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Charge to Committee
Accelerator-Based Transmutation of Waste (ATW)

1990 December 10-12
Hilltop House, Taos/Tyuonyi Room

Los Alamos National Laboratory has been working on a radioactive waste transmutation process based on spallation
neutrons f_'oma high energy proton accelerator target system. Very little funding has been available for this activity,
therefore only pre-conceptual studies have been pursued. The Laboratory did fund an overall systems study mid-year
1990 that delermined the feasibility of this accelerator-based process in the context of DOE defense waste applications.

The external review is considered a pre-conceptual design review and the review committee is asked to consider the
following items in its deliberations.

1) Assess the state of the technology and the viability of this approach for having an impact on several
potential application areas.
-- DOE Defense Waste
-- Nuclear Power Production

2) Determine areas requiring further study and make recommendations on actions/activities that should be
pursued--- including those not presently covered. Cover both technical and systems issues.

3) Make recommendations on actions the Laboratory should take:
-- Internal
-- Outside Community (technical, political, etc.)
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The Los Alamos Concept

We envision two focus areas for the Los Alamos Concept for Accelerator Transmutation of Waste and Fission Energy
Production. The first is aimed at problems associated with high level defense wastes stored at several Department of
__nergySites. A more advanced, and farther term, effort is aimed at investigating the potential of such an accelerator-
driven system on the production of fission energy with a minimal high-level, long-lived nuclear waste stream.

We often refer to our combination of concepts as ATW.



The Los Alamos Concept
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What Can This Concept Do To Address National Problems

The near-termapplicationof the LosAlamosAcceleratorTransmutationConceptis directedat the problemarea of DOE
defensehigh-levelwastes. These are storedat sitessuchas Hanford,SavannahRiver,and IdahoFalls. Oursystem
couldenhance strategiesfor dealingwiththesewastes by transmutingall long-livedfissionproductsand actinidesthat
comprisethem. Specificallyoursystemis aimed, inthe near term,at transmutationof the long-livedspecies99Tc and
1291whichare fissionproducts,as well as higheractinidessuchas 237Np and 241,243Am"

Partitioningor chemicalseparationof these isotopesfromwaste formsstoredat DOE sites,followedby transmutation,
couldachievetwo results. By removinglong-livedfissionproducts(99Tc in particular)that are the maincontributorsto
long-termdose concerns, repositoryacceptabilitymay be enhanced. Likewise,theirremovalmay also permiton-site
storageof the residuethat remainsafter partitioningandtransmutationhaveoccurred.



What Can This Concept Do To
Address National Problems?
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The Los Alamos Concept Can Impact Energy Strategies

The featuresinherentin the LosAMmosConceptcan havesignificantimplicationfor newcppmachesto fissionenergy
production.Specificallywe are investigatingthe feasibilityof a systemthat can producefissionenergyefrK:iently,while
burningitsown fissionproductwastes. The end resultcouldbe a fissionenergysourcewitha long-term,high-level
wastestreamthat is dramaticallyreducedwhencomparedto presentnuclearpower reactorwasteenvironments.This
excitingpossibilityformsthe longer term. advancedcomponentof ourconcept.

As we describe later, the use of an accelerator-drivenspallatiopneutronsource increasessubstantiallythe effective
number of neutronsper fissionthat can occurin an accelerator/multiplyingblanketsystem. Thisfeaturecould permit
efficientgenerationof electricity,whileprovidinga neutron-richenvironmentthat can be used to transmuteall fission
productshaving halflivesgreaterthan 11 years.



The Los Alamos Concept Can Impact
Energy Strategies

• Significant implications for
fission energy production

• Near absence of long-term high
level waste stream



Evolution of Transmutation Concepts

The Los Alamos concept for accelerator transmutation of nuclear waste is dramatically different than past or other
current transmutation concepts.

Past approaches to transmutation have centered around two principal systems. The first, thermal reactor systems
having low neutron flux levels, were considered for transmutation and rejected. This occurred because such systems
could not fission higher actinide waste components that have small fission cross sections at low neutron energies. Also
because of low flux levels, these systems could not transmute well fission products having very low capture cross
sections. Likewise, these systems had very small volumes where higher flux levels were available.

!=_order to avoid the problems of such thermal systems, most transmutation concepts have centered around use of a
fast neutron system. Such systems can be either reactor or accelerator driven. These systems burn higher actinides
effectively because of higher cross sections that occur for fast neutron energies. However such systems require large
material inventories to achieve suitable performance levels, and suffer from significant reactivity swings as fissile
material is burned. Examples of current concepts based on the use of fast neutrons for transmutation include the

Integrated Fast Reactor Project at Argonne National Laboratory, and the Japanese Omega Project.



nsmuta! onEvolution of Tra i Concepts
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Low-flux thermal systems
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• Low bum rate for small cross section fission products
• Low fission destruction rate
• Insufficient high-flux volumes
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Fast neutron systems (reactor or
accelerator driven)
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• Dlfficul_ in fiss|on product transmutation
• Large inventories required
• Reactivity control concerns



We UIIIize an Intense Thermal Neutron Flux In Our Concept

Our conceptis quitedifferentthan previousapproachesthat have been proposeddunngthe pastseveraldecades.
With a high-current,highenergyacceleratorwe can produceintensefluxesof thermalneutrons.The existenceof an
intensethermalneutronfluxallowedus to finda new physicaloperatingregime where higheractinidescan be
transmutedefficientlyusinglow-energyneutrons. The existenceof highfluxesalso allowsus to rapidlytransmutewaste
productshavinglowtransmutationcrosssections. Similarly,the availabilityof a highintensityneutronsourcehas
allowedus to identifya unique,low-inventoryoperating regime. Becauseour systemhasdramaticallyreduced material
inventories,the chemistryrequirementsand optionsthat we can pursueare simplerthan othersystemsrequiringlarge
material inventories.



We Utilize An Intense
Thermal Neutron Flux in Our Concept

This permits

• New approach to actinide burning

• Rapid burning of low cross section waste products

• Miniscule waste inventory with high throughput



Unique Physics and Operating Features

The unique physics and operating features of our concept are listed below. Again, they are enabled by the intense
thermal neutron flux feature. Not only does this intense flux have significant implications for the physics and operating
regime of the system, but the demands and fealures of the required chemical processing systems are changed quite
dramatically over other concepts.

These features are discussed in more detail in the parts that follow in the presentation.



Unique Physics and Operating Features

• Two-step fission in an intense thermal flux

• New, dilute inventory operating regime

• Continuous material flow and low inventories _ New

chemical processing options



Low Intensity Thermal Neutron Flux- Difficult to Fission Higher Actlnldes

I

Before describingthe processby whichhigheractinidesare fissionedin an intense thermalneutronflux, it is usefulto
reviewthe processoccurringin a low-fluxthermalenvironment. Higheractinides,suchas 237Np, have fissioncross
sectionsthat exhibitlow-energythresholds. For237Np the fissic" crosssectionat thermalenergiesis quitesmall.
Neutronsreactingwith237Np are capturedto produce238Np whichdecaysin 2.1 days to 238Pu. Likewise, 238Pu has
a relativelysmallfissioncrosssectionfor thermalneutrons,so in mostcases a neutronwillbe capturedto produce
239pu. If a neutronthen interactswith 239Pu, itwillmostlikelyfissionsinceitscrosssectionis large. Inthe normal
processthatoccursina thermalreactorabout2.7 neutronsare producedfor each fissionevent. However,inthis
instanceit has taken three neutronsto producefission. Therefore,in a lowthermalfluxenvironment,237Np actsas a
net absorberof neutrons.

immmmmm _ _ _ _ _ _ _ mmwmmm _ mmmm_ _ _ _ _ _ _ m
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Low Intensity Thermal Neutron Flux-Difficult
to Fission Higher Actinides
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2.7 neutrons
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Three neutrons required for
fission

2.7 neutrons are produced
Np-237 Np-238

Neptunium is a net neutron
absorber
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A High Thermal Neutron Flux Allows Efficient Fission of Higher Actinldes

In our high-flux thermal neutron environment, a quite different process occurs. After interaction of a neutron with a
237Np target, 238Np is produced. However because of the high flux, a second neutron is available to interact before
decay occurs. Because the fission cross section for 238Np is so large, such an interaction will most often lead to fi_ion

where again 2.7 neutrons are produced. In this case, two neutrons were required to produce fission. Therefore, 237Np
acts as a net producer of neutrons in this intense flux environment.

A similar situation holds for other threshold fission actinides such as 2410243Am and 238U.



A High Thermal Neutron Flux Allows Efficient Fission
o_ Higher Actinides

FISSION
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Neptunium Fission in an Intense Thermal Neutron Flux

Anotherfeatureof neptuniumfissionin a highflux thermalneutronenvironmentis the increaseinthe effectivecross
sectionfor fission. This occursbecauseof the increasingprobabilityfor 238Np fissionthat occursat highfluxlevels.
Here we have determinedan effectiveneptuniumfissioncrosssectionby determiningconcentrationsof 237Np and
238Np appropriatefor a givenflux level,and multiplyingthem by a spectrumweightedfissioncrosssectionfor our
system.

Forcomparison,the fissioncrosssectionof 237Np in a fastneutronenvironmentis about1.5 to 2 barns.



Neptunium Fission in
An Intense Thermal Neutron Flux
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An Intense Thermal Flux Provides Rapid Fission Product Transmutation

The use of a thermal flux in our system also allows very efficient transmutation of fission products. In the example
shown, 99Tc captures a neutron to produce lOOTc which decays after 16 seconds to the stable product, ruthenium. As
illustrated, even if several successive neutron captures occur, the end result is production of a stable end product. Such
a reaction chain also holds for the other major fission products of interest, 1291, 90Sr ' and 137Cs"

At the bottom part of the page is a comparison of the cross section for transmutation for thermal and fast neutron energy
regions. At thermal energies, fission product transmutation cross sections are uniformly about an order of magnitude
higher than at fast neutron energies.



An Intense Thermal Flux Provides
Rapid Fission Product Transmutation
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High Flux and Cross Sections Allow Significant Inventory Reduction

The combinationof highneutronfluxvaluesand large crosssectionsmeansthat we can achieve largetransmutation
ratesin oursystemwithvery small residentmaterialinventories. Specifically,crosssections fortransmutationinour
systemare about 10 times higherthan fastsystems,and our flux level is 10 to 1O0timeshigherthan otherthermalor
fast reactorsystems. The net resultis thatwe can lowerour inventorybya factorof 1O0and stillachievevery high
transmutationrates.



High Flux and Cross Sections
Allow Significant Inventory Reduction

10 times 10 to 100
higher times higher
cross section flux

Transmutation TR = M (_T(_Rate

Reduction of
mass inventories
by > 100



A Unique, Dilute O_ratlng Regime Characterizes Our System

The strikingeffectof ourhighflux, largecrosssectionneutronenvironmentis illustratedhere. In a seriesof initialone-
dimonsionalneutronicscalculations,we were able to identifya uniqueoperatingr__ime that existsat verydilute
Ioadings(by volumepercent). For thisparticularseriesof calculationswe achieveoa peak in actinidetransmutation
rates at abouta 0.1% loadingvalue. For the calculatedtransmutationperformanceof 250 kg/yrof materialtransmuted,
the requiredinstantaneousinventorywas less than 100 kilograms. In contrast,a moreconventionalsystemwhere
Ioadingswere greaterthan fiftypercentby volume,wouldrequiremore than 10,000 kilogramsto achieve the same
performance. This unique,diluteloading feature has notbeen recognizedbefore,andoccursprimarilybecauseof the
two-stepactinideburningprocessdescribedearlierand becauseof the high fluxlevels in oursystem.

The featuresof the plotcan be describedas follows. At very smallvolumepercentIoadingsthere is notenoughmaterial
forvery largetransmutationratesto occur. As the concentrationis increasedto 0.1%, the amountof materialbecomes
larger,and a significantcontributionto transmutationoccursfromthe productionof 238Np and its subsequentfission.
As moreand morematerial is loaded(volumepercentsin the rangefrom 1 to 10) the flux level is depressedandthe
two-stepactinideburnprocessdecreases. Finally,as morematerialis added,the transmutationrate increasesagain
becauseof the dominanceof the materialmassterm in the transmutationrate equationshownearlier.



A Unique, Dilute Operating Regime
Characterizes Our System
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A Dramatically Reduced Materials Inventory Environment

The design characteristics of our transmutation concept Jead to a drastic reduction in the inventory of waste material that
must be contained within the irradiation system. This follows from the system's intense neutron flux (1016 n/cm2 Isec) and
because of the efficiency of the thermal neutron actinide fission process described earlier. Hence a dilute system where
material Ioadings are less than one percent ol the total system volume is achieved. Our system transmutes at much higher
rates than other proposed concepts and has actinide Ioadings of less than 100 kilograms. Other more conventional systems
require as much as 10,000 kilograms of materials to achieve the same performance.

Our system is driven by an external source (the accelerator) and operates far below regions of criticality concern (our keff
range is 0.2-0.8 depending upon the application). This fact, combined with the drastic reduction in actinide inventory,
provides important safety enhancements. Criticality safety concerns are reduced considerably because of these design
characteristics. They also should lead to reduced concerns in areas pertaining to nuclear safeguards, security, and
environmental issues as compared with conventional nuclear energy systems. Such features can provide increased
flexibility in meeting siting requirements for a facility based on our concept.

Finally, the reduced inventory of waste material in our system results in two important additional features. For
transmutation applications much less hazardous material must be assembled in our system in order to begin efficient
operation. The environmental mortgage ol our system will be much smaller than other transmutation approaches since
it would leave untransmuted residues ol less than tens ol kilograms. In contrast, other reactor or accelerator systems

could leave upwards of thousands of kilograms of core material that must be encapsulated and placed in long-term
storage.



A Dramatically Reduced
Materials Inventory Environment
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The Low Material Inventory Enables New Chemistry Options

The unique high-flux, low-inventory features of our concept have striking implications on the chemistry technology
needed for it. Because of high transmutation rates, continuous material flow loops are more desirable than ._olidform
transmutation targets. There are several options for carrier media that will be discussed in the context of this concept.
They are (1) aqueous slurries, (2) aqueous flows containing waste products dissolved in them, and (3) molten salts such
as LiF/BeF2 which are desirable for designs where power production is desired.

A direct result of the low inventory feature is the reduced requirement on the processing capacity of the chemical
processing system. In our system, material inventories are in the range of tens of kilograms, so that the overall chemical
system size is only slightlygreater than laboratory scale systems. Because of the carrier media choice and the small

capacities involved, advanced chemistry processing technologies can be investigated that may not be practical for
larger system applications. Examples include use of ion-exchange columns in aqueous processing and use of fluorine
chemistry in the case of molten salt carriers.



The Low Material Inventory Enables
New Chemistry Options

• Continuous material flow

• Several carrier media options

• Small capacities required for chemical
processing system ( tens of kg)

• Advanced chemical separations technologies
can be used



The Accelerator Transmutation of Waste System (ATW)

Severalkey featuresthat compriseourconceptare summarizedhere. The cornerstoneis an advanced,highproton
currentlinearaccelerator- a resultof SDI-supportedand DOE-initiatedresearch. This machinedeliversa 1.6 GeV
protonbeam to a lead-bismuthspallationneutronproductiontarget. A rangeof protoncurrentsapprol_a;e to the
specificapplicationcan be used.A heavy-watermoderatorsurroundsthe spallationtarget to slowthe neutronsdownto
thermalenergies. The resultis a highintensity_,ilermalneutronflux- greaterthan 1016 n/cm2_sec.This intense
neutronsource- up to 100 timesgreaterthan thatoccurringin a thermalpower reactorsystem - enablesseveral
exceptionalfeaturesfor ourconceptthat we havepreviouslydiscussed. They are summarizedagainhere.

1.) The systemcan efficientlyfissionhigheractinidesthat normallycannotbe transmutedusinga thermalneutronflux.
Previousapproachesrelyexclusivelyupon use of fast neutrons. Ourconceptutilizes a completelydifferentapproach
based on an intensethermalneutronsource to achievesuperk,r efficienciesin higher-aclinideand fissionproduct
transmutation.

2.) Thereis a large reductionin residentmaterialrequiredfor oursystemto performeffectively. Thisresultsnot only
fromthe highett'iciencythermalfissionprocessbutalso fromthe factthat we ca,-ieffectivelytradeour hundredfold
higherneutronflux for a similarreductionin residentinventorymaterials.

3.) The intenseneutronfluxallowsdesignof a diluteinventorysystemcoupledwithcontinuousmaterialfeed. We can
chooseamongseveraloptionsfor carriermaterialsas well as the chemicalpartitioningapproachthat will lead to
highestdecontaminationfactors.

Finally,whenthe carriermaterial is a moltensalt, suchas lithium-beryllium-fluoride,we can extractelectricpower
efficientlybecauseof the salt'shighthermal-to-electricconversioncapabilities. Its choice also enablesa new spectrum
of ::dvancedfluoridechemical separationsto be utilized.

i i I i_1 ....



The Accelerator
Transmutation of Waste System (ATW)
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An Artist's Rendering of the ATW System

An artist'srenderingof the ATW systemshowsthe scaleand maincomponents. Componentsdealingwiththe
accelerator,targetblanket,chemistryprocessing,and powerproductionare shown. For the near-termapplication,the
complexityof the chemicalprocessirJgrequirementsis reducedand the power productionrequirementis gone.
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Transmutation Concepts

Several conceptsfortransmutationhave been proposedduringthe recentpast. Here we comparethe featuresof our
conceptto them. Specifically,the conceptsthatare shownare the IntegratedFast Reactor(IFR) concept from Argonne,
the Phoenixconceptfrom Brookhaven,and the Clean Use Of ReactorEnergy(CURE) concept from Hanford.

Tile IFR is based upon a fast reactorsystem,producingfromabout0.4 to 1.4 gigawattselectricwhilebumingactinide
waste. Requiredinventoriesfor the systemextendto over 10,000 kilograms. A chemicalpartitioningapproachbased
on pyrochemicalmethodswouldbe used to separateactinidesto be burnedfrom spentfuel elements. The systemis
aimedsolelyat transmutationof commercial power reactorwaste.

The Phoenixconceptusesa 100 mA, 1600 MeV acceleratordrivinga multiplyingassemblyoperatingat a keffof 0.9.
Thissystemis aimed at transmutinghigheractinidewaste andwouldrequiretarget inventoriesupto 24,000 kilograms.
Thissystemusesthe organically-basedPUREX and TRUEX aqueousprocessingtechnologiesfor extractionand
separationof higheractinidesfromspentfuel elements.This systemis aimed solelyat commercialwaste applications.

The CURE conceptwoulduse cleanupfast reactors(CFRs) operatinginthe rangeof 400 MWE to transmuteboth
actinideand long-livedfissionproductwastes. Versionsof CURE existfor bothdefenseandcommercialwastearenas.
It too usesPUREX and TRUEX chemistryprocessingand partitioningtecnnologies.

Our ATW concepttransmutesbothfissionproductsand higheractinidewastecomponents. It is aimedprimarilyat
defensewastes. Becauseof itshighfluxenvironment,the ratioof material transmutedperyear to instantaneous
inventoryis greater than 1.5 to 1. It usesadvancedaqueouschemicalprocessingtechniques.



Transmutation Concepts

ATW IFR Phoenix CURE

Actinides Y Y Y Y
Fission Products Y N N Y

Waste Type Defense Commercial Commercial DefenseCommercial

Fraction Burn: >1.5:1 <0.05:1 <0.1:1 <0.05:1
Inventory
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Chemistry Aqueous Pyro PUREX, PUREX,TRUEX TRUEX
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Summary

Our ATW conceptutilizesa newapproachto transmutation.Severalapparentadvancesandadvantageshave arisen
fromour investigationsup to now. We are focusingon twoapplications- a near term oneaimedat defensewastes,and
an advancedconceptaimed at fissionenergywith a minimallong-lived,high levelwastestream.
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Summary

• Our ATW concept is a new approach to
transmutation that employs an intense thermal
neutron source

• The intense thermal neutron source enables
- Efficient actinide and fission product burn
-Small material inventories
- Options for advanced chemical processing

• We are focusing two applications
- Near term - Defense wastes
- Advanced - Fission energy with a minimal

long-term HLW stream
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Near TermApplicationof ATW
High-Level Defense Wastes
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!
Defense High-Level Wastes are Mainly Fission Products

The total inventory of long-lived, high-level DOE defense wastes present at Hanford. Savannah River, and Idaho is
about eighteen metric tons, most of which are fission products (99Tc and 1291). This figure does not include 90Sr and
135137Cs which account for another 6 to 8 metric tons.
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Defense High-Level Wastes Are
Mainly Fission Products

Inventory Summary Tonnes

Actinides (Np, Am) 1.3

Fission Products (99T1,291) 16.8

TOTAL 18.1



Defense Waste Inventories

The distribution of defense waste as a function of DOE site is illustrated. Most of the HLW resides at Hanford and

Savannah River. In addition. TRU waste exists at Los Alamos and at Oak Ridge.



OOO(X)L
• w • •

sa!JoluaAul a;seNt asua_aQ



Two Specification Criteria Can be Utilized for the ATW Defense Waste Application

There are two environmentsin which performanceof a partitioning/transmutationsystemcan be assessed. The first
assumesthat the fissionproducts99Tc and 1291are the majordriversbecause of their long half livesand significantly
largerchemical mobilities,as comparedto actinides.

The secondenvironmentaddresseswastes from a toxicityperspectiveso that an overall reductionin the toxicityof the
wastes is the relevantmeasure. In thisscenario,actinidescontributemainlyto toxicitylevels.

Sincethe ATW Systemtransmutesbothfissionproductsand actinides,it can meet criteriaassociatedwithboth of these
problem-definitionenvironments.



Two Specification Criteria Can Be Utilized
for the ATW Defense Waste Application
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1.) Tc, I are major long-term storage drivers

or

2.) Overall reduction in toxicity of HLW is the relevant
measure



Technetium Dominates Long-Term Risk in a Geologic Repository

This comparison illustratesthe importanceof technetium and iodine in assessingthe long-term risk associated with
repositorystorage. The relativedose index is determinedfroma productof the amountof the wastepresent, its half life,
and its relative mobility. The mobilityof technetiumand iodine is significantlygreater than that of actinides such as
neptuniumand plutonium.Thus, their relativedose indicesare ordersof magnitudegreater.
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Overall Toxicity Measure Approach

In the toxicitymeasureapproach,the goal of partitioning/transmutationis the reductionof the toxicityof the finalwaste
form to a levelbelowthat of the uraniumbumedto create the waste. In the contextof defensewastes,the presentHLW
toxicityis about 3 xl01 lm3 H20 ( a measureof the amountof water needed to dilutethe waste to levels that willmeet
disposalpurityrequirements).The toxicityof the uraniumconsumedto producetritium,plutonium,and navalfuels is 3 x
107m3 H20. Thus,a decontaminationfactorof about 104 is suggestedby useof thiscriteria.
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Present HLW Toxicity 3x10 __ m3 H: O
2

Toxicity of uranium 3x10 7 m 3 H O
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production, naval fuels



The Defense Waste Application Produces these Technology Requirements

Applicationof either of these criteria produceseveral technology requirements. The system must be able to
transmuteboth long-termfissionproductsand actinides. It mustachieve highefficienciesin chemicalseparation
(1 part in 100 to 10.000). Waste streams must be minimaland understood. Finallythe technology used should
be based on reasonableextrapolationof currenttechnologiesso that operatingsystemscan be ready on
timescales relevantto defense wastecleanup.



The Defense Waste Application Produces
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The Hanford HLW Environment

We now turn to the specificenvironmentof the proposednear-termATW application,whichis the defensewaste
problemat Hanford. There large volumesof radioactivewaste is storedin double-shelland single-shelltanks.
The double-shelltanks contain mostlyliquid,which in turn containsmost of the technetiumestimated to be in
waste there. The single-shelltankscontainmostlysludgeand saltcakewhere mostactinidewaste components
shouldreside. The estimatedinventoryof fissionproductand higheractinidewaste is about2000 kg and 400 kg
respectively.



The Hanford HLW Environment
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A System for Hanford Application

In order to producea reference point design for Hanford,a 30-year operatingscenariowas assumed. To meet this
schedule requires that between 60 and 70 kg of technetium be transmuted per year. Similarly about 10-15 kg of
_._tinideswould be transmuted. An initialestimateof the accelerator requirementsis a 1600 MeV, 50-60 mA machine
consumingabout 200 MWE. The chemistryprocessingsystemwouldbe aqueous-basedand wouldrequirea capacity
of 50 kg for technetiumseparationloopsand less than 10 kg for actinides.



A System for Hanford Application
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Accelerator Requirements for the Hanford Application

The transmutation accelerator is a high-power, radio-frequency, continuous beam linear accelerator (linac) that
generatesa 1.6-GeV protonbeamwith an averagecurrentof 50 to 60 rnA. The configurationshownhere consistsof a
700-MHz coupled-cavitylinac (CCL) injectedat 20 MeV by a funneled beam-launcher. The latter is made up of two
100-keV injectorseach containing140-mAprotonsources,two radio-frequencyquadrupolelinacs(RFQs), and two drift-
tube linacs(DTLs). A funnel similarto that tested recentlyat Los Alamosis used to combinethe two beams whichare
thenacceleratedto 1.6 GeV in a coupled-cavitylinac. The CCL then makesup mostof the accelerator.

This design takes full advantage of the considerableprogress in high current linear acceleratortechnologythat has
occurredduring the past decade, initiatedby DOE supportand advancedby the SDI Neutral Particle Beam program.
These advancesallow sizable improvementsin the generation,acceleration,and handlingof low-energybeams within
the accelerator structure. Optimizationof the low-energyperformanceis key to the successfulcreationof a reliable,
high-current,high-energyacceleratorsystem.

The accelerator front end is optimized to prepare a high-current, Iow-emittance, well-controlledbeam. The CCL
parameters are chosen to assure extremely low beam loss while maintaininga high conversionefficiencyof radio-
frequency power to beam power. We also select a very large ratio of the accelerating-strbctureaperture to beam
diameter to assure low enough beam loss for "hands-on"maintenance. Beam performancehas been confirmed by
sophisticatedmulti-particlecomputersimulations. The overall accelerator design concept was reviewed earlier this
year by a DOE Energy Research AdvisoryBoard panel, which evaluated it as technically sound with no physics
uncertainties.



Accelerator Requirements for the Hanford Application
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Blanket Configuration

The target/blanket configurationis illustrated schematically. In the center is a PbBi neutron production target.
Surroundingthis is a heavy water moderatorregion. The moderatorwouldbe divided intotwo regions,an innerone in
whicha slurrywouldcontainfissionproductssuchas technetium. In the outer regiona slurrywouldcontainactinidesin
an oxide form.
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Aqueous Processing Loops

Two aqueous loopsare requiredfor the near-termapplication. An actinide loopcontainsan actinidesuchas neptunium
which is fissioned. As the slurrycontainingthe actinide flows throughthe transmuter,a small slipstreamis used to
extract fission productsproducedduring transmutation. From this fission productlump, most are sent to shorl-term
cooling and storage. The long-livedtechnetiumand iodine are separated from this lumpand are introduced into the
fissionproduct loop shownat left. This loopalso has a feed, fissionproductsarisingfrom direct tank waste extraction.
in the aqueous loops shown, technetium is transmuted to produce ruthenium while iodine produces xenon. The
rutheniumand xenonare then separatedfromthe loopfor finaldisposal.
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Aqueous Processing Loops
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Straightforward Chemistry Concept for TclRu Separation

A particular example of a processingloop appropriate for the near-term system is illustrated. Here technetium is
introduced into the transmuter, and after transmutation occurs, ruthenium is produced. To separate the two
components,the mixture is oxidizedand masted. The compoun0 Tc207 comes off in a volatile form and is reduced
back intoa formto be reintroducedintothe system. The rutheniumprecipitatesoutas Ru203 and is preparedintometal
for disposal.
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Straightforward Chemistry
Concept for Tc/Ru Separation
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Possible Hanford Chemical Parlitioning is Consistent with ATW Requirements

A systemfor partitioningof tank wastecontentshas been proposedas an altemativemeans for waste cleanup. In it an
organically-basedextractionprocesssuch as TRUEX or LANEX is used to separate the actinidesand fissionproducts
shown. Underthissystemthesewaste constituentscould be fed directlyintothe ATW transmuter.



