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ACTION : This document is in request to NRC-2008-0237, [1]. The purpose is to "provide for

more timely and effective regulation of advanced reactors" ([1], p.8, s.2, 1.1).

PUBLIC DOMAIN The Double Cylinder Th Molten Salt Reactor, " DCThMSR", is an invention

protected by Patent Pending, [2].

BACKGROUND: The Norwegian Government ordered a report on the country's thorium

resources that was rendered'on Feb 1 5 th 2008. There will be an open hearing in the Norwegian

Parliament in the autumn of 2008. Political circumstances would be favorable to a pilot project

from Sept 2009. Thorium ElectroNuclear AB aims to introduce the DCThMSR credibly into this

chain of opportunities. Norway is a country with sparse nuclear engineering expertise; a

crucial reference would be an preliminary evaluation from the US NRC.

Figur 2 : Reactor room outline

SUMMARY : The DCThMSR design rests firmly on the proven legacy from the Molten Salt

Reactor Experiment, "MSRE". The original so-called "plumbing problem", the difficulty of

combining mechanical strength and neutron economy in graphite walls separating the fertile

PDF created with pdfFactory Pro trial version www.pdffactory.com



and fissile molten salt loops, has been solved by evolving from a spheric "nest" of salt

channels to concentric cylinders of hastelloy.

The GenIV reference design, Molten Salt Breeder Reactor, MSBR, is one-region with fertile and

fissile reactions in the same salt loop. A variant TMSR is the working model of the SUMO2
project, started in April 2008 and hosted by EURATOM.

The DCThMSR will have superior performance on all key metrics as well as unique properties.

It is a wellknown fact that MSRs are unconditionally stable. In absence of graphite the

reactivity coefficient and the void coefficient are strongly negative. At loss of flow or loss of

pump operation, the temperature transient stays below the melting point of the hastelloy.

Absence of graphite would all but eliminate the risk of fire.

The melt can be drained gravitationally to tanks with non-critical geometry and good decay

heat removal properties. MSRs have passive, intamperable and inherent safety.

The vapour pressure above the melt is insufficient for a radiotoxic release to a wider area.

The MSRE had the unintended consequence of providing insight into the longterm behaviour of

the salt melt with fissile material left insitu : After two decades, radiolysis led to release of

toxic F2, HF and UF6. In contrast, during the MSRE itself, the melt was cleansed of uranium by

fluorination down to natural levels in a matter of hours.

Consequences of a leak of fissile salt through the cylindric separation into the fertile loop of

the DCThMSR need to be canvassed. The prediction is that the higher pressure in the fertile

loop would make this event unlikely and that eventual consequences would be minor.
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Fast boron injection methods should be investigated. The energy production in the fissile loop

and the breeding in the fertile loop could be permanently quenched by boron neutronic poison

activated as a function of reactor state diagnostics and control.

At a diagnosed threat of loss of containment or loss of vessel, boron fluorides would spray into

both fissile and fertile salt volumes by way of instant pyrochemical actuation analogue to a

car inflatable cushion before the impact. The drain pans and containment wall could be

boronated either from coating or from the hastelloy makeup.

The DCThMSR plant could be 30m underground so that a large commercial airplane impact

would have minor consequences. A secondary salt loop could interface to the energy

conversion system positioned on ground in free air.

[2] outlines a fleet system where standard DCtHMSR's only would need nuclear grade work

orders for fissile transfer, waste removal, wear inspection and parts replacement every 6 - 24

months, as well as at startup and decommissioning. This maintenance shedule could be

served by inspectors travelling in a convoy of specialised tank truckers.

Daily operation could be supervised and controled remotely with sparse non-expert operators

on site.

Polls show that anti-nuclear sentiment stems from seeing tall buildings on the horizon, the

fear of the bomb and the perception of radiotoxic eternity and inevitability ; phychological

factors that would be diminished with the DCTHMSR fact sheet marketed properly.

All fissile material, in particular reactor grade Pu waste, could activate the thorium fuel cycle,

incinerating itself in the process. The Yucca Mountain debacle, also replicated in most nuclear

energy states, could turn into one a focus on temporary storage of HLW forms suitable for

DCThMSR incineration.
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After all, 1 million year corrosion guarantees for HLW encapsulation are hard to justify

scientifically. In Sweden, a row has erupted over copper as a corrosion barrier in moist

environments, holding up the final and long overdue decision for a geological repository.

Proliferation resistance would be in-depth 4-fold. A terrorist would have to divert dripping hot

salt melt, let it cool, separate out bomb material, transform the fluorides, survive the

penetrating U232 gammas, survive IR surveillance of the hot melt, survive U232 gamma

surveillance from a relevant quantity of bomb material, isotopically enrich U233 from below

the IAEA 12% weapons definition limit - all in a time window of a few months at most. A

hijack scenario where the reactor structure is diverted to breeding Pu from uranium fuel,

needs to be investigated further but could be detected by antineutrino instruments.

A DCTHMSR infrastructure opens up the promise .of perennial, global thorium energy; a

realistic candidate for the GNEP. The deliverable conversions could be to nuclear H2/NH3, to

cool pipes as well as to heat pipes, desalination and electrical power. The decommisoned

weapons stocks and waste piles should be earmarked for DCThMSR startup charges.

A "straightforward development program" holds the promise of proof of concept,

demonstration of enabling technologies, simplified regulatory compliance and commercial

license.

The MSR concept is more intuitively comprehensible than LWR operation with all it's complex

and dynamic parameters that all need to be constantly eagle-eyed.

The MSR concept and the DCThMSR design is pedagogic and the components few, robust,

unsophisticated and cheap. Draining the fissile salt into the dump tanks followed by a

cleansing flush would be routine in order to undertake wear inspection and parts replacement.
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Biological shields to contain salt spills from entering the water table and the environment

would be the last barrier to yield in the worst'accident scenario of a direct hit by clusterbombs

or an insider terrorist attack.

DcThMSR design is far from finalised, detailed, reviewed by experts and audited by industry.

The US NRC evaluation would be a guideline to narrow down the options' list and set up

milestones for a proof of concept.

A PRELIMINARY EVALUATION of the DCThMSR using the existing framework of regulatory

documents intended for water or pressurised type reactors with externally controlled

conditional stability and severe accident scenarios could be less useful. The DCThMSR is so

radically different that a preliminary evaluation maybe should start out with generic

considerations above comments referring to existing rulemaking.

1) Is unconditional stability deemed a proven fact from MSRE'and validated models~or does it

have to be revalidated in DCThMSR experiments ?

2) What are the simplications from unconditional stability and absence of severe accident

consequences on the containment, on the regulatory burden and on onsite nuclear grade work

orders?

3) Would small reactor size and denaturation further ease compliance ?

4) Is there a watershed difference in protection requirements between reactor grade Pu waste

and LEU ?

5) How can long term corrosion be predicted ?

6) How must the characterisation of mixed salts' exposure to open air be carried out ?

7) Is a pure thorium-U233 fuel cycle realistically acceptable to regulators and shouldn't it even

be desirable as a differentiator to business as ususal?

8) Wouldn't lO00ppm U232 be sufficient for selfprotection and detection?

9) Isn't a solution to the Yucca mountain problem alone worth a push for a DCThMSR fleet ?

10) Wouldn't Pu and TRU from denaturation add more concerns than advantages ?
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11) Could the current debate over MSRE salts' disposal exaggerate melt decommision issues ?

12) Is there something this bird's eye view has missed ?

13) Isn't the DCThMSR the obvious answer for GNEP ?

14) Is fast injection technology a necessity given the set of redundant safeguards ?

15) Shouldn't uncertain uranium supplies favour a shift to thorium for the Nuclear

Renaissance?

16) What could a flow chart linking diagnostics to safeguard actions look like ?

17) Is a type approval within reach ?

. Figur 3 : Underground site
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1. DCThMSR DESIGN DESCRIPTION

[3] provides an introduction to the double cylinder design. The MSRE history and the

differences from the GenIV MSBR and the EURATOM TMSR are included.

2. ENUMERATED : ENGINEERING ISSUES

This section aims to enumerate the primary issues for preliminary regulatory evaluation.

2.1. ISSUE # 1: CORROSION

Corrosion in the MSRE, resulting from the presence of the fission product Tellurium, was later

resolved. At least two improved hastelloys are promising candidates, coming out of Kurchatov,

Russia [4] and Kharkov, Ukraine [5]. Additions of Molydenum, Vanadium, Niobium and

Yttrium to the original hastelloy seem to eliminate the cracking mechanism. Full scale neutron

flux testing over 1000s of hours and electron beam diagnostics would be adequate to

extrapolate for structural components' lifetimes.

DCVTHMSR fission product makeup from the chosen fuel and waste regime would have to

analysed for unidentified corrosion mechanisms such as the MSRE Tellurium cracking.

A regulatory criteria on corrosion without waiting a reactor life time of 30-60 years TBD should

be defined. If cracking and brittling are non-existant in diagnostics over a pilot run, a rate in

terms of um per year should suffice. The corrosion is crucial for the thickness of the separation

wall. Since the core would be easily accessible, the wall could be surface monitored regularly

with xray and ultrasound techniques, as the case with airplane structures.

2.2. ISSUE # 2: TRITIUM CONTROL

MSRE identified tritium in quantities that would need to be captured in a 2500MWth design.

Tritium circuits are established technology except for the escape into the heat exchanger load

and secondary salt loops.
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A Brayton cycle turbine on Helium could solve this problem. Tritium separation from He is

established technology ([6], p4).

For secondary loops to capture tritium when the conversion is other than electrical Brayton

power, a salt formulation should be found that also is a good heat transport medium.

2.3. ISSUE # 3 : NEUTRON LIFETIME

Reactor control characteristics and load follow responses can be predicted from the average

neutron lifetime. The MSRE proved to be a practical machine for start, stop and regulation -

properties that would not change with the DCThMSR. The fuel options would have an impact.

Neutron lifetimes can be estimated from neutronics codes.

2.4. ISSUE # 4: FLOW PATTERN

Risk of turbulent or laminar flow would be estimated with thermohydraulic codes. Chemistry

inhomogenities and material transport would be included. The French TMSR research, now the

SUMO project with EURATOM, lists startup flow patterns as an issue to be investigated. Since

the molten salts resembles water for fluid dynamics, design recommendations for smooth flow

geometries in pumps, corners, bends, drains, joints would be amply accessible.

2.5. ISSUE # 5 : FISSION PRODUCT MAKEUP

([6], p6) lists fission product makeup as the most unknown crucial issue. Fission product

removal would be accomplished by helium bubbling for noble gases, a metal sponge for noble

metals and vacuum destillation. Chemical reactions, complex formations and valence for

several fission products are uncertain or unknown. Reductive bismuth extraction, as planned

with the French TMSR, would imply complicated equipment on site and proliferation risks to be

avoided.

The actual prediction is that noble metal plateout with its associated decay heat would be

handled. How to replace the metal filter sponge and capture the vacuum distillation fission

products to a mobile convoy should be straightforward since core access would be routine.
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2.6. ISSUE # 6 : START CHARGE REGIME

Peace meal start charge administered over weeks at startup ([7], p5) implies enhanced

proliferation risk by diversion. The ideal startup is instant dissolve into the fuel salt. A

regulatory issue would be the sensitive period before the start charge is tranfered completely

in situ.

2.7. ISSUE # 7: MELT DECOMMISION

The MSRE clean up problem has put focus on the melt properties, [8]. The clean up problem

stemmed from radiolysis in the crystallised and uncleansed melt from 'U233 content releasing

toxic HF, F2 and UF6. Freeze protection ([6], p4) would eliminate'the onset of radiolysis. The

MSRE melt was cleansed of U233 by fluorination to natural levels in a matter of hours ([8],

p3). TRU fluorination is 70x more intensive in F2 and could pose serious corrosion issues. Melt

decommison could be carried out at a central site. Prediction of TRU and radiotoxic level of

melt at decommission would be a regulatory criteria. Dilution and vitrification for geological

repository, if indeed necessay, would be easier than for the waste of fission products, in turn

easier than for today's HLW. Several methods could be developed ([9], p4), [10].

3. ENUMERATED: CORE SAFETY FEATURES

3.1. CORE SAFETY FEATURE # 1: UNCONDITIONAL STABILITY

The MSRE was verified practicallY for the physical impossibility of runaway and meltdown

scenarios. Even better, MSRE was considered a safe machine despite the fact that it probably

had a slightly positive reactivity coefficient [11], due to the presence of graphite. The stability

includes containment of transients by natural circulation even in case of loss of forced power

and in the case of loss of gravitational drain, [12]. A central question for evaluation would be

simplifications to be gained compared with current LWR regulation.
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3.2. CORE SAFETY FEATURE # 2: FAST GRAVITATIONAL DRAIN

Dump tanks would have geometry that evacuates decay heat passively as demonstrated for

MSRE. Valves closing upon completed dump could seal the dumped salts from mixing, the

whole operation taking a few seconds.

3.3. CORE SAFETY FEATURE # 3: FAST POISON INJECTION

Fast boron injection into both into blanket and fuel salt would be an even faster method to

quench reactivity and radiolysis onset and minimise decay heat. The system FABIS described

in [13] should be inevstigated for adaption to MSR conditions. BF3 could be a poison

candidate. Fast injection could be activated by shock and vibration sensors. In the fractions of

seconds prior to potential loss of reactor structure and salt mixing, both salt volumes would

have their neutronics permanently turned off. Fast injection nozzles could be present both in

multifunctional brackets with the double cylinder core as well as in the containment walls and

the dump tanks.

4. ENUMERATED: SECURITY FEATURES

4.1. SECURITY FEATURE # 1 : UNDERGROUND SITE

Integrity of reactor room containment, biological shield, dump tanks, offgas system, nuclear,

radiotoxic and chemically toxic inventories in case of plane impact would be secured 30m

below ground surface. Suspension for protection against earthquake could be envisaged if

desirable. The case of bunker buster bombs and terrorists bypassing the reactor room

containment are probably the hardest cases, against which the fast injection system would be

benchmarked. A destruction of conversion facility on the ground over the site connected by

the secondary salt loop, would not present a major risk to the reactor.
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4.2. SECURITY FEATURE # 2: REGULAR INSPECTION OF SEPARATION WALL

The separation wall between blanket and fuel salt would be easily accessed for inspection of

microcracks by xray or ultrasound instruments. Easy access is accomplished by dumping and

subsequent flushing by non-radioactive salts as practised with the MSRE. The separation wall

thickness would be influenced by inspection intervals and corrosion rate.

4.3. SECURITY FEATURE # 3: REMOTE CONTROL AND COMMAND

Remote shutdown commands, sealed reactor room during operation, sparse onsite manpower,

real time log file upload, secure redundant telecomm links and biometric access controls would

provide margins for human factor engineering. The reactor room would not be accessible

during operation, reducing the risk for access to the neutron source for parasite breeding.

Failed actuation of dump, flush, valves and pumps from remote or outside containment would

in last resort result in gravitational drain or fast injection spraying from the containment walls.

The loss of operation due to failure in safety and security systems would not be catastrophical

neither in terms of investment, radiotoxicity and chemical toxicity.

4.4. SECURITY FEATURE # 4: OVERLAPPING SURVEILLANCE

The log file including flow patterns, temperature distribution, pressure distibution, vessel

stress, neutronic cartography, tight mass balance and complete chemical analysis would be

uploaded realtime.

4.5. SECURITY FEATURE # 5: ONSITE ANTI-NEUTRINO DETECTION

New technology could detect illicit fuel cycles and parasite breeding, [14] and [16].

4.6. SECURITY FEATURE # 6: GLOBAL U232 DETECTION - SELFPROTECTION

1000ppm U232 content would open up the possibility of global U233 surveillance, [22].
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4.7. SECURITY FEATURE # 7: LETHAL SELF-PROTECTION

1000ppm U232 content would present serious risks to unprotected bombamakers health

([23], piO).

5. ENUMERATED: DESIGN OPTIONS

This section aims to enumerate the design options for preliminary regulatory evaluation. Pilot

priorities and design choices would be made partly on the basis of this feedback. The options

are embedded in [3] but taken apart and spelled out for clarity.

5.1. OPTION # 1 : PURE THORIUM-U233 FUEL CYCLE

The IAEA defines weapons grade U233 in larger concentration than 12%. A pure Th fuel cycle

would breed U233 from Th232 in the fertile blanket. U233 would be present in both the fissile

and fertile loops.

Removal and separate decay tanks for protactinium would not be needed.

IAEA U233 selfprotection levels would not be reached but gamma intensity ([8], p3) would be

a severe proliferation barrier.

Illicit access to U233 could be onsite parasite fluorination below the precision of the materials

flow log file or diversion of loop salts volumes.

U2321evel would be around 1000ppm.

5.1.1. OPTION # 1 : PROs

A) TRU levels would be orders of magnitudes lower than for current LWRs, probably so low as

not to have engineering consequences.

B) Global U233 accounting would start from zero, enabling a clean separation to the current

uranium industry.

5.1.2. OPTION # 1 : CONs
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A) Startup charges are not available for the first generation DCThMSRs that would have to

be started on other U-Pu materials.

B) Proliferation regulation on U233 would need to be established from zero.

Flourination

Reduction to liquid
ReinjectionUF UF Vacuum

Fluorination •Destillation
Blanket Trnfr Fuel Fission Fiso

Products Noble MetalFilter PlateOut

f f "-• Noble

Gases
Start charge F2 He2
U233

Figur 4 Pure Th-cycle material flow

5.2. OPTION # 2: HYBRID THORIUM-U33 FUEL CYCLE

DCThMSRs started on reactor grade Pu, decommisioned weapons Pu, HEU or LEU would have

a fertile mix of Th and U fertile and a fissile mix of U233, U235, Pu239, their isotopes and

TRUs ([7], p5).

A hybrid fuel cycle would imply fissile proliferation concerns roughly on par with current LWRs.

5.2.1. OPTION # 2: PROs

A) Reactor grade Pu and LEU would today nor be perceived the same proliferation risk as

U233.

5.2.2. OPTION # 2 : CONs

A) Criticality risks of the complex fissile mixes must be assessed.
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B) Pu and TRUs must be fluorinated out upstream of waste tap and reinjected into the fuel

salt. 70x the amount of F2 would be needed for Pu fluorination as per quantity of U and could

be highly corrosive.

,5.3. OPTION # 3: DENATURATION

Neutron economy would permit dilution with U238 below the IAEA weapons definition levels.'

Denaturation flush could be implemented as a fast injection in combination with fast poison

injection.

5.3.1. OPTION # 3: PROs

A) Proliferation risk reduced.

B) Service convoys not carrying weapon grade fissiles'

5.3.2. OPTION # 3 : CONs

A) Higher Pu and TRUs inventory must be fluorinated out upstream of waste tap and

reinjected into the fuel salt.

B) Larger start charge.

5.4. OPTION # 4 : THORIUM IN FUEL SALT

Neutron economy would permit adding thorium to the fuel salt.

5.4.1. OPTION # 4: PROs

A) Longer service intervals

5.4.2. OPTION # 4 : CONs

A) 7x more thorium wasted during fission product removal.
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Figur 5: Hybrid fuel cycles with denaturation and Th in fuel

5.5. OPTION # 5 : ABSENCE OF ONSITE FLUORINATORS

Fuel makeup and neutron economy would permit batchwise transfer of fissile from the blanket

to the fuel loop.

Batchwise fluorination could be serviced by mobile equipment with unique access codes.

Unserviced site would power down. Fissile and waste inventories would be out of control for

mobile inspectors if denied access.

5.5.1. OPTION # 5: PROs

A) Proliferation risk reduced.

5.5.2. OPTION # 5 : CONs

A) Site owner could claim interrupted service and power down to be a blackmail situation.

ION # 6: GRAPHITE MODERAT
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The inner cylinder would preferably be made in hastelloy only. Graphite moderation yields

different performance. Graphite could be layered within the separation wall structure resulting

with less risk of fire and lesser consequences when brittling from neutronic wear. Graphite

walls and control rods would be replaced every few years but this could be feasible given easy

access to core.

TCarubplte

Figur 6 : Graphite separation wall

5.5.3. OPTION # 6: PROs

A) The reactor would operate closer to the point of max reactivity.

B) Lower specific energy production would permit smaller output power and smaller form

facto rs.

C) Lower fissile inventory

5.5.4. OPTION # 6: CONs

A) Thermal neutron spectrum creates more wear in hastelloys.

B) Waste routines for brittle' radiotoxic graphite must be established.
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6. ENUMERATED: ACCIDENT SCENARIOS

6.1. ACCIDENT SCENARIO # 1: LOSS OF PUMPING POWER

Loss of pumping power would have the same core scenario [12] as the following accident

conditions : loss of flow, loss of load heat evacuation, overload fuel injection.

6.2. ACCIDENT SCENARIO # 2: LEAKAGE THROUGH SEPARATION WALL

Loss of blanket pressure would set up for the fuel salt to leak into the blanket salt in the case

of wall leakage. Criticality, vapor pressure and decay heat characterisations are lacking for a

complete mix and or an inhomogenous uncomplete mix. The predictions are that these

characterisations would be benign : the negative reactivity coefficients of both salts in the

DCThMSR would combine to an overall negative coefficient for the mix ([3], p8, s5)

6.3. ACCIDENT SCENARIO # 3: DETECTION OF SHOCK, VIBRATION

Incoming shock waves from external impacts could be sensed as a risk to vessel integrity.

6.4. ACCIDENT SCENARIO # 4: LOSS OF VESSEL

Mix of fertile and fissile salts inside containment would be the consequence if fast injection

fails.

6.5. ACCIDENT SCENARIO # 5: LOSS OF CONTAINMENT

A bunker bomb impact or a terrorist bypassing containment would rip the containment open to

air. Mixed salts could be exposed to the water table and radiotoxic vapours would be released.

The longer term impact could be radiolysis from crystallised drops. The full characterisation of

this worst case scenario needs to be carried out full scale. The effect of on accidental reactivity

from moderator material like graphite and water must be described. The prediction is benign

with limited consequences in a small perimeter.
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7. BALANCE OF PLANT

The redundancy of security options in addition to the inherent core safety properties would

allow for a new standard in nuclear engineering. Activation of security features and human

engineering would have ample margins for different risk assessments and national regulations.

8. A DCThMSR 100MWe BRAYTON CYCLE (He) PILOT

Scaling up the MSRE from 8 MWth to 250 MWth is conservative since other reference designs

are 2500 MWth. Finding a government willing to host and guarantee a pilot reactor is far

easier when the installation would be a full reference plant producing power. Given the benign

and unique properties and established enabling technology, this radical idea of a full plant

might be worth the risk given time saved during an uncertain situation for global energy

supply. Assembling a Great Group of MSR experts around a crash project in a Skunkworks

would not back an inch from top notch security standards. The demonstrator would include

monitoring and verification technologies to be removed, simplified and cost-balanced for a first

version commercial offering.

8.1. PILOT OPERATION # 1 : TRITIUM CAPTURE

Tritium diffusing through the heat exchangers and the second salt loop into He working gas of

the Brayton turbine would be captured using established technology, fex [15], pl0.

8.2. PILOT OPERATION # 2: COMPACT HEAT EXCHANGERS

UC Berkeley has developed relevant materials, models and geometries, [17]. Joint

technologies would be included.

8.3. PILOT OPERATION # 3: PRACTICAL CORE ACCESS

Already the MSRE could operate and service the core from outside the containment barrier,

[18]. Gravitational dump, valves, flush cleansing, vessel inspection and wall replacement

would be even safer and easier with today's robot technology.
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8.4. PILOT OPERATION # 4: NOBLE METAL FISSION PRODUCT FILTER

The thermal load from decay heat, the radiotoxicity and chemical toxicity are partly unknown

parameters, even given the MSRE [19].

8.5. PILOT OPERATION # 5 : FISSILE TRANSFER

Fluorinators including converters gaseous - liquid, for all U, Pu and TRU are established

technology, [21]. [21] refers to a continous salt stream for the MSBR but would the system

would be adaptable to a schedule where the fluorinator is brought onsite with a mobile

service..

8.6. PILOT OPERATION # 6: FISSION PRODUCT REMOVAL

Processing procedures for the full plateout filter needs to be detailed. The offgas system and

the vacuum destillation waste components would be stored in containers. A dirty bomb

scenario for the mobile service could justify vitrification onsite before transportation.

8.7. PILOT VERIFICATION # 1: NEUTRONICS - SERVICING SCHEDULE

The main unknown parameter of the DCThMSR is the frequency of servicing set by the

neutronics of the core. Estimates are between 6 and 24 months depending on reactor size and

fuel options. Continous onsite fluorination is available if non-proliferation permits.

8.8. PILOT VERIFICATION # 2: CORROSION RATE

The partly:uncertain valences and chemistry of fission product could result in discovery of new

corrosion mechanisms. Aided by complete chemical analysis, the only way to check for subtle

trace levels electrochemistry and validate the design would be a full scale pilot. Possible fixes

like adjustment of redox potentials melt - filter - structure could be implemented.

8.9. PILOT VERIFICATION # 3: COMPLETE CHEMICAL ANALYSIS

The PBMR has a complete fission product release model, [20]. A corresponding model must be

validated for the DCThMSR. A pilot would have all analysis instrumentation necessary to

establish a complete flow of materials and mapping of chemistry.
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8.10. PILOT VERIFICATION # 4: MELT BULK PROPERTIES

Reactivity coefficients, temperature gradients, pressure profiles, flow patterns, load time

change constants, neutron lifetimes, melt homogenity, out-of-core neutron flux and

thermohydraulic properties could be'verified before addition of fuel and fissiles.

8.11. PILOT DEMONSTRATION # 1: FAST POISON INJECTION

This system is not established technology.

8.12. PILOT DEMONSTRATION # 2: FULL SALT MIX INTO AIR

Toxicity would spread as crystallised drops of salts or concentrations of vapourised salt. The

behaviour and perimeter of worst case release must be evaluated.

8.13. PILOT DEMONSTRATION # 3: MELT TRU LEVEL AT DECOMMISION

Analogue to detemination of corrosion rate and complete chemistry, TRU level in melt could be

predicted by accurate measurements.
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Abstract

Molten Salt Reactors were developed at Oak Ridge (ORNL) from the late 1940s to the early 1970s,
highlighted by two successful test reactors. The Molten Salt Breeder Reactor (MSBR) evolved into a
single fluid, graphite moderated design. Until very recently, this 1970s design version has been taken
to be the starting point for any resurgence of the Molten Salt concept. This paper will show that a
Molten Salt Reactor can in fact take many different forms. Through new solutions and applying new
technology, it is hoped that an improved design can be brought to such a level that it can no long be
ignored as a practical ally in the resurgence of nuclear power.

1. Introduction

A Molten Salt Reactor (MSR) is one in which fluorides of fissile and/or fertile elements such as UF 4,

PuF3 and/or ThF4 are combined with carrier salts to form a fluid. Single Fluid designs have both fertile
and fissile combined in one salt, whereas the lesser known 2 Fluid design has separate salts for fissile
(233UF 4) and fertile (ThF 4). Typical operation sees salt flowing between a critical core and an external
intermediate heat exchanger. A secondary coolant salt then transfers heat to steam or closed gas cycle.
The vast majority of work has involved fluoride salts as corrosion resistant alloys have been shown to
be compatible with these salts. Chloride based salts have also been proposed, especially for fast breeder
designs, but have unique problems and no operational experience to draw upon. Designs specifically
for the thorium-2 33U cycle using fluoride salts have also been termed Liquid Fluoride Thorium Reactors
(LFTR).

Fluid fuel reactors and MSR in particular have numerous operational and safety advantages over solid
fuel designs. A detailed review is beyond the scope of this presentation but briefly:

-Fluid nature of the fuel means meltdown is an irrelevant term and allows the fuel salt to be
automatically drained to passively cooled, critically safe dump tanks.

-Most fission products quickly form stable fluorides that will stay within the salt during any leak or
accident. The volatile fission products such as the noble gases and noble metals come out of the salt as
produced. Noble gases simply bubble out and are stored outside the reactor loop. Noble and semi
noble metals will plate out on metal surfaces and can be collected by replaceable high surface area
metal sponges within the loop.

-The continuous removal of the noble gas Xenon means that there is no "deadtime" of the reactor after
shutdown or a power decrease that solid fueled reactors must deal with due to the production of 135Xe

from the decay of 135I. As well, no excess reactivity need be in place to deal with such events.

-Most MSR designs have very strong negative temperature and void coefficients which act instantly,
aiding safety and allowing automatic load following operation.



-No pressure vessel is needed as the salts run at atmospheric pressure. No water or sodium means no
possible steam explosion or hydrogen production within the containment. In designs without graphite
moderator, there is not even combustible material present.

- Fuel concentrations are easily adjusted on a continuous basis meaning no excess reactivity and no
need for control rods or burnable poisons. Shutdown rods are often included but even these are not
necessary given the ability to drain fuel out of the core to storage tanks.

-Utilization of the thorium to 233U cycle produces several orders of magnitude less transuranic wastes
than a conventional once through cycle and about one order of magnitude less than a U-Pu fast breeder
(based on 0.1% losses during fuel processing). This leads to waste radiotoxicity being less than
equivalent uranium ore levels within a few hundred years.

-Fuel processing and utilization of thorium permits break even breeding with ease and ability to reach a
breeding ratio of 1.06 or even up to 1.13. Adding 238U to denature the uranium content and still break
even is alsopossible.

-Break even operation requires approximately 800 kg of thorium per GW(e) year added simply as ThF4.
Startup fissile requirements can be as low as 200 kg/GW(e) or as high as 5.5 tonnes in harder spectrum
designs, with 700 to 1500 kg more common. Thorium startup inventory varies from 50 to 200 tonnes.

-Thorium is 3 times as abundant as uranium. Proven reserves are large even with the small current
industrial use of thorium and lack of prospecting. As example, a single new deposit in Lemhi Pass
Idaho has added 600,000 tonnes to the world's proven reserves of 1.2 million tonnes. The USGS quotes
a price of 27$/kg for thorium nitrate and 80$ to 100$ for high purity thorium oxide.

-Without fuel processing, MSRs can run as simple converters with excellent uranium utilization.

-Offer many advantages for the destruction of transuranic wastes from traditional once through reactors.
TRUs may also be used as startup fissile inventory for the thorium to 233U cycle in many designs.

2. Background

Molten salt reactors were developed primarily at Oak Ridge National Laboratories beginning in the
late 1940s. Almost 30 years of funded research and development followed a design evolution
leading to the adoption in the late 1960s of what is known as the Single Fluid, graphite moderated
Molten Salt Breeder Reactor (MSBR). What is important to realize however, is that this evolution
was guided by goals and limitations that are far different than would now exist. In particular, the
overwhelming priority given to the MSBR program was a minimization of the doubling time, the
time to breed the startup inventory of the next reactor. The two routes for this are decreasing the
startup fissile inventory and increasing the breeding ratio. This mandated priority was due to the
early belief that nuclear power would follow an exponential growth and that uranium supplies were
severely limited. Another fact was that MSBRs main competition was the heavily funded liquid
sodium cooled fast breeder whose potential doubling time has always been impressive.

In order to properly evaluate potential molten salt reactors designs, it is important to first re-establish
priorities. Given the ability of these reactors to start up on wide variety of fissile material, the
doubling time is no longer of any real importance. Reaching a break even breeding ratio of 1.0 and



not beyond should be a high priority as this allows extremely low fuelling costs and no fissile
material need enter or exit a plant after start up. This simple change alone gives great leeway to
reconsider options that may be more practical but neutronically inferior, such simplifying fission
product removal. An examination of molten salt design from first principles can lead to novel new
solutions to unsolved problems which may further improve the prospects of this unique reactor.

Proliferation and long term waste concerns are also a more prevalent concern today. Transuranic
waste production (Pu, Am, Cm etc) from the Th- 233U cycle is several orders of magnitude lower1

than for a LWR and will remain one its greatest advantages. Proliferation concerns] of a Th- 233U
cycle, while beyond the scope of this paper, might be considered roughly on par with other
commercial reactors. Almost no plutonium is produced and it is of far lower fissile/fertile ratio than
for LWR once through cycles. Weapons useable 233U is however produced but is always
contaminated by significant amounts of 232U whose decay chain emits an extremely energetic 2.6
MeV gamma' ray. This would aid detection and make handling nearly impossible. If deemed
necessary though, a combination of depleted uranium and thorium can be used as fertile makeup to
keep all uranium denatured. This complicates reactor operation somewhat but would result in
designs with very high proliferation resistance.

2.1 The "traditional" MSBR

Steam

Figure 1 The 1970s Single Fluid, graphite moderated Molten Salt Breeder Reactor. 1000 MWe with
a specific fissile inventory of 1500 kg. Reproduced from ORNL 4812.

Before a review of newly discovered and re-discovered molten salt designs it is useful to examine
what might be viewed as the "traditional" MSBR which is the 1970s, graphite moderated, Single
Fluid design 23. Both thorium and uranium are combined in a single fluid with a carrier salt (27LiF-
BeF 2). The core consists of graphite blocks with small channels through which the salt flows. The



salt is pumped between the core and an intermediate heat exchanger where it transfers heat to a
secondary coolant. In the original design, the secondary loop then transfers heat to a steam Rankine
cycle but a Brayton closed gas cycle 4is now considered a better fit to the salts high temperature.
Another newly proposed modification of the traditional system is to employ carbon based, compact
heat exchangers4'5 with can dramatically lower the out of core salt volume. The nickel alloy
Hastelloy N is used for all piping and is rated for upwards of 750 Celsius with very good corrosion
behaviour. The processing of fission products was to be by the liquid bismuth reductive extraction
method which is briefly reviewed in the next section.

Potentially the largest drawback of this design is in terms of the significant processing needs for the
salt. -In a Single Fluid design, the thorium within the salt behaves very much like the rare earth
fission products. This rules out the use of many simpler potential processing methods and greatly
increases the complexity of the proposed liquid bismuth reductive extraction method.

Another requirement that is particular to this Single Fluid design is protactinium removal. 23 Pa is
the 27 day half-life intermediate between 232 Th and fissile 233U . The moderately high neutron flux
of this design would result in too high a neutron loss to 23 3 Pa if it were not removed from the salt
with a fast cycle time, 3 to 10 days being typical. The removed 23 3 Pa is stored for several months to
allow it to decay to 23U which is then reinjected into the salt. This rapid removal of 23Pa is both
costly and complex. As well, it adds a significant proliferation risk as the 233 U produced in decay
tanks outside the core flux can be relatively free of 232U.. As will be shown however, many other
molten salt designs can omit this entire procedure.

In order to evaluate new or even abandoned molten salt des igns, a review of basic principles and a
historical background is of benefit.

2.2 Salt processing methods

There are 2 types of fuel processing commonly used to increase the conversion or breeding ratio in
molten salt reactors. Protactinium removal is also sometimes needed but is costly and introduces
proliferation concerns and should be avoided if at all possible.

The first process is to remove uranium from the fuel salt. This is typically done before the salt is
further processed for fission products. This is known as the fluoride volatility 6 process and has been
well known since the 1 950s. It is one of the main advantages of working with these salts is that by
simply bubbling first HF then F2 gas through the salt, the uranium content in the salt will convert from
UF4 to UF6 which comes out of the salt as a gas. This UF6 can be later converted back to UF4 and re-
injected into the reactor as needed. Fluorination of higher actinides such 'as PuF3 to gaseous PuF6 is

technically possible but much more problematic due to corrosion issues7

Fission product removal is the main need and many methods were investigated at ORNL and
elsewhere. Before 1964, there were various methods proposed with perhaps the most simple and
attractive being salt replacement. In this, the fissile 233U is first removed and transferred to clean newI
carrier salt. The used salt with fission products can be sent to long term storage or further treatment to
concentrate the fission products. The drawbacks are that any contained thorium would be lost and that
the best carrier salt (2 7 LiF-BeF2) is quite expensive as the lithium requires isotopic enrichment.

In 1964 a breakthrough was made called Vacuum Distillation 6 . In this method 233U is first removed
from the salt followed by distillation at low pressure to recover the carrier salt and leaving the majority



of fission products in the still bottoms. This process would leave behind any thorium contained in the
carrier salt.

In 1968 a new method was developed that could allow processing for fission products for salts with
both uranium and thorium (i.e. Single Fluids). Known as liquid bismuth reductive extraction, this
involved contacting a side stream of molten salt with liquid bismuth and a reducing agent such as
lithium. The lithium trades places with various fission products which then entrain with the bismuth.
While the process can function in the presence of thorium it is far simpler to employ if it is absent.

2.3 The evolution of the MSBR program

The very first molten salt reactor project was the overly ambitious Aircraft Reactor Program for the
U.S. Air Force to design a nuclear powered bomber using heat transferred from a molten salt reactor
to replace combustion heat in a jet engine. While the practicality of such a concept remained far
from proven, the significant funding and manpower assigned to it allowed great progress to be made
in terms of molten salt reactors in general. The highlight of this project was the Aircraft Reactor
Experiment which was a low power test reactor but which demonstrated operation at salt
temperatures up to 860 C. It used highly enriched 235UF4 in a NaF-ZrF4 carrier salt with canned
beryllium oxide for added moderation.
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Figure 2. (Left) Depicts the 1950s graphite free, two-region concept. Reproduced from ORNL 2474.
(Right) Depicts the 1960s intermixed 2 Fluid MSBR design using internal graphite plumbing.
Reproduced from ORNL 4528.



In the mid 1950s a true Molten Salt Breeder Reactor program got underway at ORNL. A very
simple homogeneous design was proposed8 as either a 235U burner reactor or a thorium breeder on
the Th- 233U cycle. It was a two zone system as shown in the left side of Figure 2. A central
spherical core contains fuel salt and was separated from an outer thorium blanket salt by a 1/3 inch
Hastelloy N barrier. The fuel salt contained a mix of both fissile (PuF3, 235UF4 or 233UF4) and fertile
ThF4 in a carrier salt while the blanket salt contained ThF 4 in a carrier. In some studies, if the
central core was very small, the fuel salt might lack any ThF4 and would then qualify as a true 2
Fluid design.

While the simplicity of such a design was extremely attractive, in 1959 it was decided to switch
focus to employing graphite moderation in order to improve the potential doubling time. It was
recognized that a true 2 Fluid system can improve the neutron economy and simplifies fuel
processing. The simplest 2 Fluid design would be a central core zone with fissile salt plus graphite
surrounded by the fertile blanket salt (with or without graphite). The problem is such an
arrangement has little power producing volume as the critical diameter would be small. ORNL
workers concluded that blanket salt must also be intermixed within the central core region to allow a
larger diameter core. This led to a design 9 with complex graphite plumbing that ran fuel salt up and
back down graphite tubes with blanket salt in the space between tubes and around the whole core to
catch leakage neutrons. The right side of Figure 2 depicts the core with just a few of the hundreds of
graphite tubes depicted.

This design proved highly complex, especially due to the fact that graphite will first shrink and then
expand under neutron irradiation. This led to what was termed the "plumbing problem" that was
never solved to satisfaction. This basic design remained the focus for nearly a decade however,
which gives testament to the advantages seen in separate fissile and fertile salt streams. It should be
noted that while graphite swelling is an issue, there is no safety concern of stored Wigner energy
since the graphite operates at high temperature.

Also during the 1960s, the highly successful test reactor, the Molten Salt Reactor Experiment was
constructed and operated. It was an 8 Mw(th) design chosen to be a single fluid for simplicity.
Almost 5 years of operation saw very few operational difficulties. Two unknown issues with
Hastelloy N did surface, one was corrosion induced by the fission product tellurium and the other
was irradiation damage caused by (n,alpha) reactions in nickel. Both these issues were addressed by
modifying the alloy makeup of the Hastelloy but it is now recognized that Hastelloy N may have a
limited lifetime if used within the full neutron flux of the core. Outer vessel and piping use should
pose no problems.

In 1968 the liquid bismuth technique was brought to light that could potentially process a fuel salt
that also contained thorium. Even given the great complexity of this new process, the "plumbing
problem" was just too great an issue and ORNL switched focus to the Single Fluid graphite
moderated design of Figure 1. In the early 1970s however, for reasons many would argue more
political than technical, the MSBR program was terminated by the AEC. The Single Fluid design
became the textbook design and little mention of alternatives has appeared until very recent years.

2.4 A resurgence of interest

The late 1970s until the late 1990s saw only modest activity worldwide. Several voices attempted to
keep the concept relevant including Charles Forsberg at ORNL and Kazuo Furukawa in Japan. In



recent years though there has been a resurgence of interest.as the many advantages of the general
design are recognized and the limited potential for improvement of other reactors has become
evident.

The selection of molten salt reactors as one of the six Generation IV reactors in 2002 reactors has
certainly contributed to the increase in interest. Much recent activity has also been based on molten
salt reactors acting as transuranic waste burners. Most initial TRU burner work looked to modify
graphite moderated designs and/or employ subcritical accelerator driven concepts. The latest work1 °
points to graphite free systems being the optimal route. A technical issue in TRU burning designs is
the fact the PuF3 is much less soluble in most carrier salts compared to UF4 or ThF4. The carrier salt
NaF-LiF-BeF 2 has recently been shown to be more than adequate and forms the basis of the
MOSART1" design out of Russia.

The most intensive new efforts have been from a group in France, centred in Grenoble which have
undertaken a major modelling, design and salt chemistry program. This work has included
discovery of a reactivity problem with the traditional Single Fluid MSBR. While the temperature
coefficient has the needed fast acting negative term, as graphite heats up the overall temperature
coefficient becomes positive. They have proposed remedies to this but they too have reached the
conclusion that moving away from graphite moderation will attain the best results. Their latest
design offering utilizes a 78%LiF-22%(Th+U)F 4 fuel salt as core, surrounded by radial blanket of
LiF-ThF4 in a graphite matrix. Termed the Thorium Molten Salt Reactor1 2 (TMSR), the
combination of high fissile concentration (5.5 tonnes 233U/GWe) and at least a partial blanket results
in a high breeding ratio of 1.13 with a 6 month fission product removal rate and the ability to extend
this processing time to 20 years and still break even.

Work involving molten salts has also increased in the U.S. but in a rather different way. Charles
Forsberg and others are promoting the use of molten salts as simple coolants for high temperature
solid fuel reactors. These designs are termed a Molten Salt Cooled Reactors' 3 (MSCR) as opposed
to molten salt fuelled designs. Molten salts have high heat capacity and other excellent heat transfer
qualities. This lowers pumping requirements, results in smaller heat exchangers and allows large
cores to have adequate decay heat removal by natural circulation of the salt. The major design
constriction this work faces is assuring a negative coolant void coefficient which has proved
challenging but attainable. This work could entail much engineering development that would also
be relevant to molten salt fuelled designs but has undoubtedly meant a diversion of expertise and
attention away from thorium fuelled MSBR designs.

3. Solving the 2 Fluid "plumbing problem"

All original fluid fuel reactor designs involved utilizing two zones, a central core or seed zone
surrounded by a fertile blanket (i.e. thorium). For the 233U-Th cycle, the core might contain a mix of
fissile and fertile in a carrier medium or in some cases only fissile. Molten salt work differentiated
between these two cases by the terms "2 Fluid" for only fissile in the core and "1 and '/2 Fluid"
designs if the core contained thorium as well.

Early in development, the advantages of a 2 Fluid design became evident. If the core salt lacked
thorium, it would be far easier to process for fission products. However a core without thorium will
have a quite small critical diameter if the fissile concentration is kept high enough to limit losses to
the carrier salt and/or graphite. The critical diameter is on the order of 1 meter for both pure salt



cores or heterogeneous cores with graphite. ORNLs solution was to use plumbing to intermix the 2
fluids within the core zone which as previously reviewed, proved unmanageable.

A solution to this dilemma may in fact be surprisingly simple. Traditionally reactor cores are
spherical or short cylinder primarily to minimize neutron leakage. With an encompassing outer
fertile blanket in a 2 Fluid design, leakage is not an issue. The simple solution thus proposed is core
geometry switch to increase volume while maintaining the relatively small critical diameter.

As a first approximation the critical diameter will be the ratio of the Buckling constants between the
given geometries. Thus, for the same graphite and/or fuel salt combination, an infinite cylinder will
have a critical diameter approximately 76.6% that of a sphere. If a specific combination of fissile
concentration, graphite percentage and carrier salt gives a critical diameter of 1 meter for a sphere,
then for comparison, a 5 meter long cylinder would have critical diameter of 0.77 m and a 4m by 4m
slab would be 0.51 m thick.

Side View of Reactor Core and Surrounding Blanket Salt
Core is Graphite + Fuel Salt or 100% Fuel Salt

Typical Diameter of I meter

Core becomes subcritical

Blanket Salt

Active Core
, Blanket Salt- 1

Hastelloy N or graphite to heat exchanger Blanket Sak 60 cm thick

Figure 3 Generalized depiction of an elongated cylindrical 2 Fluid core with encompassing blanket
salt. Inlet/outlet for blanket salt cooling are not shown.

The great advantage of going to an elongated cylinder or slab is the fact that a practical total power
can now be obtained without intermixing but by simply extending the length of the core. While a
barrier needs to be maintained between the core and blanket regions, this will be far less complex
than the intimate intermixing of fuel and blanket salts in ORNL 2 Fluid designs. In terms of end
plenums on these cylindrical cores, the simplest arrangement would be to taper the ends to a sub
critical diameter while still surrounded by the blanket salt (see Figure 3). This should all but
eliminate leakage of neutrons. While modelling efforts are ongoing, previous calculations from
ORNL work of homogeneous designs of the late 1950s and 2 Fluid graphite work of the 1960s can
be used to a significant degree to predict characteristics.

Such a design will have a strongly negative temperature and void coefficient for the fuel salt which
is true for any 2 Fluid design. A major improvement over ORNLs intermixed 2 Fluid design is that
the blanket should also have negative coefficients. This is due to the fact that the outer blanket acts
as a very weak neutron reflector, thus lowering its density decreases this reflective quality and
lowers reactivity in the core.



As with any fluid fuelled, two zone design, the leakage of core fluid into the blanket must be
guarded against. The simplest method, proposed for all ORNL designs is to run the blanket fluid at
a slightly higher pressure. As the blanket salt is far denser than the core salt, hydrostatic pressure
accomplishes this automatically. Thus any leak through the barrier will add fertile to the core and
lowers reactivity.

3.1 Graphite moderated version

There are some advantages to employing graphite moderation including very low fissile specific
inventories and providing a built in structure to aid in the barrier between core and blanket. The
much lower overall power density of graphite designs results in the need for much greater overall
core volumes to attain power plant levels. This may mean multiple units per plant but this fact also
brings other operation advantages. The limited lifetime of graphite due to fast neutron damage
would also entail periodic replacement as is true of most MSBR designs. The small dimension and
multiple units should assist in this aspect.

Using ORNL studies1 4 leads to an estimate of a 100 cm diameter for a long cylinder with
0.3%233UF 4 in fuel salt and a 20% salt/graphite ratio. Other parameters based on ORNL work are a
salt power density of 400 kW/L (80 kW/L core) and an inlet of 565 C and outlet temperature of 705
C. Using the volumetric heat capacity of the salt, pCp = 4.69 J/cm 3K and a choice of a 4.5 in/sec in
core salt velocity results in a 464 MW(th) power production and a core length of 7.4 meters.
Connection to steam cycle at the 44.4% efficiency ORNL predicted yields a 206 MW(e) output. The
Brayton gas cycle is projected to produce an even higher efficiency. Graphite lifetime would be on
the order of 2 to 5 years depending upon whether flux flattening methods are employed. It is
proposed that core arrangement would be horizontal for this design. The 1 meter diameter graphite
core would be surrounded by a 60 to 100 cm of a 27%ThF4-73%LiF blanket salt. This blanket will
result in extremely low neutron flux reaching the outer vessel wall.

Cross Sectional View End Section of Graphite Version

Psie astelloy N shell

Hastelloy N Shell Bi1nket Salt

Graphite Core
w11h 'mall core

Blanket Salt
comripletely
surroundsnS
gr'aphite core

B81-ket Salt

Figure 4 Cross sectional and end view of the 2 Fluid reactor using graphite moderator.

The total volume of salt and the fissile molar concentration dictate the specific inventory. For a
graphite moderated design it should be possible to reach 0.15% 233UF 4 or even 0.1% or lower and



still break even. Taking into account salt volume needed out of core leads to a conservative estimate
of 20 m3 as adopted in French studies with a lower limit of perhaps 10 m3 given the use of new
compact heat exchangers. These estimates give a potential lower limit of start up fissile inventory of
a mere 130 kg/GW(e) with 400 kg/GW(e) being a more conservative goal. For comparison ORNL 2
Fluid work was about 700 kg/GW(e), ORNL Single Fluid 1500 kg/GW(e), an LWR is 3 to 5
tonnes/GW(e) and liquid metal cooled fast breeders about 10 to 20 tonnes/GW(e).

3.2 Homogeneous, graphite free versions

Perhaps more impressive are the possibilities with homogenous designs lacking graphite moderator.
With the entire volume of the core producing power, the needed volume is far less. Single cores for
1000 MW(e) are readily attainable although there are still advantages to smaller unit sizes. Without
graphite moderation the assumption is often made that this means a much higher specific inventory
and a quite hard spectrum. However, the carrier salt itself is a modest moderator and a wide variety
of fissile concentration and neutron spectrum are in fact attainable. Recent French work requires a
high specific inventory of 5.5 tonnes/GW(e) partly due to the fact that they choose to remove BeF 2
from the carrier salt due to toxicity concerns. In order keep the melting point low enough, the
combined ThF4 + UF4 content needs to be 22% (about 2% 233UF4). As well, with only a radial
blanket in the TMSR design, attempting a much lower concentration would see a significant
increase in neutron losses to the top and bottom reflectors.

Graphite Free Molten Salt Cylindrical Reactor End Section of Homogeneous Version

Hasrelloy N, Molybderunum Ca•rbon Comnposite Shell

Blanket Salt
Hastelloy N.

Molybdenum or
Carbon Composite

Pipe

Figure 5 (Left) Cross sectional view of graphite free version (Right) End section showing tapering
to a sub-critical while still within the blanket salt

ORNL calculations15 from the spherical cores of the 1950s design provide an excellent tool for
estimation. While the accuracy of such early data must of course remain suspect, it is hoped
adequate for at least cursory investigations. This study assumed a 1/3 inch (8.5 mm) thick Hastelloy
N barrier for cores up to 12 feet (3.7 m) diameter, thus for much smaller cylinders a thinner wall
should suffice. The study also assumed a 2 foot (60 cm) blanket which allowed significant leakage
in some cases, expanding this to 100 cm should convert most of those losses to thorium absorptions.



The values of Table 1 give the initial breeding ratios, thus no losses to fission products or protactinium.
ORNL also projected16 long term breeding ratios for the 8 foot core case in detail. Even with a
relatively long 1 year processing time for fission product removal and no protactinium separation, the
breeding ratio only dropped from 1.078 to 1.044.

TABLE I. Initial State Nuclear Characteristics of Spherical Two Region, Homogeneous, Molten
Fluoride Salt Reactor with 2

3 3
U ORNL 2751 (1959). Values in italics are projected by the author

Inner Core Diameter 3 feet 4 feet 4 feet 6 feet 8 feet
Thorium in Fuel Salt 0 % 0 % 0.25 % 0 % 7%
2331UF4 in Fuel Salt 0.592% 0.158% 0.233% 0.048% 0.603%

Neutrons per absorption in 2 33
U

Be, Li and F in Fuel Salt 0.0639 0.1051 0.0860 0.318 0.078
HastelloyN Core Wall 0.0902 0.1401 0.1093 0.1983 0.025

Li andF in Blanket Salt 0.0233 0.0234 0.0203 0.0215 0.009
Leakage 0.0477 0.0310 0.0306 0.016 0.009

Neutron Yield 2.1973 2.1853 2.1750 2.2124 2.200
Median Fission Energy 174 ev 14.2 ev 19.1 ev 0.33 ev 243 ev
Initial Breeding Ratio 0.9722 0.8856 0.9288 0.6586 1.078

Projected B.R. Thinner Wall* 1.060 0.9836 1.011 0.7722 1.099
Projected B.R. Carbon Wall** 1.105 1.054 1.066 0.8714 1.112

* Projected assuming a thinner Hastelloy core wall of 1/6 inch (4.2 mm) and 90% leakage reduction by using a thicker blanket

** Projected assuming a Graphite or Carbon-Carbon core wall and 90% leakage reduction by using a thicker blanket salt

Taking the 3 foot (91 cm) case as example, this would equate to a 70 cm wide cylindrical. Going to a
more modest power density of 200 kW/L still gives impressive results. Using the same 140 K
temperature change and a much slower salt speed of 2 m/s gives a 505 MW(th) output from a 6.6 meter
long core. At 44.4% for steam cycle, this is 224 MW(e). Even including a meter thick blanket and
outer vessel wall still results in an extremely simple to manufacture desigA that can fit within a tractor
trailer for transport.

It must be noted that Hastelloy N at the time of these early studies was thought to be good for 10 to 20
years in core. Thermal neutron induced damage discovered in the MSRE means that Hastelloy N might
not have a very long lifetime in the full flux of the core. ORNL had success in limiting this damage by
modifying the alloy makeup, this trend could perhaps be continued with further study. As well,
maintaining a harder spectrum at the barrier might actually improve lifetime as it is predominately
thermal neutrons that contribute to the damaging (n,alpha) reactions. Potentially a much superior metal
barrier is a high molybdenum alloy. Molybdenum is known have a much greater tolerance to neutron
damage. It has been suggested for use not only in molten salt fission designs but also for the barrier
between plasma and a 2LiF-BeF 2 coolant salt in fusion studies.. As well, less expensive iron alloys
including the common stainless steels 304 and 316 have also shown promise at somewhat lower
operating temperatures. Given the simplicity of the core wall and outer vessel combination it is also
not unreasonable to assume that periodic replacement even as short as annually could be still quite
economical.



Carbon based material or a simple graphite tube would be ideal if their usability can be assured. The
limited lifetime of graphite is well documented and would require periodic replacement. The
irradiation tolerance of carbon based materials such as silicon impregnated carbon-carbon composites is
an important question. There are thus several choices for a barrier material but it should be highlighted
that this issue is of central importance to the proposed design.

3.3 Adding fertile, the 1 and ½ fluid or denatured options

While the pure 2 Fluid system has many advantages, adding a limited amount of thorium to the fuel
salt does not necessarily detract from the fission product processing advantages. This is true if the
thorium present in the fuel salt is allowed to be removed with the fission products. Traditionally this
option would not be considered, for example in the Single Fluid 1970s design with 68 tonnes of
thorium in the salt and a 20 day cycle time would mean wasting 1241 tonnes of thorium per GW-
year. However for homogenous designs, a lower thorium concentration and more importantly much
longer processing times afforded by .the harder spectrum can result in new options. As an example
the 8 foot (244 cm) example with 7% ThF4 and 0.6% 233UF 4 would contain roughly 14 tonnes of
thorium if the fuel salt volume was 15 in 3 . The processing time could easily be extended to 2 years
or more for this version and still break even on breeding. Thus with a thorium discard option, only 7
tonnes per year would be wasted. With the low cost and abundance of thorium the added expense is
practically negligible and there would still a roughly 30 fold improvement over LWR once through
for resource utilization. Furthermore, thorium is far more abundant than uranium.

Adding thorium to the fuel salt also results in wider critical diameters for similar fissile
concentrations. For example 0.6% 233UF has a 3 foot (91cm) critical diameter without thorium but
an 8 foot (244 cm) diameter with 7% ThF4. Thus a return to near spherical geometry for larger
volumes is possible by the addition of fertile into to the core salt.

A similar result of wider, shorter cores is also be attained by adding fertile 238U to the fuel salt to run
a denatured cycle that keeps 233U at less than 12% of uranium content. Thus uranium in all. stages of
operation will remain unfit for weapons use and allow easier compliance to existing regulations and
the Nuclear Non-Proliferation Treaty. It is hoped that a pure Th-2 33U cycle can be shown to be
equally proliferation resistant but it is obviously prudent to plan for both options. In practice
running denatured would entail having both thorium and depleted uranium in the blanket salt such
that the uranium remains denatured in the blanket as 233U is produced. Running a denatured cycle
entails significantly increased production of plutonium and other transuranics which would need to
be recovered and re-injected to the core during processing for fission products. This adds to
complexity but if the processing cycle time is greatly lengthened compared to the traditional 20 day
cycle, this results in very small daily processing needs. Running a break even denatured cycle was
calculated to be possible for a graphite moderated Single Fluid design17 in the late 1970s so it should
be little problem to -break even for a 2 Fluid graphite moderated version. For homogeneous
versions, there will undoubtably be a lower limit on the fissile molar concentration and thus
spectrum hardness to overcome 238U resonant absorptions. This would mean a larger starting fissile
load is required, but this is easy to provide as low enriched uranium is ideal for startup in this case.

As a final reactor example, the 8 foot (244 cm) core case of ORNL can be examined. This had 7%
ThF4 and 0.6% 233UF4 which represents approximately a 1200 kg/GW(e) starting, fissile load for a
total salt volume of 15 in3 . In cylindrical geometry this would be a core close to 2 m in diameter.



Again assuming a modest power density of 200 kw/L, and in this case a salt velocity of 1.3 m/s
gives an output of about 1000 MW(e) with a core length of only 4.2 meters.

Going to. higher fissile plus fertile molar concentrations in the core salt and the resultant harder
neutron spectrum has many advantages. Losses to fission products and protactinium are
significantly lowered as their cross sections drop off faster than for fissile elements. This results in
far less fuel processing requirements. Improving the neutron economy gives the ability to employ
other carrier salts that do not contain 7Li or Be as these elements are expensive and produce tritium.
Disadvantages include a shortening of the prompt neutron lifetime which can complicate reactor
control. The very strong negative reactivity coefficients aids in this respect. Also, the issue of
accidental criticality if salt spills can reach moderator has been raised. Proper design with boronated
leak pans guards against this and any potential energy release of a spill reaching criticality should be
small given that the salt would simply flash to vapor.

A potential plant layout for the above example is shown in Figure 6. Vertical core orientation is
thought best for a shorter core. The thick. blanket salt means almost no neutron flux reaches the
outer vessel wall. Thus it need not be very thick or contain reflective material. A drain line
activated by a freeze plug, drains the core to critically safe dump tanks should the salt temperature
rise. for any reason. A spill drain to dump tanks is also shown at the low point of the containment
structure.

Figure 6. Potential plant layout within containment for an inner core of about 2 meter diameter.
Secondary coolant salt transfers heat out of containment to drive a steam or closed gas cycle.



4. Conclusions

As the advantages of employing thorium have become widely recognized, it is time to formally
reexamine the reactor specifically designed for its use. As is hopefully now evident, molten salt
reactor designs offer great flexibility and advantages in almost all operational aspects. Costs of the
traditional Single Fluid design have been estimated to be roughly on par with LWR costs, such that
the great simplifications in design and fuel processing proposed here and elsewhere offer great
saving potential. Overall safety sees a multitude of advantages over other reactor designs and
denatured operation can be employed if even greater proliferation resistance is desired. Design and
modeling work is ongoing on these presented designs and numerous others giving the versatility to
adapt to design obstacles. For example, if a barrier between core and blanket proves unfeasible,
barrier free alternative designs are already being modeled.

While at present, government and industry support is sorely lacking worldwide, the research and
development needs1 8 are far less than many may imagine. Perhaps ORNLs greatest legacy. in this
respect has been their dedication to fully document all aspects of their work and this wealth of
-information is now readily accessible. While the lack of. after sale profits (enrichment, solid fuel
fabrication etc) may require a different business model to attract corporate interest, the potential
rewards are indeed great for any government, corporation or agency willing to take a leading role in
this vital effort.
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Abstract -To examine and demonstrate the feasibility of molten salt reactors to reduce long lived
waste toxicity and to produce efficiently electricity in closed fuel cycle some national and
international studies were initiated last years. In this paper main focus is placed on experimental
and theoretical evaluation of single stream MOlten Salt Actinide Recycler & Transmuter
(MOSART) system fuelled with compositions of plutonium plus minor actinide trifluorides (AnF3)
from PWR spent fuel without U-Th support. The paper summarizes the most current status of the
MOSART design data received within ISTC#1606 phase 2.

I. INTRODUCTION

Recent years have demonstrated a growing interest in
the nuclear energy systems employing the technology of
molten salt fluorides. Among the systems selected in GIF
Generation IV, Molten Salt Reactors (MSR) presents a
promising flexible option in response to the goals and
criteria assigned to future nuclear systems: fuel cycle
sustainability, safety, environmental impact, proliferation
resistance, diversity of applications and economics.

A study is underway within ISTC#1606 phase 2 to
examine and demonstrate the feasibility of'MOlten Salt
Actinide Recycler & Transmuter. (MOSART) system to
reduce long lived waste toxicity and to produce efficiently
electricity in closed cycle.1 3 Focus is placed on the
experimental and theoretical evaluation of single stream
MOSART concept fuelled with different compositions of
plutonium and minor actinides from LWR spent fuel
without U-Th support.

These studies are performed in the 'following main
work packages:
I. Study on system's neutronic, thermal hydraulic and,

fuel cycle properties , accounting for technology
constrains.

2. Experimental consideration of fuel salt key physical
& chemical properties

3. Experimental verification of Ni-Mo alloys for fuel
circuit in corrosion facilities with redox measurement

As result of ISTC#1606 Phase 1 studies claim was
made, that the solvent system selected appear to resolve
main reactor physics, thermal hydraulics, fuel salt clean up
and safety problems as applied to the Li,Be,Na!F
MOSART concept'.

This paper summarizes the most current status of the
MOSART design data received within ISTC#1606 phase 2.

II. DESIGN CONSIDERATION

Design basic objective for MOSART concept is to
provide the fissile concentration and geometry of the fuel
salt to obtain heat release of about 2400 MWt at conditions
affording the effective transmutation of plutonium and
minor actinides from LWR spent fuel without U-Th
support.

The fuel and coolant salts, graphite and Ni-Mo alloy
are special materials for MOSART, which have been
studied and developed at first in ORNL4'5 , later RRC-
Kurchatov Institute and now under consideration within
ISTC#16064'5 . Principal design data for MOSART fuel
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circuit received in our study are given in Tables I and I1.
Plan view of MOSART fuel circuit is shown on Fig. 1.

There is, of course, not one possible arrangement of
MOSART unit. Fig. I shows the preliminary primary
system design configuration that is used to evaluate its
neutronics and thermal hydraulics feasibility. As in well-
established MSBR4 design the fluoride fuel salt mixture is
circulated through the reactor core by four pumps
operating in parallel. Pumps circulate salt through heat
exchangers and return it to a common plenum at the
bottom of the reactor vessel. Each circuit contains a I m3/s
single stage centrifugal pump and a shell-and-tube heat
exchanger.

by a bubble generator and subsequently removed by a gas
separator. Provisions are made for maintaining soluble
fission products at low required level by fuel salt
processing. To minimize actinide losses in reprocessing we
considered removal time about 300 edpf for soluble fission
products (rare-earth trifluorides). The reactor is capable of
being drained essentially free of salt and afterheat
following shutdown can be safely dissipated.

TABLE I

Principal Design Data

MOSART MSBR
Thermal capacity, MWt 2400 2250
Reactor vessel ID, m 4.54 4.43
Vessel wall thickness, cm 5.5 5.1
Vessel design pressure, N/m2  5.210' 5.2 10
Core height m 3.6 3.96
Radial thickness of reflector, cm 20 76.2
Volume fraction of salt in core,% 100 13/37
Average core power density, MW/m3  75.0 22.2
Peak core power density, MW/mJ 163 70.4
Average neutron flux, ncms' 1 2.6 1014

Max graphite damage flux, n'cmn2 "s 1.45 10" 3101Ti
>180keV >50keV

Graphite temperature at max graphite 1084 982
damage region, K
Estimated useful life of graphite, yrs 4 4
Total weight of graphite, t 20 304
Average salt velocity in core, m/s 0.5 1.3
Total fuel salt in reactor vessel, m3  40.4 30.4
Total fuel salt in primary system, m3  56.2 48.7
Cycle time for salt inventory, efpd 300 30

The start up and feed fuel material scenarios for
MOSART critical core are following: 1) TRU from UOX
spent fuel of a commercial PWR (60 GWd/tU - 4.9%
235U/U; after I year cooling); 2) 4.9% '3U/U irradiated in
PWR up to 60 GWd/tHM (Stage 1); after 7 years cooling
the Pu from the spent fuel it is used for MOX fuel
production with natural uranium and 7% Pu; after 3
additional years of MOX fuel production, this fuel also
irradiated in PWR up to 60 GWd/tHM (Stage 2).
Remained Pu and minor actinides from Stage 1
irradiation, after 10 years cooling are the fuel for
MOSART.

Fuel salt is molten 15LiF-27BeF2-58NaF (in mole%)
mixture with 4791C melting temperature fuelled by
trifluorides of actinides with mass proportion at
equilibrium for chosen fuel cycle scenario. Lithium is
enriched to 99.99% 7Li. In the design of the MOSART, the
material that is specified for nearly all metal surfaces
contacting the fuel and coolant salts is an alloy, which is
modification of the present commercial Hastelloy N (see
Section III). The only exception is part of the chemical

Fig. I: MOSART Fuel Circuit

Heat is transferred from the primary salt to secondary
fluid NaF-NaBF 4 having composition 8-92 mole % and
liquidus temperature 3840 C. Each of the four secondary
circuits has a 1.3 m3/s centrifugal pump with variable-
speed drive. In addition to its primary functions of
isolating the highly radioactive primary circuit from the
steam system and serving as an intermediate heat transfer
fluid, the molten NaF-NaBF 4 mixture would play a major
role in limiting the release of tritium from MOSART
system.

Tritium, xenon and krypton are sparged from
circulating fuel salt by helium introduced in a side stream
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processing system, which are made of molybdenum, and
the infrequently used fuel storage tank, which is of
stainless steel.

2400MWt MOSART system has the cylindrical core
having an intermediate to fast energy spectrum of neutrons.
No solid material is present in the core of this reactor as
moderator. The salt inlet temperature in core is assumed as
6000 C. The diameter / height of the cylindrical core is
about 3.4 m / 3.6 m. The effective flux of such system is
near 1.101 5 n cm-2 s-. Fuel salt specific power is about 43
W/cm 3 . The core salt mass flow rate is 10000 kg/s.
Average axial velocity of stream in core is equal about
0.5m/s. The fuel salt enters the core through inlet radial
window at the bottom of core and the salt flow is upward
through the core to promote natural circulation. The fuel
salt leaves the reactor vessel through outlet pipe attached
tojthe top reflector. Out core circulation time is about 4 s.

