 20 0.1
aulics
Technology

21 UCP Technology | Pb, 160-650 |6 0.1
Corrosion Pb-Bi

31| TT-1M | Technology | Pb-Bi | 240-600 6.5 0.18
Corrosion '

4 { TT-2M | Technology | Pb-Bi |250-550 5 0.2
Mass
transfer

51 CM-1 Corrosion Pb-B1 | 270-650 5 0.1
Mass
transfer

6| CM-2 | Corrosion Pb 350-650 |25 0.07
Mass
transfer :

TIHY-1 Corrosion Pb - 350-620 5 0.1
Mass
transfer

8| LIY-2M | Corrosion | Pb-B1 - | 270-650 2 0.1
Mass
transfer

IPPE, Obninsk, Russiu



~ Pb-Bi1 and Pb coolant
Experimental Base in Russia

| Fachues 7'Im'es;§17gaticm': frield - | Coolant ;ficmperamre Coolant | Coulunt
1 C flow rate | volume
N m The | m® 7
9 | CTIPYT | Thermohydraulics | Pb-B1 | 150-500 |50 0.12
Technology '
10 | H=8000 | Investigation of - -| Pb-Bi{ 150-520 11200 {12
) - |large scale - /
equipment - 7
| performance _ . ,
't Ir Investigation of = | Pb-B1{130-520 |20 04
i ' { small and medium :
| scale equipment
o performance ' o
12 1 BTP Invesugation of | Pb-Bi | 150-520 |50 008
' o small and medium{
scale equipment
: - - |performance = :
13 | “Tlorok | Corrosion Pb-B1{150-650 {50 0.1
. ;,1“ . - ) .
14 | “TTorok | Corrosion 1 Pb 340-630 |50 0.1
p RL i
15 | dXT | Thermohydraulics | Pb-B1 | 150-520 | 12.0 0.5
- | Technology '

IPPE, Obninﬂc.—ﬁ’ Livsicl
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EXPERIENCE OF THE LEAD-BlSMUTH
COOLANT USE.

A.Dedoul, IPPE, Obninsk; Russia
V. Kutanov, EDO "Gidropress”, Podolsk, Russia

IPPE, EDO “Gidropress™, Russia



X4 Lead-bismuth coolant use issues:
» Lead-bismuth coolant technology and quality control.
e Corrosion, erosion and mass transfer.
e Radioactive safety problem including Po.
e Freezing/defreezing problem.

¢ Thermohydrodinamic problems.

IPPL. EDO G]dr_.\rrc:-s— Russia



X Issues resolved by experience of lead-bismuth coolant use
in Nuclear facilities development, construction and operation:

e Two ground reactor facilities.

o Submarines with lead-bismuth cooled reactors.

e Industrial applications.

e Two test rigs for fuel rod reliability testing at reactors MIR and MR.

IPPE. EDO ~Gidropress™. Russia



Nuclear steam supply system module
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2-nd-generation design

BRUS- 150

Reactor plant of enhanced safety
with liquid-metal ¢oolant
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Improved generation design

SVBR-~75
Reactor plant of enhanced safety
with liquid-metal coolant
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LANL/IPPE/Gidropress spallation target

The target system with horizontal injection beam
for LANL
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4 Applicability of available experience to ATW
development:
» Available experience is fully applicable.

* The volume of theoretical, experimental and design knowledge is enough for

preliminary evaluation of ATW designs.

PP EDO “Gidropress”. Rusi



Engineering, technological and safety problems of ATW facility design.

Engineering problem Variants
Coolant type Pb-Bi Pb
Target design Windowed Windowless

Target cooling system

Separate circuit

Joint with blanket cooling system

Number of circuits

2

3

Coolant circulation

Forced circulation

Natural convection

Fuel type

Depends of fuel cycle and goals of ADS introduction into nuclear industry

Fuel rod tvpe & fuel assembly
design

Spacing the fuel elements by the

rib faces

Spacer grid use

N

Complex coolant technology issues

Safety issues

Freezind - Coolant Po problem } Loss of heat] Steam Other safety
defreezing technology sink generator assurance
accident tube rupture ] problems

IPPE. EDO “Gidropress™, Russia




LANL/IPPE/EDO-GP COLLABORATION
PROGRAMS ON
LIOUID LEAD-BISMUTH TECHNOLOGY

Los Alamos National Laboratory
-ATW Project -

Presented hy: Nina 1

Contributions frem: Y. Orlov, E Yefimov, IPPE: EDO/GP
1 Stubbins, Univ. of Hlinois
M.Bjornberg X He, W. Gregory, LANI