Possible Hanford Chemical Partitioning
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ATW Tlmelines are Consistent with Possible Hanford Cleanup Scenarios

We believethe timescalesnecessaryto developthe ATW systemare consistentwithschedulesassociatedwith Hanford
cleanup. At the top partof the figurewe show timelinesassociatedwith a Hanfordproposalthat involvesa significant
degree of chemicalpartitioningof wastes. The timescalesare also consistentwithcurrentplansfor Hanfordcleanup.

The ATW systemcan be developed and made operational in a similartimeframe. The first part of the development
process woulObe several years aimed at R&D. At this point a decision about stoppingor proceedingcan be made.
This is followed by a period of integrated technologydemonstrationsor proof of principleexperiments. Finally, if
previousresultswere successful,a productionplantcouldbe built in a periodof 6 to 7 years. Thuswe envision,froma
technologyperspective,a time to plantavailabilityof about 12 years.
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Preliminary Cost Estimates are Comparable with Other Alternatives

We have made a very preliminaryestimateof coststhat may be.associatedwith an ATW applicationat Hanford. These
estimatesare for scopingpurposesonly and illustratethat our total costs may be cheaper than those associatedwith
present Hanford scenarios and comparable to those involving partitioning followed by geologic storage. In our
scenario,storagewouldbe accommodatedusingon-sitefacilities.
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Preliminary Results: Long-Lived Isotope Inventories After 30 Years Operation

We have made an initial, and preliminaryassessment, of the Io,Kj-livedspecies that might be produced during the
periodof operationof a transmuterat Hanford. During a 30 year periodwe transmute2400 kg of long-livedspecies.
Accordingto our initialcalculationswe produceabout 60 kg of a relativelyfew long-livedspecies in the PbBi targetas
well as stainlesssteelcomponentsinthe moderatortank.

We have begunto developstrategiesto lower this figure further. One straightforwardmethod is the reductionof Pb in
the system. We believe the presentdesign mass can be decreased by a factorof two. Likewisewe believe a target
could be made which is comprisedsolely of lead. In this manner,contributionsfrom long-livedbismuthspecies could
be eliminated. Finallyalternativessuch as depleteduraniummay be used in a supplementalfashionto furtherreduce
the lead mass.



,=--,m i i
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Summary

In summary, an ATW systemcould have a significantimpact on Hanford scenarios. It would providea low inventory
environmentthat is highlyeffectivefor transmutation.An ATW systemcan also providea potentialfor on-sitestorage of
wastewithvery small residualsleft after transmutationis complete.

The systemenvisionedfor Hanfordis a straightforwardextrapolationof several currenttechnologyareas at LosAlamos.
Thus, we believethere is a very highprobabilityfor successfuldevelopmentand demonstration.
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High-Power Linac Concept Origins and Application to ATW Requirements

The designconceptfor a high-powerprotonlinac suitablefor waste transmutationapplicationsoriginatedas part of a
1989 LosAlamos/Brookhavenstudythat examinedthe feasibilityoi acceleratorproductionof tritium(APT). Annual
tritiumproductionrequirementsestablishedthe referencebeam parametersfor the acceleratoras 1.6 GeV proton
energy,averagecurrentof 250 mA, and >75% availability. A LosAlamosteam workedout a detailedpre-conceptual
designfor a high-powerprotonlinacand beam transportsystemthat wouldmeet these performancerequirements,
while Brookhavendevelopeda spallation-targelJproduction-matrixconcept. It was clear fromthe beginningthat an RF
I;nacis the onlypracticalmachinethat co'JIdsatisfysur '-__'highcurrentrequirement.

The APT studywas givena thoroughreviewby the _ ,_ergyResearchAdvisoryBoard(ERAB) in the fall of 1989.
An importantfindingincludedintha ERAB Report to the secretary of Energy(February, 1990) was that the accelerator
concept was evaluatedas technicallysound.

Near-term nuclearwaste transmutationapplicationspresentlyvisualizedat LosAlamosgenerallycall for considerably
lowerbeam currentspecificationsthan the 250 mA used inthe APT design. A transmuterthat couldhandle the
technetiumin the accumulateddefensewasteswouldrequire about55 mA average current. An advancedconcept
being consideredfor productionof fissionenergy in an accelerator-drivenfertile-to-fissilefuelconverter (with no high-
levelwaste stream)may requirestill lowercurrentlevels (30 mA).

In the followingpresentationthe 250-mAJ1.6GeV linacdesignworkedout for APT is describedalongwiththe
technologybase supportingthat concept. The presentationconcludeswith howthisdesignmightbe appliedto the less
demandingre_!uirementsof an ATW.
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High-Power Linac Concept was Developed
for Tritium Productton Proposal (APT)

• APT accelerator specifications
- 1.6 GeV protons
- 250 mA cw
- 75% availability

• 1989 APT conceptual design developed to meet these requir_ents

• Conceptual design was reviewed by ERAB Panel (9/89- 2/90)

• Transmutation schemes generally call for lower beam currents
- Initialdefense-waste application (Tc burner) requires 55 mA
- Energy productionwithout a high-levelwaste stream requires 30 mA

• RF linear accelerator is the only practical machine approach



ATW Facility Would be Similar in Scale to LAMPF

The photographshowsthe kilometer-longLosAlamosMeson PhysicsFacility(LAMPF), lookingback along the linear
acceleratorfromthe experimentalareas. The protonlinacis ina tunnelcovered by an earthberm. The surface
buildingshousethe RF powersourcesfor the accelerator,as well as magnetpowersuppliesandcontrolstations. The
overallscale of LAMPF and itsexperimentalareas providesa roughidea (withina factorof 2) of whatan accelerator-
drivenwaste transmutermightlook like. One majordifferenceis that the ATW spallationtargetand transmutation
blanket(with supportingsystems)wouldbe buried 30 to 40 metersunderground,well belowthe level of the accelerator.





Accelerator-Driven Nuclear Process Concepts Have a 40-Year History

The idea of using a high-power proton (or deuteron) accelerator for nuclear process applications goes back 40 years.
Groups at several laboratories worldwide have (at different times) proposed accelerator production of plutonium for
nuclear weapons, conversion of fertile material to fissile fuel for commercial reactors, regeneration of reactor fuel rods,
tritium production, and transmutation of nuclear waste.

h, the late '40s and early '50s the Lawrence Livermore National Laboratory proposed to build a very high power
deuteron linac (500 MeV, 320 mA cw, 50 MHz) to produce plutonium from U238. This machine, referred to as the
Materials Test Accelerator (MTA), was extremely ambitious for its time. A low-energy 12-MHz prototype accelerated a
225 mA proton beam to 12 MeV for short periods, and operated cw at 50 mA.

Canadian interest in electronuclear fuel breeding has been long standing. In the early '60s, a group at Chalk River
Nuclear Laboratories (CRNL) proposed a 65-mA, 1-GeV spallation neutron source for materials research and fuel-
breeding studies. In the late '70s and early '80s, there was serious interest in building a demonstration fuel-breeding
facility, and a staged high-intensity linac development program (ZEBRA) was initiated at CRNL.

Brookhaven National Laboratory (BNL) developed several concepts during the late '70s for accelerator-driven reactor
fuel element regeneration, power production, and nuclear waste transmutation. The latter idea, as in all previous ATW
concepts, invoked the use of a fast neutron spectrum in the conversion blanket.

The Russians have proposed various concepts for accelerator-driven fuel breeding and transmutation over the past 20
years, with much of the activity concentrated at the Moscow Institutefor Theoretical and Experimental Physics (ITEP).



The Accelerator Approach is Not a New Idea

• Materials Test Accelerator (LLNL, 1949- 1954, Pu production)

- Proposed: 500-MeV, 320-mA, 50-MHz cw deuteron linac;
NaK-cooled Be target with U238 multiplier

- Prototype: 12-MeV, 12-MHz DTL; 50 to 225 mA (protons)
- Cancelled after uranium discoveries in US southwest

• Canadian (CRNL) interest in 1960's (ING); early 1980's (ZEBRA) ,
- Fuel breeding (U233 and Pu239 for CANDU reactors)

• BNL concepts developed in late 1970's
- Fuel element regeneration & power production;transmutation

• Soviet concepts (ITEP)



Materials Testing Accelerator (MTA)

Nearly 40 yearsago, an ambitiousdevelopmentprogramwas begunat the Uvermore ResearchLaboratory(LRL) for
electronuclearbreedingof nuclearmaterial(plutonium)usinga high-powerlinearaccelerator. A prototypedrifttube
linac (similarin purposeto that in the secondacceleratingstageof APT) wascompletedin early 1952. This DTL, known
as the Mark 1 linac,was 60 feet in diameterand 87 feet long,and required9 MW of RF powerat a frequencyof 12 MHz.
A 20-foot openingwas used for accessto the vacuumchamber.

RF operationof the Mark 1 was achievedin March1952, followedby protonaccelerationto 33.5 MeV in May.
Rearrangementof the ddfttubes for 22.5 MeV outputprovidedbetteroperatingconditions,allowingintermittentproton
accelerationof up to 225 mAand extendedcontinuous(cw) protonaccelerationat a currentof 50 mA. The ion
source/injectorcouldprovide500 mA forseveralhoursbeforethe electodesand focusinggridswouldburnout. The
Mark 1 was dismantledin December 1953.

I

Mark 1 was the prototypedemonstratorfor a planned$427M plutoniumproductionplant (MTA) that was to be based on
500 mAof deuteronsacceleratedto 350 MeV, usinga 12 MHz drift-tubeiinacrequiring400 MW of RF power. The MTA
projectwas cancelledin August1952 after the discoveryof plentifuldepositsof uraniumin the westernUSA. A revised
productionacceleratorproposal(the C-50 linacconcept)was put forward in 1954, butwas not funded;this machinewas
to be half the costof MTA fora 500-MeV, 320-mAdeuteronlinacoperatingat a frequencyof 50-MHz.

Twentyyears latera moremodem linac,LAMPF, was builtfor mediumenergyphysicsresearchemployingtechniques
and developmentsthat occurredover those two interveningdecades. Many additionaldevelopmentshave takenplace
sinceLAMPF was built20 years ago; thesedevelopmentshave been fullyutilizedin the conceptualdesignof APT.
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High-Power Linac Technology Base

Accelerator-based nuclear waste transmutation and other nuclear process applications have been discussed for
decades, but only recently has the accelerator technology base reached the point that such schemes can be considered

feasible. Important factors behind the significant technology advances that have occurred in the past few years have
been the larg_ investments in high-current accelerator development made by DOD/SDI programs, and the demanding
performance requirements made by these programs. The beam quality and reliability specifications (among others) for
SDI applications considerably exceed those required for APT or ATW.

Linac technology has now reached the point that designs in the required parameter regime for transmutation and other
applications can be projected with high confidence and assurance of operability.



A Solid Technology Base
for High-Power Linear Accelerators

Has Been Established in the Past Few Years
!

• Accelerator-based transmutation was considered earlier, but the
technology base for a high-power cw linac was not ready

• Large DOD/SDI investments are producing high-current ion linacs with
beam quality specs exceeding APT or ATW requirements

• Linac technology has reached the point that designs in the required
parameter regime can be projected with htgh confidence of operability



Linear Accelerator Terminology

The characteristiccurrentoutputsfroma pulsedRF linacand one operatingcontinuouswave (cw) are compared in the
upperportionof the viewgraph. In a pulsedlinacthe periodsduringwhichthe RF cavitiesare excited (and beam is
accelerated)are called macropulses;pulse lengthsvary from microsecondsto milliseconds,dependingon the
acceleratorapplication. In a cw RF linac,whichis theconceptthat was proposedfor APT, the RF cavitiesare excited
continuouslyand beam is acceleratedas an uninterruptedsequenceof micropulses.

RF electromagneticfieldsmaintainedin sequencesof resonantcavitiesprovideacceleratingand Iongitudingalfocusing
forcesfor the beam particles. Transversefocusingis providedby quadrupolemagnets locatedin field-freeregions
either insidethe cavitystructuresor betweencavitymodules. In the centerof the viewgraphth6 _F waveformis shown
expanded intime overa shortintervalfor a 700-MHz linac;as indicatedinthe cartoonthe protonbeam travels inthe
acceleratoras a steadystreamof bunches(micropulses),spacedat intervalsof the RF wavelength,1.4 nanoseconds.
Each bunch,representedby the solidcircles,remainslockedin phase withthe RF acceleratingfieldbecauseof stability
conditionsthat existwhilethe field amplitudeis rising,a regionknownas the RF "bucket'.

In the APT acceleratordesign,the frequencyrelationshipbetweenthe low-energy(low-beta)portion and the high-
energy (high-beta)portion of the machine,coupledwith a beamfunnelingscheme, assurethatevery 700-MHz rf bucket
is filledwithprotons. This is distinctfromLAMPF where onlyone-quarterof the high-betaacceleratorbucketscontain
beam bunches(indicatedas open circles).

The protonbeam beginsthe accelerationprocessas a steady(DC) streamof lowvelocityparticlesextractedfroman ion
sourceplasma. In the firstacceleratingstage,a Radio-FrequencyQuadrupole(RFQ) linac,the protonsare adiabatically
(gradually)capturedin RF fieldsand formedintobunches,whichare then accelerated. Followingthe RFQ the beam
bunchesare furtheracceleratedby a Drift-TubeLinac(DTL) and then finallyby a Coupled-CavityLinac (CCL). These
are resonantstructuresspecificallydesignedfor efficientaccelerationof higherand highervelocityparticles.
Longitudinalfocusinginherentinthe RF accelerationprocessmaintainsthe bunchstructureas the protonvelocity
increases.
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Description of Beams

The upper figurerepresentsthe area of one of the three phase plane projections(x - x')of the six-dimensional
"hyperellipsoid"phase-spacevolumeboundingthe spatialand relative-momentumcoordinatesof some characteristic
fractionof the beam-particledislribution,usuallythe rms value. A secondphase-volumeprojectionis in the other
transverse-motionplane (y - y'), and the thirdis inthe longitudinalmotionplane representedby (z_W- 0), the relative
particleenergyand phasecomparedto the centerof the RF bucket. The emittanceconveysa measureof the degreeof
thermodynamicorder in the beam (the relativethermalenergyof the particlesand howclosethey are to theircommon
axis). It providesa convenientmeans for comparisonof beams, and for representingacceleratorperformance. Lower
emittanceimpliesa higherbeam qualityand viceversa. The 6-dimensionalphase volumeof the beam is a conserved
quantityand remainsconstantas longas all particleinteractionsinvolvelinearfields. In a real beam the emittance
increasessomewhatas particlesare accelerated,especial,lyin the low energyacceleratingstructures,becausethe
forces are in fact notquitelinear. Modern linacdesignproceduresand greatly improvedunderstandingof emittance-
controlmechanismsnow keep thisgrowthfractionto a minimum.

The lowerfigureshowsthe crosssectionthrougha beam in one of the transversedimensions,givingthe particle
densityversusdistancefromthe beam axis. A protonlinac beam distributiontypicallyhasa nearlyGaussiancore witha
non-Gaussiantail that extendsout beyond3 times the rmsvalue (o) of the distribution.Thistail is knownas the "halo'.
For high-currentprotonbeams (e.g. LAMPF) a designrule (basedon measurementsof characteristicdistributions)is
that the acceleratorstructureor beam pipe aperturedimensionmustbe 5 to 7 times the rmsbeam sizeto avoid lossof a
significantfractionof the particlespopulatingthe outerreachesof the halo.



} Describing a Beam- More Terminology
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Accelerator Technology Advances That Enable High Power Linacs

Some of the key recentadvancesin the technologyof high-currentlinearacceleratorsare listed. Taken togetherthese
improvementsin beam-dynamicsunderstanding,high-currentbeam simulation,systemdesigntools, and device
performanceandcapabilitiesnowmake it possibleto buildand operatemachinesin the APT and ATW class.



Key Advances in Accelerator Technology
That Enable High Power Linacs

I

• Radio-Frequency Quadrupole (RFQ)- dramatic improvement in
first stage of acceleration.

• Beam Funneling -intensity doubling with no emittance penalty.

• Beam Dynamics - analytic understanding of emittance preservation.
- Higher-frequency accelerating structures
- Ramped accelerating gradients
- Strong transverse focusing

• Beam Simulation - accurate codes for predicting detailed behavior
of high current beams; benchmarked on LAMPF and ATS.

• RF Sources- availability of efficient high-power (1-MW) cw
klystrons at 350 MHz- 1000 MHz.

• Beam Optics - high order optics codes allow beam-shaping using
nonlinear magnetic elements (octupoles).

• Controls and Diagnostics-microprocessor-based distributed
intelligence; fast non-intercepting beam position monitors.



Progress in Linac Design and Performance- From LAMPF to APT

Twentyyears of linactechnologydevelopmenthastaken placesince LAMPF was built. Them havebeen groat
advances in componentdevelopment,beam-dynamicsunderstanding,new methodsand techniques,and newdesign
tools,much of whichhas been concentratedinthe pastten years - stimulatedpart.tyby StrategicDefense Initiative
(SDI) requirementsfor highperformancelinacsthat can operate in a space environment.

The RFQ in APT providesmuchimprovedbeam performancein the initialaccelerationstage,compared withthe high-
voltageinjectorsused in older linacdesigns,deliveringa highqualitybeam to downstreamacceleratingstages. The
APT injectoroperatesat the low potentialof 100 kV, whichprovidesmow reliableand improvedperformance withcw
beams. For masonsof efficiency,improvedperformanceand modularity,the APT linacmakesthe changefrom DTL to
CCL at 20 MeV, a muchlowertransitionenergy than in LAMPF.

Funneling,recentlydemonstratedat LosAlamos,is usedto doublethe beam currentat 20 MeV without a significant
emittar,¢eincrease,and to filleveryRF bucketin the 700-MHz CCL This permitsattainmentof 250 mAin the CCL with
lowemittanceand also minimizesthe chargeper bunch- therebyreducingthe potentialfor beam loss and resultant
heatingand activationin the accelerator. Althoughthe averagecurrentincreasesby a factorof 250 from LAMPF to APT,
the increasein the charge-per-bunchis onlya factor of 4.5.

As partof the SDI NeutralParticle Beam (NPB) program,the AcceleratorTest Stand (ATS) at LosAlamoswas used to
demonstrateadvancesin low-energyhigh-currentlinear acceleratortechnology. Accelerationof protonsto 7 MeV was
demonstratedon ATS witha charge-per-bunchabout70% of that for APT, and witha much lower emittance. Code
verificationexperimentsand operationof ATS provideconfidencethatthe frontend of APT shouldwork as designed.
The GroundTest Accelerator(GTA) at LosAlamosis providinga grounddemonstrationof an acceleratorthat could be
usedas partof the SDI/NPB architecture.GTA, whichis a fullyintegratedacceleratorsystemtestwithcomponents
similarto APT, has performanceand operatingobjectivessignificantlymoredemandingthan that forAPT. It has a
smallerbeam emittance,cryogenicoperation,fullyautomatedturn-on,higheracceleratinggradientsin the RFQ, DTL,
andCCL, and a very complexoutputbeam transportsystem.

I



Progress in Linac Design and Performance
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LAMPF Provides a Relevant Basis for Extrapolation

Standardproductionconditionsfor LAMPF, which is a pulsedRF linacdesignedmorethan 20 years ago, providean
800-MeV protonbeam with15-mA peakcurrentand 1-mA averagecurrent. The macropulsesare delivedat a rate of

=20pulsesper second and are 560 ps in length,givinga 6.7% duty factor. LAMPF has the highestbeam powerof any
acceleratorworldwidein thisenergyrange and has operatedas a protonproductionfactory (3000 - 4000 hours/year)
for more than ten yearswithdemonstratedavailability(fractionof scheduledbeam time)greaterthan 85%. Medium-
energyphysicsprogramfundinglevelshave restrictedbeamoperationduringthe pastfew years to about6 monthsper
year.

LAMPF has acceleratingstructuresthat are similarto those neededfor APT- an H+ injectorfor protonbeam initiation,a
200-MHz drifttube linacacceleratingthe beam to 100 MeV, and an 800-MHz coupled cavitylinacacceleratingthe
beamto 800 MeV. LAMPF components,suchas beam diagnostics,feed-forwardRF amplitudecontrol, ion pumps,
quadrupolefocusingmagnets,RF power sources,and beamtransportelements,are also similarto componentsneeded
in APT. Machinesafetyand maintenancearrangementsare very relevantto the APT design. Finally,LAMPF hasa user
communitythat demandsreliableoutputbeamwith constantandconsistentperformanceover long periodsof time.
Many APT componentswouldbe straightforwardextensionsof existingLAMPF hardware. Othercomponentswouldbe
replacedor modifiedto take advantageof recenttechnologyadvances. The RFQ, whichhad notbeen inventedwhen
LAMPF was built, is a replacementforthe high-voltageDC injectorused in LAMPF; itdramaticallyimprovesbeam
performancein the firstacceleratingstageof APT.

Beam lossesand activationlevelsare very low formostparts of the LAMPF linac. Total lossesare carefullyrestricted
duringmachinetuningandproductionoperationby a fast beam-lossmonitoringsystem. Unrestrictedhands-on
maintenanceis possiblealongthe entire lengthof the accelerator. Well developedremote-handlingtechniquesare
employedfor maintenanceand removalof highlyactivatedcomponentsin the experimentalarea (productiontargets).



LAMPF Provides a Historical Technology Base
I I I

Parameters
i

• 800 MeV protonenergy
• Peak current: 15 mA

• Pulse length, rate" 560 _s, 120/s
• Average current" 1 mA
• Output emittance" 0.07 _ cm-mrad (n-rms)
• Side-coupled 805-MHz CCL

• Only 1/4 of CCL rf buckets contain protons
• 44 klystrons(1.25 MW peak power)
• H* and H- beams accelerated simultaneously
• 1.91 cm CCL structureaperture (radius)

• Beam availability: > 85% of scheduled time
• Beam loss at 800 MeV: < 0.2 nA/m (2 x 10-7/m)



Design Issues for High Power Linacs

The most importantdesignconcems for high-powerprotonlinacsare:

1) Controlof beam Iosse._,includingthe slowbeam lossassociatedwithinterceptionof the beam halo by the
acceleratorstructuresand point lossescausedby off-normalconditionsand faults.

2) RF DowercaDitalcostsand efficiency.The formerhasa dominanteffectof the capitalcost of the accelerator,
and the latter,expressedas the ratioof RF powerdeliveredto the beam to the total RF powerdeliveredto the
acceleratorsystem,has a dominanteffecton the operatingcostof the machine.

3) Machine availability. For ATW applicationsthe acceleratormusthave a total availabilityexceeding75%. This
requirementtranslatesintodemandingspecificationsfor componentlifetime,speed and efficiencyof
maintenance,and minimalactivationfor mostof the accelerator.

4) Integrated systemoperability. An APT-class accelerator willbe a complexhigh-powersysteminvolving
thousands of components. Although many relevant accelerator parameters (peak currents, emiHance values,
etc.) have been demonstrated at APT/ATW performance levels, there is as yet no existence proof of integrated
cw operation of a high-power accelerator facility in the required power range. There are many operational details
that must be addressed, including beam starlup, recovery from faults, protection of equipment, safety, etc.



Design Issues
for High Power Proton Linacs

1 I I I

° Beam loss control

• RF power cost & efficiency

• Machine availability

° Integrated system operability



APT Accelerator Design Framework

The high-powerlinearacceleratorconceptdevelopedto addressAPT requirements(250 mAcw, 1.6 GeV, 75%
availability)was preparedwithina conservativeframeworkto producea convincingreferencemodel. Initialparameter
selectionsfor the RFQ, DTL, and CCL acceleratingstages were madeanalyticallyusinga uniformly-filledellipsoidal
bunch model. End-to-endbeam simulations(with built-inerrorsto represent"real-world"conditions)were carriedoutto
confirmandadjustthese selections,and to determinebeam performance,emittanceestimates,etc.

LAMPF operatingexperiencewas consultedextensivelyduringthe designprocess,especiallyto obtain informationon
beam lossesand machineactivation,machineavailability,componentmaintenancerequirements,and klystron
lifetimes. In addition,the LAMPF linacwas simulatedfromend to end with"as-built"data usingthe same designcodes
that calculatedAPT performance,in order to providea detailedbenchmark for makingbeamlossprojectionsfor APT.

Preliminaryengineeringdesignwas carded out for criticalcomponents,such as the radiation-hardelectromagnet
quadrupolesinthe DTL drift tubes, to verily feasibility. Engineeringanalysiswas carriedoutfor certainareas of the
acceleratordesign, suchas the thermal responseof the CCL cavities,to verily performancewithinacceptable
parameter ranges. Acceleratorand tunnel layoutswere producedto check configurationalreasonableness.

A preliminaryfaultanderror analysiswas completed,to assessthe threat to acceleratorcomponentsof variouskindsof
malfunctionsandoff-normalconditions.The effectsof FIFstationfailuresand magnetfailureswere analyzed, and
estimateswere made of the beam shutdowntime allowancesto preventdamage to the acceleratorsystem.

The APT acceleratorfrontend (up to about40 MeV) wasdesignedto launcha highquality,low halobeam. The CCL,
;_--heremostof the constructioncostandoperatingcost impact is concentrated, was designedto assurevery low beam
losseswhilemaintaininga high RF efficiency.

The APT acceleratorconceptwas reviewedin the fallof 1989 by the Energy ResearchAdvisoryBoard(ERAB) andwas
found to be technicallycredible,assuminga suitabledevelopmentand engineeringdemonstratior:program.



APT Accelerator Concept was Developed in Summer 1989
and Reviewed by ERAB Panel

I

• Conservative overall design framework

- Parameter selection using uniformellipsoidbunch model

- Comprehensive beam simulationincludingbuilt-inerrors
- Assessment of LAMPF operating experience

- Engineeringanalysis of critical components
- Machine configurationlayouts
- Analysis of off-normaland fault conditions
- Frequency choice to match available high-power RF sources

• Front end is designed to launch high quality, low halo beam.

• CCL is designed for low beam loss, high rf efficiency.



Reference APT Accelerator Concept

The APT linac sketched in the figure is composed of two principal parts, a low-energy beam launcher, and a cou!_led
cavity linac (CCL) that makes up most of the accelerator's 2-kin length. The beam launcher is a funneled acc_!orator

system composed of two H+ injectors, two 350-MHz RFQs, and two 350-MHz DTLs. It combines lwo 125-mA, 350-MHz
beams at an energy of 20 MeV to provide a 250-mA, 700-MHz beam to the CCL. The first segment of the 700-MHz CCL

is Shown in dark shading immediately to the right of the funnel. The beam launcher is optimized to generate a high-
current, low emiHance beam that has little halo, taking advantage of the advances in accelerator technology listed
earlier, while the CCL is designed to assure very low beam loss and provide relatively high RF efficiency.

The use of radiation-hard electromagnet (EM) quadrupoles in the DTL drift tubes instead of permanent magnet
quadrupoles is mandated by the significant radiation damage threat during turn-on and tuning. This decision imposes
an upper limit to the DTL frequency at about 400 MHz because of elecromechanical constraints in the EM quad design,
and leads to a natural frequency choice of 350 MHz, where a commercially manufactured 1-MW cw klystron is available.

The DTL is of 213),.type to accommodate focusing and acceleration requirements. The CCL is designed in a modular
fashion, and is divided into seven sections in which each accelerating cavity has the same number of coupled
accelerating cells. The number of cells per module increases from 2 in the lowest-energy CCL section to 10 in the

highest-energy section. Following each accelerating module is a diagnostic station and a focusing quadrupole (in a
FODO sequence). The density of quadrupoles along the CCL is about four times greater than in LAMPF, one of the
factors producing a small beam size in the APT linac.