TABLE 11

Characteristics of Heat Exchangers

MOSART MSBR'
Inlet/outlet fuel salt temperature, K 873/988 839/978
Fuel salt mass flow rate, kg/s 10000 11820
Secondary salt mass flow rate, kg/s 9400 8872
Fuel salt velocity, m/s 5 3
Tube spacing in heat exchanger on 12.2 18.8
pitch circle, mm
ID of central tube in heat exchanger, 0.57 0.51
m
Shell ID, m 1.05 1.73
Tube OD, mm 10 9.5
Total number of tubes in four heat
exchangers 18591 23584

Length of one heat exchanger, m 6.6 6.8
Total volume of fuel salt in heat
exchangers tubes, m3  6.2 7.6

Heat transfer coefficient, primary 17100
side, W/m

2

Heat transfer coefficient, secondary 17656
side, W/m

2

Overall heat transfer coefficient, 5700 4820
W/m 2

Pressure drop in heat exchanger, 660 890
primary side, kPa

For MOSART graphite reflector there is no strong
requirement on gas permeability (10-8 cm2/s), but molten
salt should be excluded from the open pore volume (pore
structure < 10-6m). Last requirement can be met by
currently available commercial graphite. Optimal thickness
for removable radial and axial graphite reflectors accounts
for 0.2 m. Cooling was provided for the reactor vessel and
other parts of design to keep temperatures within the
tolerances imposed by neutron fluence and stress
conditions. About 1% of the reflector volume is the fuel
salt. Owing to relative power in graphite reflectors the total

fuel salt flow rate through reflectors was chosen 275 kg /s
(2.75 % from the total flow). Neutron fluences and
maximum graphite temperatures are kept low enough to
provide an estimated reflector graphite life of about four
years. Thermal conductivity and density of the graphite
reflectors was accepted equal to the following values:
Xc = 57W~m-'KX and pc= 1800kg/m 3.

Between reflector and reactor vessel, 30 cm width
steel blocks with 1% of fuel salt are installed to reduce the
damage flux arriving at surface of the 5cm reactor vessel
wall made of Ni- Mo alloy. To minimize the reactor vessel
wall temperature the 5mm fuel salt annulus is assumed
between iron blocks and reactor vessel.

The reactor vessel is about 4.54m in diameter and 11.2
m high. It has 55mm thick walls and 75 mm -thick dished
heads at the top and bottom. The 15 cm diameter fuel salt
drain line connects to the bottom of the reactor vessel inlet
manifold. The reactor vessel is expected to last of the life
of the plant. The reactor is capable of being drained
essentially free of salt and afterheat following shutdown
can be safely dissipated.

III. CORE NEUTRONICS, THERMAL HYDRAULICS
AND FUEL CYCLE

The equilibrium fuel salt composition was obtained
with the help of MCNP-4B+ORIGEN2.1 code (with
library received on the basis of ENDF/B-V,VI) calculation
of transition to equilibrium of 2400MWt MOSART core
with soluble fission product removal time equal 300 efpd.

For 2400MWt homogeneous cylindrical core with
20cm nickel and graphite reflectors at equilibrium critical
loading 3D power distribution maps have been obtained.
Differ from Ni reflector for graphite one there is the power
growth (up to 60% from the maximal value in the core
centre) on the boundary of the fuel salt and graphite
reflector due to thermal neutrons return to the core. The
total power outputs due to n+y radiation for the graphite
and nickel reflectors have been obtained. The relative
power in graphite and nickel reflectors are 2.2% and
1.7% of total core power respectively.

On the basis of 3D power distributions received in
neutronics calculations for cores with reflectors the
thermal hydraulic calculations have been carried out.
Calculations were executed by Russian commercial code
Flow Vision. Various possibilities of fuel salt inlet / outlet
for core cylindrical geometry with fuel salt cooled
reflectors have been analyzed. The expediency of use of
reflectors of porous type was shown.
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Calculations of the coupled thermal hydraulics task
(fluid convection in core with thermal conductivity in
reflectors) have allowed (1) due to increase of height of
radial fuel salt inlet window from 0.1 m up to 0.5 m and
(2) using top conic reflector, instead of a flat one, to carry
out alignment of core velocity distribution. Alignment of a
velocity distribution has resulted in significant reduction of
the maximal fuel salt temperature in core from 1385K
down to 1107K. The peak temperature of a radial reflector
has made 1142K1 in the bottom and top reflector -
accordingly 1098K and 1085K. However in the bottom
part on periphery of core small recirculation area was kept.

Introduction of the distribution plate at core inlet with
porosity of 32 % has allowed completely to avoid
recirculation areas of flow and to lower the maximal
temperature of fuel salt to a level 1034K, that only 46K
higher than average fuel salt temperature at core outlet.
The maximal temperature of radial nickel reflector has
made 1119K, of bottom and top reflectors - accordingly
1096K and 1063K.

Transition to graphite reflector for given power
distributions essentially has not changed significantly the
characteristic (velocity and temperature distributions of
fuel salt) in core and reflectors. The maximal temperature
in core has increased on 2K and has made 1036K. The
temperature of a radial reflector has decreased in
comparison with similar variant with a nickel reflector
from 1119K down to 1087K, temperatures of the bottom
and top reflectors have decreased on 10K and 20K
accordingly.

The optimized MOSART core configuration satisfies
the two most important thermal hydraulic considerations:
(1) the maximum temperature of solid reflectors is low
enough to allow it use for suitable time and (2) regions of
reverse or stagnant flow are avoided.

Further specification of thermal hydraulics
characteristics of core and reflectors may be received by
use of two-temperature model of a porous body. Also it
will be necessary to take into account reactor vessel
protection required, by e.g. 30 cm width iron blocks with
1% of fuel salt installed to reduce the damage flux arriving
at surface of the reactor vessel wall made of Ni-Mo based
alloy. To minimize the reactor vessel wall temperature the
5mm fuel salt annulus would be assumed between iron
blocks and reactor vessel.

Received on a thermal hydraulic stage of calculation
the improvement of MOSART core design and 3D
temperatures distributions of the core and reflectors were
used for specification of system neutronic characteristics
(see Fig. 2 and 3). As can see from Fig. 2 for last core

configuration the required AnF3 concentrations in fuel salt
for equilibrium critical loadings, as for the scenario 1 (1.03
mole%, compared to 0.6 mole% for infinite core) and for
the scenario 2 (1.30 mole% compared to 0.8 mole% for
infinite core), remain truly less than trifluorides solubility
limit (2 mole%) for chosen carrier salt at minimal
temperature in primary circuit 600 0C, even in view of
probable uncertainties in the neutron cross-sections of
minor actinides. Contribution to the system's neutron
balance of the nuclides up to 25 1Cf was considered. Note,
that at equilibrium, AnF3 concentration (in mole%) is
about one order of magnitude higher than that of LnFj in
fuel salt. Transient to equilibrium in 2400MWt MOSART
core needs about ten years. Masses of plutonium and minor
actinides in primary circuit at equilibrium according
MCNP calculation for scenario 1 and scenario 2 are
respectively 7320 kg and 9346 kg.
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Fig. 2 Fissile AnF3 concentrations for different MOSART
start-up and feed fuel salt compositions at transient to
equilibrium: a-infinite in radial direction core, b-finite core
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Fig. 3. Actinides mass fraction in MOSART: Scenanio 2

Data obtained as a result of the bum up calculations
permit to determine integral parameter, characterizing
system efficiency for plutonium and minor actinides
transmutation:
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N (t)

where Nru (t) and N "1 ' (t) -full amount,

respectively, loaded and burned plutonium plus minor
actinides during period t (this parameter is proportional to
the core thermal power and reaches its maximum in critical
system of MOSART type fuelled by only plutonium and
minor actinides).

If we deal with the critical system loaded by only
plutonium and minor actinides with relatively small
transition to equilibrium time:

I -l M EE zK -(T= I + 4-EfE + '

K, (T) P7f'jr7T

where T-lifetime of the fuel loading, ME-equilibrium
plutonium and minor actinides loading, P - thermal power
of the system, Ef - fission energy, I/r, - soluble fission
product removal rate; z,- losses to waste.

As can see KG aspires to maximal meaning for the
systems with long lifetime T, minimal possible equilibrium
specific loading (ME /P) and minimal losses to waste in
fission products removal process (z/r). For the case of
actinides losses to waste stream in single pass z =10-3 and
T=50 yrs / factor responsible for transmutation efficiency
and equal 0.95 for the infinite in radial direction core
loaded by scenario I is decreased for the case of 3D finite
core down to 0.83. For scenario 2 last value is equal 0.80.

The experimental data on fuel salt density obtained
(see next Section) have been used for calculation of
temperature reactivity coefficients in 2400MWt MOSART
core with 0.2m graphite reflector for the equilibrium
critical fuel loading in the temperature range 900 - 1600K.
Calculations have been done in assumption of core
isothermal fuel salt temperature and on base of 3D
temperature distributions for core operating at nominal
power, received in thermal hydraulic calculation. The
account of temperatures distribution in the core operating
at nominal power, make temperature reactivity coefficients
more negative, compared to isothermal core. For last case
they are equal to - 4.125 pcm/K and - 6.625 pem/K for the
first and the second scenarios of the equilibrium critical
loading, respectively.

Within IAEA coordinated research "Studies of
Innovative Reactor Technology Options for Effective
Incineration of Radioactive Waste" the comparison of
2400MWt MOSART core neutronic characteristics (for
scenario 1) by different calculation schemes was carried
out'. The received results have confirmed essential

distinction in cross-sections of minor actinides used in
different libraries. At the same time the results obtained
with the help of different codes, but with the use of the
same nuclear data coincide rather well. The disorder in
values of K-eff is near 2.5 %. Thus the maximal value
gives JEFF3.1, and minimal ENDF6.8.

Work on comparison of neutronic, thermal hydraulic
and safety related parameters of MOSART core, obtained
by different calculation schemes with attraction of new
results will be continued.

Fig. 4 shows preliminary conceptual flow sheet for
MOSART fission products clean up unit. Most important
processing operations consist in recycling of actinides for
transmutation and removal of lanthanides in order to hold
actinides plus lanthanides concentration in the fuel salt
below the solubility limit and neutron absorption in
lanthanides to acceptable level.

UNB,BI/F+FP+AnF3

xe, Kr UNaBe/F÷0.9LnF,

X,• Kr _N Li, N

He

U,Na,BeiF.(O.99An+O. 1Ln)F,

Fig. 4. Conceptual scheme of MOSART fuel salt clean up

At the first stage of the fuel salt clean up all actinides
and some of fission products (noble metals, zirconium) are
co-extracted into liquid bismuth. At the second stage
lanthanides are separated from the Li,Be,Na/F solvent by
method of salt distillation. This method of lanthanides
removal is under consideration, because our last
experiments indicate that in lanthanides extraction process
the large amount of sodium is removed into liquid bismuth
from Li,Be,Na/F system. Further, the actinides are re-
extracted and recycled to the core for transmutation.
Sodium extraction could be sufficiently decreased by
sodium addition into liquid bismuth.

The Li,Be,Na/F salt distillation process could produce
some problems, because of high temperatures (1200-
13000C) needed to achieve necessary distillation capacity
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(about 0.2 m3 per day). However, these difficulties would
be managed. For example, the amount of salt distilled
could be sufficiently decreased by preliminary
crystallization of the main part of lanthanides in cold traps.

IV. PHYSICAL END ELECTROCHEMICAL
PROPERTIES OF FUEL SALT.

IV.A. Physical Properties

Below are listed the main physical properties of
molten 15LiF-27BeF 2-58NaF (mole %) and 17LiF-58NaF-

25BeF 2 (mole%) mixtures received to be used in the
design calculation:

Composition 15LiF-27BeF 2 -58NaF (mole %)

corresponds to ternary eutectic with liquidus temperature
479±2°C Liquidus temperature was determined using
curves of heating and for composition 17LiF-25BeF2 -

58NaF (mole%) is equal to 486±2°C.

PuF3 solubility in the melt was measured by original
technique of local y-spectrometry. It provides reliable
determination of equilibrium in system melt-solid state and
measurement with relative error less than 9%. For molten
17LiF-25BeF 2-58NaF and 15LiF-27BeF 2-58NaF mixtures
(in mole %), the data appear to follow a linear relationship
within the experimental accuracy of the measurements
when plotted as In P of molar concentration of PuF3 vs.
1I/T(K), respectively:

In P = -0,6334 .- + 8,38
T

In P -0,5936 .10 + 7,49
T

For molten 15LiF-58NaF-27BeF2 and 17LiF-58NaF-
25BeF 2 (mole%) mixtures the following solubility of PuF3
was obtained in our study: 1.33 and 1.94 mole % at 550'C
and 1.94 and 3.00 mole % at 6000 C. The effect of NdF3 on

the solubility of PuF3 in molten 17LiF-25BeF 2 -58NaF
(mole %) mixture was determined. Presence of EuF2 up to

0.3 mole % in solvent did not affect PuF3 solubility in

molten 17LiF-25BeF2-58NaF (mole %) mixture.

Density of the melts has been measured by hydrostatic
weighting method in temperature range 482 - 770 0C. The
mistake of measurement is estimated as 0.9 %. The
following correlation of density on temperature of molten
15LiF-58NaF-27BeF 2 and 17LiF-58NaF-25BeF2 (mole%)
mixtures are obtained respectively:

p[ g/cm 3]= 2.16340.0023 - (4.06±0.29)l0-4 (t[0 C] - 601.4)

p[ g/cm3]= 2.150±0.0029 - (3.34±0.44)l0-4(t[0 C] - 678.5)

Analysis of experimental data shows, that for molten
15Li.F-27BeF 2-58NaF (mole%) mixture value (-4.06±0.29)
10-4 [g/(cm 3K)] can be recommended for factor dp/dt.
Processing of experimental data for 17LiF-58NaF-25BeF 2
gives value dp/dt = (-3.34+0.44)1 0 4 [g/(cm 3K)].

Thermal conductivity of molten Li,Be,NaIF system
has been measured by monotonous heating technique in
temperatures range 500-7500C. Total dispersion of
measurements is determined by accuracy of calibration and
estimated as 15 %. The following correlation are obtained
by least squares method:

X (W/(m K)) =0.838 +0.0009 [t ("C) - 610.3]

Viscosity of different molten Li,Be,Na/F mixtures
have been measured by method of attenuation torsional
oscillations of the cylinder with melt under study in a
temperature range from freezing up to 8000C. Accuracy of
measurement is 4-6 % (dispersion). Dependence of 15LiF-
27BeF2-58NaF (mole %) mixture kinematic viscosity vs
temperature in the temperature range 480 - 800 C ,is
represented as:

v(m 2 /s) = 0.1360exp {2914/T(K)}

Addition to molten 15LiF-27BeF 2-58NaF (mole %)
mixture of I mole % CeF 3 (as PuF 3 proxy) leads to some
decrease of kinematic viscosity. This effect is negligible at
high temperatures, and grows up to 25-30% at temperature
decreasing down to 550°C.

Heat capacity for temperature range from 700 to 1000
K was evaluated basing on data molten for binary systems
and individual components: CP = 2090 J.kg- K-

Vapor pressure (in Pa) was evaluated by ideal mixture
method basing on data molten for binary systems and
individual components:
In p = 18.920 - 1.469 10-4 T(K) - 25283/T + 0.9819 In(T).

IVB. Electrochemical Properties

The electrochemical behavior of PuF 3, NdF3 and ZrF4
solutions in 15LiF-58NaF-27BeF 2 and 60LiF-4ONaF (mole
%) melts were studied by cyclic voltammetry (CV) with
linear potential sweep and chronopotentiometry methods.
60LiF-4ONaF (in mole %) melt was investigated as
possible alternative solute for electrochemical separation
of actinides and lanthanides. The concentration of PuF 3 in
fluoride melts investigated was equal (0.3-1). 10.
mole/cm 3.
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The main results of the experiments carried out:
* In 15LiF-58NaF-27BeF 2 melt plutonium is deposited
on molybdenum cathode earlier than beryllium;
* Difference of deposition potentials of plutonium and
beryllium in 15LiF-58NaF-27BeF 2 melt is equal AEMp.a =
0.15±0.02 V (913K) and for plutonium and neodymium
this value is estimated as AEu.Nd = 0.3 V;
* Difference of deposition potentials of Pu and Na in
60LiF-4ONaF is equal AEpu.Na = 0.30±0.02 V (1023K);
* Deposition potentials of Nd in 60LiF-4ONaF melt
containing NdF 3 is more negative than deposition potential
of sodium; therefore Na is deposited on solid Mo working
electrode (WE).

CVs of 15LiF-58NaF-27BeF 2 and 60LiF-4ONaF (mole
%) melts with PuF 3 addition are presented in Fig. 5 and 6.
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An assumption was made concerning the alloying of
plutonium with Be and Ni in the process of plutonium ions
electrochemical reduction in fluoride melts under
investigation. Based on the experimental results received it
is possible to assert, that electrowinning on solid cathodes
could be used for fuel salt clean up from corrosion
products and for An/Ln separation. Further studies are
necessary in order to determine the nature of Pu-Ni
alloying and its utilization in the process of plutonium
recovering from fuel salt.

Fig. 6. CV of PuF3 (3.1-10"5 mole/cm 3) in LiF-NaF melt for
v = 0.05,0.1, 0.2,0.5 V/s. WE - Mo (Sý 0.4 cm

2
), RE - Mo.

T=1023K.

IVC. Validation of NiINiF2 Reference Electrode

The emf method and cyclic voltammetry were used to
study different electrochemical cells with a nickel RE
placed in a graphite container having an insulating PBN
coating. A bridge of the salt melt in a capillary 0.1 mm
diameter provided the ionic conduction. The conditional
standard potentials of sodium and beryllium were
evaluated at temperatures of 800 to 1000 K. The
thermodynamic functions AH*, AS* and AG* of oxidation
reactions of sodium and beryllium by NiF2 solutions in the
17LiF-25BeF 2-58NaF (mole%) melt were calculated.

It was found that NiF2 solutions in molten 60LiF-
40NaF and 17LiF-25BeF2 -58NaF mixtures were very
sensitive to changes of the composition and redox potential
of the environment (the gaseous atmosphere, the test melt).
As a result, a nickel powder or nickel films were formed
on the container walls, in the bulk and on the surface of the
melt during long-term experiments. The decrease in the
NiF2 concentration of the RE standard melt led to an
uncontrolled drift of the RE potential and erroneous
measurement of the emf. Precipitation of metallic nickel
from the melt caused plating of the RE capillary and
appearance of the electron conduction on the walls of the
salt bridge. Ultimately, a short circuit occurred between the
half-elements of the electrochemical cell.

Fig. 5, CV of PuF3 (5.10"5 mole/cm 3) in 15LiF-27BeF 2-
58NaF melt for various scan rate. WE -Mo (Sx 0.5 cm2), RE -
Mo. T=853K.

Equilibrium electrode potentials of Pu3+/Pu° and
Be2+/Be° couples in I5LiF-27BeF2-58NaF and Pu 3+/Pu°
and Na+/Na° couples in 60LiF-4ONaF (mole%) melts are
equal:

Epo+n~o •-1.75±0.05V (NaLi,Be/F; 893K)
Ew+n~= -1.90±0.01V (NaLi,Be/F; 893K).
Epw+/puo z-1.63±0.02V (NaLi/F; 1023K);
ENO+,Nd< EN,+Nae-l.93±0.01V (NaLi/F; 1023K).

Equilibrium electrode potentials were measured with
respect to reference electrode (RE) based on Ni/NiF2
(redox couple Ni2+/Nio, 1 mole % NiF2 in fluoride melts).
The behavior of the reference electrode used was not
stable. For this reason it is necessary to regard these
equilibrium electrode potential values as assessed values. A
value of the diffusion coefficient of Pu3+ ions in the 15LiF-
58NaF-27BeF2 melt with addition of PuF3 (9.10'5
mole/cm 3) calculated using the Randles-Sevcik equation is
equal Dpu+ % 5_10"5 cm 2/s (T=893K).
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The thermodynamic simulation of the reactions taking
place in the systems under study suggested that at the
experimental temperatures PBN interacted with NiF2
solutions by an endothermic reaction, which was followed
by the formation of nickel, NaBF4 and nitrogen (Fig.7). As
a result, the PBN insulator lifetime on the surface of RE
graphite container is limited and decreases with growing
temperature.
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Fig. 7. Variation of the assigned equilibrium composition of

the initial reaction mixture (1 7LiF-25BeF2 -58NaF) + 0.5 mole %
NiF 2 when additions of boron nitride were introduced in sequence
at 500 *C.

Advances in the development of a simple reliable
nickel RE are possible, if following R&D will be
performed:
9 Development of designs providing isolation of the nickel
RE from the cell atmosphere and preventing the direct
contact of salt melts with the NiF2 solution in the RE half-
element;
* Selection of up-to-date solid electrolytes and inert
insulating materials for solid ion conducting membranes,
which would preserve their properties over a wide interval
of the redox potential of the fluoride salt melt;
* Development of reliable methods for protection of the
container and membrane materials against corrosive salt
melts; the use of up-to-date coating deposition
technologies for this purpose;
e Standardization of methods for production of containers
with ion conducting diaphragms (membranes)

V. MATERIALS COMPATIBILITY

ISTC#1606 corrosion task include following stages:
a Compatibility test between Ni-Mo alloys and molten
I 5LiF-27BeF2-58NaF salt in natural convection loop.
* Study on PuF3 addition effect in molten 15LiF-
27BeF2-58NaF salt on compatibility with Ni - Mo alloys.

* Te corrosion study for molten I5LiF-27BeF2-58NaF
salt and Ni-Mo alloys in stressed and unloaded conditions.

Material specimens of three Hastelloy N type modified
alloys, particularly: RF HN80M-V1 with 1% of Nb, RF
HN80MTY with 1% of Al and MONICR (Scoda, Chez
Republic) we chosen for our study in corrosion facilities 4.

The design provides tests of the materials specimens
in loop at molten salt heat up about I 00C and its flow rate
up to 5 cm/s (Re >3000). This loop includes the system for
redox potential measurement during corrosion studies. It is
installed inside the hot cell for operations with actinides.

Results of 1200 hrs loop corrosion experiment with
on-line redox potential measurement demonstrated that
high temperature operations with Li,BeNa/F salt are
feasible using carefully purified molten salts and loop
internals. In established interval of salt redox potential
1.25-1.33 V relative to Be reference electrode, corrosion is
characterized by uniform loss of weight from a surface of
samples with low rate. Under such exposure salt contained
respectively less than (in mass %): Ni - 0.004; Fe -0.002;
Cr- 0.002. Specimens of HN80M-VI and HN80MTY from
hot leg of loop exposed at temperatures from 6200 C till to
6950 C showed uniform corrosion rate from 2 pm/ year to
5 pai/ year. For MONICR alloy this value was in the range
of 9 - 19 tm/ year.

It was not found any significant change in corrosion
behavior of materials samples in melt due to the presence
of 0.5 mole % PuF3 addition in Li,BeNa/F salt. Specimens
of HN80M-VI from the loop exposed during 400 hrs at
temperature 6500 C showed uniform corrosion rate of
about 6 lim/ year. Under such exposure salt contained
respectively about (in mass %): Ni - 0.008; Fe -0.002; Cr-
0.002. It was not found any traces of intergranular cracking
for all specimens after loop tests even in the melt with
PuF3 addition. Data of chemical analysis of specimen's
surface layer showed decrease of the chromium contents
by the 10-20 pm.

As first step of Te corrosion study ampoule tests with
Cr3Te4  source were done. The alloy resistance to
intergranular cracking was estimated by parameter "K",
which is value equal to product of cracks number on 1 cm
length of longitudinal section of specimen subjected to
tensile strain, multiplied by average cracks depth in Jim.

The first set was made for unloaded conditions with
well-purified salt reduced by metallic beryllium, and the
second one - with addition of nickel difluoride. In the first
set of ampoules after 100hr exposition at 6500 C in 15LiF-
58NaF-27BeF2 melt containing (in mass.%) respectively:
Te<0.01; Ni - 0.008; Fe -0.02; Cr< 0.001 the traces of
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intergranular cracking were found only on MONICR
samples (K = 30 pc.pm/cm). For the second set with melt
containing (in mass.%): Te<0.01; Ni-0.26; Fe-0.0095; Cr-
0.39 microphotographs showed that the surfaces of all
alloys are full of cracks along the grain boundaries to the
depth from 30 p.m up to 60 Vm: MONICR (K =7920
pc.p.m/cm), HN80M-VI (K =3420 pc.p4m/cm) n
HN80MTY (K= 1040 pc.p.m/cm).

Studies on Te, addition effects in molten 15LiF-
27BeF2-58NaF salt (mole%) on compatibility with Ni -
based alloys both in stressed and unloaded conditions in
corrosion test facility with redox potential measurement
are underway now within ISTC#1606 and more new
experimental results coming soon.

IV.SPECIAL MATERIALS INVENTORIES

As can see from Table III total inventory of LiF-NaF-
BeF 2 in the primary system will make, approximately, 120
I (from them the reactor vessel will contain approximately
86 t of salt). Thus, for primary system is required 71.4 1
NaF, 11.4 t 7LiF (3.1t of 7Li metal) and 37.2t BeF 2. In case
of enrichment 7Li up to 99.99 % the cost of the salt solvent
inventory will make 3 000 000 $ at the price 170 $/kg on7LiF 2 and will increase up to 10 700 000 $ at cost 800
$/kg on 7Li 5. We shall remind, that only initial inventory
of fuel salt in MSBR2 demanded more than 50 t 7LiF,
respectively. Thus, transition from the 7LiF-BeF2-based salt
used in MSBR, to 7LiF-NaF-BeF 2 mixture used in
MOSART, allows essentially to decrease the cost of initial
solvent inventory due to minimization of expensive 7Li
amount. Cost of the secondary coolant is accepted equal
5$/kg. At total volume of the secondary coolant in the
system 240m 3, its cost will make near 2 300 000 $.

MOSART reactor vessel will contain up to 20 t of the
graphite reflector demanding replacement of each 4 years,
and about 175t of steel shielding. For comparison, the
graphite initial inventory in MSBR makes 304 t, and the
central part of core is subject to replacement each 4 years.
It demands the additional charge of graphite 44 t/year.
Thus, after 30 years of MSBR operation at NPP will be
collect about 1200 t of irradiated graphite, in comparison
with 160 t for MOSART system. The total cost of graphite
(at specific cost 30 $ / kg) required 30 years MOSART
operation will not exceed 5 000 000 $.

The carried out estimations of capital making cost of
MSBR included significant uncertainty because of
uncertainties in design. From them, in particular, followed,
that cost of primary and secondary salt carriers was
insignificant compared to the total capital investments in
the plant, whereas expenses for components made from
Hastelloy NM (29 %) and graphite (6 %) made about 35
% from the total capital investments. In cost of

components made of Hastelloy NM cost of an alloy itself
made about 33 %, and 67 % of cost concern to expenses
for manufacturing of the main components of primary
system. Already it is now obvious, that relative cost of a
graphite reflector in MOSART capital making cost will
make less than I % valid essentially smaller amount of a
used material and less strict requirements to its gas
permeability.

TABLE III

Materials inventories MOSART and MSBR systems

MOSART, t MSBR, t
Fuel inventory 7.32 (9.35)" (1.47 +68)**
7LiF-NaF-BeF 2  120 162

NaF-NaBF4  456 456
Graphite 20 304

Hastelloy NM 1280 1377
Steel 3028 2840

*) Pu and minor actinidcs for scenarios 1 (2), **) U+Th

The basic contribution to capital cost of MOSART, as
well as in project MSBR, will bring the equipment made of
alloy Hastelloy NM. As the weight and sizes of the main
circulation pumps (hence, and their cost) not so strongly
depend on capacity, transition from MSBR to MOSART
conditions will change a situation insignificantly.
Transition from the LiF-BeF2-ThF 4 fuel salt used in MSBR
to LiF-NaF-BeF 2 system, used in MOSART, will allow due
to the better transport properties of last a little to improve
specific heat removal (to lower metal consumption) in
intermediate heat exchanger by 10 %.

The analysis allows planning a actions directed on
reduction of cost for MOSART primary and secondary
systems equipment. First of all, it is represented expedient
instead of shell-tube heat exchanger to use plate type heat
exchanger, made of foffered sheets with I mm thickness. In
such heat exchangers higher specific heat removal and
cheaper sheet material allow to decrease cost considerably.

2400MWt MOSART system will demand 1280 t of
Hastelloy NM for components of the primary and
secondary circuits, that approximately on 100t lower, than
in the MSBR. Consumption of Hastelloy NM in the
primary and secondary circuits of MOSART is
approximately equal. If to accept specific cost of Ni-Mo
alloy chosen for MOSART 50 $./ kg (it is in 6-8 times is
higher than cost of products made of stainless steel) at
mass 1280t, cost of a material of components of the
primary and secondary circuits in 2400MWt MOSART
system will make about 64 000 000 $. The price of this
alloy was determined roughly on the basis of ratio between
the average cost of sheet and high-quality hire from
Hastelloy N in conditions of US manufacture of in 1969-
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1970, making then for a sheet of 22 $ / kg, 55 $/ kg for

nozzles and covers, and 66 $/ kg for heat exchanger tubes.2

V. CONCLUSIONS

In study main attention has been paid to single fluid
Li,Be,Na/F MOSART system with design objective to
provide the fissile concentration and geometry of the fuel
salt to obtain heat release of about 2400 MWt at conditions
affording the effective transmutation of plutonium and
minor actinides s from LWR spent fuel without U-Th
support.

It is important that, as result our studies for molten
LiBe,Na/F system, was found quite wide range with
minimal of LiF (17-15 mole%) and of BeF2 (27-25mole%)
content in the ternary composition, which provide fuel salt
able to get PuF 3 solubility of 2 and 3 mole%, respectively,
at 6000 C, to keep adequate melting point (<500'C) and
very low vapour pressure, to have good nuclear properties,
low activation, suitable transport properties, to be well
compatible with the materials in the system and moderately
expensive.

2400MWt MOSART system has homogeneous core
with intermediate - to- fast spectrum of neutrons. The fuel
salt specific power is about 43 W/cm 3. The effective flux
of such system is near Ixl015 n cm 2 s-. At equilibrium
state for both 'scenarios of start up and feed actinides
compositions and the soluble fission product removal cycle
300 epdf for cores with different reflector parameters
considered, the AnF 3+LnF 3 concentration in fuel salt is
truly within the solubility limit for molten 15LiF-27BeF2-
58NaF (mole %) at minimum fuel salt temperature in
primary circuit of 600TC. Minimal AnF 3+LnF 3 critical
concentrations at equilibrium were received for core with
0.2m graphite reflector.

2400MWt MOSART core of homogeneous
configuration can satisfy most important neutronic and
thermal-hydraulic considerations: (1) AnF 3+LnF 3
concentration in fuel salt is truly within the solubility limit
of AnF 3+LnF 3 for molten 15LiF-27BeF2-58NaF (mole %)
at minimum fuel salt temperature in primary circuit of
600'C for both fuel cycle scenarios under consideration;
(2) core with 0.2m graphite reflector in the temperature
range 900-1600K has strong negative temperature
reactivity coefficients (- 4.125 pcm/K and - 6.625 pcm/K
for the first and the second scenarios of the equilibrium
critical loading, respectively); (3) regions of reverse,
stagnant or laminar flow are avoided and (4) the maximum
temperature of solid reflectors is low enough to allow it
use for suitable time.

Preliminary calculations of kinetic and dynamic
characteristics of the MOSART system indicate that it
would exhibit high levels of controllability and safety 3.
System would also posses inherent dynamic stability and
would require only modest amounts of reactivity control
capability.

Preliminary consideration of environment effects
indicate that MOSART system could have attracted
performance and actinides transmutation efficiency
features while providing lower total materials inventories
and waste compared to prior MSR designs, including
MSBR (e.g., it allows significantly reduce to the order
mass flows of graphite and 7Li enriched of 99.99 % in the
design).

While a substantial R&D effort would be required to
commercialize MOSART, there are no killing. unresolved
issues in the needed technology. The major technical
uncertainties in the conceptual design are in the area of
tritium confinement, fuel salt processing and behavior of
some fission products.
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Abstract - Molten salt reactors (MSRs) are liquid-fuel reactors that can be used for producing
electricity or hydrogen as well as burning actinides and producing fissile fuels (breeding).
Fissile, fertile, and fission products are dissolved in a high-temperature molten fluoride salt
with a very high boiling temperature (-1400'C). The fuel salt flows through a reactor core,
where fission occurs within the flowing salt; through an intermediate heat exchanger; and back
to the reactor core. An intermediate heat-transfer loop transports the heat to a turbine hall or
to a hydrogen production facility. Two experimental reactors were successfully built in the
1950s and 1960s. MSRs are being reexamined today because of their unique fuel cycle
capabilities and safety characteristics. A technology gap analysis has been initiated to
understand technological challenges .for development and deployment. Some technology
challenges have been resolved by new technologies that did not exist in the early 1970s when
the program was shut down. Other technological challenges remain. Six areas (power cycles,
fuel inventories, noble metal plate-out, fuel storage, high-level waste forms, and peak reactor
temperatures) were examined The results of the analysis are summarized

I. INTRODUCTION

Between 1950 and 19761 2 a large Molten Salt
Reactor (MSR) development program was conducted
in the United States, two test reactors were
successfully operated, a design of a I 000-MW(e)
reactor was completed, and plans were developed to
construct a demonstration reactor. Since then, little
research and development (R&D) has been done on
MSRs. This paper summarizes recent work3 that
identified technology gaps for deployment of MSRs
and general technical advances that have either
eliminated specific technology gaps or shown
pathways to potentially more economically viable
solutions.

The MSR was originally developed for the
aircraft nuclear propulsion program, where a very
high power density was required to minimize the
reactor size and hence the weight of the reactor
shielding. It was then developed as a breeder reactor
and was the backup option to the sodium-cooled fast
reactor. Ultimately, it was decided to concentrate
efforts on the development of a single breeder reactor
concept-the sodium-cooled fast reactor. These
billion-dollar programs created the base MSR
technology. The relatively trouble-free 8-MW(t)

Molten Salt Reactor Experiment (MSRE) provided
an effective demonstration of many aspects of the
reactor technology.

The MSR was chosen as one of the six
Generation IV reactor concepts because it uses liquid
fuel; that is, the fuel is dissolved in the coolant. All
of the other reactors use solid fuel. The liquid fuel
creates major advantages and some unique
challenges. In the three decades since the large-scale
MSR development program was undertaken, major
changes have occurred.

Technology. Advances in technology have partly
or fully addressed several of the technical
challenges that would be associated with full-
scale development of an MSR. Technological
advances have created the potential more capable
MSRs, such ag a very-high-temperature MSR for
hydrogen production and other new missions.

Goals. The original goal of the MSR was to
serve as a breeder reactor that produces
electricity. Current goals include hydrogen
production and a variety of different fuel cycle
missions including burning of actinides from
other reactors.
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° Requirements. The safety, environmental, and
nonproliferation requirements for all power
reactors have changed.

These changes imply that an MSR developed for
today's market may have significantly different
features than would have been required 30 years ago.
This paper reports on studies of six technological
challenges for a commercial MSR. The six areas
were chosen because they have significant impact on
commercial viability (economics and developmental
cost) and are generally applicable to all MSRs. For
specific missions, such as burning actinides from
other reactors, other mission-specific technical
challenges may exist. This paper reports on work
completed to date and is not a comprehensive
examination of all technical issues.

II. GENERAL DESCRIPTION OF THE MSR

In an MSR (Fig. 1), the molten fluoride salt with
dissolved fissile, fertile, and fission isotopes flows

through a reactor core moderated by unclad graphite.
In the core, fission occurs within the flowing fuel
salt, which then flows into a primary heat exchanger,
where the heat is transferred to a secondary molten-
salt coolant. The fuel salt then flows back to the
reactor core. The graphite-to-fuel ratio is adjusted to
provide the optimal neutron balance, an epithermal
neutron spectrum. In the preconceptual 1000-MW(e)
designs developed in the early 1970s, the liquid fuel
salt typically enters the reactor vessel at 565°C and
exits at 705'C and -I atmosphere (coolant boiling
point: -1400*C). Volatile fission products (e.g.,
krypton and xenon) are continuously removed from
the fuel salt. The secondary coolant loop with a
liquid salt transfers the heat to the Brayton power
cycle to produce electricity or a hydrogen production
facility. The term liquid salt denotes a clean fluoride
salt that does not contain fissile materials, fertile
materials, or fission products.

02-131R3

Reactor Multi-Reheat Helium
Brayton Cycle

Primary
Salt Pumr

Secondary
Salt Pump

Reactor

Fuel Salt
' Purified\ Salt A',

It Cooling Water

Chemical Processing
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Gas

(Emergency
Cooling and
Shutdown)

Fig. 1. MSR with multi-reheat helium Brayton cycle.
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As a liquid-fuel reactor, the MSR has two sets of
unique characteristics relative to solid-fuel reactors.

Safety. Under emergency conditions, the liquid
fuel is drained to passively cooled critically safe
dump tanks. By the use of freeze valves (cooled
sections of piping) and other techniques, this
safety system can be passively initiated upon
overheating of the coolant salt. MSRs operate at
steady-state conditions, with no change in the
nuclear reactivity of the fuel as a function of
time. Last, the option exists to remove fission
products online and then solidify those
radionuclides into a stable waste form. This
minimizes the radioactive inventory (accident
source term) in the reactor core and potential
accident consequences.

Fuel cycles. The liquid fuel allows online
refueling and a wide choice of fuel cycle options:
burning of actinides from other reactors, a once-
through fuel cycle, a thorium- 2 33U breeder cycle,
and a denatured thorium-2 33U breeder cycle.
Some of the options, such as a thermal-neutron-.
spectrum thorium- 233U breeder cycle require
online refueling and thus can not be practically
achieved using solid fuels. The use of a liquid
fuel also avoids the need to develop fuel or
fabricate fuel.

III. ANALYSIS OF TECHNOLOGY GAPS

A series of issues in the 1970s designs of MSRs
were identified, analyzed, and evaluated in terms of
technical solutions available today. Many 2 but not all
of these issues were identified in evaluation and
closeout reports of the MSR projects in the 1970s.

III.A. Power Cycles

When MSRs were being developed in the 1960s,
the only demonstrated power cycle for the large-scale
conversion of heat to electricity was the steam
(Rankine) cycle; thus, early MSRs (and liquid metal
fast reactors) were designed with steam power cycles.
The coupling of an MSRwith a steam cycle resulted
in a series of technical challenges. Since that time,
gas Brayton power cycles have been developed by
the aircraft industry and are now widely used in the
utility industry, with natural gas as the preferred fuel.
Direct and indirect Brayton cycles are also being
developed for various high-temperature reactors.
Indirect multi-reheat nitrogen or helium Brayton4 5

cycles offer major economic and technical
advantages relative to steam cycles for electricity
production using MSRs.

Efficiency. MSRs are naturally high-temperature
reactors. Depending upon the choice of salt, the
freezing points are between 320 and 500'C. The
heat transfer properties (viscosity, thermal
conductivity, etc.) improve rapidly with
increasing temperature. Consequently, the
detailed 1000-MW(e) conceptual design of the
MSR had a reactor-core fuel-coolant exit
temperature of 705°C. However, because of
corrosion and other constraints in steam cycles,
peak steam cycle temperatures are between
500 and 550'C. In the 1960s designs, high-
temperature heat was inefficiently dumped to
lower temperatures to match what the steam
cycle could tolerate. This process reduces heat
exchanger sizes but has a large penalty in terms
of efficiency. In contrast, many Brayton cycles
operate above 1000°C. The adoption of closed
helium or nitrogen Brayton power cycles enables
the power cycle to efficiently use the high-
temperature heat generated by the MSR. This
capability allows a 15% improvement in
electrical power output without changing the
temperatures of the fuel salt exiting the reactor
core.

Freeze protection. Salt coolants must be kept
sufficiently hot to ensure good heat transport and
avoid freezing of the molten fuel salt and the
liquid salt in the intermediate heat-transport
loop. With a steam cycle and the lower
temperatures, special design features must be
used so that feed water does not freeze the salt.
With the higher-temperature Brayton cycle,
freeze protection is greatly simplified.

Tritium control. In an MSR, tritium is generated
as a fission product and may be generated by
coolant activation. Unlike solid-fuel reactors,
the tritium in an MSR is highly mobile in the salt
and tends to diffuse through the high-
temperature heat exchangers into the working
fluid of the power cycle. At the time the MSR
program was cancelled, tritium control was
considered the largest remaining engineering
development challenge, because any tritium that
entered the steam cycle resulted in tritiated
water. Isotopically separating tritiated water
from nontritiated water in the steam cycle is
difficult and expensive. The MSR program
partly developed the use of a fluoroborate
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coolant salts in the secondary heat transfer
system to trap the tritium. While technically
workable, such systems are potentially complex
and expensive for high levels of tritium trapping.
Adoption of a Brayton cycle provides an
alternative tritium trapping option where the
tritium is removed from the helium in the
Brayton power cycle. This is potentially a high-
performance low-cost option based on
demonstrated inexpensive methods to remove
tritium gas or tritiated water from helium.
Helium-cooled high-temperature reactors
produce tritium from nuclear reactions with 3He
and from leaking fuel; consequently, these
reactors are equipped with systems to remove the
tritium from the helium.

Chemical reactions. Molten salts do not
chemically react with nitrogen or helium.
However, these molten salts will slowly react
with steam over time. The reaction rate is many
orders of magnitude slower than for sodium and
water. Changing from a steam cycle to a gas
Brayton cycle eliminates this class of challenges.

Closed Brayton power cycles using helium are
being developed for the modular high-temperature
gas-cooled reactors (MHTGRs) for which helium is
the coolant gas. A prototype helium-cooled MHTGR
is being constructed in South Africa with a helium
Brayton power cycle. Additional technology
development would be required for an MSR;
however, the closed Brayton cycle technology is
transitioning to a commercial technology.

III.B. Fuel Inventory

In an MSR, the fuel salt circulates from the
reactor core to the intermediate-loop heat exchangers
and back to the reactor core. Heat is produced in the
core and subsequently dumped in the heat
exchangers. Thus, a significant fraction of the fuel
salt is outside the reactor core in the heat exchangers.
Historically, MSRs have been designed with various
tube-and-shell heat exchangers. In the last decade,
compact plate-fin and printed circuit high-
temperature heat exchangers have been developed for
the aircraft, chemical, and offshore-oil industries.
The adoption of compact heat exchangers drastically
reduces the molten fuel salt inventory in the heat
exchangers and may reduce the inventory of fuel salt
in the reactor by up to 50%. There are major benefits
in using such heat exchangers.

" Fuel salt inventory. Reducing the fuel inventory
reduces both fuel salt costs and nonproliferation
risks, because the total fissile inventory in the
nuclear system is decreased.

" Fuel salt processing. In an MSR, volatile fission
products (including xenon) are removed
continuously, which creates a large parasitic
neutron sink in solid-fuel reactors. For
nonvolatile fission products, the fuel salt is
processed online or off-line, depending upon
design goals. Reducing the salt inventory
reduces the quantities of salt to be processed.

" Heat exchanger size. The size of the heat
exchangers is reduced by a factor of 3 or more.
This reduction has major economic implications
because the primary heat exchangers have fuel
salt flowing through them on one side and clean
salt flowing through on the second side. The
fuel salt, which contains the fission products and
actinides, is highly radioactive. In an MSR, the
reactor vessel and primary heat exchangers are
located in a hot cell. Reducing the size of the
heat exchanger significantly reduces the size of
the hot cell, its support equipment, and the
reactor building.

Tritium control. The aircraft and other industries
have developed compactheat exchangers with
buffer gas zones to separate different fluids that
may react explosively-such as hot gases
vaporizing fuels in aircraft. The same
technologies enable trapping of tritium from the
primary system in the heat exchanger. While
this may not be important for electricity
production when using Brayton cycles that allow
trapping of tritium, it is another option for
tritium trapping if the MSR is used for hydrogen
production where high temperature heat is
required for the thermochemical hydrogen
production cycles.

The advanced heat exchangers are commercial
products used in industry. These heat exchangers are
being considered for use in high-temperature helium-
cooled reactors6 and in the transport of heat7 from
high-temperature gas-cooled reactors to hydrogen
production plants using liquid-fluoride-salt heat-
transport systems. Additional work is required to
fully evaluate their use in MSRs.
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III. C. Noble Metal Plate-Out

In an MSR, fission products are generated in the
molten salt. Most of the fission products form stable
fluorides that dissolve in the salt. Noble and
seminoble metals (e.g., Nb, Mo, Tc, Ru, Rh, Pd, Ag,
etc.)3 form multi-atom clusters in the molten salt and
ultimately plate out on metal surfaces such as those
of heat exchangers or are vented to the off-gas
system. The noble metals produce significant decay
heat. If the plate-out is excessive, the decay heat
from the noble metals may damage the heat
exchangers via overheatingshould a loss of cooling
occur. At the end of the MSR projects in the
United States in the early 1970s, the assessments
indicated that plate-out was not likely to be a major
safety issue (potential for noble metals to escape to
the environment). However, it had the potential to be
a significant design and operational issue. In the last
decade there have been major advances in this area.

" Better understanding of the physical processes.
The R&D challenges are to understand the plate-
out mechanisms and to test methods for removal
of the metal atoms. A major problem has been
the difficulty in generating a molten salt with
noble metal atoms that can be used to study
plate-out and removal mechanisms. Generating
molten salts with noble metal atoms using a
molten salt test reactor or an irradiation loop is
extremely expensive and involves highly
radioactive systems. Recently the French have
successfully developed laboratory methods to
generate molten salts with noble metal atoms in
nonradioactive systems. This development
should enable more rapid progress in
understanding and development of technologies
to remove noble metal atoms from molten salts.

" New materials. Plate-out depend upon the
surface characteristics. Earlier work showed that
noble metals preferentially plated out on metal
surfaces relative to carbon surfaces. The
potential use of carbon-carbon composite heat
exchangers, rather than metal heat exchangers,
may significantly reduce noble-metal plate-out
on the heat exchangers-the thin-walled reactor
component with most of the reactor surface area
and most sensitive to decay heat when cooling
systems are not operating. Slowing noble-metal
plate-out in the primary system provides the time
for the salt cleanup systems to remove a larger
fraction of the noble metals from the salt.

Improved separation methods. There are several
potential methods to remove noble metal from
molten salts. The molten salts can be purged
with inert gases, with the noble metals
preferentially forming aerosols that can be
filtered from the gas stream. Newer, options
include ultra-high-surface-area metal or coated
carbon-foam matrixes designed to preferentially
encourage plate-out of noble metals in the salt
cleanup system.

These developments may allow successful
resolution of issues regarding noble metal plate-out
issues within several years and help determine
(1) whether a significant challenge exists and
(2) what the preferred options are for control of noble
metal fission products.

III. D. Fuel Storage

The use of MSRs will require the storage and
transport of MSR fuel salts with and without
uranium. The, MSR projects inthe 1960s did not
identify any issues with long-term storage of the fuel
salts; however, no long-term tests were conducted.
Since that time, events 8 have revealed challenges in
the long-term storage of highly radioactive fuel salts
in solid form. The MSRE, an 8-MW(t) test reactor,
was shut down and placed in storage in 1969, with
the fuel salt (including its uranium) dumped to drain
tanks. The fuel salt was stored as a solid at ambient
temperatures. In 1994, a gas sample taken from the
MSRE off-gas system (which remained connected to
the fuel and flush-salt drain tanks) showed the
generation of fluorine from the fuel salt and the
partial transport of uranium (in the form of UF 6) from
the salt into the off-gas system.

Molten fuel salts in high radiation fields do not
release fluorine, because the fuel salt is an ionic
solution with very rapid recombination rates..
However, it is now known9 that if the fluoride fuel
salt is a solid at a temperature significantly below its
melting point, radiation can cause the partial
decomposition of the salt, release free fluorine, and
result in the formation of UF 6. The 30-year storage
of MSR fuel salt (an unintended large-scale long-
term experiment in fuel-salt storage) and the
subsequent remediation program now provide the
basis to understand (1) what happens when frozen
fuel salts are stored for multi-decade periods of time,
(2) the requirements for safe long-term storage, and
(3) alternative methods to ensure safe storage.
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III.E. High-Level Waste (HL W) Form

In an MSR, the fuel is a fluoride salt.
Ultimately, the fission products must be removed and
disposed of as HLW, while the fissile materials are
recycled. This process requires the chemical
conversion of the fission products from a fluoride
chemical form chosen for in-reactor operations to a
repository-acceptable waste form. In the 1960s, no
significant work was done to develop such an HLW
form.

Since the 1960s, however, a variety of other
nuclear processing facilities have generated fluoride
waste forms. Laboratory studies have been
conducted on how to produce high-quality waste
forms from many of these fluoride waste streams.
Radioactive fluoride waste streams have been
generated from (1) processing of spent nuclear fuel
(SNF) in the Idaho Chemical Processing Plant,
(2) plutonium processing in the weapons complex,
(3) development and use of fluoride volatility
processing to recover uranium from SNF, and
(4) molten salt processing.

Two approaches have been partly developed to
convert fluoride waste forms to an acceptable form
for repository disposal. Either approach potentially
provides a basis for development of an MSR waste
conversion and solidification process.

Conversion to nonfluoride waste forms. Several
processes have been partially developed to
convert. fluoride waste forms to traditional
nonfluoride waste forms. The glass material
oxidation and dissolution system (GMODS)3' "0

converts fluoride wastes into non-fluoride-
containing borosilicate glass-the traditional
HLW glass. Other processes produce phosphate
waste forms.

Fluoride HL Wform. Several potential waste
forms contain significant fluorides and may meet
the requirements for a repository-acceptable
waste form. Borosilicate glasses containing
fluorides are a leading candidate for processing
the fluoride HLW at the Idaho site"; however,
the viability of a fluoride-containing borosilicate
glass is strongly dependent upon the chemical
composition of the initial HLW form. Other
researchers12 are examining fluorapatites as a
waste form. Examples of fluorapatites include
SrIo(PO 4)6F2 and Sr 8CsNd(PO 4) 6F2.3.

A fully developed process to convert fluoride
HLWs into repository-acceptable waste forms does
not currently exist. However, several candidate
processes and waste forms have been partly
developed in the last 30 years.

III.F. Peak Reactor Temperature

The peak temperature of an MSR is limited by
the materials of construction. The developmental
work on MSRs resulted in the development of a
modified Hastelloy-N, a high-nickel code-qualified
alloy suitable for MSR service that allows peak
temperatures to -750'C. In the longer term, higher
temperatures are highly desirable to (1) improve
efficiency in the production of electricity, (2) provide
the high-temperature heat required for hydrogen
production, and (3) allow the use of higher-melting-
point fuel salts that may provide major fuel cycle
advantages. While there are many higher-
temperature alloy options for systems with clean
fluoride salts, an MSR with dissolved uranium and
other species presents special challenges. It is the
uranium and certain fission products (not the fluoride
salt itself) that primarily determine corrosion rates.
In these systems, the corrosion rates are very low
with the use of high nickel alloys; however, such
alloys lose strength at higher temperatures.

Long-term experience shows carbon-based
materials to be compatible with molten salts at
temperatures of I 0000 C. Short-term tests have
shown graphite to be compatible with molten salts at
temperatures to 1400'C. Carbon-carbon composites
are presently being developed for many industrial
applications (pumps, heat exchangers, etc.) and have
already been developed for use in high-temperature
reactors, particularly for in-core high-temperature
applications (control rods, core support structures,
etc.). Carbon-carbon composites13 are potentially an
enabling technology for very high temperature
MSRs. However, there are major technical
uncertainties including joining technologies. If these
uncertainties can be overcome, large-scale
development work and demonstrations would be
required before these materials can be considered for
major safety-related components such as reactor
vessels. This is a new long-term materials o'ption that
did not exist 30 years ago.

IV. CONCLUSIONS

MSRs were developed in the 1950s and 1960s.
The large-scale R&D efforts yielded a workable
reactor concept but a reactor with significant
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operational and other challenges. In the last three
decades, there have been major advances in
technology. A technology gap analysis has identified
potential solutions for many of the technological
challenges that were identified in the 1970s and that
may significantly lower the capital cost of the MSR.
The commercial viability of the MSR has improved
both in absolute terms and in comparison with other
reactor concepts. However, significant work is
required before definitive conclusions can be made
about the economics, advantages, and disadvantages
of the MSR relative to those of other advanced
reactor concepts.
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Abstract - Molten salt reactors, in the configuration presented here and called Thorium Molten Salt Reactor (TMSR), are
particularly well suited to fulfil the criteria chosen by the Generation IV forum, and may be operated in simplified and safe
conditions in the Thi233U fuel cycle with fluoride salts. Amongst all MSR configurations in the thorium cycle, many studies
have highlighted the configurations with no moderator in the core as simple and very promising. Since 233U does not exist on
earth and is not being produced today, we aim at designing a critical MSR able to burn the Plutonium and the Minor
Actinides produced in the current operating reactors, and consequently to convert this Plutonium into 233U. This leads to
closing the current fuel cycle thanks to TMSRs started with transuranic elements on a Thorium base, i.e. started in the Th/Pu
fuel cycle, similarly to fast neutron reactors operated in the U/Pu fuel cycle. We will detail optimizations of this transition
between the reactors of second and third generations to the Thorium cycle. Such a transition is based on a fleet of TMSRs
with no moderator in the core, including TMSRs started with Plutonium and TMSRs directly started with 233U. We developed
parametric studies to optimize these TMSRs, amongst which the study presented here, based on one of the main TMSR
parameters: the percentage of heavy nuclei in the fuel salt of the TMSR configuration, which modifies the moderation ratio
of the reactor and thus influences both the initial. fissile inventory and the spectrum of the reactor We analyze the
characteristics of each reactor configuration, in terms of deterministic safety parameters, fissile matter inventory, salt
reprocessing, radiotoxicity and waste production, and finally deployment capacities.

1. INTRODUCTION

Molten Salt Reactors (MSRs), One of the systems
selected by the Generation IV forum, may be operated in
simplified and safe conditions in the Th/2 33U fuel cycle and
with fluoride salts, whether in a thermal or a fast neutron
spectrum"'2'3'4. These MSRs are called Thorium Molten
Salt Reactors (TMSRs). More precisely, we consider in
this study TMSRs with no moderator in the core, the
moderation ratio depending only on the salt composition. It
has been demonstrated 5 that such reactors can operate with
the relevant properties, in terms of breeding ratio, feedback
coefficients, production of transuranic nuclei and material
steadiness to irradiation.

In Section I1, we introduce the TMSR concept with no
moderator in the core, also the called non-moderated
TMSR. We state the main criteria used to optimize these
reactors, such as safety level, radiotoxicity and waste
production, and deployment capacities. Regarding these
criteria, we present some parametric studies of this TMSR
concept: TMSR configurations are evaluated in section III

by varying the reprocessing constraints and the proportion
of heavy nuclei contained in the-fuel salt.

One of the pending questions concerning TMSRs is
the supply of the fissile matter, and as a consequence the
deployment possibilities of a fleet of TMSRs, since 233U
does not exist on earth and is not yet produced in the
current operating reactors. In order to optimize the
transition between second and third generation reactors
and TMSRs, we choose to produce 233U directly in non-
moderated TMSRs started with Plutonium as fissile matter
on a Thorium basis, and then operated in the Th/2 33U
cycle5 . We aimed at designing a reactor able to burn the
Plutonium and the minor actinides produced in currently
operating reactors to close their fuel cycle, and
consequently to convert this Plutonium into 233U. Such Pu-
started TMSRs are studied and evaluated in section IV.

Finally, the full transition between the second and
third generation reactors to the Thorium cycle is optimized
in the second and third sections by considering the
deployment capacities of each TMSR considered, both Pu-
started and 233U-started configurations. The main
constraint of a sustainable power deployment is the saving
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of resources, i.e. in our case the best conversion of
Plutonium in 233U and the configurations allowing the
shortest doubling times, as detailed in section V.

This work is based on the coupling of a neutron
transport code called MCNP6 with the materials evolution
code REM3' 7. The former calculates the neutron flux and
the reaction rates in all the cells while the latter solves the
Bateman equations for the evolution of the materials
composition within the cells. These calculations take into
account the input parameters (power released, criticality
level, chemistry ...), by adjusting the neutron flux or the
materials composition of the core on a regular basis. Our
calculations rest on a precise description of the geometry
and consider several hundreds of nuclei with their
interactions and radioactive decay; they allow a thorough
interpretation of the results.

II. GENERAL DESCRIPTION OF THE REACTORS,
PARAMETERS AND CRITERIA

Il.A. Description of the non-moderated MSR concept

The general concept of the Thorium Molten Salt
Reactor (TMSR) is a 2500 MWth (I GWe) reactor
operated in the 232ThP33U fuel cycle. In this article, TMSRs
may be started directly with 23'U or with Plutonium and
minor actinides, mixed with Thorium. The reactor is
composed of a single large fuel salt channel, 1.25m radius
and 2.60m height, as shown on Fig. 1. One third of the 20
m 3 of fuel salt circulates in external circuits and, as a
consequence, outside of the neutron flux (Fig. 2).

two axial reflectors. These reflectors are made of ZrC in
order to avoid the use of a moderator material.

E

C_

Fig.2. Vertical schematic section of the whole TMSR,
including pumps and heat exchangers

We assume that helium bubbling in the salt circuit is able
to extract the gaseous Fission Products (FP) and the noble
metals within 30 seconds1' 3. We also consider an off-line
reprocessing of the total salt volume in a separate chemical
unit, with a complete extraction of the FPs. In this
reprocessing, the TRUs are not extracted but are reinserted
in the core to insure their self-burning in the TMSR. This
off-line reprocessing will be discussed in paragraph III.A.
We also assume that the 233U produced in the blanket is
extracted within a 6 month period.

II.B. Reactor parameters considered: Proportion of
heavy nuclei in the fuel salt and Reprocessing

In this section, we aim at optimizing this TMSR
concept by varying two reactor parameters:

- the composition of the fuel salt, more precisely the
proportion of heavy nuclei in the fuel salt;

- the reprocessing, which modifies the salt composition
while modifying the reactor's poisoning by FPs.

Wol
Fig. 1. Vc

simulated core
non-moderated TMSR

A fertile radial blanket surrounds the core. It contains a
binary fluoride salt LiF - ThF 4 , with 28 mole % of 232Th.
This blanket has been designed such that it stops
approximately 80 % of the neutrons, thus protecting
external structures from irradiation while improving the
system's breeding. The salt channel is also surrounded by

450
0 20 40

LiF Mol. %

Fig.3. LiF - ThF4 phase diagram

Tt4
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The modification of the fuel salt consists in varying
the proportion of heavy nuclei in the fuel salt; this has an
influence both on the initial fissile inventory and on the
spectrum of the reactor. For HN proportions ranging from
20 mole % to 30 mole %, the salt used is a binary fluoride
salt LiF-(HN)F 4, whose melting temperature is around
570'C (Fig. 3). We thus choose an operating temperature
of 630'C, with a corresponding 233U proportion in heavy
nuclei of about 3 %, a thermodynamic efficiency of 40 %,
and a salt density around 4.3 with a dilatation coefficient 8

of 10-3/,C. For lower proportions of 1IN, this binary salt is
no longer liquid at the operating temperature of 630'C
previously selected. Two alternatives can be considered:
-- Introducing Beryllium in the fuel salt to lower its

eutectic point. The salt is then LiF-BeF 2-(HN)F 4 at the
same operating temperature as before.

- Operating at a higher temperature (around 1000'C), still
using a binary fluoride salt LiF-(HN)F 4.

The first solution, Beryllium addition, has been chosen in
this study, to avoid som{e problems du to much higher
operating temperatures, in particular with materials. This
choice, in turn, raises new issues such as Plutonium
solubility, which we discuss in Paragraph IV.D.

Regarding the second parameter, the off-line
reprocessing, the amount of FPs produced in the reactor,
and thus to be extracted by the reprocessing, depends only
on the power produced. It may be difficult, even
impossible, to extract the main FPs (lanthanides) in the
presence of HN. As a consequence, and in order to have
equivalent reprocessing in every reactor configuration, it is
necessary to have the same amount of HN reprocessed per
day whatever the HN proportion in the fuel salt. We will
first study the influence of this parameter in paragraph
lII.A. Then, for all TMSRs considered in this article we fix
a delayed reprocessing of a salt volume containing 200 kg
of HN per day. This choice is detailed in paragraph IlI.A.

II. C. Criteria used for the TMSR evaluation

Our TMSR optimization is based on three main criteria
detailed in this paragraph: the safety level, . the
radiotoxicity and waste production, and the deployment
capacities.

II. C. 1. Safety level
The feedback coefficient is traditionally broken down into
three sub-coefficients related to the different components
of the core presented above:

dk -ak dilatation . gaphite heatingdT) T)~lt- dTw~ - diawi,,d

The third sub-coefficient is negligible in our case since
there is no graphite moderator in core.

The uncertainties indicated in this article are a quadratic
combination of the statistical and systematic uncertainties
on the determination of the sub-coefficients. The statistical
errors are precisely estimated by simulation, the
quantification of the systematic errors is more difficult.
More precisely, concerning the systematic uncertainties on
the , contribution of salt heating, the cross-sections
concerned are well known, inducing only negligible
uncertainties. The uncertainties on the salt density and its
dilation lead to systematic errors lower than 20% on the
contribution of salt dilatation, a value used for the
estimation of uncertainties in the next sections.

1 . C. 2. Waste production and radiotoxicity
Wastes result both from leakages occurring during the

reprocessing and from the final transuranic elements
inventories. These transuranic elements inventories
present at the end of a reactor's lifespan may be re-injected
in a new reactor and are usually not considered as waste,
as long as such reactors are operating. But these actinides
inventories have to be taken into account for a sustainable
waste management, where the entire life of a fleet of
reactors, from launching to shutdown, has to be
considered. Leakages are proportional to the integral of the
transuranic elements inventories and to the amount of HN
reprocessed per day (equivalent for all our TMSRs).
Leakages occurring all along a reactor's lifespan are
negligible compared to the final inventories. Only these
final inventories of transuranic elements are thus given for
each TMSR, at equilibrium. For Pu-started TMSRs, more
precisely here for TMSRs started with the transuranic
elements produced in current operating reactors and then
operated in the thorium cycle, we estimate the reduction of
radiotoxicity reached thanks to these TMSRs at
equilibrium, one of our goals being to close the current
fuel cycle.

II. C. 3. Deployment capacities
This has to be evaluated both for each reactor
configuration and for a combination of Pu-started TMSRs
producing 233U and of 233U-started TMSRs, as presented in
section V. We first compare the 233U production in a TMSR
configuration with its own initial fissile (233U), by
considering the reactor doubling time. Then we compare
the 233U production by a Pu-started TMSR configuration
with the initial 233U inventory necessary to launch the
corresponding 233U-started TMSR.
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IIl. THORIUM MOLTEN SALT REACTORS
STARTED WITH 233U

I1.A. Study as afunction of the off-line reprocessing

For each proportion of heavy nuclei in the salt,
ranging from 6 mole % to 27.5 mole %, we evaluate by
simulation the breeding ratio of each reactor configuration
as a function of the amount of heavy nuclei reprocessed
per day. The result of this study is displayed on Fig. 4,
allowing the visualization of many parameters of interest
of the non-moderated TMSR: reprocessing design, reactor
deployment and breeding capacities.
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Fig.5. Neutron spectrum of two TMSR configurations (6%

and 27.5% of heavy nuclei in the salt) compared to the neutron
spectrum in a pressurized water reactor (PWR) and in a fast
neutron reactor (FNR)

III.B. Safety level

The total feedback coefficient at equilibrium is
displayed on Fig. 6, together with its components, the
contributions of the salt heating and salt dilatation, as a
function of the HN proportion in the salt. All these safety
coefficients are significantly negative for all HN
proportions, including the density coefficient which can be
viewed as a void coefficient. The total feedback coefficient
ranging from -10 pcm/K to -5 pcm/K and thus insuring a
very good level of deterministic safety9 in all these 23

'U-

started TMSR configurations, safety is not a discriminating
factor in our case to choose the optimal salt composition.

C---------- .. T-----------------"-TI----II_ __

2000 3000 4000 5000 1000

233L) Initiol Inventory [k9]

Fig.4. Amount of heavy nuclei reprocessed per day versus
initial fissile (233U) inventory, for different heavy nuclei
proportions in the fuel

In Fig. 4, the dark line represents breeder reactors, the
red one the reactors producing their initial 233U inventory
in 100 years (i.e. what is called a doubling time of the
reactor of 100 years), and finally the green line stands for
reactors producing their initial 233U inventory in 50 years
(or a reactor doubling time of 50 years). Under-breeder
reactor configurations, which are located under the black
line (bottom of the figure), will not be considered in the
following since they do not allow any sustainable reactor
deployment.

The 233U initial inventory ranges from 2400 kg for a
HN proportion in the salt of 6 mole % to 6300 kg for a HN
proportion of 27.5 mole %. This corresponds to a variation
of the neutron spectrum from an epithermal to a fast
spectrum, as shown on Fig. 5.

We chose a reasonable reprocessing rate of 200 kg of
HN per day, indicated by the orange horizontal line on Fig.
4. This choice disqualifies TMSRs with HN proportions
lower than 7%, since they cannot then be breeder reactors
(see Fig. 4).

C
'I

-6i-7

-10

75 to 12,5 IS 175 20 22

Heavy Nuclet mole %

Fig.6. Feedback Coefficients of 233U-started
equilibrium as a function of the HIN proportion

25 275

TMSRs at

III. C. Production of transuranic elements

TMSRs are supposed to be at equilibrium after 200
years of operation. The inventories of transuranic elements
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obtained are displayed on Fig. 7, for different HN
proportions.

The Pu inventory equal to around 300 kg and the Am
inventory equal to 7 kg only slightly depend upon the HN
proportion. The Np inventory ranges from 100 to 200 kg,
and the Pa inventory from 70 to 100 kg. Note that the Cm
inventory displayed on Fig. 7, equal to some kilograms, is
not correctly evaluated for the higher HN proportions since
this inventory does not yet reach equilibrium in these
cases. The global behavior of this Cm inventory, however,
is coherent with the results presented on Fig. 7.
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o 100

S10 :Am

eCm

75 10 15 15 175 20 225 25 275
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Fig.7. Inventory of the transuranic elements of the 233U-

started TMSRs at equilibrium, as a function of the proportion of
heavy nuclei in the salt

One tends traditionally to consider that the faster the
neutron spectrum is (here the larger the HN proportion is),
the lower the amounts of TRU are in a reactor at
equilibrium, since the TRU burning is better. We do not
observe such a behavior on Fig. 7 because the heavy nuclei
inventories are significantly larger for large HN
proportions.

