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OISPOSITION OF NUCLEAR WASTE USING SUBCRITICAL ACCELI?XI.ATOR-DIUVEN
SYSTEMS: TECHNOLOGY CHOICES AND IMPLEMENTATION SCENARIO - lcmNi?-6m
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ABSTRACT

Lot Alcmos iuM ie.d the devciopmcnf ofAcce/erulur-l\rivctl Trunsrnutu{ion of Wawe (A T7f), to provide u
,timdarnenkd !echno]ogicul solution M {he ~~ucieur wusle probiem, While Am will not eiiminute l)w JWP{I

.Iiw o high-lad WU.W repclsitory, it oj%w a new twshnologY option for ultering the numrr of nucleur
wiww und enhancing Ihc cupubili~v of o reposiio<v, The busic concept of A TWf{xuses on reducing thti

timehorizon fior !he radiological riskfiom hundreds of (himwmds of yews too few huhdr.ed years and on
redu~it)g I)W (hermul iouding. Furthermore. A TW will greet/y reduce the umoun t of wa.we thui hus to h
dispo.wi gf in u high-level waste repository. The goul of the A TW nuclear sub~y.stern is !Optwducc a
{itrw orders qf magn inde reduction in !he bzg-tcnn rwdiomxicity of the wmie sen{ to u repositoq),

including 10.MVSthrough ptwce.vsing. If [he god is met, [he rudiom.ric.it~~~f A TW-rrw\~d wa.~tr atier 3(IO
,1wrs nou!d Iw IPSSthun thu! qfu~jowrted wuste ofter 1i)O,000 ,vcms.

The.~eob]cctivds run be uchieved through the KSCof high neutron )uxes pro&wd in Uceieru{or-driven
.~ubcritic[]/ .~ystcms, Wiio crilicaifission reuc(ors can praduce high rwulron -fluxes 10 desfroy uc[inide~
und t)w s~iec[eilji.tsion products, [he e~ictiveness of [he destruction is severely limited by ~he cri{iculi~’....
requirement. Furthermore. to uchieve sufii reactor operations, Q substunt iul amount of.exctiss reactiviri

would huw to be suppiied init iul@and compensu[edjw by confrol poisons. i% overcome !hese i)~trinsii

limitations, wr searched for solutions in .mbcrility.d systems fieedj$om criticality requircmen! by iuking
udvuntuge of !he recent breakthroughs in accelerator technology umi the release of liquid ieudlhisrn lith
nucieur Co<)i(t)tt {echnologyjiom Russiu, The effbrt led (O the sekvion ojon uccclcrator-driven

suhcri{icai sysicm (hal rusuits in near complete destruction of!he actinides and fission products qf
......... ...-——-. concvrn. as we~i as perm ilting eu.~~boperat ionul conkol through dw P.rIPrno/ ron trof (!f IhC w Ido-ori ,SOWYY
~

= ~ rudwr thun Ihr in/twml rrmrrot rod<
-—s-.

1=~
~= ~ j. ]NTRfJ~ UCTI~
eass g
s~

!

=8 Spcm reactor fu~l from ccm-uncrcit-d power plarus txm[ains significant quantities ofplumniurn, other

= ~ fissionabl~ actinides and fkion products, all of which creak challenges for pm-rnanenl disposal because
8- ~ of lhe very !ong half-lives of some iso[opt% and because of the potential for diversion. If ihc level of“=m=m

%2%%~ @bal nuclear power generation for the near future continues as it exists today, then in the year2015_
more than 250,000 tons of spent fuel worldwide will have to be stored, containing over 2000 tons of

plutonium. Well over 70,000 tons of this spen! fuel will be in the I JS. containing more than 500 mm d
plutonium (600 tons oftrarlsuranic actiniclcs),

Whilt there is agredmem on using geologic repositories for the ultimate disposal of high-level nuclear
was{c. different strategies for dealing wi[h spent nuclcm fue! are being followed by various countries.

reflecting [huir views cm nuclear power, reproc~ssing and tlon-pro]i f~ration, Current US poiicy is to s[rm
unreprocessed spent furl in a geologic repository, (.Jhcr counlrics are opting for treatment of spent fllel,
including pnrtial utilization of Ihe fi!wile mtiierials contained in the spent fuel prior ICIpenlogic storage.