The table lists a number of important power parameters for the entire linac, including the RF power to the cavity walls,
the power into the beam, the ac-to-beam power conversion efficiency, and the total ac power requirement. It also lists
the average accelerating gradient in the CCL, the number of particles in each CCL bunch, the ratio of aperture to rms
beam size in the CCL, and the transverse input and output emittance values derived from an end-to-end beam

simulation in which matching errors were deliberately intoduced to simulate "real world" conditions. The aperture/rms-
beam size ratio is much larger than in LAMPF, where this ratio at the end of the linac is about 6.3.



APT Accelerator Concept (1.6 GeV, 250 mA)
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Beam Launcher Design

The lowenergyportionof the APT accelerator,up to 20 MeV, is referredto as the beamlauncher. It is ,_funneled
systemcomposedof twol00-keV H+ injectors,two 350-MHz RFQs accelerating125-mAbeams to 2.5 MeV, and two
350-MHz DTLs acceleratingthese beamsto 20 MeV. Funnelingtakes place at 20 MeV. Followinga matchingsection,
t_e beam is injectedintothe firststageof the 700-MHz CCL.

The APT beam launcherdesigntakesadvantageof several importantadvancesin the technologyof high-currentlow-
beta linacs. It uses RFQs for bunchingand initialaccelerationto providehighcurrentwithgood beam qualityinthe
criticalfirstacceleratingstage, funnelingfor doublingthe current intothe CCL withouta correspondingincreasein
emittance,a highaccelerating-structurefrequencyinthe RFQs and DTLs (350 MHz) to minimizetransverseemittance
growthinthese structures,and a rampedacceleratingfieldinthe DTLs (1.1 to 3.1 MV/m) to controllongitudinal
emittancegrowth. Beam simulationsshowthat with thesedesignfeaturesthe beam launcherdeliversa highcurrent
(250 mA) beamto the CCL with low emittanceand verylittlehalo.

Althoughpermanent-magnetquadrupoleshave provenadvantageousfor strongfocusingin high-frequencylinacs
intendedfor shortservicetimes,as in the NeutralParticleBeam SDI program,theirperformancedegradesafter
accumulatedneutronfluencesas lowas 1015n/cm2-s. Because of the significantneutrondamagethreatover long
operatingtimes inAPT, their use was precludedin the DTL design. Radiation-hardelectromagnetsare specified
instead,and the constraintsassociatedwith fittingsuchEM quads intoddft tubes leadsto a designchoiceof 350 MHz
for the DTL operatingfrequency. A proven1-MW cw klystronis availablecommerciallyat thisfrequencyand is a
another factorgoverningthe frequencyselection.



Beam Launcher Design Features
I I

• Beam funneling

• RFQs for initial bunching and acceleration

• High accelerating structure frequency (350 MHz)

• Ramped accelerating field in DTL

• No PM quadrupoles in DTL; radiation damage threat

• Proven 1-MW cw klystrons available at "_50MHz

• Single frequency transition (at 20 MeV)

• Matching at transitions between structures



CCL Design Features

The principalobjectivesgoverningdesignof the APT CCL are to minimizebeam lossinthe accelerator,and to maintain
a highefficiencyfor conversionof electricpowerto beam power. The formerimpactsthe maintainabilityof the
accelerator,and the latterdominatesboththe capitalcostandoperatingcostof the faciltiy.

To achieve very low beam losses,the acceptance in bothtransverseand longitudinalphase spacesis made as large as
possiblecomparedwiththe phase space occupiedby the beam bunches. With lowbeam emittance,strongtransverse
focusing(highquadrupoledensity),and unusuallylargeaperturesin the acceleratingstructures,it was possibleto
achievea ratioof structureapertureto rms beamsize in the range 15 to 20, muchhigherthan in LAMPF, whichhas a
ratioof about6.3. A large ratioof "bucket"to bunchdimensionsis also achieved inthe longitudinalphase plane.

Additionalfeatures assuringlowbeam lossare the eliminationof majortransitionsin eitherthe transverseor
longitudinalacceptances,carefulmatchingbetweendifferentCCL segments,a possibleemittancefilter (beam halo
scrapingsystem)after the initialCCL section(at about40 MeV), and a highdensityof beamdiagnosticsto permit
precisecontrolof the beam buncheswithinthe transverseand longitudinalacceptanceboundaries. Fast acting(20 to
30 microseconds)beam abort systemswouldbe usedto shutoffthe beam withintimesshortenoughto avoid thermal
damage to the acceleratorin the event of off-normalconditions.

High RF efficiencyis achievedby usinga lowaverageacceleratinggradient(1 MV/m) to minimizeRF lossesin the
acceleratingcavities. Thisvalue is close to optimumfor minimizingprojectedfacilitylifetimecosts. A new RF tube is
needed at 700 MHz for poweringthe CCL. Acceleratorcapitaland operatingcostscouldbe greatlyreducedthrougha
Jevelopmentprogramto producea low-costhigh-efficiencyRF sourcefor thisapplication.



CCL Design Features

Beam-Loss Control
i i i •

• No major acceptance transitions

• Beam phase space occupies small fraction of CCL acceptance
- Strong transverse focusing (shorttanks)
- Ratio of structure bore to rms beam size is very large
- Ratio of RF bucket lengthto bunch I_ngth is large

• High density of beam diagnostics; tight control

• Emittance filter system at 40 MeV

• Fast shutdown in fault situations ( < 30 _s)

RF Efficie,,n,cv

• Low accelerating gradient (1 MV/m)

• New high-efficiency 1-MW cw 700-MHz rf source



Beam Distributions from Simulations

Shown are the resultsof an end-to-endbeamsimulationfor the APT linacdesignat the outputenergyof 1.6 GeV. The
calculationincludesdeliberatelyintroducedmismatchesto simulate"realworld"tuningconditions. Each dot represents
a macro-particlethat was acceleratedfrom the injectorto the endof the CCL. Approximately7500 macro-particleswereused in the simulations.

The two upper figuresare emittancediagramsforthe orthogonaltransversephase planes,x - x' and y - y'.

The lower left figureshowsthe real transversebeam distribution(in x - y space) as well as the structureboundary
(transverseaperture), revealingthat the designacceptance is very much largerthan the transversephase space
occupiedby the beam.

The lower rightfigureshowsthe beamdistributionin longitudinalphase space,and also the availableRF bucket
stabilityarea, indicatingthat the longitudinalacceptance of the linac is much largerthan the longitudinalemittanceofthe beam bunches.

Becausethe ratiosof acceptanceto emittanceare so large, the beamperformanceis excellentand beam lossis verysmall.



Output Beam Distributions from Linac Simulation
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Typical CCL Accelerating Module

A typical side-coupled-cavity accelerating module in section 5 of the CCL is shown. This type of lattice unit is used for
accelerating the protnn beam h_twAAn .':IPI3MAV _nfl RAIN MeV ""='"'" """........................ _,,,,,_,,_,,,,_, relative velocity _ ranges from 0.66 to 0.80),

and has eight accelerating cells, spaced at intervals of 13;L/2.As shown, each lattice unit includes a quadrupole and a

beam diagnostic station. There are 266 s,,'nilar units in this section of the CCL, with each one (on the average) requiring
380 kW of RF power input when beaK=is on. The units are bridged together in pairs, with each pair supplied by a single
1-MW 700-MHz klystron. Connecting ,_hemodules with bridge couplers minimizes the number of individual RF
connections and feeds, and eases contro=aspects because the RF fields are Iockea for longer segments of the ilinac.

The mean lattice-unit length is 157 cm. and the cavity shunt impedance is 24 M_./m. The structure-average accelerating
gradient is 1.25 MV/m, and RF power dissipated in the cavity wa_lsof each unit is an average of 80 kW. The structure
thermal response for cw operation has been calculated and is shown to be well within acceptable bounds for a water-
cooled system.



CCL Eight-Cell Lattice Unit (Section 5)
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Machine and Tunnel Configuration

The acceleratorand tunnelconfigurationforAPT wouldbe verysimik- to that for LAMPF. The figureshowsa section
throughthe coupled-cavitylinac, indicatingthatthe acceleratoris in a tunnelunderabout 15-20 metersof earthoverlay
fc,; shielding. Abovethe earth shieldis a buildingextendingthe full lengthof the linacthat housesthe RF sources
(klystrons),circulators,RF amplifiercontrols,powersuppliesforthe klystrons,focusingmagnets,and ion pumps,andthe
controlsysteminterfaceforall the foregoingas wellas for the beamdiagnostics. Shieldingwillbe sufficientthat this
area is a low radiationzone duringoperation,and is accessibleto the accelerator staffwhen beam is on. RF poweris
deliveredto the acceleratingcavitiesby WR1150 waveguiderunthroughthe earthoverlayin sucha way as to avoid
neutronstreamingfromthe linactunnelto the klystrongallery. A servicetunnel situatedadjacentto the accelerator
tunnel housesthe relativelyhigh-maintenancevacuumpumps,the coolinginterfaceequipment,and certaindiagnostic
instrumentationthat mustbe close to the machine. Shieldingbetweenthe service tunneland the acceleratorreduces
radiationto low enoughlevels to preventdamageto the electronicslocatedthere andto ensurethat activationwillbe
low enoughto permitunlimitedserviceaccesswhen beam is off. The machinetunnel is equippedwith a radio-or-
manuallycontrolledbridgecrane, and shadowshieldingfor hands-onmaintenancein locally"hot"sectionsof the linac,
if required. The modularnatureof the linacdesigna"_ws relativelystraightforwardremovalof quadrupoles,diagnostic
stations,rf windows,and partor all of a givenacceleratingstructure.Connectionsare designedspecificallyfor
compatibilitywith remote maintenanceequipment.

To the right of the machinetunnelcrosssectionis showna side view of four 8-ceil cavitymodules(section5 of the CCL)
placed on their kinematicmounts. Betweeneach pair ol cavitymodulesis a quadrupolemagnetand a stripline-type
beam diagnostic.At this locationinthe CCL the cavitymodulesare bridgedtogetherin pairs,witheach pair supplied
with RF powerby a single1-MW klystron.

i
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Accelerator/Tunnel Configuration
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RF System Efficiency

The saturated(dc-to-RF) efficiencyof a modemcw 1-MW klystronis 70%. In orderto allowmarginforcontrol,the
designoutputlevel shouldbe 95% of saturation,whichreducesthe ei_ectiveklystronefficiencyto 67%. Improvements
in RF generatorefficiencyare possible,and other kindsof generatorsand techniqueswhichare stillin the
developmentalstage have predicteddc-to-RF efficienciesgreaterthan 80%.

The RF transportefficiencyis takenas 96%, implyinga total lossof 0.2 dB. Mostof thisloss wouldoccurin the circulator
used to protectthe klystonfromreflectedpowerduringtransientsand faults. The lossesmightbe reducedwiththe use
of a "magic tee" as the RF tube isolationdevice. Other considerationsforthe tube isolationhardware,suchas system
complexityand flexibility,lead to the tentativechoiceof circulatorsforthe APT baselineRF systemdesign.

Losses in the power conditioningportionof the RF systemoccurprimarilyin the high-voltagepowersupplyand in the
fanoutand isolationsection. The use of reactiveisolationinsteadof resistive;solationcan minimizethe losses;an
overallefficiencyof 95% forthisportionof the systemis feasible.

The final efficiencytermcomes from the beam loadingfactor. Higherbeam loadingleadsto lesswasted powerin the
accelerator. The 78% beam loadinginAPT is already very highfor a room-temperaturemachine,butthere remainsthe
possibilityof raisingthis factorsomewhatin an overalldesignoptimization.



RF System Overview
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Chalk River High-Power CW RFQ

The photodepictsthe 269-MHz, 600 keV protonRFQ presentlyundergoingtestsat Chalk River NuclearLaboratories.
This RFQ has recentlyproduceda 70-mA cw beam ot protonswithinan emittancesimilarto that neededfor APT. The
outputcurrentis close to the theoreticaldesigncurrent limitforthisdevice.





Accelerator Test Stand

The composite pictureshowsthe AcceleratorTest Stand hardwareand a layoutdiagram. Accelerationof pulsed(low
duty factor) 100-mA protonbeams upto an energyof 7 MeV has been demonstratedat this test facilitywitha 425-MHz
RFQ and ramped-gradient425-MHz DTL. Detailed beam performancemeasurementsmade on ATS have provided
overallbenchmarkingof high-currentdesignand beam simulationtechniques. It has operatedas an integratedlow-
energyhigh-currentacceleratingsystemvalidatingdesignproceduresfor injectors,and RFQ/DTL combinationsin the
same parameter rangeas usedin the APT conceptdesign.
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Chalk River CW Drift-Tube Linac

The photodepictsa 269-MHz ddfl-tubelinacthat has operatedcw at Chalk RiverNuclearLaboratodes,acceleratinga
3-mA beam of protonsto 3 MeV (from750 keV). Thisdevicewas partof the ZEBRA project,a high-currentcw proton
linacR&D programaimed at implementationof an electronuclearfuel breedingfacilityin Canada.





352-MHz cw High-Power Klystro_

The photographshowsa 1.1-MW 352-MHz cw klyston,an RF tube developedb, two manufacturersto powerthe Large
ElectronPositron(LEP) colliderat CERN. These klystronshaveDC-to-RF efficie_ciesof 67 to 70% and projected
lifetimesof 20,000 to 50,000 hours. More than20 unitsare in operation,but lifetimeexpodenceis limitedso far due to
theirshortservicehistory.The klystronsare candidatepowersourcesfor the APT 350-MHz RFQs and DTLs. They are
manufacturedby ThompsonCSF (France) and Valvo-Phillips(Germany),and sell for about$500K per unit.
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Key Technical Issues Were Addressed in the APT De3ign Study,
But We Don't Have All the Answers for High-Power CW Operation

A list of major technicalissuesconfrontingthe APT acceleratordesignis given. The followingmaterialshowshow some
c.fthese concernswere addressed- by referenceto the existingtechnologybase, to operationalexperienceat LAMPF
and other acceleratorfacilitiesworldwide,and to performanceestimatesbased on beam simulationsand other criteria.

Even thoughthe informationand projectionsdevelopedin the APT studyare convincing,a high-powercw engineering
demonstrationof the acceleratorfrontend wouldstillbe very importantto addresssystemsintegrationand control
questions.
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Accelerator Technical Issues
II II UlII

• Beam loss
- Degrades accelerator component performance
- Produces activation levels that complicate maintenance

• Power conversion efficiency
- Development of a high-efficiencyrf tube will significantlyreduce

capital and operating costs.

• Accelerator availability
- Component lifetime
- Ease and speed of maintenance

• Integrated cw operation
- Individualcomponents have functioned near ATW specifications
- An integratedhigh power cw system has not operated at ATW

specifications



Assessment of Beam-Loss Threat in APT CCL

The issueof beam lossinthe APT coupled-cavitylinacwas addressedby combiningextrapolationsfromLAMPF beam
lossdata and halo simulationsusinga calibratedLAMPF calculationalmodel. The figureshowsa comparisonof
estimatedbeam lossin the LAMPF CCL from activationdata (lightly-shadedhistograms)with the relativelossp,:edicted
by simulations(blackhistograms).

The beam lossestimate is based on activationmeasurementstakenalongthe CCL after shutdownfromprolonged
(three months)operationat an averagecurrentof 1 mA, and is computedusingthe energy-dependentthicktargetyield
of neutronsfrom protoninteractionswithcopper. It is seen thatover mostof the CCL length,fractionalbeam losses are
< 2 x 10-7/m,exceptfor two high-lossregions. The highbeam lossjustdownstreamfrom 100 MeV pointcan be
explainedby the factor-of-4jumpin accelerating-structurefrequencyoccuringat that location,whichresultsin a
correspondingreductionof the longitudinalacceptance. The highlosszone justbeyond200 MeV is explainedby the
x 2 increase inquadrupolespacingthat occursthem, whichresultsin a correspondingreductionintransverse
acceptance. The APT designavoidssuchdrasticacceptancetransitions.

A completeend-to-endsimulationof LAMPF using"as-operated"parametervalues,was carriedout. This simulation
correctlypredictedthe measuredbeamemittancevaluesand the knownbeam losslocationsand somewhatoverstated
the lossmagnitudes. A derivedbeam-halomodelproduceda simulatedrelativelosspatternindicatedby the black
histograms,showingroughagreementwiththe measuredlosspattern. Usingthismodel for the APT CCL it is possible
to projectthat fractionallossesin that machinewouldbe two ordersof magnitudelowerthan in LAMP.F,providingan
acceptableactivationlevel for hands-onmaintenance. This resultis due mainlyto the very largeratioof apertureto rms
beamsize inthe APT design(15 to 20 inAPT versus6.3 in LAMPF), butalso benefitsfromthe minimalbeam halo
achievedby carefulattentionto matchingandthe absence of sharpacceptancetransitionsin the CCL.

The conclusionof these studies is that hands-onmaintenancecan probablybe achievedfor mostof the APT
accelerator, except for a few hot spots. Well-developed remote maintenance techniques can be used to service these
locations.
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LAMPF Operations + Simulation Results
1 Provide Assessment of Beam Loss Threat
l I I III I I II IIIIIII II IIIIII IIIII IIIIIIIIIII

10.0

9.0

Beam lossin LAMPFCCL estimatedfrom
8,0 activation(3 monthsoperationat 1 mA)

i

7.0 m Relativebeam losspredictedby simulation
E (normalized at 100 MeV)
< 6.0
C

I ¢n 5.0' 0
_J

i "o 4.0
E 3.0

Ill 2.0

i 1.0!

1

, 0.0
100 200 300 400 500 600 700 800

Proton Energy (MeV)

• Fractional beam loss is < 2 x 10.7/m for most of CCL.

• High loss locations are downstream from longitudinal and transverse
acceptance transitions. ATW design avoids such transitions.

• LAMPF simulation predicts loss location; overstates loss magnitudes.

• ATW aperture-to-beam-size ratio is much larger than in LAMPF (20 vs 6.3).
• ATW halo simulation shows much lower fractional losses than LAMPF.

_Conqlusion
t ATW can achieve conditions needed for "hands-on" maintenance.

I



Remote Maintenance Systems

Master-slave remote maintenance machines have been developed specifically for servicing highly activated accelerator
and experimental area components at several nu clear research fac6iitiesaround the world, and have reached _ high
level of sophistication. Most of the design and operating experience has been concentrated at LAMPF, where portable
manipulators are used to maintain the very radioactive production targets in the experimental area as well as the main

beam stop, and at CERN, where a self-propelled machine is used to perform remote maintenance in the SPS (Super
Proton Synchrotron) beam channels. The CERN master-slave-servomanipulator (MSSM) system, called MANTIS, is
pictured here. The system utilizes servo arms with force reflection, i.e., "feel" that, along with television eyes and

microphones, provides the remote operator with a sense of presence. All conceivable operations such as grinding,
cutting, welding, soldering, seal replacement, and component replacement can be achieved with this equipment. The
operator is connected electrically via cables to the MSSM equipment. The MANTIS is self-mobile and can "find" its

target. It should be noted, however, that although most manual functions can be performed with this equipment, its
remote nature requires that a factor of five to ten more time must be allowed for a given job compared with hands-on
operations.





CW Klystron Lifetime Experience

Klystron lifetime is determined by many factors, butthe cathodelifetimeis by far the dominantone. Althoughhighpower
is generallydetrimentalto cathodereliabil_,,the klystronvendorsbelievethat a 50,000 to 100,000 hour life is
achievablein a 1 to 1.5 MW klystron. In addition,extensiveinstrumentationon the klystroncan detect most wearout
failuresbefore they happen, allowingreplacement of the Idystrondudng regular maintenanceperiodswithoutlossof
runningtime.

Currentexperiencewithhighpowercw klystronsis limitedat thispoint. The PEP ringat SLAC has twelve0.5-MW cw
klystronsat 353 MHz. Three of the originalunits(installedin 1977) are stilloperatingafter 60,000 hours of operation.
One designfaultand one materialsfaulthave been corrected,and the second generationof these klystronsis expected
to lastmuchlonger. The TRISTAN ring at KEKin Japan nowhas over20 cw klystronswithoutputpower capabilities
between0.8 and 1.2 MW at 508 MHz. Thisfacilityis stillrelativelynew, butone klystronhasaccumulatedover 12,000
hours. The PETRA ringat DESY in Germanyhas hada numberof 500-MHz cw klystronswithoutputpowers close to 1
MW in operationsince 1978. The informationavailableon these tubes, thoughsketchy,supportsthe general
expectationof 50,000 hourlifetimes.

i;
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LAMPF Klystron Lifetime Experience
I I

Parameters: 805 MHz, 1.25 MW (peak power)
12% duty (1 ms pulses, 120 pps)

VARIAN 862A LITTON 5120A

Number of klystrons 70 26

Average operating hours
• High-voltage on 31 K 9.2 K
• Filament on 39 K 11.8 K

Long-life performance 20 tubes with 5 tubes with
> 75 K hours > 50 K hours



Accelerator Availability

This table is a compilationof operationalparametersfroma large numberof acceleratorsused in nuclearreseamh
aroundthe world. These machinesall functionas particlefactoriesfora large usercommunity,and beam availabilityis
an importantmeasureof their performance. The right-handcolumnliststhe claimedbeam availabilityat these facilities
as a fractionof the scheduledbeam time. While itdoes nottake intoaccountthe plannedbeam-offtime, whichis
usuallygovernedby operatingbudgetconstraints,thisavailabilitydata does give a measureof the reliabilityof modern
particleaccelerators. LAMPF is the acceleratorclosestto APT parametersand operatingregime,and has had an
overallavailabilty> 85% for manyyears.
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Accelerator Availability Data
IIII III I I

Peak Pulse Duty
First Current Length Cycle Ann. %

Accelerator Beam Facility (mA) (_s) (%) Hours Avail.
i

50-MeV H. linac 1978 CERN 140 110 0.01 7000 99
20-MeV H . linac 1969 Saclay 20 500 0.1 5000 98
200-MeV H- linac 1970 BNL 25 500 0.25 5000 95
200-MeVH o linac 1970 FNAL 35 60 0.1 8000 97
100-MeV H+ linac 1967 Serpukhov 100 100 0.01 5000 99

1800-MeV H. linac 1972 LAMPF 17 500 6.0 4500 85
25-GeV e- linac 1966 SLAC 50 2.7 0.03 5300 90
40-MeV H- linac 1974 KEK 10 80 0.16 4000 95
70-MeV H- linac 1983 Rutherford 12 500 2.5 5000
400-GeV H . synchrotron 1976 CERN 5500 85
26-GeV H+ synchrotron 1959 CERN 6300 96
12-GeV H+ synchrotron 1976 KEK 4200 95
7.5-GeV e- synchrotron 1964 DESY 7500 95

17-MeV e- linac (RTM) 1986 NIST 0.5 CW 100
0.6-MeV H . RFQ 1988 CRNL 50 CW 100
2.0-MeV H_ RFQ 1982 FMIT 50 CW 100

Most data from Catalogue of High-Energy Accelerators, Tsukuba, Japan, July, 1989.
Availability data from 1980 Catalogue.



The ERAB Report on APT Established the Credibility of a High-Power Accelerator

This quote from the Energy Research Advisory Board Report on AcceleratorProductionof Tritiumindicatesthe summary
evaluationof the acceleratordesignconcept.



ERAB Report on APT (2/90) Established the
Credibility of a High-Power Accelerator

I

** The continuous-wave RF linac approach for
APT istechnicaily sound. While an integrated
accelerator system has not been built and
operated at APT conditions, the accelerator
feasibility and engineering development issues
could be resolved with an adequate research, '
component and systems development, and
engineering demonstration program. _



Accelerator for Near-Term Application (Technetium Burner)

The protoncurrentrequirementfor a transmuterthat couldburnthe technetiumin the accumulateddefensewastes
within30 years is about55 mA, average. In order to meet an aggressiveimplementationscheduleand minimize
technical risks,the bestapproachto sucha machinemightbe alongthe lines indicatedin the figure. In cw operation,
the peakcurrentcarriedbythe CCL is only55 mA, equivalentto the same charge per bunchas in LAMPF. Thus, the
beam dynamicsfor sucha linacwouldbe withina well understoodregime,and beam lossesand other performance
factorscouldbe predictedwithvery highconfidence. Technicaluncertaintieswouldbe minimal. While cw operation
willnotyieldthe highestelectricalefficiencyfor thiscase, withdesignoptimizationRF efficienciesapproaching60%
may be realizable.

ThisATW acceleratordesignapproachwould permitan aggressiveimplementationschedule. It shouldbe possibleto
proceeddirectlyto facilitydesignandconstructionin a fashionsimilarto new large accelerator-basedresearchfacilities,
with a parallelearly-startcomponentdevelopmentprogram.



Accelerator for Tc - Burner Application
I

Requirements: 55 mA average current, 1.6 GeV I

Use same CW design approach as APT
• Funneled system
• 27.5 mA in each RFQ, DTL
• 55 mA cw in CCL; same chargebunch as LAMPF

RF efficiency not as high as APT, but could reach 0.58
• CCL RF power

Beam 88 MW
Structure 63 MW
Total 151 MW

• AC power for CCL = 252 MW

Low technical risk approach

Could proceed directly to design and implementation,
with parallel component R&D (rf tube, injector)



High-Efficiency Accelerator for Advanced Applications (Energy Production)

For energy production applications,the acceleratordesignwouldfocuson minimizingcapitaland operatingcostsand
maximizingelectricalefficiency. Withthisdesign emphasisa pulsed RF linac is the appropriatesolution,with the peak
beamcurrentas highas practical. The figureshowsone possiblesetof parametersfor sucha system,using the same
250-mApeak protoncurrentas usedin the APT design. RF efficienciescouldbe 80% or higher;fora 30-mA linac,this
wouldleadto a totalac power r_quirementforthe CCL of about 100 MW. We have assumeda macropulserate of 120
per second,witha pulse lengthof 1 ms, but othercombinationsare possible.

A high-peak-currentpulsedlinacinvolvessomewhatmore technicalriskthan a cw approachto attainingthe same
averagecurrent,because of uncertaintiesregardingbeam lossesand other factorsarisingfrom highspace-charge
levels. An integratedhigh-currertfrontenddemonstrationmay be needed beforecommitmentto finaldesignand
constructionof the facility.

The ultimate in high-efficiencyand low-beam-lossaccelerating systemsfor accelerator-drivenenergy production
applications may be a superconducting RF linac. While there is currently no experience with high-current ion beam
acceleration by superconducting RF cavities, and cavity designs have not been developed for much of the required
particle velocity range (13= 0.2 to 0.9), superconducting RF technology continues to mature and in the long term could
provide a favorable design option.



High-Efficiency Accelerator
for Energy-Production Application

IIII

I Requirements: 30 mA average current, 1.6 GeV I

Use pulsed RF linac approach; same peak current as APT
• Funneled system
• 125 mA (peak)in each RFQ, DTL
• 250 mA (peak)in CCL; 4.5 x charge/bunch in LAMPF
• 12% duty factor; 120 pps, 1-ms pulses

RF efficiency can be > 0.80 i ms 120 duty factor
250 mA

0over i i i[_
Beam 48 MW
Structure 12 MW
Total 60 MW

• AC power for CCL = 100 MW 8.33ms

Higher technical risk. May need integrated high-current front end
demonstration before commitment to final design and construction.

Superconducting RF iinac may provide ultimate in high-efficiency
low-beam-loss accelerating system for far term applications.



High-Energy Beam Transport to ATW Target

The upper part of the figure shows a schematic elevation view of the high-energy beam transport (HEBT) system that
conveys the 1.6-GeV proton beam from the end of the linac to the ATW target. Because the beam is required to be

vertically incident on the target a series of bends in the vertical plane is necessary. The design shows a possible
configuration in which the beamline first bends upward, in order to reduce the depth underground at which the ATW
target/blanket facility is placed. The beamline consists of a periodic transport lattice of quadrupoles, 20 ° and 110 °
achromatic bends, a matching section, and an expansion system that employs nonlinear magnetic elements
(octupoles).