Finally the TRU inventories do not really depend upon
the HN proportion in the fuel salt, so that this parameter is
not discriminating either.

IV. THORIUM MOLTEN SALT REACTORS
STARTED WITH PLUTONIUM

The idea in this section is to design a TMSR able to
burn Pu while producing 213U, without loosing the
advantages of the T32"I/b33U fuel cycle. We have thus
simulated TMSRs started with Plutonium and Thorium,
and then operated in the 232Th/233U fuel cycle, i.e. fed with
Thorium. More precisely, to be more realistic, these
TMSRs are started with the mix of Pu, Np, Am and Cm
listed in Table I corresponding to the transuranic elements

of an UOX fuel after one use in a standard PWR and five
years of storage[rfl.

TABLE I

Proportions of transuranic nuclei in UOX fuel after one use
in PWR without multi-recycling (burnup of 60 GWd/ton) and

after five years of storage"'

Element Proportion in the mix

Np 237 6.3%
Pu 238 2.7%
Pu 239 45.9%
Pu 240 21.5%
Pu 241 10.7%
Pu 242 6.7%
Am 241 3.4%
Am 243 1.9%
Cm 244 0.8%
Cm 245 0.1%

Note that these reactors and their fuel salt are
completely equivalent to the TMSRs presented in the
previous section, except for the initial fuel load.

IVA. Safety level

The feedback coefficients for Pu-started TMSRs have
been evaluated after one year of operation and at
equilibrium.

-2

•-7 •.--- ~

8 -6

75 10 125 15 175 20 225 5 275

Heavy Nucle, mole %
Fig.8. Feedback Coefficients of Pu-started TMSRs after one

year of operation as a function of the HN proportion

The total feedback coefficients after one year of
operation are displayed on Fig. II as a function of the HN
proportion, together with their components, the
contributions of salt heating and salt dilatation. They
correspond to the initial safety behavior of the reactor,
since the inventories after one year of operation are quite
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identical to the initial inventories, but we also take into
account the effects of the fission products which are not
present in the initial load of the core.

All these initial safety coefficients are still largely
negative for any HN proportion, even if less negative
(-25%) than for the 233U-started TMSRs (see Fig. 6). The
salt density contribution is equivalent, while the salt
heating contribution is less negative because of the
presence of Pu instead of 233U.

The feedback coefficients evaluated at equilibrium are
equivalent to the results presented on Fig.6 for the 2 3U-
started TMSRs, since these reactors are identical at
equilibrium (see paragraph IV.B).

IVB. Inventories and Waste reduction

Table R. Initial inventories (kilograms) of Th and fissile
matter for the Pu-started TMSRs and for the 233U-started TMSRs

HN 233U started TMSR Pu-started TMSR
proportion Th 233u Th 239pm+ 241_U

7.5% 19760 2550 13850 4887
10% 24050 3105 17560 5524

12.5% 27790 3575 20890 6022
15% 33060 4140 25380 6786

17.5% 37230 4650 29150 7297
20% 42380 5170 33640 7968

22.5% 46100 5580 37040 8378
25% 48640 5820 39320 8668

27.5% 52190 6180 42570 9037

As detailed in Table 11, the initial fissile inventories
are higher for the Pu-started TMSR than for the 233U-
started TMSR, from 20% for the larger RN proportions to
40% for the lower HN proportions. Only the amount of
fissile Pu is indicated for the Pu-started TMSRs, the
amounts of other transuranic elements used to start the
reactor being proportional according to the percentages
given in Table 1.

The initial inventory in fissile Pu necessary for a Pu-
started TMSR ranges from 4 to 8 metric tons, and the
Thorium initial inventory from 14 to 42 metric tons.

These reactors being studied to close the current fuel
cycle, we have to estimate the reduction of radiotoxicity
reached thanks to these TMSRs at equilibrium. We aim at
burning all TRUs introduced to start the reactor, so as to
have TRU inventories at equilibrium identical to the TRU
inventories of 233U-started TMSRs, and this is verified.

Fig.9 shows the burning rate obtained for all the trans-
uranic elements after 25, 50, 100 and 200 years of
operation. Operation times greater than 60 years (a reactor

lifespan) are obtained by transferring the salt contained in
the ending TMSR in a new TMSR. This is made easier
thanks to the fact that the fuel is liquid.

10of0er 200 yes of operatwn

0 • after 100 yewrs of operatmn

0I-

0~f 8operation

096:
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Heavy Nuclei mole %

Fig.9. Burning rate of all the transuranic elements after
different operation times, as a function of the HN proportion

The lower H-N proportion configurations allow faster
reductions, since more than 80% of the TRUs are burned
after only 25 years of operation, and nearly 95% after 50

years of operation. The larger HN proportion
configurations allow higher burning rates, up to 97%, but
on the longer run, after more than around 100 years of
operation.

Finally, in terms of transuranic inventory, the TMSRs

started with Plutonium become equivalent to TMSRsdirectly started and operated with oU after around forty
years, where more than 85% of the initial TRU inventories
are burned, the assets of the Thorium fuel cycle being then
recovered.

IV.D. Plutonium Solubility

Pu having a lower solubility limit in a fluoride salt,
compared to Uranium for example, this issue has to be
examined for the Pu-started TMSRs. Fig. 10 presents the
initial mole proportion in the different Pu-started
configurations (red line), proportion ranging from 2.5% for
the lower HN proportions to 6.5% for the larger HN
proportions. According to many studies among which the

MSBR studies, it is well attested that the Pu maximum
solubility limit in a fluoride salt decreases as the Th

proportion increases, deteriorates even faster as Be is
added, and is improved if the temperature is increased.

The maximum solubility limit for Pu indicated on Fig.
10 together with its uncertainty (yellow area) give an idea

of the typical shape of the solubility limit in a fluoride salt.
The lowering of this limit for the smaller HN proportions
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is due to the addition of Beryllium in the salt. In our
simulations, the maximal Pu solubility limit is reached for
the TMSR with 20% of HN in the salt, with no Be added
and with the minimal amount of Th in the salt. The reactor
configurations with larger HN proportions may encounter
Pu solubility problems.

This production reaches 100 kg per year in the example
shown, i.e. 60% more than in the corresponding 2 33U-

started TMSR. After the first 20 years, the 23U extraction
rate is equivalent to that of the 233U-started TMSR.
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Fig. 11. 233U extracted during the operation of TMSR with

10% of HN in the fuel salt

The operating time necessary to produce one initial

fissile inventory is called the reactor doubling time. On
Fig. 11, the reactor doubling time of a 233U-started TMSR
is equal to 83 years and corresponds to the crossing of the
233U production line (red line) with the initial 233U
inventory (green dashed line). This reactor doubling time
is reduced to 40 years when using Pu in the first load (Fig.
12. dashed line).

7.5 10 12.5 15 175 20 22,5 25 27.8
Heavy 'luclei mole %

Fig.10. Initial Pu mole proportions in the fuel salt for the
different HN proportion configurations (dark dots and red line).
The yellow area states for the Pu solubility limit with its
uncertainties.

While taking into account the uncertainties on the
evaluation of the solubility limit and to be sure not to
overshoot this limit, a good compromise could be to
slightly increase the reactor operating temperature by
around 100 degrees. This allows the use of a fuel salt with
no Beryllium and with a lower proportion of HN, and thus
a good solubility of Pu.

V. DEPLOYMENT CAPACITIES AND RESOURCES
MANAGEMENT

Concerning 23 3U-started TMSRs, the deployment
capacities are based on the amount of 233U produced
compared to the initial fissile (233U) inventory necessary to
start such a reactor. An example of the amount of 233U
produced and extracted all along a TMSR lifespan is
presented on Fig. 11 (red line) for a TMSR with 10% of
HN in the fuel salt, other TMSR configurations with
different HN proportions behaving identically: for TMSRs
directly started with 23 U, the 233U extraction follows a
linear growth, of 37 kg per year in the case shown. This
production is directly related to the breeding ratio of the
configuration.

Pu-started TMSRs allow the extraction of significantly
larger amounts of 2"U during the first 20 years of
operation (Fig. 11, black line), thanks to the burning of
TRUs which saves a part of the 233U produced in the core.
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Fig.12. Reactor doubling time of 233U-started (solid line) and
Pu-started TMSRs (dashed line) for different HN proportion
configurations

To optimize the deployment capacities of a reactor, it
first seems logical to minimize the initial fissile inventory,
especially in our case where the fissile matter used is not
currently available. This means choosing preferably the
lower HN proportions. As previously mentioned, a more
complete parameter to consider is the reactor doubling
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time, which combines this initial fissile inventory
constraint with the breeding capacities of the system, i.e.
its own capacity to start itself. By generalizing the
procedure illustrated on Fig. 11, we thus calculate the
reactor doubling times for all HN proportions considered
(see Fig. 12). We see again the result detailed on Fig. 11 of
a reactor doubling time of 83 years for an HN proportion
of 10%.

The higher deployment capacities allowed by the use
of TRUs in the Pu-started TMSR are also visible on the
reactor doubling times, displayed on Fig. 12 (dashed line),
where the configurations with HN proportions larger than
15% have the lower reactor doubling times, around 30
years, to be compared with the doubling times of 45 years
reached for the 233U-started TMSRs.
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Fig. 13. Examples of parasitic capture rates for different

components of the fuel salt as a function of the HN proportion

Finally, these configurations with HN proportions
larger than 15% have the lowest reactor doubling times
and consequently have the best deployment capacities.

These findings that the TMSR configurations with
large HN proportions have higher deployment capacities
come into conflict with the simple analysis based only on
the minimization of the initial fissile inventory, considered
at the beginning of this section. Some neutronic behaviors
of the core have indeed to be taken into account. For
example, for an identical reprocessing, the poisoning of the
core by the fission products is relatively more significant
for a configuration with a lower HN proportion, as shown
on Fig. 13 which presents the values of some parasitic
capture rates for different HN proportions. This leads to a
reduction of the breeding ratio during reactor operation
and finally to smaller deployment capacities for the lower
FIN proportion configurations.

To conclude this paragraph, the use of Pu and minor
actinides to start TMSRs not only allows closing the
current fuel cycle but also improves the deployment of
such reactors.

VI. CONCLUSIONS

We have presented here a very promising, simple and
feasible concept of Molten Salt Reactor with no moderator
in the core, operated in the Th/

23 3
U fuel cycle, and called

non-moderated Thorium Molten Salt Reactor (TMSR).

We have detailed in this article some parametric
studies, related to the system reprocessing constraints, and
the heavy nuclei composition of the salt which modifies
the neutron spectrum of the reactor. We have thus
demonstrated the very good characteristics of such
reactors, in terms of deterministic safety parameters, waste
production, deployment capacities...

Since 233U does not exist on earth and is not being
produced today, we have examined a new way to produce
233U directly in standard TMSRs started with the
Plutonium and transuranic nuclei produced in the currently
operating reactors as fissile matter on a Thorium base, and
then operated in the Th/133U cycle. We aimed at designing
a critical reactor able to bum the Plutonium and the Minor
Actinides produced in the currently operating reactors, and
consequently to convert this Plutonium into 2

3U. This
leads to closing the current fuel cycle thanks to these Pu-
started TMSRs, i.e. TMSRs started in the Th/Pu fuel cycle,
similarly to fast neutron reactors operated in the U/Pu fuel
cycle. The burning of transuranic elements in these Pu-
started TMSRs results in high waste reduction rates, up to
95-97% for all TMSR configurations evaluated.

We particularly point out in our analyses the excellent
level of deterministic safety of all the TMSR
configurations studied, for the 233U-started TMSRs as well
as for the Pu-started TMSRs.

Finally, to optimize the transition from the second and
third generation reactors to the Thorium cycle, we have
considered the deployment capacities of each TMSR
configuration, combining Pu-started and 23

3U-started

reactors. The main constraint of a sustainable power
deployment was the saving of resources, i.e. in our case the
higher breeding ratio and the best conversion of Plutonium
in 233U. This results in short reactor doubling times, around
30 years, especially for the TMSR configurations
containing the proportions of heavy nuclei larger than
15%/o, i.e. with the faster neutron spectra. Crossing this
criterion with the constraint of the Pu solubility, which
leads to a preference for TMSR configurations with less
than around 20% of heavy nuclei in the salt, the most
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promising TMSRs turn out to be the configurations with
heavy nuclei proportions ranging from , 15% to 20%,
typically 17.5% of heavy nuclei in the fuel salt.
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Fig.14. Heavy nuclei inventory for the 233U-started TMSR

(solid lines) and for the Pu-started TMSR (dashed lines)

This typical TMSR configuration contains 4.5 mole %
of Plutonium to launch the Pu-started version, with a
reactor doubling time of 30 years and a feedback
coefficient at equilibrium equal to -7 pcm/K both for the233U-started and the Pu-started reactors, allowing a high
level of deterministic safety. Fig. 14 illustrates the
evolution of the fuel salt composition all along the
operation of this reactor, for the 233U-started (solid lines)
and for the Pu-started (dashed lines) TMSR.
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ABSTRACT

The Molten Salt Reactor Experiment (MSRE) site is located in Tennessee, on the U.S. Department of
Energy (DOE) Oak Ridge Reservation (ORR), south of the Oak Ridge National Laboratory (ORNL) main
plant across Haw Ridge in Melton Valley. The MSRE was run by ORNL to demonstrate the desirable
features of the molten-salt concept in a practical reactor that could be operated safely and reliably. It
introduced the idea of a homogeneous reactor using fuel salt media and graphite moderation for power
and breeder reactors. The MSRE reactor and associated components are located in cells beneath the floor
in the high-bay area of Building 7503 (Figure 1).

The reactor was operated from June 1965 to December 1969. When the reactor was shut down, fuel salt
was drained from the reactor circuit to two drain tanks. A "clean" salt was then circulated through the
reactor as a decontamination measure and drained to a third drain tank. When operations ceased, the fuel
and flush salts were allowed to cool and solidify in the drain tanks. At shutdown, the MSRE facility
complex was placed in a surveillance and maintenance program.

As a result of the S&M program, it was discovered in 1994 that gaseous uranium (233U/232U) hexafluoride
(UF 6) had moved throughout the MSRE process systems. The UF 6 was generated when radiolysis of the
fluorine salts caused the individual constituents to dissociate to their component atoms, including free
fluorine.Some of the free fluorine combined with uranium fluorides (UF 4) in the salt to form UF 6. UF 6 is
gaseous at slightly above ambient temperatures; thus, periodic heating of the fuel salts (which was
intended to remedy the radiolysis problems) and simple diffusion had allowed the UF 6 to move out of the
salt and into the process systems of MSRE.

Currently, MSRE is undergoing the D&D process to remove the fuel and salt from fuel drain tanks and
fuel flush tank. During the D&D activities the uranium will be separated and recovered from the salts and
residual salts containing fission products, other uranium daughter radionuclides, and residual uranium in
the salts will be disposed of as waste. Recently, the majority of the uranium-laden charcoal material
residing with in the auxiliary charcoal bed (ACB) has been removed and is currently awaiting process and
disposal. In addition, the Reactive Gas Removal System (RGRS) has been deployed at MSRE since
1996 to remove reactive gases containing uranium material (i.e., UF6) and other reactive gases (i.e., F2,
MoF6, HF, etc.) from the MSRE off gas systems and capturing them on sodium fluoride (NaF) and
alumina traps, respectively. The uranium material in these NaF traps will be recovered and the residual
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Fig. 1 Arial view of the MSRE facility

NaF traps that contain the 233 U/23 2U daughters will be disposed of as waste. Due to these D&D activities
at MSRE, a variety of waste streams are generated (aside from the routine operation low level radioactive
waste), and each encompasses its own waste management and disposal issues. Plans are being developed
at MSRE for safe final disposal of these different waste streams at different off-site disposal facilities.

INTRODUCTION/BACKGROUND

The MSRE is an 8 MW reactor that was operated at Oak Ridge National Laboratory (ORNL) from 1965
through 1969 as a demonstration of the technology needed to develop a large scale Molten Salt Breeder
Reactor. The reactor used a unique liquid fuel, formed by dissolving UF 4 fuel in a carrier salt composed
of a mixture of LiF, BeF, and ZrF. The fuel salt circulated through a reactor vessel, a fuel salt pump, and a
primary heat exchanger at temperatures above 600' C (1112' F). In the reactor, the salt was forced
through channels of graphite to provide the geometry and moderation necessary for a nuclear chain
reaction. Heat was transferred from the fuel salt to the secondary coolant salt in the primary heat
exchanger. The coolant salt is similar to the fuel salt, except that it contains only LiF (66%) and BeF
(34%). The coolant salt passed from the primary heat exchanger to an air-cooled radiator, a coolant salt
pump, and then returned to the primary heat exchanger. Each of the salt loops was provided with drain
tanks, located such that the salt could be drained out of either circuit by gravity. A single drain tank was
provided for the nonradioactive coolant salt. Two drain tanks were provided for the fuel salt. The fuel salt
drain tanks were provided with a system to remove the intense heat generated by radioactive decay
immediately after an-emergency reactor shutdown and fuel salt drain. A third drain tank connected to the
fuel salt loop was provided for storing a batch of flush salt. This batch of salt, similar in composition to
the coolant salt, was used to condition the fuel salt loop after it had been exposed to air and to flush the
fuel salt loop of residual fuel salt and contaminants before accessing the reactor circuit for maintenance or
experimental activities. All three tanks are located in the drain tank cell, a stainless steel lined below
grade cell that could be covered by two layer of concrete shield blocks.
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The MSRE was originally fueled by adding -218 kg of uranium, consisting of 30% 235U and 70% 238U, to

the carrier salt. In 1968 this initial charge of uranium was stripped from the salt using a fluoride volatility
process wherein the molten salt was sparged with fluorine gas to convert UF4 to the volatile UF 6 which
was subsequently recovered by chemisorption on sodium fluoride (NaF). The reactor was refueled with
-37 kg of uranium, consisting of- 83% 233U (with -250 ppm of 232U). When reactor operations were
terminated in December 1969, the fuel, flush, and coolant salts were drained into their respective drain
tanks. The fuel salt was divided between the two fuel-salt drain tanks.

The 2 33U isotope makes for a particularly difficult fuel to handle because high levels of gamma radiation
are associated with it. A small percentage of 232U is included in 233U as an impurity. The decay chain of
232U includes 2°'T1, which is a strong gamma radiation emitter (2.6 MeV gamma energy and 100%
emission rate). This daughter product builds up rapidly, causing exposure rates of up to approximately
-37 R/hour per gram of salt. Because of the high exposure rates (as well as fission and activation
products in the plant), much of the work at MSRE and in subsequent processing steps is done remotely or
in hot cells.

Following reactor shutdown, several activities were performed to evaluate the performance of the
materials of construction and to improve containment of the stored salts. Prior to reactor operation, it had
been discovered that irradiation of the solid salt produced fluorine gas, presumably by -providing the
energy to release fluorine radicals (or atomic fluorine) from the salt molecules. This atomic fluorine could
then combine to form F2. Experiments indicated that at sufficiently high temperatures the effects of
radiolysis were reversed: An annual annealing process was instituted in which the salt was heated to
temperatures above 149' C (300' F), but below the melting point, for periods of about two weeks so that
radiolytic fluorine would recombine with the lithium or beryllium in the salt. This procedure was carried
out through December 1989. After this time annealing procedures were halted in part because a high
radiation area in a remote section of the facility was postulated to be caused by the migration of
radioactive material and this migration may have been caused by the annealing procedure.

In 1994, a gas sample was withdrawn from the off-gas system. It was found that the gas sample contained
UF 6 near its saturation pressure, smaller but significant quantities of MoF6, and about 50% fluorine. A
review was promptly undertaken to assess the extent of uranium migration, and a deposit of of uranium
(-2 to -3 kg) was identified on the auxiliary charcoal bed (ACB). (In 2001, after the removal of the ACB
uranium and a reduction in the radiation field in the area, less than 41 kg of uranium was also found in the
four other main charcoal beds, which were connected to the drain tank off-gas piping.) Since the
identification of these findings a Remediation project was undertaken to remove the uranium material
from the off-gas system; remove the highly contaminated fuel and flush salts from fuel drain tanks and
fuel flush tank; and uranium material from ACB.

Since 1996 the MSRE has been undergoing the D&D process using the Reactive Gas Removal System
(RGRS) to remove reactive gases containing uranium material (i.e:, UF6) and other reactive gases (i.e., F2,
MoF 6, HF, etc.) from the MSRE off gas systems and capturing them on sodium fluoride (NaF) and
alumina traps, respectively. Recently, the majority of the uranium-laden charcoal material residing within
the auxiliary charcoal bed (ACB) has been safely and successfully removed using the uranium deposit
removal system, remote equipment, and long-handled tools. This material is awaiting processing and
disposal by a down-blending process. In addition, salt removal equipment has been designed and installed
at MSRE to remove and dispose of the fuel and salt from fuel drain tanks and fuel flush tank after
recovering the uranium from these tanks. During the salt removal activity the uranium will be separated
as U1F6 from the salt and will be recovered on NaF traps using the MSRE RGRS system.
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Reactive Gas Removal System (RGRS)

The reactive gas removal system is connected to the MSRE off-gas system via sampler-enricher
hardware, which was used during reactor operation to withdraw salt samples for analysis or to add
enriching salt to a well-mixed location in the pump bowl. In addition it provides an enclosed access point
to one of the MSRE off-gas system lines. The RGRS (Figure 2) consists of a glove box, which houses
the RGRS system valves and piping that allows the system to withdrawal reactive gases (including UF6)
from the MSRE off-gas system. The RGRS system uses a NaF trap for uranium (UF6) removal from the
MSRE gases, followed by an alumina trap for removal of the fluorine. Beyond the alumina trap a
molecular sieve trap is used to absorb residual moisture, which possibly contains HF generated from the
alumina trap. This prevents the corrosion of the other system components. Gas coming out of the last
trap is sent to a holdup tank and after allowance for the decay of 22°Rn (one of the 232U daughters) it is
discharged via the MSRE ventilation system through F2-resistance HEPA filters. The RGRS is also
equipped with a Fourier-transform infrared spectrometer system that monitors UF6 concentration at
various locations between the traps.

To date approximately 23 kg of the 37 kg of 23aU have been removed from the salts by purging the off-gas
piping and trapping the gaseous UF 6 on 26 NaF traps using the RGRS system. The recovered materials
have been transported to their interim storage facility at ORNL, awaiting conversion to a stable form.

Fig. 2. The MSRE RGRS System

Uranium Deposit Removal (UDR)

As mentioned earlier due to radiolysis process in the fuel salt it is estimated that -2-3 Kg of the UF6
migrated to the MSRE ACB and another -I Kg migrated to the other four charcoal beds via MSRE off-
gas system. The majority of the uranium in the ACB was identified to reside in the top -14 in of the bed.
To remove the uranium-laden charcoal material in the ACB, an elaborate remote-handled charcoal
removal system was designed, fabricated, tested, and installed at MSRE ACB (Figure 3). Using this
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system and remote equipment, the ACB top was removed. Then the diffuser residing top of the charcoal
was removed to gain access to the uranium-laden charcoal within the ACB and the top -14 in of the
uranium-laden charcoal was vacuumed into the shielded charcoal canister. As mentioned in the case of
the salt, this material is highly radioactive with exposure rates of -500 R/h at the side of the collection
canister. This material could contain as much as -30 Ci of 137Cs-13 7mBa as well. This material is planned
to be down-blended with urinal nitrate and disposed of as waste.

Fig. 5. UDR charcoal removal equipment at ACB

Uranium Recovery from Salts and residual Salts Removal

The fuel salt in the two fuel drain tanks and flush salt in the flush tank will be melted for removal using a
process known as "pool melt." A heated probe, which melts the salt and supplies gases for sparging, will
be lowered onto the middle of the salt block. A pool of liquid salt will be created at the point of contact
between the probe and the salt. While the pool of salt is melting and slowly expanding, it will be sparged
with a mixture of hydrogen fluoride (HF), hydrogen (142) and helium (He). This hydrofluorination
process restores the chemical balance in the salt and ensures that the uranium is in the form of UF4.
Without this chemistry adjustment, the reduced uranium could precipitate, preventing its recovery. The
melting and chemical processing will continue as the probe is lowered into the salt. The pool of melted
salt will expand and become deeper until all of the salt is molten.

After all of the salt has reached a liquid form, the molten salt will be sparged with a fluorine-helium
mixture, which oxidizes the dissolved UF4 to form volatile UF6. The gaseous UF 6 will escape the salt and
be carried away by the circulating helium and excess fluorine. These gases will then move into a
refrigerated collection vessel (cold trap) where the UF6 will be trapped as a frozen Solid. Afterward, the
cold traps will be warmed to ambient temperature to render the solid UF6 back to a gaseous state. The
gaseous UF 6 will then be collected on NaF traps using the RGRS and packaged for transportation to an
interim storage area or to the conversion facility at ORNL. Approximately 1 kg of UF 6 will be collected
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on each NaF trap. This operation will continue until all of the UF6 from a specific drain tank has been
recovered on the NaF traps.

Once uranium is separated from the salts, the residual salts will be transferred into storage containers (-10
canister with a total of 8 metric tons of residual salts from flush and fuel salt tanks). A chemically active
"getter" will be added to the salt packages to capture any fluorine gas that may be generated. Currently,
these cans are planned to be loaded into a shielded container and staged at an interim storage area at
ORNL pending final disposal off-site. The majority of the salt removal equipment has been designed,
fabricated and installed at MSRE facility and equipment check out and integrated testing are on-
going(Figure 4).

Fig. 4. Salt removal equipment, installation of pool melt
probe glove box in the drain tank cell
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Conversion and Disposition of Uranium

The uranium hexafluoride collected in the NaF traps is not in a stable form suitable for long-term storage.
Unless preventive action is taken, radiolysis will continue to separate free fluorine from the UF6 ,

generating gas pressure and reducing the uranium. A process will therefore be employed to convert the
UF6 to the more stable U30 8 form. Although this conversion process is common in the uranium industry,
a modification tailored to a small-scale remote chemical operation will be applied in this case. The 1

33U
will be processed in a hot-cell at ORNL.

The conversion process for the NaF traps consists of a recovery scheme interconnected with the oxide
conversion unit. Most of the equipment is common to the two steps. The first step of the conversion
process is to transfer the uranium hexafluoride from the NaF traps to a conversion reaction vessel. In the
second step, the resulting solid UF 6 is step-heated and subsequently exposed to pressurized steam, which
allows the hydrolysis reaction to take place. The reaction steps are repeated until the temperature of the
system reaches as high as 850' C as necessary. Moist air is introduced at the end of the hydrolysis
process to complete the conversion to an oxide. The vessel is then heated to up to 9500 C to produce a
good quality U30 8 (<0.5% moisture content). At the completion of conversion, the vessel containing the
U30 8 is allowed to cool. The lines are evacuated and filled with an inert gas, and the vessel is
disconnected, capped, placed into an overpack, removed from the hot cell, and transported to a permanent
storage area. The residual NaF traps containing all of the 23 3

u/
232

u and possibly other radionuclides
(i.e.137Cs/137mBa) will be transported to an interim storage location at ORNL for staging and shipping to
an off site disposal facility.

MSRE Wastes Generated during D&D Activities

Important waste streams generated by the MSRE D&D project include the spent NaF traps, the uranium-
laden charcoal, and the residual salt.

The main waste stream generated during the conversion operation is the spent NaF trap. Less than 1% of
the original uranium content is expected to be present after processing. The residual content will be
determined for each trap by weight loss in the trap, on-line instrumentation, and weight gained in the
conversion vessel. Essentially all of the uranium daughters produced by radioactive decay and most
transuranium species will remain in the NaF trap. For this reason, the level of radiation emanating from
the trap will remain very high (- 100s of Rih at contact) for several years. These radiation levels will
decline as 228Th, along with its associated daughters, decays with a half-life of 1.9 years. Current plans
are to transport the residual NaF traps using a shielded carrier to a temporary storage facility where
radioactive decay will occur, and then to a final disposal site. The current selected off-site facility for
these traps is the Nevada Test Site. Plans and documentation are being prepared to achieve this goal.

The HF produced during the transformation of the UF6 into U30 8 will be trapped as a solid. Several HF
trapping materials have been tested; the one found to be the most effective is a granulated grout made
with blast furnace slag and lime. The spent HF trapping material, which is contained in plastic cartridges,
will be removed and discarded aý solid low-level waste (SLLW). The spent trapping material consists of
a mixture of highly insoluble calcium, aluminum, and silicon fluorides and is not a hazardous waste.

The-exhaust gases are filtered by a combination of solid traps in series. A NaF trap placed before the off-
gas system will trap traces of UF6 that could migrate to the plant off-gas system. This trap will be treated
at the end of the conversion campaign to recover any accumulated traces of uraniulm. Alumina or soda
lime traps follow in series to trap reactive gases such as F2 or HF. Alumina or soda lime will also trap
UF6; hence, they offer redundant protection. A hold up volume is also present to ensure a residence time
for the exhaust gases of about 10 minutes to allow for radon decay. The spent alumina or soda lime traps
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will be discarded as SLLW. They may be sent as a unit, including the stainless steel container, or emptied
to allow for reuse of the trap.

The uranium-laden charcoal currently stored in the charcoal canister in a shielded container is planned to
be chemically processed, down blended, and pH-adjusted to an acceptable level to be added to the Melton
Valley storage tanks (MVST). The second alternative is to solidify the material after chemical
processing and dispose of the material in the Nevada Test Site as a monolith. MSRE has conducted
preliminary work on the process and proof of principle and successfully adjusted the pH to the MVST
requirement in order to keep the material in a uniform liquid form once introduced to the tanks. At the
same time experiments were conducted to show that the same material can successfully and safely be
solidified into a monolith appropriate for waste transport.

The end-point location for disposal of the stripped salts or components of the salts will be the Waste
Isolation Pilot Plant (WIPP) in New Mexico. Currently MSRE has developed a white paper and an
acceptable knowledge package to characterize the waste for WIPP disposal. The waste is considered to
be a defense-related transuranic (TRU) waste. Evaluation and selection of WIPP for disposal of the
MSRE residual salts will be documented upon completion of the necessary documentation/requirement
and negotiation among MSRE, DOE and WIPP site. Therefore, decisions about waste acceptance criteria
cannot be made yet. As a result, the WIPP alternatives developed can not be fully implemented at this
time. Selection of a disposal of residual salts at WIPP must wait until WIPP questions about the
acceptance of MSRE salts for disposal can be evaluated. In the interim, fuel and flush salts will be
removed from the MSRE facility and placed in interim storage at another ORNL facility. The salt
remaining after the uranium removal process will be stored until it is shipped to a disposal location.
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TECHNICAL NOTE
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This paper addresses the problems posed by running out
ofoil and gas supplies and the environmental problems that are
due to greenhouse gases by suggesting the use of the energy
available in the resource thorium, which is much more plentiful
than the conventional nuclear fuel uranium. We propose the
burning of this thorium dissolved as a fluoride in molten salt in
the minimum viscosity mixture of LiF and BeF 2 together with a
small amount of 235 U or plutoniumfluoride to initiate the pro-
cess to be located at least lOin underground. The fission prod-
ucts could be stored at the same underground location. With
graphite replacement or new cores and with the liquid fuel
transferred to the new cores periodically, the power plant could
operate for up to 200 yr with no transport offissile material to
the reactor or of wastes from the reactor during this period.
Advantages that include utilization of an abundant fuel, inac-
cessibility of that fuel to terrorists or for diversion to weapons
use, together with good economics and safety features such as
an underground location will diminish public concerns. We call
for the construction of a small prototype thorium-burning
reactor.

I. POWER PLANT DESIGN

This paper brings together many known ideas for nuclear
power plants. We propose a new combination including non-
proliferation features, undergrounding. limited separations, and
long-term, but temporary. storage of reactor products also un-
derground. All these ideas are intended to make the plant eco-
nomical, resistant to terrorist activities, and conserve resources
in order to be available to greatly expand nuclear power if
needed as envisioned by Generation IV reactor requirements.

We propose the adoption of the molten salt thorium reac-
tor that uses flowing molten salt both as the fuel carrier and as

*E-mail: Moirl @llnl.gov
lWe are sorry to inform our readers that Edward Teller is deceased
September 9. 2003.

a coolant. The inventors of the molten salt reactor were E. S.
Bettis and R. C. Briant, and the development was carried out by
many people under the direction of A. Weinberg at Oak Ridge
National Laboratory.' The present version of this reactor is
based on the Molten Salt Reactor Experiment 2- 4 that operated
between 1965 and 1969 at Oak Ridge National Laboratory at
7-MW(thermal) power level and is shown in Fig. 1. The solvent
molten salt is lithium fluoride (LiF, -70 mol%) mixed with
beryllium fluoride (BeF•, 20%), in which thorium fluoride
(ThF 4, 8%) and uranium fluorides are dissolved (1% as 238U

and 0.2% as 1-35U in the form of UF 4 and UF 3. UF 3/UF 4 Ž-
0.025).' This mixture is pumped into the reactor at a tempera-
ture of -560'C and is heated up by fission reactions to 700'C
by the time it leaves the reactor core, always near or at atmo-
spheric pressure, The materials for the vessel, piping, pumps,
and heat exchangers are made of a nickel alloy..sb The vapor
pressure of the molten salt at the temperatures of interest is
very low (<10-4 atm), and the projected boiling point at at-
mospheric pressure is very high (- 1400'C). This heat is trans-
ferred by a heat exchanger to a nonradioactive molten fluoride
salt coolantc with an inlet temperature of 450°C and the outlet
liquid temperature of 620°C that is pumped to the conventional
electricity-producing part of the power -plant located above-
ground. This heat is converted to electricity in a modern steam
power plant at an efficiency of -43%.

The fluid circulates at a moderate speed of 0.5 m/s in
5-cm-diam channels amiounting to between 10 and 20% of the
volume within graphite blocks of a total height of a few meters.

"Instead of the Be and Li combination, we might consider sodium and
zirconium fluorides in some applications to reduce hazards of Be and
tritium production from lithium.

'It seems likely all these components could be made of composite
carbon-based materials instead of nickel alloy that would allow rais-
ing the operating temperature so that a direct cycle helium turbine
could be used rather than a steam cycle (-900°C) and hydrogen
could be made in a thermochemical cycle (- 1050°C). A modest size
research and development program should be able to establish the
feasibility of these high-temperature applications.

"A secondary coolant option is the molten salt, sodium fluoroborate,
which is a mixture of NaBF4 and NaF. Other coolants are possible
depending on design requirements such as low melting temperature
to avoid freeze-up.

NUCLEAR TECHNOLOGY VOL. 151 SEP. 2005334
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Fig. 1. The nuclear part of the molten salt power plant 7 is illustrated belowground with the nonradioactive conventional part aboveground; many
rooms and components are not shown. New cores would be installed after each continuous operating period of possibly 30 yr or the
graphite in the cores can be replaced.

Of all these components, only graphite can burn and then
slowly, Leakage of air or water into the molten salt is to be
minimized to limit corrosion, as oxidation rates are low. In case
of an accident, the fuel would be isolated from the graphite by
passively draining the molten salt to the drain tank thus remov-
ing the decay heat source making the graphite hot.

The graphite slows down the fast neutrons produced by
the fission reaction. The slowed neutrons produce fission and
another generation of neutrons to sustain the chain reaction.

Fission beta de
product #1 22 min

One of the slowed neutrons is absorbed in 232Th producing
233Th, which undergoes a 22-min beta decay to 233Pa. The
2 33 Pa undergoes a month-long beta decay into 2 33 U, which
with a further neutron produces fission and repeats the cycle.
The reactions are illustrated in Fig. 2. Note that the cycle does
not include 235U, which is used only to initiate the process. The
result is a drastic reduction of the need for mined uranium.

The initial fuel to start up the reactor can be mined and
enriched 235U [-3500 kg for 1000 MW(electric)]. An alternative

cay beta decay
e- 27d

0233Pa •,0 breedingreaction

0
3reaction

Fig. 2. Illustration of the process of breeding or producing new fuel. 21-U. from neutron capture in 2
1

2-Th as a part of the chain reaction. Each
fission reaction produces two or three neutrons (about 2.5 on average as illustrated by the "half neutron" above).
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might be to start up on discharged light water reactor (LWR)
spent fuel, particularly 239 Pu. Actually, 2 39

pu is contained in a
waste of transuranium elements that people might actually pay
to give this fuel away. As the plant operates, the plutonium and
higher actinides and 235U would be fissioned and replaced with
23 3

U produced from thorium, which is even a better fuel than235U, because nonfission thermal neutron captures are about
half as likely.

An imnportant feature of our proposal is~to locate every-
thing that is radioactive at least 10 m underground-where all
fissions occur-while the electric generators are located in the
open, being fed by hot, nonradioactive liquids. The reactor's
heat-producing core is constructed to operate with a minimum
of human interaction and limited fuel additions for decades. Of
the three underground options,5 excavation into mountains with
tunnel or vertical access or surface excavation with a berm
covering, we prefer the berm as illustrated in Fig. 1. Under-
grounding will preclude the possibility of radioactive contam-
ination in case of airplane disasters. A combination of 10 rn of
concrete and soil is enough mass to stop most objects. It would
eliminate tornado hazards and, most particularly, contribute to
defense against terrorist activities. In caseof accidents, under-
grounding, in addition to the usual containment structures, en-
hances containment of radioactive material. The 10-m figure
is a compromise between safety and plant construction ex-
pense. We anticipate the cost to construct underground with
only 10 m of overburden using the berm technique will add
<10% to the cost.

The molten salt reactor that operated in the 1960s had dibig
advantage in the removal of many fission products without
much effort. Gases (Kr and Xe) simply bubble off aided by
helium gas bubbling, where these gases are separated from the
helium and stored in scaled tanks to decay. Noble and semino-
ble metalsd precipitated. In the planned reactor, the old method
of removing the gases may be repeated. The precipitation pro-
cess might conceivably be enhanced by using a centrifuge and
filtering rather than the old uncontrolled method of precipita-
tion. In this way, the need to remove the remaining fission
products, e.g., the rare-earth elements (Sm, Pm, Nd, Pr, Eu, and
Ce) and alkali-earth elements with valence two and three flu-
oride formers, is reduced and may be postponed to intervals,
perhaps as long as once every 30 yr. The accumulation of these
elements has a small effect on neutron economy and on chem-
istry such as corrosion. Experience is needed on these long-
term effects.

Most fission products have half-lives of -30 yr or less.
These "short-lived" fission products can be stored and moni-
tored at the plant site for hundreds of years, while their hazard
decreases by three orders of magnitude or more by the natural
process of radioactive decay. Three elements are notable be-
cause they need to be separated for special treatment because
of their extra long lives: 99Tc, 1291, and '35Cs [with half-lives
of 210000 yr, 1.6 million yr, and 2.3 million yr; capture cross
sections of 20, 30, and 9 b (10-24 cm

2
); and production rates of

23, 3.8, and 34 kg/GW(electric).yr, respectively]. New ways
should be found for separating these long-lived products (>>30-yr
half-life) from short-lived products (•-30-yr half-life).

"1Noble and seminoble metals are Zn. Ga, Ge, As. Nb, Mo, Tc. Ru, Rh,
Pd, Ag, Cd, In, Sn, and Sb. Seminoble here means they do not form
fluorides but rather precipitate in elemental form.

Aftera period of operation, perhaps as long as 30 yr. the
reactor is shut down, owing to the swelling of the graphite
blocks as shown in Fig. 3. The criterion 4' 9 used here is 30 yr for
a I0-m-diam core at 1000 MW(electric), for a neutron dose of
<3 X 1026 n/M 2 for E Ž> 50 keV and a swelling of 3 vol% at
750°C for a capacity factor of 85%. Robotic technology is
developing so rapidly that graphite replacement might be a
quick and a low-cost operation. Another process that might be
life limiting is corrosion. At the time that a new or refurbished
power-generating graphite core is put into operation and the
corroded parts are replaced, the fuel dissolved in the molten
salt is transferred to the new core in a liquid state. This fuel
transfer and core refurbishment allows the power station to
continue operating for several more decades. At this time, the
remaining fission products in solution can be removed .by
the chemical process known as reductive extraction to limit the
neutron loss to absorption. The bulk of materials (lithium, be-
ryllium, and thorium fluorides) may last forlsevcral hundred
years before they arc transmuted to other elements by nuclear
reactions.

This process might conceivably be continued as long as
we operate the power station, perhaps even hundreds of years,
making operations and ownership similar to a dam but with
less impact. The fission products will be separated and stored at
the power plant site in a suitable form under careful super-
vision or they will be transported to a permanent disposal site.
We propose the twofold argument for the safe interim storage
of radioactive material: first, that the location will be under-
ground.and second, that the storage will be at the site of oper-
ating reactors, which require carefully planned defense anyway.

When the site with its collection of reactors is to be shut
down, careful considerations will have to be used in the choice
between whether the accumulated radioactivity should be trans-
ported to a permanent storage site or whether continuation of
established supervision is safer and less expensive. The idea is
to transport only mildly radioactive fuel to the power plant but
have a minimum of transport of highly radioactive fission prod-
ucts and fuel away from the plant, thus minimizing the chance
of accidents or terrorist activities. One conclusion is obvious: It

30
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Fig. 3. The core lifetime versus diameter (see Fig. I) limited by graph-
ite swelling is shown for a wide range of output power.
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will become important to find useful applications of radioactiv-
ity such as radioactive tracers, thereby converting a serious
worry into a potential asset.

II. WASTE FORM: SUBSTITUTED FLUORAPATITE

A possible waste form for the molten salt reactor might be
based on the naturally occurring mineral that has been found to
contain ancient actinides in the natural reactor in Africa in
mineral deposits called fluorapatite 0o, 1 1 Ca5 (PO4) 3F. This low
solubility mineral is much like fluoridated tooth enamel. If we
substitute the fission product ions, for example,Sin, for the Ca
ions, we call this substituted fluorapatite

SmF3 + 4.5Ca3 (P0 4 )2 -- 3(Sm 0.33Ca 49.5)(P0 4 )3F . (1)

The result of this reaction is a ceramic powder that can be
melted into bricks for long-term storage either at the -power
plant site or at a repository.

It might be preferable to transport it in a more compact
fluoride form and produce the more stable but larger mass and
volume form of material at the permanent repository site. The
stored fluoride wastes could be melted and transferred in liquid
form to a shipping container much like that used for sulfur
shipping except more massive and shipped to a permanent
storage site where again they are transferred in liquid form to
be made into substituted fluorapatite bricks. If permanent stor-
age is decided upon, we estimate the space needed in a Yucca
Mountain-like repository for molten salt wastes to be ten and
maybe closer to 100 times less than for once-through LWR
spent fuel based on the heat generation rate of the wastes.

III. SAFETY
)

The molten salt reactor is designed to have a negative
temperature coefficient of reactivity. This means the reactor's
power quickly drops if its temperature rises above the operat-
ing point, which is an important and necessary safety feature.
The molten salt reactor is especially good in this respect-it
has little excess reactivity because it is reftieled frequently
online and has a high conversion rate that automatically re-
places fuel consumed. Failure to provide makeup fuel is fail-
safe as the reactivity is self-limiting by the burnup of available
fuel. A small amount of excess reactivity would be compen-
sated by a temporary interruption of adding makeup fuel on-
line. Present reactors have -20% excess reactivity. Control
rods and burnable poisons are used not only in accident control
but also to barely maintain criticality. In the molten salt reactor,
control rods are used to control excess reactivity of perhaps
only 2%, Which is necessary to warm the salt from the cooler
start-up temperature to the operating temperature (i.e.. over-
come the negative temperature coefficient). That is, only enough
fissile fuel is in the core to maintain a chain reaction and little
more.

Gaseous fission products are continually removed and
stored separately from the reactor in pressurized storage tanks.
By contrast, in conventional reactors the gaseous fission prod-
ucts build up in the Zr-clad fuel tubes to a high pressure that
presents a hazard and can cause trouble. If an unforeseen ac-
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cident were to occur, the constant fission-product removal means
the molten salt reactor has much less radioactivity to poten-
tially spread.
I The usual requirement ofcontaining fission products within

three barriers is enhanced by adding a fourth barrier. The pri-
mary vessel and piping boundary, including drain tanks, con-
stitute one barrier. These components are located in a room that
is lined with a second barrier, including an emergency drain or
storage tank for spills. The third barrier is achieved by sur-
rounding the entire reactor building in a confinement vessel. A
fourth safety measure is locating the reactor underground, which
itself is one extra "gravity barrier" aiding confinement. A leak-
age of material would have to move against gravity for 10 m
before reaching the atmosphere.

In case of accidents or spills of radioactive material, the
rooms underground would remain isolated. However, the re-
sidual decay heat that continues to be generated at a low rate
would be transferred through heat exchangers that passively
carry the heat to the environment aboveground, while retaining
the radioactive material belowground. This passive heat re-
moval concept perhaps using heat pipes will be used to cool the
stored fission products as well.

The initial fuel needed including the amount circulating
outside the core is considerably less than half that of other
breeding reactors such as the liquid metal-cooled fast reactor.
This is a consequence of fast reactors having much larger crit-
ical mass than thermal reactors and for the molten salt case,
avoiding the need for extra fuel at beginning of life to account
for burnup of fuel.

IV. FUEL CYCLE WITHOUT FUEL PROCESSING AND WITHOUT
WEAPONS-USABLE MATERIAL

' When the 1000-MW(electric) reactor is started up, the
initial fissile fuel is 20% enriched uranium (20% 235U and 80%23

8U) along with thorium, actually 3.5 tons of 235 U, 14 tons of
23

1U, and 1 10 tons of thorium. This low enrichment makes the
uranium undesirable as weapons material without isotope sep-
aration. and therefore it does not have to be guarded so vigor-
ously. An important side product is a small amount of 232U

produced by (n,2n) and (y.n) reactions on 233U producing
2321U. Uranium-232 is highly radioactive and has unusually
strong and penetrating gamma radiation (2.6 MeV), making
diversion of this fuel. for misuse extra difficult and easier to
detect if stolen; the resulting weapons would be highly radio-
active and therefore dangerous to those nearby as well as mak-
ing detection easier.

The uranium in the core starts at 20% fissile and drops so
it is never weapons usable.' The plutonium produced from
neutron capture in 23

8U rather quickly develops higher iso-
topes of plutoniurn, making it a poor material for weapons.'
Safeguarding is still necessary but less important. The advan-
tage of this fuel cycle is that 80% of its fuel is made in the

For example after 15 yr of operation, the isotopes of the uranium in
the molten salt are -0.02% -22U; 8% 233U: 2% 234U; 4% 235U; 3%23 'U; and 83% 2311U.

'After operation for 15 yr, the plutonium in the molten salt has the
following isotopes: 7% 

238pu; 36% 239 pu; 21% 
24

0pU; 15% 241Pu; and
20% 

24 2
pu.
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reactor, and the fuel shipments to the plant during its operation
are nonweapons usable.

Conversion ratio =
233 U and fissile Pu production rate

all fissile consumption rate

The conversion ratio starts out at 0.8, and after 30 yr of oper-
ation drops to 0.77 (Ref. 4). Today's LWRs9 each require 5700
tons of mined uranium in 30 yr. Our molten salt reactor exam-
ple also at I 000-MW(electric) size, in 30 yr of operation at 75%
capacity factor would consume by fissioning, 17 tons of tho-
rium, 3.8 tons of 238U, and 6.7 tons of 235U. This requires 1500
tons of mined uranium." Our worries about the consumption of
uranium are reduced by a factor of 4 relative to today's reactors
while the depletion of thorium remains entirely negligible.

In our example, 14% of the heavy atoms that have been
transported to the reactor are burned tip or fissioned in 30 yr of
operation) If we include the 1500 tons of mined uranium that
went into the depletion process and was not used in the reactor,
then the percentage of burnup is 1.3%. This compares to our
present-day reactorexample with once-through fueling of 0.5%
burnup of mined uranium with the assumptions in footnote g.

V. ALTERNATIVE FUEL CYCLE

If we decide in future versions of the molten salt reactor to
move toward the pure thorium- 233U cycle with fuel processing,

then the conversion ratio approaches unity and the use of mined
uranium will drop by over an order of magnitude or be elimi-
nated once started up. This cycle would start up the reactor
with only 235U and thorium dissolved in the molten salt.) Neu-
trons absorbed in thorium would produce 2 33U. Although this
fuel is highly radioactive, after chemical separation it is di-
rectly usable in nuclear weapons and therefore poses a danger
that would have to be guarded against with extra measures. We
should avoid designs that permit separation.of protactinium
because it decays into 233U without the highly radioactive 232U
"spike" previously mentioned.

The strong advantage of this fuel cycle is that it breeds
essentially all of its own fuel, thus removing the need for trans-
portation of weapons-usable material to the reactor site once it
is started up. Also it makes no further demands for mined
uranium for several hundred years although the graphite had to
be changed a number of times.4 For example, a present-day
reactor would use 38000 tons of mined uranium over 200 yr,
while the molten salt reactor once staried up on 235U and tho-
rium would need only 600 tons of mined uranium and could
operate for 200 yr (see footnote g again). One hundred thirty-
seven tons of thorium would be fissioned." The burnup of the
600 tons of uranium and 137 tons of thorium would be -- 18%.

Even a small amount of fissile material removed from the
reactor would cause it to cease operation, and this mitigates the
danger of diversion from the plant site. Diversion of the mate-
rial for weapons use would be an interruption of normal pro-
cedures, which could be carried out only by insiders. It is clear

gThe assumption on LWR fuel usage can be seen:

1000 MW(electric) .0.75.365 day/yr. 30 yr- 5%
= 5700 tons

MW(electric)
0.32 MW .50000 MWd/T.0.45%MW

of mined uranium in 30 yr with tails of 0.25%. (5700 tons. 200 yr)/30 yr = 38000 tons in 200 yr.

Burnup of heavy atoms =
1000 MW(electric) • 235 amu . 1.67.10-27 kg/amu .365 days/yr 24 h/day .3600 s/h

0.32 MW(eleciric)/MW. 195 MeV. 1.6.10-'9 J/eV

= 1240 kg/full power year

Burnup fraction 1.24 tons X 30 yr X 0.75/57(X) tons 0.49%

Mined uranium for the molten salt reactor to start up is 3.5 tons 235U/0.0045 = 780 tons of mined uranium. For the alternative fuel cycle, tile
start-up is 2.8 tons 23 5U/0.0045 = 620 tons of mined uranium.

h6 .7 tons of 23 5U/0.0045 = 1500 tons of mined uranium Where we assume the 235 U content of 0.7% of uranium can be used with tails of 0.25%.

1000 MW(electric).233 amu-1.67.10- 27 kg/amu 365 days/yr. 24 h/day.3600 s/h
'Burnup of heavy atoms =

0.43 MW(electric)/MW 195 MeV 1.6.10-19 J/cV

= 915 kg per full power year

Burnup fraction = atoms burned (fissioned) in 30 yr/all heavy atoms

915 kg.0.75.30 yr 20600 kg
______________________ - 13.7% .

110000 kg Th + 32400 kg 235U +7900 kg 21-IU 150(300 kg

We use 30-yr period and 75% capacity factor consistently for all cases, so that relative comparisons are unaffected by this assumption. The fissile
consumption is then 0.75 X 915 = 690 kg/yr.
Uranium-233 for start-up fuel could be produced externally from accelerator or thermonuclear fusion produced neutrons absorbed in thorium
if these technologies become developed successfully. This fissile source or use of discharge fuel from current fission reactor designs would
virtually eliminate the need for further uranium mining but would introduce proliferation issues that could and would have to be dealt with.

kBurnup of heavy atoms in 200 yr = 0.915 tons/yr per full power year × 0.75 capacity factor X 200 yr = 137 tons in 200 yr. Burnup in 200 yr
(137 tons Th)/(620 tons mined U + 137 tons Th) = 18%.
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that continuous operation would be needed. Thus, it should be
easily noticed unless carried out by separating small amounts
for a long period.

We advocate full compliance and even strengthened inter-
national safeguard agreements including inspection regimes
and technical means for monitoring the reactor and all its
operations. Monitoring devices including cameras and trans-
ceivers possibly in miniature or even subgram sizes might aid
monitoring systems to find out whether all components in the
system are in place and operating normally. It is difficult to
exclude the possibility that considerable quantities of compo-
nents of nuclear explosives might be produced in reactors, and
therefore information on the production of these materials should
be readily available. This requirement should be considered a
cnucial part of a policy of openness (to be introduced gradu-
ally), which, in a general sense, will be necessary to insure the
stability of the world. Openness is not an easy condition to
fulfill but perhaps better than any obvious alternative.

VI. ECONOMIC COMPETITIVENESS

Our economic goal is to achieve a cost of electrical energy
averaged over the life of the power station to be no more than
that from burning fossil fuels at the same location. Past studies
have shown a potential for the molten salt reactor to be some-
what lower in cost of electricity than both coal and LWRs
(Refs. 4 and 12). There are several reasons for substantial cost
savings: low pressure operation, low operations and mainte-
nance costs, lack of fuel fabrication, easy fuel handling, low
fissile inventory, use of multiple plants at one site allowing
sharing of facilities, and building large plant sizes. The cost of
undergrounding the nuclear part of the plant obviously needs to
be determined and will likely not offset the cost advantages of
a liquid-fueled low-pressure reactor.

VII. WHY HAS THE MOLTEN SALT REACTOR NOT ALREADY
BEEN DEVELOPED?

If the molten salt reactor appears to meet our criteria so
well, why has it not already been developed since the molten
salt reactor experiment operated over 30 yr ago?

Several decades ago an intense development was under-
taken to address the problem of rapid expansion of reactors to
meet a high growth rate of electricity while the known uranium
resources were low. The competition came down to a liquid-
metal fast breeder reactor (LMFBR) on the uranium-plutonium
cycle arid a thermal reactor on the thorium-2 33U cycle, the
molten salt breeder reactor. The LMFBR had a larger breeding
rate, a property of fast reactors having more neutrons per fis-
sion and less loss of neutrons by parasitic capture, and won the
competition. This fact and the plan to reduce the number of
candidate reactors being developed were used as arguments to
stop the development of the molten salt reactor rather than keep
an effort going as a backup option. In our opinion, this was an
excusable mistake.

As a result there has been little work done on the molten
salt reactor during the last 30 yr. As it turned out, a far larger
amount of uranium was found than was thought to exist, and
the electricity growth rate has turned out to be much smaller
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than predicted. High excess breeding rates have turned out not
to be.essential. A reactor is advantageous that once started up
needs no other fuel except thorium because it makes most or all
its own fuel.

Studies of possible next-generation reactors, called Gener-
ation IV, have included the-molten salt reactor among six reac-
tor types recommended for further development. In addition the
program called Advanced Fuel Cycle Initiative has the goal of
separating fission products and recycling for further fissioning.

VIII. DEVELOPMENT REQUIREMENTS AND CONCLUSIONS

In conclusion, we believe a small prototype plant should
be built to provide experience in all aspects of a commercial
plant. The liquid nature of the molten salt reactor permits an
unusually small plant that could serve the role just so that the
temperatures, power densities, and flow speeds are similar to
that in larger plants. A test reactor, e.g., 10 MW(electric) or
maybe even as small as I MW(electric) would suffice and still
have full commercial plant power density and therefore the
same graphite damage or corrosion limited lifetime. Support-
ing research and development would be needed on corrosion of
materials, process development, and waste forms, all of which,
however, are not needed for the first prototype.

We give some examples of development needs. We need
to show adequate long corrosion lifetime for nickel alloy re-
sistant to the tellurium cracking observed after the past reactor
ran for only 4 yr. If carbon composites are successful, corrosion
will likely become less important. We want to prove feasible
extraction of valence two and three fluorides, especially rare-
earth elements, which will then allow the fuel to burn far longer
than 30 yr (200 yr). We need to study and demonstrate an
interim waste form suggested to be solid and liquid fluorides
and substitute fluorapatite for the permanent waste form of
fission products with minimal carryover of actinides during the
separation process. This solution holds the promise to diminish
the need for repository space by up to two orders of magnitude
based on waste heat generation rate. We need a study to show
the feasibility of passive heat removal from the reactor after-
heat and stored fission products to the atmosphere without
material leakage and at reasonable cost. Another study needs to
show that all aspects of the molten salt reactor can be done
competitively with fossil fuel. The cost for such a program
would likely be well under $1 billion with operation costs
likely on the order of $100 million per year. In this way a very
large-scale nuclear power plan could be established, including
even the developing nations, in a decade.
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DIRECT CONVERSION OF SPENT FUEL TO HIGH-LEVEL-WASTE (HLW) GLASS

C. W. Forsberg, E. C. Beahm, G. W. Parker, and J. Rudolph

ABSTRACT

The Glass Material Oxidation and Dissolution System (GMODS) is a recently invented process for the

direct, single-step conversion of spent nuclear fuel (SNF) to high-level waste (HLW) glass. GMODS

converts metals, ceramics, organics, and amorphous solids to glass in a single step. Conventional

vitrification technology can not accept feeds containing metals or carbon. The GMODS has the potential to

solve several issues associated with the disposal of various U.S. Department of Energy (DOE) miscellaneous

SNFs: (1) chemical forms unacceptable for repository disposal, (2) high cost of qualifying small quantities

of particular SNFs for disposal, (3) limitations imposed by high-enriched SNF in a repository because of

criticality and safeguards issues, and (4) classified design information. Conversion of such SNFs to glass

eliminates these concerns. A description of the GMODS, "strawman" product criteria, experimental work to

date, and product characteristics are included herein.

1. INTRODUCTION

The disposal of miscellaneous SNF creates unique waste management issues. Miscellaneous SNFs are

all SNFs except commercial, high-volume light-water reactor (LWR) SNF. Historically, there have been two

waste management options: (a) direct disposal and (b) reprocessing with conversion of the HLW to glass.

However, each approach presents difficulties for those handling miscellaneous SNF.

There are major difficulties with direct disposal of miscellaneous SNF because of the characteristics of

the materials:

0 Some types of miscellaneous SNFs may not be in chemical forms acceptable for repository disposal.

a The current estimated cost to qualify a single SNF type for the repository is estimated to exceed
$60 million dollars'. There are dozens of miscellaneous SNF types. Total costs to qualify all SNF
types will be very expensive.

1
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* Much of the miscellaneous SNF is highly enriched in U-235; this creates unique criticality and
safeguards concerns. Repositories are being designed for low-enriched LWR SNFs.

0 Some types of miscellaneous SNFs, such as SNF from nuclear submarines, have classified design
information. For repository licensing and safeguards, it is desirable to have no classified information
associated with the repository.

There are technical, economic, and policy difficulties in reprocessing these materials to recover uranium

and plutonium. Many of these SNFs were not reprocessed in the past because the small quantities of such

SNFs and their unique characteristics made reprocessing uneconomic. In addition, U.S. nonproliferation

policy discourages reprocessing of SNF.

A new approach, a third option, for management of miscellaneous SNF has been invented.-' It is direct,

single-step conversion of miscellaneous SNF to glass. This report describes a strawman criteria for the HLW

glass product, the GMODS process, the equipment, a product glass, and presents the results of preliminary

laboratory experiments.

Conventional vitrification processes accept only oxide feeds. If SNF with metal fuel or metal/carbon

cladding is to be converted to glass with current vitrification processes, a separate process is first required to

oxidize the metals to oxides before the SNF can be fed to a glass melter. This type of oxidation process is

very difficult using current technology when processing zirconium, aluminum, stainless steel, or carbon clad

SNF. For this reason, vitrification has not been previously considered for processing miscellaneous SNF.

GMODS may eliminate these barriers and create a practical way to convert SNF to glass.

2. STRAWMAN CRITERIA

If miscellaneous SNF is to be converted to glass, a set of waste-form performance criteria are required to

define goals. The simplest approach is for GMODS to match the waste acceptance criteria defined for the

two waste types (HLW glass and LWR SNF) accepted for repository disposal. The criteria are:

(1) mechanical (package dimensions, handling mechanisms, etc), (2) repository waste form performance

(chemical behavior), and (3) nuclear criticality.

, •"r'" •".•-.:•..f';:: " .. • ''XY . •.,,.- - 3 •. -. ••- -•• ... .,-•. ... •. . .
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Mechanical and chemical waste form performance criteria have been developed4 for acceptance of HLW

glass for the proposed Yucca Mountain repository. These criteria provide a basis to define appropriate

mechanical and chemical criteria for a ILW glass.

There are also criticality criteria. Current repository designs and licensing approaches are based on

disposal of LWR spent fuel with < 2 wt.% fissile content in the uranium. Much of the DOE miscellaneous

SNF is high-enriched SNF (enrichments exceeding 90%) that create new criticality issues for the repository.'-'

In a repository, selective dissolution and precipitation of uranium in groundwater, over geological time,

creates the potential of concentrating uranium and initiating criticality events if the original uranium is highly

enriched. Geological evidence7 shows that naturally occurring nuclear reactors have been created in the past

by these mechanisms when the uranium enrichment levels exceeded several weight percent U-235. In

contrast, no evidence exits of naturally occurring reactors at lower enrichment levels.

The licensing, safety, and environmental nuclear criticality questions concerning disposal of high-

enriched SNF can be avoided by adding miscellaneous SNF and depleted uranium simultaneously to GMODS

to create a HLW glass with low-enriched uranium.

A conservative criticality criteria is that the uranium enrichment level of SNF glass should not exceed the

average fissile content of LWR SNF going directly to the repository. The fissile content of typical LWR SNF

(bumup = 33,000 Mwd/ton) is about 1.4%. LWR SNF contains both U-235 and Pu-239. In time, the

Pu-239 decays to U-235 and contributes to the U-235 content. A nuclear criticality criterion of 1.4 wt.%

fissile content for the uranium in the glass is used herein. This is consistent with geological evidence that at

such enrichments, criticality is unlikely under realistic geological conditions and assures that the glass product

fits within the repository licensing and design envelope for LWR SNF.

Th1~j:
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3. PROCESS DESCRIPTION

The basic concept of GMODS (Fig. 1) is to add miscellaneous SNF, depleted uranium (if required), glass

frit, and a sacrificial oxide directly to a glass melter. The characteristic of molten glass systems is that they

dissolve oxides-but not metals or organics. The addition of a sacrificial oxide to the molten glass provides a

method to oxidize in situ (1) metals to metal oxides and (2) organics to carbon dioxide gas and steam. The

metal oxides dissolve into the glass. The carbon dioxide gas and steam exit the melter. The feasibility of

GMODS depends upon the selection of the sacrificial oxide and the glass formulation.

The preferred sacrificial oxide is lead oxide (PbO) in a lead borate glass. Lead oxide, which is a

component in many glasses, reacts with metals in glass to yield metal oxides and metallic lead (Pb):

Zr + 2PbO - ZrO2 + 2Pb 1 (1)

2A1 + 3PbO - Al203 + 3Pb 1 (2)

3Fe + 4PbO - Fe304 + 4Pb 1 (3)

3u + 8PbO - U308 + 8Pb 1 (4)

C + 2Pbo - CO2 1 + 2Pbl . (5)

The molten lead, the reaction product, sinks to tho bottom of the melter. The lead at the bottom of the

melter is removed, reoxidized back to lead oxide, and recycled back to the glass melter as new sacrificial

oxide. Hence, lead, an oxygen carrier, does not leave the system. The lead oxidation reaction is

2Pb + o2 -2Pbo . (6)

The mixture of lead oxide and boron oxide is efficient in oxidizing metals in glass. Lead oxide is a

powerful oxidant in this system. Many metals form protective surface oxides that limit chemical reaction

rates. In a lead-borate glass, the boron oxide rapidly dissolves oxide protective layers into the glass; this thus

allows efficient oxidation of bare metal by the lead oxide.

NT
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GLASS-CONVERSION FURNACE
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TRANSFER LINE OR
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'I SOLIDIFIED
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OF LEAD AND GLASS
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Fig. 1. Glass Material Oxidation and Dissolution System (GMODS) for Direct Conversion of Miscellaneous Spent Nuclear Fuels (SNFs) to Glass.
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After dissolution of the SNF, additional glass additives (Si0 2 etc.) are added to improve the glass quality

before the mixture is poured into containers or sent to "marble" production machines for solidification.

Optimum glasses for rapid oxidation-dissolution of SNF are different in composition than are glasses for

long-term durability; thus, glass additives used to create a more durable glass are introduced after SNF

oxidation-dissolution is completed.

If required, the lead oxide may be removed from the final'glass before solidification by the addition of

carbon, which reduces the lead oxide to lead metal while producing gaseous carbon dioxide [Eq. (5)]. The

lead oxide may be removed from the dissolution glass for multiple reasons: (1) better final HLW glass,
\2

(2) reduction of the volume of the glass, and (3) avoidance of the costs to provide added sacrificial lead oxide.

GMODS produces limited off-gas because solid lead oxide is the oxidizer. The primary off-gases are

volatile fission products and carbon dioxide, which results from the reduction of excess lead oxide using

carbon.

4. EQUIPMENT DESCRIPTION

Conceptually, the GMODS consists of three process steps: (1) simultaneous oxidation-dissolution of the

SNF into glass, (2) glass refining (adding glass additives, etc.) to obtain the appropriate durable glass, and

(3) conversion of lead metal back to lead oxide. These steps may be performed sequentially in a single melter

or in multiple melters in series. The choice of option depends upon feed composition, final waste-

performance requirements, and throughput.

GMODS requires an induction-heated melter such as those used for the processing of scrap metal and for

certain specialty glass-making operations. Induction furnaces with capabilities up to 20 tons are currently

used to melt radioactive scrap into shielding blocks and waste packages.

Cold-wall, induction-heated melters may be preferred. In a cold-wall melter, a thin layer of frozen glass

separates the molten glass from the melter wall. This separation prevents glass corrosion of the furnace

. .. : ---..- --
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lining. The higher temperatures (14000 C) possible with such melters allow the use of glass formulations

with higher waste loadings and/or the production of more durable glasses. The high waste loading per unit

volume minimizes cost.