Outline

Partl. LANL/IPPE/EDO-GP 1-MW LBE test target

IPPE: Institute of Physics and Power Engineering, 0bninsk
EDO-GP: Experimental Design Organization-Gidropress, Podoisk

Partil. LANL/IPPE polonium removal technology



Part |
LANL/IPPE /EDO-GP 1-MW LBE Test Target

ISTG #559: Funding for IPPE/EDO-GP to design and fabricate a 1-MW liguid
LBE spaliation neutron target to he tested at Los Alameos by 2000

Ghjective: Perform thermal hydraulic and in-heam radiation testing

Task Plan(3-year]:

- {ANL assists IPPEin design and verification; target specifications.
neutronic, thermal hydraulic simniations (97-98)

- IPPE/EDO-GP will fabricate the target hardware (98-99)

- LANL will prepare the testing facility and support systems (98-00)
- LANL/IPPE/EDO-GP will operate and test the target (2000-2001)

- Post-test examination and component performance assessment



ADTT Simuiation Work for Target Design

- Neutronic calculation to find neutron production and heat
deposition

+ Thermal hydraulic simulations to ensure operation within
material limits



Targetintest area
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Flow Path in Target Design

“Hot” steel
_ window
T\ <=
|
! ;
Diffuser piate: directs more coolant
flow 1o the center of the window:
= hioles represented by effective porosity

¢ for 2D simaiations







Acceptahle Temperature Limit (600°C]
Can be Maintained in Target Design

L RPN P oL Ll
BT (O

T
500 [
N AR S
S
AR A

450 [0

- -1

v [ R o TP T Y P R G S P ORI S SO SRR FRUUU e SO
R t . . : P i : i
| . \ . - g

S,

MaXImum Temperature (°C)
(S/two).lglua;) Ur 918y MO[]

0 0.05 0.1 0.15 0.2 0.25 0.3

- Porosity



Mamtam PMH&I ﬂxygen lGWH for “Seli-healmy " Protective Film
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Effects of Spallation Products on Oxygen Level
Control Are Minor

Spallation products mass in LBE target in LANSCE heam after 1year

Group Elements Mass of Mass of

AG Elements(gl  Oxide (n)

>Ph Au, Ag, Pt, 0s, Cu, T1, Ph, Bi 110 (none}

Ph>->Fe Re As,To,Sh, Co, Ni, Mo, Sn, Fe 1 13

<Fe Lanthanides, Halogens, L] |
Alkaline Elements, Be, Y, Sc,

AL Ge. Ti, Hi
Results from Gremev, 8riov, and Gylenvsky, IPPE. Obninsk

Only a small mass of elements which oxidize preferentially to Fe are formed
Oxygen level needs to he adjusted only if it falls helow permissihie range



Summary of Part|

(1] We have established framework for complete
neutronic, thermal hydraulic and structural analysis

(2] We are in close interaction with IPPE target desion
and construction team

(3] Analysis shows preliminary design very promising

(4] Final target design is expected in Octoher, 1998



Part i
Polonium Removal Technology

LANL/IPPE Gontract: Develop a polonium removal device in LBE
coolant systems for ATW

Ohjective: Mitigate a radiological safety concern of polonium
release hazard

Task Plan(5-year):
- selert mast faacible technetlaoy for peloninm removg! (95381

- restore coolant quality after removal(97-99)
- removal system design and safety analysis (2000-2003]



Origin of Polonium in Lead-Bismuth Target

(mam mechamsm)
B)Bit""89 (p, xn) Po?10%,. _'%-,--1--412 N
C) Pb2%8 (q, xn) Po210x+2 x = 2. 14 (not lmportant)

Actmry oiPo Ilucl:des Mer Hr maratianlwf 15mv mm at SMtdown

! Nucllde Half-hfe, days o - particle yield per Activity, Cl f
| - disintegration, % |
! Po-210 1.384 E+02 100 2.310 E+04 |
| Po-209 3.726 E+04 99.74 3.610 E+01 |
| Po-208 1.058 E+03 100 2.570 E+03 |
| Po- 207 2.429 E-01 0. 02 1.724 E+04 |
| Po-205 7.500 E-02 0.04 1.420 E+04 l
I Po-204 1.471 E-01 0.66 1376 E+04 |
Po-203 2.549 E-02 0.11 7.700 E+03 |
Po-202 3.104 E-02 2 5.465 E+03
Po-201 1062 E-02. ) 16 . 2853E+03
Po-200  798E-03 15  8.510 E+02




Polonium Hazard and Regulations

* Hazard: Release from active coolant in the events of circuit breakdown
(e.g. repair, accidents) and consequent gas-aerosol and surface activity
formation