The function of the non-linear expander is to produce a large-area beam cross section at the target, and alter the beam
intensity distribution from Gaussian to parabolic, folding in the tails beyond the 3_ points. Removal of the beam tails
r,_luces direct proton damage to the walls of the target containment vessel.

The lower part of the figure shows the calculated x and y beam profiles produced by the nonlinear expander at the ATW
target, along with an x-y contour plot of the distribution.
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' Elevation View of Beam Transport
from Accelerator to Target
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Research and Development Needs for an ATW Accelerator

The table outlinesnear term and far term developmentplansfor a high-powerATW acceleratormatchedto the
technetium-burningapplication.

_ _ _ _ _ m qm_ m qmm_,wm$ _ _ mmmmm_ mm_ Im_mmm _ _ _ _ u



Accelerator Research & Development Needs

Near Term (2 years)

• Design tradeoff studies; parameter selection

• High-efficiency, low-cost, 1 to 5 MW RF source at 700 MHz

• High-availability, high-current, Iow-emittance proton injector

• Permanent-magnet radiation damage measurements

• Low-cost CCL structure fabrication methods

Longer Term (4 years)

• Continue high-efficiency RFtube development

• Integrated cw hijh-power front end demonstration

Proceed with Technetium burner implementation within three to four years



Summary

• Proton iinac technology has reached the point that cw machine
designs in the 50 to 250 mA range at I to 2 GeV can be
projected with a high degree .of confidence.

• While there are no significant physics issues, a machine of this
class nevedheless represents a major technical challenge.

• With a suitable component development program, and
an integrated front end cw demonstration, the implementation
of a high power linac for ATW should be straightforward.

• The average beam current requirement for a Tc burner early
application is much less than that for the full-up APT design
and may permit a more aggressive schedule.



INTENSE THERMAL NEUTRON SOURCE
II

ATW Neutron Production

Paul Lisowski

Physics Division



ATW Neutron Production

• Why High Flux is Important

• Spallation Physics

° Separated Target-Blanket Concept

• Spallation Source Operating Experience

• Summary



BURN UP OF RADIOACTIVE NUCLEI IN A NEUTRON FLUX

In a neutron flux the absorptioncross section enhances the transmutation rate beyond that of normal radioactive decay.

For decay alone, the decrease in population of an isotopic species is equal to the number of nuclei multiplied by the
decay constant:

dN/dt = - N- ;L.

In a neutron flux, the rate of decrease is changed by the product of the flux, the number of nuclei prosent, and the
absorption cross section:

dN/dt = - N • _.- N • d). oa.

The solutionof this equation is exponential decay with the decay constant re-defined to include the flux and absorption
cross section.

N(t) = No. e-_.'t

with _.'= _.+ cb-aa

For fission products and threshold fissioning actinides, this effect is largest at thermal energies where the capture cross
sectionsare highest. As examples, 99Tc and 1291,with capture cross sectionsof about 20 b, have their half lives reduced
from 213,000 years and 16,000,000 years to effective half-lives of less than one year.



Burn Up RadioactiveNuclei in a Neutron Flux

In a neutron flux: dN/dt = - N._.- N.d).aa

Solution: N(t) = No.e-):t with: X' : _.+ d)-(_a
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HIGH FLUX FISSION OF HIGHER ACTINIDES

Because many of the actinide waste nuclei are threshold fissioners, conventional wisdom is that a fast neutron flux is
required to effectively fission materials such as 237Np and 241Am. That is true at neutron fluxes lower than can be
obtained with a spallation neutron source.

At fluxes of 1014 n/cm2.s, roughlythose available in a PWR, threshold fission materials act as a poison for the following
reason: the fission cross section for 237Np is so small and the capture cross section so high at thermal energies that an
interaction with a neutron will lead to formation of 238Np with high probability. At 1014 n/cm2.s, the likelihood that
another neutron will interact with 238Np with a 2.1 day halflife before it decays to 238Pu is small. Once the decay to
238pu occurs, two additional neutron interactions are required before fission occurs. In this scenario, it takes three

neutrons to destroy one 237Np nucleus, but only about 2.7 are released. In this instance, 237Np acts as a net neutron
absorber or poison.

As the thermal neutron flux increases, an entirely different process can take place. Following initial capture, the 238Np
nucleus has a much higher probabilityof interacting with a neutron before it can decay to 238Pu. Because the thermal
fissioncross section is 2100 b, most of the time fission occurs with the release of 2.7 neutronsat a cost of only 2, for a
net gain of 0.7 neutrons. Although it is necessary to followthe possiblecapture and fission branches further to complete
the proof, the result is that at high thermal fluxes 237Np acts as a fuel instead of a poison.



High Flux Fission of Higher Actinides
II
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BURN-UP OF 237Np BY FISSION OF 238Np

As an example of the thermal fission of 237Np, we have calculated the inventory of actinides and fission productsduring
a ten-day irradiationat five high, constant flux levels. The CINDER-2 code, designed for light-water reactor bum-up
calculations, was used after modification to include fission contributionsof all of the actinides produced. This
calculation follows fission and capture chains through 246Cm and indicates that for levels between 2 and 5 x 1015-
n/cm2-s, a net neutron gain occurs. The result is that 237Np is very rapidly consumed as a fuel.

It was this set of results that convinced us that a conventional fuel rod structure would be impractical for threshold
actinide burning because of the frequent change-out required. A flowing system, similar to that used in the Molten Salt

Breeder Reactor which was developed at Oak Ridge, began to emerge as the most practical solution. Furthermore,
fission heating calculations showed that a very dilute concentration of 237Np would be required. At about that time we
solved the appropriate set of time-dependent, infinite-medium coupled differential equations for actinide populations
and found that equilibrium concentrations of 237Np at 10-4 normal density were approximately correct.
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BEAM-TARGET INTERACTION PHENOMENOLOGY

When an energetic proton enters a target it interacts first through atomic processes and begins to lose energy through
ionization. Multiple Coulomb scaMering broadens the beam as it penetrates the target. Although all possible nuclear
reactions such as capture, scattering, and fissioncan occur at an energy of 1600 MeV, the most likely is spallation. In
spallation the proton penetrates a nucleus and interacts with the constituents. The result is that additional energetic
protons, neutrons and pions are ejected and continue to penetrate tho target material. Terminology for the interactions
occurring within the nucleus is that an intra-nuclearcascade occurs. Further interaction of the energetic secondaries
results in a 'shower' of particles with decreasing energy in the form of an inter-nuclear cascade. Alter particle emission
the excitation energy of the original nucleus within which the intra-nuclear cascade occured is distributed among the
remaining nucleons and dissipated by evaporating low energy particles. These particles are primarily protons and
neutrons, and with lower probability deuterons, tritons, and alpha particles. Depending on the nucleus under
consideration, competition between evaporation and fission results in fission 10-20% of the time.

If the heavy metal target is surrounded by hydrogenousmaterial as a moderator, neutrons escaping the target into the
moderator continue to lose energy through scattering until their energies are comparable to that of gas molecules at
room temperature. It is those 'thermal' neutronsthat the ATW concept uses to transmute radioactive elements.

Over the past ten years, a major effort has been the development of a code system to calculate energetic proton and
neutron interactions. The system was based on a version of the Oak Ridge National Laboratory Monte Carlo code
HETC, or High Energy Transport Code. This package, the Los Alamos High Energy Transport Code System (LAHET),
utilizes the basic intranuclear cascade model of HETC, with significantly enhanced physics and a coupling to the
continuous energy neutron photon Monte Carlo code MCNP. For parametric studies, the complete LAHET - MCNP
computation sequence is used to generate source spectra which are used as input to one and two dimensional
discrete-ordinate transport codes for reactor and criticality computations.
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SPALLATION HAS ADVANTAGES FOR HIGH FLUX NEUTRON PRODUCTION

Spallation is one of the most efficient neutron sources available. At energies above 500 MeV, the neutron yield
increases nearly in proportionto the bombarding energy. The calculations shown here were redrawn from a paper by
Lone et al. (NIM A236(1987)135-142) which compared several different options for producing neutrons. Although the
calculations shown here were made for smaller diameter targets than we are considering for ATW, the main features are
the same. We get about 50 neutrons per proton, and except for a small leakage, all of those neutrons are available to
produce transmutation. In contrast, in a reactor about 2.6 neutrons are produced per fission. One of those must go to
sustain the reaction, leaving about 1.6 neutrons.

One important limitationon the flux attainable inside a reactor core is the practical need to remove about 200 MeV of
that per fission. For spallation system, the energy deposited in the target is Jess,with onlyabout 32 MeV per neutron
produced. On average, about 70% of the proton beam energy is deposited in the heavy metal target.



Spallation has Advantages for High Flux Neutron
Production
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SEPARATED TARGET-MODERATOR CONFIGURATION

In order to produce a thermal neutron spectrum, moderation by one of the hydrogen isotopes is very efficient. By
surrounding a central heavy metal spallation source with a deuterated or 'heavy' water moderator, most of the neutrons
from the target will be moderated. Our initialchoice of a central, flowingPb-Bi eutectic target was based on
considerable research done at Chalk River Canada for a spallation source target, and at Juelich for the German
Spallation Neutron Source (SNQ). In our system modest flow rates of the Pb-Bi can achieve adequate heat dissipation
with surface Pb-Bi temperatures low enough that vapor pressure poses no vacuum problem. Hence, no entrance
window between the accelerator and the target is required. In addition, we believe that the build-up of spallation
poisons in the target material will be small enough (~ 1-2% of the total mass after 30 years of operation) that the target
neutronics will not be seriously degraded.

By using a moderation/transmutation region separate from the production target and by taking advantage of the thermal
properties of the Pb-Bi, we can completely avoid a pressurized system. The choice of D20 with its large moderation
length and low absorption cross section allows us to have a large volume high flux region in which to transmute
radioisotopes or to breed fissionable material. In addition, the neutron flux profile is highest near the Pb-Bi target so that
there are optimized locations for different fission products rather than a single compromise location. One advantage of
this leature is that substantial amounts ol low cross section elements such as 90Sr can be placed close to the target with
littleeffect on the spectrum leaking past.



Separated Target-Moderator Configuration
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CALCULATIONS FOR LARGE TARGET SYSTEMS ARE HIGHLY GEOMETRY DEPENDENT

._..qimportant indicator of how well an accelerator driven system can perform is the total neutron production. This graph
was taken from a study performed by T. Ward at Brookhaven National Laboratory which investigated the neutron
leakage as a function of target radius and length, and integrates over all neutron energies and angles. The range of a
1500 MeV proton beam in Pb is approximately 100 cm - the yield curve shows a slow increase up to that length. As the
inter-nuclear shower progresses, protons and reaction products fan out through the Pb target. Neutron yield increases
with increased radius because more of those particles are being contained. Since the target diameter determines the
leakage out the top of the assembly, the need to capture most of the neutron productionin the moderator will require a
trade-off against gains from increased radius. As the target thickness and length are increased, the neutron leakage will
be more dependent on transport phenomena and self shielding. Our calculations indicate that about I(P/. of the yield is
generated from multiplication in the Pb-Bi from (n,xn) reactions with high-energy neutrons. In addition, the neutron
production along the length of the target is very non-linear, with the most intense region near the top of the target.



Calculations for Large Target Systems are Highly
Geometry Dependent
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LAHET CALCULATIONAL RESULTS

The LAHET code system allows full three-dimensional geometry representations of the target-blanket. The geometry is
defined by mathematically describing the target-blanket make-up in terms of connected imaginary 'cells'. It is possible
to produce very detailed informationabout most of the proton and neutron interactions. Examples include information
about neutron and proton leakage, neutron loss and gain, neutron fluxes, heat generated, gas production, and residual
nucleus production.

For the design that we chose for the defense waste Tc burner concept, the target was taken to be 50-cm in diameter and
125-cm long. Among other things, we confirm that the neutron spectrum becomes highly thermalized withinthe
blanket, that parasitic leakage and capture are acceptable, and that the neutron flux in the wall containing the Pb-Bi
target are large, but tractable.

Code predictions such as these are able to predict total neutron leakage to about 25% accuracy based on comparison
with measurements. In fact, recent changes in the code benchmarked by Los Alamos neutron spectral measurements
may have improved the situation considerably.
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DISTRIBUTION OF SPALLATION AND FISSION PRODUCTS PRODUCED BY 1.6 GeV PROTONS ON
Pb-Bi TARGET

This graph shows a plot of products produced at each mass as a function of the mass. This plot was generated from a
LAHET calculation for 1600 MeV protons incidenton our Pb-Bi target.

The plot is complicated by the fact that there are both linear and logarithmicaxes. Lookingat the linear data on the dght
side of the graph we see that most of the spallation products are produced within a few mass units of the target. Those
materials in the Pb-Bi are nearly as effective as a neutron producer as the original target itself. If we take the material
heavier than Pt as roughly equivalent in neutronyield to Pb-Bi, then the effective number of neutrons per fragment for
spallation is about 20/1, considerably lower than for fission, where the number is about 1.3/1. Furthermore, light
nucleus production is considerably lower than in fission. There is fission induced by high-energy protons and neutrons
in the Pb-Bi. Evidence for that can be seen in the Iogarithmetic representation in the two small bulges in the yield curve
near Kr and Xe.

The fact that stable or short-lived noble gas is produced in the spallation process indicates a potential mechanism for
removing contaminants. The Pb-Bi is operated at temperatures between about 200 and 400 degrees in a liquid state.
Because the noble gas can freely evolve and it can be captured in holdingtanks until all short-lived radioactive species
decay. After a long period of operation, we believe that spallation product production and spallation product burn-up
will reach a 'quasi-equilibrium'with the tightestspallation products capturing up to Kr and being released, heavier ones
capturing to Xe and being released, and others continuing to gain mass and moving towards Pt, which may a
reasonable material to consider for chemical removal.
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NEUTRON DAMAGE IN THE TARGET WALL IS COMPARABLE TO THAT IN PROPOSED OR
OPERATING FACILITIES

Information about neutron damage in the Pb-Bi container will be one factor in determining what the useful operating
lifetimefor the ATW system will be. The preliminary results for the container wall shown demonstrate that a
1016 n/cm2, s flux system is comparable to proposed or operating facilities.

The plot shows the integral flux above an energy as a function of neutron energy compared with that at several
operating or proposed facilities. This data is for our worst case - the cell that is immediately below the surface of the Pb-
Bi target. The right-hand axis shows the neutron fluence in one year of operation.

In the ATW wall, flux levels up to energies of about 5 MeV are comparable with those in operating reactors. Above that
energy, the flux shows a plateau extending out to 100 MeV; it is in that region that few damage studies have been
performed. Improved designs may mitigate this plateau considerably. First of all, the mechanical loading of the wall in
this region is quite low because it is near the top. Therefore, structuraldegradation is not as important as it would be in
a high-pressure system. In addition the damage is quite well localized and may be avoided by a clever mechanical
design in which the most heavily irradiated section is actually moved to a lower irradiation region by means of a sliding
wall section. A neutronic solutionwould be preferable.

Comparison of these data with the result for a two times larger diameter target shows that both the 'knee' and the
intensity of the integrated flux are reduced and are comparable to the data for HFIR. The reason for this is that the Pb-Bi
is itself an efficient moderator; increasing the radial dimension softens the neutron spectrum considerably. Further
optimization may reveal that a larger target diameter should be employed near the entrance.
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WHAT IS THE EXPERIENCE BASE FOR SPALLATION SOURCE OPERATION?

There have been spailation neutron sources in operation world-wide for over 25 years. Much of the information
presented here has been obtained from that experience base. Although there are some uncertainties, most of the
important trade-otis in optimization of neutron flux have been considered. In addition, modern developments in code
design and nuclear data allow a computational treatment of many of the important ES&H issues relating to residual
radioactivity,target activation, decay heat, and shielding.

As the next table will show, although there is reasonable expectation that we can operate targets in the range of 40 MW,
there are no currently operating sources with beam powers above 1 MW.
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Spallation Neutron Source Research Yields Considerable
Information for Spallation Source Design and Operation

IlI I I II I I I

• Because of the design of spallation sources for research, many of the
trade-offs in optimization of low-energy flux have been considered. The
cost and performance minimum indicates that the best energy will be near
1.6 GeV.

• Calculational tools have been developed to treat Important design issues
related to areas such as target activation, decay heat, residual
radioactivity, and shielding.

• There are no existing spallatlon sources with .beampower near that
required for A TW. Currently operating spallation sources have beam
power <1 MW. A TW will likely operate at > 40 MW.



SPALLATION SOURCE FACILITIES

Thistablewas takenfroma presentationby A. Armstrongof SAICto the EnergyResearchAdvisoryBoardduringtheir
reviewof the AcceleratorProductionof Tritium(APT) concept. Itcomparesthe operatingparametersof spallation
sourcesworld-wide.

Los Alamoshasbeen a pioneerin the developmentof spallationsources,withthe secondlongestoperatingsources.
The Los AlarnosNeutronScatteringCenter (LANSCE)whichoperates in the thermalandepithermalenergyrange
holdsthe recordfor the highestbeam power.
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RESEARCH NEEDS

We need additional optimizationstudies of the target-blanket. Experimental verificationof these stdies will impact the
design operating regime for the accelerator. In addition to neutron yield, differential informationto verify that the neutron
spectrum in the wall is as calculated is needed to resolve material lifetimequestions. Initial measurements and
benchmarks can be conducted at 800 MeV at the Weapons Neutron Research (WNR) Facility using the LAMPF beam.
If needed, the equipment developed for those measurements could be moved to some facility with a 1600 MeV proton
beam for further study.

Whether or not the Pb-Bi target reaches an equilibrium conditionwhich allows indefinite use must be resolved

calculationally. At present all of the tools are available to do that, but the mechanics of their use is difficult. Spedfcally,
the LAHET code package needs to be linked to the CINDER-2 bum-up code to provide a time-dependent material
inventory for the spallation and Monte Carlo transport codes. The issue of compatiability of the materials produced in
lhe Pb-Bi target is closely linked with the elemental abundance predicted by LAHET.

Wc need to verify that LAHET calculates accurate spallation yields for our target materials, especially for long-lived
species. That has been studied before, but the interest was mainly in short-lived nuclei.

Many of lhe cross sections involved in our calculations are poorly known over some energy regions, or I-ave never been
measured. For the scoping calculations now underway, and at the accuracies needed now, we believe that the data
base is reasonable. We have identified a few candidates which will need better nuclear data as we proceed with
detailed design. A study that will determine the ATW nuclear data needs and decide how to resolve them will be

important. Fortunately, experimental measurements for many of the critical, short-lived nuclei are now possible using
the LANSCE and WNR facilities.



Research Needs

• Efficient neutron production and knowledge of spectrum is
critical - benchmark exl_riments/code verification needed.

• Target radionuclide production needs better information
- important Issue for understanding waste stream.

• Code Improvements - better physics treatments and links
between code packages.

• Nuclear data will be needed for important isotopes in the
near future.

• Radiation damage and materials comparability issues need
better understanding.



SUMMARY

The possibility of producing extraordinarily high levels of neutron flux over a substantial volume has opened an entirely
new suite of possibilitiesfor dealing with high-level waste and energy production.

It is the use of a spallation source that makes it possible to produce the very high thermal neutron fluxes. By coupling
that source to an efficient heavy-water moderator, a very flexible arrangement for isotope transmutation can be
designed.

The recirculating Pb-Bi target avoids the issue of material damage in the target itself, can easily handle the proposed
beam power, and offers the potential of having no high-level radioactive waste stream during facility operation.

Because material bum-up in the blanket is so rapid, it is possible to operate with very dilute Ioadings and flowing
systems.

Although we have already successfully dealt with many problems, others still need resolution. Issues such as radiation
damage are more difficultand require further study. At this time we have found no insurmountable obstacles.



Summary
I I II

• Spallation neutron source makes possible very high thermal flux over
a large volume.

• Efficient transmutation w=_ .=ilute Ioadings.

• Threshold fission materials become fuels not poisons.

• Recirculating Pb-Bi target - considerable past research

no window for damage

handles beam heat loading

potential for no high-level radioactive waste discharge.

• No 'show stoppers'.
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Proposed Target/Blanket Layout

The target/blanket region is made of a central spallation target surrounded by a blanket region which acts as a
neutron moderator and mass transport medium. The current spallation target material is a flowing liquid lead-
bismulh eutectic, and the blanket is made of heavy water (D20) aqueous slurries or solutions. The heat transport
loop for the lead-bismuth consists of a heat exchanger, pump, drain/charging tank, gas separator and
pressurizer. Lead-bismuth is a toxic material. Adequate measures will be taken in the design of the system to
ensure protection of the public/environment during normal and off-normal events.

In this design, it is proposed to transfer the heat in the target to a sodium-potassium eutectic (NaK) heat transport
loop. The heat is then dumped to the atmosphere through a forced air heat exchanger similar to that used in the
Fast Flux Test Facility (FFTF). The NaK heat transport fluid offers the advantage of a liquidme_alcoolant with a
low melting point (19 C). It is particularly suitable in this case because of the low temperature heat that needs to
be transported. The high heat transfer coefficients associated with liquid metal also help reduce the size of the
heat exchanger surface area, and therefore minir _ _ the volume of target material.

The target is surrounded by heavy water (D20) aqueous slurries or solutions of fission productsand actinides.
The D20 moderates the neutrons, and acts as a mass transport medium for the fission products and actinides.
Heavy water was chosen over light water due to the low neutron absorption and therefore high moderating ratio.

A modular design is proposed to allow change out of components with relative ease. It will most likely be
necessary to replace the container wall of the lead-bismuth due to neutron damage on a yearly basis. Use of
advanced alloys or materials may reduce the replacement frequency.

mmmm _ gmmmmm _ _ mmmm 11 am _ _ _ m _ m _ _ _m iNN mmm.
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Proposed Target Material

A flowing liquid lead-bismuth eutectic alloy is currently proposed as the spallation target material. This material
has been chosen as a spallation target material in projects in Europe and Canada. Because of the intense
proton beam, a significant amount of heat is produced in the target. The flowing target allows the heat to be
transported throughconvection and conductionof the target material itself. An alternative concept to a flowing
liquid target would be solid target material with a fairly complex liquid metal cooling system. The flowing liquid
target avoids these problemsand offers a simple, effective method for providinga good spallation source, and a
heat transport mechanism.

In order to provide a good spallation source of neutrons, the target material must have a high atomic number.
Lead is a good candidate, but melts at a relativelyhigh temperature (327 C). A lead-bismuth eutectic (55.5 % Bi)
melts at about 125 C, and allows operation at a lower temperature. Lead-Bismuth is compatible with Iow-Cr, Iow-
Ni stainless steel alloys. Also, the vapor pressure of the material is relatively low making the task of maintaining
an interface with a hard vacuum much easier. It is noted that the target material is not yet fixed. A study needs to
be performed to determine the advantagesldisadvantages of other materials with respect to neutron generation,
spallation products, engineering design and safety.

Lead-Bismuth has been proposed for the German Neutron Source (SNQ), and the SIN facility in Switzerland. A
number of experiments with lead-bismuth have been performed recently at Kernforschungszentrum Karlsruhe
(KfK) to investigate a vertical nozzle design for the SNQ. Also, in the late 1960s at Chalk River Nuclear
Laboratories in Canada, a lead-bismuth eutectic was proposed for the Intense Neutron Generator project. A test
loop was operated to determine the suitabilityof various alloys, and protective coatings.
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Proposed Target Material
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fProposed Target Material _ f Experience Base "_

• Lead-Bismuth Eutectic (55 ° Scaled experiments for the
% Bismuth) German Neutron Source

(SNQ). Vertical nozzle• 125 C melting point
design studied.

• High atomic number
• Flow tests performed at

• Good heat transfer Chalk River

properties ° Many corrosion tests cited
• Low vapor pressure (le-5 in the literature

mm Hg at 450 C)
• Vendors available for

• Compatible with Iow-Cr, pumps, valves,
Iow-Ni stainless steel heat-exchangers etc.

alloys or steels with Mo _ j/
_._ coatings j



Proposed Blanket Materials

For the blanket region, it is proposed to =lse heavy water (D20) aqueous slurries or solutionsof fission products
and actinides. The D20 moderates the neutrons, and acts as a mass transport medium for the fission products
and actinides. Heavy water was chosen over lightwater due to the low neutron absorptionand therefore high
moderating ratio. Dilute oxide slurriesare proposed for the transport of technetium and the actinides. A dilute
salt solution is proposed for iodine.

Solutions are used to a great extent in the chemical industryand are well understood. The dilute salt solution
proposed here is compatible with the proposed container material (zirconium alloys) and will stay in solutionat
the temperatures proposed (less than 80 C).

The use of aqueous slurriesoffers many advantages in the transport of the fission products and actinides,
especially in the dilute systems proposed here. Experiments with oxide slurries were carried out in the 1950's at
ORNL for the development of homogeneous fluid reactors. Tests were performed with thorium dioxide slurries in
concentrations up to 1500 gm/liter to study erosion/corrosionof materials, sedimentation, effects of particle size
and shape and particle chemistry. In the slurries proposed here, the concentrations are much smaller (less than
100 gm/liter), therefore making erosion and corrosionless of a problem. The zirconium alloys were found to have
good resistance to erosion/corrosionand are recommended. Zirconium also offers a distinct neutronics
advantage due to its low neutronabsorption. All slurrieswill settle to some extent. The larger the particle, the
higher the settling rate. Solid particles less than 40 micronscan be typically transported in laminar flow without
settling. For the actinides, a particle size greater than 10 - 20 microns is suggested to keep most of the fission
products from being ejected from the particle. In the design of the heat transport system for the slurries, care must
be taken to avoid standing eddies or dead spots where particle accumulatiot_ may occur.
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"_ (_ Slurry Experience _'_
_ Proposed Blanket Material

• Many tests performed at
• D=OSlurries or solutions ORNL in !ho

- Tc, Np, Am: oxide slurries development of the
Homogeneous Breeder

- Iodine: salt solution Reactor

• D=Oa good neutron moderator • Slurries of Thorium Oxide
with low absorption tested up to 1500 gm/I,

• Compatible with Zirconium and 300 C
alloys • Techniques developed to

• Low temperature and pressure j control particle size and
J erosion problems



Neutronlcs Methods

Neulronics calculations are continuing in order to establish an optimum design for the transmutation of fission
products and actinides. The overall goal is to make efficient use of lhe neutrons, and therefore reduce the size of
the accelerator driver. Although not shown, the analysis performed here supports a more global system-wide
analysis that takes inlo accounl the separation facilityand accelerator.

Several calculational tools are used in the analysis. The LAHET code provides the neutron production from the
high energy proton spallationand evaporation reactions. The MCNP code calculates in detail the neutron
interactions in the target/blanket using the Monte-Carlo method. The ONEDANT and TWODANT codes are used
for neutron transport calculations using discrele ordinates. The CINDER code is used to estimate equilibrium
concentrations by performing bum-up calculations. And the TRANSX code is used to generate cross sections for
the transport calculations.
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Neutronics Methods
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Neutronics Results (l-D)

Several calculations have been performed to optimize the design using ONEDANT, TWODANT, and MCNP.
Some results of sensitivitystudies performed with ONEDANT are shown here. For these calculations, a total of
69 energy groups were used. The equilibriumconcentration of Np-238 was found by iteration. For this particular
geometry we have exceeded our goal transmutation rates for actinides. However, if one takes into account the
axial leakage (about 9% based on previous 2-D calculations), then these transmutation rates are very close to
our goal.

It is obvious from these firstcalculations that we can increase the effidencyof the design with a few simple
change_. For instance, additional Tc-99 in the outer region will help reduce the leakage. Minimizing or changing
the structural materials will reduce the parasitic capture. Also, increasing the amount of Np-237 will give us extra
neutron multiplication through the capture and then fission of Np-238. Sensitivity studies will continue to optimize
the design, and understand the influence of the various cross sections.