Cold-wall, induction-heated melters are used industrially to melt titanium and superalloys. They are also

being developed too, for radioactive waste processing in France-' and Russia.10 The French have an

operating melter with a throughput of 50 kg/h and are developing a 200 kg/h melter. The French melters

have also been used to melt Zircalloy hulls and hardware into ingots.

5. PRODUCT DESCRIPTION

The final product will be a high-uranium borosilicate glass or glassy slag. Work is ongoing at Savannah

River Laboratories" and elsewhere on developing high actinide loaded glasses. The results of work on glassy

slags"2 suggests that they may also be a candidate waste form because of the advantage of higher waste

loadings; particularly for materials such as ZrO2 .

For low-enriched miscellaneous SNF (Hanford-N reactor SNF and the Three Mile Island-2 core debris)

high loadings ofuranium in the final glass are desirable. The limited data' show glasses with up to 20%

uranium make acceptable waste forms. Higher uranium loadings in waste glasses have not been investigated.

Other non-waste management reports in the literature suggest uranium loadings up to 50% may be practical.

As the uranium loading in weight percent is increased, the glass density increases. Doubling the uranium

loading more than doubles the quantity of uranium per unit volume of glass.

For high enriched SNF, depleted uranium can be added to the glass for criticality control. The addition of

depleted uranium to the HLW glass for criticality control may allow reductions in the volume and number of

waste packages to the repository. Consider, as an example, the disposal of High Flux Isotope Reactor

(-FIR) SNF. The HFIR is the main research reactor at Oak Ridge National Laboratory. This SNF is high-

enriched U30, with aluminum cladding. Its geometry is an upright cylinder (height = 79.1 cm, diam.

43.5 cm.). The chemical composition is shown in Table I for (1) a fresh fuel assembly, (2) the SNF and,

(3) after the SNF is converted to oxide form'.
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Table 1. HFIR New Fuel, SNF and Oxidized SNF Compositions on a per Assembly Basis

U Al " Fission(") Total

New Fuel

Kg 10.1 127.99 1.85 0 139.94

Moles 42.978 4740.4 57.8 0 4841.18

SNF

Kg 7.9 127.99 1.85 2.2 139.94

Moles 33.617 4740 57.8 18.722 4850.139

Wt. % 5.64 91.46 1.322 1.57 100.

Mole % 0.693 97.73 1.192 0.386 100

In Glass (b)

Kg 565.4 127.99 215.712 2.2 911.302

Moles 2376. 4740. 6741 18.722 13875.2

WL % 62.04 14.04 23.67 0.24 100.

Mole % 17.124 34.2 48.58 0.135 100.

W')Assume 2 moles of fission products per mole of uranium fissioned; uranium enrichment levels: fresh
fuel: 93%, SNF: 86.1%, and glass input: 1.4%.

(°)Input of HFIR SNF into final HLW glass composition after GMODS oxidation-dissolution step.
Uranium as U30 8, fission products as FO2

Let us consider 3 treatment options: a theoretical case of direct SNF disposal where criticality is ignored,

direct disposal with criticality considered, and direct conversion of HFIR SNF to HLW glass. Assume that

the Savannah River Site (SRS) or West Valley HLW canister is used (height = 120 in. diam = 24 in.,

effective waste volume = 0.625-0.8 inS).

ý.M . -.
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If direct disposal is considered without consideration of nuclear criticality, each HFIR assembly occupies

about a fifth of a waste canister.

Using direct disposal with consideration of some criticality effects, about 10 waste packages are required

per HFIR SNF assembly. Current estimates are that the criticality limit for a waste package for high-

enriched uranium is 700 g/pkg assuming that there is no interaction between uranium in different waste

packages over geological time. A Caution: there are significant uncertainties about this assumption and

what it implies in terms ofpackage separation within a repository over geological time.

If a HFIR SNF assembly is converted to glass with GMODS, the glass may occupy from about one-forth

to a full waste canister depending upon assumptions. A conservative set of assumptions result in 0.6 m3 of

glass per SNF assembly. This assumes that the high-enriched uranium is diluted with 0.2 wt.% depleted

uranium to a final uranium assay of 1.4 wt.%. It also assumes a glass that is 20 wt% uranium with a density

of 4.8 g/cm3. The loading may be increased by several mechanisms.

* The 20 wt/o uranium loading in glass is based on existing data but much higher loading may be
possible (see above).

* It is assumed that the entire fuel assembly will be converted to glass. Glass volumes can be reduced
if some of the SNF structural material (hardware etc.) is removed from the SNF assembly before
conversion to glass.

" There are different estimates of the volume fraction of the waste package that can be loaded with
glass for given external package size. For canisters with the same external dimensions, SRS
assumes 0.625 m3 of glass, while West Valley assumes 0.8 n3.

There are 3 reasons why the volume of repository waste from conversion of high-enriched SNF to low-

enriched uranium glass does not cause large increases in volume compared to the volume of high-enriched

SNF in waste packages when criticality is not considered.

* High-enriched SNF is primarily structural material and coolant void space. The volume or mass
fraction of the SNF assemblies that is high-enriched uranium is small. Dilution with depleted
uranium does not make uranium the dominate component in the glass when measured in moles, the
basis of glass formulation and volume.

* Uranium glasses have high densities.
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Glass efficiently fills a waste package. SNF assemblies do not efficiently fit into standard waste
packages.

It is noted that the cold-wall, induction-heated melter proposed for GMODS is the same technology

developed in France and elsewhere for conversion of hulls and hardware from spent fuel reprocessing into

solid ingots to minimize final volumes. An optimum miscellaneous SNF strategy for high enriched SNF

might include GMODS and separate melting of SNF hardware that can be removed without release of

uranium or fission products.

6. EXPERIMENTAL RESULTS

Thermodynamic calculations and preliminary scoping experiments"3 were conducted to demonstrate key

steps of GMODS. The solubility of various oxides in lead borate glasses with molar compositions from

PbO:B20 3 to 4PbO:B203 was investigated. High solubility is required for high waste loadings in the glass

and rapid dissolution of oxide layers on SNF. For uranium oxide, the highest solubilities in the lead borate

dissolution glass were with an initial glass molar composition of 2PbO:B2 O3 . This particular lead borate-

glass when heated to 10200 C dissolves in excess of 20 wt.% UO2 + 20 wt.% ZrO2. Other experiments

showed similar solubility for A120 3.

Chemical reaction tests demonstrated the conversion of uranium dioxide, Zircalloy-2, aluminum, cerium,

and stainless steel to dissolved oxides in the dissolution glass with production of lead metal. Figure 2 shows

the reaction of Zircalloy-2 cladding in glass partway through the process. Separated lead is shown in globular

form. Experiments have also demonstrated oxidation of carbon with production of metallic lead and gaseous

carbon oxide release.

Measurements made of the viscosities of lead-borate glasses and lead-borate glasses with uranium

(Table 2) show low glass viscosity in the range of 700 to 800° C, suggesting that the glass oxidation-

dissolution process step may operate below 1000° C. High loadings of aluminum and zirconium oxide may

raise these viscosities.
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Table 2. Temperature (Q C) and Viscosity (centipoise) For Different Molar Ratios (R) of
Lead Borate Glass and Weight Percent Uranium Oxide in Glass*

R=1 R=2 R=3 R=4 R=2

U 0 wt.% U=0wt.% U=wt. 0% U=wt. 0% U=20wL%

706/263 620/200 603/104 615/75.9 626/1970

750/101 710/47.4 665/59.1 705/57.5 768/1,16

810/51.6 820/21.8 713/42.3 822/21.3 905/22.2

803/28.6

*Example: at 7060 C, the glass viscosity is 263 cp for a glass with I mol PbO per mole of B20 3 (R = 1)
and 0 wt.% U30.

Note: For comparison, antifreeze has a viscosity of 20 cp, while light machine oil has a viscosity of
110 cp.

Added experiments are planned to measure glass physical properties (viscosity, density, thermal

conductivity, and heat capacity) and chemical reaction rates for various materials as a function of glass

compositions and temperature.

7. CONCLUSIONS

A new process for the direct conversion of SNF to glass has been invented. GMODS may convert SNF

that may not be acceptable for the repository because of chemical, mechanical, or nuclear characderistics into

a HLW glass suitable for repository disposal.

Thermodynamic calculations indicate process feasibility. Initial proof-of-principle experiments have

shown the feasibility of some key chemical reactions. However, significant additional work is required before

engineering feasibility could be demonstrated.
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Abstract

A re-evaluation of the Molten Salt Breeder Reactor concept has
revealed problems related to'its safety and to the complexity of

< the reprocessing considered. A reflection is carried out anew
(NI in view of finding innovative solutions leading to the Thorium

Molten Salt Reactor concept. Several main constraints are es-
Z tablished and serve as guides to parametric evaluations. These

"- then give an understanding of the influence of important core
(NI parameters on the reactor's operation. The aim of this paper

i is to discuss this vast research domain and to single out the
.: Molten Salt Reactor configurations ihat deserve further evalua-

tion.
0

Introduction

A-,In order to reduce CO 2 emissions in the coming decades, and,
as a result, to mitigate global warming, it appears necessary to
stabilize or, better, to reduce the use of fossil fuels. Resorting to
a sustainable version of nuclear power may help replace clas-
sical energy production partially and thus satisfy an increasing

C world energy demand while conserving the climate and natural
resources. The Generation IV International Forum for the de-
velopment of new nuclear energy systems [I] has established
a set of goals as research directions for nuclear systems: en-

- 4 hanced safety and reliability, reduced waste generation, effec-
,tive use of uranium or thorium ores, resistance to prolifera-

0 tion, improved economic competitiveness. Molten Salt Reac-Stors (MSR) are one of the systems retained by Generation IV.
U. MSRs are based on a liquid fuel, so that their technology is fun-

'"• damentally different from the solid fuel technologies currently
in use. Some of the advantages specific to MSRs (in terms
of safety/reliability, for example) originate directly from this
characteristic [2]. Furthermore, this type of reactor is partic-
ularly well adapted to the thorium fuel cycle (Th- 233U) which
has the advantage'of producing less minor actinides than the
uranium-plutonium fuel cycle (238U-239pu) [3, 4]. Moreover,
while breeding or regeneration in the U-Pu cycle can be ob-
tained only with a fast neutron spectrum, in the Th-2 33U fuel

cycle it can, in principle, be obtained with a more or less mod-
erated neutron spectrum. In a thermal neutron spectrum, poi-
soning due to the Fission Products (FP) being worse than in
a fast neutron spectrum, the rate at which fuel reprocessing is
performed can become a major issue. Because, in an MSR,
the fuel is liquid, continuous extraction of the FPs is a possibil-
ity. Although MSRs can be operated as incinerators they will
be discussed in this paper only as electricity producing critical
systems.

In 1964, the Molten Salt Reactor Experiment (MSRE) was
initiated at the Oak Ridge National Laboratory (ORNL). Gen-
erating 8 MWth of power, the reactor was operated without
problems and with different fuels (235U then 233U) over sev-
eral years. The expertise gained during this experiment led,
in the 1970s, to-the elaboration of a power reactor project, the
Molten Salt Breeder Reactor (MSBR [5]). The studies demon-
strated that fuel regeneration is possible with the thorium fuel
cycle in an epithermal spectrum, provided very efficient and,
as a consequence, constraining, on-line chemical reprocessing
of the salt is achieved. Over the past few years, the MSBR has
been reassessed in the light of new calculating methods [3, 4] so
as to elaborate a new reactor concept that we call the Thorium
Molten Salt Reactor (TMSR).
. The MSBR suffered from several major drawbacks and was

discontinued. The goal being, at the time, to obtain as high
a breeding ratio as possible, the on-line chemical reprocessing
unit considered had to process the entire salt volume within
10 days and this was very complex [6]. Because of this com-
plexity, the project is often considered unfeasible. In addition,
recent calculations have shown that the global feedback coef-
ficient for this system is slightly positive. This contradictsthe
results that had been presented. The difference is probably due
to the fact that, at the time, the compositions were handled in a
homogeneous way while they are handled heterogeneously to-
day. .This critical issue makes the MSBR a potentially unstable
system in some situations.

The aim of this paper is.to present solutions to these prob-
lems. In our search for better reactor configurations, we have
identified several constraints that are discussed in the first part
of this work. We then discuss the impact of the various reac-

I



tor parameters on these constraints, i.e. chemical reprocessing,
channel size, fuel volume and the proportion of heavy nuclei
(HN) in the salt. A synthesis of these studies is set forth in the
last section.

This work is based on the coupling of a neutron transport
code (MCNP [7]) with a materials evolution code. The former
calculates the neutron flux and the reaction rates in all the cells
while the latter solves the Bateman equations for the evolution
of the materials composition in the cells. These calculations
take into account the input parameters (power released, criti-
cality level, chemistry,...), by adjusting the neutron flux or the
materials composition of the core on a regular basis. Our calcu-
lations are based on a precise description of the geometry and
consider several hundreds of nuclei with their interactions and
radioactive decay; they allow fine interpretation of the results.
All the data discussed in this paper result from the evolution of
the reactor over 100 years.

1 Constraints

We identify five major constraints in this study: safety, chem-
ical reprocessing feasibility, fuel regeneration capability, ma-
terials life span, and initial inventory. Other constraints could
be considered, such as waste minimization, thermal-hydraulics,
or proliferation resistance but we concentrate essentially on the
above five major constraints. We seek to understand the im-
pact of the reactor's defining parameters on these constraints.
In so doing, we can single out the best reactor configurations
according to the weight assigned to each of the constraints.

1.1 Safety

In the work we present here this constraint concerns essentially
the evolution of the feedback coefficients that should be nega-
tive. The more kinetic aspects of the reactor's safety properties
are not considered here. Additionally, the ways in which we
change the concept do not modify the other MSR safety prop-
erties, such as fuel dumping and the fact that MSRs are free of
high pressure areas.

The feedback coefficients, aky, are a measure of the varia-
tion of the multiplication factor (dk)'with the temperature of
the core or of a portion of the core (dT). The global feedback
coefficient can be broken up into several strongly uncorrelated
partial coefficients, each of which characterizes the variation
of a specific parameter: the effects due to the expansion of
the salt 1, and the purely thermal effects of the salt and of the
graphite. This reads:

dk d e dk dk

d tota ) density ) Doppler } •)graphite

In order for the reactor to be intrinsically safe, a tethperature
increase must not induce an increase of the reactivity and, as

The heating of the salt induces a widening of the resonances due to the

Doppler effect and a change in the neutron spectrum moderation due to the salt.
Both of these effects are considered together, under the term "Doppler".

a consequence, of the power released by fissions. For this rea-
son, the ,A-k)total coefficient must be negative. The thermal ki-
netics of the graphite, which is heated by gamma radiation and
cooled by the salt, is much slower than that of the salt. Making
allowance for this delay between the heating of the salt and the
heating of the graphite, the coefficient for the salt alone, that is
the sum IL + -T)Doppler must also be negative. The de-tesmdT ) density+ dk)Dope

gree of safety can be further increased if the density coefficient
is made negative. This implies that any local loss of density,
e.g. because of a bubble, decreases the reactivity of the system.

The uncertainties on these values are related to statistical er-
rors that are well identified and can be reduced, but also to sys-
tematic errors that are not quantified and are related, for ex-
ample, to uncertainties in cross section evaluations. For this
reason, the feedback coefficients must be sufficiently negative
to ensure unambiguous stability.

1.2 Feasibility of the Chemical Reprocessing

The term feasibility reflects the complexity associated to the
chemical reprocessing. Indeed, some of the separation pro-
cesses are considered too difficult to be implemented. This can
have several causes: the processes considered are not well un-
derstood or mastered, the flow of materials to be processed is
too large, the reprocessing implies direct coupling to the reactor
core,...

The objective is to devise the simplest possible system that
is compatible with the other constraints. In particular, it will be
important to avoid excessive deterioration of the system's fuel
regeneration capability.

1.3 Fuel Regeneration Capability

The breeding ratio expresses the balance between the creation
of 233U through neutron capture on 232Th and the destruction
of 233U through fission or neutron capture. The breeding ratio
in a critical reactor can thus be written:

BR= rc232Th - rc.233pa
r'f,233U + rc,233U

With rc and rf respectively the capture rate and the fission
rate of the different isotopes.

A breeding ratio less than I implies that 233U is consumed so
that fissile matter must be fed into the core on a regular basis.
This inevitably increases both the volume and the frequency
of transfer of these dangerous materials. Similarly, a breed-
ing ratio larger than 1 implies that the excess 233U produced
be placed in storage and/or transported. Because, in all cases,
the initial fissile matter inventory has to be produced by other
means (e.g. in pressurized water reactors or fast neutron re-
actors) the highest possible breeding ratio does not necessarily
have to be sought.

In order to satisfy the regeneration constraint, we try to
achieve a breeding ratio at least equal to 1, knowing that any ex-
cess neutrons can always be put to use (improved safety, trans-
mutation capabilities, ... ).
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1.4 Materials Life Span

This concerns in particular how the graphite reacts to irradia-
tion exposure. Beyond a certain degree of damage, it becomes
the seat of swelling. Graphite's life span is determined by
the time it takes to reach a fluence limit, that we will set to
2.1022 n/cm 2 at a temperature of 630 'C [8]. In our calcula-
tion, we consider only the neutrons whose energy is larger than
50 keV, i.e. those that create real damage in the graphite.

The goal, with this constrainit, is to obtain a life span that
is not too short so as to avoid replacing the core graphite too
frequently.

1.5 Initial Inventory

The inventory, here, is the amount of 233U needed to start a
1 GWe power reactor. The smaller the inventory, the faster the
deployment of a fleet of such reactors can be achieved [9, 10].

Without excluding configurations with a large inventory, its
minimization will be sought.

These constraints are not all equivalent; a weighting factor
can be assigned to each of them. This factor depends on the
technologies available and the goals that guide reactor choices.
As the performance of a system depends on how the constraints
are weighted and on how difficult it is to satisfy them, it is not
possible to specify the "best" solution. The only possibility is
to identify a number of interesting trends. This yields a better
understanding of the system and can lead to the definition of a
power reactor (stringent constraints) or of a demonstration unit
(less stringent constraints).

2 Impact of the Parameters on the Con-
straints

In this section, we examine how various reactor parameters im-
pact the five constraints discussed above. In order to be able
to compare the systems studied, we found it useful to define a
standard system from which the different studies could stem.

Our standard system is a I GWe graphite moderated reac-
tor. Its operating temperature is 630 °C and its thermodynamic
efficiency is 40 %. The graphite matrix comprises a lattice of
hexagonal elements with 15 cm sides. The total diameter of the
matrix is 3.20 m. Its height is also 3.20 m. The density of this
nuclear grade graphite is set to 1.86. The salt runs through the
middle of each of the elements, in a channel whose radius is
8.5 cm. One third of the 20 m3 of fuel salt circulates in external
circuits and, as a consequence, outside of the neutron flux. A
thorium and graphite radial blanket surrounds the core so as to
improve the system's regeneration capability. The properties of
the blanket are such that it stops approximately 80 % of the neu-
trons, thus protecting external structures from irradiation while
improving regeneration. We assume that the 233U produced in
the blanket is extracted within a 6 month period.

The salt used is a binary salt, LiF - (HN)F 4, whose (HN)F 4
proportion is set at 22 % (eutectic point), corresponding to a
melting temperature of 565 'C. The salt density at 630 'C is

set at 4.3 with a dilatation coefficient of 10- 3/°C [11]. We as-
sume that helium bubbling in the salt circuit is able to extract
the gaseous fission products and the noble metals within 30 sec-
onds. The standard reprocessing we consider is the delayed re-
processing of the total salt volume over a 6 month period with
external storage of the Pa and complete extraction of the FPs
and the TRansUranians (TRU) (Figure 1).

2.1 Influence of the Reprocessing

2.1.1 How Slow Delayed Reprocessing Works

As previously statedý the MSBR reprocessing is considered too
complex to be feasible in the next few decades. The effective-
ness of this reprocessing rested mainly on the extraction and
storage of the protactinium away from the neutron flux so as
to avoid, insofar as possible, the production of 234U by neutron
capture. The half-life of 233Pa is 27 days and its extraction has
to be markedly faster if it is to be efficient. That is why the
reprocessing of the total core volume in 10 days was contem-
plated.

The difficult part of the reprocessing is Fission Product ex-
traction in the presence of thorium. The idea, with slow re-
processing, is to first extract the thorium, so as to avoid being
handicapped by its presence in the FP extraction process. This
method could not be applied in the MSBR because of the large
thorium flow involved, reaching several tons per day while it is
only a few hundreds of kilograms per day in the case of a six
month reprocessing time.

In addition, with slow reprocessing, the nuclear core can be
disconnected from the processing unit, small amounts of the
salt being processed individually, instead of resorting to con-
tinuous on-line reprocessing, as in the MSBR. This is a source
of simplification, it allows easier control of the procedure while
making the core less sensitive to possible problems in the repro-
cessing unit.

Figure 1 gives a general view of what slow reprocess-
ing could entail. Some of the stages shown in this general
schematic, such as protactinium storage, can be eliminated
while maintaining the primary assets of the reprocessing. Like-
wise, the neptunium extracted in the course of the first fluori-
nation, and the other TRansUranians can be either reinjected in
the core or managed separately. The. advantage, in the first op-
tion, is that an "incinerating" configuration is obtained, insofar
as all'the TRUs are kept in the core. With the second option, the
production of americium, curium, and other heavier elements is
significantly reduced.

The time allocated to cleaning the salt and reinjecting it can
be extended considerably. Indeed, if the time needed to repro-
cess the core volume is equal to the time before reinjecting the
salt, there is as much salt outside the core as inside it. Thus,
up to 6 months can separate the extraction of the fuel salt and
its reinjection in the core, after removal of the FPs. The fis-
sile matter inventory is not increased, however, thanks to the
possibility of extracting the uranium during a preliminary flu-
orination stage. In the case of slow reprocessing, we assume
very good extraction efficiencies (they are set to I in the calcu-
lations) because plenty of time is available.
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Figure 1: Slow reprocessing overview

It is too early to say that such a reprocessing scheme solves
the feasibility issues; it is, however, possible to assert that the
simplification of the system improves its feasibility. The impact
of this reprocessing on the other constraints, in particular those
of regeneration and the feedback coefficients has to be assessed.

2.1.2 Impact of the Reprocessing Time

In Table 1, the breeding ratios obtained at equilibrium are given
for various reprocessing options as applied to the reactor con-
figuration described previously. The best breeding ratio is ob-
tained with the MSBR reprocessing and the worst with no re-
processing other than helium bubbling in the core, and 2 3 3

U

recovery in the blanket.
In the table, the MSBR reprocessing is labeled "fast (10

days)" because of the rate at which the protactinium is to be

extracted. However, the extraction of the FPs is partial, making
the real reprocessing rate longer (equivalent to 50 days for the
FPs that capture the most). The option labeled "bubbling only"
is set apart because it is dramatically different from the other
configurations, making any comparison with them tricky (no
equilibrium state).

Varying the reprocessing time from 3 months to 2 years in-
duces about a 0.06 loss in the breeding ratio. For these four
configurations, the proportion of protactinium stored outside of
the neutron flux is, respectively, 30 %, 20 %, 10 % and 5 %.
However, the change in the breeding ratio is due mainly to the
change in the capture rate of the FPs and, to a lesser degree, of
the TRUs. On the contrary, with fast reprocessing, 80 % of the
protactinium is stored outside of the neutron flux and that is the
direct cause of the system's good breeding ratio, way before the
FPs and the TRUs. Thus, unless it is extracted rapidly, the Pa's
incidence on regeneration is minor.

We now know the leeway afforded by the reprocessing, since
a doubling of the reprocessing time induces a breeding ratio

Reprocessing time Breeding ratio dk/dT (pcm/0 C)

Fast (10 days) 1.062 -2.25
Slow (3 months) 1.024 -2.37
Slow (6 months) 1.000 -2.36

Slow (I year) 0.986 -2.39
Slow (2 years) 0.961 -2.50
Bubbling only 0.562 -2.2

Table I: Breeding ratio and feedback coefficient for several re-
processing options. The statistical error on the feedback coeffi-
cient is less than 0.05 pcm/°C.

loss of about 0.02. To be precise, we should add that the degra-
dation of the breeding ratio is three times smaller in configu-
rations with a fast neutron spectrum, where the proportion of
graphite in the core is reduced.

It is important to note that the reprocessing option chosen
has a moderate impact on the feedback coefficients, as shown
in the table. This means that reprocessing time and safety can,
in a first approximation, be considered to be independent.

2.1.3 Destination of the TRansUranians

As previously stated, the TRUs can either be fed back into the
core or they can be managed separately (incinerated in sub-
critical reactors, incinerated in fast neutron reactors, or placed
in storage). The choice has an impact on the regeneration capa-
bilities, as shown in Table 2. Indeed, even if some of the TRUs
fission, they impair the neutron balance because of their high
capture rates. In the auto-incinerating configuration, the most
capturing TRUs reach equilibrium within about 30 years and
contribute to the deterioration of the neutron balance.
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Reprocessing Breeding ratio dk/dT (pcm/°C)
TRUs xtracted 1.000 -2.36
TRUs reinjected 0.987 -3.12

Table 2: Breeding ratio and feedback coefficient according to
TRU management. The statistical error on the feedback coeffi-
cients is less than 0.05 pcm/°C.

In the same table, the influence of the TRUs on the feedback
coefficients is also shown. This coefficient is slightly improved
if the TRUs are kept in the core. This is because the TRUs
harden the spectrum, as will be discussed further in Section 2.2.
Note that, in a fast neutron spectrum configuration, the impact
of TRU reinjection on both the breeding ratio and the feedback
coefficients is reduced.

TRU extraction, however, is advantageous in terms of waste
production. When they are submitted to a neutron flux, TRUs
form, progressively, significant amounts of very heavy ele-
ments such as curium. The ratio of capture to fission cross
sections is not favorable to incineration in this type of reactor
because of its epithermal neutron spectrum. If these elements
are removed from the reactor core, larger amounts of neptu-
nium, formed constantly by captures on 236U, are extracted, but
the production rate of the other actinides is reduced, as shown
in Table 3. The goal, then, is to obtain TRUs that are more
manageable in view of incorporating them in the fuel of Fast
Neutron Reactors. If such an outlet for TRUs is not available,
this option is of no interest.

TRUs reinjected TRUs extracted
(inventory) (inventory) I (output flow)

Np 105 kg 15 kg 4.3 kg / TWh
Pu 265 kg 2.7 kg 770 g / TWh
Am 7.2kg 0.5g 0.14g/TWh
Cm 17.5 kg 0.1 g 30 mg/TWh

Table 3: TRU production and in core inventory at the end of
the time period covered by this study (100 years) for two TRU
destinations; reprocessing time is 6 months. The output flow
calculation is based on 7 TWh per year energy produced.

2.2 Influence of the Size of the Channels

The size of the channels in which the salt circulates is a funda-
mental parameter of the reactor. Since the size of the hexagons
is kept constant in all of our studies, the size of the channels
determines the moderation ratio. Changing the radius of the
channels modifies the behavior of the core, placing it anywhere
between a very thermalized neutron spectrum and a relatively
fast spectrum.

The two extreme possibilities correspond respectively to a
large number of very small channels and a single big salt chan-
nel. In the latter configuration, there is no graphite in the

hexagons and the core consists in a single channel. In order to
allow a comparison of the results with those of the other config-
urations, in this case, the hexagons are treated as salt channels
with an equivalent area (channel radius: 13.6 cm.).

For the configurations in which the channel radius is equal
to or larger than 10 cm, it is essential that the graphite of the
axial reflectors be replaced with less moderating materials (e.g.
zirconium carbide). Otherwise, the fissions occur massively in
the vicinity of the reflectors instead of within the core.

As shown in Figure 2, the radius of the channels has a strong
impact on most of the constraints2 .
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2 3 4 5 6 7 8 9 10 11 12 13

-2

•,3-4

I
.. .. . .. I . . . . . . ..I " "L _

I i I i i i !i I " I ) 1 II
I I I -- ii-> I I

25....., U ..... ..

25

20 I I I I ---I

0~0q.,4z~H h
cc

cc

6

5 - - = .. .. LI.. ... A .. A ...
3

12" 3"4" 5 "6"7 8"910 11 12 13
channel radius (cm)

Figure 2: Influence of the channel radius on four of the five
constraints (configuration: variable radius, 20 m3 salt, 630 0C,
22% (HN)F 4)

2.2.1 Safety Constraint

The study of the feedback coefficients requires a fine analysis
of the neutron spectra involved. These are shown in Figure 3 for
different channel sizes up to the single channel configuration.
The cross section resonances of the materials present in the core
have a strong impact on the neutronic behavior of the reactor.
The main resonances are visible: fission of 233U at about 2 eV,
234U capture at 5 CV, 232Th capture near 22 eV, and diffusion
on 19F near 25, 50 and 100 keV.

As shown in Figure 2, the total feedback coefficient be-
comes rather strongly negative as the spectrum hardens. This

2 The moderation ratio can seem to be a more universal parameter but, like

the radius ofthe channels, it is also influenced by other parameters. An identi-
cal moderation ratio can yield very different results according to the density of
the materials involved or the size of the hexagons.
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evolution is due to the conjoined variation of the three sub-
coefficients, Doppler, density and graphite, as illustrated in Fig-
ure 4.

l0i I0* 10" l0 102 1 1'1 6 0* I10 10" 10,

energy (eV)

Figure 3: Neutron spectrum for several channel radii (configu-
ration: variable radius, 20 m3 salt, 630 'C, 22% (HN)F 4)
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Figure 4: Total feedback coefficient and feedback coefficient
components versus channel radius (configuration: variable ra-
dius, 20 m3 salt, 630 'C, 22% (HN)F 4)

The Doppler coefficient is linked to the 233U fission reso-
nance and the 232Th capture resonance (and, to a lesser de-
gree, to the 234U capture resonance). These two elements have
opposite effects on the feedback coefficient: 233U worsens it
whereas 232Th improves it. The thermal agitation of the salt nu-
clei induces a widening of these resonances so that their influ-
ence is increased. The value of the Doppler coefficient depends
on how intense the flux is at these resonance values. When
the spectrum hardens, the flux is more intense for high energies
and less so for low energies, the thorium resonances are favored
(main resonance located at 22 eV while that of 233U is at 2 eV).
The Doppler coefficient then becomes more negative. Beyond
a certain degree of spectrum hardening, the large resonances
of both thorium and uranium lie in a zone where the flux has

a low intensity and their importance is reduced. This explains
the worsening of the Doppler coefficient for large radii.

The density coefficient is related to the expansion of the salt
which pushes a fraction of the fuel outside of the moderated
zone. The consequence is spectrum softening because the pro-
portion of graphite to salt is larger, thus increasing the fission
rate. The effect is small for small radii where thermalization
is already very efficient and where it is counterbalanced by
captures in the graphite. For large radii, the thermal part of
the spectrum contributes practically nothing in the neutron bal-
ance and the effects of neutron escape are felt more strongly.
The density coefficient can become negative when the effects
of captures in the graphite (small radius, large proportion of
graphite) or of neutron escapes (large radius, fast neutron spec-
trum) dominate over the effects of thermalization.

The graphite coefficient comes from an energy shift of the
thermal part of the neutron spectrum (around 0.2 eV), due to
heating of the moderator. This shift increases the fission rate
because of a small low energy (0.3 eV) resonance in the fission
cross section of 233U [4]. Its impact on the stability decreases
as the amount of graphite in the core decreases and as the influ-
ence of the thermal portion of the spectrum weakens.

2.2.2 Regeneration Constraint

The capacity to regenerate the fuel varies a great deal with the
size of the channels. This can be explained on one hand by
the number of neutrons available and, on the other hand, by the
increased neutron losses in configurations with small channel
radii. The number of neutrons available represents the num-
ber of leftover neutrons once both the chain reaction and the
regeneration are ensured. This is defined by:

N,-- v-2(l +a)

Where cc is the mean capture to the mean fission cross section
ratio of 233U. These available neutrons are distributed mainly
between sterile captures and supplementary captures in thorium
(breeding). Na reaches a minimum at about r = 8.5 cm because
of the variations of cc with the neutron spectrum. For small
radii, the strong dip in the breeding ratio is due to neutron losses
in the graphite because there is so much of it.

2.2.3 Materials Life Span Constraint

The mean cross sections decrease dramatically with the hard-
ening of the neutron spectrum. As increasing the inventory
does not compensate for this loss, the neutron flux has to be
increased in order to keep the power constant.

While this phenomenon is linear, this is not true of the core
graphite's life span, as shown in Figure 2. A few items have to
be stressed:

- The graphite in the center undergoes a flux that is more
intense than in the periphery. The life span we provide is
averaged over the entire core.

- The maximum fluence in the graphite decreases when
the temperature increases and the temperature is not uni-
form. Since the graphite is heated by gamma radiation
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and cooled by the salt, the temperature is higher between
channels and lower on the channel surface. The tempera-
ture difference increases as the channels are further apart.
This means that configurations with a smaller channel ra-
dius should have a smaller maximum authorized fluence
than those with a larger channel radius.

Generally, the flux in the graphite is directly related to the flux
in the salt so that increasing the flux in the salt reduces the
graphite's life span. It is thus considerably shorter with larger
channel radii than with smaller ones.

As can be noticed, the graphite life span curve does not ex-
tend all the way to the single channel configuration since, in
that configuration, there is no graphite inside the core (except
that of the blanket). This configuration then has an asset in that
it almost completely solves the issue of the graphite's life span.

2.2.4 In Core Inventory Constraint

For the reactor to be critical, the fissile matter inventory has to
be adjusted when the neutron spectrum hardens. Indeed, the
mean 133U fission cross section and the mean 232Th capture
cross section decrease as the energy of the neutrons increases
but the evolution is not identical for the two isotopes. Two dif-
ferent operating regimes can be singled out as shown in Figure
2.

- For small channel radii, the cross section decreases prac-
tically in the same way for the two isotopes and the inven-
tory required does not change much.

- For larger radii, beyond 7 cm, the mean fission cross sec-
tion of 233U decreases faster than the capture cross section
of 232Th so that the inventory has to be increased signifi-
cantly.

2.3 Influence of the Salt Volume

The power per unit volume of salt (specific power) is a deter-
mining parameter in a reactor's behavior. In the reference con-
figuration, it amounts to about 250 W/cm3 for the salt in the
core. This parameter can be modified in two ways: by changing
the fuel volume at fixed power or by changing the total reactor
power at fixed salt volume. These two options yield similar
results and only the first one is discussed in this paper.

Since the flow of Heavy Nuclei is considered to be a key fac-
tor for the feasibility of the chemical reprocessing, the repro-
cessing time is adjusted so as to keep this flow constant from
one system to the other. Thus, doubling the salt volume implies
that core reprocessing takes twice as long. The incidence of
the salt volume on the various constraints is rather simple, as
shown in Figure 5.

The size does not have a significant impact on the feedback
coefficients because the neutron spectrum changes very little
with the size. The slight evolution of the coefficient is due to the
difference in neutron escapes, which are more likely in smaller
reactors.

The evolution of the breeding ratio as the salt volume in-
creases has two main causes: the difference in neutron escapes,
and the change in specific power, losses due to the Pa being
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Figure 5: Influence of the salt volume on four of the five con-
straints (configuration: r = 8.5 cm, variable salt volume, 630'C,
22% (HN)F 4)

a direct function of the specific power. FP capture rates do
not play a significant role in this evolution. Unlike Pa, whose
inventory is determined mainly by its rapid radioactive decay,
their concentration at equilibrium depends on the reprocessing
time. The longer reprocessing time exactly compensates the
effect due to the smaller specific power.

The neutron flux in the core is directly related to the specific
power and the graphite's life span varies accordingly. Similarly,
the inventory in the core depends on the volume but the effect is
not directly proportional, because neutron escapes are different.

One last important aspect is the thermal hydraulic constraint.
The thermal power is evacuated by the fuel which thus has to
circulate in the exchangers. A limit has to be set on the out
of core salt volume so as to allow reactor control: the delayed
neutrons precursors migrate away from the neutron flux along
with the salt. In our studies, the external salt volume is 1/3 of
the total volume. Heat evacuation becomes more difficult as the
specific power increases. Small sized or high power reactors
are at a disadvantage in this respect.

2.4 Influence of the Salt Composition

2.4.1 Elimination of the Be

By definition, the salt plays a central role in MSRs. Serving
as the solvent for the fuel, as the moderator and as the coolant,
it has to have many characteristics specific to the neutronic as
well as the chemical, hydraulic, or thermal aspects. Like the
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MSRE, the MSBR was based on a fluoride salt, because of its
good neutronic properties (capture rate and moderating capa-
bility) in a thermal spectrum. Lithium was chosen for the same
reasons and beryllium because it brought the melting temper-
ature down to 490 'C. The salt composition was 71.7% LiF -
16% BeF2 - 12.3% (HN)F4 1.

Our first step in studying the influence of the salt composi-
tion was to eliminate beryllium from the salt bringing it to the
eutectic point 78% LiF - 22% (HN)F 4. All the studies discussed
up to now were done with this composition. The reasons for
eliminating beryllium are based mainly on problems with its
chemistry, its toxicity, and its availability. The proportion of
heavy nuclei in the eutectic changes drastically and its melt-
ing point increases from 490 °C to 565 °C 4. This temperature
increase remains moderate and it seems manageable with the
commonly used structure materials. Because the significantly
higher proportion of Heavy Nuclei has a strong impact on the
in core inventory and on the breeding ratio, we have decided
to reduce the salt volume from 40 m3 (MSBR) to 20 m3 (ref-
erence configuration for these studies) so as to keep the same
amount of Heavy Nuclei in the reactor and, as a result, similar
neutronic behavior.

The elimination of the beryllium impacts all five constraints.
The presence of a ternary component in the salt seems to com-
plicate the reprocessing chemistry, the risk being that this ele-
ment be extracted instead of the target elements. Thus, using
the LiF - (HN)F4 salt could simplify fuel reprocessing and, as
a result, bring it closer to feasibility. The impact on the other
constraints is shown in Table 4. The spectrum is harder with
the binary salt because of the larger proportion of HN. This
translates directly into an improvement of the feedback coeffi-
cient and a larger inventory. The change in the breeding ratio is
due jointly to the increased proportion of HN (positive action)
and to the increased specific power (negative action). The latter
also implies a neutron flux increase which, combined with the
faster neutron spectrum, leads to a significant deterioration of
the graphite's life span.

LiF-BeF2 I LiF
(40m3) 1 (20m3)

Feedback coeff. (pcm/°C) -1.57 -2.36
Breeding ratio 1.009 1.000

Neutron flux (x 01'4 n/cm2 /s) 8.6 13.7
Graphite life span (years) 3.3 1.8

233U inventory (kg) 1650 1925

Table 4: Constraints according to the type of salt used to dis-
solve the fuel. The statistical error on the feedback coefficients
is less than 0.05 pcm/9C (configuration: r = 8.5 cm, variable
salt volume, 630 'C, variable (HN)F4 proportion).

The elimination of beryllium has an additional and signif-

3 The composition that we really used in our tests with this type of salt [4]
is: 70% LiF - 17.5% BeF 2 - 12.5% (HN)F 4. 1

4 In order to make comparisons easier and because the temperature differ-
ence is not large, the studies with the 78% LiF - 22% (HN)F 4 salt were done at
the same temperature as in previous studies [3, 4], i.e. 630 'C.

icant advantage, that is not related to the constraints that we
have identified in this paper. Tritium is produced, in a system
like the MSBR, by the (n,nt) reaction on 7Li and the (n,t) re-
action on 6Li, producing 2/3 and 1/3 respectively of the tritium
[4]. The lithium used is 99.995 % enriched with 7Li; the 6Li is
rapidly consumed, unless it is regenerated by an (n,a) reaction
on 9Be. With the elimination of beryllium, this reaction cannot
occur and, as a result, the production of tritium is reduced.

2.4.2 Evaluation of the LIF - (HN)F4

Temperature increase: The proportion of Heavy Nuclei in
the binary salt can be adjusted. As it is reduced, the melting
point increases, reaching 845 'C with pure LiF. Common struc-
ture materials cannot withstand such a temperature increase.
However, new promising solutions based on carbon (carbon-
carbon, carbon fiber, carbides,...) could help solve this problem.
[12]. If this technology can be implemented, then the HN pro-
portion parameter can be modified.

I 630°C I 1°3°0C
Feedback coeff. (pcm/°C) -2.36 -1.00

Breeding ratio 1.000 1.026
Neutron flux (xi0"4n/cm2/s) 13.7 T 9.6

Graphite life span (years) 1.8 1.2
z"U inventory (kg) 1925 1630

Table 5: Constraints according to the mean temperature of the
fuel salt. The statistical error on the feedback coefficients is
less than 0.05 pcm/rC (configuration: r = 8.5 cm, 20 m3 salt,
variable temperature, 22% (HN)F4)

The temperature increase due to the change of salt leads us to
set the operating temperature at 1030 'C for all the configura-
tions. We will first study the influence of this temperature hike
on the standard configuration before studying the influence of
the HN proportion in the salt at 1030 'C.

At this temperature, the thermodynamic efficiency is as-
sumed to increase from 40 % to 60 % and this has an incidence
on the thermal power of the reactor: 1666 MWth instead of
2500 MWth are needed to produce 1000 MWe. Similarly, the
salt density decreases form 4.3 to 3.89 because of the tempera-
ture related expansion effect. The impact on the constraints of
this temperature increase is detailed in Table 5.

The change in salt density has a direct influence on the mod-
eration ratio, resulting in a better thermalization of the neu-
tron spectrum. This induces, for a channel radius of 8.5 cm,
a worsening of the feedback coefficient (a behavior similar to
that shown in Figure 4). Similarly, this slight thermalization
leads to a larger 233U fission cross section and, combined with
the lower salt density, a smaller necessary inventory. As for
,the breeding ratio, it is improved because of the reduced spe-
cific power, which has a direct incidence on parasitic captures
(mainly those of FPs and Pa). The lower specific power has an
incidence also on the neutron flux and, thus, on the graphite's
life span. However, at such a temperature, the fluence limit
that the graphite can withstand is reduced from 2.1022 n/cm 2 to
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1022 n/cm 2 [8]. As a result, the graphite's life span is reduced
in spite of the smaller neutron flux.

Influence of the proportion of Heavy Nuclei: Now that the
effect of the temperature change from 630 'C to 1030 'C is
known, the impact of the proportion of Heavy Nuclei can be
explored. It is useful to keep the total amount of Heavy Nuclei
constant, as we did when we changed the salt composition. As a
consequence, salts with a smaller proportion of HN will have a
larger volume. This makes these new configurations potentially
interesting from the point of view of thermal power extraction.
The core reprocessing time is kept at 6 months since, in that
case, the flow of I-N to be reprocessed is the same for all the
configurations. The salt of the thorium blanket is not modified.
The density and expansion coefficient of the fuel salt are crucial
parameters, they are given in Table 6 [11].

Since the graphite's life span is directly related to the spe-
cific power and since the inventory is kept constant, these con-
straints are not very interesting in this part of our study. We
will thus concentrate our attention on the safety and the regen-
eration constraints. Rather than presenting the impact of the
proportion of HN for a reference configuration (r = 8.5 cm, salt
volume = 20 m3) as was done previously, we will look at the
impact of the channel radii for different HN proportions. This
view point will allow a better understanding of the phenomena
at play. The results are shown in Figures 6 and 7.

I22% 1 0% % 2%5

Salt volume (m ) 20 36.8 67.2 155
Density 3.89 2.85 2.33 1.98

Expansion coeff.
(x 10-4/oC) 10 8

Table 6: System properties according to the percentage of
(HN)F 4

0 0.....
0.9-- 22% (HN)F H

04 
6 80 

/

channel radius (cm)

Figure 7: Breeding ratio versus channel radius for several pro-
portions of(HN)F4 (configuration: variable radius, variable salt
volume, 1030 'C, variable proportion of(HN)F 4).
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Figure 8: Neutron spectra for several proportions of (HN)F 4

(configuration: r = 8.5 cm, variable salt volume, 1030 'C, vari-
able proportion of (HN)F4).

During the reprocessing outlined in Figure 1, the thorium is

extracted in order to allow the extraction of the FPs from the
salt. This step is a key point in the reprocessing and it is made
easier if the proportion of HN in the salt is small.

Moreover, when this proportion is decreased, the neutrons
are scattered for a longer time before they encounter a fissile
or fertile element (those that dominate neutron absorptions).
This leads directly to a more thermalized neutron spectrum, as
shown on Figure 8. Thus, the behavior of configurations with a
small proportion of HN is similar to that of configurations with
a 22% (HN)F 4 proportion but with smaller channels.

This additional thermalization is the main cause of the evo-
lution of the feedback coefficients. And the visible difference
for the configurations with a single salt channel seems to be
due mainly to the improvement of the Doppler sub-coefficient.
Likewise, the breeding ratio curves are similar from one salt to
the other but two effects are observed. The first effect is related

Figure 6: Feedback coefficient versus channel radius for several
proportions of(HN)F 4 (configuration: variable radius, variable
salt volume, 1030 "C, variable proportion of (HN)F 4).
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to the thermalization change and the second to a deterioration
of the breeding ratio when the HN proportion is decreased. This
is due to an increased capture rate in the light elements of the
salt on which the neutrons scatter for a longer time.

3 General Discussion

The various studies that have been carried out lead to a better
understanding of the way an MSR works. The search for reac-
tor configurations, be ita demonstrator or a power generator,
requires that a certain number of constraints be satisfied. To
do so, the different studies discussed in this paper have to be
combined and the results extrapolated. Since the parameters
are not mutually independent, one has to be circumspect in this
approach.

Let us try to explore the possible reactor configurations. For
the sake of simplicity, the parameter concerning the salt com-
position will not be considered in a first approach. The salt,
then, is 78% LiF - 22% (HN)F 4 and the mean temperature is
630 0C.

Since the safety aspect cannot be circumvented in the design
process of a nuclear reactor, we consider that this constraint is
necessarily satisfied. Moreover, we consider only those config-
urations whose total feedback coefficient, not just the salt feed-
back coefficient, is negative. Except in the case where the size
of the reactor is reduced dramatically, leading to a significantly
increased neutron flux, the total feedback coefficient is negative
only for either very thermalized or fast neutron spectra.

The first option implies a small fissile matter inventory and a
weak neutron flux. When submitted to such a flux, the graphite
undergoes little damage and its life span is reasonably long.
On the other hand, captures in the moderator deteriorate the
breeding ratio significantly. If a reactor system does not need
to regenerate its fuel, then this very thermalized configuration
may be suitable.

The faster neutron spectrum option introduces a real diffi-
culty concerning the graphite, whose life span is then on the
order of one year. There are several sblutions to this problem.

- Decreasing the specific power of the reactor (by increas-
ing its size and/or decreasing the total power generated)
leads directly to a decreased flux intensity and, as a con-
sequence, extends the graphite's life span. This, however,
increases in the same proportion the per GWe fissile matter
inventory, without providing a very satisfactory solution.

- The absence of moderating graphite in the single salt chan-
nel configuration solves this problem, the graphite in the
periphery of the core being much less irradiated. How-
ever, this option leads to the fastest neutron spectrum and,
as a result, the largest fissile matter inventory (5 to 6 met-
ric tons of 233U). The specific power can be increased,
though, in order to reduce the per GWe inventory.

It may be possible to use a material whose structure is
much less sensitive to irradiation than graphite. Then the
configuration space for channel radii lying between 6 and
13 cm would no longer be forbidden.

Finally; the high breeding ratio obtained thanks to the fast
neutron spectrum provides more leeway for the reprocessing.
In particular, the time for full core reprocessing can be
significantly extended. The single salt channel configuration
discussed earlier can even do without any reprocessing (except
for the bubbling process and uranium retrieval in the blanket)
and still regenerate its fuel during the first 20 years of operation.
The salt could conceivably be replaced, or entirely reprocessed
after this time has elapsed. If a 6 month reprocessing time is
kept, it becomes possible to do without a thorium blanket while
still regenerating the fuel. This would substantially simplify
the reactor design. Finally, we should note that, with a fast
spectrum, re-injecting the TranUranians in the core would be
interesting, both in terms of regeneration (small neutron losses)
and in terms of waste production (good incineration capability).

If it proves possible, increasing the temperature to above
1000 'C has many positive repercussions on the constraints,
in particular thanks to the increased thermodynamic efficiency.
However, it induces better thermalization by the salt and this
has to be taken into account.

This opens the way to salt compositions containing small
amounts of Heavy Nuclei. The way these reactors be-
have is practically the same with such compositions as with
22% (HN)F 4. In particular, the neutron spectra have to be ei-
ther very thermalized or fast to ensure negative feedback coef-
ficients. However, this corresponds to different reactor configu-
rations because of the increased thermalization due to the salt's
light nuclei. The capture rate of these light elements deterio-
rates the breeding ratio and leaves less leeway than with com-
positions containing more HN. The fundamental importance of
this parameter lies elsewhere. Indeed, it is possible either to
keep the size constant, thus reducing the inventory but not the
specific power, or to increase the size, thus decreasing the spe-
cific power but not the inventory. A compromise between these
two extremes can be found since decreasing the specific power
facilitates the evacuation of the thermal power, a constraint that
must not be neglected.

Conclusion

While our studies were, at first, close to the MSBR configura-
tion, they prompted us to diversify our investigations. We ana-
lyzed the impact on the behavior of the core of such parameters
as the reprocessing, the moderation ratio, the core size, and the
proportion of heavy-nuclei in the salt.

Our results confirm that there is a problem with the feed-
back coefficients in the MSBR. In a thermal spectrum, it would
be possible to reach an acceptable concept only after in depth
investigations taking into account the effect of the salt (nega-
tive feedback coefficient) and of the graphite (which makes the
global feedback coefficient positive) separately. For very ther-
malized spectra, the global coefficients are negative thanks to
the large neutron losses in the moderator but this leads also to
a very poor breeding ratio. Epithermal or fast neutron spectra
thus seem more favorable since they combine good feedback
coefficients with satisfactory breeding ratio. However they lead
to severe problems with the graphite's ability to withstand the
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irradiation. As a result, the solution that removes the moderat-
ing block seems especially attractive.

Our studies have uncovered a wider range of possibilities
than anticipated. Thus, many options remain to be explored.
In particular, the evaluation of new materials, be it to obtain
a moderator that has better irradiation resistance properties or
to allow high temperature operation is crucial for an even more
'interesting development of the concept. How to extract the ther-
mal power from the core is another issue of major interest since
it impacts the behavior of the core through the specific power
aspect. In order to ease heat recovery, the salt composition can
also be modified so as to dissolve the fissile matter in a larger
salt volume. In general, it is possible to change the type of salt,
the MSR concept being adaptable to such a change.

As many parameters remain to be studied, other acceptable
solutions could be found. In particular, parameters such as the
type of salt, the moderating material, the size of the lattice
hexagons, the definition of several different areas in the core,
could be studied more specifically. In view of the results al-
ready obtained, it is clear that many configurations remain to
be explored, requiring research on the salt and the materials as
well as on the neutronics and the geometry.
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INTRODUCTION

Molten salt reactors (MSRs) were first proposed by Bettis and Briant of ORNL in the later
1940's attempt to design a nuclear-powered aircraft [1]. The active development program
aimed at such an aircraft reactor was carried out from about 1950 to 1956, which operated
successfully in 1954 in a 'proof-of-principle' short-term test at a power level of 2.5 MW(th)
and at temperature up to 860'C. Following the aircraft reactor experiment, a further Molten
Salt Reactor Experiment (MSRE) was built and operated successfully at a power level of 7.3
MW(th) during 1960's by ORNL [2]. The reactor was operated at first using 2 35 U as fissile
fuel, after which the 235U was removed from the fuel salt and later replaced with 233U. At the
end of the experiment, a portion of 239pu was added in the fuel. Those experiments
demonstrated well that the molten salt reactors were very, flexible. The same design can
handle a variety of fissile materials and additives in the liquid fuel. So the molten salt reactors
in principle can readily be adapted to transmutation and burning of nuclear waste such as
plutonium, minor actinide and long lived fission products. Recently, in the European Union,
the molten salt reactor technology is revisited, because of its safety advantages and the
potential to transmute the minor actinides [3]. In close cooperation with MOST project, in
Russia a new MSR concept, MOlten Salt Advanced Reactor Transmuter (MOSART), has
been developed for burning TRUs (Pu and MAs) [4]. Compared with the MSRE, there are no
graphite bars as structure elements in the core. In MSRs, the liquid fuel flows through the core
and as a result, the delayed neutron precursors are redistributed in the core with respect to the
flow pattern, furthermore, a portion of the delayed neutron is emitted outside of the core. As a
consequence, the delayed neutrons play a significant role and can have important effects on
the dynamic response of the systems. To perform this type of molten salt reactor characters,
the neutronics module of the SIMMER-IIl code suitable to deal with movable neutron
precursors must be extended. In this paper those extensions and a transient simulation for
MOSART concept reactor with the extended SIMMER code are presented.

Safety Analysis Code SIMMER-Ill

The SIMMER-Ill code is developed by JAEA (Japan Atom Energy Agency) in cooperation
with Forschungszentrum Karlsruhe and CEA (Commissariat A l'Energie Atomique, CEN
Grenoble and CE Cadarache) and applied also by IRSN (France), ENEA (Italy), and other
partners. This code is a two-dimensional, multi-velocity-field, multi-phase, multi-component,
Eulerian, fluid-dynamics code coupled with a structure model (fuel pins etc.) and a space-,
time- and energy-dependent, neutron dynamics model. It was originally developed for
simulating mainly LMFRB and LWR systems under severe accident conditions [5]. Currently,
this code is also applied for molten salt transmuters by FZK. To comply with the new
demands of MSRs [6], the neutronic part is extended by FZK, which accounts for the
particular characterises of MSR - the movement of delayed precursors.



SIMMER III Neutronics Model for Molten Salt Reactors

The neutron kinetics model of SIMMER is based on the improved quasistatic schema which
is used to solve the time-dependent multigroup neutron equation [7] (in the following
presentation, only one group of delayed neutrons is considered for simplicity, x denotes a
space-angular position, (D, Q, v, Xp, Zd are "multigroup" vectors, at steady-state
X = (1 -8)X, + 8XZd, M(t) and F(t) are neutron disappearance and production operators,

respectively). The neutron flux is presented as a product of amplitude, N(t), and flux shape,
V,(x, t), while imposing a certain constraint:

D (x,t) = N(t) yV(x,t) (1)

< W(x),-V/(x,t) >= y const. (2)
V

where <..> means phase-space integration, W(x) is the weight function, the flux amplitude,
N(t), usually takes into account major flux variations, therefore, the flux shape is recalculated
less frequently than the amplitude. The "shape" equations (U(x,t) means the delayed neutron
precursor flow velocity):

1 a(xt) 1 dN(t) 1
+ W(X, t) + M(t)/(x, t) = (1 - 83)XF (t)W/(x, t) + XdAC(x,t) (3)v Dt vN(t)dtN)

C(x, t)+ V[U(x, t)C(x, t)] = -2C(x, t) + /6F (t)'Dt(x, t) (4)
at

are solved at every ,,shape" step. Each "shape" time step consists of one or more "reactivity"
steps. At each reactivity step, point-kinetics parameters, (reactivity neutron generation time,
etc.) are calculated and the amplitude is computed. The point-kinetics parameters - employed
in amplitude computations - depend on the flux shape (assumed to be linear within a shape
step), while the flux shape (see Eqs. 3, 4 ) depends on the amplitude. Therefore, the flux shape,
point-kinetics parameters, and the amplitude are usually recalculated several times at each
shape step.

In the MSR case, the precursor term is split into two components: (1) the "standard" term (the
only one that exits in reactors with solid fuel, and (2) the "moveable" one (that takes into
account the precursor movement:

C(x, t) = C, (x, t) + Cm (X, t) (5)

ac, (X, t) = N,/F / - 2C, (x, t) (6)
at

acm (x, t) + V[U(x, t)Cm (x, t)] = -2C, (x, t) - V[U(x, t)C, (x, t)] (7)
at

the standard precursor term is computed at steady state conditions by assuming that at t=O the
left-hand parts of Eqs. 3 ,4 are zero and U(x,t)=O (as solid fuel). This term is employed in the
thermal hydraulics parts of SIMMER to solve Eq. 7 and to obtain the "movable" precursor
term. Then Eqs. 3, 4 are solved again at t=O with modified (the ratio of the movable term to



the standard one is assumed to be constant mesh-wise) precursor terms, and the flux,
"standard" and "movable" precursor concentrations are normalized so that the initial reactor
power is equal to a certain value specified by the user.

During the transient, the movable precursor term is recomputed at each thermal hydraulics
time step (the finest time scale in SIMMER) with an explicit schema used for the time and
space discretization. Generally, only few iterations are needed to get the convergence results.
The "previous" standard precursor concentrations (which usually vary rather slowly) are
employed for computing the movable precursor term during the transient. This is a reasonable
approximation since the reactivity step is rather short. The delayed neutrons emitted outside
of the core region and into the loop being ignored in the flux shape and .amplitude calculations.

The point kinetics model.- employed in the quasistatic schema - is based on the following
equations:

dN(t) - -P(t) ef)N(t) + k, (t) + / (t) (8)

di' A A

d~ t lyN(t) - ,•, (t) (9)

dt A

Ip(t) = < W(x),([F(t)- M(t)]yi(x,t) > (10)

am(t) = < W(x W),ZdCm(X,t) > (11)A < W(x),XF(t)V1(x,t) >

The reactivity, p(t), effective delayed neutron fraction, and other point kinetics parameters
(except ae(t) ) are defined in the conventional manner (therefore, the corresponding
expression is given only for the reactivity) formally independent upon the fuel flow rate. The
effective movable precursor concentration, 6m (t) , is computed following Eq. 11. Then the

2am (t) term is added to the effective source, Eq. 8.

LOF Calculations for MOSART

The above described extension of neutronics module of SIMMER coupled with the thermal
hydraulic part was applied for the transient calculations of a loss of flow (LOF) in the
MOSART concept reactor. The SIMMER model for MOSART is shown in Fig. 1. The RZ
fluid-dynamics mesh is 20 x 30, the neutronics mesh is 60 x 90.

Fig. 2 shows the relative flow rate of the fuel pump coast-down. The calculation was first
performed with keeping the total fuel flow rate constant until the steady condition was
obtained. Then, the LOF was performed from the steady state (in this calculation the pump
coast-down begins from t=26s).Those pump coast-down data were taken from ORNL-4233
[8].-

Fig.3 gives the molten salt temperature and velocity distribution of the steady state at t=26s,
immediately before the pump coast-down. The maximal fuel temperature region is near the
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reactor axis and in the reactor midplane, and furthermore, the maximal molten salt
temperature is about 1090 K. The pump coast-down begins immediately after t=26s, and
relative pump power goes to zero until t=46s, then the calculation was continually performed
until t=60s. Fig. 4 gives the salt temperature and velocity distribution at t-60s, it can be seen
that a recirculation flow is building up in the reactor upper-right comer. The highest liquid
fuel temperatures can also be observed in this region. Though there is no pump power to
drive the liquid fuel, the fuel flows continually because of the natural convection.
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The 2D precursor concentration distribution of first group at the steady state of t=26s is given
in Fig. 5. The unit of precursor concentration is atom/(barn-m). The decay constant of first
group in this calculation is assumed as X=0.0126 (1/s). It can be seen that most of the
precursors at steady state are convected into the core axis region near the reactor outlet. The
maximal precursor concentration is about 0.0035 atom/(barn-m).
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Fig. 6 gives the first group precursor concentration at, t=60s, from this figure it can be
recognized that the precursor concentration distribution is quite different from steady state. In
fact, because of the natural convection effect, the fuel builds up a recirculation region, a
significant part of precursors is convected into this recirculation region in the upper-right
corner and can not immediately be transported out of the core. As a result, the fuel
temperature in this region is higher than other region and the whole reactor temperature is
reduced very slowly, as is indicted in Fig. 4.

Fig. 7 shows the above described so-called "movable" precursor concentration distribution of
steady state at t=26s. In a large part of the reactor the "movable" precursor concentration is
negative with a maximum at the core center. It is about -0.045 atom/(barn-m), while in the
reactor outlet region the "movable" precursors are positive.

Fig. 8 gives the "movable" precursor 2D distribution at the transient calculation end of t=60s.
The distribution configuration is roughly unchanged and only the negative "movable"
precursor region shrinks slightly.

Conclusions

The SIMMER code is under development and extended for the molten salt application.
Additional terms - for taking into account the delayed neutron precursor movement - are
introduced into the time-dependent neutron transport equation solved in the code framework.
The moving precursor part is computed in the thermo-hydraulic module of SIMMER and
transferred into the neutronics module. The described schema is applied for MOSART
calculations for the transient of loss of flow (LOF). The calculation results show that during
transient of molten salt reactor, the precursor distribution changes with the flow pattern and
redistributes in core. After the pump totally stops, because of the natural convection effect, a
recirculation region is built up in the core, and a part of precursor can not directly emitted out
of the core, but rather re-circulates in the core, as the result, the fuel temperature reduces very
slowly.
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OBJECTIVES

The objective of the FABIS project was to show that a fast shutdown of the reactor is feasible
in the existing and future BWRs with a fast-acting boron injection system (FABIS). FABIS is
needed since there is a risk in the existing BWRs that the nuclear fission process can't be
stopped by the active fine motion control rod drives or by the passive scram system if there is
a common cause failure in the control rod drive system. To reduce this risk, a diverse fast-
acting boron injection system (FABIS) is proposed which injects sodium pentaborate into the
Reactor Pressure Vessel (RPV). See Figure 1 for the principle flow diagram of the system.

FABIS takes boron from a large tank where it is heated to 250 'C. Heating ensures the
densities of the boron solution and water in RPV is the same. With a second set of heaters, the
upper 20 % of the water are heated to 331-335 'C (130-140 bar). About 10 % of the boron
tank is filled with saturated steam. After activation of FABIS, steam expands and more steam
is produced from saturated boron solution due to the pressure reduction. The boron solution
flows through pipes inside RPV up to the upper side of the lower core plate. There the boron
solution flows through smaller pipes adjacent to the lower core plate into the core bypass
through about 100 small nozzles. This guarantees a homogeneous distribution of boron in
RPV.

THE RESEARCH PERFORMED AND METHODS ADOPTED

The FABIS project included five work packages (WP1-WP5). The project aimed at answering
to the following four questions:

1. How much time is needed for the injected boron solution to be spread both axially and
radially over the core in such a way that the fission process stops completely?

The first two work packages (WP 1 and WP2) answered to this question with PHOENICS
calculations and mixing experiments. Framatome ANP was responsible of WP1 and WP2.
The main parameters in the calculations were the mass flow of the core bypass, diameter, flow
velocity and direction of the local ejection nozzles and the pulse of the entrance flow to the
core bypass. Calculations gave the optimum combination of the parameters leading to fast
mixing. The experiments of WP2 verified the calculational results. The test rig was built of
perspex in 1:1 scale and colored water simulated the boron solution. In the rig, it was possible
to observe the mixing process by optical means and to use Video to record the process.

PHOENICS Version 3.4, 2002, Chain UK, Wimbledon.
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2. Is there boron in the core entrance flow when the injection is stopped?

A series of TRAB-3D 2 analyses of WP3 answered to this question. VTT was responsible of
WP3. TRAB-3D is a lumped parameter code, which includes ID or 3D neutronics core
models and ID or node models for RPV hydraulics. The analyses were needed since re-
criticality of the core could take place if the mixing is insufficient. If the internal recirculation
flow in RPV decreases with decreasing steam production and with decreasing speed of the
main circulation pumps, the recirculation period will become longer. If the injection of boron
solution ends earlier than this recirculation period, pure water may enter the core bypass and
the boron solution could be washed out of the core.

3. What are the forces acting onto the lines between the boron solution tank and the RPV due
to thermal shocks and pressure waves inside the lines?

In WP4, experiments at Lappeenranta University of Technology (LUT) studied the flow
between the boron tank and RPV (see Figure 2). The volumetric scale of the test rig was 1:6
and the maximum pressure 80 bar. The experiments started with high pressure in the boron
tank and low pressure in RPV. The valves in the connecting line between the tanks were
opened and water from the boron tank was injected to RPV. The second aim of the tests was
to find out which part of the inventory of the boron tank must be heated to the saturation
temperature and pressure to reach the desired pressure level at the end of the test.

4. How can the results be transformed from the laboratory. to the full scale?

The experiments of WP2 and WP4 used different temperatures, pressures and dimensions of
the components than in the full-scale FABIS. The purpose of WP5 was to check, using
dimensional analysis and engineering judgement, whether the results of the tests must be
transformed due to the scale effects. WP5 ended with a system description, with detailed flow
diagram and data sheets for the main components so that the realization of the system in a real
BWR plant could be done. Framatome ANP was responsible of WP5.

MAIN ACHIEVEMENTS

Calculation of Mixing Process
WP1 included mixing calculations with the PHOENICS code with different jet and bypass
flow rates, bore openings and injection angles-and with 1 or 2 jets in representative section
models. The calculated concentration profile in the gal6 between the fuel assemblies was
sufficiently homogeneous along the core active zone for the optimal parameter combination.
Figure 3 shows the calculated values across the core height for the injection/by-pass flow ratio
of 4 % and for injection velocity and angle of 20 m/s and 200. Although the bypass design and
distribution is important it arose that small modification to the bypass did not affect the
results, since most of the boron mixes already below the fuel assemblies. Hence, if the design
is changed, the mixing in the bottom part must be studied carefully keeping the minimum
boron concentration deviations as close as possible to the mean. Rather uniform boron
distributions with the mean values of 4 % could be achieved with relative low injection rates

2 A. Daavittila and H. Rity. Validation of TRAB-3D. In: FINNUS Final Report, VTT Research Notes 2164.

Espoo, Finlaind, 2002 (http://www.vtt.fi/pro/tutkimus/finnus/index.html), pp. 127-133.
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of about 0.25 kg/s, being 4 % of the bypass flow rate. Because of this a rather low boron
storage volume is needed.

Mixture Tests
The main components of the test rig of WP 2 were
- model of scale 1: 1, made of acrylic plastic (perspex),
- 6 control rod guide tube heads with upper part of the control rods and bypass slots,
- 24 full length FAs with foot and bypass holes, and
- separate water circuits for FA bypass flow, control rod bypass flow and boron injection.