* Regulations: Limit permissible concentratlon (LPC) of Po-210 1n alr for
professionals*
- Russian (NRB-76/87):
- 0.93x10-12 CiAl
-US (Federal Reomer of 5/’71/91 Vol 56 #98)
(*: LPC for Po-209 and 208 were not established but should be about the same)




Polonium Release Rates from Active Goolant

Evaporation Rato of Poloniam from LBE

» Po mainly exists as PbPo twwmw o

10°
 Evaporation under vacuum  '%
(Into gas atmosphere under u_r*' _
normal pressre: ~100 () tlmes w T
slower) | | .
107
s
10° S O IPPE (vacuum)
=l O Tupper {vacuum) :
2 + Tupper {He. 760mm Hg -> vacuum))
10 = V¥ Ershowa (Bi, vacuum) e
e It Evap (Po)}
. - Evap (__Pb!'-'q)
10" re e p — - —— v 32 — et ta—] " 1
* Under contact with moist air:  *®  ° vz e 1 2 22

1000/ TiK]
- Main channel is not PbPo evaporat;on

- but gaseous volatile Po hydride formation
PbPo + H,O --> H,Po + PbO
- release rate at 20°C (experiments and real accidents)
q~ 15x10° (Cs)/Ci



Polonium Removal Metheds Based on
Russian Experience

* Vacuum sublimation
- Po removal by evaporation when coolant 1s heated up to 700°C
- Used for military applications, but not well suited for ATW

® AR exlraction

- IPPE experiments |
__ 1) 90% Po transferred in 2 minutes of contact

- Addlt ogna

- Storage
- Back transfer to LBE or Pb from alkaline melt by adding oxidizer
- 50.000 Ci in 1001 of solid LBE with natural convection cooling only



Necessary negree 0f Polomum Bemaval

Without cleaning o . Wlth cleamng

Po formation L VAT T l‘eme\al h
: Po formation} ~ - " removal
0 - - %(CE q’ RS DU -+ b osystem

l decay ' ‘ i decay A

Removal degree: K = A /A

* ISMW LBE Target (1 yr.): Po specific activity a, ~ 30Cy/1
* Based on consideration of some accidents: a ~ 0.03 Ci/] -> gas aerosol
activity ~ 100 Ci/l (0.1 Russian LPC; 0.03 US LPC)
K = 1000
A=(K-1HA~KA
For Po-210, K=1000, a, = 1.6E-3 Ci/s, A = 5.8E-8 5!
A, =58E-5s!



Efficiency of Po Removal Systems

Alkaline extraction: A, =g e/G
¢ - flow rate of the bypass coolant for extraction, kg/s
¢ - fraction of Po transferred to alkaline, ~0.9 in 2 min.
G - total coolant mass

Case: 15 MW LBE target, G = 10* kg
g =AG =0.6 kg/s
In the target loop: g, = 600 kg/s, so g = 0.1%g,
€ =0.9; T ~ 2 min. for contact of coolant and alkaline
G, =gt~70kg |

Target Alkaline Polonium
Circuit Extraction Storage
Coolant
| Return ;] Coolant

| |Restoration}




Summary of Part I

* o-active Po presents gas-aerosol release hazards

* Po exists as PbPo in LBE and evaporates much slower than Po

» Russian NPP experience shows no noticeable Po exposure in over
70 reactor-years and strongly indicates that Po hazards are

controllable

» Alkaline extraction of Po is feasible and can also extract other
spallation products

» Coolant restoration is needed after alkaline extraction

* In 5-yr plan: Po removal system design and safety analysis
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- ATW Project -
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IPPE: Y. Orlov



Outline

Test loop objectives

Test loop description

Safety measures

Operating experience to date
Test plans

Summary



LBE Test Loop Objectives

» Collaborate with Russian experts for technology transter to
establish the knowledge and experience bases in U.S. for
designing and operating LBE systems for ATW

* Conduct thermohydraulic and material verification
experiments critical to ATW system designs



ments

Liquid-LBE Loop for Thermohydraulic and Material Experi
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System Analysis and Safety Measures

We systematically analyzed system safety and
implemented mitigating measures:

e Lead hazard - well below OSHA Limit(50 ug/m-" in air/8-hr): vented

» Pressurized vessel hazard - within vessel design spec: relieve valves

» Electrical. mechanical. high temperature hazards - access control

» Waste hazard - standard Laboratory disposition procedures

The results are documented 1n
— “Molien Lead-Bismuth Flowing Test Loop Description. Operating
Procedures, Safety Analysis™
— Special Work Permit (SWP) for initial startup operation



Loop Successfully Started and Operated

Test loop operated on 2 occasions for ~ 4 hours at 33% to
100% pump power, nominally 67% at 250°C

Estimated over 3.5 m/s LBE flow velocity in 27 ID loop
Noise and vibration very low with adequate sump pressure
No LBE leaks through valve or seals