Neutronics Results (l-D)
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Calculated Neutron Flux

The calculatedtotalneutronfluxis shownat variouslocationsradiallyoutwardfromthe source. The values
shownare for the horizontalplanethat representsthe peakvalues.
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Calculated Neutron Flux
I

...... I I

i Note:
I

I Pb-B1 D20 ° D20 * 1.5 Kg Np. D20 ° 75 Kg Rux levels assume a
I 50 Kg Np- 2 38/Np - 2 57 = Tc-99 50mA accelerator

I TC-99 .0823

I
64.1 0.2 1 gm/liter 7.2 gm/liter

I gm/II
0.0 25 ocm

Total Peak Flux

(n/cm2-s) 8.27e15 5.74e15 2.73e15 0.49e15



Calculated Neutron Spectra

The neutron spectra for the central target region and the inner-most technetium slurry region are shown. The
fluxes are on a per incident neutron basis, and are presented in terms of flux per unit lethargy. This quantity is the
calculated group scalar flux times the average energy of the energy group, divided by the group energy width.
The results show that in the target region, the spectrumis fairly hard (57.8 % above 0.1 MeV). But as one moves
into the blanket region, significantmoderation has occurred, and the flux is mostly thermal (45 % below 2.6 eV).
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Calculated Neutron Spectra

The neutron spectra for the actinide region and the outer-most technetium slurry regionare shown. Here, the
spectra is very thermal with the fraction of neutrons below 2.6 eV at 93 and 99 %, respectively.
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Lead-Bismuth Heat Transport

The proposed target is vertical with the liquid lead-bismuth flowingout of a ring-type nozzle into a cone shaped
open channel. Here the fluid interacts with the proton beam and is in direct contact with a vacuum. The fluid
coalesces in a pipe that is 50 cm in diameter, and flows downward at about 2 m/s. The flow exits the bottom of
the target region, and is pumped through a heat exchanger, and then back to the target. One possible design is
to pump the fluid up an annulus surrounding the center pipe, and then direct the flow back down throughthe
center channel through the nozzle. Another possible method is to pump the fluid into an upper holdingtank
which then feeds the nozzle fron; the top using gravity. The latter technique may be beneficial from a safety
standpoint because flow could be maintained for some time (depending on the volume of the holdingtank) in the
event of a pump shutdown. For either design, the volume of the fluid is about 2-3 cubic meters.

Approximately 75% of the power of the proton beam is deposited in the target. For a 50 mA, 1.6 GeV beam, this
amounts to 60 Mw of heat. For a flow rate of about 4095 Kg/s, the temperature rise in the target is 100 C. The
detailed power density and temperature distribution in the target are shown in a separate slide.

It is proposed to transfer the heat to a NaK coolant and then to the atmosphere throughforced air heat
exchangers. Dump heat exchangers of this type are used in the Fast Flux Test Facility (FFTF).

In the high flux region, the static head of fluid is very low (0.09 MPa or 13.2 psi). The calculated hoop stress in the
pipe wall is only 680 psi assuming a wall thickness of 0.5 cm. This is very beneficial from a materials standpoint
because a high strength alloy is not required.
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Target Nozzle Fluid Dynamics

The fluid dynamics of the nozzle region are being investigated to determine a reasonable design and establish a
basis for future flow tests. We have used a simplified model of the fluid governing equations (Navier-Stokes) by
employing boundary layer approximations. The resulting equations are the conservation of mass and
momentum in the axial direction. By introducing the appropriate scaling, the equations are dimensionless. A
marching numerical solution method with adaptive error control is used to solve the resultingsystem of equations
for local flow velocity and cross-sectional area until the point of coalescence is found.
The geometry is described in terms of non-dimensionalvariables. R is the cone radius, d is the film thickness, a
is the angle of inclinationfor the cone, and H is the height at which the film coalesces into a single stream. The
variable which is used to scale the system is the initialcone radius, Ro. The dimensionless filmthickness is Do =
do/Ro (D = d/R), and the dimensionless velocity is U = U/Uo. The effect of wall drag is represented through the
skin friction coefficient, CI which is a function of Reynolds number. The relative magnitude of the gravitational

Fr=force is given by the Froude number, g Ro '

where g is the gravitational constant. For a coordinate system oriented with the sides of the cone, where h is the
direction parallel to the side, the governing mass and momentum equations are

_U
_O ,

L_ = C-.-J-rU2 + cos <x
_)q 2,4 F_ '

The solution for the coalescence point is then found in terms of the flow conditions, height or radius of the
coalescence point etc.
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Target Power Density and Temperature

The power deposition is determined using the LAHET code for the protons and high energy (> 20 MeV) neutrons.
The MCNP code is used ;or the lower energy neutrons (< 20 MeV). The summation of the two provides the total
power deposition as a function of radial and axial distance. The target is assumed to be cylindrical,with a flat top
surface. The noding used was 5 radial and 10 axial computational cells. The beam radius is assumed to be
25 cm which corresponds to the first two radial rings. The remaining 3 radial rings model the remaining lead-
bismuth target out to a radius of 25 cm. Also, in the determination of the power density, the calculated values
were scaled up 125 % to be conservative. Therefore, the numbers shown are for a 50 mA proton beam,
multiplied by 1.25.

As expected the peak power density occurs in the center of the target. Also, most of the heat is deposited in the
top 25 cm of the target. With the uncertainty factor of 1.25 applied, the peak power density in the top center
calculational cell is about 6410 w/cc.

The temperature distribution was determined by solving the two-dimensional energy equation. The calculation
includes the effect of axial convection and radial conduction. Also, the turbulent dissipation was estimated from
Prandtl mixing length theory and used to calculate an effective radial conductivity. Because the Peclet number is
sufficiently large, axial conduction was neglected. As stated above, in order to make a conservative estimate of
the temperatures, the calculated power density was multiplied by 1.25.

As expected, the peak temperatures occur along the centedine, and due to convection, the peak occurs about 25
cm from the surface. The peak temperatures at the vacuum interface are sufficiently low to prevent boiling (409
C). Also, the vapor pressure at this temperature is sufficiently low (1.0e-05 mm Hg) so as not to contaminate the
vacuum.
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Target Power Density and Temperature
Top, Center

Maximum Surface Temperature 409°C
Maximum Power Density 6400 W/cc



Fission Product/Actinide Heat Transport

The fission products and actinides are transported either as oxide slurries, or aqueous salt solutions,depending
on the chemical separation process. For the fission product technetium, an oxide slurry is proposed since this
offers a simple separation process for the transmutation product, ruthenium. For the actinides, oxide slurriesare
also proposed. And for the fissionproduct iodine, an aqueous salt is proposed.

The heat deposition in the fission product aqueous slurry or solution is caused by neutron and gamma heating.
Several MW of heat will be deposited in the solution, depending on the distance from the neutron source. It is
proposed to transfer this heat to a light water system through a heat exchanger with eventual dumping to the
atmosphere througha cooling tower. The heat exchanger can be placed immediately downstream of the blanket
therefore cooling the slurry before entering the separation chemistry area. The aqueous slurry/solutionis kept
well below the boiling point at all times. The heat exchanger will be placed at an elevation higher than the
blanket so that natural circulation will occur during a pump failure event. After accelerator shutdown, very little
decay heat is produced thereby not requiringextensive decay heat removal systems as are required in nuclear
reactor facilities.

In the actinide slurry, heat is deposited from neutron and gamma heating, as well as fission. The amount of heat
deposition willdepend on the actinide loading. As in the case of the fission products, heat is transported to a light
water heat exchanger which in turn dumps the heat to the atmosphere through a cooling tower. Because the
slurry is very dilute (less than 20 gm/liter), the amount of fissile material is small, and prevents the possibilityof an
accidental criticality. Also, for the same reason, the amount of decay heat is small, and can be transported easily
through natural circulation in the event of a loss of pump event.
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Research Needs

Several areas of research and development need to be completed before a target/blanket system can be built. In
the target area, experiments need to be performed to verify the nozzle design, determine material compatibility,
and determine purification requirements. Also, we must investigate methods to minimize the volume and waste
stream and determine the amount of decay heat. The choice of the target material is not fixed, perhaps a more
suitable material is available. The material used to contain the target must also be resistantto the intense
neutron flux. Alloys are available from the Liquid Metal Reactor research that exhibit very littledamage, and may
be stJitablefor use. These alloys need to be investigated.

In the areas of slurriesand solutions,we need to verify our design with scaled experiments to ensure that no
dead spots or eddies exist in the system that would accumulate material. Also we should verify the material
compatibility and ensure that there are no erosioncorrosion problems. In this region, we need to reduce the
parasitic absorption. The material we choose must have a small neutron absorption cross section, especially in
the thermal energy region.

In the area of neutronics, research is needed to verify the nuclear cross sections because of their importance to
the overall process. Also, if possiblewe need to verify the neutron production rate of the spallation neutron
source.
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• Work has begun on the conceptual design of the target/blanket region of an
accelerator-driven transmutation system with application to Hanford.

• The results of one-dimensional neutron transport calculations are encouraging. Goal
transmutation rates of 50 Kg/yr Tc-99 and 10 Kg/yr Np are possible with a 50-60 mA
current accelerator.

• It appears feasible to use aqueous slurries or solutions for the continuous flow of
actinides and fission products in the blanket region.

• The heat transport of the spallation target will require about 2-3 cubic meters of
lead-bismuth. The calculated fluid dynamics of the nozzle region and the interface with
the vacuum show sufficient mixing and convection to prevent vaporization.

• In the near term, work will continue on the design of the target/blanket region to optimize
the transmutation rates and therefore reduce the size of the accelerator. An investigation
will be continued (in collaboration with the physicists and material scientists) in the areas
of neutron generation and spallation products in the target in an effort to reduce the
target volume and long-lived waste.

• If research funds become available, we will complete optimization and system studies,
perform experiments to verify the target fluid dynamics, perform experiments if necessary
to verify the slurry fluid dynamics and material compatibilities, identify safety issues and
requirements, and begin work on a conceptual design and cost estimate for a particular
application.



CHEMISTRY AND MATERIALS

Aqueous Chemical Processing for the Tc
and Tc/Np Transmutation Blankets

Stephen Yarbro
Nuclear Materials Technology Division



What can this portion of the ATW program do for the nuclear complex?

Tc99 and 1129are more likely to reach the biosphere than the actinides. Many models have been developed for
predicting how the radionuclideswill behave in a repositoryover long time periods. The general conclusion is that the
aclinides will be sorbed by the soil. Therefore, over a long time period, e.g., a million years their hazard will be
i___._p.ned._..................because of radioactive decny ,n.,-Idi._persion. Hnw_.uer,_.....,,,,.='_m"v,"*,h,_,,,__,,,,,-,_l_,,--,_,,,,,_,,.,,., fission products are not
sorbed and could potentially reach the environment over a few thousand year period. Hence, they could present a
significant safety hazard.

i{el. M. Benedict, T.H. Pigford and H.W. Levi, Nuclear Chemical Engineering, McGraw-Hill Book Co., New York, NY,
pp.620-624

Aqueous processes are well-known. This allows a reasonable extrapolation of their capability to process the material
defined in the ATW program. Additionally, facilities and expertise are available within the complex to allow a solid
development program to be successfully completed for a reasonable cost and time investment.



What can this portion of the ATW program
do for the nuclear complex?

• Transmute Tc and Tc/Np to alleviate the long-term storage
problem

• Use efficient aqueous chemical processing to process the
blanket with a minimum of secondary waste produced

• Capitalize on the experience and facilities within the
nuclear complex, such as Oak Ridge, Los Alamos and
Hanford



What types of chemical processing does the program require?

Methods for removing tank sludges will need to be developed and test.:d. A potential option is to use a variation of the
"je! pump" method that was developed at Hanford in the early '80's for removing sludge waste from the single-shelled
ianks for volume reduction. The jet pump is mechanically simple and was successfully used to move thousands of
gallons of high-level waste which was then pumped to evaporators. The concentrated sludge was then pumped back to
single-shelled tanks for long-term storage. The system ot transfer lines, expertise and equipment c_:_ldpotentially be
used to remove the waste and transport to the chemical processing plant.

Waste processing will need to be very efficient for the program to be successful. However, this waste processing
problem is similiar to problems encountered at plutonium processing sites such as the Los Alamos Plutonium Facility.
An ogressive program is underway to develop methods for scrubbing liquid wastes to remove all traces of radioactivity
before discharge to the Los Alamos Low-Level Waste Handling Facility. The expertise developed at Los Alamos for
actinides coupled with the expertise at Oak Ridge for removing fission products, such as, strontiumand cesium, will
provide a powerful combination for attacking this problem.
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What types of chemical processing
_ ire.does the program requ" "_

i i I ii

• Recover and prepare the stored defense wastes

• Process the Tc and the Tc/Np blanket

• Process low-level liquid wastes



Flowsheet for Hanford tank waste recovery

-Ibis represents the initial draft of a potential flowsheet for addressing the processing of civilian reactor fuel. However,
exciting recent developments in separation science may revolutionize the processing scheme. New extractants based
on molecular recognition technology will enhance actinide/lanthanide separations. Further improvement in the TRUEX-
t,_sed processing will allow a complete recovery of the actinides/lanthanides from the initial tank waste. Also,
improvements in the technetium processing flowsheet are being pursued. Overall, the assessment is that much of the
technology for processing the tank waste is either demonstrated or within one to two years of demonstration.

Her. J.A. Rawlins, "CURE: Clean Use of Reactor Energy", Westinghouse Hanford Co., WHC-EP-0268, May 1990
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Hanford tank waste recovery flowsheet
I Pi il

l,

• Jet pump and separate sludge and supernate

° Dissolve sludge and recover U and Pu with PUREX, Sr
recovery with hydroxyacetic acid

° PUREX raffinate to TRUEX for actinide/lanthanide
recovery

• TRUEX raffinate to Tc recovery with amine solvent
extraction

• Cs recovery with phophotungstic acid precipitation



Aqueous based Tc only blanket flowsheet

TcO2 will be calcined in air at 400 deg C to form volatile Tc20 7to separate Tc from Ru. An expedment is currently
underway to measure the separation efficiency of this technique. Several grams of Tc and Ru oxides will be mixed and
the proposed conditions used to measure the separation and the amount of cross-contamination. The most important
factor is the separation between Tc and Ru in the Ru productoxide for discard. The amount of Tc will have to be
extremely low to satisfythe 10 CFR 61 waste requirement.
Ref. W.T. Smith, L.E. Line and W.A. Bell, J. Am. Chem. Soc. 74 (1953) 4964

The gas stream with the Tc207 will be cooled and the Tc20 7 will be reduced to TcO2 with HCI/zinc for re-entrainment in
the heavy water. However, chloride could be a potentially corrosion problem with stainless-steel equipment. Therefore,
other methods of reduction will be studied, such as hydroxylamine or Fe(ll).
Fret.C.M. Nelson, G.E. Boyd and W.T. Smith, J. Am. Chem. Soc. 76 (1954) 348



Aqueous based Tc only blanket flowsheet
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Aqueous based Tc/Np blanket processing flowsheet

Ref. S.L Yarbro, S.L. Dunn and S.B. Schreib_.r,"Preparation of Pure Neptunium Oxide for Nondestructive Assay
Standards," Los Alamos National Laboratc,ry report, LA-11890, (July 1990)
D.B. James, "Anion Exchange Processing of Plutonium," Los Alamos National Laboratory report, LA-3499, January
1967

R.G. Shuler, et. al., "The Extraction of Cs and Sr from Acidic High Activity Nuclear Waste using a PUREX Compatible
Organic Extractant," Solvent Extraction and Ion Exchange, 3(5), 567-604, (1985)

S.D. Reilly, C.F.V Mason and P.H. Smith, "Cobalt(Ill) Dicarbollide:A Potential Cs and Sr Waste Extraction Agent,"
t.os Alamos National Laboratory report, LA-11695, (February 1990)
F.P. Roberts, et. al., "Recovery and Purificationof Tc from Neutralized PUREX Wastes," Hanford Works report,
I IW-SA-2581, 1962

J.N. Mathur and P.K. Khopkar, "Ion Exchange Behaviourof Chelating Resin Dowex A-1 with Actinides and
Lanthanides," Solvent Extractionand Ion Exchange, 3(5), 753-762 (1985)
B.F. Smith, G.D. Jarvinen, M. M. Jones and P.J. Hay, "The Synthesis and Actinide and Lanthanide Complexation of
"Soft" Donor Ligands: Comparison Between HBMPPT and HTBMPP with TOPO Synergist for Am(Ill) and Eu(lll)
Extraction," Solvent Extraction and Ion Exchange, 7(5), 749-765 (1989)
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Liquid waste treatment flowsheet

Llse chelating resin columns, currently under development, to scrub actinides and lanthanides from the high-acid waste
streams.

Hef. S.L Yarbro, S.L Dunn and S.B. Schreiber, "Processing Low-Level Radioactive Solutions with Extraction
Chromalography," LA-UR-89-2741, Proceedings from the 1989 National AIChE Meeting, San Francisco, CA
S.L. Yarbro, "UsingCMPO-Based Levextrel Resins to Process Low-Activity Nitric Waste Streams," LA-UR-88-792,
Proceedings from the 1988 Annual Actinide Separations Conference, Chicago, IL
S.B. Schreiber, S.L. Yarbro and S.L. Dunn, "Evaluation of Extractants and Chelating Resins in Polishing Actinide
Contaminated Waste Streams," Los Alamos National Laboratory Report LA-11978 (October 1990)

Adjust feed acidity and use inorganic resins to scrub low acid Cs and Sr.
Fief. S.M Robinson, W.D. Arnold and C.H. Byers, "Design of Fixed-Bed Ion Exchange Columns for Wastewater
Treatment," Proceedings of the Waste Management '90 Symposium, Tucson, AZ

Use homogeneous pH control for ferric hydroxide or ferra, carrier to perform final scrub before discharge to the
environment.

Ref. J. Bucholtz, Los Alamos National Laboratory, personal communication, present operating procedure at Los Alamos
Low-Level Waste Handling Facility.
S.L Yarbro, S.B. Schreiber and S.L Dunn, Los Alamos National Laboratory, unpublished data, 1990

Use evaporation or membrane pervaporation to reduce anion concentration in solutionsfor discharge and recycle acid
for reuse.

Ref. A.G. Nicol, B.G. Gomez, C.W. Mills, S.B. Schreiber and S.L. Yarbro, "Deployment and Operation of the Enhanced
Evaporator System at TA-55," LA-UR-90-1182, 1989 American Glovebox Society National Meeting, Oakland, CA
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Liquid waste treatment flowsheet
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What are the engineering criteria for flowshee", design?

200 kg/yr throughputrequires equipment similar in scale to the Los Alamos Plutonium Facility (TA-55). This ensures a
pool of experienced engineers and scientists for design and development of the chemical processing flowsheet and
tacilities.

Fission productswith <30 yr half-life only need 300 yr storage which is well within present engineering technology. The
advantage of storing the shorter-lived fission products is that it eliminates the need for isotope separation of the cesium
and reduces the requirement for remote-handling facilities. Also, there is a slight potential for an economic benefit from
the heat produced from these two elements.

Class A or non-TRU (<100 nCi/g) wastes are worthy goals, but further study needs to be done to ensure that they are
realistic. The major issue will be the economics associated with the processing and the amount of secondary waste
produced to achieve the Class A or non-TRU waste. More development work is needed to define realisticcosts and
waste generation data.

_mmmm m mmNmB i m mmmm _ wmmmmm m m Jim m mmmmm mmmmmmmm m i i _ mmm_mm-



What are the engineering criteria for flowsheet design?

• Throughput

- 200 kg/yr Tc for the Tc only

- 200 kg/yr Tc and 10 kg/yr Np for the combination

o Short-lived fission products (<30 yr half-life) to
managed storage

• Long-lived fission products to transmuter
• Produce Class A or non-TRU waste (<100 nCi/g)



What separations criteria are necessary for a successful program?

The definitionsof the different waste classes are specified in 10 CFR 61. For class A waste, the radionuclidecontent is
very low. This means that decontamination factors of the order of 105 to 106 will be required for the project to be
successful. Especially, the waste processing step will need to be efficient to ensure that a greater volume of waste will
be produced and stored. The separations required for material entering the transmuter will be determined by the
neutronics of the target and blanket design.

Ref. J.A. Rawlins, "CURE: Clean Use of Reactor Energy', Westinghouse Hanford Co., WHC-EP-0268, May 1990
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What separations criteria _are necessary
for a successful program.?

Waste Class Specifications

Class C B A

Total TRU, nCi/g 100 10 10

Sr90, Ci/cu. m 7000 150 0.04

Tc99, Ci/cu. m 3 0.3 0.3

1129, Ci/cu. m 0.8 0.08 0.08

Cs137, Ci/cu. m 4600 44 1

Ref Rawlins, J.A. ed., "CURE" Clean Use of Reactor Energy", WHC-EP-0268, Westinghouse Hanford Company
May 1990 pg. 3-3



Why choose aqueous slurries for this application?

For this application, the slurrieswill be two orders of magnitude less concentrated than in the Oak Ridge experiments.
Therefore, many of the problems they experienced with the slurries will be lessened or eliminated. Furthermore, the two
phase solutionsallow more concentrated storage as an oxide than as a solution. Also, the chemistry of solutions
undergoing intense neutron fluxes is not well understood. With the slurry, the solid phase can be separated and the
material processed with well-characterized aqueous techniques.

Ref. J.F. Fiagg, Chemical Processing of Reactor Fuels, Academic Press, NY, pp. 328-346 (1961)



Why choose aqueous slurries for this application? in

im

• Operating experience with thorium oxide slurries used
as transmutation blankets at Oak Ridge

• Enables flexible processing by allowing storage as oxide
instead of solution for cooling before processing

• Oak Ridge successfully used slurries up to 1500 g/L Th;
this application will only requnreslurries at 10-50 g/L



Why choose ion exchange technology over conventional PUREX/TRUEX technology?

Because of many years of operating experience at Los Alamos and Rocky Flats Plant with actinides and a variety of
transition metal and lanthanide contaminants. Also, ion exchange is simple to operate remotely. Ion exhange has been
successfully operated in the fuel reprocessing cyclg and has proven to be robust and give excellent separation of
actinides from fission products. It is also the accepted method for separation of americium from lanthanides.

Ref. D.B. James, "Anion Exchange Processing of Plutonium," Los Alamos National Laboratory report, LA-3499, January1967

S.F. Marsh and A.E. Nixon, "Review of Current Nitrate Anion Exchange Recovery and Purification Processes for
Plutonium at DOE Production Facilities," Los Alamos National Laboratory report, LA-11593, August 1989
S.F. Marsh, "Improved Recovery and Purificationof Plutonium at L¢.s Alamos using Macroporous Ion Exchange Resin,"
Los Alamos National Laboratory report, LA-10906, May 1987
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Why choose ion exchange technology over
conventional PUREX/TRUEXtechnology?

i
i

• IX Columns are simple mechanicallyand cheap to
operate remotely

• IXcolumns can provide very high concentration factors
especially for dilutesolutions

• IXcolumns can be opera.ted to provide many theoretical
platesfor difficult separations

• Resins do not need continual washing as do solvents
and can be incineratedfor disposal



The technology for high-yield actinide and fission product recovery is available and there is
operating experience with most of the processing steps

Many years of operating experience at Los Alamos and Rocky Flats Plant with actinides and a variety of transition metal
and lanthanide contaminants.

Ref. D.B. James, "Anion Exchange Processing of Plutonium," Los Alamos National Laboratory report, LA-3499, January1967

S.F. Marsh and A.E. Nixon, "Review of Current Nitrate Anion Exchange Recovery and PurificationProcesses for
Plutonium at DOE Production Facilities," Los Alamos National Laboratory report, LA-11593, August 1989
S.F. Marsh, "Improved Recovery and Purification of Plutonium at Los Alamos using Macroporous Ion Exchange Resin,"
Los Alamos National Laboratory report, LA-10906, May 1987

ATW waste problem is similar to waste problem at the Los Alamos Plutonium Facility. Los Alamos has been working on
polishing wastes for several years to reduce the actinide concentration, volume and amount of solid waste generated
through treatment.

Ref. S.B. Schreiber, S.L. Yarbro and S.L. Dunn, "Evaluation of Extractants and Chelating Resins in PolishingActinide
Contaminated Waste Streams," Los Alamos National Laboratory report,_LA-11978(October 1990)

Near full-scale tests ( 78.5" high x 76" dia. column) have been completed at Oak Ridge for removing Cs and Sr from
waste water before discharge to the environment.
Ref. S.M. Robinson,W.D. Arnold and C.H. Byers, "Design of Fixed-Bed ion Exchange Columns for Wastewater
Treatment," Proceedings of the Waste Management '90 Symposium, Tucson, AZ

Technetium removal from neutralized PUREX wastes has been demonstrated at Hanford.
Ref. F.P. Roberts, et. al., "Recovery and Purificationof Tc from Neutralized PUREX Wastes," Hanford Works report,
HW-SA-2581, 1962

New possibilitiesexist for reagents for Am/La separations.
Fief. B.F. Smith, G.D. Jarvinen, M. M. Jones and P.J. Hay, "The Synthesis and Actinide and Lanthanide Complexation of
"Soft" Donor Ligands: Comparison Between HBMPPT and HTBMPP with TOPO Synergist for Am(Ill) and Eu(lli)
Extraction," Solvent Extraction and Ion Exchange, 7(5), 749-765 (1989)
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The technology for high-yield actinide and fission
product recovery is available and there.Is operating

experience with most of the process=ng steps
i

• Los Alamos has demonstrated 99.9% actinide recovery
routinely on ion exchange columns

• Los Alamos .has demonstrated 99.9995% actinide
recovery on ion exchange waste streams (>10E6 total
actinide recovery)

• Oak Ridge has demonstrated polishing, of Cs and. Sr
waste streams down to discharge levels for their new
Process Waste Treatment Plant (PWrP)

•Hanford has demonstrated pilot-scale Tc recovery
columns with >80% Tc recovery over 25 years ago

• Los Alamos has demonstrated Am/La separation
factors of >1O0 with a new class of "soft" donor I_gand
extractants

a



What issues remain to be resolved?

Am/La separations need to be examined and demonstrated on a large-scale. An experiment is underway to measure
the separation efficiency of a new class of "soft-donor ligand exlractants for Am from the lanthanides expected to be
present in the ATW processing streams.

Solidificationtechniques need to be examined and :ullimatelycertilied for storap. This problem can only be
addressed after sufficientwork has been done to adequately define the types of waste that will be produced.

Faster and more sensitive on-line analytical techniques need to be developed and certified. This techniques, along with
more efficient waste polishing techniques are being agressively developed as a part of the Waste Minimization and
Complex Modernization efforts at the Los Alamos Plutonium Facility.