The test rig was built to include 2 different sections of the injection positions, one with
converging and one with diverging jets. In 1:1 scale, the tests were performed with original
mass flows and flow velocities and no further scaling was needed. WP2 started with pretests
to check the performance of the rig, to adjust the flow rates of the injection system and the
bypass flow pumping units, and to check the measurements. In the second phase, LASER
light slit tests were performed at different model cross sections and recorded on video to
observe mixing of boron (simulated by particle seeded water) and coolant at three elevations.
A series of tests with colored water was also run and recorded on video to observe the overall
mixing behavior.

Mixture Calculations
A CASMO-4 study of the effects of the inter-assembly bypass boron distribution showed the
homogeneity achieved with the planned boron injection was satisfactory. With the maximum
boron density variation of factor of 2, the required additional boron to compensate the
remaining heterogeneity was less than 5 %. Figure 4 shows the boron heterogeneity weight
factor for a 3 cm long boron slug of 600 and 800 ppm in the bypass. The TRAB-3D steady-
state calculation at the beginning of an equilibrium cycle resulted in an initial bypass boron
concentration of 0.04 w-%, if the core should remain subcritical also during the second
recirculation, when the boron is distributed homogeneously to RPV and the injection is
stopped. This leads to 9.4 % sodium pentaborate solution in the boron tank, clearly less than
the planned 13 %. In the TRAB-3D transient calculations, RPV was safely borated at the end
of-the injection after 150 seconds. Figure 5 shows the calculated fission power for the first 40
seconds of a turbine trip transient. In the Case 1, FABIS was activated immediately after the
scram. In the Case 2, a delay of about 10 s was assumed. The analyses were made assuming
the pumps are kept running at the minimum speed. If the pumps are stopped, the flow in the
core by-pass stops almost totally. In this case, more studies are needed to confirm the function
of the system.

Tests of the Flow between the Boron Tank and the RPV
Figure 2 shows the principle view of the test rig at LUT for the experiments of WP4. The rig
consists of a boron tank, RPV, three electric heaters, piping, two fast opening valves, an
orifice device, measurement instrumentation and data acquisition system. The instrumentation
included two differential and three absolute pressure sensors, temperature measurements,
valve position sensors and three strain gauges. WP4 included a series of pre-tests for testing
and practicing the operation of the rig, and 7 final tests. The tests followed the actual
operation of the full-scale FABIS system. The initial parameters were 65-80 bar, 15-180 'C
(280-295 'C at the top) in the boron tank and 5-15 bar, 152-198 'C in RPV. The opening of
the valves in the blowdown line actuated water injection from the boron tank. The time
difference for opening the valves in the blowdown line was 0.3 s. Before each test, the tanks
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were filled with water. The blowdown line was full of water at atmospheric pressure. The
water in the boron tank was heated to the desired temperature with the lower heater. Electrical
heaters were also used to pressurize the boron tank and RPV. Opening the valves in the
blowdown line actuated the water injection. During the tests, the whole water inventory of the
boron tank was injected. The initial volume fraction of saturated water in the boron tank
varied between 21-31 %. See Figure 6 for the measured pressure in the tests with different
initial pressures, boron tank water levels and mass of saturated water in the boron tank.

After opening the first valve, a pressure wave propagated between the valves. When the initial
pressure in the boron tank was 65 bar, a 30 MPa tension stress on the outer wall of the
blowdown pipe in circumferential direction was observed. Initial pressure of 80 bar caused a
40 MPa tension stress. When the fluid started to .flow in the pipe, the inner wall temperature
changed faster than at the temperature at the outer wall. This caused thermal stresses. When
the inner wall temperature was below the outer wall temperature, a tensile stress occurred on
the outer wall. The maximum tension stress was 75 MPa. When the temperature on the inner
wall was lower than on the outer wall, compression stress occurred. The maximum value for
compression stress of - 130 MPa was measured after the second valve. These stress values
didn't risk the integrity of the blowdown pipe.

Transformation of the Test Results to the Actual Plant
WP5 of the FABIS project, included analyses to transfer the test results to the real plant
conditions. Two different investigations were done, since the forces induced by the pressure
waves and thermal shock do not appear simultaneously. The first analyses assessed the effects
of the propagating pressure waves on the piping system between the boron tank and RPV. The
second assessed the effects due to the thermal shock by injecting the hot boron solution to the
cold pipes. The pressure wave analysis showed higher pressures in the piping system than in
the tests of WP4. The reason was the too rough time step of the data acquisition in the tests. A
check analysis using the same integration time step showed a good agreement between the
tests and analysis. In this way the test results, the analysis method and the transferability to
the real plant Were validated. A further investigation concerning fatigue due to the thermal
shock and maximum operating conditions was done showing that all loads on the real system
are within allowable limits.

DISSEMINATION AND EXPLOITATION OF THE RESULTS

The FABIS system is a part of a new generation nuclear power plant. It provides a cost-
effective way to improve safety of the existing and new nuclear power plants. FABIS system
is a part of the safety systems of the SWR 1000 nuclear power plant, one of the plants offered
to TVO in Finland as an alternative for the fifth Finnish NPP.
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In this paper, we estimate how quickly and how precisely a reactor's operational status and thermal
power can be monitored over hour to month time scales, using the antineutrino rate as measured
by a cubic meter scale detector. Our results are obtained from a detector we have deployed and
operated, at 25 meter standoff from a reactor core. This prototype can detect a prompt reactor
shutdown within five hours, and monitor relative thermal power to 3% within 7 days. Monitoring of
short-term power changes in this way may be useful in the context of International Atomic Energy
Agency's (LAEA) Reactor Safeguards Regime, or other cooperative monitoring regimes.
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I. INTRODUCTION

The International Atomic Energy Agency uses an en-
semble of procedures and technologies, collectively re-
ferred to as the Safeguards Regime, to detect diversion
of fissile materials from civil nuclear fuel cycle facilities
into weapons programs. Nuclear reactors are a central
element of the nuclear fuel cycle and of the Safeguards
Regime. As we show here, it is possible and practical
to monitor the operational status and thermal power of
reactors with an antineutrino detector.

In the context of cooperative monitoring, an indepen-
dent measure of the reactor power can allow confirmation
of normal operation of the reactor without a physical in-
spection, and places a constraint on the total amount of
fissile material generated in a given period. The mea-
surement can also be used to verify the operator's own
declarations of the reactor power and fuel burnup.

In an earlier paper [1], we presented a general method
for exploiting the high rate of antineutrinos emitted by
fission reactors to track the power and plutonium con-
tent of the reactor core in real time. Such monitoring
was first performed by a Russian group at a reactor in
Ukraine [2]. Recently, we presented first results from
a detector, "SONGS1", developed to demonstrate this
method as a possible non-intrusive, remotely. operated
safeguards tool [3]. SONGS1 has been acquiring data at
the San Onofre Nuclear Generating Station (SONGS) in
Southern California over the past two years. With it, we
have been able to confirm many of the important claims
made in [1]: non-intrusiveness with regard to core and
site operations; continuous, remote and automatic data
collection and calibration; sensitivity to both short term

(several hour) and medium term (daily or weekly) reac-
tor power excursions; and sensitivity to changes in the
reactor fissile isotopic content.

In this paper, we quantify sensitivity of our prototype
to relative changes in the reactor power over hourly to
monthly time scales, using only the antineutrino signal.
Over these time scales, we show this sensitivity is limited
primarily by counting statistics even with a detector of
quite simple design.

The relevance of the measurement for reactor safe-
guards depends on the period over which the antineutrino
data is acquired. One can monitor the relative power on
an hourly basis and look for sudden outages or other
short-term anomalies in reactor operations. This type
of monitoring may be of interest for off-line refueled re-
actors, since a reactor outage allows the operator direct
access to the weaponizable fissile material in the core.
Alternatively, one can acquire data for week or month
long periods, and measure the average power in this pe-
riod with the higher precision afforded by the longer in-
tegration time. This more precise measurement can be
used to verify stable operations. For continuous mon-
itoring throughout a typical 12-24 month reactor cycle,
the month-to-month antineutrino rates must be corrected
to account for the influence of variations in the isotopic
content of the reactor fuel. This effect is analyzed in a
forthcoming companion paper.

It is important to emphasize that antineutrino-based
monitoring need not depend on operator declarations -
the detector can be kept under the control of the safe-
guards agency, providing a wholly independent measure-
ment ofreactor status. The non-intrusive and contin-
uous nature of the antineutrino signal, the fact that it
provides quantitative information about the reactor ther-
mal power and burnup, is under control of the safeguards
agency, and does not require frequent site visits, all point
to its potential utility for cooperative monitoring.*Electronic address: bernstein3@llnl.gov



2

II. ANTINEUTRINO EMISSION FROM
NUCLEAR REACTORS

Antineutrino emission in nuclear reactors arises from
the beta decay of neutron-rich fragments produced by
heavy element fissions, and is thereby linked to the fissile
isotope production and consumption processes of interest
for reactor safeguards. On average, a fission is followed by
the production of approximately six antineutrinos. The
antineutrinos emerge from the core isotropically, and ef-
fectively without attenuation. Over the few MeV energy
range within which reactor antineutrinos are typically de-
tected, the average number of antineutrinos produced per
fission is significantly different for the two major fissile el-
ements, 235U and 239 Pu. Hence, as the core evolves and
the relative mass fractions and fission rates of these two
elements change, the measured antineutrino flux in this
energy range will also change. This relation between the
fissile mass fractions and antineutrino flux, known as the
burnup effect, has been observed consistently in previous
experiments, e.g. [4].

For our present purpose it is useful to express the re-
lation between fuel isotopics and the antineutrino count
rate explicitly in terms of the reactor thermal power, Pth.
The thermal power is defined as

Pth= Nf-, (1)

where N! is the number of fissions per unit time for iso-

tope i, and Ef is the thermal energy released per fission
for this isotope. The sum runs over all fissioning isotopes,
with 2 35

U, 
2 3

8U, 2 3 9 Pu, and 2 4 1 Pu accounting for more
than 99% of all fissions.

For reactor power monitoring applications, it is impor-
tant to note that the thermal energy release per fission
Ef differs from the total energy release per fission, which
includes contributions E, from the antineutrinos them-
selves, from neutron capture on fission products Ec,,
and a time dependent term AEp. arising from beta and
gamma decays which have not completed by a given in-
stant in time. Fortunately, the neutron capture com-
ponent is readily calculable from instantaneous fission
product inventories, and the relative contribution from
decaying betas and gammas is small. As a result, the
thermal power is nearly proportional to the fission rate
as defined in equation 1. [5] calculates the ratio of these
terms to be E 1 : E, : AEj7 : Eric ý-- 200: 9: 0.3: 10

Following the formulation in [6], we define the power
fractions fi(t) contributed by each isotope as

fi(t) (t) . EP (2)Pth

The antineutrino emission rate n1,(t) can then be ex-
pressed in terms of the power fractions and the total ther-
mal power as:

np (t) = Pt E (t)Z :L;)dE 0 ,i(Ep),
iý J

(3)

where the explicit time dependence of the fission fractions
and, possibly, the thermal power are noted. 9 (Ep), is the
energy dependent antineutrino number density per MeV
and fission for the ith isotope. O(Ep) has been measured
and tabulated by various authors, with recent summary
tables available in [6].

Equation 3 defines the burnup effect. The fission rates
NW (t) and power fractions fi(t) change by several tens
of percent throughout a typical reactor cycle as 235U is
consumed and 2 3 9 Pu produced and consumed in the core.
These changes directly affect the antineutrino emission
rate nr, (t).

III. ANTINEUTRINO DETECTION THROUGH
INVERSE BETA DECAY INTERACTIONS

Reactor antineutrinos are normally detected via the
inverse beta decay process on quasi-free protons in hy-
drogenous scintillator. In this charged current interac-
tion, the antineutrino P converts the proton into a neu-
tron and a positron: P+p -+ e+ +n. For this process, the
cross section a is small, with a numerical value of only

10 4 3 cm2 . The small cross section can be compen-
sated for with an intense source such as a nuclear reactor.
For example, cubic meter scale hydrogenous scintillator
detectors, containing _ 1028 target protons N,, will reg-
ister thousands of interactions per day at standoff dis-
tances of 10-50 meters from typical commercial nuclear
reactors.

In a measurement time T, the number of antineutrinos
detected via the inverse beta decay process is:

N0 (t) = ) Pth.(t) Eh() JdEvapkic.
(4)

In the above equation, aois the energy-dependent cross-
section for the inverse beta decay interaction, Np is the
number of target protons in the active volume of the de-
tector, and D is the distance from the detector to the
center of the reactor coreý c is the intrinsic detection effi-
ciency, which may depend on both energy, and time. The
antineutrino energy density and the detection efficiency
are folded with the cross-section a, integrated over all
antineutrino energies, and summed over all isotopes i to
yield the antineutrino detection rate.

To further clarify the relation between the thermal
power, the- fuel burnup, and the antineutrino detection
rate, it is useful rewrite this equation as:

Np(t) = -1 (1 + k(t)) Pth(t), (5)
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where y is a constant encompassing all non-varying
terms, including the number of target protons, the de-
tector standoff distance, and the detection efficiency.
k(t) describes the change in the antineutrino flux due
to changes in the reactor fuel composition. -y is chosen
so that the value of k at the beginning of a reactor fuel
cycle is zero.

Typically, commercial reactors are operated at con-
stant thermal power. In this mode, k decreases by : 0.1
over the course of a reactor fuel cycle, depending on the
initial fuel loading and operating history, i.e. the an-
tineutrino detection rate decreases by • 10%. The mag-
nitude of this effect can be predicted at the few percent
level in an absolute sense, if the reactor fuel loading and
power history are known. Much of the uncertainty arises
from systematic shifts in measured antineutrino energy
densities Oi(Ev), so that the relative uncertainty in the
predicted burnup rate can be considerably smaller.

IV. REACTOR SIMULATION

In order to study the relation between the reactor ther-
mal power and the measured antineutrino rate, we must
quantify the distorting effect of fuel burnup on the an-
tineutrino rate. For this purpose, we simulated the iso-
topic evolution of the SONGS core through a single fu-
eling cycle of the reactor, using the ORIGEN simulation
package [7]. ORIGEN benchmarking studies against as-
sayed fuel assemblies have shown that the package pre-
dicts the fissile isotopic content of Low Enriched Uranium
(LEU) fuel with 1-2% accuracy [8].

The input fuel loading per fuel assembly, the fuel as-
sembly power densities, and nominal cycle time were ob-
tained from the reactor operator. The assemblies were
simulated in ORIGEN and the fission rates, and mass
and number densities of the main fissile isotopes tracked
through a 590 full power day evolution, corresponding to
the length of Cycle 13 of the SONGS Unit 2 reactor. The
fission rates predicted by the simulation, folded with the
antineutrino spectral densities [6], allow us to estimate
the emitted antineutrino rate at any time during the cy-
cle. (Fig. la).

For the long cycles typical of the San Onofre plant,
the burnup effect causes a 10% decrease in detectable
antineutrinos by end of cycle. Cycle times have length-
ened over the last two decades as plant operations have
improved, with the result that the cumulative effect of
burnup on the antineutrino count rate is larger. How-
ever, the relevant point for the current analysis is that
the effect is small over the hour to month time scales of
interest for safeguards-related thermal power monitoring.
The effect of burnup is never greater than 0.62% over any
thirty day period (Fig. 1b). Provided that the detection
efficiency, target mass and distance are constant, this fig-
ure demonstrates that the change in the quantity k(t) in
Equation 5 is small over month or shorter time scales, so
that the detected antineutrino rate is nearly proportional

0
.0

cc W

a:

cnn

00

o-

0_

100 200 300 400 500 600

Days Since Beginning of Cycle

FIG. 1: a) The predicted relative daily antineutrino emission
rate versus cycle day. The rate is normalized to its value
at the beginning of the cycle. b) The percent change in the
instantaneous antineutrino emission rate over the previous
thirty day period, versus cycle day.

to reactor power over these time intervals.

V. THE SONGS REACTOR

The SONGS1 detector is deployed at Unit 2 of SONGS.
There are two operational reactors at this station; both
are pressurized water reactors designed by Combustion
Engineering in the 1970s and have maximum thermal
(electric) power of 3.4 GWt (1.1 GWe). The detector
is located in the tendon gallery of Unit 2. A feature of
many commercial reactors, the tendon gallery is an annu-
lar concrete hall that lies beneath the walls of the reactor
containment structure. It is used to inspect and adjust
the tension in reinforcing steel cables known as tendons,
which extend throughout the concrete of the containment
structure. At SONGS these inspections occur every sev-
eral years, and involve the examination of only a handful
of representative tendons. Apart from these inspections,
the placement of the detector in the tendon gallery has
little or no impact on regular plant operations, and vice-
versa.

SONGS1 is located 24.5 ± 1.0 m from the Unit 2 reac-
tor core and 149 ± 3 m from that of Unit 3. The physical
core is well approximated by a 4 m tall cylinder with a
3.5 m diameter. Compared with a point source, its finite
size has a less than 1% effect on the measured rate at the
24.5 m standoff distance of the SONGS1 detector.

Since the antineutrino flux generated by each core is
isotropic, 97% of the reactor antineutrinos reaching the
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SONGS1 detector originate from Unit 2. With Unit 2 at
full power the antineutrino flux at the SONGS1 location
is 10 17 m-28-1.

VI. THE SONGS1 DETECTOR

As described in detail elsewhere [3], the SONGS1 de-
tector consists of three subsystems; a central detector, a
passive shield, and a muon veto system. The central de-
tector consists of four identical stainless steel cells filled
with a total of 0.64 ± 0.06 tons of liquid scintillator. A
passive water/polyethylene shield for gamma rays and
neutrons surrounds the detector on six sides, with an av-
erage thickness of 0.5 m. A 2 cm thick plastic scintillator
envelope read out by PMTs covers five sides of the de-
tector and identifies cosmic ray muons.

In the central detector, positrons created by the inverse
beta process deposit energy via Bethe-Bloch ionization as
they slow in the scintillator. Annihilation with an elec-
tron yields two gamma rays which can deposit up to an
additional 1.022 MeV of energy in the detector. This set
of interactions, occuring within about 1 ns, is referred to
as the "prompt" energy deposition. The neutron carries
away a few keV of energy from the antineutrino interac-
tion. After thermalization, this neutron can be detected
by capture on a gadolinium (Gd) dopant. A concentra-
tion of 0.1% Gd by weight yields a neutron capture time
of 28 js, and an 8 MeV energy release via a gamma ray
cascade resulting from the capture. The measured re-
sponse of the detector to this 8 MeV cascade is referred
to as the "delayed" energy deposition.

The time separation between prompt and delayed en-
ergy depositions follows an exponential distribution with
time constant equal to the 28 ps neutron capture time in
the Gd doped scintillator. Taken together, the prompt
and delayed energy depositions are referred to as a corre-
lated event. This refers to the fact that the same under-
lying physical process generates both interactions, and
that they occur close in time relative to most other pairs
of interactions taking place in the detector.

Correlated events can be created by mechanisms other
than inverse beta decay. For example, fast muogenic neu-
trons can scatter off protons in the scintillator, giving
a prompt energy deposition, and then be captured on
Gd with the same time distribution as occurs for inverse
beta events. Such events, which mimic the time struc-
ture of. the antineutrino events, are referred to as cor-
related backgrounds. The detector'also registers uncor-
related backgrounds - random coincidences between two
energy depositions from natural radionuclide decays and
other sources. Since the occurrence of such uncorrelated
backgrounds is governed by Poisson statistics, the time
separation between these events will also follow an ex-
ponential distribution, with a time constant equal to the
inverse of the single event rate (effectively the detector
trigger rate).

The detector trigger rate above a 1 MeV threshold, and

the trigger rate for the muon veto system are both - 500
Hz. Data is acquired through a NIM/VME-based Data
Acquisition System and an on-site computer automati-
cally performs the data analysis. A telephone modem is
used 'to automatically retrieve the results of this analy-
sis, as well as detector state of health indicators, allow-
ing for the remote monitoring of detector operation, and,
through the antineutrino signal, of reactor operation.
The prototype SONGS1 system (which is not a highly
engineered design) operates unattended for months at a
time.

A. Expected Antineutrino Interaction Rate

With our current 0.64 ton liquid scintillator detector
at a standoff of 24.5 ± 1 m from the reactor core, and
with the reactor parameters defined in Sec. V, the rate
predicted by Eqn. 5 at the beginning of the reactor fuel
cycle (k(t) = 0) is 3800 ± 440 antineutrino, interactions
per day for 100% detection efficiency. The uicertainty in
the absolute antineutrino rate arises primarily from the
uncertainty in our knowledge of the amount of scintillator
in the detector. This uncertainty is a systematic shift in
the absolute rate that has no effect on the relative power
measurements of interest in the analysis presented below.

VII. THE SELECTION PROCEDURE FOR
ANTINEUTRINO EVENTS

To isolate antineutrino events, we form candidate event
pairs from the raw data. For each pair of sequential
events meeting the hardware trigger criteria, the first is
labeled prompt or positron-like, and the second delayed
or neutron-like. Two time intervals are also defined: the
interval between the' prompt event and the most recent
muon trigger or central detector trigger, and the time be-
tween the prompt and delayed events (interevent time).
To select antineutrino candidates we apply several cuts
to the sequential pairs. To exclude events with highly
non-uniform light collection, a cut is applied to ensure
that each PMT observing a particular cell sees a sinii-
lar amount of light per event. For two PMTs observing
a given cell, a and b, the cut is applied to the ratio z,
defined as:

a-bz___ <0.4.
a+b (6)

This selection criterion is referred to as the ratio cut.
In practice, it determines which interaction locations in
the scintillator are accepted by. the selection process,
thereby defining a fiducial volume.

Next, we apply cuts on the amount of energy recorded
in each cell. For simplicity and flexibility in our analysis,
we have chosen to consider each cell as an independent
detector.
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TABLE I: The Antineutrino Event Selection Criteria
Quantity Criterion
Prompt Energy 2.39 MeV < Epositron < 9 MeV
Delayed Energy 3.5 MeV < Ee.-to < 10 MeV
PMT Ratio Cut Izi < 0.4
Interevent Time tmi, = 10 ps
Muon Veto t-. > 100 Ps

Hardware limitations impose a cut of 10 As on the min-
imum time between any event pair. Finally, we accept
only those events that occur at least 100 As after the last
muon hit/acquisition trigger. This final cut significantly
reduces the number of contaminating antineutrino-like
event pairs in the data set caused by muon interac-
tions. From the empirically measured time constant of
the muon correlated events (20 As), we calculate that
this cut excludes all but 0.7% of antineutrino-like back-
grounds correlated with a muon recorded in the veto.

Table I summarizes our event selection criteria. The
predicted rate of antineutrinos at beginning of cycle
based on these criteria is 407 ± 75 /day. As mentioned
earlier, this error includes the large absolute uncertainty
in the number of target atoms.. As shown below, a rela-
tive measurement has a considerably smaller uncertainty.

VIII. THE ANTINEUTRINO-LIKE EVENT
SAMPLE

After applying these selection criteria, we examine the
spectrum of time intervals between pairs of successive en-
ergy depositions (Fig. 2). Two clear exponential features
are visible. The faster and more prominent of these arises
from a prompt, positron-like, energy deposition followed
a characteristic time later by a delayed, neutron capture-
like energy deposition. The second, slower exponential
is due to the random coincidence of two sequential back-
ground events both of which exceed the relevant thresh-
olds. As would be expected for such coincidences, the
time constant of this slow exponential is equal to the in-
verse of the acquisition trigger rate.

To further select antineutrino events we integrate the
interevent time distribution from 10 As to 100 ps. Beyond
the upper time limit of 100 ps, the event sample is domi-
nated by uncorrelated backgrounds. This integral defines
the total number of events prior to any background sub-
traction, and includes contributions from true antineu-
trino interactions as well as both correlated and uncorre-
lated backgrounds. We refer to these as antineutrino-like
events.

It is impossible in this detector to distinguish back-
grounds from true antineutrino interactions on an event-
by-event basis. For the analysis below, when a net num-
ber of antineutrino events is required, we perform a sta-
tistical subtraction of the same definite integral deter-
mined over a reactor off period. We use this procedure to
estimate the net daily or weekly number of antineutrinos.

1000

W

0

1 0 0 .. . . . . . . . . . . . . . .. .

0 200 400 600 800
Interevent Time (ýis)

FIG. 2: A representative interevent time spectrum of event
pairs that pass all selection cuts acquired during 7 days of
data taking. The fit to the data has four parameters: an ex-
ponent and amplitude each for the fast and slow exponentials
describing respectively the correlated signal and coincident
singles background.

For integration times less than 24 hours, unacceptably
large uncertainties are introduced by such a procedure
due to limited counting statistics. Instead, we apply a
standard hypothesis test to the total (non-background-
subtracted) antineutrino-like event rate to look for sig-
nifcant changes.

IX. HOURLY MONITORING OF THE
REACTOR OPERATIONAL STATUS

In the off-line refueled reactors which constitute the
majority of the world's reactor stock under safeguards,
fissile materials can only be accessed during shutdowns.
Thus, it is of potential interest for safeguards to estimate
how quickly a shutdown or a large change in the reactor
thermal power can be identified using the antineutrino
signal.

For a quantitative estimate of the statistical signifi-
cance of such changes, the Sequential Probability Ratio
Test (SPRT) [9] can be used to estimate the amount of
-time required to conclude, with a given level of confi-
dence, that the reactor thermal power has changed based
on 'a change in the antineutrino signal. The SPRT is
based on a log-likelihood ratio, defined as

= 1 0 9 P(pil, nevents)
(SP 2, nevents) (7)

P(p, nevents) is the probability that the measured num-
ber of events nevents is drawn from a parent distribution
with mean A. Ai and A2 are the expected mean values
of the number of events in a fixed time interval during
iperiods at two different power levels - for example, 100%
power and zero power. In the examples discussed below,
the expected mean values are derived from data taken
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during periods in which the thermal power was known
by independent means to be at the level being tested
for (zero power, full power, or some intermediate 'value).
In a real regime, a set of calibrations between thermal
power and antineutrino rate would be established in an
initial cycle, and used at later times to specify mean val-
ues A which would serve as inputs for the test statistic.
Using the test, measured mean values at any given time
would be tested against a set of possible expected values
derived from the earlier calibration. The length of the
calibration periods would be optimized based on the de-
tected antineutrino event rate, and the size of the burnup
effect for a given reactor and fuel type. With the con-
figuration discussed here, we used a calibration period of
one month, which gives - 1% statistical accuracy on the
rate, compared with a < 0.65% systematic error induced
by burnup, as described earlier.

To apply the test, one calculates the cumulative sum of
the logarithmic quantity rSPRT, with the sum updated at
fixed intervals. Once this sum exceeds an upper or lower
bound a and b, the test has confirmed that the reactor
is in one and only one of the two possible states, with a
specified level of confidence. The statistic is then reset
and the testing process continues anew until a conclusion
is reached. This is referred to as 'online' testing, since the
test is constantly being updated with new data until a
decision is made, at which point the statistic is reset.

The probability for change detection can be directly
quantified in terms of a change in the test statistic. The
upper and lower thresholds are defined in terms of the
probability a of a false alarm, and probability /3 of a
false negative (i.e. failing to recognize the change of state
when it has occurred). The equations relating the thresh-
olds for the test statistic to the probabilities of detection
or non-detection are:

1-fl 1 -a
a = log 1 - and b = log-1 *

The thresholds can be selected to balance the need for
timely detection with the need for high confidence in the
result. For the analysis below, we demand 1% probability
of either a false alarm or false negative.

Under a broad range of conditions, this method allows
one to detect a change in the status of a time-varying
process within the minimum possible time [9]. With the
SPRT method, one can also explicitly quantify the proba-
bility of false alarms (changes being detected where none
existed) and misses (undetected changes in operational
status) [101.

A simple implementation of the test assumes Poisson
distributed signal and background. We first confirm that
our data meet this criterion. Fig. 3 shows the histograms
of the number of detected antineutrino-like events in one
hour intervals for equal amounts of reactor on and re-
actor off data. Both distributions are reasonably well fit
by a Gaussian distribution, a good approximation for the
Poisson distribution even with these low counting statis-

tics. The chi-squared per degree of freedom values for
the Gaussian fits axe 0.9 and 1.1 for the on and off data
respectively. As seen in the figure, there is significant
overlap in the distributions, so that a single measurement
is insufficient to determine the operational status.

, 14
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Z 2
76

. 10 20 30 40 50
Hourly Number of Antineutrino-Like Events

60

FIG. 3: A histogram of the number of antineutrino-like events
per hour interval before (black) and during (light gray) the
reactor outage.

In our first example, the outage occurs within one hour
(Fig. 4a), and the test requires about 5 hours of data to
determine that the reactor has turned off, with 1% prob-
ability of either a false alarm or false negative (missed
alarm) (Fig. 4b). This condition is satisfied when the
value of the test statistic is smaller than b = -4.59.

In another excursion, the reactor was ramped from zero
to 80% power over an -•14 hour period, and held at this
level for 3 days (Fig. 5a). In this case, the test requires 2
hours to determine that the reactor is in fact in the 80%
power state, with 99% confidence. (Fig. 5b).

A somewhat more challenging circumstance is pre-
sented by a subsequent transition from 80% to 100% ther-
mal power. In this case, it is difficult to see the power
step by direct inspection of the change in the number of
antineutrino-like events (Fig. 6a). However, the SPRT
is able to detect the change with 99% confidence, albeit
with a longer time to detect due to the closer proxim-
ity of the mean number of antineutrino-like events in the
80% and 100% power states. The test is able to detect
the 20% power shift, in approximately twelve hours.(Fig.
6b).

X. DAILY AND WEEKLY MONITORING OF
RELATIVE THERMAL POWER

Hourly monitoring can quickly detect gross changes
in the operational state of the reactor, such as the 20%
power shift just described. For more precise measure-
ments, longer integration times are required. We define
a relative thermal power estimator by forming the ra-
tio of the daily or weekly average antineutrino detection
rate (after background subtraction)to the prior month
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FIG. 4: (a): the hourly number of antineutrino-like events,
plotted versus hour, through a reactor outage. (b): the value
of the SPRT statistic plotted versus hour over the same time
range. The dashed lines in this figure are the 99 % confidence
level values of the test statistic. In both plots, the vertical line
indicates the hour in which the reactor shutdown occurred.
Values of the statistic above the upper dashed indicate that
the reactor is in the on state. For this data set, these values
axe obtained only during the reactor on period, meaning that
no false positives or negatives occurred.

background-substracted average rate. This ratio is pro-
portional to the daily or weekly average of the thermal
power, with an accuracy to be calculated below. As-
suming the thermal power of the reactor to be known
by independent means at the start of a month-long mea-
surement period, the antineutrino rate can thereby be
directly associated with a particular power level, and ex-
cursions from this level can be detected by changes in the
daily or weekly average

Month-long periods of comparison form a natural
break point for the analysis presented here. This is due
to the fact that the effect of burnup on the detected (and
emitted) antineutrino rate never exceeds 0.65% over one
month, as demonstrated in section IV, while statistical
uncertainty is at the 1% level for this averaging period.
As long as the period of comparison is no longer than
one month, we will show that the variation in the ra-
tio just defined will be dominated by counting statistics,
and not by burnup-induced changes or other systematic
effects. For longer comparison periods, the effect of bur-

SD ____ __ __

•30 ,

I __ _ ____

10 20 4 80 8 10 12 14

10 b) I5
-10]

0 20 40 60 80 100 120 140

FIG. 5: (a): the hourly number of antineutrino-like events,
plotted versus hour, through a reactor ramp from zero to
80% power. (b): the value of the SPRT statistic plotted ver-
sus hour over the same time range. The dashed lines have
significanceanalogous to those in Fig. 4.

nup on the relative power estimate grows, and we must
explicitly introduce our burnup model. This analysis is
performed separately in a forthcoming paper.

The precision of the daily or weekly estimator is deter-
mined by counting statistics, and by any time-dependent
systematic effects (other than burnup) which can alter
the detection efficiency. By making the measurement
relative to an initial monthly average value, time inde-
pendent corrections to the detection rate - such as those
caused by an incorrect estimate 'of the number of tar-
gets or of the overall detection efficiency - only induce an
overall shift in the constant of proportionality between
reactor power and the absolute antineutrino detection
rate. This shift has no effect on the stability or precision
of our relative power estimator.
"To analyze the correlation between the daily and

weekly average antineutrino detection rate and the ther-
mal power, we must subtract the background, which is
measured during reactor off periods.

A. Reactor Off Data

During a 63 day period with Unit 2 (the near reactor)
at 0% power, the average daily rate of events passing all
antineutrino selection criteria was 441 (Fig. 7). This rate
is primarily comprised of uncorrelated non-antineutrino
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FIG. 7: A histogram of events passing all antineutrino selec-
tion cuts during a 63 day long reactor off period.
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FIG. 6: (a): the hourly number of antineutrino-like events,
plotted versus hour, through a reactor ramp from 80% to
100% power. (b): the value of the SPRT statistic plotted
versus hour over the same time range. The dashed horizontal
lines have significance analogous to those in the lower plot in
Fig. 4. The solid vertical line shows the hour in which 100%
thermal power was obtained.

backgrounds (as well as an -10 count per day contribu-
tion of real antineutrinos from the distant reactor). The
measured standard deviation for the reactor off data sam-
ple is 22.3 events, or 5%, (with an uncertainty in this
standard deviation value of 0.5%). The predicted uncer-
tainty,'due to Poisson counting statistics alone is 4.7%,
consistent with the measured standard deviation value.
We also performed a Gaussian fit to the data as a check
on the measured sample mean and standard deviation.
The value of the Gaussian mean is 435 events, close to the
sample mean, and the Gaussian sigma is 20 events, close
to the sample standard deviation value of 22.3 events.

Over the same 63 day (re-actor off) interval, the average
weekly rate of events passing all antineutrino selection
criteria was 3088, with a measured standard deviation of
88 events, or 2.6 ± 0.5%. The predicted Poisson uncer-
tainty based on counting statistics in this case is 1.9%,
close to the sample standard deviation, but indicative
of a possible small additional uncertainty not accounted
for by counting statistics. The Gaussian mean (3088)
and standard deviation (87) are also close to the sample
mean and standard deviation.

For both daily and weekly integration times, the mean
value of the background is subtracted from the signal
during reactor on periods to obtain the net antineutrino

0 10 20 30 40 50 60

Days

FIG. 8: Events per day passing all antineutrino selection cuts
during a 63 day long reactor off period, plotted versus day.

detection rate.
A linear fit to reactor off daily antineutrino-like de-

tection rate plotted versus day (Figure 8) has a slope of
0.13 ± 0.15, consistent with a constant background.

B. The Stability of the Antineutrino-Based Power
Estimate

Next we consider the stability of a relative power
measurements based on the daily and weekly average
background-subtracted antineutrino detection rate. Ac-
cording to operator records, the reactor power in our
analysis period is constant to within 0.5%, at 99.5% of
full power.

Rearranging Equation 3 it can be seen that the thermal
power depends on the measured number of antineutrino
events per unit of time, divided by the detector related
constant y:

N,,
Pth - (1k()) (8)
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We define a relative power measurement r as

< Pth >day,weekr =(9

< Pth >month

The brackets and subscript indicate averaging for the
previous day, week or month. The small systematic vari-
ation between the daily or weekly value of k and its
monthly average can be neglected, and the term 7, de-
pending on the detector mass and distance, is assumed
constant. With better than 1% precision, the variation
in the ratio now depends only on the statistical varia-
tions in the count rates, averaged over the periods in
question. However, this neglects possible time variations
in the detection efficiencies over the relevant time inter-
val. If these variations are large, the measured standard
deviation of the data will be larger than the v'nevents
spread expected from Poisson counting statistics alone.
We consider this possibility directly.

With the above assumptions, the ratio r can be ex-
pressed in terms of the ratio of average detected antineu-
trino rates as:

< Np >day,week

< No >month
(10)

C
5 12 __- -daily-ratio-

wI IZ 0
L-Z00

z.00

S4

z '0
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FIG. 9: The histogramns of the ratio of r, defined as the net
daily or weekly average detected antineutrino rate to the net
detected antineutrino rate averaged over the 28 days prior to
the measurement. Both the daily and weekly data sets extend

over the same 33 week period.

long time scales with an estimated 8.3% precision us-
ing a daily background Subtracted number of detected
antineutrinos, or 3% using a weekly number, limited al-
most entirely by statistics. By construction, this estimate
is independent of the long term 1- 2% systematic trend
induced by the changing core isotopics. It provides a
measure of the precision of the detector itself, including
all statistical and systematic effects occurring over peri-
ods of days to months. Slightly longer integration times,
or improvements in the detection efficiency would further
reduce this uncertainty. Ultimately, however, the effect of
burnup must be fully accounted to extract a stable long
term power or burnup measurement beyond one month.
This analysis is the subject of a separate article.

The fact that our current detector approaches the Pois-
son limit for a relative power measurement on day to
week time scales has further significance. It implies that
even a simple detector design can suffice for the relative
thermal power monitoring approach envisioned here. Our
experience is that the simplicity of the detector design
will play a key, even decisive role in determining whether
this technology is adopted by the IAEA or other safe-
guards regimes.

where the subscripted brackets again signify averaging
over the indicated time periods.

Fig. 9 shows the spread in this ratio for daily and
weekly averaging. By examining the standard deviation
of r , we can quantify the degree to which the ratio obeys
Poisson statistics, and estimate the contribution of non-
Poisson, time-varying systematic drifts on the relative
power estimate.

For the daily averaged data, the measured standard
deviation in the ratio r is 8.3±0.5%, while the spread
based on a gaussian fit is 8.0±0.5%. These values are
within error of the 7.8% expected spread in the ratio r
due to Poisson statistics alone. For the weekly data,the
measured standard deviation in r is 3.0±0.3% - again
consistent with the expected 3% variation due to Poisson
statistics.

For both daily and weekly averaging, statistical uncer-
tainty fully accounts for the total observed spread in the
ratio. Aside from the known < 0.65% systematic contri-
bution to the spread due to burnup, such small additional
effects as are present may come from periodic drifts in the
gain scale, or other efficiency changes that are not fully
accounted for in the calibration procedure.

XI. CONCLUSIONS

The above analysis demonstrates that our current pro-
totype detector can monitor changes in reactor status
(on versus off) in five hours with greater than 99% confi-
dence, and can directly measure power levels over month
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jSummary

Tritium leakage from the cryogenic DT-filling operation
is contained and abated with no loss to the environment

UR~
LLE-LL

* LLE has conducted 20 fills employing 50:50 D:T at 1000 atm
since June 2006

e Routine leakage from the filling operation is measurable
and controlled

* The tritium cleanup system exhibits high efficiency

Stack readings indicate only small releases (<10 mCi/week)
during filling operations.

T2385



Tritium leakage from the filling operation
is mitigated by the tritium-cleanup subsystem
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* -3000 Ci in permeation cell
* -2 days to fill targets
* The permeation cell = most significant source of tritium leakage
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The permeation cell is a high-pressure vessel
with a metal-metal seal using a soft copper gasket
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Permeation cell 5 cc free
volume N

4 targets
per fill
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2200 psig over 12 in. 2

presses the perm cell body
against the target rack

Permeation cell body

" Up to 30 Ci leaks occasionally observed (1%)
• Normally leakage <0.2% (within experimental error)

* New gasket each fillT2387



The permeation cell is a high-pressure vessel
with a metal-metal seal using a soft copper gasket
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volume
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Rac 2200 psig over 12 in. 2  Permeation cell body
presses the perm cell body
against the target rack

" Up to 30 Ci leaks occasionally observed (1%)
" Normally leakage <0.2% (within experimental error)

* New gasket each fill



The tritium-cleanup subsystem employs ZrFe getters
to remove tritium from helium gas volumes

I
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The SECONDARY LOOP
polishes the helium stream,
reducing the tritium concentration
down to releasable limits.

The PRIMARY LOOP removes the
majority of the tritium and all of the
measurable water/0 2 and organic
molecules from the helium stream.

" System runs continuously at temp and flow
" Beds reversibly adsorb species

T2388



Tritium leakage is monitored by instrumentation
as the fill proceeds
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Time (h)

Typical response during most fills

" Interior ion gauge - real-time leakage
* Primary tritium monitor - aggregated leak

* Good agreement - assays and calcs from tritium monitor
T2389a



Tritium leakage is monitored by instrumentation
as the fill proceeds

UR
LLE;W

CL)

EL

Time (h) Time (h)

Typical response during most fills A large leak occurred in Fill 135
corresponding to -30 Ci lost
to the cryostat

" Interior ion gauge - real-time leakage
" Primary tritium monitor - aggregated leak
• Good agreement - assays and calcs from tritium monitor

T2389



Tritium is observed to concentrate
at the primary tritium monitor
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To polishing
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* Helium purge sweeps tritium downstream
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Tritium is observed to concentrate
at the primary tritium monitor
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Tritium is observed to concentrate
at the primary tritium monitor
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Following the fill, DT is swept downstream by charges
of helium added to the vacuum manifold
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The abatement of tritium in the first loop is efficient
and appears to agree with a simple decay model
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Recently, the use of a continuous purge of helium has
further improved the tritium-removal performance UR*
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A continuous purge of helium can efficiently sweep
tritium downstream
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" Secondary tritium monitor concentration is 10x lower
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SSummary/Conclusions

Tritium leakage from the cryogenic DT-filling operation
is contained and abated with no loss to the environment

UR
LLE;

" LLE has conducted 20 fills employing 50:50 D:T at 1000 atm
since June 2006

" Routine leakage from the filling operation is measurable
and controlled

" The tritium cleanup system exhibits high efficiency

Routinely observe <10 mCi stack releases per week
during filling operations.
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ABSTRACT: A brief overview of PBMR's fission product release model and software development
is presented. Gaseous and metallic fission product release from spherical fuel elements into the coolant
gas is calculated by the steady state code NOBLEG and the dynamic code GETTER respectively.
NOBLEG calculates short-lived fission gas release based on the Booth model and GETTER metallic
fission product release based on Fick's laws of diffusion under normal and accident conditions. Both
codes are used extensively in the design and safety analyses of the Pebble Bed Modular Reactor
(PBMR). An overview of the models used is presented, including the development of new models to
calculate the oxidation effect water ingress have on gaseous fission product release, and loss of forced
coolant heat-up effects on metallic and halogen release. For loss of forced coolant events, the software
FIPREX was developed as a post-calculation data reduction application for GETTER's accident
calculations. Calculated results for a sample PBMR core design are presented as well as design factors
derived by sensitivity analyses. The PBMR models and their application in NOBLEG are validated in
part with the irradiation data from fuel irradiation, tests HFR-K5 and -K6, and in GETTER with
HFR-K3. A brief overview of these benchmarking calculations is presented.

KEYWORDS: Fission products release, GETTER, models, NOBLEG, PBMR, spherical fuel
elements, verification, validation.

0. INTRODUCTION

The current Pebble Bed Modular Reactor (PBMR) design [1] allows for thermal power output of up to
400 MW, or -1.25 x 1019 fissions per second. Large numbers of fission products are created in the
process that pose a considerable risk to operating personnel and the general public if not contained.
Central to high-temperature pebble fuel reactor design is the concept that no significant fission product
activities are released from the fuel elements [2] and therefore from the closed coolant gas circuit. The
safety of a high-temperature gas-cooled nuclear power plant therefore stands and falls with its fuel
elements' ability. to retain fission products under all expected reactor conditions. The reactor design
must therefore be such that fuel elements are never exposed to conditions in excess of their design
qualification. Similarly, fuel design must be such that fuel elements can be manufactured
economically at large volumes, while maintaining fuel quality and integrity during manufacture and
subsequent irradiation. Even under the best manufacturing conditions a small fraction of Coated Fuel
Particles (CFPs) will be defective, which together with contamination in the fuel materials, source
fission product release into the coolant gas. Furthermore, under abnormally high temperatures and
power surges, CFP's may start to fail and increase the release of fission products. These releases cause
radiation dangers to operating personnel, and if released from the closed coolant circuit, also to the
public. It is therefore imperative to predict, with a reasonable level of certainty, the fission product
release from the fuel elements and the plant under any expected operation or accident conditions.

Fission product release analysis at PBMR is divided into relatively short-lived gaseous and long-lived
metallic fission products. Both groups' release model and software development and validation are
presented in this paper. The software is described briefly, followed by each group's model description
with some sample core design calculation results for normal operating and abnormal event conditions.
Some benchmarking calculations to verify and validate the main-models conclude this presentation.
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0. 1. Fission Product Release Calculations at PBMR

Fission product release analyses at PBMR are presented in FIGURE 1. The reactor design is analysed
by the core neutronics codes, VSOP [3] for normal operation and TINTE [4] for accident conditions.

.These codes supply the necessary input parameters (temperatures, cross sections, neutron fluxes,
power densities, residence times, etc.) for the fission product release codes NOBLEG [5] (gases) and
GETTER [6] (metals) to calculate the fission product releases from the PBMR core [7].

I VSOP / TINTE ]

GETTER NOBLEG
Metal release Gaseous release

Normal and accident conditions Normal conditions

and water ingress

FIPREX RADAX RADAX
Accident release Normal release Normal release

to reactor building Plate out and Plate out and
dust in the MPS dust in the MPS

Environmental release -I Various codes

FIGURE 1. Fission product release analyses at PBMR.

These fission product release values are used by the dust and plate out simulation code RADAX [8] to
calculate the fission product concentration in the Main Power System'(MPS). These fission product
concentrations are then used to determine the radiological doses that operational personnel might
experience during maintenance work and accidents at the PBMR. The fission products released from
the core cavern into the containment building during accidental leaking or pipe breaks are modelled by
FIPREX [9]. The, final release into the environment is modelled by various software that incorporate
plant containment design and meteorological parameters.

0. 2. Fission Product Release Software

The fission product release from coated fuel particles and the spherical fuel elements used in modem
high-temperature gas-cooled reactors is one of the first source terms used in describing the safety of
planned nuclear plants during normal and accident conditions. Several software products that cover the
range of fission products and operational conditions expected are currently employed at PBMR.

0.2. 1. NOBLEG

The activity of gaseous fission product release is a direct indicator of fuel performance and is
calculated with the code NOBLEG. In NOBLEG, the main sources contributing to gaseous fission
product release are the heavy metal contamination in the fuel graphite and defective/failed coated
particles. Standard particles within the specification limits are not expected to contribute to the release
of gaseous fission products under normal operating conditions [10]. NOBLEG is a steady state fission
product release code using Booth equations to solve short-lived gaseous fission product diffusion
behaviour under normal operating conditions. NOBLEG calculates the temperature distribution in fuel
elements to determine diffusion rates in each fuel component according to relations dependent on fast
neutron fluence and gas temperatures. NOBLEG is a legacy code from the German High Temperature
Reactor (HTR) programme, bought and further developed by PBMR, for PBMR specific parameters
and conditions. The code is versatile though, and can be easily applied to any other high-temperature
pebble bed type reactor design.
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0. 2. 2. GETTER

The transient release behaviour of long-lived metallic fission products can be predicted by using
diffusion models. An intact TRISO particle coating presents an effective barrier against fission product
release at normal operation temperatures (except for silver [11]). Therefore the most important input
data for coated particle performance during normal operation will be the fraction of failed/defective
particles and the fraction of heavy metal contamination in the fuel element graphite in combination
with the transport data of coated particle materials and fuel element graphite. In addition to diffusion,
other release mechanisms during normal operation are the recoil effect and the knockout effect [11].
Both present a geometrical problem and are not dependent on temperature, making them significantly
more important at lower temperatures. The computer code GETTER based on Fick's laws of diffusion,
was developed to model experimental (irradiation tests) and operational (normal and accident)
conditions. The code solves the differential equations of Fick's laws with numerical techniques.
GETTER includes subroutines, which calculate the burn-up and the power history of a fuel sphere in
the core and the temperature distribution in the spheres on the basis of given neutron cross sections,
thermal and fast neutron fluxes, and gas temperatures. GETTER is a legacy code from the German
HTR programme, bought and further developed by PBMR, to include PBMR specific requirements
such as iodine release determination under accident conditions. GETTER is a multipurpose tool and
found use in diverse applications at PBMR such as spent fuel tank contamination calculations,
temperature transients and accident event investigations, and evaluation of irradiation tests-and Post
Irradiation Examinations (PIE).

0. 2. 3. FIPREX

FIPREX is a specially developed EXCEL application to do post-calculation data manipulation of
GETTER output in calculating fission product release from the PBMR core under accident conditions.
FIPREX stands for FIssion PRoduct RElease under accident (X) conditions. The software makes
corrections for decay of short-lived nuclides and calculates the gas expansion curve during a loss of
forced coolant event, which determines the fraction coolant of gas escaping' the core cavern during
heat up. FIPREX is currently able to calculate depressurised and pressurised loss of forced coolant
events. More applications are continuously being developed for FIPREX at PBMR, including core
shutdown and reactivity insertion events. FIPREX is an adaptable tool and may be used on any
high-temperature gas-cooled reactor type to calculate any required fission products.

0. 3. PBMR Core Design

A sample PBMR core design was used to explain the basic calculation and input models that the
software applies to determine fission product release from the fuel elements and the core cavern
during normal operating and expected abnormal event conditions. The core geometry is presented in
FIGURE 2. The results presented in this paper refer to this sample core design. This design has a fixed
central reflector with a diameter of 2 m, which is surrounded by a fuel annulus of 85 cm. The core
volume of -83.7 m3 is divided into 93 equivalent-sized partial volumes, each of which contains a
mixture of six different fuel element loads. These loads represent the various passes through the core,
i.e. from the fresh state to a total of six times through the core. The bum-up of each of these fuel
element loads is followed individually. Note that the inner channel contains 20 layers, the second
channel 18 layers, etc. The ratios 20/18/18/18/19 are used to model the different flow rates in the
channels and, since the layers are defined to have the same volume, this results in approximately 18.6
effective layers (or time steps) per pass for the fuel. The residence time in each layer is 8.4 days, which
gives on average a total fuel'spheres residence time of 938 days in the core (accumulative over the
average of six passes as calculated for the equilibrium core in VSOP). PBMR fission product release
codes use this core layout, with the gas temperatures, fast and thermal neutron fluences, absorption
and fission cross sections, fission power outputs and residence times to calculate fission product
behaviour in the fuel elements.
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FIGURE 2. PBMR VSOP calculational model layout.

1. GASEOUS FISSION PRODUCT RELEASE

The steady state release from the fuel elements and consequent coolant gas activities of all relevant
krypton, bromine, iodine and xenon nuclides are calculated. The primary importance of the released
noble gases (key nuclide: 88Kr) and halogens (key nuclide: 1311) is their environmental radiological
impact under the conditions of normal reactor operation (leakage from the primary circuit) and loss of
coolant accidents. Gaseous fission product releases under normal operating conditions as well as low
vapour pressure water ingress incidents are calculated by NOBLEG. NOBLEG calculates the release
over birth (R/B) values from contamination and failed coated particles separately and estimates the
expected fission product release from the core and the coolant gas activities. Halogen (1311) release
during loss of forced coolant conditions is calculated by GETTER and FIPREX, and is discussed in
paragraph 0. The code and the models used are being verified and validated with code-to-code
comparisons, sample calculations and benchmarking with the irradiation fuel tests HFR-K5 and -K6
[12].

1. 1. Gaseous Fission Product Release under Normal Operating Conditions

The theory behind noble gas and halogen release from spherical HTR fuel elements is well understood.
The mechanisms of halogen and noble gas transport through the layers of the coated particle were
investigated in many countries, in the United States, Japan, Russia and Germany in particular [13].
The Booth equation forms the basis for most models created over the world and is described in brief.
There are three potential. sources for fission gas release: intact particles, failed particles and the heavy
metal (uranium and thorium) contamination of the matrix material. Due to the extremely low diffusion
constants for xenon and krypton in pyrolytic carbon and the relative short half-lives of the gas isotopes,
the transport from the fuel kernel through intact coatings can be neglected. The two remaining sources
of the noble gas/halogen release, the finely distributed uranium and thorium contamination of the
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graphite matrix material and failed coated particles are treated separately, but use similar equations.
Because of the short half-lives (compared with fuel sphere residence time in the core) of the nuclides
considered (except 85Kr), steady state conditions prevail, so that no numerical methods are needed to
solve time-dependent diffusion equations [10].

The model used to describe gaseous fission product release from contamination is shown in
FIGURE 3. The graphitic matrix material is treated as a three-component system: 1) the graphite
grains, 2) binder material and 3) open pores in the matrix material. Fission products recoil from the
fission sites into the three components and slowly diffuse through to the matrix pores. In the matrix
pores the fission products diffuse through to the surface of the fuel element and desorbs into the
coolant stream.

E 3ontarnationI 
Recoil

Recoil matrix> Diffusion

Ll ComponentII Diffusion

FIGURE 3. Transport model.- release from the contamination of the matrix material.

FIGURE 4 shows the flow scheme for' the release of fission gases from fuel particles, which failed
either during manufacture or during reactor operation. Failed fuel particles embedded in the matrix are
described by a four-component system consisting of kernel 'grains', two material components of the
buffer layer ('grains' and 'amorphous constituents') and helium filled open pores in the kernel and in
the porous buffer layer. The birth rates of primary fission products in the four components are
calculated with the known relations for the recoil stopping ranges in different materials. The release
from the three solid components is treated in the same way as the contamination-induced release.

These models are used by NOBLEG to calculate expected gaseous fission product release from the
PBMR core. The analysis of a sample 400 MW core design is presented in [14]. The out of core
activity is the steady state activity of the fission products releases from the fuel elements and released
into the Power Conversion Unit (PCU), and the coolant gas activity is the steady state activity of
fission products in the total MPS gas inventory, after taking plate out and radioactive decay 'into
consideration. Whereas the contamination amounts only to 7% of the failed particle fraction, the
corresponding R/B increases from 8% to 16% of the failed particle contribution from top to bottom of
the core. This is due to the rather effective retention capability of the particle kernels. Failed particles
cause local R/B values of 88Kr in the core between 1.0 x 10-7 and 2.5 x 107, and contamination
between 8.0 x 10-9 and 4.4 x 10-8 Thus, less than 1% of the 88Kr atoms produced by the uncontained
uranium (3 x 10-) is released.

From sensitivity analyses performed on all the important fuel transport parameters, a design factor of
four for gaseous fission product release is recommended [14]. The sensitivity analyses are based on
German HTR experience, PBMR thermohydraulic uncertainties, fuel design specifications and
limitations caused by manufacture processes and can be summarized as follows:
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FIGURE 4. Transport model. release from failed fuel particles.

The fuel specification allows maximum values for the uncontained uranium fraction of 6 x 10-5 and
the thorium contamination of 0.4 mg Th/FS. This defines upper limits for the failed particle fraction,
the uranium contamination and the thorium contamination of 5.6 x 10-5, 4.0 x 10-6 and 6.0 x 10-6

(effective), respectively. With these source values, the R/B of 88Kr and 131I increases by a factor of 2.1
compared to the expected result. The uncertainties of the diffusion constants and of the fractions of
highly releasing components are covered by factors 4 and 2, respectively. The higher diffusion
constants cause a 41% increase in the 88Kr R/B, and a 54% increase in 131I. The higher amorphous
component fractions increase the R/B by 37% (88Kr) and 14% (13 1). The statistical uncertainties of the
fuel sphere temperatures are tentatively described by a global reduction of the thermal conductivities
of the matrix and a reduction of the heat transfer coefficient both by 20%. Increasing all gas
temperatures by 50 K pessimistically covers these uncertainties of the core layout. Both effects
together increase the 881Kr release by 10% and the 1311 by 6%. The expected release values are
calculated with a constant failed particle fraction of 2.8 x 10-'. The statistical evaluation of German
irradiation experiments with TRISO U0 2 particles [11] showed that due to the restricted sample size
(Poisson distribution), growing failure fractions cannot be excluded at bum-ups above 5% Fissions per
Initial Metal Atoms (FIMA,). To simulate these statistical phenomena, the failure fraction in NOBLEG
was increased linearly with the fast fluence (-residence time) starting at 1.0 x 1021 cm-2 with 2.8 x 107'
up to 2.8 x 10-4 at 3.0 x 1021 cm-2. This increased failure fractions enhance gaseous fission product
release increases by 60%. All other systematic errors (thickness of fuel free zone, uncertainties in the
calculation model, chemical interactions etc.) and statistical errors amount to 50% increase in the
expected release rate. The total error for noble gases is 3.5 and 4.0 for halogens. These total errors
were rounded to a factor 4 for calculation of design values.

In FIGURE 5, R/B values are plotted vs the half-lives of the listed nuclides in a log-log diagram.
(Channel 1 axial layer 11, first pass). The heavy (Xe, I) and the lighter, more mobile (Kr, Br) nuclides
are clearly distinguishable. The Kr/Br points can well be approximated by a straight line with a slope
of approximately 1/3 (R/B z tl/21/3). For half-lives above 0.5 hours, the Xe/I results follow a straight
line with a slope of-l/4 (RJB ; tl/21/4). For shorter half-lives, the slope becomes steeper due to the
growing retention effect of the porous matrix.
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FIGURE 5. Total R/B at 1 003 °C fuel temperature, 89 bar helium pressure.

1. 2. Gaseous Fission Product Release under Abnormal Event Conditions

Gaseous fission product releases during loss of forced coolant conditions are calculated with GETTER
and FIPREX, and are described in paragraph 0. The effect water vapour has on fuel material diffusion
properties is modelled with NOBLEG, Due to high coolant gas operating pressures, no major water
ingress incidents are expected. Low water vapour pressures have however been foreseen as a possible
event, and a model to determine the effect on fission gas release was developed [15]. This model is
incorporated into NOBLEG's calculation scheme. Observations made during the water vapour
injection tests performed during the irradiation experiment HFR-K6 [16], were used to determine
simple relations that can be used to determine gaseous fission product release from spherical fuel
elements under oxidizing conditions caused by water ingress events. By comparing fission product
release profiles from test elements containing no failed particles and test elements containing two
failed particles, it is suggested that water vapour has an important effect on fuel kernel diffusion rates,
and to a lesser extent on matrix material graphite diffusion rates. The relationship between fission
product release and partial water vapour pressure was determined by comparing the Increase Factors
(IF) of the R/B release with different partial water pressures. At fuel temperatures in the region of 680
'C, fission product release under oxidizing conditions from water ingress events, exhibits a square root
dependence on the partial pressure of the water vapour. This dependence further decreases linearly for
increasing partial water pressures. A relation was derived to describe the increase in gaseous fission
product release. There is little variation between the measured increase factors between noble gases
and halogens of different half-lives. The relationship is therefore applicable for the whole range of
both halogens and noble gases.

IF = k, (pH 2 O)Y + k, (pH 2 0)Y

Where IF is the increase factor, or the increase in fission product release rate due to water vapour,

pH20 is the partial water vapour pressure and

ki, k2 are constants dependent on the specific temperature range.
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The model suggests that the square root dependence of fission product release increase on partial
water pressure is linearly dependent on the partial water. pressure. The constants k', and k2 were derived
for the test temperatures (-680 'C), where the linear increase factor was plotted against the partial
water vapour pressure. In TABLE I the derived relationship for different experimental partial pressures
of water vapour is listed, and shows a conservative estimate of the measured increase in R/B from
failed particles in the 100 Pa to 2 000 Pa partial water vapour pressure range.

TABLE 1. Measured and calculated RIB increase values during water injection tests, period 25,
HFR-K6.

Vapour partial Relation with fitted Measured increase factor
pressure pH 20 in Pa constants k, and k 2  88Kr 138Xe

0 1 1

200 1.59 1.59 1.53

500 2.37 2.33 2.37

2000 3.23 3.23 3.16

2. METALLIC FISSION PRODUCT RELEASE

The activity of the released and subsequent deposited nuclides 1
3 7

Cs, 1
3 4

Cs, 
90Sr, " mAg and 11 'Ag, and

their radiation field near primary circuit components during maintenance and repair work are of
primary importance for long-lived metallic release from spherical fuel element calculations. At PBMR
these releases are calculated with the software code GETTER, which is based on Fick's second law of
diffusion. It determines the important dynamic caesium, silver and strontium nuclide releases for both
normal and postulated event conditions (e.g. loss of forced coolant event). Furthermore it estimates the
halogen 131I release under loss of forced coolant event conditions and the noble gas 8Kr release from
spent fuel elements under long-term storage conditions. The code and the models used are being
verified and validated with code-to-code comparisons, sample calculations and benchmarking with the
irradiation fuel tests HFR-K3 [17].

2. 1. Metallic Fission Product Release under Normal Conditions

The large number of structural entities the core is made up of complicates the description of fission
product behaviour in a PBMR core, and therefore the many parallel pathways that have to be
considered. The variety of phenomena the fission product is subjected to further complicates the model
that describes its migration from its site of production to the primary coolant. Therefore the release of
metallic fission products from spherical fuel elements has been investigated in a great number of
irradiation and laboratory experiments [13]. The transient release behaviour of long-lived metallic
fission products can be predicted by using diffusion models based on these experimental results and
phenomenological derived formulae. The diffusion code GETTER uses these mathematical models
from phenomenological approximations and experimentally derived parameters.

The following transport processes control the release of long-lived metallic fission products from the
fuel spheres [6]:

- direct recoil from fission sites;

- solid state diffusion in the various components of the fuel sphere;

- steady state diffusion of gaseous precursors;

- temperature activated desorption from the fuel sphere surface;

- convective mass transfer to the coolant gas.

The sources of fission products are nuclear fission, radioactive decay of precursors and activation of
mother products. Radioactive decay of fission products and neutron absorption act as sinks. In
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GETTER, each transport processes' equations are solved numerically for fuel kernels, coated particles
and fuel spheres separately. The source term in the fuel sphere consists of [6]:

- diffusion release from failed particles;

- diffusion release from coated particles;

- release from coated particles by direct recoil;

- direct recoil from bare kernels (failed particles) and from the contamination of the outer
pyrocarbon layer;

- uranium and thorium contamination of the matrix material;

- decay of gaseous precursors.

GETTER applies these transport processes and source terms to calculate the long-lived metallic fission
product release from spherical fuel elements from high-temperature gas-cooled reactor cores. In case
of activation products (e.g. 134

Cs, IlomAg) GETTER is run twice: first for the release of the parent
nuclide (133Cs, '09Ag) and afterwards for the activation product whereby the time-deplendent
concentration profiles of the parent nuclides define the source term for the second run. The sphere pass
history through the different channels in the core is modelled by selecting a specific sphere pass
history as a reference case. Calculating the '37Cs release for various core pass histories that represent
all the channels weighted by the probability that a fuel sphere will travel in a channel, defines a
reference history. For a sample six-channel core design history 6/5/4/3/2/1 was chosen with the highest
release rates for the sake of conservatism, and where all the channels are represented. The expected
metal release data from the 400 MW PBMR core are given in TABLE 2 [18], the design factors were
derived from a sensitivity analysis done on all the fission product release parameters.

TABLE 2. Expected metal release data.
1

37
Cs 1

34
Cs 110mAg 9 0

Sr

Release Rate (atoms/s) 6.53 x 1012 1.92 x 10" 1.08 x 10" 1.83 < 108

Activity Release Rate (Bq/s) 4750 2 050 3 470 0.138

Design Factor 5 5 20 10

In FIGURE 6, the release rates from the fuel sphere during pass 1 (channel 6), 2 (channel 5), 3
(channel 4), 4 (channel 3), 5 (channel 2) and 6 (channel 1) are plotted vs the residence time in the
respective channel (viz. logarithmic scale). The figure reveals that only after about 60 Full Power Days
(FPD), appreciable rates (> 106 atoms/s) are released.

Design factors were derived from sensitivity analysis of the important transport and core parameters.
The sensitivity of the input parameters on calculated releases was studied for '37Cs, 13 6 Cs 134Cs, 'i'Ag,
"OrAg and 90Sr for metal release, but for the sake of brevity only 137Cs and 1i!mAg will be discussed.,
With the sensitivity analysis, the influences of uncertain input parameters and limitations of the
applied methods are assessed. A distinction is made between systematic and random effects.
Systematic errors are predominantly caused by the calculation method and by restrictions and
simplifications of the underlying physical transport models. In this context, random effects are not due
to the statistical distribution of material parameters within a population of items (e.g. diffusion
constants of single coated particles), but they are related to uncertainties of the average value of an
input parameter. Known systematic errors of the computational method (discretization error,
homogeneously distributed direct recoils in the SiC layer, thorium and uranium contaminations
equally distributed, neglect of fission product back pressure from the coolant) influence the results
only moderately. The larger mean fuel free shell thickness of the spheres compared with the nominal
thickness increases the metal release by less than 50%.
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FIGURE 6. Expected 137Cs release from affuel sphere (sequence 6/5/4/3/2/1).

For conservatism sake, unknown, however conceivable shortcomings of the underlying transport
model (e.g. concentration dependent diffusion coefficients, intrinsic variability of the diffusion
coefficients (in contrast to random uncertainty), temperature activated trapping processes,
non-diffusional transport processes, chemical interactions, fuel free shell thickness) are accounted for
by a factor 2 to be equally applied to the expected result. Expecting the same design contamination
uncertainties as for the gaseous fission product release design factor derivation in paragraph 0,
increases in "'Cs and "l'Ag releases of 38% and 1% are achieved respectively. This large difference
is due to the fact that silver is predominantly released from intact-coated fuel particles and caesium
from contamination and failed fuel particles. Silver is also very sensitive to temperature and
accounting for the temperature uncertainties increase the '"°•Ag release by 57Q0%/ compared to 6 9 % for
117Cs. The uncertainty of the applied solid-state diffusion constants is estimated to be covered by a
factor 2 and the operation-related failure fractions are multiplied by 3 and added to the base value of
2.8 x 10-' based on German Thorium High Temperature Reactor (THTR) experience [I11]. Statistical
errors (95% confidence level) of the thermo-hydraulic core layout are derived provisionally also in
accordance with THTR practice: Statistical errors in the radial (3.5%) and axial (7%) power
distributions and 5% core bypass coolant gas flow cover thermo-hydraulic layout uncertainties. The
residence time of the fuel spheres in the core is a statistically defined quantity. A longer fuel sphere
history increases the release rate but correspondingly shorter sequences counteract this effect. The
reference history 6/5/4/3/2/1 (732 days) has the nominal residence time. Moreover, longer residence
times do not necessarily increase the release. Sphere histories 4/2/3/4/5/5/2 (765 days) and 6/5/4/3/2/6
(774 days) days reduce the 137Cs release by 25% and 30% respectively. No adjustments to the design
values are therefore necessary from a sphere residence time point of view. All statistical errors oi (i = 1,
2...n) of input parameters xi are assumed to be independent of each other, thus enabling application of
the statistical error propagation for the total error Ar of the result r = r(xi) as convenient first order
approximation (exact for small relative or/xi only) of the total error with identical confidence level as
used for cyi:

Ar(xi, ai) = (sum ((cri 8r/xi)2 ) ) "2.