Level indicators worked



Existing LBE Test Loops in IPPE and LANI

IPPE Research field  Coolant Temperaiure Coolanr Coalani
Faciliry tCh flow rate  volume
im £m)
CBT-3M\ Thermo- Pb-Bi 16{1-450 0 01
hvdrauhcs
ICP Corrasion Pb 160-650 6 0.1

Pb-B:

]
—
—
Pa)

f

TT-1M Corrosion Ph-Bi 240-600 6.5

TT-2M Mass transfer Pb-B: 270-650 5 2

CAM-1 Corrosion Mass Pb-Bi 270-650 A 01
transfer

CU-2M Corrosion Mass Ph-Bi 270-650) 2 0.1
transfer

LANL Thermo- Pb-Bi 150-430 22 0.24
Test Loop® hydraulics

*Only onemm US.



IBE Test Plan [5-year]

Expand instrumentation and controls

Test thermohydraulics of critical components necessary for
ATW designs: target window design, pumps, heat
exchangers, fuel elements, etc., necessary for ATW
designs

Circulation hydraulics and natural convection experiments

‘Material verification experiments



Summary

Test loop has been started

Safety issues have been recognized and adequately
addressed

Full instrumentation and control will be implemented 1n
the next three months

Collaborations with Russian experts have contributed to
our early successes



ATW Program Plan
and Summary

Francesco Venneri
ATW Project Leader

los Alames National Lahoratery

-- ATW Project --



ATW Development Path

Technology
Assessment

Verificétion

" Integration

5-year ATW Development Plan

1999-2004




ATW Development Road Map

s

S-year Development Plan

-

Technology Verification and
Small-scale Integration

ATW Subcritical Testbed §
Facility (STF) at LANL

10-50 MW thermal power

(APF)
>100 kg scale -

DEMONSTRATION of
Accelerator-driven Waste
Transmutation system

10-20 MW beam

| 500-1000 MWith
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| «Test of coniponents
| sintegrated operation
sNeuiron source

 sTransmutation experiments
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“Reducing the Impact of Nuclear Waste”

Francesco Venneri
ATW Project Leader

Los Alames National Laboratory

- ATW Project --



Performance Drivers in the ATW concept design :

Fast Burn Rates, Low Inventories

Capability for rapid materials inventory reduction
Minimized economic impaci

Safety

Engineering design clarity. defense in depth.
inherent safeny

Proliferation Resistance,
Low Environmental Impact



ATW Consists of Three Major Functional Blocks

Accelerator
APT

Proces

Proliferation
resistant, low
_environmental

\

Subcritical
Burner
(multiple units)

Liquid Lead
Nuclear

Pyrochemical

ses
B

Power
Production

—

.-E 1Y ‘ -

Power to Accele

"\

Spent Fuel

Residual Waste
to Repository

Power to Grid:
~ 90%




ATW Technology

what does the accelerator buy?

Subcninicaliry

e Power control not linked to reactivity feedbacks, delayed neutrons or to
control rods, but only to the accelerator drive

e Constant power during burnup achieved by variable beam power

® Pure transuranic cores, CR=0: ATW has no need for fertile materials
® Subcritical systems work independently of the fuel composition

e EOL inventory not limited by criticality. EOL burndown of inventory

® Neutronics and thermohydraulics are effectively decoupled



ATW Technology

what does liquid lead-bismuth buy?

m Design simplicity:
m Good spallationsource:

m Enhanced safety:

m Good neutronics:

m Good thermal hydraulics:

no separate target structure
possibly the best n/p outside actinides

large natural convection capability,
no reaction with water or air

very hard spectrum, very low neutron capture,
negative temperature and void coefficient

large At, low operating pressure, very high
boiling temperature



ATW Technology

what does pyrochemistry buy ?

* PYROCHEMISTRY ALLOWS FAST, BULK-TYPE SEPARATIONS:
what is needed in ATW, no more

 High Level of Proliferation resistance
e ITIS NOT ADVERSELY AFFECTED BY HEAT OR RADIATION
e IT PRODUCES LOW AMOUNTS OF SECONDARY WASTE

 Could be less expensive that traditional aqueous chemistry



Minimized-RISK APPROACH for
ATW DEVELOPMENT

Beam Power

Fission Power

Power Density

Fuel Type

meuiron Flux

Chemistry

LANL-IPPE Target (1999 - 2001)

no fissionable material. Competency ] MW - 500 w/ce ne- >[0**]3 0xveen conirol

development. High radiation environ.