The facilitydesign should be carefully examined. A good model is the new hot-cell facilityat Harwell in the U.K.
Refo P.E. Brown, D. Campbell and J.R. Findlay, "A Modern Alpha, Beta and Gamma Active Handling Facility for
Chemical and Allied Research and Development Work," UKAEA Harwell Laboratory report, AERE R 13457 (September
1988)
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What issues remain to be resolved?
I ii

i

• All of the chemical processing, especially the Am/La
separations, needs to be demonstrated as an integrated
flowsheet

• Careful facility and flowsheet design to ensure that
secondary waste generation is minimized and that the
facility can be decommissioned properly

• Careful attention to safety issues, such as proper facility
design to ensure low radiation exposures

• Ensure that waste forms (such as glass) can be produced
which are compatible with current and future storage
requnrements

• Reliable cost and schedule data need to be developed



AMOUNT OF TRANSMUTED ELEMENTS FROM
Pb/Bi EUTECTIC AFTER 30 YEARS
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Solubilities (wt. %) At ~ 200°C

AI approximately200°C the knownsolubilitiesof the variouselementsin leadand bismuthare shown. Mostelements
(exceptfor In, Hg,TI, Sn, Sb) have relativelylowor essentiallyno solubilities.Thisis notto implythat somesolubilities
mayexistbutthat manysolubilitieshave notbeen evaluated. Here is an areathat needsparticularfocusdue to the
potentialproblemsthat mayariseshouldtheseelementsor theircompoundsprecipitateor plateout in particularlythe
cold parl of a recirculatingsystem.
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CHEMISTRY AND MATERIALS

ATW Materials Issues

Karl Staudhammer
Materials Science and Technology
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Scope

I he scope of this presentation covers primarily two areas of materials concern. The first concern involves radiation
effects which we know will play a dominant role in materials selection because the neutron fluences are relatively high.
Secondly, we should address materials compatibility issues particularly in light of a desire for long term operation.
Compatibility data from previous investigators over the last 20 years indicate that at operating temperatures less than

approximately 500°C for a variety of low alloy steels (particularly those containing < 2.5 wt.% Cr) have not shown any
corrosion up to 24,000 hrs. While significant data exists for radiation effects on materials,as well as for
compatibility/corrosion, the synergistic effects must be understood. Sufficient data exist in other material systems that
i_ldicate such a concern is warranted here.
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SCOPE
II

• RADIATION EFFECTS

• MATERIALS COMPATIBILITY

• SYNERGISTIC EFFECTS



Flow chart for the spallation Source

The flow chart presents a schematic of the pertinent issues associated with each conceptual operation/event in the

spallation source. It is presented as an overview. The specific issues are presented in greater detail in the following
viewgraphs.
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Radiation Effects

Radiation effects concems along with possible remedies. Both problem and remedies are microstructuredependent.
Areas of concern include:

* Embrittlement the Ductile to Brittle Transformation Temperature (DBTT) is of most concem in Body
Centered Cubic (BCC) metals. Some ceramics are actually toughened by radiation.

• Swelling is typically temperature dependent. Generally there are two major aspects of the swelling
problem. Geometric, in which macro dimensional changes are observed, and differential swelling, which
is a microscopicprocess that leads to mechanical failure, grain boundary separation and different swelling
in multiphase systems.

• Neutron induced transmutation leading to gas formation within the metal can accelerate materials
degradation.

• Welds have poorly controlled microstructurethat makes them susceptible to enhanced degradation.

• Mechanical strength may improve under radiation but can be overshadowed by embrittlement problems.

Radiation enhanced creep is not a concern because operating temperature and stresses are sufficiently low. For most
materials the regime would be in the oiffusioncontrolled flow. For example, for 316 stainless steel operated at 0.3 Tm

the creep r,,te would be <10-12 in. /in. / sec. Materials having creep rates within an order of magnitude of 10"12 at low
stresses will easily last the 30 year life span of an ATW system.
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RADIATION EFFECTS
I i I III

Problems Solutions

• Embrittlement Alloying
(DBTT)

° Swelling f(T) Design, material selection
• Geometric Microstructural/engineering
• Differential Graded interfaces

• Transmutation Materials selection and
gases microstructural/engineering

• Welds Design

° Mechanical strength Materials selection and
(often increases) microstructural/engineering



Example of DBTT

Iv.pact test data for various temperatures can reveal significant changes in toughness and fracture behavior.
(After A. S. Tetelman and A. J. McEvily.) The ductile to brittle transitiontemperature is also a function of composition as
well as texture (i.e., rollingor worked direction of the microstructure).
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! EXAMPLE OF DBTT
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Typical Performance of Materials in a Neutron Environment

Materials respond differently to neutron fluences and have upper limits beyond which irradiation damage dominates
and limits the useful service of the material. As one approaches higher and higher fluences, the number of material
choices that survive these irradiationenvironments become very limited. From a materials point of view an order of
tnagnitude increase in fluence at 1023 is not the same as at 1020. At the higher fluences the data base is very limited
dtJe to the difficulty in obtainingexperimental data from irradiation facilities with limited flux capacities. For the 316 SS
almost an order of magnitude can be obtained in the fluence level with the appropriate manipulation of the
microstructure. The average per year neutron fluence > 0.1 MeV calculated for ATW operated at 1.6 GeV - 55 mA is
4 X 1022 n/cm 2. This is over a liner region length of 20 cm. A peak fluence of 1 X 1023 n/cm2 was calculated for a
sJnallerportion (<10 cm length). Note: The data base shown is from fast fission irradiationin a reactor. The neutron
spectrum in ATW additionallyhas a component of thermal and very fast neutrons > 5 MeV.
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Swelling vs Fluence

Swelling is a strong function of neutron fluence. With some materials such as 316 stainless steel swelling can be
delayed by microstructural alteration such as cold working and other thermomechanical treatments. This allows the

material to be used at higher fluences before swelling begins. As swelling sets in and continues, the mechanical
properlies begin to degrade. With large amounts of swelling the mechanical propertie3go to near zero. Each material
has its own swelling behavior and is strongly temperature dependent.
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SWELLING vs FLUENCE
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Strength vs Fluence

Many materials undergo a loss of strength at a critical fluence range. In the case of BeO, strengthis lost due to loss of
intergranular strength. In general, metals are more forgiving unless they loose their ductility. Cubic materials are
preferred as a rule, due to the absence of anisotropic swelling. In the case of BeO and other specific ceramics, an
improvement in strength ('radiation hardening') can be observed over a small fluence range, but very quickly then
deleriorales with higher fluences.

m I N amm NmmmB m _ W m m m I m _ m mmmuu _ m



Normalizedstrength

¢d21

o N

< m

0
it



Material Length Changes in FFTF

Newer alloys such as HT-9 appear to show no significantswelling by neutron influences in the range of interest to ATW
and possiblybeyond. The data is from W. D. Leggett III and R. D. Leggett, Westinghouse Hanford, 1987. However,
I tT-9 is a high chromium steel and as such would not be directly suitable as a container material for the liquid
!_:ad/bismuth. A feasible solutionwould be to clad HT-9 with a material having similar swelling characteristics
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Properties of HT-9

The alloy HT-9 is reportedto have no swelling in the range of 1023 n/cm2, which exceeds that of the fluence generated
in ATW operated at 1.6 GeV at 55 mA for one year. This material is very sensitive to thermomechanical treatments, with
proper heat treatment (i.e., austenized, quenched and aged) a relativelyductile steel can be produced. This alloy is
commercially available. However, this alloy, as will be shown later, may not be suitable as a stand alone liner due to its
high chromium content. Alloys of steel with high chromium contents generally, are severely attacked by liquid
lead/bismuth. Consequently, some form of cladding will probably have to be utilized for this alloy.
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PROPERTIES OF HT-9
il II I I III

• A ferritic / martensiticsteel (BCC)

• Composition (wt. %)
84.81 Fe 11.69 Cr 1.00 Mo
0.51 Ni 0.71 Mn 0.49 W
0.31 V 0.24 Si 0.21 C

bal. Nb, Ti, P, S

• Mechanicalstrengthsimilar to 316 SS though
somewhatlower



Strength Requirements for Spallation Liner

The strengthrequirementsforthe spallationlinerare verylow. Tolerancecriteriaare nominalandwillonlybe required
to holda hydrostaticload. The calculatedhoopstressof 680 psi is a verylowstressandat 400°C is only3 % of the
yieldstrength.The yieldstrengthforthe materialsof interestare around20,000 psi. The majorpointto be made isthat
highstrengthmaterialsare notrequired. Norare hightemperaturematerialsrequired. Thoughtoughnessrequirements
are modest,it is stilldesirableto use a materialwiththe highesttoughnessavailable(theyare more forgiving).



STRENGTH REQUIREMENTS FOR SPALLATION
LINER

III
• i

•High strength materials not required

• Hydrostatic load only

• Calculatedhoop stress = 680 psi
(~3% of yield strength at 400°C)

• Toughness requirements are modest.



Use of Si3N4 in a Thermal Neutron Environment

Silicon vlitride is a very high strength, high toughness ceramic and as such has found its way into many applications
requiring these properties particularly at high temperatures. However, in a high radiation environment the material can
disintegrate rather quickly. This is due to the nitrogen 14 (the natural abundant isotope). The matedal is irradiated, the
material produces protons which stay in the lattice as hydrogen. This results in swelling and embrittlement. A unique
solution which enables neutron irradiation usage, is through the use of nitrogen 15 and is called isotopictailoring. This
technique has produced siliconnitride that is not affected by similar irradiation environments. A note of caution, isotopic
tailoringdepending on the isotope can be very expensive, however it may indeed be a cost effective solution for limited
usage components.



USE OF Si3N4._IN A THERMAL NEUTRON
ENVIRONMENT

(A very high strength - high toughness ceramic)

Si3N4

14N(nth, 14C

hydrogen

Solution: Isotopic tailoring
15

Si3N4



Corrosion / Compatibility

The majorconcernscenteraroundlongterm corrosionon the linerandsupportinghardware. These concernsincJude
notonlythe lead/bismuthcompatibilitybutalsothat of all the daughterelementsproducedoverthe operationalHfeof
lhe spallationsource. For lead/bismutha limited(approximatelythreeyears)data baseexists,whichshownocorrosion
up to 550oc. However,thisdata base doesnot includeany daughterproductswhich alsohave the potentialof
in,compatibilitywiththe linermaterial. Thispoint needsto be addressed. In addition,some of the daughterproductsare
volatileand as suchmay alsoneed attention,particularly,if solubilityHmitsin load/bismuthare exceeded. These
problemareasare discussedin moredetail in the followingviewgraphs.
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CORROSION / COMPATIBILITY
--im

Problems Solutions

Compatibility with Material selection
container Pb/Bi Coatings

Volatiles Extract/trap

Compatibility with Materials selection/
transmuted products removal



Pb/Bi Compatibility Issues

Compatibility issues, particularly for materials that potentially are required to last up to 30 years, is a major question that
needs careful scrutiny. Corrosion rates which are very low or are predicted to be very low are essentially all derived
from limiled time tests, and must be viewed from that point. The issues of mass transport, dissolutionand deposition
arise from the concem that some solubilities(however small) do exist between the materials used in the spallation
system and the liquid Pb/Bi. Concems for erosion and cavitation along with embdttlement stems not only for the
reasons cited above, but also from the daughter products produced over the years. Each of these points are elaborated
in the following viewgraphs.



Pb/Bi COMPATIBILITY ISSUES

• Corrosion

• Mass transport
• Dissolution

• Deposition
• Erosion and Cavitation

• Embrittlement



Corrosion/Compatibility Data Base Exists for Liquid Pb/Bi

Liquidlead/bismuthhasbeen usedquiteextensivelyfor over20 yearsas a spallationsourceandas such,data has
beengeneratedin regardsto itscontainment.While manymaterialsappearto workratherwell,theyare not necessarily
usablein an irradiationenvironmentdue to the highcrosssections(i.e., Ta). Ingeneral lowalloysteelswith> 2.5%
chromiumappearto do ratherwellandare costeffectivematerials.
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CORROSION/COMPATIBILITY DATA BASE
EXISTS FOR LIQUID Pb/Bi

IIII
m

• Steelswith high Nior Cr(>2.5%) are
seriously attacked by llqutdPb/Bi and
cannot be used

• Corrosion resistant materials
Iron
Niobium
Tantalum
Molybdenum
Tungsten
Low alloy steels



Low Alloy Steels Tested In Liquid Pb/Bi

A data base for low alloyed steel exists for several alloys that reveal essentially no corrosionfor the specified times and
test temperature ranges. The temperature ranges are of particular concern because the larger the difference (upper
a.d lower temperatures), the greater the tendency for dissolutionand redeposition (i.e., mass transport) of soluble
elements.



LOW ALLOY STEELS TESTED IN LIQUID Pb/Bi
I

ii ==l I

ALLOYS NOCORROSION
° AISI 4130 Steel at 550-400°C in 10,000 hrs
• RH 1081Steel at 550-400°C in 10,000 hrs

• 2.25Cr, _):0MoSteel}• 1.25Cr, 5Mo Steel at 500-400°C in 10,000 hrs
• 0.5Cr, 0.5Mo Steel at 500-400°C > 24,000 hrs
° 1.25Cr, 0.5Mo Steel at 525-425°C in 20,000 hrs

• The smaller the AT below 650oc, the longer the life. °-

• Data base from work at Chalk River, Swiss Inst. for
Nuclear Science and Brookhaven.



The Lead-Bismuth Equilibrium Diagram

l he lead (Pb), bismuth (Bi) equilibrium phase diagram is shown. Pertinent features of the diagram include, one phase,
b, stable _o184°C. A 23.8 wt.% solubilityof Pb in Bi and essentially no solubilityof Pb in Bi are plotted. A eutectic
composilion of 56.1 wt.% Bi having a eutectic temperature of 125°C is also shown. The proposed ATW operation
parameters are a temperature of 200-400°C with a composition of 45 wt.% Pb - 55 wt.% Bi.
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THE LEAD-BISMUTH EQUILIBRIUM DIAGRAM
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Possible Solutions for Synergistic Effects

Based on the preliminary data at hand, possible solutions for the synergistic effects of corrosion/radiationeffects can
encompass several approaches. Initially, cladding of a radiation resistant material such as HT-9 with molybdenum
would give the corrosion resistance required for the system. However, eventual swelling of the molybdenum may cause
some problems.

A unique dc3ign solutionwould be to adjust the radial heat flow to create a frozen molten interface layer of Pb/Bi on the
spallation container material. This would allow for the direct contact use of materials such as HT-9 in the radiation zone,
ll=us having essentially no corrosion in the Pb/Bi as liquidcontact can be eliminated.

Olher possible solutionswould be the utilization of cubic ceramics (they do not undergo anisotropic swelling which
limits ntost non cubic ceramic materials). Additionallyistopoicallytailored materials such as the si3N4 mentioned earlier
are also potential solutions.
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POSSIBLE SOLUTIONS FOR SYNERGISTIC
EFFECTS

I

= II II

• Cladding of radiation resistant materials with
corrosion resistant materials

-Molybdenum on HT-9

• Design
- Frozen molten Pb/Bi interface layer

• Cubic ceramics

• Isotopically tailored materials



Amount of Transmuted Elements From PblBi Eutectic After 30 Years

For any spallation source to operate for up to 30 years, it is necessary to know the species and amount of transmuted
daughter products. The species determines the interactions that need to be accounted for and the amount, to what
degree. The produced elements and amounts are calculated by the LAHET code at the operating conditions of 1.6 GeV
at 55 =hA. The specific concerns which were discussed previously are compatibility/corrosion,embrittlement, and to be
discussed, possible compound formation.
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Solubilities (wt. %) At ~ 200Oc

At approximately 200°C the known solubilitiesof the various elements in lead and bismuth are shown. Most elements
(except for In, Hg, TI, Sn, Sb) have relatively low or essentially no solubilities. This is not to imply that some solubilities
may exist but that many solubilitieshave not been evaluated. Here is an area that needs particular focus due to the
potential problems that may arise should these elements or their compounds precipitate or plate out in particularly the
(:old part of a recirculating system.



SOLUBILITIES (wt. %) AT ~ 200°C
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Solubility Assessment

Solubility assessment is an attempt to put the question forth in a rational approach using existingdata on binary
solubilities. This assessment is only a first approximation and indeed may be far more complex, particularly when
consideringternary, quatemary, etc systems. In the continual operation of such a spallatiCnsystem, the possibilityof
preferred extraction of specificelements, suchas Xe, Ar, Au may be desirable (from a nucleonics point of view). In so
doing, it alters the daughter productionof the remaining system. The net gain would be a reduction of the continual
daughter production. Even at the 0.46% unknown or limited solubilities, it is expected that some reasonable fraction
would slill dissolve in the liquid lead / bismuth. In any event, we must address the possibility that we may have insoluble
pa_licles that must be "gathered" at some point in time to prevent potential problems _ erosion, plugging,galling, etc. In
principle, a simple slip stream containing precipitation / or filtrationcapabilities (via rreachanicalor thermal deposition)
should sullice.
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SOLUBILITY ASSESSMENT
(1.6 GeV - 55 mA)

•Total amount of daughter products at the end of
is 154 kg which is 1.23%of the initialtarget mass.

• I-towever,elements with known solubilities in Pb or Bi
(>0.1) i.e., TI, Hg, In,... stay in solution

• Thus, elementswith low (<0.1) or unknown solubilities
amount to 62 Kg which is only 0.46%.

• The average rateof daughter productproductionis
~2 Kg/yrand per year is only 0.015 % of the initial
target mass.

• Must address insoluble particle presence.



Possible Binary Compounds

In tryingto assessthe possiblebinarycompoundsthat couldexist,a literaturesurveywas madeof all the known
compoundsbetweenlead,bismuthandall the majordaughterproducts(in excessof approximately1 kg). These are
individuallylistedby eachelement. Thischartis notmeantto implythat allof thesecompoundswillformbutif
compoundswere to form,the lowestfree energywoulddominateandthuscouldlimitfurthercompoundformation. The
problemis muchmorecomplexin thatternary,quatemaryand/orhigherordercompoundscouldform forwhichdata
doesnotexist.
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POSSIBLE BINARY COMPOUNDS
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Binary Compound Melting Points (Oc)

lhis viewgraph is an attempt to put in perspective the data on known binary compounds that exist between Pb, Bi, and
the nine most abundant daughter products. This was done in an effort to highlight potential areas of concem, i.e., high
melting point compounds (numbers >400°C), limited solubilities (Im - immiscible elements, many at low temperatures
have essentially no solubilitiesin one another) and elements that are soluble in one another, i.e., SS, but are solid

above 400°C. Other designations such as 2C, 4C, 1C, etc. refer to number of compounds in that binary system, though
melting point informationhas not been determined. The symbol E and P refer to a simple eutectic and pedtectic
equilibrium systems. The concern brought forth in this table is the compounds with melting points• - 400°C. These
compo,nds (especially • 1000oc) could eventually pose problems in the design of a recirculatingsystem if not taken
into account. The footnote on binary, ternary and quaternary refer to the number of possible combinations in which
compound formation could occur.
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BINARY COMPOUND MELTING POINTS (°C)
(For the 11 most abundant elements)
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Target Mass by Element vs Time

Basedona timeevolutionrate of daughterproductsproducedina liquidPb/Bi spallationsourcerunat 1.6 GeV -
55 mA, the followingtable wasgeneratedto allowfor an expedmentalsimulationas a functionof timeto be performed.
In sucha simulation,incrementalamountsof eachelement (inits relationto its productionin a spallationsource)would
be addedand heatedin a pressurevesselat hightemperatures(~1000oc) to promotemetallurgicalreactionsto
proceed. Thiswouldbe repeated,forexampleas listedin the table,for each twoyear time intervalonlylistedperformed
in a oneweek interval. Subsequently,at the end (30 yearsor any intervalof interestin between)samplescan be
extractedfromthe liquidphaseandprecipitatedsolidsto determine,via analyticaltechniques,the distributionof the
,lemenls. Alsosolubilitylimitscan be ascertainedwhichwouldallowor promotedepositionand/orcompound
formationif exceeded. RF sputteringtechniqueshavebeendevisedto simulatechemicalstoichiometryand
homogeneousdistributionthroughouta powdermixof Pb and Bi.
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TARGET MASS BY ELEMENT vs TIME
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Research Needs

lhe areas that wouldrequireresearchattentionfocusesaroundthe materialsproblemsin an environmentof high
energyradiationcombinedwithliquidmetalcompatibility.A largedata base existsin the literature. However,the
databaseneedsto be examinedingreaterdetail to betterdefinethe experimentaldirectionsas appliedto the material
needs forATW. Thequestionof daughterproductcompatibility(inspiteof their lowpercentages)also needsfurther
attention,as the numberof compoundsandtheirimpacton the circulatingspallationsystemis an unknown.
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RESEARCH NEEDS

• Materials Optimization - Corrosion resistance that
has the ability to withstand the neutron environment
and vice versa.

• Liquid metal embrittlement.

• Transport phenomena in the spailation hardware.

• Daughter product compatibility and possible
compound formations.



Summary of Spallation Target Materials Issues

Self Explanatory

4
m N u_ m am m-- atom m m m m m _m m mm _mmmmmm m-ram mm am



SUMMARY
...... lUnlI v

• There are many complex issues with synergistic
implications. We will require a dedicated technological
research effort to address and resolve them.

• The existing data base of compatibility/radiation effects
needs further development.

• Many existing technologies have been demonstrated
that can be applied to the ATW concept.



OVERVIEW

Overview of Advanced Application

Edward Arthur
Theoretical Division
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The Basis for lhe Advanced ATW Concept

The genericsystemcomponentsthat formthe basisforthe advancedapplicationof AIW - fissionenergywith a minimal
long-term,high-levelwastestream- are shownhere. We utilizean acceleratorof the classthat hasbeen assumedfor
ourdefensewaste applicationof ATW. This acceleratorwouldhavean overallefficiencyof 45 percent. The beam from
it is directed into a PbBispaUationtargetsurroundedby a multiplyingblanketoperated at a keffof 0.8. As part of the
system, we utilize a moltensalt loop to handle the fissionpower and to extract high-gradeheat. This loop would
operate around 7000 C so that the overallefficiencyfor thermal to electricpower is 45 percent. Electricitywouldbe
generated,part of whichwould be returnedto runthe accelerator. The remainder(a majority)wouldbe providedto the
commercialgrid. Finally,aqueousmaterial flow loops would be used to circulate fissionproductshaving half lives
greater than11 yearsfor destructionby transmutation.
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The Basis for the Fission Power
With a Minimal HLW Stream Concept

f = fraction electric F.P.
r_turned Burn
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Enablers for the Advanced Concept

The principal enabler of the advanced ATW concept is the fundamental impact that spallation neutron generation can
have on fission systems. As will be explained in the next presentation, use of an accelerator to produce spallation
neutrons which are then used to drive a multiplying blanket effectively increases the number of neutrons per fission by
fitly percent. In addition, the features of the ATW system as discussed -- high flux, low inventories -- am fundamental to

lhe conceptualization of a fission source capable of transmuting its long-lived fission product waste. Finally, the feature
o! continuous material flow enables us '1oachieve cesium isotope separation using natural decay features of xenon
precursors. Utilization of this phenomena is not possible under standard reactor operating conditions.
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Enablers

• Ftnndamental impact of spallation physics on a fission
system

50% increase in #n/fission

• High flux, dilute system features

• Continuous materials flow and extraction



The Advanced ATW Concept . Fission Energy With A Minimal Long-Lived, High-Level Waste Stream

This schematic illustrates the main features. Natural thorium is introduced into the blanket where 233 U is bred, in situ
from it. This 233 U is reintroduced into the system in a molten salt loop which is operated at a thermal power level of
1000 MW. Heat from the molten salt loop is converted to electricity, 48 megawatts of which is needed to power theaccelerator. The remaining amount (> 300 Megawatfs) can be supplied to the commercial grid.

Duri_)9 this process, fission Productscreated during 233 U fission are extracted and reintroduced back into the system
for transmutation. Transmutation of apProximately ten percent of the Products Produced during fission is sufficient to
ensure that a minimal high level waste stream results from the systems operation. Fission Products with half lives

grealer than 11 years would be transmuted. The remainder would be extracted from the system and allowed to decay

during short-term storage on site.
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The AdvancedATW Concept
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Features

. Our initial analysis of this system, based on neutron economy arguments, indicate that net power production in excess
' of 300 MWE would occur. The overall efficiency of the system is around 33 percent. This high efficiency is possible

because of the 45 percent thermal-to-electric conversion efficiency of the molten salt.



Features

• Thorium fueled

. 233U breeding ( 233 Th----_233pa--_ 233U)

• Molten LiF/BeF2 salt for high thermal to electric
conversion

• Multiplying blanket @ 1000 MWT

• Net Power Production > 300 MWE



Features (Continued)

In the system we would transmute all fission products with half lives greater than 11 years. The system utilizes three
flow loops for this fission product transmutation (an aqueous loop), 233U breeding (aqueous), and 233 U fission (molten
salt).

m m _m_ _m m m _ _ m _mm mm_ _ _m m Immmm mmm .mmmmmmm _ mmmm



Features (Cont)

• Transmutation of all fission products with _1/2 >-11 years
(8 isotopes)

• Two classes of flow loops
233

- Aqueous- Pa breeding
Fission product burn

- Molten Salt- 233 U fission



Three Separate Flow Loops

The flow loops described earlier are illustrated schematically.



Three Separate Flow Loops Are
Present in the ATW Advanced Concept

1.) U233 Breeding

2.) U233 Fission

3.) Fission Product
Transmutation

Th

Stable &
H+ Short-Lived

Fission Product
Disposal



Fission Products to Be Transmuted in an Advanced System

This list illustrates the fission products to be transmuted in this concept. These comprise the overwhelming majority of
longer-lived, high-level waste produced in the system. Higher actinide contributions are virtually nonexistent because
of the use of the thorium-233U fuel cycle.



The Following Fission Products Would
Be Transmuted or Burned Internally
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Burning of Sr and Cs Inventories

The approach used to transmute 90 Sr and 137Cs is illustratec!.here. During the 30 year lifetime of the system these
waste products are produced in the fashion shown. The wastes produced by one system would be cooled for one half
life (30 years) to reduce their inventory by a factor of two. During this cooling period a second facility would be brought
on-line. The inventory from the first system remaining after cooling would be introduced into the second system for
transmuting. This inventory would be transmuted over a period of time of about 5 to 10 years. Concurrently, inventories
building up from the second system operation would be cooled and introduced into a third system for transmutation.



• • IB_rn,n_ of Sr,Cs Inventories Wou d
Occur fter a 30 Year Cooling Period
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Summary

An advancedenergy productionsystembased upon the ATW syslem would use naturalthorium as a Iuel. This could
ensure a Iong-lerm energy supply because of large reserves of thorium thai are expecled to last thousandsof years.
Duringoperationof such a facilily, Ihe major high-levelwasle would be burnedconcurrenlly,so lhai a minimal long-
lived,high-levelwaste slream wouldresultfromthe system.

The idea_;embodied In lhe syslem described here are direcl exlrapolalions of technologies developed in areas
associaied wilh the near-lerm ATW applicationIo defense wasle Iransmulalion. The principal areas of developmenl
wouldbe associaled wilh mollensail loopsutilizedfor 233 U fission.
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Summary
III I III I I

I.

• Use of natural thorium

• Long-term energy supply

• Minimal high-level, long-lived nuclear waste stream

• Direct extrapolation of near-term ATW technologies
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ADVANCED TECHNOLOGY

Fission Energy Without a High Level
Waste Stream

Charles Bowman
• e aPhysics Div_lon



Objectives

In ourconcept thissystemwouldconvertthe thoriumand/oruraniumresourcesio fissilematerialand bum it to produce
electricpower.