For ...mAg the uncertainty of the SiC diffusion parameters cause the largest errors (880%) followed by
temperature and thermohydraulic layout uncertainties. The "n'Ag total design factor is a factor 20
compared to caesium (factor 5 for "'Cs and 134Cs). For caesium, the coated particle failure fractions
from both manufacture and operation are the dominant uncertainties followed by temperature effects.
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2. 2. Metallic Fission Product Release under Abnormal Event Conditions

At PBMR the GETTER code is applied to calculate metal and halogen fission product release from
spherical fuel elements under accident conditions. Typical accident conditions include loss of forced
coolant either from large or small breaks. A model was developed to calculate fission product release
from spherical fuel elements during loss of forced coolant events for PBMR [19]. This model is used
to determine GETTER calculation sequences and input parameters. The GETTER output is used as
input for FIPREX [9], a post-calculation reduction software developed at PBMR. The FIPREX data
reduction yields the fission product release from the fuel elements and from the PBMR core. The three
radiological dominant nuclides identified; 3 1I, 137Cs and "1 Ag are calculated. These three selected
fission products presents more than 80% of the radiological impact of a DLOFC event [20]. For a
typical PBMR design, a DLOFC presents a 65 mm connection pipe break directly connected to the
Reactor Pressure Vessel (RPV) [21 ]. It is assumed that all reactor neutron activity is stopped by control
rod or Small Absorber Sphere (SAS) action. After pressure balance is achieved, the core heats up due
to radioactive decay of the fission products contained in the fuel sphere. The helium gas volume in the
core expands due to increased temperatures at constant pressure whereby the released fission products
are transported from the core cavern into the depressurized MPS circuit. After approximately 36 hours,
the maximum average core temperature is reached and the gas expansion reverses. Thus after 36 hours,
no more fission products released from the fuel spheres are released from the core cavern [22].

A typical PBMR core is modelled with several (four to six) fuel sphere flow channels, each channel
divided into axial layers (10 to 20), to yield 70 to 120 core regions. These core regions are used by
core neutronics, thermo-hydraulic and fission product release codes to model the core parameters. To
reduce the number of GETTER calculations performed, up to nineteen core regions can be selected,
each region presenting a number of regions in the core. Time steps after event initiation are chosen to
show the event progression. The GETTER code is then executed under normal operation conditions
for sphere histories adjusted for the final axial positions, followed by the LOFC event for each chosen
core position. The resulting release rates are corrected to take into account excess inventory for fuel
with different burn-up histories. The corrected DLOFC release rates per fuel sphere are weighted with
the number of core regions represented by the selected core regions. The sum of the weighted release
rates multiplied with the number of fuel spheres per core region equals the total release rate from all
fuel spheres into the gas volume of the core cavern. For the gaseous fission products a 1% burst
release is added as observed.in irradiation testing [23]. It is assumed that the released fission products
are homogenously distributed in the gas volume of the core cavern (pebble bed porosity + upper
plenum) and that the release from the core cavern (core release) is driven by the thermal expansion of
the remaining helium in the core cavern under ambient pressure. Thus, the core release rate is
determined by the inventory of released gaseous fission products in the core cavern multiplied by the
fractional expansion rate of the remaining helium mass. Finally the radioactive decay is taken into
account for calculating the release rates and the accumulated release. Results for a sample 400 MWt
PBMR design after a large break DLOFC event are presented in TABLE 4 [22]. The release from the
core cavern provides an upper limit to the accident induced radiological load of the environment
because the filter efficiencies of the core structure and of the metal surfaces along the way to the MPS
break were not considered.
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TABLE 3. Expected fission product release data.

Units 1
37

Cs 1311

Maximum release rate from fuel spheres atoms/s 1.02 x 10" 1.48 x 1013

MBq/s 0.743 14.8

Maximum release rate from core cavern atoms/s 1.57 x 10"3  4.90 x 10"

MBq/s 0.0114 0.489

Maximum released inventory in core cavern Atoms 2.18 x 1020 2.13 x W0'8

GBq 159 2 130

Maximum release from core cavern atoms 1.44 x 10"8 4.15 x 1016

GBq 1.05 41.4

3. VERIFICATION AND VALIDATION

The function of the fission product release analyses group at PBMR is to ensure that fuel performance
and fission product release analyses are performed in a correct manner that is reliable, accurate and
repeatable. This is achieved by employing only qualified analysts to perform reactor and radiation
analyses, using only verified and validated material, thermohydraulic and neutronic parameters, and
applying only verified and validated models, methods and software. This is achieved by creating
proper training and development assignments for candidate analysts, and formal verification and
validation programs. The verification and validation of all parameters, models and software are
conducted through the following process:

Classification: Definition of the V&V requirements and development of a V&V plan.

Identification: A study of the major fission product release experiments done in the history of
HTR, to determine the best experimental data to be used for the validation of PBMR fission
product release models and codes [24].

- Description: The theories behind fission product behaviour and release from spherical fuel
elements as well as the thermohydraulic model was established from existing knowledge, and
compared with the models developed and applied in the software [25].

- Analysis: Full code analysis, followed by assessments of code outputs compared to hand
calculations of the models to mathematically verify the software [25].

- Comparison, models: Model to model calculations comparing the Booth model with Fick's laws
of diffusion, and the theoretical model describing the breakthrough case [17].

- Comparison, codes: Code to code comparisons between fission product release,
thermohydraulic and neutronic software to verify application of thermohydraulic models [26]
and the numerical methods used to solve diffusion equations.

- Benchmarking: The selected irradiation experiments HFR-K3, -K5 and -K6, as well as the
post-irradiation examinations completed were evaluated with the software [12].

3. 1. Verification and Validation of Gaseous Fission Product Models and Software

The Verification and Validation (V&V) of gaseous fission product release models and the PBMR code
NOBLEG is described in detail in [12], [17], [25] and [26]. This paper only highlights the important
results of the benchmarking evaluation of irradiation test HFR-K6. The fuel proof test HFR-K6 was
originally designed to test the fuel elements for the planned HTR-MODUL and was the final proof
tests of the German HTR-fuel development [27]. Four 60 mm reference fuel elements (from AVR-21
reload batch) with LEU-TRISO coated particles were selected and inserted into a three-capsule
BEST-rig for irradiation in the High Flux Reactor (HFR) at Petten, the Netherlands [28]. Capsule A
contained the test element A1K6, capsule B the test elements B1K6 and B2K6, and capsule C test
element C1K6. The fuel test conditions and experimental setup is available in [12] and [28]. No
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particle failure occurred during irradiation. Unfortunately no post-irradiation examinations were
conducted on the test elements. The irradiation load of the test elements of HFR-K6; the fast neutron
fluence, bum-up and power output exceeds those that are expected from the PBMR design fuel. The
PBMR fuel specification is based on the AVR-21' batch standards so that HFR-K6 can be used as a
conservative irradiation test for PBMR quality fuel.

3. 1. 1. Contamination caused release

The noble gas fission products 88Kr and 135mXe were selected for in-depth analyses, as their
measurements during irradiation were the most consistently available. During irradiation the fertile2 3

'U and 232Th in the matrix material contamination capture neutrons to breed fissile 239pu, 241pu and233U. Therefore the effective uranium contamination increases with bum-up, and the release of fission
gases from the fuel elements increases as well. The effective uranium contamination is therefore
defined as the total fission power of the fissile nuclides 233U, 235U, 239 Pu and 24 1pu in the contamination
of the fuel sphere divided by the total fission output from the fuel element. Using the known (50 ng
uranium and 250'ng thorium per gram carbon) heavy metal contaminations in the fuel elements the
effective contamination for the HFR-K6 irradiation periods were calculated with the bum-up routine
of GETTER. The total effective uranium contamination that starts off at 7.2 x 108 (0.72% 235U in
natural uranium) increases to 1.66 x 10-6 at the end of irradiation. The increase in effective
contamination explains the general tendency of fission product release to increase over irradiation time,
and is therefore not necessarily a function of fuel integrity degradation.

The expected calculated release from a single failed particle exceeds the measured release from test
elements A lK6, B lK6 and B2K6 significantly, and therefore it can be deduced that no particle failure,
whether from manufacture caused or operationally induced, occurred. Fission product releases for
these test elements are therefore determined by the uranium and thorium contamination of the outer
pyrocarbon layers of the coated particles and the graphitic matrix material of the fuel element. For
well-measured irradiation periods the NOBLEG calculated R/B values were compared with measured
values for all' the available krypton nuclides. In FIGURE 7 an example of such a comparison is shown.
This graph shows that the fission product release from contamination model (paragraph 0) is
applicable for a large range of fission product half-lives.

1 .E-06 -

0 Measured 770
-- Calculated: 770

L Measured: 920 ,

1.E-07 - -Calculated: 920 OZ

1.E-08

1.E-02 1.E-01 1.E+00 1.E+01

Half-life (hours)

FIGURE 7. Krypton releasefrom capsule A. HFR cycle 91.01. R/B vs half-life.

The full irradiation experiment's 88Kr release, simulated with NOBLEG for test element B IK6, is
presented in FIGURE 8. Test element BlK6 was chosen for presentation as its irradiation history had
the most consistently available and coherent measurements. The NOBLEG simulation matches the
measured release excellently with a correlation of 0'.936, and the largest 'difference between the
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measured and calculated values is a factor 2.0, which is well below the accepted PBMR design factor
of 5. The surface fuel temperatures range from 546 'C to ,820 'C, with an average temperature of
702 'C . The noble gas fission product 135mXe was selected to represent the xenon and iodine gas
release from spherical fuel elements. It is also a conservative approach to determine iodine release by
assuming that xenon release behaviour is similar to, iodine release behaviour [10]. The full irradiation
experiment 135mXe release simulated with NOBLEG for test element B 1K6 is presented in FIGURE 9.

The NOBLEG simulation matches the measured releases excellently with a correlation of 0.960. The
largest difference between the measured and calculated value is a factor 1.5, which is again well below
the accepted PBMR design factor of 5 [14]. These results support the validation of the fission product
release code NOBLEG for the use of noble gas and halogen release from contamination calculations
for PBMR reference fuel.
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10-400 .

1.5E-08sr 0
3000.
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0.OE-+00 '~0
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Irradiation Time (full power days)

Measured Calculated .... Temperature

FIGURE 8. Measured and calculated 88Kr RIB comparison for test element BIK6 (contamination
release)

3. 1. 2. Failed coated particle caused release
/

After investigating the fission gas release during irradiation, it was concluded that test element C1K6
had two failed particles. No particle failure occurred during irradiation. The defective particles in test
element ClK6 are equal to a manufacture-caused defective particle content of 2/14 600 = 1.4 x 104.
The releases from these two elements are thus dominated by defective particle release as the free
uranium from one failed particle exceeds the free uranium in the matrix material by a factor of 35. The
measured fission gas release from capsule C1K6 is compared with the calculated values in
FIGURE 10 for 88Kr and FIGURE 11 for 135mXe respectively for selected temperature regions in the
26 irradiation periods.
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FIGURE 9. Measured and calculated 135mXe RIB comparison for element BIK6 (contamination
release).
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FIGURE 10. Measured and calculated 88Kr R/B comparison for test element C1K6.
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FIGURE 1]. Measured and calculated 135mXe RIB comparison for test element CJK6.

Considering the measurement uncertainties, the agreement between the measured and code calculated
values is very good. For 88Kr, the calculated values are within a factor 2 of the measured values and
for I35mXe within a factor 3, with correlations of 0.950 and 0.950 respectively. This is within the design
factors calculated and used by PBMR of 3 for noble gases and halogens [14]. It can be seen in
FIGURE 11 that the larger xenon atoms' release over the irradiation time decreases relative to the
calculated values. This is also noted for 88Kr to a lesser extent from 300 full power days (fpd) to
500 fpd. This is due to the fact that the composition of the two-component system buffer layer in the
coated particles changes during irradiation. The buffer layer consists of two components, a low
diffusive 'grains' fraction (90%) and a highly diffusive 'amorphous' fraction (10%), representing the
graphite buffer material and binder coke used, respectively. During irradiation, the highly diffusive
component is compacted by primary fission products, and thus transformed into a less diffusive phase
(either by decrease in size of the highly diffusive component or the decrease in diffusion coefficients
of the component). This causes the relative release to be decreased as irradiation increases. For the
sake of conservatism the current PBMR fission gas release model ignores this uncertain and yet
unverified mechanism. After 500 Thd, the release of 88Kr and 35'mXe drastically increases from well
below to very close to the calculated values. This rapid increase at the end of the irradiation
experiment is most likely caused by the formation of microscopic cracks in the highly compacted and
stressed buffer material. The measured fission product release however still does not exceed the
calculated values.

3. 2. V&V of Metallic Fission Product Models and Software

The verification and validation of metallic fission product release models and the PBMR code
GETTER is described in detail in [17]. This presentation only highlights the important results of the
benchmarking evaluation of irradiation test HFR-K3 and its post-irradiation examination [29].

The irradiation test HFR-K3 was part of the High Temperature Reactor Fuel Programme, employed to
test fuel systems and to validate the design and production of. low enriched fuel spheres and is
described in [30]. The test elements were exposed to similar conditions as would be expected for
PBMR fuel. After considering all the available experimental results and irradiation conditions the test
elements A5K3 and B6K3 were chosen for validation of the fission product release code GETTER.
GETTER uses the thermal neutron capture and fission cross-sections calculated at HFR to calculate
bum-up and plutonium power fractions. The plutonium power fractions were not measured in the
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post-irradiation examination of the test elements and could not be compared with GETTER calculated
values. The measured and GETTER calculated bum-up values in Fissions per Initial Metal Atom
(FIMA) of the four test elements are listed in TABLE 4. CalcUilations done by HFR [31] and KFA [32]
are included for comparison. These calculations were performed directly after completion of
irradiation and before the detectors were analysed to correct measured results. The GETTER
calculations were performed with corrected final measured values. GETTER's ability to determine
neutronic functions is further verified by these results.

TABLE 4. Irradiation data.' burn-up measured and calculated, HFR-K3, all in FIMA.

Measured Calculated Calculated Calculated
(Cs-137) GETTER HFR KFA

A5K3 7.53% 7.64% 7.85% 7.65%

B5K3 10.02% 9.96% 9.94% 10.09%

B6K3 10.57% 10.43% 10.11% 10.21%

CIK3 8.97% 8.85% 8.44% 9.07%

The post-irradiation examination was conducted at the Harwell Laboratory at Didcot, England [29].
Test elements A5K3 and B6K3 underwent post-irradiation heat-up tests. Test element A5K3 was

heated for 500 hours at 1 600 'C and test element B6K3 for 100 hours at 1 800 'C. Fractional releases
of the major fission products were measured during the heat-up tests. The bum-up was determined
from the 137Cs content. The fuel free zone was investigated and the fission product content measured
as well as the total fuel element fission product inventory. The R/B values for released fission gases
during irradiation were below 1 x 10-6 for all capsules, so that the possibility of failed particles could
be neglected. The GETTER calculation was therefore done with the assumption that no particle failure,
either manufacture caused or operational induced, occurred. Results, however suggest that some
particle failure occurred during heat treatments of the post-irradiation examination [32]. The fractional
releases over the irradiation period were calculated for the fission product '37Cs and the activation
product IomAg and are presented in FIGURE 12.
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FIGURE 12. Fractional release of test element A5K3 for 137Cs and IlOmAg calculated by GETTER.
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The final fractional release values for the two test elements were measured together with detailed
analysis of the sphere component activity contents [29]. The comparison between the measured values
and the GETTER calculated results for 137Cs- and IlomAg is presented in TABLE 5. The original
calculations made by HRB [31] are also listed. For test element A5K3 the GETTER calculated values
show a conservative estimate of the expected fission and activation product release. The I37Cs
calculated release is only a factor 2.7 higher than the measured release, which is well below the
uncertainties accepted at PBMR design analyses. The IlomAg calculated release is a factor 30 too high,
which suggests that the current transport parameters used are too high. Further study in silver transport
behaviour is suggested. The calculation is however, still conservative. The fractional releases from test
element B6K3 are not compared at this stage, as scanning electron microscopy [32] revealed that
several of the particles in test element B6K3 formed hairline cracks in their SiC layers, which would
influence fission product release appreciably.

TABLE 5. Fractional release comparison for test element A5K3: measured vs calculated.

Fission Calculated
Product GETTER. HRB

137cS 9.1 x 10.6 2.42 x 10-' 6.1 x l0"5
IlomAg 2.2 x 10.' 6.71 x 10-' 5.2 x 10.2

The fission product inventories calculated by GETTER were compared with the fission product
concentrations measured during the post-irradiation fuel sphere deconsolidation in the test element
[29]. TABLE 6 presents the test element inventory comparison. This comparison proves that the base
source term for fission product release, the production of fission products in the fuel materials, is
calculated correctly by GETTER.

TABLE 6. Fission product inventories: A5K3 and B6K3.

Measured (atoms) Calculated (atoms)Tes~t element 1
37

Cs IlomAg 1
37

Cs Il0mAg

A5K3 1.21 x 1020 3.56 x 1016 1 1.22 x 1020 3.58 x 1016

B6K3 1.63 x 1016 9.29 x 1 0 "6 1.63 x 1016 9.10 x 1016

The fission product concentration profiles in the fuel free zone measured during the post-irradiation
examination were compared with the GETTER calculated values in

TABLE 7.

TABLE 7. Fission product concentration in the fuelfree zone. A5K3.

Nuclide Measured (Bq/g) Calculated (Bq/g)

137Cs 789 3 170
11OmAg 6 113 21 700

The I3 7
CS fuel free zone concentration is overestimated by a factor 4 and for IIOmAg by a factor 3.5 by

GETTER. This is reasonable, as it is still inside the accepted factor 5 commonly accepted for
calculation-measurement comparisons [33]. Furthermore, it proves GETTER's conservative estimation
of experimental and operational conditions.

-- 18--



HTR2004 Beijing, CHINA, 2004. 9.

Fission product concentration profiles for "37Cs and "U'Ag are presented in FIGURE 13 and
FIGURE 14. Nearer to the surface of the fuel element, the '37Cs concentration increases contrary to
what is to be expected. Similar curves were observed for 1

34Cs and 9°Sr during the post-irradiation
examination. This could be because the helium gas mass flow is significantly lower than the planned
gas flow in a high-temperature reactor. This causes some fission product backpressure on the sphere
surface that will increase the fission product concentrations near the surface of the test element. The
backpressure effect in gas-cooled reactors under normal operating conditions is negligible.
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FIGURE 13. 137Cs concentration profile in the fuelfree zone for A5K3.
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FIGURE 14. I lOmAg concentration profile in the fuelfree zone for A5K3.
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4. CONCLUSION

This paper attempts to present only a bird's eye view of fission product release modelling and software
development at PBMR. At PBMR, fission products released from coated particles and spherical fuel
elements are divided into two groups: Short-lived gaseous fission products and long-lived metallic
fission and activation products. Each group is being developed at PBMR for all possible operational
and accident events. A set of software and methods is available for design and safety analysis, and the
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principles on which they are based are verified and validated. Models and iransport parameters are
continuously being developed, refined and applied in software products for PBMR reactor and fuel
analysis. The verification and validation of the current set of models and codes used to predict the
fission product behaviour from spherical fuel elements is approximately 60% complete. New models
and software are verified and validated as developed. All models, transport parameters and software
were developed on German reference fuel. Any high-temperature reactor design analysed with the
software and methods described, must utilize fuel manufactured and tested under the same rigorous
conditions as German reference fuel to ensure design and safety analyses credibility.
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CONCEPTUAL DESIGN OF A CONTINUOUS FLUORINATOR
EXPERIMENTAL FACILITY (CFEF)

R. B. Lindauer
J. R. Hightower, Jr.

ABSTRACT

A conceptual design has been made of a circulating salt
system, consisting principally of a fluorinator and reduc-
tion column, to demonstrate uranium removal from the salt by
fluorination. The fluorinator vessel wall will be protected
from fluorine corrosion by a frozen salt film. The circu-
lating salt in the fluorinator will be kept molten by elec-
trical heating that simulates fission product heating in an
actual MSBR system.

1. INTRODUCTION

The present flowsheet for processing a single-fluid MSBR includes a

fluorination step for continuously removing 99% of the uranium from a salt

stream coming from the reactor at the rate of 3.3 liters/mmn. The salt

stream passes through a reductive-extraction step for protactinium removal,

and a metal-transfer step for rare-earth removal before being returned to

the reactor. Two smaller fluorination operations are also'required for

removing uranium from the secondary salt stream that flows to the prot-

actinium decay tank, and for the periodic recovery of uranium from the

protactinium decay tank.

Operability of a frozen wall fluorinator using autoresistance power

to simulate fission product heating has been tested in three experiments:

AHT-2, AHT-3, and AHT-4.I-4 In experiment AHT-2, LiF-BeF2 salt (67-33

mole %) was used in a simple, vertical test vessel with satisfactory

results.2 In AHT-3, successful'runs were made using MSBR fuel carrier
5salt with the electrode in the vertical test section. In AHT-4, MSBR
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fuel carrier salt was circulated through the test vessel, which was similar
6

to a proposed fluorinator. The electrode was placed in a side arm that

was connected to the vessel near the top of the vertical fluorination

section. No fluorine was used in any of these experiments.

The objective of the continuous fluorinator experimental facility

(CFEF) is to demonstrate the actual fluorination of uranium in a circu-

lating salt system that is similar to AHT-4. The uranium that is not

volatilized, but which is partially oxidized to UF will be reduced back

to UF4 in a hydrogen reduction column. This demonstration is expected to

provide information about corrosion protection by the frozen salt film,

and operating experience and process data, including fluorine utilization,

reaction rate, and flow rate effects.

2. SUMMARY

The continuous fluorinator experimental facility will be installed

in a cell in Building 7503 to provide beryllium containment. The system

will contain 8 to 9 ft3 (0.23 to 0.25 m 3) of MSBR fuel-carrier salt (72-

16-12 mole % LiF-BeF 2 -ThF 4 ) containing an initial quantity of 0.35 mole

% of uranium. The salt will be circulated at up to 100% of MSBR flow

rate (3.3 liters/min). Because of the short fluorination height and

depending on operating conditions, the uranium that is volatilized will

range between 80% and 95%. The variables of salt flow rate, fluorine

flow rate, and fluorine concentration will be studied by measuring the

UF6 concentration in the fluorinator off-gas stream, and by sampling the

salt stream after reduction of UF5 to UF Mass flowmeters in the fluori-

nator off-gas stream before and after the NaF traps will provide a con-

tinuous indication of the uranium volatilization rate.

Fluorine utilization can be calculated from the final mass flowmeter

reading and the fluorine feed rate. The amount of UF5 in the stream

going to the reduction column can be determined from the fluorine utili-
zation and UF volatilization rates. Another mass flowmeter in the gas

6
stream coming from the reduction column will indicate the unreacted
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hydrogen plus the HF which is formed. The reduction efficiency can be

calculated from this reading'. The fluorinator will have two fluorine

inlets to provide data for determining the column end effects. Reduction

of UF5 will be carried out in a gas lift in which hydrogen will be used

as the driving gas and also as the reductant. If additional reduction

is required, it'can-be done in the salt surge tank. The surge tank is

designed to provide sufficient salt inventory for about 4 hr of fluorina-

tion under operating conditions which result in 80% uranium volatilization

per pass, and 11 hr of fluorination under conditions which result in 95%

uranium volatilization per pass. About 99% of the uranium should have

been removed from the salt batch after these periods of time.

3. DESIGN DESCRIPTION

The flowsheet is shown in Fig. 1. Salt will enter the fluorinator

through the electrode in a side arm. The electrode flange will be insu-

lated electrically from the rest of the fluorinator, and the autoresistance

power will be connected to a lug on the flange. The salt will leave at

the bottom of the fluorinator below the fluorine inlet side arm. The

fluorinator pipe wall will be cooled by external air-water coils to form

the frozen salt film, which serves the dual purpose of preventing nickel

corrosion and autoresistance current shorting. Below the fluorine inlet,

the fluorinator wall will not be cooled and the molten salt will complete

the electrical circuit to the vessel wall. Since all of the uranium will

not be volatilized, some partially oxidized uranium will be found as UF5

at the bottom of the fluorinator. The fluorinator bottom, exit line, and

reduction column will be protected from the highly corrosive UF5 by gold

lining (or plating). The molten salt containing UF 5 will enter at the

bottom of the column where it will be contacted with hydrogen. The hydro-

gen will be introduced into the column through a palladium tube; this will

result in the formation of atomic hydrogen, which greatly increases the

reduction rate of UF to UF The hydrogen reduction column will also
5 4'

act as a gas lift to raise the salt to a gas-liquid separator. The salt

will then flow by gravity to the fluorinator through a salt sampler,
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surge tank, heat flowmeter, and electrical circuit-breaking pot. The surge

tank will have a working volume of 5 ft3 (0.14 m 3), and a dip tube through

which hydrogen can be introduced if further uranium reduction is required.

Reduction off-gas from the separator and surge tank that contains HF and

excess hydrogen will pass through a NaF bed for removal of the HF. The

excess hydrogen will be diluted below the explosive limit before being

discharged to the cell off-gas.

Off-gas from the fluorinator will contain UF6 and excess fluorine;

argon will also be in the off-gas if it is used to dilute the fluorine.

The gas will pass through two sodium fluoride beds for uranium removal.

Hastings mass flowmeters will be installed upstream and downstream from

the beds. The difference between the two readings is a measure of the

UF6 flow rate. This provides an instantaneous and reasonably accurate

means for determining the fluorine utilization and reaction rate. An

engineering layout of the equipment to be installed in the spare equip-

ment cell in Building 7503 is shown in ref. 7. A description of the

individual equipment items follows.

Fluorinator. This vessel (Fig. 2) is similar to the test vessel

used in experiments AHT-3 and AHT-4; however, several changes have been

made based on operating experience. The diameter of the entire vessel

was increased from 6 to 8 in. (0.15 to 0.20 m) to simplify frozen-film

formation and to provide space for a thicker film, thus minimizing the

effect of nonuniform film thickness. The heated jacket over the electrode

was lengthened to reduce the danger of the salt freezing in the unheated

end. Fluorination zones of 3 and 6 ft (0.9 and 1.8 m) are provided by

having two fluorine inlets. Since complete fluorination is not expected,

and UF 5 (which is very corrosive) will be present in the salt below the

fluorine inlet, it will be necessary to cool all five jackets regardless

of whether the 3-ft or 6-ft (0.9 or 1.8 m) fluorinator is being used.

The bottom of the fluorinator and the line to the reduction column will

be protected from corrosion by a gold lining. Contact between the molten

salt and this lining will complete the electrical circuit for autoresis-

tance heating.

Alternative fluorinator designs (to the autoresistance heated unit

shown) are being considered for the CFEF. The salt core could be kept
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molten by the use of a jacketed axial heater in the center of the fluori-

nator. Although corrosion would be severe (probably nu 0.03 mm/hr), at

least 100 hr of fluorination should be possible before the jacket fails

and/or the salt is saturated with NiF2 (1-0.9 wt %). It would also be

possible to supply sufficient heat in the entering salt so that the salt

leaving the bottom of the fluorinator will not be cooled below the liquidus

temperature. Figure 3 shows, for example, that the heat loss through a

1-in.- (25-mm) thick salt film could be compensated by a salt temperature

drop of 40°C (inlet-exit) at one-half the MSBR salt flow rate if a 400GC-

pipe wall temperature is desired.

There are disadvantages to these two alternative designs. Corrosion

of the axial heater jacket would consume fluorine and prevent the accurate

calculation of fluorine utilization in the uranium-fluorine reaction.

Without knowing the fluorine consumption in the oxidation of uranium it

would not be possible to calculate the amount of UF formed. If no inter-
5

nal salt heating is used, the high inlet salt temperature that is required

could cause difficulty in forming and maintaining a salt film near the

electrode. In any case, the salt film would probably be less uniform

than with internal heating, because the film would be thinner near the

salt inlet and thicker near the salt outlet.

Reduction column. Since the reduction column also functions as a

gas-lift to provide salt circulation, the diameter, height, and elevation

will be determined primarily by the gas-lift design. The salt head in

the fluorinator will determine the gas-lift submergence (about 50%),

and the salt circulation rate (1 to 3 liters/min) will determine the

column diameter. The entire column height will probably not be required

to accomplish complete reduction of UF The palladium catalyst at the

hydrogen inlet should provide adequate reduction with a small contact

height. The column will be lined or plated with gold to prevent corro-

sive attack by the UF If additional reduction is required, hydrogen

could be supplied easily through a dip tube in the surge tank to com-

plete the reaction there; however, corrosion from UF5 could be a problem

since there are no plans to gold line this tank.
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Surge and drain tanks. Before being returned to the fluorinator, the

salt will pass through a 5-ft 3 (0.14-mr3 ) surge tank to provide salt inven-

tory. This tank will have a baffle to prevent short circuiting of salt

flow from inlet to outlet. Salt overflows from a side outlet, the level

of which determines the tank capacity.

The drain tank is similar to the surge tank in size and design and

has sufficient capacity to contain the salt volume of the test vessel and

reduction column. It will be necessary to drain these vessels periodi-

cally for inspection and possible maintenance. The drain tank will be

subjected to the greatest pressure in the entire system when salt is

transferred back to the circulating system. Design of this vessel must

therefore be approved by the ORNL Pressure Vessel Review Committee.

HF trap. The off-gas from the gas-liquid separator and the surge

tank will contain HF and excess hydrogen from the UF reduction step.5
This gas is passed through aNaF bed. The bed depth is 3.3 ft (1.0 m),

and has a calculated pressure drop of 0.15 psi (1034 kPa) with a gas flow
-4 3

rate of 1 cfm (4.7 x 10 m /sec). The bed has the capacity to absorb

the HF evolved from 1.3-fuel salt batches containing 0.35 mole % uranium,

assuming no UF6 evolution (all UF4 is converted to UF and is reduced by

hydrogen to UF4 ). Since absorption is poor at high temperatures, the gas

from the reduction step is cooled to 100*C before it enters the trap.

Cooling the gas to below 100 0 C at the inlet would result in a high partial

pressure of HF (probably \, 20%), which would form the higher HF complexes

(NaF.2HF, NaF.3HF, etc.) and cause plugging. A cooler is provided on the

bed exit to improve absorption at that point and prevent HF release.

UF6 traps. The absorbers for collecting the UF6 on NaF pellets are

made of carbon steel that is sufficiently resistant to fluorine corrosion

at low temperatures. Surplus absorbers from the MSRE fuel processing will
8be used. One of these absorbers, having a bed depth of 10 in. (0.25 m),

contains 24 kg of NaF and has a capacity of about 15 kg of uranium. Less

than 10 kg of uranium is contained in 8 ft 3 (0.23 m3 ) of fuel salt. The

absorbers are designed with an open 2-in. (51-mm) center pipe for air
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cooling, although this was not found to be necessary in MSRE operation.

The UF6 flow rate is expected to be much lower in the CFEF.

Sampler. The salt will be sampled after it leaves the reduction

column and the gas-liquid separator and before it enters the surge tank.

The sample will be analyzed for total uranium and the oxidation state

will not affect the results. The sampler is of the same design that has

been used successfully for many years. It is the only piece of equipment

extending through the containment cover over the cell. Local ventilation

will be required to prevent spread of beryllium contamination.

Circuit-breaking pot. In order to minimize the equipment operating

at the autoresistance potential (up to 200 V), a pot will be inserted

between the heat flowmeter and the electrode-salt inlet pipe in the

fluorinator. In this pot, the salt stream will impinge on a horizontal

disk causing a salt spray that breaks the electrical circuit. As shown

on the flowsheet (Fig. 1), the pot and fluorinator both have insulated

flanges so that only the pot and fluorinator top flange will be at high

potential.

Heat flowmeter. The salt leaving the surge tank will pass through a

28-in. (0.71-m) section of 2-in. nickel pipe containing a cartridge

heater. Heat loss from the flowmeter will be balanced by external

heaters. The salt flow rate can be calculated from the temperature rise

of the salt as it passes through the flowmeter and the known power input

of the cartridge heater.

3.1 Fluorine Supply System

The fluorine supply system that was used in processing the MSRE fuel
9

salt will be reactivated for use with the CFEF.9 The system (Fig. 4) has

provisions for the connection of two 18-std-m3 fluorine trailers with

safety controls to limit the maximum flow rate and to remotely stop the

flow in case of a leak. A NaF trap is available to remove HF from the

fluorine. The HF could cause plugging of the UF6 absorbers by formation

of complexes of NaF with two or more molecules of HF. The bed inlet is

heated to prevent the formation of these complexes in the trap. Fluorine

flow is controlled by means of a control valve and an orifice flowmeter.
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3.2 Fluorine Disposal System

The CFEF will be the first test of the frozen-wall fluorinator using

fluorine. A vertical scrubber is being installed in Building 7503 for

the disposal of the excess fluorine. A flow diagram of the system is

shown in Fig. 5. The scrubber is a 6-in., 8-ft- (2.4-m) high Monel pipe

with three spray nozzles in the upper half of the vessel. The surge tank
3contains 200 gal (0.76 m ) of an aqueous solution containing 15 wt % KOH

and 5 wt % KI. This equipment is designed to be able to dispose of one

trailer of fluorine (18 std m 3) at a flow rate of 30 slm. The KOH solu-

tion will be circulated through-the spray nozzles at a maximum total flow

rate of 15 gpm (9.5 x 10-4 m 3/sec). The fluorinator off-gas stream will

flow cocurrent to this stream. The scrubber exit stream will pass through

a photometric analyzer for monitoring the efficiency of the scrubber.

4. OPERATING PROCEDURE

After the system has been leak tested, all salt-containing equipment

and piping will be purged with argon and heated to 600'C. All heaters

and thermocouples will be checked after the system has been held at this

temperature for several hours. MSBR fuel salt will then be charged to

the surge tank. Approximately 65 liters will overflow through the flow-

meter and circuit-breaking pot to the fluorinator. After the level is

equalized in the reduction column, the salt will fill the fluorinator to

several inches above normal operating level. The liquid-level recorders

in the fluorinator and surge tank can be checked for operability during

this operation.

Argon will be introduced to the bottom of the reduction column at

a low rate; the rate will be increased until the salt begins to circu-

late as indicated by a drop in the fluorinator liquid level, an increase

in the gas-liquid separator liquid level, and a temperature difference

across the heat flowmeter. The argon flow will be increased stepwise to

obtain data of salt flow rate vs argon flow rate. The liquid level in

the fluorinator and separator will be observed during this test. If the
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fluorinator liquid level is too high at the normal salt flow rate, some

salt will be removed to the drain tank. This can be done by thawing the

freeze valve below the surge tank, closing the system vent valve, and

opening the drain-tank vent valve to the cell. The system will be pres-

surized by the purge rotameters to transfer the required amount of salt

from the surge tank to the drain tank.

After adjusting the salt inventory, salt circulation will be started

again, and temperatures in the fluorinator will be adjusted to 530*C.

Lines and other equipment can be maintained between 530'C and 600*C.

Heat to the test section of the fluorinator will be turned off and cooling

air and water turned on-. The autoresistance power will be turned on at

very low voltage (less than 1 V) and the resistance can be calculated

periodically from the current measurement as the cooling proceeds. Coolant

rates to the different zones will be adjusted to keep pipe wall tempera-

tures as uniform as possible. When all pipe wall temperatures are less

than 350'C, the resistance of the salt from the electrode to the bottom

of the fluorinator will have increased considerably. The autoresistance

power will be increased until the resistance of the salt and the wall

temperatures become steady.

Following this step, the autoresistance power will be changed, and

equilibrium resistance and temperature will be determined for a range of

powers to determine the operating range of the system. The argon flow

rate to the fluorinator gas inlet (normally the fluorine flow) will be

varied to determine the effect on operability and film thickness, as

indicated by wall temperature and salt resistance. In addition, the salt

flow rate will be varied to determine the operable range, and the sampler

will be inspected before fluorine is used.

After the system has operated reliably at various salt and argon flow

rates and the operable autoresistance power range has been ascertained,

the argon to the column will be replaced with hydrogen to determine what

effect, if any, the gas density has on the operability of the gas lift.

Argon to the fluorinator will then be replaced by fluorine. Mass flow-

meter readings taken upstream and downstream from the NaF traps will



15

indicate the evolution of UF6 ; salt samples will be taken periodically for

additional data on the fluorination reaction rate. Runs will be made at

various fluorine flow rates, fluorine concentrations, and salt flow rates.

After good operation has been demonstrated under different conditions,

the salt film thickness will be checked by radiography. The freeze valve

below the fluorinator will be thawed and salt circulation and autoresis-

tance power stopped as soon as flow to the drain tank begins. Heat will

be turned off the fluorinator and radiographs will be taken of the cooled

zones.

5. MAINTENANCE

5.1 Maintenance Philosophy

*Most components of the system such as the salt storage and drain

tanks, separator, sampler, and traps will be designed and constructed

for a long, maintenance-free service life. The fluorinator and reduction

column may be replaced with equipment of alternate design depending on

operating performance. All components of the system will be accessible

for possible repair or replacement.

5.2 Preventive Maintenance

The operating temperature of the system will be closely controlled

to prevent hot spots that could cause heater burnout. Resistance heaters

are to be operated at one-half the design voltage to prolong their usage.

Chemical analyses will be made of the salt (especially for NiF 2) to detect

unusual corrosion. The facility will be checked regularly to detect

incipient failure of parts of the system, and appropriate maintenance

measures will be taken.

6. STANDARDS AND QUALITY ASSURANCE

6.1 Codes and Standards

The vessels and piping will be fabricated in accordance with the

requirements specified in Sect. VIII of the ASME Boiler and Pressure Vessel
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Code and Pressure Piping Code. ORNL MET material specifications and ORNL

Weld Procedure Specifications will be used for construction of the vessels

and piping. Because of its location at the bottom of the cell, it will

be subjected to the highest pressures in the system; therefore, the design

must be reviewed by the ORNL Pressure Vessel Review Committee. Details

of this vessel are shown in ref. 10.

6.2 Quality Assurance

Quality level III and IV (QL-3) quality assurance standards as out-

lined in "Quality Assurance Program Planning for Small Research and

Development Projects," QA-CT-I-109, will be applied in constructing the

facility.
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Nuclear Detection: Fixed detectors, portals, and NEST
teams won't work for shielded HEU on a national scale;
a distributed network of in-vehicle detectors is also
necessary to deter nuclear terrorism
Nationwide nuclear detection systems consisting exclusively of portals at borders (drive-thru
scanning at borders, container screening) and fixed or handheld detectors in the interior (customs
agents, NEST teams) will not suffice to deter nuclear terrorists who are attempting to trade,
assemble, or transport highly enriched uranium (HEU) in the worldwide transportation system.
Calculations of a link budget for passive detection of HEU and Plutonium (Pu) show that using
emitted gamma rays and neutrons is physically limited by the sharp attenuation of its radioactivity
with distance/shielding (2-4 feet or less)' and the time required to count a sufficient number of
particles (several minutes to hours), although Pu may be easier to detect than HEU.

Even if the national border was completely covered with detectors, there is not enough time for
passive detection of shielded HEU. Once across the border, terrorist vehicles carrying HEU can
circumvent or pass by a network of fixed detectors in the interior for the same reasons. Transport
carrying people or livestock can't be subject to active neutron or x-ray interrogation like cargo
containers can be, and all types of Vehicles can't be searched like air passengers are today. Many
kinds of vehicles from light road vehicles to private jets to oil tankers are not screened for HEU,2

analogous to locking the front door of a house while leaving the garage door wide open. To lock
all doors of the house, available detection techniques need to be applied and combined in such a
manner that they ensure uniform detection coverage across every transportation mode accessible
to terrorists, thereby raising the risk that terrorists transporting HEU and Pu will be detected.

For the vast number of small vehicles (autos, boats, small planes), neutron and gamma detectors
located inside the target transport are perhaps the only way that both shielded HEU and Pu
detection can be detected. This ensures enough time to record any radioactivity coming from
inside the vehicle before securely reporting their readings to a network of check-points (for
example, in the same way E-Z pass collects highway tolls).

Today's detection efforts involving fixed/handheld detectors would be useful primarily for
detecting unshielded HEU carried by people oranimals; active neutron scanning or X-ray portals
checking cargo containers may find reasonable quantities (Kgs) of unshielded or shielded HEU
depending on the circumstances . In addition to bolstering and expanding these programs,
commercially available detector technology should be directly integrated into smaller vehicles
and used in conjunction with direct inspection or surveillance schemes for the smaller number of
extremely large vehicles not amenable to detection (oil tankers, jumbo-jets).

Besides several hundred thousand casualties and injuries likely, the loss from a terrorist nuclear
attack is estimated up to $1 trillion. 3 Back of the envelope estimates of costs for the US to
implement an in-vehicle detector program are within $75 billion and possibly much less.

attenuation of radioactivity with distance is subject to an inverse-square law in free-space and is

exponential with shielding
2 Medalia, J., 2005, "Nuclear Terrorism: A Brief Review of Threats and Responses," CRS Report for

Congress, The Library of Congress
hatn://fnc.state.gov/documents/organization/43399.pdf
3 See [p. 7, O'Hanlon, 2002]
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The Problem.
Access to a sufficient amount of highly enriched uranium (HEU) is the only barrier
preventing a determined terrorist group from building an atomic bomb, since the know-
how to build a gun-type HEU-based bomb has been in~the public domain for several
decades [p. 28, Campbell, 2004], [p. 97, Falkernrath, 1998].4 Improvised nuclear
weapons (based on either HEU or Plutonium) are easier to build than military grade
weapons, and they can be delivered to populated areas by modes of civilian transport
such as road or sea which militaries are not equipped to defend [p. 100, Falkernrath,
1998], including cars, containers, trucks, boats, trains, helicopters, planes, or ships. A
black market of procurement networks and easily concealable nuclear enrichment
facilities is being formed [Reuters; 2004], [p. 326, Campbell, 2004]. If the security of
HEU and Pu stockpiles cannot be guaranteed, then the second line of defense against
nuclear terrorism is to deter would-be nuclear terrorists attempting to pursue construction
and deployment of a nuclear weapon and to detect or discover special nuclear material
(SNM) in transit through the civilian transportation infrastructure.

If nuclear detection has the potential to deter nuclear terrorism by increasing risk of
failure of a nuclear terrorism plot, then the question becomes how do detection systems
have to be designed in order to be effective? Today's approaches to nuclear detection rely
primarily on fixed inspection portals at national borders 5 and sea-ports through which
shipping containers or vehicles pass, fixed radiation detectors positioned at traffic choke-
points within the national interior, or handheld detectors used by government agents or
nuclear emergency search teams6 (NEST) when specific intelligence is available. In FY
2006, $125 million or over half of the requested budget for the new Domestic Nuclear
Detection Office was proposed for next generation detection portals [Chertoff, 2005].
The U.S. Department of Defense has speculated that at an estimated cost of a few billion
to a few tens of billions of dollars, roughly 100,000-400,000 fixed detectors strategically
placed in the interior both in and around cities along roads, ports, airports would be
necessary to secure the US against a "clandestine nuclear attack" between 2004 and 2015
[p. 10, Defense. Science Board, 2004].

The first problem with the DHS, DoD, and DoE initiatives involving portals, fixed
detectors, and handhelds is that on a national scale there are many loopholes for terrorists
to circumvent these systems including private jets, drug shipments, or oil tankers, etc. as
described by a Congressional Research Report titled "Nuclear Terrorism: A Brief Review
of Threats and Responses" (See [Medalia, 2005] and [p. 26, Bunn, 2004]). Today's
radiation portals situated at ports and border crossings will only result in displacement of
nuclear transport into many other sea, air, or ground transport mechanisms that avoid the
portals. It is not enough to selectively inspect incoming cargo and vehicles at selected

4 For varying assessments of the risk of nuclear terrorism, see [Ferguson, 2004], [Allison, 2004], [National
Intelligence Council, 2005], [Linzer, 2004], [Medalia, 2005], and [Howe, 2004]
' As part of its Second Line of Defense Program, the Department of Energy has targeted 330 high priority
sites Russia and 21 neighboring countries for nuclear detection equipment. These include border crossings
and high transit sites, only a small fraction of which (roughly 25%) have been installed and staffed with
trained personnel. See [p. 45-46, Bunn, 2005].
6 see [Nuclear Threat Initiative, 2005], [Kimery, 1995], and [The Week, 2002]
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border checkpoints-the capability to detect nuclear materials anywhere within the
transportation infrastructure is necessary to detect nuclear smuggling and transport.

U-238 signal, 10kg HEU, 10cm lead shield
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Figure 1 Time and distance required to detect a shielded HEU sample (10kg) using gamma rays

Second, a terrorist could surround HEU with shielding such as lead, concrete, or steel and
render passive detection impossible beyond the range of 1 meter using gamma and
neutron detection equipment. Shielding all but eliminates the low energy gamma rays (<
200 KeV) and also cuts down the rate of higher energy gamma and neutron emissions so
much so that detection times for shielded HEU will necessarily be in the range of many
minutes to hours, certainly not seconds. Shielding represents a challenge for detecting
HEU with portals or handheld detectors even under ideal detector designs, with 100%
detection efficiency, the use of collimation, or even the most advanced gamma detection
technologies such as Compton gamma ray imaging7 that are still under research (and
therefore very costly and bulky).

An alternative to passive detection is to Fpass the target through a portal that uses highly
penetrating active neutron interrogation (or experimental muon detection9 techniques).
Active scanning may be suitable for some larger vehicles that carry cargo containers and
do not transport living beings, but it is not suitable for the vast majority of vehicles which
carry passengers, for which passive scanning or visual inspection are the only remaining
options.

Finally, the Department of Homeland Security outlines the need for sensor technology
and networks that reliably detect shielded HEU as it crosses national borders and travels
within the interior [Kammeraad, 2004], and they indicate that they are funding research
into new detection technologies to extend HEU detection to 100 m [see slide 11,
Kammeraad, 2004]. Except possibly for very specific nuclear search applications where
detection time is not a constraint, detection of shielded HEU based on its radioactivity is

7 For an overview of Compton gamma ray imaging, see [Vetter, 2005]

8 See [Slaughter, 20031

9 See [Borozdin, 2003]
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unlikely to reach ranges of 100m with acceptably low false-positive rates even with any
sort of R&D breakthroughs in detector or portal technology. The constraints on detection
have to do with the rate and energy of the natural radioactivity of HEU, its attenuation
through shielding, its path loss due tothe solid-angle subtended by the detector, and the
presence of background radiation at the detector. The constraints on detection ranges and
detection times stem from physics and it doesn't make sense to look to technological
breakthroughs to deliver detection at distances of hundreds of meters.

Reliable detection of shielded HEU on a national scale will require a completely new
nuclear detection architecture and system design that complements portals, fixed
detectors, or handheld devices. 10

We analyze what it would take to design a comprehensive detection system that applies
today's portfolio of evolving detection technologies and assembles them into a system
that is capable of reliably detecting even small amounts (few kilograms) of shielded HEU
and Pu in transit. If the system is to retain enough flexibility to be engineered to deliver
any desired level of security where cost and investment replaces physical limits as the
determinant of the level of security, then it is not sufficient to simply expand and bolster
today's initiatives involving fixed/handheld detectors and portals. We conclude that they
will need to be complemented with new approaches involving in-vehicle detectors and
inspection or surveillance.

We begin with the assumption that since nuclear terrorists are non-state actors, they
won't have access to the weapons delivery vehicles of choice, namely the inter-
continental ballistic missiles and air-force jets. In order to deliver a weapon into a city or
populated area, terrorists would need to assemble or steal a nuclear weapon in a manner
that exploits conventional transportation modes, analogous to how Al-Qaeda attacked the
US with commercial airplanes on 9/11 and how they drove a rental truck full of
explosives into the World Trade Center in 1993. Assembling or delivering the fissile
nuclear material would necessarily involve use of private or government vehicles at
multiple points during the development of the terrorist plot, including cars, containers,
trucks, boats, trains, helicopters, planes, or ships. Therefore the likelihood of success of a
terrorist nuclear plot is directly dependent on the ease with which they can transport
nuclear materials without interception by law enforcement and military. Conversely, an
increase in the cost and complexity of undetected transportation of fissile nuclear material
will serve to dissuade terrorists from pursuing nuclear terrorism plots due to the increased
risk of failure they would face. Securing the entire transportation infrastructure against
being used to transport nuclear materials is, therefore, key to deterring nuclear terrorism.

Physical constraints of passive detectors are eased with proximity as well as prolonged
exposure to the source. For the vast majority of vehicles which are small enough, it is
possible to directly integrate emerging and commercially available radiation detector
technology into each vehicle such that these detectors travel with vehicles and benefit
from having enough time to record radioactivity before reporting their readings to a
network of check-points (analogous to how E-Z pass collects highway tolls). One or more

'0 See [Doyle, 2003] for a motivation of the need for a "nuclear dragnet for homeland security."
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passive detectors can be mounted on or inside each vehicle, rather than exclusively at
fixed locations or check-points (traffic lights, street lamps, or embedded in roads) where
the opportunity for sufficient exposure at short enough distance is extremely limited..
We use DISARM to refer to a system designed to Detect and Intercept Shipments of
Articles with Radioactive Materials by placing detectors inside the vehicles that might be
used to transport nuclear materials leverages the close proximity as well as prolonged
exposure to the radioactive source in transit.

Under plausible shielding scenarios for HEU, the most effective solution involves
energy-selective detectors mounted inside vehicles so that radiation coming from inside
the vehicle is recognized and detected. These in-vehicle detectors would need to be
deployed in all types of vehicles that cannot be actively screened: automobiles, trucks,
commercial airplanes, trains, private jets, boats and ships, etc. In addition, these same
detectors could also be deployed on shipping containers." The larger the vehicle the
more shielding it can contain. The smaller subset of vehicles which are too large for
passive detection to ever work will need to be dealt with on a case-by-case basis either by
requiring them to be screened using fixed portals or through other inspection and
surveillance programs.

Detectors used in DISARM can be equipped with tamper-detection circuitry to prevent
them from being disabled. Detector readings can be conveyed from the vehicle to a
dispersed network of checkpoints (or queried on demand by law enforcement authorities).
Checkpoints can be interspersed throughout the interior and around the periphery of the
nation as well as around the perimeters of large populated areas. The checkp6ints can be
designed so that there is no ambiguity about which vehicle transmitted its detector
reading. This could be achieved either by using commercially available short-range
wireless communication technology between the detector and checkpoint or by designing
the checkpoints to be pass-through like toll booths. By programming the checkpoints to
discard the readings if the detector does not report anything suspicious, this would also
respect personal privacy. One way to ensure deployment in all vehicles of a class is for
federal regulations to mandate that all vehicles built after a to-be-determined model year
have built-in radiation detectors, with a similar requirement applying to shipping
containers as well as commercial and civil aviation airplanes. While it is unusual to call
for new federal regulations, the seriousness of the threat and the technical difficulty of
otherwise effectively detecting shielded HEU may well warrant this step.

Detection of Shielded HEU (passively) -just how hard?
Short of manual searching or active scanning with neutrons, the only option available for
detecting shielded HEU in smaller vehicles, especially those with passengers, is passive
detection which utilizes natural radioactivity of HEU as a signal to detect shielded
nuclear materials or weapons.

For a detailed analysis of various passive and active monitoring schemes for cargo containers at seaports,

see [Wein, 2005].
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We analyze the fundamental physical constraints on passive detection of shielded HEU,
and conclude that a fixed infrastructure-based architecture is all but hopeless. The
conclusions discussed below are:
1. The useful radioactive emissions for passively detecting shielded HEU are gamma

rays at 1MeV from decay of U-238, although neutrons may offer better or
complementary detection options.' 2 The gamma rays with energy below 200 KeV are
practical for detecting only unshlielded HEU since these are too easily attenuated with
shielding.

2. The most effective detection solutions will place detectors with the largest possible
area and most energy-specificity as close as possible and for as long a time as
possible since

a. At distances 10 meters or more, the solid angle subtended by the detector (-
detector area/distance 2) from a 50kg HEU source is likely to reduce the signal
as much as any reasonable size shielding.

b. With sufficient time for the detector to integrate photon counts within a
narrow enough photon energy range, even signals below the background can
be detected.

3. Due to limitations on both distance and time, a fixed detector infrastructure
monitoring vehicles as they pass by can easily be overcome with sufficient shielding.

Advances in detection technology cannot alter the fundamental limits on detection that
stem from the laws of physics governing attenuation (through shielding) and path loss.
Increases in R&D spending aimed at better and more sensitive radiation technology are
unlikely to lead to solutions that can detect SNM radiation'sources from a great distance
(hundreds or thousands of feet) or with short exposure times (seconds or minutes).
In characterizing the ultimate limits of passively detecting shielded highly enriched
uranium (HEU), distance of the detector, integration time required, and area of detector
can all be traded off against each other while energy-discrimination of the detector allows
for precise identification the target material (HEU) in the presence of other benign
radioactive sources. Throughout this entire section, our estimation methodology and
approximations are based on the development in [Fetter, 1990a, 1990b]. An overview of
nuclear detection techniques for homeland security is given in [McDonald, 2004]. For a
highly engaging introduction to nuclear science, see [Shultis, 2002].

In our model, we assume the HEU core is shielded externally by lead. The linear
attenuation coefficient, defined as the probability per unit distance that a gamma ray is
scattered by a material, is a function of both the material and ther energy of the gamma
ray. Steel and concrete have linear attenuation coefficients at 1 MeV that are not all that
different from lead, so the conclusions will be roughly similar even with other typical
shielding materials. In addition to the external shield, the mass of HEU itself acts to
shield gamma rays (self-shielding). The number of gamma rays that reach the detector is
limited by the solid angle subtended by the detector from the source. Finally, detection

12 Although highly penetrating neutrons from HEU can be detected, current technology offers limited

options for sufficiently small detectors that are also energy selective enough to rule out false positives from
other benign neutron sources. Trace quantities of U-232 can sometimes be present, resulting in more
penetrating gamma rays of up to 2.4MeV, but they cannot be relied upon to be present in all HEU samples.
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involves reading enough counts of gamma rays to be able to ascertain a significant
deviation from the background and the detector only detects a fraction of those gamma
rays that are emitted due to detection inefficiencies. Each of these factors when put
together forms a "link budget" and is explained below.

We use nuclear theory to estimate the maximum distance possible for passive detection
of a lead-shielded HEU spherical core using both U-238 and U-232 signals. The distance
is graphed against variables of interest including detector area, detection time, shield
thickness, and mass of the HEU core. Detection distance depends on amount of HEU and
its surface area, shielding, detector area, distance, and time available to detect the
emissions. Maximum detection distance is dependent on these factors. Larger detectors
might seem to yield better results. They will not be as portable as smaller ones that can be
placed closer to the target. When the increased background radiation of larger detectors is
also taken into consideration, the increase in solid angle subtended by the detector will
only result in detection distances growing in proportion to the square root of detector
size.

Although we also explore neutron emissions of HEU, for our detailed analysis, we focus
on the 1 MeV gamma emissions ofU-238 for two reasons. First it is technologically
feasible to implement portable gamma detectors of sufficient energy selectivity. Second it
is analytically tractable to analyze gamma detection under different masses and shielding
scenarios, and this helps expose the factors that matter most When designing a system.
Further investigation could reveal that there are more optimal detection solutions under
these constraints (possibly even a combination of neutron and gamma detection), but our
survey of gamma and neutron techniques shows that the basic conclusions are unlikely to
change regardless: detection probability is sensitive to proximity and duration of
exposure of the detector to the source requiring distance of not more than afew meters
and detection times in the minutes to hours. The problem of effectively detecting highly
enriched nuclear materials whether through neutron- or gamma-detection is a hard one.

Gamma Emissions of U-238, U-235, and U-232
Uranium consists of multiple isotopes. By definition highly enriched Uranium (HEU) has
more than 20%13 of the isotope U-235 which is fissile, and weapons grade Uranium
contains over 90%14 U-235. Radioactive decay of U-235 results in gamma rays at 185
KeV, but shielding too easily attenuates these and so they are not useful for detecting
shielded HEU. HEU also contains the isotope U-238-the more highly enriched, the less
the percentage of U-238. A conservative assumption for detection using U-238 emissions
is that HEU or weapons grade Uranium contains at least 5% U-238 by weight. U-232
may also be present in trace quantities (parts per trillion). 15

According to [Fetter, 1990a], U-238 emits 81 gammas per second per gram at 1.001MeV,
and we use that value denoted by N. This number can also be derived using first
principles and nuclear data, but results in only a slightly higher value based on data from

13 See [p. 107, Ferguson]
14 [p. 255, Fetter, 1990b]
15 [p: 256, Fetter, 1990b]
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[National Nuclear Data Center, 2004]. Radioactive decay of U-238, which has a half-life
of 4.47 billion years, will result in Thorium-234 which in-turn decays to a meta-stable
(excited) state of Protactinium-234. Meta-stable Protactinium (half life of 1. 17 minutes)
quickly decays to U-234 most of the time, but 0.16% of the time it relaxes to a more
stable state of Protactinium-234 (half-life of 6.75 hours) before eventually decaying to U-
234. Gamma rays at 1.001 MeV will be emitted due to the transition of meta-stable
Protactinium to Protactinium with a probability of 0.837%. Therefore an estimate of the
number of 1.001MeV gamma rays emitted by U-238 is 104 per gram per second (= 1
mole / AMU of U-238) x (ln 2 / half-life of U-238) x 0.837%.

U-232's decay chain produces even more penetrating gamma rays than U-238. The most
important gamma emitter in the U-232 decay chain is TI-208 which emits a 2.6 MeV
gamma ray when it decays. These gamma rays can be effectively used to detect the
presence of HEU if U-232 is known to be a contaminant, even to the effect of a few
hundred parts per trillion [Gosnell, 2000]. We can similarly arrive at the rates for U-232,
the most penetrating of which has emissions at 2.614MeV at a rate of 2.68 x 10•l gammas
per gram per second also as reported by [Fetter, 1990a].

Neutron Emissions of U-238, U-235, and U-234
The neutron "link budget" is not easily amenable to analytical approximation as it is for
gammas. For a comparison with gammas, we present the basics of neutron emissions and
attenuation here in the specific case of weapons grade Uranium (WgU). The lack of
energy specific neutron detectors with sufficient portability is currently a technological
limitation [McDonald, 2004].

" Weapons grade Uranium (WgU) emits neutrons at the rate of roughly 1/s/kg with
an energy distribution centered around 1 MeV-primarily due to spontaneous
fission of Uranium isotopes, with each of 234, 235, and 238 contributing roughly
equal numbers of neutrons given their relative composition in WgU (see Table 2,
Fetter, 1990b).

* These energetic neutrons also have mean free path lengths of 2-6 cm in most
shielding materials (tungsten, lead, etc.) whereas 1 MeV gammas are only -Icm
by comparison (Tables B-2/B-3, Fetter, 1990b).

" A 12 kg WgU sample with tungsten tamper emits 30 neutrons per second in
addition to 30 1 MeV gamma rays per second at the surface of the sample. The
path loss through free space is equivalent for both forms of radiation.

* The background rate of neutrons (per meter-squared per second) is about 50 (for
hand-held or portable detectors) whereas the background rate for 1 MeV gamma
rays (per meter-squared per second) is cited as being between 17 (for hand-held)
and 860 (for portable detectors).

Although neutrons may pass through shielding further than I MeV gammas, the
difference is small enough that detection of shielded WGU using neutrons is likely to be
subject to comparable constraints of short distance (2-4 feet) and long observation times
(several minutes to hours) like gammas.
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Self-Shielding
Gamma rays may be scattered as they escape from the.HEU core, losing some fraction of
their energy and making them less useful for detection. Fundamentally, the more surface
area per gram of material, the more gammas escape. The number of gammas that escape
without scattering can be calculated precisely with radiation shielding theory and depends
on the geometry of the core. But for a sphere of radius r and linear attenuation coefficient
pi, it can be approximated by the self-shielding attenuation coefficient G that describes
the fraction of gammas emerging without scattering,

G = (1-e4pr/3 ) /(4pr/3).

External Shielding
Our model of the shield is a spherical shell of thickness x surrounding the HEU core,
whose effects we approximate as being the same as a sheet of the same thickness. For an
external shield material of thickness x and linear attenuation coefficient ), the well
known formula for the fraction of gammas emerging without scattering is

F = e-kx

Path Loss

The solid angle subtended by a detector of area A at a distance d from the center of the
Uranium core is approximately

P = A/47rd
2

Background and Detector Efficiency
Some fraction of the received gamma rays will not be counted due to inefficiencies in the
detector. The efficiency is denoted by E. The detector will also receive gamma rays from
both its surroundings and the cosmic rays collectively termed "background" and denoted
by b, which is dependent on the bandwidth of the channel in which the detector measures
counts. Therefore, a high-resolution detector with a large number of channels will have a
small value of b. As a result, the average rate of background will be

B=Ab

and BE counts will be registered by the detector due to background. In our calculation, we
assume a high-purity Germanium detector with a 2keV bandwidth. Other types of
detectors may have a higher bandwidth that would result in a greater background rate.

Detector Area, Detection Time, Detection Distance
The total signal received at the detector is therefore given by

S = NGFP
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Signals below the background can be detected when the total counts due to the signal
exceeds the fluctuations in the background. If a source is present, the former grows
linearly with time while the latter is proportional to the square root of time. If S is the
signal received at the detector and t is the time over which counts are integrated, then the
Sdt will be the counts due to the signal, while the standard deviation of fluctuations in the
background will be proportional to (AbMt) 112 . Therefore the signal can be detected after
the following criterion when the average signal exceeds a multiple, m, of standard
deviations of the background

St > m (AbEt) 112

Solving for t, we arrive at the time required for detection is

t > M2 Ab/(S2E)

In our calculations below, we use m=5.

Nuclear Detection Link Budget
To illustrate these calculations, an example is shown in the following table for the
detection of roughly 50kg of HEU with 10cm lead shielding assuming a detection
distance of 100cm. The third column presents a link budget through detection of the 1
MeV gamma ray emitted by U-238 showing that detection of the core under these
conditions would require nearly three hours assuming a gigantic 1 square meter solid-
state detector (if one existed). The fourth column presents a similar link budget for
detection using the 2.6 MeV gamma ray emitted by U-232 (a trace contaminant that may
or may not be present in HEU) that requires just 31 seconds to detect the core using a
much smaller 30 square centimeter detector.
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CORE
Detectable Isotope
Gamma Energy (MeV)
Production Rate (per gram per second)
Density (grams per cubic centimeter)
Weight fraction of isotope
Inner Radius (cm)
Outer Radius (cm)

Symbol HEU
U-238

HEU
U-232

N

r

1.00
81.00
19.00

0.06
0.00
8.50

2.6
2.68E+1 1

19
1.O0E-10

0.00
8.50

SHIELD
Density (grams per cubic centimeter)
Linear Attenuation Coefficient (per centimeter)
Inner Radius (cm)
Outer Radius (cm)

~Weight (kilo~gramns)
~Shieldinig Attenuation ~(dB)

DETECTOR
Area (square cm)
Efficiency
Bandwidth (KeV)
Background at this Bandwidth (per sq. cm per sec.)
Batcground dethestd (per standar dio
Detection threshold (number of standard deviations)

A\

F

Lead
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Detecting HEU with U-238 signal: Dependence on Detector Size

U-238 signal, 10kg HEU, 10cm lead shield
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Figure 2

U-238 signal, 50kg HEU, 10cm lead shield
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Figure 3

Detection times of a day at a half meter distance are required for ten
centimeters shielding

The graphs in this section indicate that 7-10cm of lead shielding requires on the order of a
day using U-238 based detection even at distances of 0.5-1m. So detection of heavily
shielded HEU looks hopeless at distances greater than 1 meter, and only begins to
become feasible below Im.
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Figure 4 Detection Distance For No Lead Shielding, 1800-100000 seconds of HEU using U-238 signal,
100 sq. cm. detector area (10cm x 10cm). Mass of core varies from 1-50 kg
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Figure 5 Detection Distance For 10cm Lead Shielding, 1B00100000 seconds of HEU using U-238
signal, 100 sq. cm. detector area (10cm x 10cm). Mass of core varies from 1-50 kg
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Figure 6 Detection Distance For 10cm Lead Shielding, 1-1800 seconds of HEU using U-238 signal,
100 sq. cm. detector area (10cm x 10cm). Mass of core varies from 1-50 kg
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U-232 makes detection easy, but is not always present

If trace quantities of U-232 are present, detection is much easier and can be achieved at
several meters distance even with 10cm of lead shielding and for a few kilograms of
HEU. The catch is that U-232 is not guaranteed to be present in HEU. From here
onwards, we refer to detection with U-238 only.

U-232 signal, 10kg HEU, 10cm lead shield
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Figure 7

A few centimeters of lead shielding put detection times into minutes
at distances of a meter
Detection times on the order of minutes can be achieved at distances of a meter or more
only when shielding is less than a 2-3 centimeters. Beyond that, detection times need to
be taken to tens, hundreds, or thousands of minutes depending on the shielding and size
of the core

400

Distance (c) 200

3
Vo 75 100 0

Detection Time (9)
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Figure 8 Detection Distance for 0-120s, 0-3 cm lead shielding of 48kg HEU using U-238 signal, 100 sq.
cm. detector area (10cm x 10cm)
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Figure 9 Detection Distance For 5cm Lead Shielding, 1800-100000 seconds of HEU using U-238
signal, 100 sq. cm. detector area (10cm x 10cm). Mass of core varies from 1-50 kg

Fixed detectors on streets don't make sense, but in-vehicle detectors
are useful

If either the U-238 signal or neutrons or both are to be relied upon, we conclude that any
practical and robust detection scheme is going to require detection times in the range of
several tens of minutes to hours. This immediately rules out the use of fixed detector
infrastructure to look for signals in vehicles passing by--there will not be enough time to
integrate the signal from signals from a moving vehicle. Improving detector efficiency
from 16% to 100% would not even double the detection distance since the detection
distance is proportional to the fourth root of the efficiency--improvements in detector
efficiency result in more background radioactivity counts and because activity from the
source has an inverse square law falloff with distance from the source.