Window testing. TH stressed ©

Subcritical testbed (2001-2010) 1-2 MW 10-30 MW 10 w/ce WO_, {20% enr,) >10%*]4 FPo removal

Limsted fissonable inventory. Couid use 0.75-0.9 keff metal fuel test Oxygen control

{ANSCE. TRU fuel development + test. S

ATW demonstration {2007 - ) 10 - 20 MW | 500- 1000 MW 100 w/ce {0 metal fuel ST0¥%LS ifully inzegrated

Conservative approach. Forgiving 0.95 keff U -TRU core waste treatment

Operation. Could be at SRS/APT. ' _

Chemjsgﬂ(,’ jaje) fransmutation., fuli TH +iransmylalion
20 - 40 MW 2000 MW 330 wice metal fuel >10%¥*]S  ully inregrated

ATW full size burner (2015 - )
Fult TRU destruction performance.
Accelerator foad following, extend, bum.

0.97-0.93 keff

full TRU caore

wNte fredtment

+transmutaiion




PCAST Energy R&D Recommendations for Nuclear Fission:

* Proliferation-resistant reactors or fuel cycles

* New reactor designs with higher efficiency, iower
cost and improved safety

* Low-power, inexpensive reactors

* New techniques for on-site and surface storage
and for permanent disposal of nuclear wastes

Pyrochemistry, Subcriticality and Liquid Lead/LBE
technologies are not restricted to ATW applications

Most development work done / planned for ATW is directly
applicable to systems (critical and subcritical) and fuel cycles
that respond to all the PCAST recommendations



Power generation

ATW can provide a technological bridge
o a sustainable U5 Nucioar Ruture

Advanced Reactors
- high'efficiency with
reduced waste production -

2000 2020 Year 2050 2100

past the burnup of the present backlog, ATW’s can help sustain a viable nuclear energy strategy

Nuclear Waste




Concluding remarks

ATW can positively affect US waste management by assisting the
Repository meet its objectives.

The ability to demonstrate such a means of waste destruction will be very
important in fostering the confidence that a "forever" legacy of waste is
not the unavoidable consequence of having once used nuclear power.

ATW systems could be used in a series of different scenarios, including
the expanded, sustained or declining use of nuclear power. ATW
technology is relevant to new and attractive nuclear designs and options.

... 9-year Program is Crucial



To the ATW. R&view Panel,

In the following discussion.'We address some of the points raised during the feedback
session shortly after completion of the Review presentations.

Energy Multiplication

Liguid fuels

Breakdown of ATW waste to repository
Typical neutron spectrum

Extraction and transmutation of iodine

ok wh

We invite and welcome further quesnons as look over and evaluate the material that
was presented. , _

Francesco Venneri and the ATW team



1. Energy Multiplication — How large a proton beam is necessary to drive a
certain fission power in a subcritical mulitiplying assembly.

Starting trom a basic point model

(1) m=1/(1-k)

where m is the neutron multiphication of a system, one arrives to the relation
(2y PF=PB"6k/{((n)"(1-k)}

where PF is fission power of the multiplying blanket, PB is power of the driving beam. k
is keff of the blanket, and n is the average neutron production per fission. 30 neutrons
per GeV proton are assumed (cantained in the factor 6 at the numarator).

This would be the correct wéy 10 look at the problem ot a system driven by a uniformely
distributed source, where all source neutrons have the same chance at leakage as the
fission neutrons.

However, this is not the case far systems driven by a centrally iocated neutron source,
such as ATW. Here all chains start at the center and the source neutrons have a lower
chance to escape or being otherwise lost, if the target/blanket is properly designed.
The key to proper design for subcritical source-driven systems is to skew the loss-to-
fission ratio as much as possible in tavor of the source neutrons compared to the
subsequent fission neutrons.

The energy multiplication is therefore strongly dependent on the specific design
(geometry and fuel distribution) and a simple relation is possible only for very
simplified geometries. One such geometry is the point source in a multiplying cylinder.
Performing simple MCNP calculations on a typical ATW geometry (2m high. 3 m
diameter. with a point source at the center, surrounded by 1 m of lead) leads to the
following table:

Keff fissions / fission energy / point source EM  unif. source EM
source neutron source neutron (MCNP)

F/IN MeV/N PF/PB PF/PB
0.83400 2.7800 556.00 16.680 10.395
0.87900 4.1300 826.00 24.780 15.030
0.80100 5.3200 1064.0 31.920 18.830
0.92700 7.3300 1466.0 43.980 26.273
(0.94900 10.890 2178.0 65.340 38.499
0.96400 16.990 3398.0 101.94 55.402
0.97700 28.650 5730.0 171.90 87.886

here we have varied the plutonium fraction in the simple core geometry to calculate
Keff using MCNP (k-code). MCNP then calculates the number of fissions per source
neutron: F/N (assumes neutrons generated in the center of the core), and the fission
energy per source neutron (here reported in MeV/N, assuming 200 MeV per fission).
The ratio of fission power toc beam power (Energy Multiplication. EM=PF/PB} is then



calculated from the MCNP results assuming that 1 GeV proton produces 30 usable
spallation neutrans in lead (Suhnyside experiments, and lots of LAHET MCNP
calculations). Energy Multiplication is also evaluated, for the given Keff, using the
formula given above (2) for the uniform source approximation.