This powercan then be used, in part to drive the accelerator.The accelerator/targetsystemproducesa surplusof
neutronswhichcan be used to convert fertile to fissilematerialas well as to bumfissionproductswith half livesgreater
than 11 years. The transmutationof these fissionproductsminimizesthe high levelwastestreamassociatedwithother
concepts. The systemis far sub-criticaland, therefore,avoidsthe possibilityof criticalityexcursions.
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Fission Energy Without A
High Level Waste Stream Objectives

Inexhaustible energy supply

No criticality excursions

Minimal high level waste legacy



Fission Waste Decay Rates

This graph shows radioactivity vs time for spent fuel from commercial power reactors. The topmost curves show the
decay rate for the once-through light water reactors and the decay rate with reprocessing and burning of the plutonium.
The band shows the radioactivity of the original uranium ore, which is a goal for the concept described here. The
transmutation of the higher actinides along with a few long-lived fission products would result in the curve labeled
"fission products only" which reaches the ore objective in several hundred instead of about 100,000 years. We propose
a device which generates nuclear power, transmutes all of the higher actinides, and also transmutes all fission products
with half-lives greater than 11 years, so that the activity reaches the objective in a time comparable to the human life

span.
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Fission Waste Decay Rate
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High Flux Thermal Fission of Higher Actinides

The transmutationusingthermalneutronsof higheractinidessuchas 237Np,whichhas nothermalfissioncross section,
is illustrated. Inthe figure,f refersto fissioncrosssectionand c to capturecrosssection. Ina lowthermal fluxthe 237Np
nucleusabsorbs a neutronto 238Npwhichdecays, in spite of its highcrosssections,before a subsequentabsorptionto
238Pu. The 238pufissioncrosssectionsare low comparedto capturesothat mostof the materialis transmutedto
239Pu. Upon absorptionof a neutronin 239Pu,3/4 of the compound nucleiformedfissionwiththe releaseof two
fragmentsand about2.8 neutrons. Bycountingneutronsabsorbedwe see that a total of three neutronswere absorbed
whileoniy2.8 X 3/4 = 2.1 neutronswere liberate_. Since more neutronswere absorbedthan emitted, a chain reaction
based onthis processcannotbe self-sustainingand 237Npis a poisonin a low flux. Howeverif the flux is near 1016
n/cm2-s,the 238Npnucleusabsorbsanotherneutronbeforeit decays to 238pu. It then fissionswiththe productionof
about 2.8 neutrons. Since onlytwo neutronswereabsorbed in this highflux process, moreneutronswere generated
thanabsorbedso that in the highflux237Npis a fuel ratherthan a poison.
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High Flux Fission of Higher Actinides
I I

238Pu n 239Pu n
f= 18 f=748 240Pu
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O
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237Np n 238Np n

f< 1 f=21 00, 239Np
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Accelelator-drlven Target Blanket with Power Generation

A 1.6 GeV protonacceleratorgeneratesa highfluxbeamthat impactsa moltenPb-Bitarget,producing55 neutronsper
proton. These neutronsinducefissionin fissilematerialcarriedby moltensalt. The hightemperatureof the moltensalt
makespossiblea highthermal-to-electricc_nversionefficiencyof 44 %. Some electdcpower is fed back to the
accelerator,whichoperates withan electricalefficiencyof 45 %.



Accelerator-Driven Target-Blanket
with Power Generation

Accelerator (45%) 1600 MeV 30 mA

f- fraction electric
retumed

• _ 55 n/p

Thermal-electric eft. - 44 %



Fundamental Impact of Accelerator Neutron Sources

The average number of neutronsfromfissionis a fixed number,lypicallyabout 2.5, and all nuclear reactordesignhas
had to workwithinthe limitationsprescribedby thisnumber. Introductionof the acceleratoras showninthe last
transparencychanges thingsfundamentally. If all the electricpowergenelated fromthe target is fed back into the
acceleratorthe effectivenumberof neutronsper fissionmay be increasedby about 50 %. The transparencyshowsthat
,500fissionevents in the target, taking intoaccountthe efficiencies,willproduce 12.4 1600-MeV protonswhich in turn
willproduce680 neutrons. The 500 fissioneventswill produce 500 X 2.5 = 1250 neutrons. The total of 1930 neutrons

is 50 % largerthan the neutronsproducedin fissionalone. These extra neutronsmay be used for purposesimpossible
to achieve with a reactor alone-suchas destroyingfissionproduct waste. Not all of these neutronsare requiredfor
burningthe fissionproductwaste producedin thetarget; the electricpower notused by the acceleratorcan be ser,!to
the power line.



Fundamental Impact of Accelerator
Neutron Sources

Exa__xq_mp_:500 fission events

Heat energy 100,000 MeV
Electricity conversion (44%) 44,000 MeV
Beam power (45%) 19,800 MeV
# 1600 MeV protons produced 12.4

@ 55 n/p number of neutrons
produced 680 neutrons

@ 2.5 neutrons/fission 1250 neutrons

For 500 source fissions = 1930 neutronsTOTAL

The effective neutrons/fission is3.8 versus 2.5 in a
standard reactor system - a 50% increase.



Neutron Economy Equation

This equationwith simpleand straightforwardmodificationscan be appliedto any reactoror accelerator-drivensystem
for evaluatingperformance.

The time dependence of the totalnumber of neutrons/cm3,n, in an infinitemedium assumingthermalneutronsonh/is
given by six terms as explained. The term C is the lossof neutronsfromconversionof fertileto fissilematerial-for
example 232Th to 233U. It is the same as the neutronabsorptionrateterm for inducingfission. The term L is the loss
rate fromparasiticcapture, leakage, absorptionin controlrods, etc. Since we use moltensalt inthissystem,we assume
that we can achieve the same neutronlossrate as was achievedin the MoltenSalt BreederReactorprogramat ORNL
in the 1960's,whichwas 13 % of the S + vR neutronsourceterms. The lastterm E is the excess neutronsavailablefor

bumingfissionproductwaste. Notethat thereare no crosssections,onlyratiosof crosssections. For the steadystate,
the equationcan be set equal to zero and for a given fissionrate the accelerator-producedneutronsourceterm can be
calculated for providingthe numberof excess neutronsrequiredfor waste burning. Knowingthe efficienciesalready
given it is possibleto determinethe amountof powerwhich mustbe used forthe accelerator. This equationis applied
in the nexttwotransparencies.
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Neutron Economy Equation

I EXTERNAL SO E (ws)I I NEUTRON ABSORPTION RATE l
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Fission Rate
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Accelerator Transmutation of Waste Los Alamos



Accelerator-transmuter Performance Derived from Neutron Economy

Forbothexamplesin the figure it is assumed thai all of the long-lived fission products(T_ • 11 years)generated inthe
target-blanketare transmutedwith the 137Cs and 9OSrdecayingfor 60 years beforetransmutationbeginsforthem. The
uppersystemis for the 238U-239Pu cycle. It is assumed that the acceleratordrivesthe targetat a powerof 1000 MWt
whichis convertedto 440 MWe. The neutroneconomyequationsaysthat the acceleratormustproduce43 rnAof
currentto producethismuchfissionpowerand burnits wasteas well. Therefore,the fraction0.344 of the 440 MWe
mustbe diverted to the accelerator.The remainderof the power,289 MWe can be putintothe power line.The overall
efficiencyfor powerproduction,includingthe reductionfor poweringthe accelerator,is therefore28.9 %. For the

232Th -233U cycle, the acceleratorneed be onlyhalfas largeand the overallefficiencyis 36.3 %. The 233Usystemis
better0nly becausethe thermalcapture-to-fissionratiois more favorablefor 233Uthan for 239Pu.



Accelerator/Transmuter Performance
Derived from Neutron Economy

1. En:rav Production from 2"_UWithout Lono-Term Fission-Product Storaae-- v

f = 0.344 28.9/, 289 Mwe

44%

43 mA 238U
1.6 GeV Accelerator

1000 MWt

e

f = 0.174 36.3% 363 MWe

44%

22 mA 232Th
1.6 GeY Accelerator

1000 MWt



Dependence of keff on Fraction Transmuted

Thisfigureshowsthe systemmultiplicationconstantkefffor 23eUand 232Th derived from the neutroneconomy
equation. (An operatingreactorhasa keffof 1.0000.) If no fissionproductsare burned,the 233Usystem is al_st
critical;in fact the MSBR reactorat ORNL achieveda breedingratioof about 1.02. On the otherhand, for23eUand
239Puthe value for keffis only0.92 for no fissionproductburning. These resuflsreflectthe wellknownfactsthat a
thermal233Ureactorwillbarelybreedand that a 230Uand 239Puthermalbreeder reactor isn'teven close to practical.
Forburningall fissionfragmentswithT1/2> 11 years, one mustbum about 10 % of the fissionfragmentsand we see
that thismeans a maximumkeffof 0.86 for 239Puand0.92 for233U. The correspondingmufliplicationfactor(M) can be
estimatedusing the equationkeff= M/(M-1). This figureshowsthat no thermalbreederreactorcan bum its own waste.

The acceleratortherefore providesthe vitalfunctionof supplementingthe neutronproductionso that the systemcan
breed at a highpower level and bum itsown waste. A new functionis obtainedby introducingthe acceleratorwhichisnotpossiblewitha reactoralone.



Dependence of keffon Fraction Transmuted
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Equations for High Thermal Rux Burning of 237Np

The dynamicsof transmutingthe higheractinidewaste nuclide237Npis givenfor an infinitemediumvia these
four equations. In particular,the thirdone describesthe burningof a fissionproductnucleuswhichwe mighttake to be
99Tc. Aftera transientturn-onperiodthe fluxcan be shownto settledownto a steadystate for mostvaluesof the atomic
densitiesN of the variousnuclidesinvolved. The equationscan then be set equal to zero and solved for the fluxand
bum-uprates per cm3 forthe fissionproduct R(fp)and for 237Np,R(237Np). The resultsare given inthe next
transparency.



Equations for High Thermal Flux Burning of 237Np

dN(237Np)/dt - .N(237Np).d_-Oa(237Np) + R(237Np)

dN(238Np)/dt = -_(238Np)-N(238Np)- N(238Np).d_-oa(238Np) + N(237Np)-d_-oa(237Np)

dN(fp)/dt = -N(rp)-4>-oa(fp) + R(fp)

l/v-dd_/dt = NO-d_-[ N(237Np)'oa(237Np) + N(fp)-oa(fP) +

N(238Np).oa(238Np) {1 - v(238Np)/(I+a(238Np ))} ]



Inventory and Transmutation Rate

The flux is shown as the dashed curve referred to the left-hand ordinate as a function of the fractional loading, which
would be NP metal for a fractional loading of one. The solid curve shows the rate of Np destruction by fission referred to
the right-hand ordinate. The flux at the smallest load is about 7 X 1015 nlcm2-s as provided by the accelerator operating
at 50 ma and driving a system of a few m3 volume. As the fractional loading is increased starting from 10-6 the Np
burning rate increases from the value of about 3 kg/yr. When a fractional loading of 10-4 is approached, the neurons

from 238Np fission begin to enhance the flux (and the transmutation rate), At a loading above 2 X 10-4 the system
approaches a supercritical regime which exists for this idealized problem formulation, (The presence of absorbing
materials in the problem would limit the magnitude of this increase.) Consider now a fractional loading of C,1. In this
condition there is so much capturing material present that the accelerator can maintain a flux of only about 1013 n/cm2s.
Any 238Np transmuted from 237Np decays in this low flux before it can be fissioned. Therefore the Np acts as a poison
and the neutron flux is reduced rather than enhanced. As the fractional loading is decreased from 0.1, the depression of
the flux is less and near 2 X 10-3 the system passes into the supercdtical range. Note that as the fractional loading is
increased from 0.1 the system starts to become fast critical. This is the regime in which fast reactors and all earlier-

considered accelerator-driven assemblies for waste burning operate. We suggest an operating fractional loading near
10°4where the flux is about 1 X 1016 n/cm2_s and where the Np transmutation rate is about 500 kg/yr with an inventory
of about 10 kg. The same Np transmutation rate for the fast reactor is achieved with an inventory larger by more than a
factor of 1000! Substantial transmutation rates at low inventory for the fission product are also given in the figure for a
modest loading.



Inventory and Transmutation Rate
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Target-blanket Geometry

The blanketforthe Th energyproducerisdividedintothreeparts. The Th is converted to 233Pain the outer region
where the fluxis lowest (and for where high fluxis not required)and is removedimmediatelyso as to avoidany fission
of 233U. The 233Padecaysoutsideof the systemto 233Uandthis is fed back intothe moltensaltas 233UF4 alongwith
any other actinideswhichare to be fissioned. Fissionpoweris generated here andthe fissionproductremoved
continuously.The inner regionwhere the flux is highestis used for burningthe 10 % of the fissionproductswith half-
livesgreaterthan_11 years.
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Target-blanket Geometry
I I



Blanket Chemistry

This transparencyshowsthe progressionof originalTh materialthroughthe conversionto Pa followedby de(_ to U
whichis burnedin the moltensalt. The fissionproductsare separatedfromthe moltensalt andthe stableor short-lived

productsare sentto storage.The 10 % of the fissionproductswhichmust be burned (6 nuclides)are returnedone by
one to the inner regionof highestflux for transmutation.Upontransmutationthe productnucleiare also sentto storage.
Promptremovalof the Pa fromthe outerblanketvia a continuouschemistryon a slipstream is necessary to assurethat
there is no fissionof the 233U in the outer region. Promptremovalof the transmutedfissionproductin the inner region
is necessary in orderto preventthe wasteof neutronsin captureon alreadytransmutednuclei.



Blanket Chemistry
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PWR Fission Products with T1/2 > 11 Years

Thistransparencyincludesfor referenceall of the nuclidesfrom a commercialpower reactorwithhalf livesgreaterthan
11 years. For the accelerator-drivenTh bumertherewillbe no 151Sm,because of its highcross sectionor 135Cs
becauseof the highcrosssectionof itsprecursor135Xe(overtwo millionbarns). We proposenotto bumthe 93 Zr
becauseof the low energy (30 keV) of its radiationor the 107pdbecauseof its low energyradiation(30 keV). Both
metalsalso have very stable metallicor alloystates. The lattertwo nuclidesalso could be burnodif necessaryat some
reductioninoverallpowerefficiency. Thisleaves onlysix fissionproductswhich need to be transmutod.
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PWR Fission products # with T12> 25 Years

]glJrJJ_ ]_ _ CrossSection
(yrs) (barns) (X 1025)

79Se 0.19 6.5 X 104 ? (10) 0.13

9OSr 13.5 29 0.9 8.97

93Zr° 23.3 1.5 X 10s 2.5 15

99Tc 25.1 2.1 X 105 20 15.2

107pd* 7.4 6.5 X 106 1.8 4.1

126Sn 0.91 1 X 105 0.14 0.46

1291 5.87 1.6 X 107 27 2.73

135Cs+ 9.47 3.0 X 106 8.7 4.22

137Cs 30.9 30 0.25 13.5

151Sm. 0.38 90 15200

Total" 41.0 X 1025

# These amounts are annual production for a PWR running at 3 GW thermal
with fuel burned to 33.000 megawatt-days per ton requiring the removal of 33
MTU spent fuel per year.

* These nuclides have very weak I_-and "yradiations and are not transmuted
but diluted as described in the text. They are omitted from the sum.

• Burned internally when the flux is very large. They are omitted from the sum.



Molten Salt Chemistry

We proposea batchprocessin which 10 % of the salt is removedeach day. For a 3000 MWT systemthiswould
correspondto a dailyproductionof about 3 Kg of fissionproduct. The purposeof this transparencyis to identifythree
distinctsteps inthe molten salt chemistry. The firstis the removalof UF4 fromthe moltensalt. Thisseparationshould
be effectiveat the levelof about99 % of the uranium removedifpossibleand the materialretumed immediatelyto the
blanket• Contaminationof the separateduraniumwith a high levelof fissionproductor carder salt is nota problem. The
secondstep is the separationof the carder moltensalt fromthe fissionproduct. Thischemistryprocessshouldremove
nearlyallof the salt, althoughcontaminationwiththe fissionproduct is not a seriousissue. These two stepsyield the
fissionproductmixture. Fromthis,one mustefficientlyseparatethe six nuclidesto be transmuted. This thirdstepis by
far the mostdifficult,but since itcontainsonlyfissionproductsa varietyof chemicalprocessescan be used. This
chemistrycan proceed off lineat a leisurelyrate.
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Molten Salt Chemistry
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3 kg of fission products removed
3000 MWT



Energy Production from 232Th with

Waste Transmutation and Isotope Separation

Chemicalseparationsof fissionproductsto be transmutedwillproducenot onlythe isotopeof interestbut allof the
stable isotopesof a particularelementas well. We want to avoidwastingneutronsin the transmutationblanketby
havingthem absorbedby stable nuclei,possiblyleadingto unstableproducts. This transparencyaddressesthe role of
isotopeseparationon the transmutationof the fissionproduct. Using the neutroneconomyequationin combinationwith
the seriesof differentialequationsfor transmutationfromone speciesto another,one findsthat withno isotopic
separationthe overallpowerproductionefficiencyis only 17%. Isotopicseparationof the Cs alonealmostdoublesthe

efficiencyto 30%. Isotopicseparationfor allof the other specieshas littleadditionalimpactsincethe efficiencyonly
increasesto 32%. If Cs is bumedwithisotopicseparationafter 30 yearsof decay, the efficiencyincreasesa littlemore.
We concludethat isotopicseparationof Cs is vitalbutthat isotopicseparationof the otherspecies is not worthwhile.



Energy Production from 232Th With Waste Transmutation
and Isotope Separation

Isotope Separation (IS) Condition Overall Eft. Power to Acc. Ja" I%) I%) ( )
Burning All

No IS 17 61 75

IS Cs only 30 31 38

IS all 32 28 35

IS Cs only after 30-year decay 34 23 28



Effect of Isotope Separation on Transmutation of 233U Fission Products

The secondcolumnof this transparencyshowsthe amountsin atomsper year producedin a 3000-MWt systemof an
isotopealong withthe total productionof that element. The estimatednumberof neutronsrequiredto transmuteeach of
the nuclidesassumingno isotopicseparationis given inthe thirdcolumn. Notethat the Cs offersthe mostserious
problem. The 79Se and the 126Sn are not importantsincethe amountsare relativelysmall. One sees that the situation
for Cs is much improvedafter isotopeseparationbutthat the overallimpactof isotopeseparationfor the other nuclidesis small.
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Effect of Isotope Separation (IS) on Transmutation
of 233U Fission Products

|sotope Production Neutrons Neutrons
(A/yr X 2310 ) Without IS With IS

Se 245 1.48 1.15
79Se 36.6

Sr 2988 1.05 1.00
9OSr 1660

Tc 1186 1.00 1.00
99Tc 1186

Sn 83 1.93 1.02
126Sn 61

I 478 1.08 1.00
1291 359

Cs 4605 4.1 1.00
135Cs 1520 1.48
137Cs 1626



Cs Isotopic Separation by Xe Decay

The continuousflow systemallowsone to take advantageof a natural isotopeseparationprocessbasedon the half
livesof the Xe precursors.The stablenuclidesin thisregionare shownwiththe shaded labels. Only a tiny fractionof
the Cs isotopesare produceddirectlyin fission. The greatbulkof them comes frombeta decay along the mass chain.
The masschains for 132, 134, and 136 all end on stableXe isotopes. However,odd masschainsall pass through
unstableXe isotopeswhich(however)have half-livesthatdifferby more thana factorof ten. Thereforethe Xe, whichis
emittedpromptlyfromthe sail, couldbe sentintoa systemof decay volumesseparatedby appropriateflowcontrol.
Sincethe half-livesdifferso greatly,excellentseparationcan be obtained throughthisdecay separationprocess. It is
;:nportantto note in additiOnthat 135Xeis the notoriousisotopegivingriseto xenonpoisoningin thermal reactors
throughits 2,500,000 bam thermalcapturecrosssection. The 135Xeis thereforetransmutedin the highflux in a few
secondsto 136Xe. In our highfluxsystemthere willbe no 135Csproductexceptfor that associatedwith interruptionsof
operationof the system. Note that for reactorsusingsolidfuels as fuel assemblies,thisdecay separationscheme
cannot be implemented.
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Cs Isotopic Separation by Xe Decay
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Irradiation Volume for Fission Product Burning as Aqueous Salt

This transparencyaddressesthe questionof whetherthere is adequate highfluxvolumein the systemto accomplish
the requiredfissionproducttransmutations.Lowercrosssectionisotopesrequirea longerirradiationperiod. The
systemthereforemustofferenoughflux-volumeproductto allowtransmutation.We have assumedthe use of the
solublecompoundsgiven in column 1 withthe solubilitygivenin column 3. The volumeoccupiedby the annual
productionin a 3000-MWT systemof a fissionproductis givenin column5. The sixthcolumngivesthe timein years
requiredfor transmutationso thatthe fractionlie of the isotoperemainsuntransmuted.The lastcolumnshowsthe
volumerequiredfor transmutationto the 1/e levelderivedas the productof columns5 and 6. We see that a totalof 590
litersis requiredof fluxat the 1016 n/cm2,s level. If the Cs and Sr are allowed to decay for30 yearsbefore
transmutation,the requiredvolumedecreasesto 402 liters. The highfluxvolumein the blanketis about 1000 liters.
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Irradiation Volume for Fission
Product Burning as Aqueous Salt

ComDound Mass _ MI.QL_. Volume _at. Factor
(kg/yr) (g/liter) (iiters/yr) (yrs) (liters)

9OSr(N03)2 34.2 1000 214 81 3.2 259

107PDS04 3.2 ?(5000) 203 1.3 1.8 2.3

79Se02 3.4 825 111 59 0.32 19.0

126SNS04 1.7 330 222 9 21 189

99Tc(N03)4 19.5 ?(5000) 347 13.7 0.16 2.2

7Li1291 10.0 4330 136 2.4 O.12 0.3

137CsF 37.0 3670 156 11.5 9.9 114
135CSF 33.0 3670 154 10.3 0.37 3.8

151Sm(N03) 8.3 ?(5000) 445 4.9 0.00015Total 590
(402 30 y)



Energy Park Layout

The mosteconomicimplementationof thisconceptwouldincludea singleacceleratoroperatingat the highest
technicallypracticallevelddving,by beam multiplexing,more thanone targetblanketsystem. A single facilityfor fission
productchemistrywould serveall target-blanketsystems. It mightbe necessaryfor each target-blanketsystemto have
its own U and carder salt removalsystems. The short-livedor stablefissionproductis sentto the on-sitemanaged
storagefacilitywhere it is dilutedif necessaryto the U ore activitylevel. As low levelwaste it mightbe storedhere,
movedto a repository,or returnedto the mine.
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Energy Park Layout
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Comparison of Reactor and
Accelerator-driven Systems

I

Issue Reactor Acc. Driven Sys.

Criticality Yes No

LOCA Concern Alternate cooling Fluidsdrainage

Afterheat 1 1/10

Control Rods Yes No

Fission products burned No Yes

Geologic repository Yes No

Radioactivity leakage Low Low

Fluid Circulation loops 4

Fuel fabrication Yes No

Internal structure Complex Simpler

Reloading interruption Yes No

Materials damage Satisfactory Greater

Radioactive Inventory High Low



Study Issues

Target-Blanket Neutronlc Performance
Accurate neutron proton measurement
Thermal and hlgher cross sections for spallation products
Resonance cross sectlons for Cs, Sr and others
Thermal and hlgher energy cross sections for structural mat.
Spallatlon product dlstrlbutlon measurements
Detalled neuuronlc performance calculations

Chemistry
233Pa from 232 Th
233 U and molten salt from fission products
Extraction of Sr, Cs, Pd, Zr, I, Tc, Se, Sn from fiss. prod. mix
Transmuted fission products from untransmuted
Reflux at Pb-Bi surfact
Chemistry among spallation products

Materials selection
Pb-BI containment
Molten salt containment
Heavy water containment (zircalloy)

Accelerator Research
improved klystron
Injector demonstratlon
R-f modulation

Safety
Target-blanket, chemistry accelerator

Detailed demo design
Accelerator, target-blanket, chemistry



Project Timeliness

Thermal

Linac Spectrum

Technology Transmutation

Technical Technical
,. ATW

Political Political

Obstacles to National

Geologic Energy

Storage Concerns



Summary
I

Accelerator increases the number of neutrons per fission

Neutron economy allows energy production from Th and U
with waste burning

High transmuuat|on rates with low inventory

Three-step molten salt chemistry

Cs Isotope separation by natural decay

No other isotope separation required

Low-level (U-ore) waste only

Could Lead To

Inexhaustible energy supply

Nuclear runaway avoidance

Low Level waste only

Thorough Study Required
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Stable & Short-Lived Fission Product Disposal

Modernchemicalprocessingis essential for energy productionwithouta high level waste stream. The system has three
interconnectedflow loops, each with optimized feed and processingsystems. The first loop is aqueous based and is
dedicated to gheconversionof 232Th to 233U. The second loopis based upon a moltenmixtureof 7UF and BeF2. It will
accommodatethe fissioning 233U and support the fission product stream. The peak temperature of the loop is
approximately775° C to providehighelectrical efficiency. The third loop is also aqueousbased and is tied'matedto the
transmutationof long-livedfission products received from the molten salt loop. The various fission productswill be
transmuted in sequential campaigns. This procedure will simplifythe chemical processingplant required to remove
stableproductsfromthat loop.



Stable & Short-Lived Product Disposal

The Energy Without a High Level Waste Stream Concept has

Three Separate Flow Loops: 1.233Ubreeding;

2.233U Fission; and 3. Fission Product Transmutation
e

Th

Stable &
Short-Lived

Fission Product
Disposal



Objective

The objectiveof our advancedconcept is energyproductionwitha minimalhighlevelwaste stream. To accomplishthis,
the fissionloopmust generate sufficientenergy to run the highenergy protonacceleratoras well as producingelectrical
energy for the powergrid. Using a highneutronflux generated fromspallationof lead-bismuthand thermalizedin heavy
water, largescale nuclearenergycan be producedwith far less thancriticalinventoriesof fissilematerials.

Approach

Conventionalnuclear reactors, using pressurizedwater, boilingwater, or gas coolingoperate at thermal efficienciesin
the range of 20 to 40%, largely dictated by thermodynamicconsiderationsof the cooling process. Because of their
thermalpropertiesand liquidrange, moltensaltsare capable of operatingat thermalefficienciesof 44%.

, Concept

New designsin componentspermitconstructionof acceleratorswith unprecedentedlevelsof energy and current;all the
while maintaininghighduty factorsnecessaryfor operationof a power productionstation.



Objective

To developa processwhichwillpermit GW power generationfrom sub-criticalinventoriesof
actinides using a large, accelerator-generated thermal neutron flux.

Approach
Molten salt-based processes, because of their high operating temperatures, possess higher
energy productionefficienciesthan many water- and gas-cooledreactors144vs. 20-40%).

Concept
New spallation target design allows neutron flux of up to 1016rgcm2/see. large thermal and
epithermal neutronflux permits power generationfromdiluteactinideblankets.



Loop 1" 232Th- 233U Thermal Neutron Breeder

To simplify the complicated nature of the chemistry which is required for the accelerator production of energy concept,
we will address the features, requirements, and technical issues for each loop separately. To take advantage of the
large thermal neutron flux produced from the accelerator, the first loop will convert fertile 232Th into 233U fuel.
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Loop 1: 232Th- 233U Thermal Neutron Breeder
I I I I I II I III I I



ATW 232Th/233U Transmuter

In this schematic, we show a simplifiedflowsheetfor processingthe mixtureof 232Th,233Pa,and 233U. Becauseof the
largethermalneutronflux in the regionof the Th/U breeder system(1015n/cm2/s)0productionof the intermediate233Pa
will be at a higher rate than found in, for example, the two-regionthermal breeder reactor (TBR) developed at ORNL.
Even with a more dilute blanketthan that found in the TBR (1-200 g/I vs. 1 kg/I), productionof the 233Pa intermediate
shouldbe at least equivalentto the TBR rate of 350 g/day of 233pa. The low-gradeheat producedin the transmutation
process is removed through a heat exchanger and discarded. Chemical processingof the mixed Th/Pa/U product is
basedon the vast differencesin the aqueouschemistp/of protactinium,thoriumand uranium. After a suit;ableperiodto
allow the bulk of the 233Pa (tl/2 = 27 d) to decay to fissile 233U, the uranium is separated and converted to the
tetrafluoridefor fuel inthe moltensalt fissionloop.



ATW 232Th/233U Transmuter
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Features of the 232Th/233U Thermal Breeder Loop

Selection of the chemical species for the Th/U breederis predicatedon achievinga facile, high level of separationof Th
fromthe Pa and U products. An importantconsiderationfor such a high fluxsystem is usingcounterionswhichcontain
elementstransparentto thermal neutrons. For example, the use of 15NO3 provides a suitablytransparent counterion
whereas 14NO3 has a high cross-sectionfor (n,e0 reaction. The addition of fluonde ion is mandated by the ready
hydrolyticpolymerizationand precipitationof protactinium. As in the Thorex process Pa an_lU can be separated from
Th, after complexationof the fluorideion with aluminum,withconventionaltechniquessucn as extractionwith TBP into
organicsolvents,or ion exchange.