Requiring operation of one or more detectors continuously inside the vehicle that ensure
proximity and sufficient photon integration time will serve to raise the risk of detection
for a terrorist transporting HEU. If an in-vehicle detector were present, hundreds of
kilograms of shielding would be required to evade detection, which would make it more
likely that the terrorist would have to use a heavier vehicle to transport the HEU. If these
larger vehicles are then screened with more invasive (active) techniques that amplify the
U-238 signal, the terrorist would probably give up trying.

Plutonium Detection--easier than HEU?

Even reactor-grade (i.e., not weapons-grade) plutonium can be used to achieve a yield of
a few kilotons. More generally, plutonium of any isotopic composition can be used to
construct an implosion assembly with kiloton yield. The bare critical mass is a function
of the isotopic composition. Also, the probability of pre-detonation (resulting in a fizzle)
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varies depending on the composition. Furthermore, "the technical problems confronting a
terrorist organization considering the use of reactor-grade plutonium are not different in
kind from those involved in using weapons-grade plutonium, but only in degree." [Mark
1990]

Since reactor-grade plutonium might be more readily available, it might represent a
material of choice for would-be nuclear terrorists. However, they would still be faced
with the technical difficulty of constructing an implosion system. Below we consider the
limits of detection of plutonium of various grades (from super-grade with 98% Pu-239
through MOX-grade with only 40% Pu-239) based on the natural neutron and gamma ray
emissions.

The isotopic compositions of different grades of plutonium are as listed in the table below
[Mark 1993]:

Super- Weapons- Reactor- MOX- FBR
grade grade grade grade Blanket

Pu-238 (%) 0 0.012 1.3 1.9 0
Pu-239 (%) 98 93.8 60.3 40.4 96
Pu-240 (%) 2 5.8 24.3 32.1 4
Pu-241 (%) 0 0.35 9.1 17.8 0
Pu-242 (%) 0 0.022 5 7.8 0

Neutron Detection

In general, isotopes of plutonium undergo spontaneous fission far more readily than
uranium isotopes, resulting in much higher rates of neutron emission. The table below
lists the approximate number of neutrons per second per kilogram generated due to
spontaneous fission for each grade of plutonium. These numbers are can be readily
derived from the isotopic composition of each grade of plutonium, the half life of each
isotope, the branching ratio for spontaneous fission, and the number of neutrons produced
per fission.

Super-grade Pu Weapons-grade Pu Reactor-grade Pu MOX-grade Pu
18400 54000 349000 487000

The dominant contribution to the neutrons for all of the grades comes from the
spontaneous fission of Pu-240. Reactor-grade and MOX-grade plutonium have an order
of magnitude higher percentage of Pu-240 compared to weapons-grade plutonium, and
their neutron emissions are larger by a corresponding factor. Regardless of the grade of
plutonium under consideration, the production rate of neutrons from spontaneous fission
is about 4 orders of magnitude greater than for weapons-grade uranium (of the order of 1
per second per kilogram).

The mean energy of the neutrons produced by fission is about 2 MeV (just as for
weapons-grade uranium). Mean interaction-free paths for common shielding materials are
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in the 2-6 cm range and materials containing lighter elements such as boron or lithium
can have much shorter mean-free paths. The mean free path for absorption of neutrons is
much larger than the mean interaction-free path. The neutron background is about 50 per
meter-squared per second, just as for neutrons from weapons-grade uranium.

In comparing neutron detection of weapons-grade uranium versus neutron detection of
any grade of plutonium, we can conclude that any grade of plutonium is several times
easier to detect than weapons-grade uranium for the following reasons:

* The rate of neutron production is 4 orders of magnitude higher for any grade of
plutonium

* The energies of the neutrons produced are identical
* The path loss through shielding and through free space are identical
* The background rates of neutrons at the detector are identical

As noted earlier, the dominant contribution to the neutrons for all of the grades comes
from the spontaneous fission of Pu-240. It is possible to reduce the Pu-240 content by a
factor of 400-4000 resulting in a corresponding reduction in the neutron emission rate.
This purification of plutonium can be achieved through multi-stage atomic-vapor laser
isotope separation techniques. This would have the effect of reducing the neutron
emissions. It has been estimated [Fetter 1990c] that this would add a cost of $5MM for 4
kg of weapons-grade plutonium.

Gamma Detection

Plutonium has several gamma ray emissions, notably those at 645.98 KeV and 769 KeV
(from the Pu-239 decay chain) and those at 662 KeV and 722.47 KeV (from the Pu-241
decay chain). In addition, there is an energetic neutron-induced 1.597 MeV gamma ray
that may be useful for detection. We focus here on the detection of the 769 KeV gamma
ray from the Pu-239 decay chain and present a side-by side comparison of detection of
plutonium of various grades and the detection of weapons-grade uranium based on the
1.001 MeV gamma ray from the U-238 decay chain. We conservatively assume that for
detection of WgU, the 1.001 MeV gamma ray from U-238 is the most useful emission for
detection purposes - if trace U-232 contaminants are present, there may be a more
penetrating 2.6 MeV gamma emission. Since U-232 contaminants may not be present, we
focus on the 1 MeV gamma emission for the purpose of reliable detection.

Weapons- Reactor- MOX-grade
CORE grade Pu 'grade Pu Pu Weapons-grade U
Detectable Isotope Pu-239 Pu-239 Pu-239 U-238
Gamma Energy (MeV) 0.769 0.769 0.769 1.001
Production Rate (per
gram per second) 252 252 252 81
Density (grams per
cubic centimeter) 19.84 19.84 19.84 19
Weight fraction of
isotope 0.933 0.603 0.404 0.055
Inner Radius (cm) 0 0 0 0
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DISTANCE TO
DETECTION
Detection time
(seconds) 300 300 300 300
~Self +Shi IdT - -

Afteriu ion -54.39259516 54.39259516 54.39259516 -42.2052086T ,o'tal ?Ga6m'ma~s outsid e£!

(per second) 4.54582481 2.937976806 1.968395738 1.364987919
Detectondistancei(cm) 3  24.19428654 19.45049481 15.92071912 19.11096693

This analysis shows that even at 10cm lead shielding both weapons-grade and reactor-
detection of any of the grades of plutonium considered above using only the 769 KeV
gamma emission from the Pu-239 decay chain is easier than detection of WgU using the
1.001 MeV gamma ray from the U-238 decay chain. This may be attributed to the'
following observations:

1. U-238 comprises only about 5% of WgU, whereas Pu-239 comprises anywhere
from 40% to 93%, depending on the grade of plutonium. As a consequence,
plutonium generates 1 to 2 orders of magnitude (10-13 dB) more gammas (per kg
per second) at 769 KeV than WgU generates at 1 MeV

2. The 769 KeV gamma rays have a higher linear attenuation coefficient and are
more strongly attenuated than the 1 MeV gamma rays. As a result, the shielding
attenuation is about 12 dB greater for the plutonium emissions.

3. The background count of gamma rays is about 5 times higher at the lower energy
(769 KeV) compared to 1 MeV.

These two effects counteract each other, the former favoring easier detection of
plutonium, the latter favoring easier detection of uranium, with the end result that of
either weapons-grade or reactor-plutonium considered is slightly more detectable than
weapons-grade uranium, while MOX-grade plutonium is a little harder to detect than
WgU.

Note that we assumed that trace quantities of U-232 are absent in the uranium sample and
that the most useful emission for reliable detection is the 1 MeV gamma ray from the U-
238 decay chain. If trace quantities (ppb) of U-232 were present, the detection problem
would be much easier for uranium, since the 2.6 MeV gamma ray is very penetrating.
This analysis also only considers plutonium detection using the 769 KeV gamma
emission from the Pu-239 decay chain. Including the other gamma ray emissions for
plutonium listed previously will only make the plutonium detection problem easier. From
this analysis we conclude that any grade of plutonium will be no harder to detect (and
perhaps easier to detect) than weapons-grade uranium, based on gamma ray emissions
alone. We conclude that a national detection system that is capable of detecting weapons-
grade uranium in transit through the transportation system will be capable of also
detecting similar quantities of plutonium.
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Detector System Manufacturers
Well over 50 companies and laboratories--systems, instrument and technology
developers-are involved in producing nuclear detectors worldwide as listed in
"Appendix A: Representative Detector and System Manufacturers." The market has been
estimated by some manufacturers at around $500M/ year. Current offerings can be
broadly summarized in the following table:

I Broadband Detection SNM Discrimination
Portal Type
[moving target or
scanner]

- Large Detector
areas/volumes
-- Typically designed to
work at 5-10m distances
- Rapid detection of high
activity sources
- Slow speed detection of
low activity sources
- Specs typically 8Km/hr
max speed through portal
- Price $10K-$50K (low
range or personal portals);
much higher for large
vehicle portals

- Higher Sensitivity
- Add SNM specificity or
spectrum analysis
- Otherwise same as
broadband
- Computational systems
and other automation
- Mobile Scanners fit in this
category; some with GPS
location and wireless
communications
- $ 50K +

Hand-held
[Stationery Target]

-Typically High Activity
Sources [e.g. Cs, Co]
-Small detector
volumes/areas
- Some designed for
permanent placement (e.g.
in-container, some with
wireless)
- Some meet IAEA specs
for SNM detection
- Work at < 1-2 m range
- 30KeV - 1.5MeV range
- Price $1-$2K

- Higher Sensitivity
- Add SNM specificity or
spectrum analysis
- Otherwise same as
broadband
- Price $5- $15K

As detector volumes reach into the, millions or tens of millions of units a year, we can
reasonably expect that the detector performance will improve and costs and prices will
come down dramatically. Progress in detector technology is likely to result in
improvements in cost, form factor, sensitivity, and discrimination. For example, room
temperature Cadmium-zinc-telluride gamma detectors have recently been developed
[Physorg.com, 2005] and semiconductor neutron detectors are described in US Patent
6,075,261.

Page 21 of 53



Devabhaktuni Srikrishna, A. Narasimha Chari, Thomas Tisch
email: sri at devabhaktuni.us, anchari at gmail.com, ttisch at mindspring.com

October 21, 2005
version 1. 22

DISARM: Detect and Intercept Shipments of Articles with
Radioactive Material
Today's nuclear detection systems consist primarily of scans at borders and ports for a
small fraction of cargo containers and vehicles. Maintaining the status quo implies a
reliance on intelligence and military to catch nuclear terrorists and smugglers in the act.
One option is to bolster existing container security schemes to include 100% of all cargo
and equip customs/border patrol with energy selective detectors that can reduce false-
positive rates-those improvements are likely to deter some attempts and probably not
others due to the vast majority of loopholes across the borders. Another option is to
distribute a network of fixed detectors with the possibility of detecting fissile material
that is contaminated with U-232 using its highly penetrating gamma rays-this approach
is like probabilistic insurance because some but not all HEU contains U-232.

How do we create a comprehensive deterrent to smuggling fissile nuclear materials? We
propose an in-vehicle detector architecture that we refer to as DISARM (Detect and
Intercept Shipments of Articles with Radioactive Material) which can be used to offer
greater likelihood of detecting shielded HEU traveling uniformly through the
transportation system, when used in conjunction with expanded initiatives for
fixed/handheld detectors, portals, as well as inspection or surveillance schemes for the
largest vehicles not amenable to detection. The goal is to interdict smuggling of all or part
of an HEU device to defend against both trafficking and delivery to substantially increase
the risk for terrorists building and deploying a nuclear weapon.

...KOK
........ ..... . -> ' rve llarnce

Active
and X-ray

300M Portals
In-vehicle '* -

passive........ Detectors /1

100-400K
Fixed and
Handhold.
Detectors

I-

People
Animals

Cars
Boats

Small planes

Containers Oil tankers
Trains Jumbo jets

Figure 10 Achieving uniform coverage for nuclear detection across transportation modes

The salient aspects of the DISARM proposal are as follows:
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" In-vehicle detectors: Nuclear detectors passively searching for the characteristic
radioactivity need to be co-located inside any moving vehicle that is capable of
transporting shielded HEU and that is either not inspected or actively screened
with neutrons. These would include automobiles, trucks, trains, planes, boats,
shipping containers, etc. as well as smaller trailers that may be towed by these
vehicles. These detectors can be small, mass-produced, and built from the same
commercially available and emerging technologies that can be used for handheld
and portable detectors, but will be capable of reliable detection of nuclear
contraband by virtue of both extremely close proximity and prolonged exposure
(minutes to hours to weeks) to the radiation source. A sufficient number of
detectors per vehicle continuously powered by the vehicle's batteries or power
supply are necessary in order to ensure time to enough count particles from
nuclear materials inside the vehicle.

* Fixed and mobile infrastructure." A network of detector-readout checkpoints can
be deployed liberally throughout highly populated areas [including at
transportation chokepoints, around critical infrastructure such as government
buildings and bridges, as well as around the perimeters of major metros]. The
checkpoints would employ short-range wireless communications to remotely
query vehicles and cargo approaching the checkpoint and determine its detector
readings. The checkpoints need to be designed such that the received detector
reading can be unambiguously associated with the correct vehicle. This is
achieved either by using wireless technology whose range is short enough to
remove ambiguity of which vehicle originated the reading or by designing the
check-point to have the vehicle pass through like a toll-booth or with sufficient
proximity to the vehicle. The checkpoints could be designed to generate alarms
for further inspection if either the detector reading is reported to be above a
threshold, or if the detector fails to report a reading.

* Incentives to participation.
o Expedited passage: Vehicles and cargo that can be verified to be carrying

on-board detectors would be granted rights to expedited passage while
those not similarly equipped might be subjected to manual search, which
might be time-consuming and intrusive.

o Driver-warnings.'16 A secondary benefit of in-vehicle detectors for drivers
and owners of vehicles can be achieved if detector readings are designed
to be conveyed to the driver'on their dashboard such that they warn of any
radioactive material that has been planted inside the vehicle by a potential
terrorist or smuggler or picked up unknowingly contaminated material.
This provides an incentive for the driver or owner to ensure that detectors
are functioning.

o Subsidies. To promote detector installation, the federal government should
provide powerful financial incentives to corporations and private parties to
participate in the program and install detectors in their vehicles and
containers.

* Federal regulations for vehicles and containers.

16 This idea was suggested to the authors by Michael May when this material was presented at the Center

for International Security and Cooperation, Stanford University on October 11, 2005.
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o New vehicles: Federal regulations should mandate that all motor vehicles
after a to-be-determined model yearbe requiredto ship with an embedded
radiation detector equipped with short-range wireless communications
capabilities. Similar regulations should apply to shipping containers [Wein
et al, 2005].

o Old vehicles: Federal regulations should mandate that older vehicles and
containers be retrofitted (through after-market installation) to carry on-
board detectors.

o Vehicle Licensing: Routine inspections of vehicles for licensing purposes
would be expanded to encompass radiation detector functioning (similar to
smog certification).

To achieve uniform detection coverage, the above proposals complement today's
initiatives in perimeter screening systems:

o Portals: Portals employing active scanning technology can be useful to
screen larger heavily shielded containers (in airplanes, trains, trucks) for
which use the number of passive detectors required would become too'
large. These can be located at seaports, truck weigh-stations, rail-stations,
and airports to screen cargo.

o Fixed and handheld detectors: SNM carried by people or animals is
unlikely to be shielded heavily if at all due to constraints on weight, hence
fixed and handheld detectors at border crossings and within the interior are
likely to be useful.

o Inspections & surveillance. Securing against transport of nuclear weapons
inside large vessels such as oil tankers or jumbo jets (outside cargo
containers) is an important aspect of the detection problem not likely to be
amenable solely to detector approaches. Due to the combination of their
potential for shielding of radiation as well as the proximity of airports and
harbors to populated centers, these larger vessels must be safeguarded by
monitoring and controlling access through inspection and video
surveillance so that terrorists simply can't use them to deliver nuclear
weapons.

Stephen Flynn [Flynn, 2004] offers a promising (and similar) proposal aimed at container
security. The DISARM proposal generalizes Flynn's basic model. Flynn suggests that
containers could be outfitted with internal sensors that detect gamma and neutron
emissions from a nuclear weapon or dirty bomb. When the container arrives at a terminal,
an inspection unit would interrogate sensors inside the container and the sensor data
would be securely transmitted over a secure Internet link to customs authorities along the
route. Flynn's in-container approach effectively exploits proximity and prolonged
exposure of the detector to the container contents. It is likely to be capable of detecting
the presence of even shielded HEU or other radioactive materials. We believe this idea
can be extended to all modes of transport as envisioned in our DISARM proposal. Along
the lines of Flynn's proposal, two companies have introduced radiation detection systems
that place detectors inside shipping containers and in conjunction with communication
systems. RAE Systems of San Jose, CA has a case study discussing their results
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deploying an in-container solution [RAE Systems, 2005]. RFTrax of Allyn, WA
discusses a battery powered radiation sensor [RFTrax, 2005a] and a remote monitoring
communication system that integrates GPS, Internet, RFID, and GSM wireless
communication technologies [RFTrax, 2005b].

How good does the detection system have to be?

To make it difficult to dissuade the terrorist from trying to transport SNM, there needs to
be uniformly high risk of failure in transporting SNM across all transportation modes
available to the terrorist. Securing only a subset of accessible transportation modes will
result in terrorists resorting to the next available alternative, like locking some doors of a
house and leaving other doors open. For instance, preventing the movement of HEU
through US ports will not necessarily make it more difficult to transport HEU if it
remains easy to use airplanes or ground transport instead. Even if land border crossings
and airports were secured from HEU, terrorists could simply bring nuclear materials into
a neighboring country's ports and then smuggle it into the US in the same way tons of
drugs cross international boundaries every year.

Today's radiation portals situated at ports and border crossings will only result in
displacement into many other sea, air, or ground transport mechanisms that avoid the
portals. For completeness, we both list and analyze below the set of possible classes of
vehicles spanning 2-3 orders of magnitude in their physical dimensions:

1. Water:
a. oil tankers
b. cargo vessels
c. cruise ships
d. yachts
e. sail boats
f. motor boats
g. canoes

2. Air:
a. jumbo jets (passenger and cargo)
b. private jets
c. propeller planes
d. helicopters

3. Ground:
a. trains (passenger and cargo)
b. trailer-trucks (oil tankers, trailers, flatbeds)
c. four-wheelers (trucks, cars)
d. three-wheelers (automated or manual rickshaws)
e. two-wheelers (motorcycles, scooters)
f. trailers in tow by two, three, or four wheelers.
g. anything carried by people on foot or animals (horses, cows, camels,

elephants, etc.), or even carts pulled/pushed by them.
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Even with an effective nuclear detection network in place, skeptics might contend that a
terrorist could remain undeterred by accepting even heavy risk detection in transport of
HEU. While that is a possibility, we believe it is unlikely. In its report, the 9/11
Commission points out that,

"Just increasing the attacker's odds of failure may make the difference between a
plan attempted, or a plan discarded. The enemy also may have to develop more
elaborate plans, thereby increasing the danger of exposure or defeat." [p. 383,
Kean, 2004].

The basis of this statement is that terrorists 17, just like their target nation-states, are
subject to limited resources. When terrorists consider a particular mode of attack,
accessibility of the required resources, and likelihood of a successful attack, and the cost
of discovery in light of counter-measures will be primary considerations. Studies in
behavioral psychology have further established that when making economic tradeoffs
"people have a tendency to overweight outcomes that are considered certain, relative to
outcomes which are merely probable." 18 Since terrorists are people making economic
tradeoffs, increasing the risk of failure from zero to non-zero across every option
available to terrorists will bring about a disproportionately large deterrence effect
compared to an approach that improves any one option but does nothing to introduce any
risk in other options.

The degree of deterrence that could potentially be achieved by efforts to increase the risk
of failure for terrorists is illustrated by examining terrorist use of conventional explosives
and the role that screening of passengers and luggage for conventional explosives has
played. Critiques of airport screening measures have primarily focused on less than
perfect detection probability, i.e. whether or not a weapon or explosive will pass through
the screening process at the airport. For instance, [p. 52, Szyliowicz, 2004] remarks on
the "porousness" of airport screening by citing the United States GAO finding (July
2002) that fake weapons and explosives had passed through airport screeners a quarter of
the time at 32 major airports [p. 2, Dillingham, 2002].

Contrary to popular disbelief, the deterrence effect resulting from "annoying" airport
screening procedures has likely turned out to be much greater than would have been
predicted simply by a multiplication of the detection probability by the rate of incidents
prior to introduction of these measures. Commercial passenger airplanes have historically
been a high-visibility target for terrorists, yet statistics indicate that the incidence of
aircraft bombings have all but ceased over the past decade. We employ data from the
RAND-MIPT database ([MIPT, 2002], [RAND, 2003]) of worldwide terrorism incidents
from January 1, 1968 until March 12, 2003.19 In the figure below, we chart the time series
of cumulative fatalities and incidents across four decreasingly inclusive categories,

17 See [Enders, 1993] for a seminal analysis of terrorists as rational actors in the economic sense.
18 See [p. 20, Kahneman, 2000]. This work is based on Prospect Theory by Daniel Kahneman and Amos
Tversky-Kahneman was awarded the Nobel Prize in Economics for this discovery. See [Kahneman, 2002]
19 In "Appendix B: How do we track trends in worldwide terrorism?," we survey the publicly available

databases that track terrorism incidents including the RAND-MIPT database from which the data in this
study was drawn.
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1. ALL: all terrorist incidents
2. EXPLOSIVES: explosives were used or detonated
3. AIRPORT/PLANE: explosives in an airport or onboard an airplane
4. AIRPLANE: explosives onboard an airplane.

From 1989 onwards, ALL fatalities and fatalities from EXPLOSIVES not only increase,
but so does their rate as shown by the increasing steepness of the slope (the apparent
discontinuity on the ALL graph represents the death's of nearly 3000 victims on
September 11, 2001). In contrast, we observe that fatalities for AIRPORT/PLANE and
AIRPLANE remain nearly constant after 1989, with AIRPLANE fatalities rising' by only
14 over the course of 14 years.
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Figure 11

Upon a closer examination of the data for categories AIRPORT/PLANE and
AIRPLANE, we find two extended periods of comparatively low fatalities preceded by
periods of much greater intensity. In the table below, we show these periods along with
the fatalities for each category. Periods II and IV have much smaller fatalities for
AIRPORT/PLANE and AIRPLANE when compared to the corresponding statistics
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during periods I and III. However, during all periods, including I and II, the number of
fatalities in EXPLOSIVES or ALL showed no signs of slowing down. We conclude that
during periods II and IV, there was a "displacement 20", from airplanes as terrorist
bombing targets onto other environments.

Period Dates Length ALL EXPLOSIVES AIRPORT/PLANE AIRPLANE
(years)

I 09/02/1974 2.5 593 391 296 283
to
03/27/1977

II 03/28/1977 7.5 2027 1250 51 7
to
08/07/1984

III 08/07/1984 4.5 2050 1520 - 708 700
to
03/10/1989

IV 03/10/1989 14 12302 4492 26 14
to
03/12/2003

Table 1: Fatalities for each category and time period

Despite continuous increase in fatalities for ALL and EXPLOSIVES, the presence of two
periods of accelerated fatalities followed by extremely low fatalities for
AIRPORT/PLANE and AIRPORT is telling. We attribute this trend to expansion of
airport screening programs,

o First, following frequent hijackings beginning in the late 1960s, a variety of
security measures including metal-detectors and X-Ray machines to screen carry-
on baggage were introduced in the United States as part of the Air Transportation
Security Act of 1974 [Malotky, 1998]. Indeed, a reduction in skyjackings in the
United States could be attributed to the introduction of metal detectors in 1973,
while also increasing incidents not protected by the detectors such as those
involving hostages [Enders, 1993]. In light of the trends in the graph and table, it
is likely that introduction of airport security measures worldwide contributed
primarily to the reduced number of fatalities in period II.

* Second, following an intense wave of fatalities during period III primarily due to
use of explosives in airports/airplanes culminating in the Pan Am airliner
explosion over Scotland&, increased vigilance and better procedures to sniff and
screen for explosives in airports appears to be directly responsible for the period
of low fatalities beginning in 1989 and continuing on into the present era. The end
of this period was also marked by the United States Aviation Security
Improvement Act of 1990 [Bush, 1990].

o Finally, over the 1990s, increasingly better detection techniques and a greater
degree of automation to screen for explosives were introduced at airports
worldwide [Malotky, 1998] thereby continuing to raise the bar for terrorists who
sought to employ explosives aboard airplanes.

20 for more on the use of the term "displacement" in the terrorism context, see [p. 2, O'Hanlon, 2002]
21 The bombing killed 259 people on board and 11 people on the ground [MIPT, 2002]
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As shown in the graph, during periods II and IV, there was also a significant reduction,
but not elimination, in terrorist attempts to deploy explosives in airports and airplanes,
even though overall terrorist incidents using explosives continued to rise at an accelerated
pace. These data suggest two important conclusions: 1) airport screening of explosives,
although imperfect, has successfully prevented fatalities despite a significant number of

.continued attempted attacks at airports. 2) The screening measures have been successful
in deterring a much greater number of attempts that would have taken place had the
screening not been present.

Lessons learnt about deterring terrorism from the case of conventional explosives are all
the more valuable in light of the fact that terrorist incidents involving alternate modes of
attack (without explosives) that were not fully appreciated by aviation authorities have
become responsible for much greater fatalities, as had happened with the attacks of
September 11, 2001. We conclude that deterring transport of HEU requires a uniform
increase in the risk/cost/difficulty of transporting these materials across all accessible
transportation modes, both across borders and inside theinterior.

What is required to secure each transportation mode?
Securing each form of transport from transport of nuclear materials (HEU) poses a
unique setof challenges, which we touch upon in this section. We also discuss special
challenges posed by larger vehicles and vessels and suggest ways to monitor their
contents. Large vessels would need to either be certified as free of HEU, or they must
maintain a safe distance from populated areas to provide sufficient isolation from a
nuclear blast on the vessel. This is analogous to how the US military closely monitors and
disallows the approach of foreign military vehicles (submarines, ships, airplanes,
missiles) around national borders. See the section on "Weapon Delivery" in [Medalia,
2005] for a discussion of the ways a terrorist nuclear weapon could be imported into the
United States.

Water
Cities have historically been built around ports. Ships of all sizes routinely sail into
harbors that are close by. Ships can easily carry a nuclear weapon or nuclear contraband.
Screening of cargo for nuclear materials (active and passive) has had its own set of
challenges (see [Hecker, 2002]). Large vessels like oil tankers are more difficult, since it
is likely to be physically impossible to screen for something inside due to the attenuation
of the surrounding oil, see [pp. 7-8, Medalia, 2005]. Such large, thick vessels may need to
be certified through initial inspection at the embarkation point followed by constant
surveillance while in transit. Otherwise they would be forbidden them from approaching
populated cities altogether in case they cannot be certified as being free of nuclear
materials. For all other types of ships, one or more on-board radiation detectors (matched
to on physical dimensions of the yacht) and remote check points located at sea (as
described in DISARM) would be the ideal approach to certify them as free of radiation at
check points at sufficient distance from the city. If all "floating" vessels were
successfully secured, the only remaining option for delivery of nuclear material would be
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underwater using submarines, which certainly raises the cost and complexity of HEU
transport.

Air
In several respects, airplanes pose an even greater challenge than ships since they can
rapidly approach any target, see [p. 6, Medalia, 2005]. It is important to ensure that
airplanes can't get close to populated areas, and for the ones that do it is necessary to
certify that they are free of nuclear materials. Just like oil tankers, jumbb jets can be
initially certified and constantly monitored to prevent nuclear material from being loaded
onboard or otherwise disallowed from approaching within the distance of populated
areas. Just like container screening at sea ports, air cargo screening for nuclear material
(active and passive) is an important step in this direction but to our knowledge is not
being pursued aggressively. Just like yachts, private jets and helicopters also would need
to implement DISARM with a sufficient number of detectors per aircraft. A mechanism
for preventing aircraft that have not been certified as free of nuclear materials from
landing near populated areas must be put in place.

Ground
Perhaps the biggest challenge with ground transport is the sheer numbers of vehicles that
must be dealt with. Trains, being the largest, require inspection and surveillance to ensure
they are free of nuclear materials just like oil tankers and jumbo jets. Rail cargo would
have to be screened (actively and passively), and even entire train cars may have to be
screened regularly. The same holds for trailers on large trucks and 18-wheelers, just like
how trucks with trailers are weighed at weigh stations along the highways. Otherwise
they would need to participate in a DISARM program with a number of detectors
sufficient to cover the length, width, and height of the trailer. Smaller trailers towed by
cars would need their own detectors to participate in the DISARM program, and would
likely need to be powered by the towing vehicle to ensure operation of the detector. Just
as with water-borne transport, if all ground transport was secured the only option left for
terrorists to transport HEU would be underground tunnels which significantly raises the
cost and complexity, and would still have to surface at some point near the target.

In theory, people on foot or animals (horses, cows, camels, etc.) can carry unshielded or
lightly shielded HEU through forests and other areas. If the only alternative left to the
attacker is to use people or animals for transport, the primary purpose of increasing the
cost/complexity of transporting shielded HEU to a sufficiently high level would have
been served. Even HEU-laden people and animals could be made susceptible to detection
by using a sufficiently ubiquitous fixed infrastructure. Carts capable of carrying shielded
HEU would still have to be screened.

Operational Requirements For Assuring Compliance With
DISARM
One of the key questions in mandating uniform adoption of an in-vehicle detector system
is ensuring that all vehicles are compliant. A disabled detector would produce no
communication with a checkpoint, and rAises suspicions prompting further manual
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inspection. What if an attacker tries to tamper with or reprogram the built-in detector? To
prevent this, we propose that

* The detector would have to be powered by either a-self-contained battery or input
power supplied from the vehicle itself.

* In-vehicle detectors would contain a radio to enable them to transmit their
readings as they pass by specially designed checkpoints or on-demand to specially
equipped law-enforcement vehicles.

" The detector is authenticated from its point of manufacture and public-key
infrastructure (PKI) can be used to authenticate the detector's readings.

* The detector housing would be tamper-proof conforming to standards such as
FIPS 140-2 [National Institute of Standards, 2005]. The FIPS standard includes
requirements on tamper detection (physical evidence of tampering), as well as
requirements on tamper mitigation circuitry.

These four concepts permit law-enforcement officials to determine whether the detector
readings indicate that a bomb could be present, or to further investigate if the detector is
not readable. This can help ensure compliance with the in-vehicle detector program.

Securely transmit detector readings on-demand to law-enforcement (mobile readers or
readers at checkpoints)

We envision that mobile or fixed readers will be used to remotely read in-vehicle
detectors at borders and checkpoints. The reading could be triggered either manually or
automatically, and there would have to be no ambiguity of which yehicle originated the
reading. The in-vehicle detector can be equipped with a short-range wireless network
interface card using commercial off-the-shelf radio technologies (e.g., Wi-Fi or other),
whose range is short enough to eliminate the ambiguity. When the reader chooses to
interrogate the detector, it sends a signal to the detector querying its readings. The
detector can respond with the current reading, the background and, perhaps, the readings
history over the last 24 hours. This will allow the reader to assess the likelihood of
presence of HEU aboard the vehicle. Data transfer between reader and detector can be
authenticated using public-private keys and encrypted using a suitably robust encryption
scheme, such as AES.

Location of checkpoints

Checkpoints, fixed or mobile, will need to be installed at vehicle intersections and traffic
choke-points and other places to ensure each vehicle can be queried often enough. This
would include, but not be limited to:

* Perimeters of major metros and highway toll booths
" National borders (sea and land)
* Major ports
* Airports
• Train stations
* Other elements of the transportation infrastructure (subway stations, bus stations,

etc.)
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9 Randomly located checkpoints or reading areas should be thrown in from the start
as they substantially increase the uncertainty of detection points and therefore
deterrence

False Positives and False Negatives

Reducing false positives in nuclear detection has become a national research priority for
the DNDO. Numerous reports in the media have highlighted false positives and
negatives in nuclear detection on those systems deployed in major metros like
Washington D.C. and New York.23 In 2001 just after the 9/11 attack, the Bush
Administration ordered a large-scale operational trial of nuclear sensors around a
perimeter of Washington DC [see Gellman, 2002b and Crowley, 2005] to detect and
intercept a nuclear weapon entering the area through roads and rivers. However the US
government apparently gave up on this "Ring Around Washington" as it was eventually
shut down due to a large number of false positives (detectionof benign radioactive
sources) and false negatives (failure to detect real signatures). While it represented a
haphazard attempt to secure the nation's capitol and perhaps sent a signal to would-be
attackers, the incremental security it provided is questionable given all the alternative
routes such as by all the airplanes entering Dulles National Airport or nearby sea ports.
Similarly, according to one New York official, the city employs over 20,000 handheld
and stationary nuclear detectors which go off all the time due to transport of medical
isotopes [Ruppe, 2005].

In general, detectors may produce misleading readings due to a number of causes
including

1. fluctuations in the natural radioactive background
2. the presence of other radioactive isotopes whose radiation cannot be distinguished

from that being detected whose radiation lies within the discrimination band of
the detector.

3. equipment malfunction

In the case of positive readings, where the detector detects a threat, further inspection will
necessarily be called for. The cost of this inspection is directly tied to the feasibility of
the DISARM program. The frequency of false positives experienced multiplied by the
average cost of inspection is the total cost of dealing with false positives. Each factor in
this product needs to be kept in check to make a feasible solution-the lower the better.

In accordance with the program outlined by the DNDO, we expect thatacceptable levels
of false positives can be achieved through judicious detector design and energy-specific
detectors that can discriminate various radioactive signatures. By training local law
enforcement in inspection, further reductions in cost due to false positives may also be
achieved since federal agents or NEST team members will not be required to inspect
suspicious detector readings.

22 See [Oxford, 2005] for the Advanced Spectroscopic Program to create more accurate energey

discrimination of nuclear materials
23 See [Gellman 2002a, 2002b], [Ruppe, 2005], and [Associated Press, 2005].

Page 33 of 53



Devabhaktuni Srikrishna, A. Narasimha Chari, Thomas Tisch October 21, 2005
email: sri at devabhaktuni.us, anchari at gmail.com, ttisch at mindspring.com version 1. 22

When operating within the physical limits of passive detection, false negatives may also
arise due to equipment malfunction or when high background levels mask the signal.
Like false positives, we expect false negatives can be overcome in with judicious detector
design.

How could DISARM be defeated?
Just about any security scheme can be circumvented with enough ingenuity, money, and
effort, so the security scheme fulfils its role if it increases the attacker's risk of failure. In
this section we analyze the "loopholes" that a terrorist might try to use to work around
DISARM, and how by doing so that increases their risk of failure. Each of these
"loopholes" can be countered by additional engineering to achieve the desired level of
security for some cost.

Decoy Vehicles (Binding of Detector Reading)

Binding a detector reading received at the checkpoint to the right vehicle is a key
problem that needs to be systematically addressed, and DISARM security is dependent
on how well binding can be implemented. If the vehicle transmitting the short-range
wireless signal cannot be uniquely determined, then an attacker can simply destroy the
detector inside the vehicle carrying the nuclear material and leverage a nearby vehicle's
reading to pass through a checkpoint unnoticed. Alternatively, if the detector reading can
be authenticated digitally and bound to the vehicle itself rather than the detector, then this
is not a problem. Hence security of DISARM is tied directly to how well the reading can
be physically localized or authenticated.

For road vehicles, one way to ensure that the readings are bound directly to the vehicle
being read is to use something similar to an E-Z pass tollbooth. Using a suitably designed
short-range wireless communications system, a check-point that permits fast reading can
be incorporated into streets beneath the vehicle or on the side of the road, such that the
reading the vehicle providing the reading can be uniquely identified.

Destroy, Tamper With, or Relocate the In- Vehicle Detector (Tamper Resistance)

The checkpoint recognizes non-compliance with DISARM through the absence of a
response from the detector, eliciting a more detailed inspection. Implementation of a
tamper-detection standard (like Federal Information Processing Standard 140-2) to detect
either tampering or removal/relocation of the detector would allow itto immediately shut
down. Therefore the security offered by DISARM is dependent on the integrity of the
tamper detection standard.

Shielding the Detector (Placement, Solid-Angle, and Number)

Rather than shield the nuclear material, an in-vehicle detector itself can be shielded
directly from the interior of the vehicle. The difficulty with which the attacker can
effectively shield the detector is dependent on the attacker's knowledge of the detector
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locations, the amount of shielding required, the number of detectors in the vehicle, the
size of the detector, and ultimately the solid angle cross section the detectors subtend
with the interior of the vehicle. The tradeoff is one of cost and form factor. If detector
technology becomes cheap and easily integrated, multiple detectors or even detector
strips along the length of the vehicle can make it hard to shield.

Divide and Conquer (Minimum Detectible Quantity)

Buy a detector or a car with a detector, then work to optimize the amount of material and
shielding such that it is the most material that does not set off the detector. Then
transport it in these quantities and collect it at some final destination where it could be
assembled into a WMD and never ship the assembled WMD or assembled SNM package.

Splitting up the nuclear material and transporting it multiple times increases the odds of
being caught by that factor, and complicates the operation and its logistics. Therefore, the
smallest amount of nuclear material that can be carried in any detector-equipped vehicle
determines how effective DISARM can be.

Switch Vehicles (Minimum Detection Time)

An idea related to divide and conquer is to overcome DISARM by switching vehicles
before the detection time of the detector is reached. This also complicates the operation
by necessitating the use of shielding to increase the detection time up to the point where
the switch can be made. Hence detection time becomes a key limit to DISARM security.
Increasing the detector's solid angle around the vehicle decreases the minimum
detectable quantity.

Avoid or Disable Checkpoints (Number, Predictability, and Security)

Naturally, if a path can be charted to avoid checkpoints then DISARM can be
circumvented. So the security of DISARM is limited by the distribution of check points
that query the in-vehicle detector. The quality of the physical and digital security for the
information gathered by checkpoints determines the security of DISARM. One way to
further increase security is to make the checkpoints effectively mobile and thereby
increase uncertainty as to their whereabouts.

Power-down the In- Vehicle Detector prior to approaching the check-point (Uptime of
detector)

If the detector could be disconnected from its power source prior to approaching a check-
point for the minimum duration required to detect the nuclear material travelling in the
vehicle, then the vehicle can pass through a DISARM check-points circumventing
detection. Therefore each check point needs to verify that the detector has been
operational for a sufficiently long time prior to reporting its reading, and violation of this
condition should raise suspicion. It would also be useful to if the check-point can
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determine during what time intervals, if at all, the detector has.been powered down
through lack of a power source during the past several days or weeks.

Economics of Industry Participation and Public Adoption of
DISARM
The E-Z Pass electronic toll-collection system [E-ZPass] offers an example of incentives
to spur participation and adoption.

When you establish an E-ZPass prepaid account, you receive a small electronic
tag that attaches to the windshield inside your car. Within the tag is an electronic
chip that contains information about your account. Each time you use a toll
facility where E-ZPass is offered, an antenna at the toll plaza reads the vehicle
and account information contained in your tag. The appropriate toll is then
electronically debited from your prepaid account. A record of your transactions
will be included in your periodic statement.

E-Z Pass customers enjoy the benefit of expedited passage through toll-collection booths.
If the inspections process is slow and time-consuming as it might be at border
checkpoints, the ease and speed of an E-Z Pass-like system would act as a powerful
incentive to adoption and installation of detectors, whether by automotive manufacturers
or by the after-market.

Stephen Flynn [Flynn 2004] suggested a similar incentives-based scheme in connection
with speeding the adoption of container security initiatives by shipping companies and
seaports. Two other examples of relevant programs are the CBP's NEXUS and FAST
(Fast and Secure Trade) initiatives [Bonner 2003]. Participation in these programs is
voluntary and the incentive for participation is expedited clearance through border
checkpoints for individuals (NEXUS) and cargo (FAST). Individuals choosing to
participate in NEXUS voluntarily provide background information and biometrics that
are used to screen against international crime and terrorist databases. They are provided
with a SMART card that can be waved through a border checkpoint.

Proposed incentives and regulatory framework

With DISARM, a network of checkpoints would be established within the transportation
infrastructure as well throughout the perimeters of the major metros. Vehicles passing
these checkpoints would be either automatically read using a combination of readers and
detectors or would be subject to manual inspection, perhaps using a man-portable
radiation detector. Vehicle manufacturers would be required to install detectors in all
vehicles, beginning in a particular model year, to achieve the radiation safety benefits.

After-market installation of detectors in older model vehicles would be required, but as
an interim measure could be facilitated by the incentives to speed passage through
checkpoints. Owners of older vehicles would be given the incentive to install detectors
since vehicles not equipped with detectors would be subject to a more time-consuming
manual inspection, resulting in longer delays. After-market installation of detectors could
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be monetarily subsidized by the DoT or through tax incentives. The Transportation
Security Administration within the Department of Transportation could administer the
regulatory framework. Identification and maintenanceof malfunctioning in-vehicle
detectors will be a necessary component of a DISARM program-therefore detector
design that minimizes maintenance (both frequency and costs) is desirable.

Drivers and owners of vehicles can benefit from in-vehicle detectors whose readings are
designed to be appropriately summarized and conveyed to the driver on their
dashboard.24 Driver-readable detectors inside vehicles can warn of any highly radioactive
material such as Cesium-137 or Cobalt-60 that has been maliciously planted inside the
vehicle by a potential terrorist in order to contaminate the occupants, which is a possible
way for terrorists to create public panic by inflicting harm, see [p. 783, Steinhausler].
These detectors might also catch unintentionally or unknowingly contaminated normal
materials. They can also be used to detect of fissile material such as HEU being smuggled
in the vehicle without the driver's knowledge, especially in delivery or cargo vehicles.
The information provided by these detectors is likely to be valuable enough that there is
an incentive for the driver or owner to ensure that detectors are functioning properly.

In addition, the President's budget request for FY 2006 includes the establishment of a
Domestic Nuclear Detection Office (DNDO) within the Department of Homeland
Security [DHSFY06]. Coordination between these agencies as well as CBP (Customs and
Border Protection) would be necessary.

Precedents for regulation

There are several precedents for mandating the installation of detectors in vehicles and
requiring the inspection of vehicles at major transportation choke-points. Some examples:
" To prevent automotive accident deaths due to tread separation and under-inflation,

tire pressure sensors in all four wheels of light vehicles will be required in the US by
2007, see [Crawley, 2005] and [Plungis, 2005]. At a cost of $40-$70 per vehicle, 100
lives are expected to be saved annually.

* DoT regulations on the installation of seat-belts in the context of Federal Motor
Vehicle Safety Standards [FMVSS].

* The Clean Air Act of 1970 that led to the introduction of catalytic converters and the
phase-out of tetra-ethyl lead (TEL) [CAA 1970]

• EPA's regulations on vehicle emissions testing
" The proposed Vehicle Infrastructure Integration initiative by the DoT [VII]

Respecting Personal Privacy

Unlike E-Z Pass which uniquely identifies the driver/vehicle but is also opt-in from the
driver's perspective and can even be disabled, the mandatory inclusion of an always-on
device inside each vehicle that will communicate to a state-controlled infrastructure can

24 This idea was suggested to the authors by Michael May when this material was presented at the Center

for International Security and Cooperation, Stanford University on October 11, 2005.
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raise personal privacy concerns. If privacy is made an important consideration in system
design, the DISARM checkpoints can be designed to respect privacy by discarding
information about vehicles that do not set off the in-vehicle detector. Compare this to the
extent that other security measures have already intruded on people's privacy.

* The FAA requires the inspection of bags as well as passengers at airports through
manual procedures as well as through x-ray inspections.

* Video surveillance systems are pervasive on America's streets and highways for
traffic monitoring, citations, public safety, and other applications. For example,
see [New Orleans, 2005].

* Cell phones are required (under E-9 11 provisions [E9 11]) to be able to maintain
and transmit location information.

* More than 65% of 2004 model year cars in the US were equipped with "black
boxes" that record events. Privacy advocates fear that in the future these devices
could be used to record location information and vehicle trajectories [Jones,
2004].

By comparison, the commonplace security measures listed here, a DISARM program
explicitly designed to discard information about vehicles which do not set of the in-
vehicle nuclear detector would be respectful of personal privacy.

DISARM Startup Costs

Given that the economic losses due a nuclear attack could spiral easily well into the
trillions of US dollars, at what cost would it be appropriate to startup a DISARM
program? To help gain a preliminary understanding of the most important cost drivers,
we develop back-of-the-envelope estimates based of overall system cost to deploy a
DISARM-based solution. An in-container detector capable of detecting nuclear (gamma
and neutron) radiation as well as other kinds of (conventional) explosives would cost an
estimated $250 [Flynn, 2004], which is comparable (three to four times) the cost of tire
sensors that will be mandatory in all light vehicles in the US by 2007 and are expected to
save 100 lives annually, see [Crawley, 2005] and [Plungis, 2005]. We use $250 as a
conservative estimate - when dealing with the volumes relevant to the DISARM
proposal, the costs are expected be much lower due to volume manufacturing and design,
perhaps even approaching the cost comparable to the tire air pressure sensors. At the
conservative price of $250 per detector system, to equip roughly 50 million containers
worldwide plus 250 million vehicles in the US with these detectors would cost about $75
billion.

The next major component of the system cost is the cost of deploying checkpoints, but
this turns out to be much less in comparison to the cost of detectors. Since the
checkpoints incorporate communications technology, but not detectors, once again we
conservatively approximate the cost of deploying a checkpoint by of the order of the cost
of a Wi-Fi base-station (< $10,000 today), and the number of checkpoints based on an
assumption of 10 base-stations per square mile. If we were to secure the 100 most
densely populated areas, each with an area of 50 square miles, the total number of base-
stations required is 100*10*50=50,000. The total cost to deploy these checkpoints is
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therefore $500 million = $0.50 billion, which is insignificant compared to the cost of the
in-vehicle detectors.

1 trillion dollars
(@ 5% interest rate)

1200-

1 00
-• 800

600

4.00

'2200
0

0 10 20 30 40 50

years from now

Figure 12 A future loss of $1 trillion in today's dollars

Our rough analysis suggests that in-vehicle detectors will comprise the bulk of the costs
of the system, to be borne by vehicle owners and users and probably with some
government subsidies or tax incentives. In either case, the startup cost involved (about
$75 billion) is easily justifiable given the substantial risks and the trillion dollar economic
impact that would be caused by a future US $1 trillion terrorist nuclear attack even in
terms of today's dollars. For comparison, the new NHTSA rules on tire pressure sensors
would add an additional $40-70 to the cost of a car (compared to about $250 for a
radiation sensor with DISARM) and are expected to save about 100 lives annually.

Conclusion
Detecting and intercepting terrorist nuclear weapons is a challenging problem, especially
on a national and Worldwide scale. Our analysis shows that although current and planned
,architectures represent positive steps and may offer some short-term deterrent value, they
are unlikely to be perceived as credible. New architectures involving in-vehicle detection
(DISARM) will most likely be required to overcome the problems with current
architectures. DISARM programs using existing technology to screen smaller vehicles in
conjunction with active screening and inspection of larger vehicles will likely-create a
strong deterrent for potential nuclear terrorists by uniformly raising the cost and risk of
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transporting shielded HEU. Broad adoption of a DISARM architecture will drive down
the program's costs over time.

Real-world Deployment

Technology Development

Planning & Marketing

U, WD rl_ Co 0 N M l LQ o Q 0 Q V T T T_ I0'
Q 0 0 0 0Q 0 0 0 0 0 0

CN N N C4 N N N 04 04 4 N

Figure 13 Estimated Timeline for DISARM

At the time of this writing, we are aware of no organization (public or private) that is
committed to making a DISARM-like system a reality. We envision a three-stage
approach to deployment of DISARM as illustrated in the timeline below. The first stage
is to plan and market the DISARM program in consultation with key stakeholders.
Within government this includes municipal, state, and national governments, specifically
law enforcement, military, coast guard, and transportation authorities such as the
DoT/FAA. In private industry this includes shipping and transportation companies, auto
and vehicle manufacturers.

Second, a parallel effort in system and technology design & development against
specified goals to achieve:

1. Detectors designed to be capable of detecting sufficiently small quantities of HEU
& Pu when used inside vehicles such as cargo containers (ship/rail/road),
automobiles, boats, and airplanes and can also be manufactured cost-effectively in
large volumes.

2' System design to assure infrastructure and security can be designed to work with
sufficient coverage and frequency of data collection to be useful to law
enforcement.

3. Projected manufacturing and installation costs meet targeted goals over time.
4. False positives, equipment failure rates, labor or cost, and other operational

concerns are manageable.
5. The DISARM program costs can be estimated and fall within a budget that is

justified by the value-added.
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6. Last but not least, the DISARM program in conjunction with complementary
initiatives involving fixed/handheld detectors, portals, and inspection/surveillance
together create enough risk of interception of nuclear materials to deter nuclear
terrorists.

Integration of the technology into the real-world will likely to begin with shipping
containers (land/sea/air) initially. It might subsequently be rolled out in the freight and
package/mail delivery and public sector transportation system, and then be introduced
into other transportation sectors such as automobiles through legislative mandate. The
system can eventually be deployed worldwide.
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Appendix A: Representative Detector and System Suppliers

Name Offerings Products
1 Alrad Instruments Detectors Distributor of

Berkshire, UK others' products
http://www.alrad.co.uk

2 American Science and Engineering, Inc. [AS&E] Detectors, Xray inspection
Billerica, MA Instruments & systems
www.as-e.com Systems

3 Applied Scintillation Technologies Scintillation
Harlow, UK Detectors
www.appscintech.com

4 Aracor Xray Inspection Xray inspect.,
Sunnyvale, CA systems industrial CT
http://www.aracor.com/ scan

5 Atlantic Nuclear Corp. Nuclear Distributor of
Canton, MA USA material safety others' products
www.atnuke.com

6 BAE SYSTEMS plc Systems
London, UK supplier &
www.baesystems.com Integrator

7 BIL Solutions (formerly BNFL Instrument, Ltd.) System Vehicle Portal
www.bilsolutions.co.uk Integrator Systems etc
BIL, Inc. [USA Head Office]
Santa Fe, NM

8 Berkeley Nucleonics, Inc: Radiation Radionuclide
San Rafael, CA Instruments & Detection &
www.berkeleynucleonics.com systems Identification

9 Bruker Daltonik GmbH Chem & Rad NBC instruments
04318 Leipzig, Germany Instruments Handheld
www.bdal.de detectorsSVG2

10 Canberra Industries Detectors, Portal Monitors,
Meridien, CT USA instruments & Handheld units,
CANBERRA Industries (Canberra EURISYS) systems other
Saint Quentin En Yvelines Cedex,
Francehttp://www.canberra-hs.com

11 Centronic Detectors and Semiconductor
Croydon, UK sensors detectors &
www.centronic.co.uk others

12 EADS - European Aeronautic Defence & Space Co. System
Defence Electronics Division integrator
Ryle, Netherlands
www.eads.net
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13 Exploranium [SAIC acquired December, See SAIC
2003-see SAIC]
Operated as SAIC Canada
Missisagua, Ontario Canada

14 Fluke Biomedical Radiation Management Worker health Detectors,
Services monitoring Instruments &
(acquired Cardinal Health/Victoreen) Services

Cleveland, OH USA
www.flukebiomedical.com/rms

15 GammaSight Technologies, Inc. Nonintrusive pulsed gamma
Newport News, VA, USA inspection of ray system to
http://www.gammasight.com/ closed spaces find NBC

material
16 Hopewell Designs, Inc. Detector test

Alpharetta, GA USA irradiation
http://www.hopewelldesigns.com/ standards

17 Innovative Survivability Technologies LLNL licensee Area radiation
Goleta, CA for ARAM monitoring
www.istsurvive.com -

18 L.Q.C. s.I. Radiation Wall-mount
La Escala, Spain detectors & radiation
http://www.radal.com/ alarms alarms

19 Lockheed Martin Company NBC detection MetroguardTM"

Maritime Systems and Sensors systems system
Manassas, VA USA
www.lmco.com

20 Ludlum Measurements Inc. Radiation -portal monitor
Sweetwater, TX Instruments -Conveyor
www.ludlums.com and systems monitors

21 MGP Instruments (part of Synodys group) Radiation -Monitoring
www.mgpi.com Instruments & -Dosimetry

systems -Surface
Contamination

22 Nucsafe, Inc. Detectors & Neutron & 7
Oak Ridge, TN systems detecting
www.nucsafe.com panels & instr.

22 Nuctech Company Limited Instruments Xray
Haidian District, Beijing, China PRC & systems Container &
http://www.nuctech.com/en/index.php vehicle scan

-Rad monitor
24 Orobotech Detector CZT detectors

Yavney, Israel [Billerica, MA in US] technology for medical
www.orbotech.com imaging, other

25 Passport Systems Detector Nuclear
Acton, MA technology & Resonance
www.passportsystems.com systems Fluorescence
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26 Polimaster Ltd. Radiation -Polismart y
Minsk, Belarus Instruments and n detectors
www.polimaster.com -& systems

27 Quintell of Ohio LLC Patent owner- Possibly
Beachwood OH cfTannenbaum developing
[no website] 6/21/05 remrk system

28 Rados (part of Synodys group) Systems RTM910
D22761 Hamburg, Germany Gamma Scan
www.rados.com Vehicle Portal

System

29 RAE Systems Instruments & -Rad detector
Sunnyvale, CA systems [see -Hand Held
www.raesystems.com also Polismart]. - In-container

(remote readout)
30 Rapiscan Systems Systems -Portal, fixed &

(combining Aracor, Ancor, Metor) mobile systems
Hawthorne, CA -active &

www.rapiscansystems.com passive methods

31 RFTrax, Inc. RF interrogated RAD-CZT
Allyn, WA USA sensors sensor remote
www.rftrax.com readout

(containers)
32 S.E.A. GmbH Instruments

Diilmen, Germany & systems
www.sea-duelman.de

33 SAPHYMO Instruments Vehicle,
Massy, France & systems package &
www.saphymo.com container

scanning
34 Science Application International Corp. Instruments ExploraniumTM

[SAIC] & systems portals,
San Diego, CA detectors,
http://www.saic.com/products/security mobile units

35 Target Systemelectronic GmbH Instruments Handheld &
Solingen, Germany & systems integrated y & n
www.target-systems-gmbh.de/ detectors

36 Technical Associates Instruments and
Canoga Park, CA systems
www.tech-associates.com

37 Thales Security Systems UK Ltd. System
Chessington, Surrey, United Kingdom Integrator
www.thales-security.com
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38 Thermo Electron Radiation Measurement Instruments & "Safety-guard"
and Protection Systems Portal Radiation
Erlangen, Germany Monitor

www.thermo.com
Thermo Electron Corporation Instruments & Matrix Mobile
Franklin, NJ systems Radiation
Radiation Measurement Div, Detection

Albuquerque, NM System (Matrix

http://www.thermo.com MRDS)

39 Transgalactic Instruments Instruments y radiation
1000 Sofia, Bulgaria spectrometer
www.tgi-sci.com

40 TSA Systems, Ltd. Instruments & Vehicle Portal
Longmont, Colorado, USA Systems Monitors
http://www.tsasystems.com/

Some Detector Material Developers and Manufacturers

1 Argonne Nat'l Lab Detector
Argonne, IL USA Technologies
www.anl.gov

2 Brookhaven Nat'l Laboratory CZT, Xenon,
Nonproliferation and National Security other sensors
Dept (N&NS)
www.bnl.gov

3 Brookhaven Nat'l Laboratory RADTEC
Nonproliferation and National Security detection test
Dept (N&NS) facility
www.bnl.gov/nns

4 EV Products Radiation CZT semi-
Saxonburg, PA USA detectors conductor
www.evproducts.com materials,

products
5 Imarad [Israel] - See Orbotech Above
6 LND, Inc. Custom nuclear Ionization

Oceanside [Long Island], NY detectors chambers, GM
www.lndinc.com Tubes, neutron

detectors
7 ORTEC (a brand of AMETEK, formerly an EGG Detectors &

sub) instruments
Oak Ridge, TN
http://www.ortec-online.com

8 Radiation Monitoring Devices, Inc. Detectors &
(RMD, Inc.) Instrument
Watertown, MA Research
www.rmdinc.com
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9 Sandia National Labs Neutron & y
Albuquerque, NM USA detection
www.sandia.gov microsystems

10 Scientific Production Center ASPECT Detector Plastic
141980 Dubna, Moscow Region, Russia Materials scintillators
http://aspect.dubna.ru/english

11 Yinnel Tech, Inc. Detector CdZnTe
South Bend, IN Materials

12 Non-Proliferation and Arms Control Facilitate
(NPAC) R&D to

Technology Working Group (TWG) improve FND
Fieldable Nuclear Detectors [FND]

Focus Group
13 Princeton Plasmas Physics Lab (US DOE) Detection

PPPL Tritium Systems Group subsystem
www.pppl.gov
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Appendix B: How do we track trends in worldwide terrorism?
The United States State Department chronicles terrorist incidents annually in its
publication, Patterns of Global Terrorism [US Department of State]. According to this
chronology, international terrorists conducted 199 incidents in 2002, a drop of 44% from
the previous year. However, analysis based on the RAND-MIPT terrorism'incident
database [MIPT, 2002] shows the total number of incidents in year2001 as 1532 and year
2002 as 2631, thus representing an increase of over 70%. In each instance, they employ
their chosen criteria decide what incidents are recorded as terrorism as shown in Table 1.

United States State Department
(Incident Review Panel's definition)

RAND
(Research Team's definition)

"An International Terrorist Incident is
judged significant if it results in loss of life
or serious injury to persons, abduction or
kidnapping of persons, major property
damage, and/or is an act or attempted act
that could reasonably be expected to create
the conditions noted." [p. 83, US
Department of State, 2002]

"For the purpose of this database, terrorism
is defined by the nature of the act, not by
the identity of the perpetrators. Terrorism is
violence calculated to create an atmosphere
of fear and alarm to coerce others into
actions they would not otherwise
undertake, or refrain from actions they
desired to take. Acts of terrorism are
generally directed against civilian targets.
The motives of all terrorists are political,
and terrorist actions are generally carried
out in a way that will achieve maximum
publicity. [RAND, 2003]"

Table 2 Definitions of what constitutes a terrorist incident

It appears that an order of magnitude more incidents were tracked by RAND when
compared to the State Department in 2001/2002, and these definitions alone offer little
insight into the cause of this discrepancy between the two databases. In addition to
RAND and the US State Department, other public databases for terrorist incidents exist
within government and academia. One such database is ITERATE [Vinyard Software,
2003] that chronicles terrorism incidents from 1978 onwards 25. However, we found that
the RAND-MIPT database represents the' most comprehensive, longest running, publicly
available database of worldwide terrorist incidents, and provides a detailed summary of
the incident in a format that is uniform across all incidents including description,
fatalities, injuries, location, type of weapon used, terrorist organization responsible, to
name a few..

In this paper, we employed26 data from ithe database of terrorism incidents that has been
kept by RAND and later MIPT continuously since January 1, 196827. Current until March

25 Available for a fee
26 With the aid of purpose-written automated (Perl) scripts, the entire contents of the RAND-MIPT

database was downloaded, parsed, and arranged in a tabular spreadsheet (MS Excel). Having the incident
data in this format enabled generation of charts and tables shown in this paper.
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12, 2003, the contents of the RAND database have been made available by the MIPT on
their website [MIPT, 2002]. In Figure 1, we chart the growth of terrorism incidents
according to the RAND-MIPT database.

Cumulative Incidents
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12000.

S10000"0.

_8000-

6000

4000-

0

1/28/1967 1/25/1977 1/23/1987

Date

1/20/1997

Figure 14

At the time of writing, this site was still a beta version. With over 15,000 incidents
recorded, the database system is not yet absolutely perfect. For instance, at least two
well-known incidents appeared to be missing in the RAND database that can be
attributed either to bugs in the web-based software system 28 or simply delayed in their
process of tracking and following up on incidents 29 . These bugs are being fixed.
Nevertheless, the RAND-MIPT database of incidents remains a useful chronology upon
which we can draw reasonably accurate conclusions.

Terrorism is frightening for several reasons, perhaps in large part due to the uncertainty
inherent in the terms we use to describe it such as its causes, its perpetrators, the methods
they employ, their targets, etc. To place terrorism in context, consider that the total
number of terrorism fatalities worldwide from January 1, 1968 through March 12, 2003

27 Through 1997, only international terrorist incidents were recorded by RAND. From 1998 onwards, both
domestic and international incidents were recorded.
28 bombing of the USS Cole on October 12, 2000 [RAND, 20031
29 bombing of Indian Parliament on December 12, 2001 [BBC News, 2001]
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as calculated from the RAND Terrorism database [RAND, 2003] were less than half of
total automotive accident-related fatalities that occur in the United States every year
[NHTSA, 2003]. However, in contrast to automotive accidents, terrorism is rising rapidly
and there are no actuarial tables upon which uncertainty can be managed or mitigated.
Furthermore, when gaming out plausible scenarios for terrorist incidents, the fatalities
and cost could potentially skyrocket beyond anything witnessed to date [Associated
Press, 2002].
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U-232 and the Proliferation-
Resistance of U-233 in Spent
Fuel

Jungmin Kanga and Frank N. von Hippelb

The factors influencing the level of U-232 contamination in U-233 are examined for
heavy-water-moderated, light-water-moderated and liquid-metal cooled fast breeder
reactors fueled with natural or low-enriched uranium and containing thorium mixed
with the uranium or in separate target channels. U-232 decays With a 69-year half-life
through 1.9-year half-life Th-228 to TI-208, which emits a 2.6 MeV gamma ray upon
decay.

We find that pressurized light-water-reactors fueled with LEU-thorium fuel at
high burnup (70 MWd/kg) produce U-233 with U-232 contamination levels of about 0.4
percent. At this contamination level, a 5 kg sphere of U-233 would produce a gamma-
ray dose rate of 13 and 38 rem/hr at 1 meter one and ten years after chemical purifica-
tion respectively. The associated plutonium contains 7.5 percent of the undesirable
heat-generating 88-year half-life isotope Pu-238.

However, just as it is possible to produce weapon-grade plutonium in low-burnup
fuel, it is also practical to use heavy-water reactors to produce U-233 containing only a
few ppm of U-232 if the thorium is segregated in "target" channels and discharged a
few times more frequently than the natural-uranium "driver" fuel. The dose rate from
a 5-kg solid sphere of U-233 containing 5 ppm U-232 could be reduced by a further fac-
tor of 30, to about 2 mrem/hr, with a close-fitting lead sphere weighing about 100 kg.

Thus the proliferation resistance of thorium fuel cycles depends very much upon
how they are implemented.

The original version of this manuscript was received by Science & Global Security on
15 March, 2001.
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INTRODUCTION

Uranium-233 is, like plutonium-239, a long-lived fissile isotope produced in
reactors by single-neutron capture in a naturally-occurring abundant fertile
isotope (see Figure 1). The fast critical mass of U-233 is almost identical to
that for Pu-239 and the spontaneous fission rate is much lower, reducing -to
negligible levels the problem of a spontaneous fission neutron prematurely
initiating the chain reaction -- even in a "gun-type" design such as used for the

U-235 Hiroshima bomb (see Table 1). Why then has plutonium been used as
the standard fissile material in the "pits" of modern nuclear weapons while U-
233 has not? This question is not just of historical interest, since there is
increasing interest in U-233-thorium fuel cycles.

Table 1: Comparison of some nuclear characteristics of U-233, U-235, and Pu-239

Property

Half-life (years)

Fertile isotype (con-
tinental crust mass
abundancea) and
thermal neutron
absorption cross-
section

Uranium-233

1.6x105

TH-232 (9.6ppm)

7.4 barns
(10-24 cm 2)

Uranium-235

7.0X1 08

Plutonium-239

2.4x104

U
2 3 5 is derived from U-238 (2.7 ppm)

natural uranium. (99.3% in UN)

2.7 barns

Critical Mass (kg)
(reflector)b

Neutrons released
per neutron
absorbed (energy
of neutron causing
fission)c

Spontaneous fis-
sion rate (sec-kg)-1

Decay heat (W/kg)

Delayed neutron
fractiond

8.4 (98.3% U2 3 3 )
(3.7 cm Be)

2.5 (1 MeV)
2.28 (0.025 eV)

21 (93.5% U235)
(5.1 cm Be)

2.3
2.07

7.5 (4.9% Pu 240)
(4.2 cm Be)

2.9
2.11

2.5x104
(for 6% Pu

2 4 0

2.4 (6% Pu 2 4 0 )

0.00212

0.5

0.3

0.00266

0.6 (for 1% U2 3 4 and
5.5% U2 38

10-4

0.0065

a. Handbook of chemistry and Physics, 76th edition (1995.6): 14-11.
b. Critical Dimensions of Systems Containing U-235, Pu-239, and U-233 (LA-10860-MS, Los Alamos National Laboratory, 1986

revision), Plutonium, 15.6 gm/cc: U-233, 18.6 gm/cc.
c. A.M, Perry and AM. Weinberg, "Thermal Breeder Reactors, Annual Review of Nuclear and Particle Science, 22 (1972): 317-

354.
d. Thorium based fuel options for the generation of electricity: Developments in the 7990s (Vienna, IAEA-TECDOC-1155, May

. 2000): 9.
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Figure 1: Production of Pu-239 and U-233.

In this paper we examine: how U-233 can be produced in existing reactor
types; its attractions as a reactor fuel; the determinants of the co-production of
U232, one of whose decay products emits hard gamma rays; and the influence

of that isotope at various contamination levels on the weapons-usability of U-
233. Our findings are summarized in the body of the paper. The calculational
tools are described in the Appendices.
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Figure 2: Net produfion rate of Pu-239 per Megawatt-day (MWd) of fission energy
released as a function of bumup in HWR and pressurized light-water reactor (PWR) fuel.