Conclusions:

» The blanket power dependency on the target power (centrally located neutron
source) deperids crucially on how well the-source neutrons are utilized. In a breeding
design (such as Rubbia’s), for instance, up to 40% of the source neutrons are captured
in Thorium and do not directly contribute to the power of the blanket. Our systems
(containing pure actinides) can achieve a more efficient target to blanket coupling,
however approprlata design practices should be employed.

* A centrally located source will always coupte to a subcritical system better than a
uniformely distributed source .- unless major mistakes are made in the design of the
source/blanket. The two curves in'the attached plot should be considered as
delimiting the parameter space :availablé to design optimization.
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2, Liquid fuels
The point was raised at the Review of the possible use of liquid tuels in ATW systems.

We have looked at liquid fuels for a very long time. The first ATW concept proposed
by Los Alamos used a heavy water slurry, with actinide oxides in suspension. We
have also looked in depth at molten salt (flucrides) systems similar to the Oak Ridge
MSR concept.

Liguid fuels, especially molten salts are very attractive from the point of view of
neutranics, because they provide the means for continuous feeding of fissile materal
and exiraction of the fission product poisons.

After extensive evaluation, we feel that the experience base for homogeneous liquid
cores is too limited. and such choice for ATW, while attractive in the longer run, would
require a much more substantial investment in research and development than the
present one.

Among the issues that were raised and nat answered to our satisfaction during the
study:

1) the low melting point salts considered by Oak Ridge for their MSR concept
contained beryllium fluoride, with only limited solubility for Plutonium and the higher
actinides. : :

2) Many material problems still remain unsolved from the ORNL Program.

3} Inventory losses due to plating, evaporation and penetration in cracks.

4} On-line refuelling and cleaning.

5) Lack of clear fuel containment.

6) Large out of core inventories

Adopting solid fuels withoud fertile material, we face the inevitable consequence of
having to compensate for burnup without the option of continuosly replenishing the
fissile content of the fuel. We pointed out a few ways: burnable poisens (including~
Technetium), movable absorbers, reflectors and source, variable beam current.

An interesting possibility to extend fuel burnup however, which we did not discuss in
any depth at the Review, is the use of encapsulated “liquid"” fuels. For instance sodium
fluoride with actinide fluorides dissolved in it or lead with alloyed actinides. "hese
fuels would be cast as clad solid fuel elements at room temperature. At operating
coditions. however the fuel elements would be liquid.

The advantages of the concept are: no radiation induced sweiling, uniform burnup.
natural separation of volatile fission products, good match with the chemical processe.
The disadvantages are: corrosion problems may be severe, clad rupture could lead to
the dispersion of the fuel in thHé coolant (sodium fluoride based fuels however wili
freeze upon leaking}.

In aur 5S-year program we plan to research the possibility of these encapsulated iguid
fuels as an advanced aiternative to the solid metallic fuel we presented at the Review.



3. Breakdown of ATW waste to repository

Waste Qutput to Repository

LWR Spent Fuel - 70000 t HM

700t
910t
370t
315t

rare earth oxide

noble metal oxide

gases (Xe and Kr)

active metal oxide in engineered storage (Cs, Sr, and Ba)

cladding / assembly hardware - the same as for the direct disposal option

66937 t

600t
151
531

HM

TRU to ATW
ioding to ATW
techneljum to ATW

ATW Waste - 21000t

180t
2301t
5752t
901
80t
671
181
14400t
801t

rare earths in oxide form

noble metals in oxide form

zirconium matrix from ATW fuel as oxide, assume no recycle
gases (Xe and Kr)

active metals in oxide form in engineared storage (Cs. Sr, Ba)
Ru metal from Tc¢ transmutation (531 - LWR, 16t - ATW)

Xe from iodine transmutation (15t- LWR, 4t - ATW)

cladding / hardware

spent salt from two chemical plants

Projected TRU output to the repository is <300 kg with the majority of the TRU
contained in the noble metal oxide waste form.



4. Typical neutron spectrum

We enclose a typical spectrum for the hquid lead-coocled actinide burners. We are
preparing more detailed spectra for the DEMO and FULL-SIZE geometries. We will
submit these as soon as they are ready.