In the ORNL moltensalt reactor experience,the decay period for 233pa is 270 days, to allow >99.9% of the available
233U to be formed. Because of the economicsof storingavailablefissilematerial, it is desirableto processthe Pa more
frequentlyto removethe U as rapidlyas possible.

One possibleprocess for separatinguraniumfrom 233pa is the volatilizationof UF6; due to its short half life (as well as
the expected lowervapor pressureof PaFs), 233PaF5shouldbe completelydecomposedby radiolysis(c.f. 23SPuF6)and
thusnotbe volatilized.
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Features of the 232Th/233UThermal Breeder Loop

• Aqueous (d_uterated) thorium [e. g. Th(NO3)4] blanket. Addition of DF to
prevent Pa fraction/hydrolysis

eTh species chosen for rapid, facile separation of 233Pafrom 232Thion exchange,
solvent extraction (Thorex), etc.

• Cooling period to allow a large fraction of 233Pa(t1/2 = 27 d) to decay to 233U

• Uranium separation (from 233Pa) and conversion to UF4 (e.g., fluoride volatility
process)



233pa Decay1233U Growth ..

Although99.9% of 233Padecaysto 233U in 270 days for a fixed-size batch of protactinium,94% of the availableuranium
is formed in only 108 days. Thus, waiting an additional 162 days provides only 5.9% additional 233U. If U/Pa
separationsare fairly complete so that significantquantities of Pa are not lost through transmutation/fissioningin the
molten salt cycle,and radiolyticconcernsare adequatelyaddressed,shorterdecay cyclesare economicallyviable.
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233Pa Decay/233U Growth
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232Th/233U Breeder Technical Issues

Many of the issuesraised inthe Th-U breeder loophave been addressedto varyingdegrees in earlier programssuch as
the ORNL TBR program. A technicalchallengeuniqueto the accelerator-basedenergyproductionconceptis the
exposureof materialsto highneutronfluxlevels. In an aqueous processoperatingat low pressuresand temperatures,
low nickelstainlesssteels meet the requirementof thermalneutrontransparency,while beingreadilyavailable and
possessingadequate corrosionresistance.

The highspecificactivityof 233Pa(256 KeY I_-)inducesradiolysisin solventsand ion exchangeresinsunlesssufficient
decay timesare builtin. Inthe TBR program,a 60 day decay intervalpriorto processingreducedsolventexposurein the
blanketmaterial (~400g/day 233Pa)to approximately0.25 watt-hr/liter,an acceptablelevel for processing. A related
issue is the radiologicallymandatedremoteprocessingand handlingof the 233pa/U material. While this is a concern,
there is abundantexperience at the nationallaboratoriesfor remote handlingof radionuclides.

Along similar lines, large amountsof uraniumfluorides,particularlythe higheractivity233U isotope, introduceconcerns
due to increased neutrondosages due to the well-known(or,n)reactionof fluorine. This reaction is sufficientto increase

the dosage by ten-fold in Pu processingover oxides or chlorides, and must be dealt with usingadequate shieldingor
remote operations.
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232Th/233UBreeder Technical Issues
II I m

• Effect of thermal neutron flux on materials (up to 1015n/cm2/s.)

eRadiolysis of process materials (solvents/resins) by 233Pa(256 KeV I_-)

eRadiological safety/handling concerns for 233PaExtensive remote operation
experience at national laboratories

• Fluoride volatility processing of 233Umay increase neutron exposures due to
(_,n) reactions of fluorides



Loop 2: 233U Molten Salt Fission Loop

Loop 2 represents the key feature of the energy productionwithout a long-lived waste-stream concept: In this loop
tissionenergy is extracted from233U with a high thermal efficiency circulatingmedia, and the heat energy is transferred
througha second salt media to a steam generatingplant. Meanwhile,the fuel, salt, and fissionproductsare processed
separately.



Loop 2: 233U Molten Salt Fission Loop
II I III
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Chemical Processing of the Molten Sail Fission Loop Relies on Three Key Steps

In thisschematicwe showonlythe principalfeaturesof the moltensalt processingsystemas we have definedit thus far.
Beginning with the high temperature (775 °C) side of the transmuter these are: the heat exchanger, gas

, sparging/recoveryoperation, fuel recovery process, salt recovery process, and finallythe fissionproduct partitioning
sequence. Central to the processingof the molten salt is the uraniumfuel recovery,moltensalt recovery, and lastly,the
fission product partitioning. Because of the dilute loadingof actinides, and the subsequentsmall concentrations of
fissionproducts(approximately3 kg/day),as well as the presenceof short-livedfissionproducts.



Chemical Processing of the Molten Salt Fission Loop
Relies on Three Key Processes
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Features of the Molten Salt Fission Process Loop

Much of the technologyfor the fissionprocess loop has been adapted from the ORNL moltensalt reactor experiment
(MSRE) and studies for the molten salt breeder reactor (MSBR). A key feature of the molten salt loop is the use of
7LiF/BeF2salt as a solvent/coolantfor the fissionreactor. The secondarycoolant,consistingof NaF/NaBF4 to transfer
heat to the steam plant, was also developedfor the ORNL program. A c_iticaldifferencebetweenthis programand the
MSRE program is the use of reduced actinide Ioadings. Rather than 12 % Th and 0.3 % U0our preliminarystudies
indicate that powergeneration is feasibleusing no thoriumand only0.1% uranium,due to the enormousthermal fluxes
produced in the spallationsource. Batch, rather than continuousprocessingof the salt on a daily basis (~10 %/day)
permitsisolationof the smallquantityof fissionproductsproduced(~ 3 kg/day)and subsequentstorageor processing.
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Features of the Molten Salt Fission Process Loop

• Molten salt matrix (7LiF/BeF2) for high thermal efficiency

• Coolant system NaF/NaBF4 for he_' _sfer to steam generator

• • pl"eActmlde lop _ngs of ~0.1% are sufficient at high flux for power generation: MSRE
required 12% Th, 0.3% U fuel

• Batch processing of salt (10%/day) to remove fission products



Features of the Molten Salt Fission Process Loop (cont.)

A feature of the MSRE experience was the low solubilityof gaseous fissionproducts(Xe and Kr) from the reactor. In
additionto maintaininga low neutronpoisonfactor,highlyradioactive85Kris removedwithin60 secondsof its formation.
After cryoseparationof the two elements, Krcan be absorbedon heatedgraphite/charcoalto a densityapproachingthat
of liquidKr for 107 year storage. As discussedon the followingpage, the xenon isotopescan be milkedat appropriate
intervalsto separate the Cs daughters. Becauseof its largethermalneutroncross-section,nearlyallof the 135Xew_llbe
transmutedto stable136Xepriorto leavingthe reactor.
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Features of the Molten Salt Fission Process Loop
(Cont.)

oSparging ofgaseous fission products (Xe, Kr) withHe

oCryoseparationof Kr, Xe

oGraphite adsorption/storage of 10.7 yr 85Kr

oMilking/separationof 133,137Xeto separate cesium isotopes

e135Xewill transmute (_ = 2.6-106)to stable 136Xe; only small amountsof 1350s
willbe present (fromdirect fission)



Growth of Cs Isotopes due to Xenon Decay

The differinghalf-livesof 133Xe' 135Xe' and 137Xe offera convenientseparationscheme for the differentCs daughters,
two of which must be transmuted. An automated process is possible whereby the xenon gas is pumped from one
chamberto anotherafter an hourintervalto removeall the 137Cs. The remaininggas, nearly100% 133Xe, willdecay in
52 daysto stable 133Xe0whichcan be usedor processedas low'levelwaste.
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Critical Technologies for Molten Salt Processing

For the moltensalt fissionloopto be successful,threecriticalprocessesmustbe in place. The purposeof these three
processesis to removethe fissionproductsfromthe moltensalt to maintainas lowa neutronpoisonratioas possible.
First, the 233Ufuel mustbe removedfromthe salt and recycledto the reactoras UF4. In the MSR experiment,thiswas
accomplishedby fluorinatingthe uraniumto UF6 withelemental fluorinedirectlyfromthe moltensalt, a technologywith
great promiseas well as serioustechnicalchallenges. In the future,we hopeto examinethisoptioningreater detail.

In the second step,the bulkof the fissionproductsare separatedfromthe moltensalt in orderto recyclethe clean salt to
the reactor. At Oak Ridge, reductiveextractioninto moltenbismuthcontainingvaryingamountsof lithiummetalwas used
to separate the rare earths and protactiniumfrom the salt matrix. Another processwhich may have some applicability,
and whichwe wishto evaluatefurther is fractionalcrystallizationusinga lowersolubilitymaterialsuch as CeF3.
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Critical Technologies for Molten Salt Processing

1. Separationof U from salt at ~0.1% concentration

eAIIows minimal hold-up of fissionable material

Technology: Oak Ridge MSRE employed fluorination

2. Separation of bulk fission products from salt

eRetum of salt to process stream; rapid isolation of fission products

eFission products can then be stored as low level waste, separated for
transmutation,or heldfor futureprocessing

Technology: Extraction of fission products into liquid metal (Bill;fractional
crystallization



Critical Technologies for Molten Salt Processing (cont.)

Finally, the third criticalstep in processingthe moltensalt ispartitioningthe fissionproductsto isolate those materials
requiringfurther transmutationfromthose materialswhichmay be sent directly to low-levelwastedisposal. Many of the
elementsof interestare so-callednoble metals,suchas Mo, Nb, Te, Ru, and Tc, or semi-noblemetals,suchas Snowhich
willnot form fluoridesin the molten salt in the absence of an oxidant. Presumablythese elementscan be separatedby
filtrationor centrifugationfrom the salt. On the other hand, the iodine wil! likely be fluorinatedfrom the salt with the
uranium,and can easilybe separatedwith appropriatechemistryor distillation.

Once the bulkof the fissionproductshave been separatedfromthe salt, aqueousprocessingof the elementsin the third
loopcan be undertaken. For example, 137Cs and 90Sr will be separated, stored duringthe life of the reactor (30 yrs),
and transmutednear the end of the reactor life to stable isotopes. Once dissolved,these materialsmay be separated
from the remainder of the fission productsby advanced extraction process which have been recently developed. A
discussionof these availableprocesseswillfollowon later slides.
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Critical Technologies for Molten Salt Processing
(Cont.)

I

3. Separationof selectedfission productsfor further processing:

Because of high flux levels, many longer-lived radioactive species willbe
burnedto stable or short-livedproducts(e.g. 135Xe)

e_Tc, 1291,79Se, 126Sn, for furthertransmutation (as aqueous stream)

Technology: Tc andSn (perhapsalsoSe) willnotdissolveinsaltwhen
formed. Bulk of Iwillfluorinatewith UF6

• Separationanddelayedprocessingfor 137Cs, 90Sr. [30-yr retrievablestorage
followed by transmutation]

Technology: Advancedextractionagents



Technical Issues for Molten Sail Fission Loop

Our cho,,.e of fluorination as a separations process for uranium is based on the extensive experience with this
technology not only at ORNL and Los Alamos, but throughout the complex as well. An additional factor is the
compatibilityof the salt mediumwith elemental fluorine. In dialogueswith at ORNL, we have recentlybecome aware of
the serious materials problemsencountered in the process employing this technology. To address this problem, we
intend to look not only at the methods developed at ORNL, but also at advanced materials such as nickel-based
superalloysor ceramicsdevelopedover the last 20 years. An alternate technologywe willexamine is electrochemical
fluorination,a widely used industrialtechnique. For example ZrB2 or TiB2 electrodes are routinelyused to prepare
metallicAI from molten Na3AIF6 at temperatures approaching 1000° C, and DuPont is exploringthe electrochemical
generationof F2 directlyfrommoltenCaF2.



Technical Issues for Molten Salt Fission Loop

oFluoride VolatilityRecoveryof Uranium: gaseous F2 in LiF/BeF2at ~500"C

Advantages: Removes>99% U and some fissionproducts
Largeexperiencebase in U, Puvolatilityat nationallab._

Issues: Mustbe demonstratedinpilot-scale(moltensalt)
Corrosion/materialsproblemsin moltensalts

Technologies: Advancedmaterials (e.g. NiAI,ceramics) resistantto F2 in
moltensalts

oElectrochemical Fluorinations(large industrialbase)



Technical Issues for Molten _lt Fission Loop: 7LIF/BeF2 Molten Salt

For the choiceof salt media, we have reliedheavily on the reasoningand experiencedevelopedat ORNL and published
in the nuclear and chemical literature. For this process, LiF/BeF2 has the advantages of transparency to thermal
neutrons,an extensive experience base, good physicalpropertiesincludingmeltingpoint and low vapor pressure, as
well as being an excellentsolventfor many inorganicfluorides. Except for certain elementssuch as Cr, the salt is also
nonoxidizing.
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Technical Issues for Molten Salt Fission Loop
7LiF/BeF2 molten salt

Advantages: Essentially transparent to neutrons

eExtensive experience base from ORNL

• Good physical properties; low melting, low vapor pressure

• Excellent solvent for a wide range of fluorides

eNonoxidizing/nonreducing for many fluorides



Technical Issues for Molten Salt Fission Loop: 7LIFIBeF2 molten salt (cont.)

Some technical issues which must be addressed in this program are the relative lack of separations processes
developed for molten salts. These are manifested in the absence of suitablydeveloped ion exchange materials for
LiF/BeF2 and the limited numbers "f solvent extraction systems appropriate for these salts. While fractional
crystallization may be a good technique ior separating a large number of materials from these salts, deleterious
impuritiesmay be introducedduringthe process.
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Technical Issues for Molten Salt Fission Loop
7LiF/BeF2 molten salt (Cont.)

Issues: Separations processes in molten salts have not kept pace with aqueous
systems

elon exchange for LiF/BeF2 are not well developed

eSolvent extraction (liquid metal): corrosion, addition of high-c impurities

°

eExcellent solvent properties complicate purification and recycle of
LiF/BeF2: Fractional crystallization/salting may add unacceptable levels
of impurities



Technical Issues for Molten Salt Fission Loop

We have tentatively identifiedHastelloy® N, a high nickel alloy developed for the MSRE program, as the material of
choice for containingthe salt in this loop. Except for a slightdepletionof Cr from the surfaceof thismetal, Hastelloy®N
is nearly completely imperviousto moltensalts. However, under intense neutronfluxes, 58Ni (68.3 % abundance) is
transmutedto 59Ni,having a relativelyhighcrosssectionfor (n,(x)and (n,p) reactionswhich lead to gas embdttlementof
the material. To solve thisproblem,whichwill existonly in the reactor and immediate surroundings,itwill be necessary
to prepare Ni depleted in 58Ni. The plasmaseparationprocess,developed by TRW and stored at ORNL, is capable of
separating multikilogramquantitiesof Ni isotopes. Another possibilitywhich may also satisfy the need for materials
compatiblewith handlingelementalfluorinein moltensaltsis the use of coatingsfor low-nickelstainlesssteels.
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Technical Issues for Molten Salt Fission Loop

Materials for handling 7LiF/BeF2

eHastelloy® N [71% Ni, 16% Mo, 7% Cr, trace Fe, Ti, C] for containing
molten salts at elevated temperatures

Advantage: low corrosion, ready availability

Issues: High flux transmutes 58Nito 59Niwith a high (n,o_)and (n,p)
cross-section (_embrittlement of metal)

Technology:. Separation of Ni isotopes for reactor tubes

[Plasma Separation Process (PSP) developed by TRW
available for ~100 kgs/yr separation of Ni isotopes]

oCoatings for stainless steel (e.g., ZrB2)



Technical Issues for Molten Salt Fission Loop

An issue for partitioningthe fissionproductsonce they are separated fromthe salt involvesthe difficultywi_hlarge scale
separationsof Cs and Sr from acid streams. Recently, processes have been developed at the Univers_ityof South
Carolina and Argonne National Laboratoryinvolvingcrown ether extraction of Cs as well as Sr into organic solvents.
Althoughgood separationsare achieved,crownethers are inherentlyexpensivereagents($10/gram). Anotherprocess,
developed in the Soviet Union, uses cobalt dicarbollide, a carborane reagent to achieve good separations of both
elements from aqueous acid. Although carbollides are also expensive (due to relatively little demand), a
Czechoslovakianfirm has preparedapproximately100 kgsfor use in Soviet pilotplantscale operations.



Technical Issues for Molten Salt Fission Loop
I I|

I

Available Aqueous Fission Product Separation Technologies

oCrown ether extraction of Cs, Sr from HNO3" good selectivity and separation;
expensive reagents

oSoviet/Czech process for Cs, Sr extraction (Co-dicarbollide): excellent selectivity
and separation; expensive reagents, toxic solvent



Loop 3: Fission Product Transmuter

, The third loop of the reactor concept exists to transmute the fission products which are of greatest concern long-term
storage. In the inner region of the transmuter, substantially higher fluxes will transmute even transparent materials such
as 137Cs and 90Sr.



Loop 3: Fission Product Transmuter
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Fission Product Transmutation Loop

Becauseof the relativelysmallmassof fissionproductsproducedinthe moltensalt reactor/transmuter,we proposeto
accumulatethe elementsof interestand transmutethem in separate "campaigns"for each element. Byusingthis
approach,we are able to select the bestspecies for each element to separatethe transmutedproductfrom the fission
productnuclide. By allowingthe materialto accumulate,we are able to concurrentlyoptimizechemical separations
methods forthe fissionproductswhere suchmethodsare notwell-developedbeyondthe analyticalscale.



Fission Product Transmutation Loop
III

oSmall mass of fission products (approximately 3 kg daily) permits storage and
separate campaigns to transmute

oAqueous process allows flexibility in choosing species for each nuclide to
transmute

oDelay processing of fission products

Does not hold up energy generation; allows time for optimization of
separation/transmutation scheme



Few Fission Products Require Transmutation

Becauseof the high flux in the reactor,manyelements (e.g. 135Xe,151Sm)will be transmuteddirectlyand will thus not
need to be separated. Other elements(e.g. Tc, Sn) willbe easilyseparatedbecause of their poorsolubilityin LiF/BeF2.
Of the eleven elements which comprisethe bulk of the long-livedfissionproduct activity,only six of these will require
transmutation.Others will eitherbe storedfor decay (85Kr,107Pd,and93Zr)or transmutedinthe reactor.



Few Fission Products Require Transmutation
I

Nuclide Tl/2 (yrs) c 7 (barns) 233U (kg/yr) 239Pu (kg/yr) PWR (kg/yr)
79Se 6.5 • 104 10 ? 0.48 0.15 0.19
9oSr 28.8 0.9 24.8 7.5 13.5
99Tc 2.1-105 22 19.5 24.6 25.1
126Sn 1-105 0.14 1.27 1.28 0.91
1291 1.6-107 19 7.70 6.60 5.87

137Cs 30. 0.11 37 37 31
85Kr* 10.7 1.7 1.44 0.31 0.40
93Zr* 1.5-106 1 26.2 14.4 23.3

lO7Pd* 6.5-106 1.8 0.49 14.1 7.4
135Cst 3-106 8.7 33.6 41.4 9.5
151Smt 90 15,000 1.89 4.60 0.38

t151Sm and 135Xeparent of 1350s will be transmuted in the reactor.

•85Kr, 93Zr, l O7Pd will be stored, not transmuted.



Fission Product Transmutation Chemistry

The separationschemistryof the fissionproductswill be vastly simplifiedby processingeach element separately. In
additionfor manyof the elements,the transmutationproductswill havevastlydifferentchemistrythan the fissionproduct
elements. Expectedproductsare shownon the followingtwo pages. For mostof these separations(e.g. Sr/Zr; Sn/I) we
will take advantage of existing radiochemical or other facile separations chemistry. The final destination of the
transmutedproducts,as well as the vast bulkof the fissionproductswhichdo not requiretransmutationwill be grouting
and above ground storageor disposal.



Fission Product Transmutation Chemistry

eTramsmutation Products have vastly different chemistry from starting elements
(e.g., Cs/Ba; I/Xe)

oChemistry needs to be developed on a element-by-element basis

• Grouting/storage of low-level and stable fission products

• Grouting/storage of secondary transmutation products (i.e., Ru from 99Tc, etc.)



Fission Product Transmutations Lead to Stable Nuclides



Fission Product Transmutations Lead to Stable
Nuclides

795e 795e nn' _ 80Se

90Sr 90Sr n,_, > 91Sr 13-'95 h y 1_-,58d
> 91 ; 91Zr

(o--0.8) In,T
_, (%=1.4)

92y ; 92Zr

n,_' 13-,16s
99Tc 99Tc ; Iotrl'c ; IOORu



Fission Product Transmutations



Fission Product Transmutations
I

126Snza6Sn n,'?. 127Sn p-,2h ) 127Sb p-,3.8h I_,9.5h. > 127Tc ; 1271

1291 1291 n,_, 1_-,12h1301 ; 130Xe

135,137Cs 135Cs n,T n,"f n,"/) 136C_ ), 137Cs ; 138Cs

11[}-(I3. I d) I,i1[}-(32.2m)
136Ba 138Ba



ATW Fission Product Transmutation Loop

One possibleschematicfor separatingfissionproductcesiumfrom its barium transmutationproduct takes advantageof
the poor solubilityof BaF2 relative to CsF in acid media. Aluminumis added afterwardsas needed to complex the
excess fluoride.



ATW Fission Product Transmutation Loop

: Reactions:

........:: 137Cs n_ J3eCs 3eBa:: (c -'lfi =

32.2 m)

-:

.:

I 37CI -,.--1 S _,

Additi°n °f I 138 BaF2" IHF Low levelWaste

137,80sF Neutralization

' ' (AI(OH)3)



Immediate Research Needs



Immediate Research Needs

232Th/233U Breeder Loop

eSystem definition for Th, U/Pa loadings; expected radiation effects
on solvents and process materials

233U/Molten Salt Fission Loop

eDefinition of system variables: salt volume, flow rates, processing
quantities

eExamination of alternate materials for fluorination process

eSurvey of alternate processes for salt purification/fission product
removal



Near-Term Research Needs



Near-Term Research Needs

232Th/233UBreeder Loop

eRadiationeffectsof 233Pamust be defined and studied

233U/MoltenSalt FissionLoop

eMaterialsfor fluoridevolatilityin 4-500"C7LiF/BeF2

eSeparationstechniquesforfissionproducts,U frommoltensalt

elsotopeseparationfor Iow-58NiHastelloy®N/alternate materials

FissionProductTransmutationLoop

eMaterialsfor high-fluxtransmutationof 137Cs, 9oSr



Molten Salt Chemistry: Summary



Molten Salt Chemistry: Summary

232Th/233U Breeder Loop

oSeparationsChemistryofTh fromU, Pa, and U fromPa iswelldocumented

233U MoltenSalt FissionLoop

oLarge bodyofexperiencewith7LiF/BeF2 at Oak Ridge

oFluodnationof UF4 to UF6 willremove>99% of U fromsalt

oFissionproductsseparation/saltpurificationtechniquesare issues

FissionProductTransmutationLoop

oHighfluxreducesnumberof fissionproductsthat needto be transmuted

oTechniquesare availableto separateCs, Sr frombulkfissionproducts

oMost transmutationproductswillbe easilyseparatedfromtheirprecursors
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Summary
I I I

• ATW is a new approach to waste transmutation

• Its intense thermal neutron flux enables

- New regime for actinide burn -_ net n production
- Efficient transmutation of fission products
- New low inventory operating regime
- New options for process chemistry



J

ATW Has Two Focus Areas

• Near Term - Defense Wastes

• Advanced- Fission Energy with a Minimal
Long-Lived High-Level Waste Stream

• Both areas utilize accelerator system advantages
to

- Transmute all components of HLW
- Transmute in a low-inventory environment

, - Utilize advanced chemistry processing methods



Near-Term Application
Hanford Defense Wastes

• Reasonable extrapolation of several technology areas i?--..

Linacdesign ...._': _
- Neutron spallation source design " '_
- Aqueous chemistry _ _.-__!_'_" _'___ __'_,

- . . .
-- . .. .

- . " " " " hi . :i-:...:-.:. " m::':" ::":: :: " . :

• Production plant-could be-developed nnapproximately
10 years " __-____-_i_-_!__.-.-''_



Advanced Concept

• Energy production potential
- Uses thorium (thousands of years' supply)
-In situ breeding
- Minimal long-term HLWstream

• Enablers
- Spallation physics impact on fission systems
- Low inventory, cont=nuousflows -_ new approach to

required separations

• Direct extrapolation of near-term development areas
-Accelerator
- Target/blanket
- Aqueous processing loops



Issues

Near-Term Application
• H,gh-current CW accelerator operation
• n/p production, fundamental _'s, and blanket

optimization
° PbBi conta=nment and materials compatibility
• Radiation damage
• Aqueous chem. Istry.process loop definition
• Waste stream _dent_f_cat_onand minimization
• Overall mass balances
° Costs and safety

Advanced ADDlication
• Molten salt process definition
° Materials compatibility
• Costs



Relevant Capabilities

• Demonstrated high-current accelerator component
operation (low duty cycle) (LAMPF, ATS, GTA)

• High-intensity neutron sources (LANSCE, WNR)

• Advanced calculational tools for target design and
optimization

• Processing chemistry
- Tc experience
- Plutonium Facility (TA55) actinide processing

• Materials
-ceramics, material development
- radiation damage research



Immediate Tasks for Near-Term
Application Development

• Accelerator injector experiment _ demo current,
emittence properties

• Optimize spallation target choices (materials, geometry)

• Review yield experiment database _ assess spallation
product calculation accuracy

• Optimize blanket design (materials choices, neutron
leakage, absorption)

• Assess critical nuclear data needs (G's, n spectra)

• Systems analysis of near-term concept - tradeoffs and
impact



A Complex-Wide Systems Model will be
Developed to Assess System Trades
Trades: Integ_ Dose, Waste Volumes, Technology Payoffs, Costs
• ......................................................................................................... . .....................................................

DOE Site Waste Recovery Ultimate Disposal Options

Tank Farm _ _Waste Removal &
HL Wastes

w_ Point

Target_lanket Wasto

Co_r_ _ Chemkmt :

ATW _m

D .ou.Io_.o.= D wo_tob.do.,



Immediate Tasks
Near-Term Application

° Initial experiments to verify target fluid dynamics

• Materials compatibility - review database to define future
experiments

• Molten PbBi- product compatibility mix experiment

• Develop flowsheets for FP and actinide aqueous loops

• Demo scale technetium/ruthenium separations loop

• Demo scale actinide aqueous loops (ATLAS Facility)

• Identify waste streams- develop waste processing
fiowsheets

• Safety issues, conceptual design details, costs



Immediate Tasks
Advanced Application

• Full 2D or 3D neutronics analysis of proposed system

• System definition for Th/U/Pa loading, radiation levels,
effects on processing

• Definition of U233, molten salt processing loops

• Initial definition of fission product extraction techniques

• Examine database from Molten Salt Reactor Experiment

• Develop alternatives for fluorination process



Next Level of R&D
Proof of Principle

• • Couple DTL to RFQ- demonstrate high current operation

• Beam load simulation of CCL

• High efficiency RF source development

• Experimentally verify n/p

• Thermal, epithermal neutron Gmeasurement

° Spallation product yield experiment

• Improved medium calculational models

• PbBi test loop



Next Level R&D (Cont.)

• Demonstration of Am/La separations

• Begin development of on-line analytical techniques

• Demonstrate waste polishing techniques

• Facility design for waste processing

• Identify, verify radiation resistant material choices

• Demonstrate fission product extraction in aqueous loop

• LAMPF experiments with aqueous systems

• Continue systems optimization study

• Safety analysis, costing, conceptual design details



Next Level R&D
Advanced Concept

• Extraction of Pa from Th

• Begin development process for U233 removal, salt
purification, fission product removal

• Extraction of selected products from fission product mix

• Materials compatibility investigations

• Accelerator efficiency optimization