U-233 Production
One of the most important reasons why plutonium was chosen over U-233 as a
weapons material is that first-generation plutonium-production reactors were
fueled by natural uranium, which contains almost as large a fraction of neu-
tron-absorbing fertile material (U-238) as is possible consistent with a reactor
achieving criticality. In a natural-uranium fueled reactor, such as the Cana-
dian heavy-water-moderated (HWR) reactor type, Pu-239 is produced by neu-
tron absorption in U-238 at a rate of about one gram of plutonium per thermal
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Figure 3: Net production rate of U-233 as a function of burnup of driver fuel per MWd in a
PWR and In a natural-uranium-fueled HWR for thorium mixed In the fuel, or In separate
channels (one out of nine), or in channels on the periphery of the core.

megawatt-day (MWd) of fission energy release at low U-235 "burnups," (see
Figure 2).1 Approximately one MWd is released by the fission of one gram of
fissile material. After taking into account the neutron requirements for main-
taining a steady chain reaction, there is about one excess neutron available
per fission and virtually all of these neutrons are absorbed by U-238.2

Production of U-233 requires the addition of the fertile material Th-232.
If the fuel is natural uranium, only a relatively small percentage of thorium
can be added before it becomes impossible to sustain a chain reaction. We esti-
mate that about 7 percent thorium oxide can be added to HWR fuel before the
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achievable burnup is reduced from 7000 to 1000 MWd/t (thermal megawatt-
days per ton-heavy metal). Because the thermal-neutron absorption cross-sec-
tion of Th-232 is almost 3 times larger than that of U-238, this concentration
of thorium would yield about 0.2 grams of U-233 per MWd at burnups lower
than 1000 MWd/t (see Figure 3). Thus most of the fissile material produced in
the core would still be plutonium.

In all the figures in this article, we include in the production of Pu-239 and
U-233, the production of their short-lived precursors, Np-239 (2.4-day half-
life) and Pa-233 (27-day half-life) respectively.

For a country with uranium-enrichment capabilities, the balance between
plutonium and U-233 production could be shifted almost all the way toward
U-233 by fueling production reactors with highly-enriched uranium. Indeed
the U.S. produced much of its weapons plutonium in the Savannah River
heavy-water-moderated production reactors, using highly-enriched uranium
fuel and depleted uranium targets in mixed-lattice arrangements.3

U-232 Radiation Hazard
A second problem with U-233 as a fissile material for either weapons or reac-
tor fuel is that it contains an admixture of U-232, whose decay chain produces
penetrating gamma rays., The decay chain of U-232 is shown in Figure 4.
The most important gamma emitter, accounting for about 85 percent of the
total dose from U-232 after 2 years, is T1-208, which emits a 2.6-MeV gamma
ray when it decays (see Appendix C). For plutonium containing a significant
admixture of 14.4-year half-life Pu-241, the most important source of
gamma-ray irradiation from is its 433-year half-life decay product, Am-241,
which emits low-energy (< 0.1 MeV) gamma rays. These gamma rays do not
represent a significant occupational hazard for weapon-grade plutonium
(0.36% Pu-241) but their dose becomes more significant for "reactor-grade"
plutonium, which contains on the order of 10 percent Pu-241. Thus both U-
233 contaminated with U-232 and reactor-grade plutonium are made less
desirable as weapons materials by virtue of the fact that their gamma emis-
sions bring with them the potential for significant radiation doses or shielding
requirements .for workers involved in nuclear weapons production and for mil-
itary personnel handling nuclear weapons.

Figure 5a shows the calculated buildup with time of the gamma dose rate
0.5 meters (a typical working distance for glove-box operations) from 5-kg
spheres of freshly separated U-233 containing 0, 1 and 5 ppm of U-232. It will
be seen that the dose rate from pure U-233 is of the same order as that from
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Figure 4: Decay chains of U-232 and U-233.

weapon-grade plutonium. For U-233 containing U-232, the buildup in dose
rate with time reflects the in-growth of Th-228, which has a half-life of 1.9
years. After this in-growth, the dose rate from U-233 containing 1 ppm U-232
is about the same as reactor-grade plutonium after a large fraction of its 14.1-
year half-life. Pu-241 (initially 9.1 % of the plutonium)4 has decayed to Am-
241.

Figure 5b shows the effectiveness of lead shielding in reducing the dose
from 5 kg spheres of reactor-grade plutonium and U-233 as a function of the
weight of lead in a close-fitting shell. It will be seen that the lower-energy
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Figure 5a: Radiation-dose-rate buildup at 0.5 m from 5-kg spheres of U-233 and Pu-239 for
different admixtures of U-232 and higher plutonium Isotopes, respectivety.

gamma rays from the plutonium are easily shielded. Shielding the neutron
dose from spontaneous fission of the even-numbered plutonium isotopes in
reactor-grade plutonium would require a relatively thick layer of neutron
moderator containing hydrogen (e.g. plastic) followed by a layer of neutron
absorbing material and then additional shielding from the gamma-rays pro-
duced when the neutrons are captured.

Occupational radiation doses are currently limited to 5 rem/yr in the US.5

A worker could be 0.5 meters from an unshielded 5-kg sphere of 1-year-sepa-
rated weapon-grade plutonium (dose rate, 1.3 mrem/hr) for almost 3800 hours
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Figure 5b: Raditaon-dose-rote attenuation for one-yeor-old separated reactor-grade pluto-
nium and U-233 containing 5 ppm U-232 as a function of the weight of a close-fitting hollow-
sphere lead shield.

before reaching that dose limit. After in-growth of Am-241, the dose rate from
a sphere of reactor-grade plutonium one year after separation would be about
8.2 mrem/hr, limiting the worker to about 610 contact hours per year. The sit-
uation is about the same with U-233 containing 1 ppm U-232 after in-growth
of T1-208. For 'l-year-separated U-233 containing 5 ppm U-232, a worker
could only be allowed about 80 contact hours. Thus maximizing the contami-
nation level of U-232 in U-233 would make it both significantly more difficult
to fabricate and make it more detectable because of the difficulty of shielding
the 2.6 MeV gamma ray. However, it would require a level of 2.4 percent U-
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232 before the U-233 would satisfy the IAEA's standard for reduced physical-
protection requirements (>100 rem/hr at 1 meter).6

Table 2: Unshielded working hours required to accumulate a 5 rem dose (5 kg
sphere of metal at 0.5 m one year after separation)

Metal Dose Rate (rem/hr) Hours

Weapon-grade plutonium 0,0013 3800

Reactor-grade plutonium 0,0082 610

U-233 containing lppm U-232 .,0.013 380

U-233 containing 5ppm U-232 0.059 80

U-233 containing 100 ppm U-232 1.27 4

U-233 containing 1 percent U-232 127 0.04

India's Department of Atomic Energy (DAE) has been concerned about the
occupational hazards associated with the fabrication of fuel containing U-233.
Its long-term ambition is to cleanse U-233 down to "a few ppm" U-232 using
laser isotope purification.7 In the meantime, a 1993 article from the Bhabba
Atomic Research Center in Bombay reported a 6.7 person-rem summed dose
incurred by workers fabricating a research-reactor core containing 0.6 kg
"clean" U-233 containing 3 ppm U-232. 8

Interest in U-233 as a Reactor Fuel
One reason for interest in U-233 as a reactor fuel is the superior conversion

ratios CR that can be achieved with it in slow-neutron reactors.9 It will be seen
from Table 1 that about 0.2 more neutrons are produced on average per "ther-

mal" (20 °C or 0.025 eV) neutron absorbed on U-233 than for absorption in Pu-
239. This difference increases with neutron energy to about 0.4 at 0.1 eV neu-
tron energy and to about 0.6 at 0.3 eV. These are important differences

because the amount of fissile material required per megawatt-day of fission
energy released from closed fuel cycles is proportional to 1-CR. In fact, the
Th-232/U-233 fuel cycle can have CR > 1, i.e. be a net "breeder" of fissile mate-
rial in thermal-neutron reactors if the use of neutron "poisons" to control
excess reactivity is minimized by use of continuous fueling or geometry control

of reactivity.
There was a great deal of interest in breeder reactors from the 1940s

through the 1970s. During this period it was believed that world nuclear-
power capacity would rapidly outgrow the ability of the world's high-grade
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uranium resources to support reactors fueled by natural or low-enriched ura-
nium and operating on "once-through" fuel cycles. Most attention was focused
on fast-neutron breeder reactors based on a "closed" U-238/Pu-239 fuel cycle
(i.e. one involving the recycle of plutonium). But detailed studies, experi-
ments, and even demonstrations were carried out with various types of ther-
mal-neutron breeder reactors operating on a closed Th-232/U-233 fuel cycle,
including-, heavy-water reactors,10 light-water reactors,"1 and molten-salt
reactors.

12

Interest in breeder reactors has waned because world nuclear-power
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capacity is an order of magnitude lower than projected in the mid-1970s;
reprocessing and plutonium fuel fabrication costs are an order of magnitude
higher; and uranium costs are an order of magnitude lower. However, interest

in the thorium fuel cycle continues in India, because of its relatively small
uranium reserves, large thorium resources, and the unwillingness of uranium
exporters to sell it uranium because it is not a party to the Nonproliferation
Treaty. Indeed, India's nuclear establishment continues to adhere to the 3-
stage plan of nuclear-energy development laid out in the 1950s by its founder,
Homi Bhabba. The first stage involves the use of HWRs fueled by natural ura-
nium and light-water reactors fueled by low-enriched uranium. In the second
stage, plutonium extracted from the spent fuel of these reactors is be used as
startup fuel for liquid-sodium-cooled fast breeder reactors. In the third stage,
U-233 produced by neutron capture in the thorium blankets of these breeder
reactors would be mixed with thorium and used to start up heavy-water and
perhaps also high-temperature gas-cooled reactors operating on a closed Th-
232/U-233 fuel cycle. 13

Recently, there has also been a revival of interest in thorium in the U.S.
and Western Europe because it can be used to increase the achievable burn-
ups in light-water-reactors operating on a once-through fuel cycle and also
reduce the quantity of weapons-usable transuranic elements in radioactive
waste. 14 Five successive neutron captures are required before Np-237 is pro-
duced from Th-232 whereas a single neutron capture on U-238 produces Pu-
239 (see Figure 6).15 Proposals have therefore been brought forward for light-
water-reactor designs in which thorium largely replaces U-238 16 and for accel-
erator-driven fast-neutron sub-critical reactors that would produce U-233 out
of thorium.

17

Isotopic "Denaturing" of U-233 for weapons use
According to the IAEA, the enrichment boundary below which enriched ura-
nium is not directly usable to make fission explosives is 20 percent U-235.
Thus dilution by U-238 "denatures" U-235 for weapons purposes. There is no
comparable isotopic dilutant for plutonium.18 However, U-238 is available in
abundance in natural and depleted uranium to denature U-233. Figure 7
shows the reflected critical mass of U-233 and U-235 mixtures with U-238 as a
function of percentage of the fissile isotope. 19 It will be seen that the critical
mass of a sphere of uranium 20-percent enriched in U-235 and surrounded by
a 4-cm thick layer of beryllium is about 400 kg. A U-233/U-238 mixture has a
corresponding critical mass when the U-233 percentage is approximately 12
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percent.
Uranium enriched to just under 20 percent in U-235 may not be directly

useable to make a nuclear explosive. However, it requires only about one
quarter as much enrichment work to enrich to weapon grade (90 percent U-
235) as from 4.5% enriched uranium.2 0

Determinants of U-232 concentration in U-233. U-232 is produced from
Th-232 via two of the reaction chains shown in Figure 6. Each of these chains
involves a neutron-absorption (n,y) reaction and a reaction in which an
incoming neutron knocks two neutrons out of a target nucleus [(n,2n) reac-
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Figure 8: Cross-sections for neutron absorpflon: a) (n, gamma) and b) (n.2n) reactions on
Th-232.

tion]. U-232 can also be produced by two successive single neutron captures
starting with naturally-occurring Th-230. Thorium-230 is a decay product of
U-234, which is in turn a decay product of U-238, is in secular equilibrium at a
concentration of about 17 ppm in natural uranium. -Minimizing U-232 pro-
duction therefore requires naturally thorium that is minimally contaminated
with Th-230 from intermixed or nearby natural uranium. In the calculations
described below, we have assumed zero Th-230 contamination and have tested
the sensitivity of the results to a contamination level of I ppm.

The threshold neutron energy required for the (n,2n) reactions involved in
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U-232 production is around 6MeV.2 1 Such energies are found only in the high-
energy tail of the fission spectrum. (Figure 8 shows the cross-section for neu-
tron-capture [n, y I and [n, 2n] reactions on Th-232.2 2 ) The fission-spectrum
average cross-sections are 14.46 mb for the reaction n + Th232 -- Th231 + 2n
and 4.08 mb for the reaction n + U233 -- U232 + 2n .23 The development of the
U-232/ U-233 concentration ratio in thorium therefore depends upon the frac-
tion of the neutron fluence above 6 MeV in the thorium target material,

Figure 9a and Table 3 show a fission neutron-energy spectrum and com-
pare it with the neutron energy spectra in the fuel of HWR, PWR and LMFBR
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Figure 9b: Neutron-energy spectrum in HWR fuel compared with those In mixed thorium-
uranium fuel channel and thorium target'channels in the core and on the core periphery.

reactors.2 4 The portions of the neutron fluence above 6 MeV are reduced
respectively by factors of about 0.15, 0.3 and 0.15 relativeto the fission spec-
trum. The high-energy fluence is still less in a core location away from the
fuel. Figure 9b shows the neutron spectrum in HWR channels filled with tho-
rium "target" assemblies inside and in the periphery of an HWR core com-
pared with the neutron spectrum in a fuel channel. In both cases, the flux in
the high-energy tail is reduced by a factor of about 0.01 relative to the fission
spectrum. Figure 9c shows the neutron spectrum in an LMFBR radial tho-
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rium blanket compared to that in the core.

Table 3: Percentage of neutron flux in different energy intervals for fission spectrum
and in HWR, PWR, and LMFBR fuel and target channels (percent).

Energy interval , E!leV leV<E<6MeV E>6MeV
(in electron Volts [eV], and
millions of eV [MeV]

Fission Spectrum - 97.4 2.6

HWR
Mixed Fuel(7% ThO 2) 41.0 58.0 0.4
Target channel 81.5 18.5 0.02

PWR
Fuel (70% ThO 2 , 30% U02) 8.4 90.8 0.8

LMFBR
Core Fuel (ThO 2, U0 2) - 99.6 0.4
Radial blanket (ThO 2) - 99.9 0.1

Figure 10 shows the U-232/U-233 ratio as a function of the U-233/Th-232 con-
centration ratio for: U-233 production in: thorium mixed with natural-ura-
nium fuel and in a separate thorium target channel in a HWR; a mixture of
19.5% enriched uranium and thorium in a homogenous PWR core; and in an
LMFBR thorium blanket. 25

It will be seen that, in general, U-232 contamination of the U-233
increases with burnup, reflecting the fact that two successive neutron cap-
tures are required to produce U-232. It will also be seen that contamination
levels at comparable U-233/Th-232 ratios are higher for PWR's than in homo-
geneously fueled HWRs and lower for HWRs in which the thorium is segre-
gated into separate "target" channels and in LMFBR blankets. To first order,
these differences are explainable by differences in the presence of high-energy
neutrons in the corresponding neutron spectra, as shown in Table 3.

"Clean" U-233 with a low (< 1 ppm) U-232 contamination can be produced
in heavy-water reactors in mass fractions up to 0.2 percent in thorium "tar-
gets" (see Figure 10). The corresponding mass fraction in which "weapon-
grade" (< 6% Pu-240 plutonium) is produced in natural uranium is 0.12 per-
cent (see Figures 11a and 2). However, for a natural-uranium-fuel reactor, the
production rate would be limited to about one quarter of that feasible for
weapon-grade plutonium (see Figures 2 and 3). Plutonium containing less
than 6-percent Pu-240 is considered weapon-grade, although plutonium con-
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Figure I Ia: Plutonium Isotopics as a function of burnup In a natural-uranium fueled
heavy-water reactor.

taining more Pu-240 is weapons-usable.
For LWRs with feasible target replacement schedules (on the order of ten

times the frequency for maximum driver-fuel burnup) the concentration of U-
232 will be above 100 ppm. At such contamination levels, remote production
operations would be required to produce fuel or weapons on a large scale with-
out incurring large occupational doses. However, it could still be feasible for a
highly motivated group to make a few nuclear weapons with this material
without remote processing facilities.

The U-232 contamination level in U-233 would reach about 2000 ppm in

r+-
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Figure I I bl Plutonium isptopics as a function of burnup In a pressurized light-water reac-
tor (PWR) fueled with 4.5-percent enriched uranium.

LMFBR core fuel in equilibrium recycle. 26 The contamination level of the U-
233 produced in LWRs fueled with mixtures of enriched uranium and thorium
would be still higher but, even at several thousand ppm, the dose rate from a
5-kg sphere of U-233 would be still about an order-of-magnitude lower than
that required to achieve the IAEA criterion for self-protection of 100-rem per
hour at 1 meter (see Table 2).

For "fresh" U-233, i.e. U-233 cleansed of the U-232 decay product Th-228,
more recently than one year, the dose rates would be proportionately smaller.
Furthermore, after a U-233 "pit" for a nuclear weapon had been fabricated, it
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Figure 1 Ic: Plutonium Isotopics as a function of burnup in a PWR fueled with a 1:3 mixture of
19.5-percent enriched uranium and thorium.

would be practical to reduce the radiation levels to nearby personnel by an
order of magnitude with a portable lead shield if the warhead design were
such that the pit was solid and insertable shortly before use. Such designs
were standard for safety reasons in early U.S. nuclear bombs. 27

'-N
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Conclusions
On the one hand, gamma radiation from U-232 makes the U-233 from high-
burnup U-233-thorium fuel cycles more of a radiation hazard than plutonium.
On the other hand, because of its low rate of spontaneous-neutron emission,
U-233 can, unlike plutonium, be used in simple "gun-type" fission-weapon
designs without significant danger of the yield being reduced by premature
initiation of the fission chain reaction.

The necessity for remote handling of heavily U-232 contaminated U-233
in a closed fuel cycle provides a strong incentive for integration of reprocessing
and fuel-fabrication. Such integration was envisioned for plutonium breeder
reactors in the integral fast reactor proposaL2 8 In the case of the molten-salt
U-233 breeder reactor, it was proposed to have continual chemical processing
of a stream of liquid fuel. Such an arrangement also offers a way to com-
pletely bypass the U-232 contamination problem because 27-day half-life Pa-
233 could be separated out before it decays into U-233.29

In any case, no fuel cycle involving the separation and recycle of U-233
would approach the proliferation resistance of unreprocessed spent fuel from
which the radiation dose rate is on the order of one thousand rem per hour at
one meter for decades after discharge. 30

Appendix A: Calculation of U-233, U232 and Plutonium Production
using ORIGEN2 and MCNP
The Oak Ridge Isotope Generation and Depletion Code (ORIGEN 2.1) was

used to calculate the buildup and depletion of isotopes in reactor fuel and fer-
tile materials. ORIGEN2 is a depletion code using a matrix exponential
method to calculate the production, transmutation and decay of nuclides. It is
a one-group code, i.e. it comes with nuclear cross-sections which have already
been convoluted with the neutron energy spectra of different reactors. A start-
ing mix of isotopes is exposed to this neutron flux and the buildup and deple-
tion of different species is calculated in steps of total fluence corresponding to
60-day time-steps. Many of the plots shown in this paper are obtained from
correlations of isotope ratios calculated in this way.

In calculating the production rates of actinides in the fuel of natural-ura-
nium-fueled HWRs and LEU-fueled PWRs, we used the CANDUNAU.LIB and
PWRU50.LIB respectively in the ORIGEN2 cross section library. However, for
production rates of actinides in thorium bearing fuels and targets in HWRs,
PWRs, and LMFBRs, we modified the cross section libraries of CAND-
UNAU.LIB, PWRD5D35.LIB, and AMOOTTTR.LIB respectively, using set of
accurate neutron fluences and one-group cross sections using the MCNP code.
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MCNP is a Monte Carlo code that can calculate the transport and interaction

of neutrons, photons and electrons in a three dimensional system.
ORIGEN2 was then used to do the buildup and depletion calculations for

the isotopes in the fuel. The resultant ORIGEN2 output composition is then
incorporated into a new MCNP input and a new set of fluxes and cross sec-

tions calculated. The entire cycle is repeated for each time-step.

Appendix B: Calculating one-group transmutation cross-sections
using MCNP

MCNP. The neutron energy spectra in different core regions were calculated
using simplified core models in MCNP. In this code, a cycle of calculations is
initiated by introducing an initial number of neutrons into the reactor fuel

with a fission-spectrum energy distribution. The code then follows the trajec-
tory of each neutron, selecting on a random probabilistic basis in steps along

the trajectory one of all the possible interactions (including none) that the

neutron could have had.
Each neutron is followed until lost by absorption or leakage. Then a new

set of neutrons is generated probabilistically at sources determined by reac-
tions [fission or (n, 2n)] associated with the absorption ofthe first set. Thus
the calculation follows the neutrons generation by generation. After a number
of generations, the neutron energy and spatial distributions become insensi-
tive to the starting distribution. Output results are then calculated by averag-
ing the results of subsequent generations. We end the calculations when the
standard deviations of the statistical fluctuation in the averages being calcu-
lated have been reduced to less than 5 percent.

The neutron multiplication factor of an assembly (keff) is calculated from
the average number of neutrons produced per neutron absorbed. The produc-
tion of specific isotopes per neutron absorbed in, for example, Th-232 is calcu-
lated by taking the average of the ratio of the number of atoms of that isotope
produced divided by the number of neutrons absorbed in Th-232. Neutron
energy spectra are calculated by adding the total path lengths of neutrons in a

particular energy interval and dividing by the total neutron path-length.
Neutron cross sections are calculated from the number of reactions of a speci-
fied type per unit volume (R, ) in a homogeneous region divided by the concen-
tration of the target species (Nt ) and by the total neutron path-length Ln per
unit volume in that region.

(Ti = Ri/(NtL,)
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HWR core models. In CANDU HWR cores the fuel is placed in "pressure

tubes" carrying pressurized high-temperature heavy water coolant. A 600-

MWe CANDU HWR contains 380 fuel channels (see Figure B-131 ). The pres-
sure tube is surrounded by an insulating, gas-filled gap and "calandria" tube.

The calandria tubes are submerged in a large tank (the calandria) of cooled

low-pressure heavy water moderator. Each channel contains twelve 50-cm-
long fuel bundles.3 2 Each fuel bundle contains 37 fuel rods, approximately 1.2

cm in diameter. Table B-1 gives the tube and fuel-element dimensions, mate-

rials and material densities.
In the MCNP calculations whose results are presented here, the fuel bun-

dle and pressurized heavy water, are treated as a homogeneous mix inside the
tube and the pressure and calandria tube materials are mixed with the mod-
erator heavy-water outside. The cross-section of the calandria is divided into
square cells, as shown in Figure B-1, each of which contains one calandria

tube.
In all HIWR calculations, the amount of thorium added was limited by the

requirement that keff 1.01 at a core fuel burnup of 1000 MWd/ton-U. This is

one seventh of the typical burnup in HWRs fueled with natural uranium but

typical of the burnups used to produce weapori-grade plutonium from natural
uranium fuel. 33

Homogeneous-core calculations were done in single-cell approximation

(see Figure B-2a). The effect of the surrounding core was simulated by impos-
ing reflecting boundary conditions (i.e. any neutron leaving the cell was
replaced by a neutron of the same energy entering at the same point from the

adjoining cell with the component of its velocity vector perpendicular to the
cell wall reversed). This is a reasonable approximation when the core radius is
large measured in cell diameters.

For heterogeneous cores, partial-core models involving multiple cells were

used. For cases where fuel and thorium target assemblies were in separate
pressure tubes, we did a 3x3 "super-cell" calculation with the thorium cell in

the center (see Figure B-2b). The presence of channels surrounding the super-
cell was again simulated by making the outer boundaries of the super-cell
neutron reflecting.

For the case with thorium channels on the periphery of the reactor, a 95-

cell super-cell was used (see Figure B-2c). Here the boundaries adjoining
other parts of the core were made reflecting. The boundaries that were out-
side of the reactor, including, the ends of the cells, were made absorbing,

reflecting the neutron leakage from the core.
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Table B-i: Heavy-water reactor (CANDU 600) fuel, tube and cell dimensions,
materials and densities34

Fuel rods per bundle
Uranium enrichment
Fuel pellet diameter
Cladding thickness
Cladding and tube material
Pressure tube inside diameter
Pressure tube thickness
Calandria tube inside diameter
Calandria tube thickness
Tube spacing (square array)
Length of fuel channel
U0 2 density
Th0 2 density
Zircalloy density
Coolant (D20, 561 OK) density
Moderator (D20, 346 OK) density

37
0.711 w/o (natural)
1.217 cm
0.041 cm
Zircalloy-4
10.363 cm
0.419 cm
12.878 cm
0.156cm
28.575 cm
600 cm
10.36 g/cm

3

9.45 g/cm
3

6.50 g/cm
3

0.81 g/cm
3

1.11 g/cm
3

Table B-2: PWR fuel pin and cell dimensions, materials and densities35

Fuel pellet diameter
Active fuel length
Uranium enrichment
Cladding thickness
Cladding material
Cell dimension
U0 2 density
ThO 2 density
Zircalloy density
Coolant (H20, 605 °K) density

0.819 cm
365.8 cm
4.5 w/o
0.057 cm
Zircalloy-4
1.26 x 1.26 cm
10.36 g/cm3
9.45 g/cm,
6.50 g/cm

3

0.64 g/cm
3

PWR and LMFBR Core Models
Since fuel pins are closely spaced with no major gaps in PWR (and LMFBR)
cores, homogeneous-core calculations were done with a cell. including a single
fuel pin with its share of surrounding light-water (or sodium) coolant/modera-
tor with a reflecting boundary The specifications for the pin' and cell are
shown in Table B-2 (B-3).
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Table B-3: 1 GWe LMFBR core dimensions, materials and densities36

Radii
Core 162.2 cm
Radial blanket outer edge 202.5 cm
Shield inner edge 254.6 cm

Heights
Core 50 cm
Axial blanket 35 cm

Volume ratio (Fuel or target material/
Structure/Coolant)
Core 40.5/22.4/37.1
Radial blanket 50.5/18.4/37.1

Material
Fuel (U, Th)0 2
Radial and axial blanket ThO 2

Heavy metal isotopic ratio of core
Th-232/U-232/U-233/U-234/U-235 79.31/0.04/17.22/2.98/0.45

(U, Th)0 2 density 9.64 g/cm 3

ThO 2 density 9-45 g/cm 3

Stainless steel (SS-304) density 0.97 g/cm3

Coolant (Na, 823 OK) density 0.84 g/cm3

Appendix C: Calculating dose rates using ORIGEN2 and MCNP
We calculated the radiation doses from 5-kg spheres of uranium and pluto-
nium metal of varying isotopic composition (see Table C-i). Given a specified
initial mix of radioisotopes, ORIGEN2 calculates, as a function of decay time,
the source intensities of spontaneous neutron emissions and gamma-ray emis-
sions - the latter grouped in 18 energy intervals.

This radiation-source data is then used as input to MCNP which performs
radiation transport calculations throughout the material yielding the intensi-
ties and energy spectra of the gamma-rays and neutrons leaving the sphere.
Self-shielding by the human body is simulated by assuming a 10-cm-thick
water shield around the sphere. The dose rate at a point 0.5 m from the
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sphere surface is then calculated using ANSI/ANS-1991 fluence-to-dose fac-
tors.3 8 Statistics are accumulated until the standard-deviation uncertainty is
less than 5 percent. Figure 5a and Table C-2 show the calculated buildup of
the dose rates from the 5-kg spheres as a function of time.

Table C-1: Composition of 5-kg U and Pu spherical radiation sources

Pure U-233 U-233
+1 ppm U-232

Plutonium
39

Weapon-grade Reactor-grade

Density (g/cm3) 19.05 19.05 19.86 19.86

Sphere radius 3.97 3.97 3.92
(cm)
Isotopic %
U-232 0.0 0.0001
U-233 100.0 99.9999
Pu-238 0.01
Pu-239 93.80
Pu-240 5.80
Pu-241 0.35
Pu-242 0.02

Table C-2: Dose rates 0,5 m from surface of 5-kg spheres of U and

3.92

1.3
60.3
24.3
9.1
5.0

Pu (mrem/hr)

Source Material Radiation Type 0 yr I yr 5 yr 10 yr 15 yr

U-233
* 0 ppm U-232

U-233
I ppm U-232

Weapon-grade
Plutonium

Reactor-grade
Plutonium

Gamma 0.32 0.42 0.84 1.35 1.89

Gamma 0.32 13.08 35.10 39.57 39.17
(from TI-208) (0.00) (11.12) (29.96) (33.48) (32.64)

Gamma
Neutron
Total

0.49 0.71 1.16 1.57 1.84
0.56 0.56 0.56 0.56 0.56
1.05 1.27 1.71 2.13 2.40

Gamma
(from Am-241)
Neutron
Total

0.49
(0.00)
2.66
3.16

5.54
(3.24)
2.66
8.20

16,72
(14.60)
2.65,
19.37

28.64
(26.00)
2.64
31.28

37,54
(34.80)
2.63
40.17
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Abstract. Results of investigations of combined effect of molten fluoride
salt and electron irradiation on structure, mechanical properties and corro-
sion of Ni-based alloys are reviewed.

Keywords: molten salt reactor; Ni-based alloys; electron irradiation test facility;
microstructure; corrosion; mechanical properties

1. Introduction

Fluoride molten salts (MS) are considered as means of heat and/or fuel
transport in Generation IV (G-IV) nuclear reactors. Fluid fuel in form of
fissile and fertile materials dissolved in MS is promising fuel for both MS
reactors and subcritical accelerator driven systems. MS also can serve as a
coolant of high-temperature low pressure systems.

It is commonly believed that Ni-Mo alloys (the Hastelloys) are O5roper
construction materials for MS transportation pipes. The Hastelloy N (see
Table 1) was successfully used in the molten salt reactor experiment (Hau-
bereich and Engel, 1970) but the experiment duration time was in order of
magnitude less than a reasonable time of G-IV reactor operation. Since that
time corrosion tests of Ni-Mo alloys of different compositions were per-
formed in loops without irradiation (DeVan, 1969, Ignatiev et al., 2006).
These tests were focused on investigation of role of different dopants on the
corrosion rate. In part, it was revealed that small amount of Nb (0.5+2wt%)
depresses the corrosion of alloys in fluoride MS.

Since corrosion is result of transport and dissolution of the alloy com-
ponents in MS, impact of irradiation on the corrosion is considerable for
two reasons. First, irradiation increases the chemical reaction rates within
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the salt-alloy interface. Second, irradiation accelerates the bulk diffusion
due to generation of point defects. Therefore one can expect that corrosion
of alloys under irradiation can dramatically differ from those without irra-
diation. It has to be noted that microscopic mechanisms of the structural and
compositional changes of Ni-Mo alloys in the molten salts under and with-
out irradiation were never studied in detail. Very scant information about
precipitations and heterogeneities of these alloys is available.

Experiments using reactor irradiation are rather expensive. For this rea-
son the idea to simulate the reactor irradiation by accelerated electrons or
ions is in use for a long time. Evidently, the electron (e) irradiation is an
efficient tool to impact the corrosion process due to enhancement of the in-
terface corrosion kinetics. But it is less efficient in simulation of the bulk
effects of reactor irradiation. Therefore an important issue is corresponding
data of the simulative tests under e-irradiation to the results of reactor irra-
diation. To solve this problem both reactor tests and computer simulations
can be used.

In this lecture I present a review of results of the corrosion tests of Ni-
Mo alloys of two compositions (with and without Nb) under and without
electron irradiation at T= 660'C. Partially the results obtained were pub-
lished in the special issue' "Materials for molten salt reactors" (Guest eds.
A.S. Bakai and F.A. Garner) and reviewed by Azhazha et al. (2005a).

Results of extensive simulations determining quantitative irradiation
characteristics of both 10 MeV electrons and MS reactors (MSR) with dif-
ferent neutron spectra are given, too. These results allow to judge about
suitability of the simulation experiment data.

2. Methodology

2.1. ELECTRON IRRADIATION TEST FACILITY (EITF)

Specific features of the electron irradiation which are relevant to these in-
vestigations are the following:

1. Because energetic thresholds of nuclear reactions induced by electrons
and y-quanta are -10 MeV, use of the electron beams of 10 MeV energy
does not induce considerable radioactivity in the irradiated materials.
For this reason hot cells are not needed in post-irradiation investiga-
tions.

Problems of Atomic Science and Technology. Ser.: Radiation Damage Physics and Ra-
diation Materials Science, No. 4(87), 2005, available online at http://vant.kipt.kharkov.ua.
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2. The penetration depth of electrons with 10 MeV energy is of on the or-
der of several centimeters. On this length scale the electron energy de-
creases from 10 to -1 MeV or less due to bremsstrahlung and another
inelastic energy-loss processes. Therefore, on one hand, the test am-
poules can have reasonable sizes to mimic large scale experiments and,
on the other hand, the irradiation conditions change strongly over a
comparatively small length. Therefore we can use many specimens of
sub millimeter thickness within one ampoule to investigate the depend-
ence of corrosion and radiation damage processes versus energy depos-
ited by e- and y fields.

3. The electron beam can be used as an efficient heater of the irradiated
target, to maintain a desired temperature if the electron beam power,
target geometry and construction are chosen properly.

The EITF test bench construction (Azhazha et al., 2005b) is shown in
Fig. 1. It was designed taking into account calculations of the e- and y fields
as well as calculations of 'the thermal balance and temperature field (Bakai
et al., 2005a, 2005b).

2.2. SIMULATIONS OF THE ELECTRONS AND GAMMA FIELDS AND
DEPOSITED ENERGY DISTRIBUTION.

The e- and y radiation fields, the profiles of deposited energy Edep in salt and
samples, as well as the point defect generation in alloy have been calculated
by using radiation transport codes in the test bench geometry (Bakai et al.,
2004, 2005a, 2007). A novel computer code RaT (Dyuldya et al., 2006)
based on the CERN GEANT4 Monte Carlo toolkit (Agostinelli et al., 2003)
was used for this simulation. The results of simulations are needed for op-
timization of the ampoule construction, as well as for obtaining quantitative
dependencies of the specimen properties on the dose.

2.3. TEMPERATURE DISTRIBUTION

Equations of the heat balance, taking into account the integral deposited
energy and the radiant heat from the surface, is the basis for estimation of
the temperature balance of the total irradiated target. To calculate the tem-
perature field within an ampoule the deposited energy distribution and heat
transport equations have to be deduced and solved (Bakai et al., 2005b).
The temperature distribution is an important characteristic of the irradiated
target. In our experiments the goal was to make this distribution as homo-
geneous as possible.
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2.4. MECHANICAL TESTS

Macroscopic mechanical properties are changing due to the influence of the
molten fluoride salts and irradiation. These changes are caused by micro-
structural alternations, primarily by alternations of the grain boundaries and
dislocation system, as well as by compositional heterogeneities induced by
radiation. Along with the standard mechanical tests (Azhazha et al., 2005c),
microindentations and nanoindentations of the materials in the vicinity of
surface and in bulk were performed. Nanoindentation allows to measure the
local value of Young modulus which is sensitive to local compositional and
microstructural changes (Azhazha et al., 2005d).

2.5. STRUCTURE AND COMPOSITION INVESTIGATIONS

Compositional and phase changes in specimens are responsible for changes
of mechanical properties and corrosion. The microstructure was character-
ized by high resolution TEM in a Philips CM30 microscope operating at
300 kV. For microchemical analysis, a 3D LEAP3000 (Imago Scientific
Instruments) and 3DAP tomograph (APT, Cameca) were employed. The
atomic absorption analysis was performed on a Pionicum SP-9 spectropho-
tometer. The IR spectroscopic investigations were made on a Specord 80M
instrument, while X-ray microanalysis and visual control of the state of the
sample surface was determined on a REM-101M scanning electron micro-
scope-microanalyzer. Secondary ion mass spectrometry (SIMS) also was
used to detect compositional changes in surface layers of tested samples
(Azhazha~et al., 2005e, 20050.

2.6. CORROSION TESTS

The corrosion of alloys and in the molten eutectic sodium fluoride-
zirconium fluoride mixture without and under irradiation has been studied
by cyclic voltammetry, X-ray analysis, scanning electron microscopy and
metallography. Impact of small addition of La in the molten salt on the al-
loy corrosion was investigated, too. The corrosion rates of the samples ex-
posed in salt at 650'C for different times and deposited energy doses were
measured afterward in fresh molten salt by the voltammeteric method
(Azahzha et al., 2005d; Bakai et al., 2005c).

2.7. ROENTGEN SPECTROSCOPY

After irradiation by 10 MeV electrons a small amount of nuclear reactions
happens, leading to formation of y-active nuclei. Therefore a possibility ex-
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ists to reveal products of alloy corrosion in molten salt under irradiation. In
spite of the fact that this method does not produce a proper quantitative
compositional analysis it does provide both semiquantitative and qualitative
information (Bakai et al., 2005d).

2.8. THEORETICAL MODELS

For quantitative analysis of the experimental data theoretical models devel-
oped to describe corrosion kinetics and phase transformation kinetics
(Bakai et al., 2005e; Bakai et al., 2005f).

3. Materials and Electron Irradiation Test Facility

3.1. TESTED MATERIALS

3.1.1. Fluoride salts.

Purified ZrF4(51mol%)-NaF(49mol%) mixture which is molten at 650'C
was used in experiments. To investigate impact of the lanthanide impurities
on the alloy corrosion, La additions were used in one of the experiments.

3.1.2. Ni-Mo alloys

Ni-Mo alloys showed a satisfactory corrosion resistance in contact iwith
molten fluoride salts and ZrF4-LiF-BeF at temperatures 600+800'C
(DeVan, 1969; Haubereich and Engel; 1970; Novikov et al., 1990). It was
revealed that comparatively small compositional changes of alloys can lead
Table 1. Compositions (wt%) of Hastelloy type Ni-Mo alloys for G-lV MSR applications.

ORNL Hastelloy N IAE SKODA KIPT fabricated alloys

standard modified HN80MTY MONICR alloy A ' alloy B

Ni base base base base 78.15 78.10

Mo 15+17 12 11-12 15.8 11.70 11.70

Cr 6÷8 7 5+7 6.85 6.70 6.20

Fe 4+6 0.5 1.5 2.27 1.50 1.50

Al -- - 0.8+1.2 0.02 0.83 0.83

Mn 0.5 0.2 0.5 0.037 0.50 0.50

Nb - 1+2' - <0.01 - 0.50

Ti - <2' 0.5+1 0.026 0.47 0.47

Si 0.05 0.1 0.1 0.13 0.15 0.15

Y - - - - - 0.05

C 0.05 0.05 0.04 0.014 - -

' different Nb-to-Ti ratios are considered having the total (Nb+Ti) share less then 2wt%.
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to considerable decrease or increase of the corrosion resistance. For exam-
ple alloying with a few percent of Nb improves the corrosion resistance of
the alloy. Taking these results as a starting point and background, two com-
positions the Hastelloy type (alloy A and alloy B, see Table 1) were de-
signed from components of high purity (Azhazha et al., 2005g).

Purification of the components allows to exclude impact of uncontrolled
impurities. Composition of prototype alloys of Hastelloy family investi-
gated earlier are also presented in Table 1. The alloys were homogenizied at
I 100°C for I h and aged at 675°C for 50 h. One can see that alloy B differs
from alloy A only by additions of Nb (0.5wt%) and Y (0.05wt%). Com-
paratively small amounts of these additions allows to judge the sensitivity
of the alloy properties to dopants.

3.2. ELECTRON IRRADIATION TEST FACILITY.

EITF has been constructed and built at Linac-10 electron linear accelerator
in NSC-KIPT (see Fig. 1). Schematically construction of the, ampoule con-
taining specimens in fluoride salt is shown in Fig. 2.

A container assembly consists of 16 ampoules made of the C-C com-
posite. Ampoules hold specimens embedded in fluoride salt. The assembly
was disposed in a water cooled chamber in Ar atmosphere.

Electron beam of 10 MeV energy and up to I mA of average current (up
to I kW of power) was in use. The electron beam was scanning over the
chamber inlet window. The container assembly temperature was monitored
with three thermocouples. The temperature is kept to be (660 ± 20)'C and
controlled by the beam current.

4. Results

4.1. COMPUTER SIMULATIONS

Geant4.8.0 based code RaT (Dyuldya et al., 2006) was developed and sys-
tematically used for these purposes. The code inherits a Geant4 framework
for 3D Monte Carlo modeling of radiation (e+, y, n, p, d, t, a, 3He, heavy
ions) transport in multicomponent heterogeneous media, and extends Ge-
ant4 with problem-oriented physical models and methods of scoring of the
derived physical quantities relevant to nuclear engineering and materials
science calculations. Particularly, it implements the methods of nuclear
heating and primary radiation damage rates calculations as well as the reac-
tor neutronics specific methods based on the evaluated nuclear data driven
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models. The RaT code is continuously benchmarking against the state-of-
the-art nuclear codes such as MCNP(X), TART, and KENO.

Protective shel I
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Samples

Water out

Salt ZrF,+ NiFJ

I-_ Assembly ofC-C composite containers
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Connector of
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Fig. 1. Construction of the EITF-KIPT container assembly (CA) and ampoules.

Electron beam

I - body of the ampoule
(C-C composite)
2 - double plates (Hastel!oy)
3 - fluoride melt
4 - auxiliary plates
(C-C comiposite)
5 - inserts (graphite)

Fig. 2. Top .view of the filled ampoule loaded with Ni-Mo alloy specimens.
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4.1.1. EITF experiment simulation

The specific requirement of the EITF experiment consisted in total utiliza-
tion of the linac beam power and in obtainment of substantially different ir-
radiation loads at successive MS-alloy interfaces concerning both energy
deposition and point defects production rates. Various ampoule designs and
arrangements of specimens were simulated to optimize the experimental
setup (Bakai et al., 2004, 2005a) exactly reproduced by the RaT 3D com-
puter models. Depth profiles of (e-+,y) fluxes, energy -deposition and alloy
dpa rates were built with 50 grm resolution over a beam penetration path.

Preliminary optimization calculations were carried out for nominal EITF
beam parameters, a monoenergetic 10 MeV, i=1.25 gtA/cm 2 e-beam, and for
-2. 109 e-/cm' projected fluence. It has been shown that at optimal setup the
specific deposited energy at different MS-alloy interfaces varies from 5066
down to 64 eV/atom while the point defects concentration decreases from
2.12.10-3 to 4.42.10- dpa (Bakai et al., 2005a).

Monitored in course of the EITF experiment e-beam parameters differ
from the nominal ones. The Linac-10 irradiation mode (Azhazha et al.,
2005b) kept the average beam current i = 520 gaA' resulted in 1.625 l.A/cm 2

target front face current density; the total fluence over a 700 h long irradia-
tion reached 2.56.10" e-/cm 2; the beam energy spectrum had a sharp peak
at 9.6 MeV, and a tail spreading up to 12 MeV. These parameters were ap-
plied (Bakai et al., 2007) to get the revised EITF irradiation environment.

10'2 104

E

10"1 10-6

8))
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>,i10-4  
10-1o8 "

2)8

0 CL

0 M •Ni-Mo alloy (0.6 mm)
r molten salt (2.0 mm)

10~ 10.. .... . 12
1.5 1.8 2.1 2.4

Depth in the EITF CA target ampoule (cm)

Fig. 3. Depths dependencies of the deposited power (close markers) and the Ni-Mo alloy A
dpa rate (open markers) in the vicinity of the loaded EITF target ampoule. The positions
S I1S6 enumerate the successive interfaces of alloy specimens with molten fluorides.

Results of the EITF irradiation environment simulations using the moni-
tored parameters of irradiation are shown in Fig. 3. From front (SI) to the
last (S6) MS-alloy interface the deposited energy decreases by 51 times
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(from 6192 down to 121 eV/atom), the absorbed dose falls from =10 GGy
down to =0.2 GGy in both alloy and melt, and the primary damage de-
creases by 165 times from 3.31 .10-3 dpa down to 2.01.10-5 dpa.

The deposited energy and dpa profiles calculated for Ni-Mo alloys A
and B agree within the limits of the Monte Carlo statistical error (•0.5%).
Therefore, the difference of alloys compositions (see Table 1) is too weak
to affect the electron beam energy deposition and displacement of atoms.

In the front specimens the irradiation effects are due to energy losses of
primary beam electrons while in the last samples the contribution of secon-
dary bremsstrahlung y-quanta dominates. The contribution of photonuclear
reactions into the energy deposition and damage is found as marginal
(<0.1% of totals) though the alloy and salt y-activation mainly with the
long-lived 57Co and 9 5Zr radionuclides, respectively, was revealed by the
Roentgen spectroscopy (Bakai et al., 2005d), and accounted in simulations.

As a whole, the computer simulation results show that the strongly vari-
able rates of major factor controlling the alloys corrosion, the energy depo-
sition and primary damage, have been achieved in the EITF experiment.
The data are useful for quantitative investigation of the Ni-Mo alloy struc-
ture and properties evolution under irradiation. Besides, it allows to expect
the EITF irradiation capability to simulate different conditions of irradiation
of alloys in molten salt reactors.

4.1.2.- Correlation with MSR irradiation environment conditions

Obviously the irradiation environments of MS reactors are essentially dif-
fering from electron beam irradiation both in nature and intensity. In MSR
Ni-Mo alloys are exposed to coupled (n,y) irradiation, for alloys contacted
with fissile MS fuel the impact of fission fragments on surface layers is sig-
nificant (McCoy, 1978). An issue of big importance is the investigation of
applicability of the EITF test data for prognoses of alloys behavior in MSR.

To simulate reactor radiation fields the "effective medium" model with
homogeneously mixed MS fuel and graphite moderator was used (Bakai et
al., 2007). The fuel enrichment was systematically adjusted to make a sys-
tem critical. It ensures the correct ratio of correlated (n,y) fluxes as well as
the appropriate fission density. The MSR radiations source strength scales
with its power, and was normalized to the realistic estimate of a total neu-
tron flux 00 = 1015 cm-2'S 1 in a core.

Calculations have shown that the neutron and photon energy spectra in
MSR are sensitive to the "moderator-to-fuel" ratio C/MS used as a core de-
sign parameter. As C/MS increases, the successive transition from the un-
moderated (mainly epithermal) neutronics toward that of highly moderated
thermal MSRs is observed (see Fig. 4). In line with the results of the MCNP
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code simulations of MSR cores (Merle-Lucotte et al., 2007), it is peculiar to
various concepts of Uranium and Thorium based molten salt reactors.

.7to" a ,Q" bb12..... ,
/10 1 L==10~ u / -,u= ,

r•1o' • / ..... C/ S= C-/Mo
1 0 Ja F 10C 5C0to 10 -- CIMS= 0 --- C/MS= 5:• 07 l•....... CIMS=O i 105

10'0"°0=140"MS0 010•0 =1" 100 0 10 - 10- 10- MS0 101

Neutron energy (MeV) Photon energy (MeV)

Fig. 4. Energy-weighted neutron (a) and photon (b) spectra (normalized to the total neutron
flux 00 = I015 cm 2 s,1 ) of critical MSR cores with different moderator-to-fuel (C/MS) ratios.

Effect of the alloy on the (n,y) fluxes was neglected. The calculations of
the Ni-Mo alloys engineering responses were performed within the kerma
approximation (Abdou et al., 1975) for energy deposition (nuclear heating),
and the NRT standard (Norgett et al., 1975) damage energy model for radia-
tion damage of alloys. Kerma factors kn,,(E,,,) and damage-energy cross sec-
tions ob (the material dependent parameters that correlate nuclear responses
to fluxes) were calculated using the RaT code. It has been found that the
energy dependencies of these parameters of KIPT fabricated alloys A and B
in average differ not more then by 0.6%, and small doping by Nb and Y is
insignificant in respect to alloys nuclear responses.

The code also calculated optional contributions of fission fragments us-
ing the simulation of depth profiles of energy deposition and damage pro-
duced in the vicinity of the MS-alloy interface by heavy ions from MS fuel.

The simulation results depicted in Fig. 5 show that for alloy-fuel inter-
faces fission fragments make major contributions to both energy deposition
and damage of thin (-1 latM) surface layers. For interfaces with non-fissile
salts (coolants), gamma heating and neutron damage are predominant.

Generally, the EITF related energy deposition rates correspond to MSR
irradiation environments with neutron fluxes ~ 10 1015 CM- -cm 2 s- (see
Fig. 5a). One can conclude that the EITF is capable to simulate the energy
deposition in Ni-Mo alloys embedded into the MS media for wide range of
irradiation conditions they would experience in MSRs. The damage rates at
EITF amount only to 102 10-4 of those of MSR environments (see Fig. 5b),
and are comparable only with MSR related gamma damage that is marginal
(•0.01%) as compared with the neutron induced dpa rates. The EITF ex-
periments can reproduce the alloy damage rates for low (- 1 0 1t012 cm 2.s-1)
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neutron fluxes unrealistic for core devices but more relevant to MSR vessel
and piping.
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Fig. 5. The rates of the energy deposition (a) and the point defects (NRT dpa) production (b)
in the Ni-Mo alloy A calculated for 1015 cm 2.s1 neutron irradiation in MSRs with different
moderator-to-fuel (CJMS) ratios in comparison with the EITF electron beam deposited en-
ergy and damage rates at different MS-alloy interfaces S1$S6 (see Fig. 3).

4.1.3. Temperature field

Equation of the heat balance taking into account the integral deposited
energy (see Section 4.1.1), and the heat irradiation from the surface is a
base for estimation of the temperature balance of irradiated target in total.
To calculate temperature field within an ampoule, the deposited energy dis-
tribution and heat transport equations were deduced and solved (Bakai et
al., 2005b). The temperature distribution is an important characteristic of
the irradiated target. In our experiments the goal was to make this distribu-
tion as homogeneous as possible. The calculations performed show that the
temperature variance within the ampoule core is really small (660 ± 20)OC.

4.2. ALLOYS: STRUCTURE, COMPOSITION, PRECIPITATES

4.2.1. Metallography

Metallography and scanning electron microscopy (SEM) was used to reveal
macroscopic structural changes of the tested specimens in molten salt under
irradiation.

Unirradiated specimens of alloy A show no noticeable changes of the
surface layer while some compositional changes up to 2 gtm depth were re-
vealed (Azhazha et al., 2005e; Bakai et al., 2005c). As the measurement of
the corrosion rate of this alloy show (see Sec. 4.4.1) that after 700 h of ex-
posure it becomes rather low (-2x 10 -4 mn/yr). Thus the alloy A possesses
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an excellent corrosion resistance in fluoride MS without irradiation. It is
believed that the alloy has the same corrosion rate with irradiation.

Fig. 6. Structure of the alloy A after 700 hr exposure in the molten salt under irradiation at
T = 650'C with the deposited energy Edep = 6192 eV/atom (a) and EdCp = 121 eV/atom (b).
Corrosion and precipitates within boundaries are larger at EdC, = 6192 eV/atom.

Fig. 7. Structure of the alloy B after 700 hr exposure in the molten salt under irradiation at
T= 650'C with the deposited energy Edep = 6192 eV/at (a) and Edep = 121 eV/at (b). No con-
siderable corrosion is seen.

Metallography of irradiated specimens in salt are shown in Fig. 6 and
Fig. 7 (Azhazha et al., 2005a; Wanderka et al., 2005). It is seen that the sur-
face layer of specimens of the alloy A irradiated in the molten salt for 700 h
at T = 650'C (Fig. 6) are corroded. The depth of intercrystalline corrosion
essentially depends on the deposited energy. The depth is 25-30 gtm at
Edep = 6192 eV/atom and 5÷10 urm at Edep = 121 eV/atom.

No considerable intercrystalline corrosion of specimens of alloy B is
visible at high and smaller values of the deposited energy (see Fig. 3) in
spite the corrosion rate at Edep= 6192 eV/atom is larger than that at
Edp = 121 eV/atom by two orders of magnitude. One can see that the mode
of corrosion and the irradiation dose dependence of the alloy A differs/con-
siderably from that of the alloy B.
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The morphology, microstructure and compositions of the macroscopic
precipitates indicate inclination of alloy to phase decomposition. The mac-
roscopic precipitation is developed in both alloys after 700 h irradiation in
molten salt at T= 650'C. The irradiated in molten salt alloy B shows much
larger grain boundary precipitation as compare to that of alloy A (see
Fig. 8). Not only density but also sizes of precipitates in grain boundaries of
alloy A are considerably less than in alloy B. In alloy A precipitates have
mainly Ni-Ti-Si composition. The grain boundaries of alloy B are deco-
rated by precipitates of 2+7 pm in size and many of them include high con-
tent of Y (up to 30 at%).

oA:

Fig. 8. (a) Irradiated in molten salt alloy A. Macroscopic precipitates in grains and grain
boundaries are seen. (b) Irradiated in molten salt alloy B. Much more than in alloy A precipi-
tates in grain boundaries are seen.

Precipitate formation in the unirradiated alloy A is similar to that in ir-
radiated specimens but the X-ray phase analysis performed on a DRON-
UM diffractometer (CuK0 radiation) reveals stronger reflections belonged to
precipitates in the irradiated specimens (Azhazha et al., 2005c).

4.2.2. Micro- and nano-structure of the tested specimens

Since the alloy B shows more attractive corrosion behavior, its microstruc-
ture and compositional heterogeneities were investigated first (Wanderka et
al., 2007a). Microstructure of alloy B was investigated by means of TEM,
TEM/SAED, TEM/EDX and by means of 3D atom probe tomography
(APT). The data obtained allow to connect the results of mechanical and
corrosion tests with the structural properties.

Fig. 9a shows a'bright field TEM image obtained from the non-
irradiated alloy B. The grain boundaries are decorated by up to 2 pm large
precipitates, indicated in Fig. 9a by arrows, with varying compositions of
the main elements Ni, Ti, Mo and Y; e.g. Mo19Ni2 6Ti4 4, Mo 3jNi5,Crjo and
M016Ni1 9Y31 as measured by EDX analysis in the TEM. Besides the large
precipitates, the small spherical precipitates are formed in grains of the non-
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irradiated alloy, as it is seen in dark field image, Fig. 9b. These last small
precipitates with a bright contrast and a mean diameter of 22 nm are

i;S'4

Fig. 9. (a) Bright field TEM image, large Ni-Ti-Mo-Y precipitates have formed at grain
boundaries; (b) Dark field TEM image of homogeneously distributed small precipitates
which have been formed in the interior of the grains. The [001] zone-axis electron-
diffraction pattern (inset) exhibits L1 2-type superlattice reflections.

a b phase y' phase

0
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C,

0
0

76 -. Ni
72 N
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1 5 (C)
10.A
5

2.0 Ti

2,0 , Fe
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0.05 i)M0.5 i. .. ..................

8.0 Mo
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Fig. 10. (a) Distribution of Al atoms in non-irradiated alloy B after homogenizing at I 100 0 C
for 1 h and aging at 675°C for 50 h. Investigated by 3D APT volume is 63x62x268 nm 3.
Precipitates of L-12 structure in the matrix are clearly seen. (b) Concentration profiles of the
main components obtained by the proxigram method. Precipitates possess composition
(Ni+Fe+Mn)0. 753(AI+Ti+Mo+Nb+Cr+Si) 0o247.

homogeneously distributed throughout in the matrix without any obvious
correlation with extended microstructural elements such as defect clusters,
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dislocations, or grain boundaries. The corresponding selected-area electron-
diffraction (SAED) pattern of a region containing matrix with these small
precipitates is shown in the inset of Fig. 9b. The [001] zone-axis electron
diffraction pattern exhibits superlattice reflections, which are generated by
the small precipitates embedded in the matrix. The superlattice reflections
correspond to the ordered L I 2 (y') structure.

The chemical composition of the '(-precipitates is measured by APT
with nanometer spatial resolution. The rectangular parallelepiped analyzed
by atom probe tomography (APT) has the dimensions 63x62x268 nm 3 and
contains -2x10 7 atoms. Two phases appear in the investigated volume: the
matrix phase depleted in Al and an Al-rich precipitate phase.

Fig. 10 displays a 3D reconstruction of the analyzed volume. Just the
Al atoms are shown for clarity. The precipitates have ordered structure of
(Ni3Al)-type with composition Ni+Fe+Mn)0.753(Al+Ti+Mo+Nb+Cr+Si)0. 247.

One can see that the content of Nb within the matrix and L12 precipi-
tates is almost the same. Therefore similar precipitates are expected to be
formed in the alloy A also

Fig. I11 TEM bright-field image and selected-area electron-diffraction patterns with [001]
zone axis exhibiting diffuse SRO diffraction spots for the alloy B after electron irradiation to
Edep = 6 keV/at (B131) and = 100 eV/at (B139). SAED pattern of the unirradiated alloy is
shown in the upper left corner. The L12 ordered spherical y -precipitates and smaller y -pre-
cipitates of irregular shape and the <1 1/2 0>ic, reflections are seen at Ed1, = 100 eV/at.

In Fig. 11 TEM bright-field images and selected-area electron-diffrac-
tion (SAED) patterns with [001] zone axis exhibiting diffuse SRO diffrac-
tion spots for the alloy B after electron irradiation to Edep = 6 keV/at (B131)
and Edep = 100 eV/at (B 139) are shown. The most dramatic changes of the
microstructure appears at Edep = 6keV/at. The spherical L12 precipitates
disappeared completely. This result is confirmed also by APT. From the
other hand, the precipitates of Ni4Mo type were coarse graining in the
course of the irradiation. At Edep = 6 keV/at their mean size is =10 nm.

For the specimen B139 deposited energy was much smaller,
Edp-- 100 eV/atom. As it is seen in Fig. 111, both y (L12) and smaller
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y precipitates of irregular shape (<1 ½2 O>fcc) exist in this specimen. One can
conclude that the microstructure of the alloy B is rather sensitive to the
electron irradiation of doses in the range Edp = 104+102 eV/atom.

In spite the diffuse diffraction spots are not observed at the <1 '/2 O>fcc

positions in unirradiated specimens, thorough APT investigation of the
composition heterogeneities of the unirradiated alloy B was performed
looking for small clusters of Ni4Mo composition which have this type of
the short range ordered (SRO) . The result is shown in Fig. 2. It occurs that
Ni-Mo clusters of Ni4Mo SRO (<1 ½2 O>f,,) exist in unirradiated alloy B.
Composition of'the clusters is given in Table 2. They have irregular shapes
and diameters of 1-3 nm. It is worth to note that Ni-Mo ratio within the
clusters is 80Ni - 20Mo. Thus really Ni4Mo.SRO cluster formation started
in the initial alloy.
Table 2. Composition of clusters, (at.%)

Ni Mo Al Cr Ti

67.18 17.6 2.37 8.4 0.72

Growth of these clusters along with dissolution of y' precipitates occurs
under irradiation.

- W '4 ---------

Fig. 12. APT image of the Mo enriched (with Mo content larger than 16 at%) clusters in
volume 6x6x29 nm 3 .

4.3. ALLOYS: MECHANICAL PROPERTIES

Mechanical properties of the tested alloys are tightly connected with their
structural peculiarities. Impact of irradiation on the mechanical properties is
an issue of a special interest because it reflects changes of microscopic and
macroscopic structural elements of the alloys. Results of the mechanical
tests of initial and exposed in molten salt without and under irradiation spe-
cimens of the alloys A and B are given in Table 3 (Azhazha et al., 2005c).
One can see that the initial mechanical properties of both alloys are rather
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similar. The yield strenght, Uo 2 , and ultimate tensile stress, UB, are depend-
ing on the deposited energy, Ede,. This dependence is clearly seen from

Table 3. Mechanical properties of irradiated and unirradiated alloys.

Sample condition T1.•, (CC) a5 (MPa) a0.2 (MPa) 6, %

EdCp (eV/atom) Alloy A

6192 (sample #1) 20 626 333 35

121 (sample #3) 848 576 54

6192 (sample #2) 650 276 213 15

121 (sample #4) 362 255 15
20 900 395 63

Initial non-irradiated
600' 397 288 14

Post-corrosion test 20 1070 875 43

(650'C, 700 h, non-irradiated) 650 510 440 9

Edep (eV/atom) - Alloy B
6192 (sample #5) 20 876 412 50

121 (iample #7) 851 415 48

6192 (sample #6) 650 293 214 15

121 (sample #8) 350 318 15
20 845 397 53

Initial non-irradiated
600 443 310 19

comparison' of parameters U0.2 and UB of irradiated to 6192 and 121 eV/at
and unirradiated but also exposed in molten salt alloy A for 700 h at 650'C.
The alloy A becomes softer due to irradiation. The plasticity of the irradi-
ated alloy (15%) is considerably larger than that of the unirradiated speci-
men (9%) but not different from its plasticity in the initial state (14%). It is
clearly seen that U0.2 is the most sensitive to the irradiation feature. For ex-
ample, at T= 20'C aO.2 of the alloy A at Edp = 121 eV/at is 1.8 times larger
than that at 6192 eV/at. Both these values are considerably less than that of
unirradiated alloy (875 MPa). Dependence of 00.2 on Edep is less pronounced
at 650'C.

Unlike to alloy A, for alloy B the 90.2 dependence on Edp is small at
T = 20'C and appears to be considerable at T = 650'C. (Unfortunately the
corrosion tests of this alloy without e-irradiation was not completed and
impact of e-irradiation can not be separated from the annealing, effect).

Since (Fo.2 depends of the initial structure of the specimen and aB in addi-
tion depends, on the structure evolution in the course of deformation, one
can conclude that micrdstructure including composition heterogeneities and
precipitates is sensitive to the irradiation. Confirmation of'this conclusion
one can find in Sect. 4.21
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4.4. CORROSION RATES

4.4.1. Corrosion in ZrF4-NaF salt

The corrosion rates of the alloys A and B after exposure in molten salt for
700 h at T = 650°C without and under irradiation are presented in Table 4.

It is seen that without irradiation the corrosion rate saturates on a rather
low level -2X l04 mm/yr. Due to irradiation the corrosion rates ýonsidera-
bly increase. The corrosion rates of both alloys' are -0.2 mm/yr at
Edep = 6192 eV/at. At much smaller deposited energy, Ede-= 121 eV/at, the
corrosion rate of alloy A is twice smaller but alloy B has the corrosion rate
smaller in two orders in magnitude.

It is seen that Nb and Y additions not only depress the intergranular cor-
rosion but also make the corrosion rate sensitive to the deposited energy.
Table 4. Corrosion rates of alloys A and B.

Sample Corrosion Corrosion rate Conditions

current Km, Kk,

density g/m2-h mm/yr
i,, mA/cm 2

Alloy A 0.00002 0.0002 0.0002 700 h of isothermal soaking in a fluo-

ride melt at 650'C without irradiation

Alloy A 0.018 0.20 0.19 700 h of isothermal soaking in a fluo-

ride melt at 650°C under electron irra-
diation EdCp = 6192 eV/atom

Alloy A 0.0074 0.081 0.080 -<<>>- Edjp = 121 eV/atom

Alloy B 0.02 0.22 0.22 -- o- Edep = 6192 eV/atom

Alloy B 0.0004 0.0044 0.0043 -- )- = 121 eV/atom

4.4.2. Corrosion in salt with La addition

It occurs that small addition of La (10.8 wt%) in salt considerably changes
the corrosion rate and nanohardness of the alloy A (Bakai et al., 2005c). In
this case the nanoindentations allows determine the width of corroded layer
very well.

Investigation of the surface layer of the alloy A after exposure in molten
salt with La impurities for 500 h at T = 600TC shows that the corrosion
damaged the sample on depth 20+25 ptm. The nanohardness of the corroded
layer of 20nm in thickness is poor.

5. Discussion

The data reviewed show that
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" irradiation considerably impacts microstructure, mechanical properties
and the corrosion of Ni-Mo alloys;

" corrosion resistivity is sensitive to small compositional changes. The al-
loys A and B have minor composition difference but their corrosion re-
sistivity without and under irradiation are considerably different. The
corrosion rate of alloy B is more sensitive to the deposited energy Edep;

" impurities of La in the ZrF4-NaF molten salt dramatically enhance the
corrosion of the alloy A even without irradiation.

Evidently, systematic investigations of corrosion of Ni-Mo alloys of differ-
ent compositions in molten salts containing fluorides of actinides, lantha-
nides and other impurities expected to appear in blanket of MSR is severely
needed. Since the role of the irradiation and dopants is so essential, it has to
be investigated in much more detail.

Theoretical models of the corrosion kinetics under irradiation have to be
more developed. Since all of them include phenomenological coefficients
like diffusion coefficients and chemical reaction rates, extensive empirical
data are needed to identify them.

A correlation of the nanohardness and yield stress of the irradiated spe-
cimens is revealed in our measurements. Similar correlation of microhard-
ness and yield stress of irradiated alloys was demonstrated by Busby et al.
(2005). Despite that a poor data base on this correlation is stored, it is be-
lieved that the nanoindentations can be used for semi-quantitative estima-
tions of the macroscopic mechanical properties of irradiated materials.

Direct reactor tests of the alloys are desirable to make clear availability
of the test devices like EITF.

6. Conclusions

" EITF is an efficient device for corrosion tests of G-1V candidate con-
struction materials.

" EITF electron beam irradiation is capable to reproduce realistic irradia-
tion conditions of G-1V molten salts reactor concerning the major factor
affecting the Ni-Mo alloys corrosion, the energy deposition in surface

* layers of alloys.

* Ni-Mo alloys A and B have acceptable corrosion resistance in molten
salt at 650'C. After electron irradiation in EITF for 700 h the voltam-
peric data provide estimation of the corrosion rate to be -0.1 mm/year.

* The corrosion mode and resistance is rather sensitive to Nb and Y and
presumably to other dopants. The alloy doped with Nb (0.5%). and Y
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(0.05%) does not show considerable intercrystalline corrosion, but its
corrosion rate is sensitive to the deposited energy dose.

* Compositional optimization is needed to minimize the corrosion rate.

* Precipitates located in grain boundaries contain a lot of Y and appar-
ently work as getters mitigating the intercrystalline corrosion attack.

Structure, composition and SRO of nano-scale precipitates in Ni-Mo al-
loys is evolving under irradiation. This fact has to be taken into account
at R&D of advanced materials for G-IV reactors.
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mail .nrc.gov with ESMTP; 03 Jul 2008 11:52:50 -0400

Received: from [192.168.1.113] (81.233.0.25) by
pne-smtpout2-sn 1.fre.skanova. net (7.3.129) id 4843FAEB00630450 for
Rulemaking.Comments@nrc.gov; Thu, 3 Jul 2008 17:52:41 +0200
Message-ID: <486CF552.70200@torium.se>
Date: Thu, 3 Jul 2008 17:50:42 +0200
From: "elling@torium.se" <elling@torium.se>
User-Agent: Thunderbird 2.0.0.14 (Windows/20080421)
MIME-Version: 1.0
To: Rulemaking.Comments@nrc.gov
Subject: DCThMSR 3/3
Content-Type: multipart/mixed;

boundary=" ------ 030506070208080609080407"
Return-Path: elling@torium.se