..
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Key issues for the current US reposimty concept fall into [wo categories. [1 j a long-term radiological risk
with the peak risk projected tens of thousands of yIWS after repository closing and (2) a short-term

thermal loading (decay heat) that limits the capacity of the repository, While not idtmtiftetf as an issue. il

is clear that the repositmy, designed for 70,000 tons of commercial spem fuel and other govemment-
generated high-level waste (mostly from defense-related activities), will be fully occupied by the spmw
fuel produced through [he year 2015. If the nuclear energy remains to be a viable option for eleetricit?
generation in the future. ultimately there will be a need for n second high-level wasle reposito~,

Smdics have shown [1,2] that the repository long-wnn radiological risk is from ~he long-lived

transt.wanics and the fission products Tc-99 and 1-129, thermal loading concerns arise mainly fmm the
short-lived fission products Sr-9U tmd Cs-1 37.

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

( ! ) ~trov over 99,9% of the actinides. Actinide demuction eliminates concerns with their releases to
the ground waler and the environment, their possible diversion and use in the spenl fuel for weapons
COIWIIWCLiO1l. Their elimination will also greatly reduce long-term heat loading.
(2) Qestroy over 99,9’% of the Tc and 14 By transmuting technetium and iodine, two of the major long-
term radiotoxici~y release hamrds can be el iminatcd.
(3) &rmrate Sr and Cs (short half-life isotcmes). Sr-99 and Cs- 137 dominale the repository short-term
heat loading. These isotopes are nol suited for tmnsrnutat ion but wi II be separated from the remainder of
the waste for optimal sIorage.
(4”) SeDq-raniu (Jranium is separawd from the rest of the spent fuel, s~ored or re-erviched for
further use.

(5) Produce electricity, The ATW resembles in many ways a rmcleur reactor in that it releases energy
during actinide destruction (f~sion) that can be converted into electricity. A small fraction ( I ()- 15“/.) cd’
this electricity will be used 10 power rhe accelermor, the rest can be distributed for sale,

1n the AT W concept, spent fuel would be shipped to a AT W site where the plutonium, other transuranics
and selected long-l ived fission products would be destroyed by fi%ion or transmutation in their only pass
through the facility. This approach contrasts with Ihe present-day reprocessing practices in Europe and

Japan+ during which high purity plutoni urn is produced and used in the fabrication of fresh mixed-oxide

fuel (MCIX) that is shipped off-site for use in light waler reactors. Instead of “reprocessing”, the ATM’
approach can be fairly characterized as “once-through destruction”. AT W would inhibit p] uto.ni urn
accumulation, proliferation and diversion. The end products of ATW are a more benign fission product

waste s[ream, uranium similar in compmitiort to natural uranium, and electricity. The electricity

produced, and the potential cost benefits realized by enhancing the capacity of a repository (and
elimination of the need for an additional repository), could offsm to some extent the cost of developing
and implementing the ATW technology.

Far from being limited to waste destruction, ATW technology also brings to the table new concepts thal

could be relevunt for the nexl-generaticm power producing systems. As such, ATW has gained worldwide
interesl and could be an importam component of strategies to deal with international nuclear materials
management and promote new, prolifkra!ion-re sistanl.sare reoc!or fechnologiw.

~TW SYSTEM DESCR lPTION

An ATW facility consists of three major elem~nls: ( ! j ~ high-power proton linear accelerator; (2) a

pymchcmical spent fuel wealmem / waste clmnup system; (3) a liquid Iead-bismulh cooled burner tha~
produces and utilizes an intense sourct-driven neutron flux for transmutation in a heterogeneous (solid
fuel) core (Fig. 1j. The concept is the result of man! years of dcve!opmem aI l,AN1. [3) IIS well as other

...
maim internntirmal reseamh centers 141.



The high-power accelerator for ATW would be based on the APT (Accelerator Production of Tritium)
accelerator ( 1,7Gev, 100m A, 17tl”MW prolon beam). An accelerator, similar to but smaller than the orw
now being designed for tritium production would serve as ~he driver (40 MW) to n subcritical burner.
where transuranics and selected fission produc[s ar~ fissioned or transmuted.

1n the spent fuel treatment system {Fig, 2), uranium and a majority of the fission products are separared
from the transuranics and the targeted long-liv~d fission products by pyrochemical {non-aqueous)
processes, The only requirement is the separation ofbnou~ uranium (99%j so that no significant new

plutonium or other actinides are produced during transmutation. Fission produc! extraction is not
explicitly sought but come$ OUI namrally from the process,

‘l-he flow of the spent fuel in the treatment system can be broken down into three basic streams, One
stream comains the spent fuel cladding metal, the majority of the fission products from the spem fuel. and

the remaining fission products from the transmuted wasle, all of which is prepared for permanent
disposal. Following the electrochemical extmclion of th~ uranium, a second stream consis~s of aclinides
and some cladding zirconium, which is cast into solid meudlic fuel elements (“transmutaliort assemblies” )

to be introduced into the subcridcal burner for irradiation, The third stream consists of the uranium senl
ouI and stored for possible recycle.