5. Extractian and transmutation of iodine

loding Regovery

lodine is one of the two long-lived radicactive elements, the other is technetium,
identified for transmutation in the ATW system. In a PWR spent nuclear fuel assembly
there is approximately 86 g of iodine dissolved in 455 kg of heavy metal oxide. lodine
s released from the spent fuel matrix'in two processes; spent fue! decladding and
crushing (vugraph #1 of the chemistry presentation) and the direct oxide reduction and
salt recycle process (vugraphs #2 and #8).

Data from Nuclear Chemicat Engineering by Benedict et al. indicate that
approximately one to two percent of the iodine is released during the decladding
process. lodine released in this process could be adsorbed in metal getter beds,
perhaps silver impregnated zeolites or a transition metal alioy, and targets
manufactured for transmutation.

The bulk of the iodine is released during the direct oxide reduction process. This
process converls the metal oxide to metal (vugraph #2). lodine is present in the
calcium chioride molten sait as either calcium iodide or, because cesium and
strontium are also present in the salt, cesium or strontium iodide. The concentration of
iodine in the spent salt is approximately 42 ppm by weight. Spent salt from the direct
oxide reduction process is not discarded but instead is treated by a two-step process
and recycled (vugraph #8). First, a chlorine sparge process converts the calcium
oxide to calcium chioride. Then an electrowinning process regenerates calcium metal
from calcium chioride and the metal and salt are reused in the direct oxide reduction
process. lodine is released during the chlorine sparge process because of the
difference in stability between the metal iodides and chiorides. Volatile iodine could
be collected in a cryotrap and later alloyed, perhaps with a transition metal or rare
earth alloy, and fabricated into targets for transmutation. The alloys should be stable
at the operating temperature of the system and possess low vapor pressure.
Candidate alloy materials include ¢chromium and lanthanum. Chemical equilibria
were verified using SOLGAS. Calculations indicate that sparging the molten salt for 2
hours with chlotine gas at a rate of 1.0 Vmin would be required to remove the iodine
from the salt. Complete removal of iodine from the spent molten salt is not necessary
because the salt is recycled rather than discarded.

Technetium

A typographical error is present on the vugraph describing the amount of Tc present in
the 70000 t HM spent fuel inventory. We have listed 5.3 t of Tc instead of the correct
number of 53 t of Te.



To the ATW Review Panel,

In the following discussion, we address some further points raised after completion ot
the Review presentations.

Backlog Burndown Scenario

More accurate neutron spectrum information
Delayed neutron fraction and subcriticality
Pb-205 production and inventory

AL A

Francesco Venneri and the ATW team



1. Transmutation in 65 Years. (A spent fuel back~iog burndown scenario)

One of the viewgraph presented at the meenng contamed an error, The viewgraph
illustrating the 65-year backlog burndown scenario had 20 ATW burners operating in
staggered fashicn for 65 years, with a forty year glant iifetime). The right number of
plants is 23. We regret the error, however 1hts glvas us a good opportunity to explain
the scenaric in some detail. S

Why is the burndown acenario important?

be very eftective at achmwng th’ “clean slat_ 'of zero-waste backlog for nuclear
power, while at the same tlmefmtroducmg' or preservnng essential nuclear
technologies for the next generatnon of nuclear systems (the technology "BRIDGE").
We believe the “clean slate”, of at least the capability to reach it in a reasonable
amount of time is’ essentlalm estabhshmg confldence in an éxpanded role for nuclear
power production. 7

By the yeat 2015 there wrll ba ?0 000 tons of US spent fuel containing about 600
tons of plutoniura and h'ghar actamﬁes requ:rmg disposal. The ATW objective in the
backiog burndowin scenario is to treat the spent fuel backlog, destroy the transuranics
and selected fission products anc prapars the resumng waste for permanent
disposition ina geologrc reposnory

A number of ATW systems is: braught on hne 1o accomphsh the objective over a 65
year period.  Each ATW system consists of an accelerator (1 GeV, variable current 20-
40 mA, pyrochermical plant (50 tonsfyear throughput) and a subcritical 2000 MW! LBE
burner. Several'of these ATW systarms can‘be located together in one facility. To
reduce transporation arid other factors: related 1o moving fuel assemblies, one could
consider three facilities with up to 8 ATW systems at each location.

Of particular rélevance-is the fact that each 2000 MWt ATW burner can destroy up
to 650 kg of actinides (plutonium and transiranics) per year, and that 700 MWe would
be available for dtstnbunon tcf tha gnd from each burner.

The scenaric ‘works as foﬂow L Houghly every two years two new ATW systems are
brought on line for the first 20 years: ‘At year 25, the three last plants are added. As
the burners and accelerators réach the end of their operational life, they are
decommrsswoned and zha iueﬂ 15 sent to’ feed other still operational burners.
destroy it dowh 16 1ess than 116n over a protracted (5 years) mventory burndown.

Two major charactanstics distinguish the acceierator-driven subcritical systems
trom the critical reactors that had been evaluated for actinide destruction, such as the
ALMR: (1) ATW doas not produce higher actinides from fertile materials such as
238U. (2). Because ATW is not constrained by a criticality requirement it can burn
down the end-gi-life {EOL) actinide inventory to very low levels.

Critical reactors are considerably less efficient in the destruction of transuranic
elements (about 125 kg/a, for the same 2000 MWt power rating). They tie up a very
large amount of actinides in the core (1o maintain criticality), and compared to the
actinide inventory, only a small amount of attinides can be destroyed. Critical reactors
therefore would require a proportionally larger number of installations over multiple
generations (about 300 years) 1o achieve the same degree of transuranic inventory
reduction that ATW systems would reach in 65 years.
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2. Neutron spectrum.

The neutron spectrum of the current 2000 MWt Accelerator Transmutation of Waste
(ATW) waste bumer point design is given in Figure 1.--As shown in the Figure, the
average total flux seen by the waste during the thrae burn cycles is 1.08x1016 nicm2-
s. Sixty percent of this flux has an energy greater than 0.1 MeV. -The neutron flux with
energy greater than 20 MeV is relatively small. : With the proposed fuel shuffling
scheme, the total fluence seen by the fusl and clad before itis: dnscharged after three
cycles is 1.7x1023 n/cm2 (E >0.1 Me\/) -

¥
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3. Delayed neutron fraction and sybcriticality.

This figure was shown at the presentation. however it was not included in the material
that was handed to you at the presentation.

The figure illustrates the delayed neutron fraction for many fissionable isotopes.
Delayed neutrons come from the decay of a few fission products, and are the basis for
control of critical nuclear systems. The more the better: a reactor will be easier to
design and operate safely. If delayed neutrons did not exist, all nuclear systems for
power production would have to be extermnally driven.

The picture shows how close ta prompt critical reactors have to get before starting
to work as self sustained systems through the action of delayed neutrons. Very
literally. it says that thermal reactors (based on 235U fuel} operate at 0.995 prompt
Keff, and Fast reactors (based on 239Pu fuel) operate at 0.998.

The figure also show that the “dollar" measurement of reactivity (which is the
amount of reactivity equivalent to the delayed neutron fraction) is not a constant. A
dollar for a thermal reactor is.about three times as large as a dollar for a fast reactor. A
reactor has 10 stay close to prompt critical within this 1-dollar margin at all times,

Thermal reactors have learned to live and operate quite safely within this margin.
Reactors based on plutonium (fast reactors)have a very thin operating margin, and it
gets worse going towards the higher actinides. These reactors need a significant
buffer of 238U to dampen reactivity excursions with significant negative prompt
feedback to the point that control rods can be effectively used.

The great claim of subcritical system is that they can bum pure transuranic cores,
thereby achieving very fast destruction rates. The task is doubly difficult because: 1)
there is no 238 to sweeten the reactivity response of the fuel (typically with negligible
or positive Doppler), and 2) the delayed neutron fraction (doltar margin) is significantiy
smaller for the transuranic actinides than it is for the 235U based fuels. In a pure
waste destruction mode, the equivalent level of control and safety present in LWR
reactors can be achieved by operating the system subcritically,

Subcriticality allows any fuel originated (intemal}reactivity transient to proceed
slowly enough for external feedback to become dominant and reestablish equilibrium.
As shown during the review, lead (being a poor neutron absarber and excellent
reflector) has a strong negative temperature feedback on reactivity (this is not the case
for sodium}. The siow nature of the transient allows time for the negative response of
the lead coolant to stabilize the excursion,

The chosen subcriticality level should allow for transients in alt expected conditions to
be self limiting. The specific level is strongly dependent aon the burner design.
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4. Pb-205 production rate and inventory.

The production rate of Pb-205 (from neutron capture in Fb-204) in the 2000 MWt ATW
point design is calculated to be 7 curies per fult power year . Because of Pb-205 burn-
out {and Pb-204 burnout if total coolant volume is relatively low) the total Pb-205
mventory aﬂer 40 fuﬂ power years of operation is expected to be iess than 200 curies.

Pb-205 décays via electron’ capture to the stable 1sotopa Tl 205 There are no alpha.
beta,’or gamma rays emitted in the decay, only an x-ray.Because the 200 curies of
Pb-205 would be mixed with approximately 20" tons of lead-bismuth eutectic, the
radiological hazard from the Pb-205 should bé relatively small