In cm reference design cancept, a third of the core is extracted and processed every year, In the AT’W’

waste c Ieanup process, evemually all the fission products in the irradiated waste are partitioned in~o three

forms: active me[als, noble metals and Ianthanides. This remnant waste is prepared for permanent storage
as: ( 1) oxides in engineered containers for the active metals (including strontium and cesium ). {2) oxides

for the Ianthanides, and (3) me[al ingots and oxides for ~henoble metals including zirconium, An average

of 50 kilograms of fission products, per Ion of spent fuel, are discharged as waste afier transmutation
(including the fission products originally present in the spent fuel), contaminated with less than 100 ppm

ofmnsuranics (mostly in thtt metal oxide waste form), MM of the radioactivity in tht discharges would
decay before three hundred years. with only weak residual activi~ of negligible environmemal impac[
remaining alierwards.

The waste burrwr consists of a heavy metal target (liquid lead-bismuth eutectic (L13E)) producing th~ high

intensity neutron source and the summnding subcritical core containing lhe transmutation assemblies

(Fig. 3). Since significant neutron rnul[iplicaticm and heat production occurs from the fissioning of tht
waste ac[inides conmined in the surrounding transmutation as~mbl ies, udequate menns for hem removal

must be present, analogous to crhicai reactors of similar power level. ATW takes advantage of the
exceptional properties of liquid LBE, both as nuclear coolant and as spallation neutron source, for use in
lhe subcritical waste burner. The Technology. successfully developed and used in Russia for nucletir
submarine propulsion of ve~ fast, deep divin~ vessels. is becoming accessible to wes[ern rewarchem and
engineers.

The subcritical liquid LBE syslems presently being developed at Los Alamos operate in the fasl neutron
spectrum, to ensure optimal destruction eficiency for the actittides and large neutron availability for

[ransrnutation of the targeted fission products. Vwy low end-of-life inven[orics tire rapidly achieved b}

burn-down strategies involving gradual thermal izatirm of the spectrum to exploit [he Iarpe cnpture cross
sections oft-esbnances.

Subcriticaii[y does not make ATW by definition “safer” than cri(ical reactors. Rather, subcriticali~y
F~cili!ales tasks that would be exceedingly di fllcult or inefficient in critical sys[ems. Subcri~ical system<
do not rely on delayed rmulrons for control and power change. {hey arc driven only by the externally

...
~~n~ra~ed ne~!lr~n ~~~lrce (j t; h} the i{~n h=ain coming from ~he accrlcralor”). Control rods and reactivit}



Desired outcome of Program,,~ ,,!

,,
,, ‘,, , \,, \ ,,,, ,, ,,

— ,, .,. --.7

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

To date, studies within the US have been limited to
Institution-supported investigations at rather low
levels.

~ngitieering ‘develo~ment tind demonstration activities
in the 5-year program would provide useful information,,, ,,
for bringing the tech~o[ugy and options to a point fur
informed decisi~rk. ~



Where arewe since
STATS Panel?

In 1991 (report
1 (STATS panel)1

Transmutation

1996) the National Research Council
concluded that Separations and
(including ATW) was:

immature

too expensive

leading to proliferation

commits to expanding nuclear energy

doesn’t significantly impact need for repository

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

l“. ,., ,! \lil-. l.\ . -



Concerns

I

Political related issues:
Reprocessing

FueI cycles

Licensing

Waste management

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

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



What aboutInternational
Interests?

Common technical approach has evolved - liquid Pb/Bi
coolant, solid fuel, pyrochemistry, sub-critical
accelerator drive.

Europe (Spain, Italy, France, Sweden, Czech Rep.)

Asia (S. Korea, Japan)

ISTC funding assists Russia and other FSU countries.

Collaborations -- CERN, KAERI, JAERI, CEA, Sweden.

l,=:, .,l..,! ‘>1,1 -, !-... ,. . . .. ..



US Participation-- Other

Laboratories
~ Argonne: Have assisted us in pyrochemistry. Preliminary

discussions with them on possible interests in ATW.

~ oak Ridge:
Preliminary
ATW.

Universities
Host of Ph.

Haveassisted us in liquid metals and materials.
discussions with them on possible interests in

D m and M. Sc. thesis topics would be spun out of
this program.

4, ~.ll!. ,.~. ,,... . . . . . . . . .

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



US Participation-Present
—- . .

Laboratories
~:Los Alamos: Systems, Pb/Bi, Chemistry, Accelerator, Materials.

‘I Livermore: Systems studies, Pb/Bi, Safety.

Sandia: Safety, Systems analysis, Materials, Diagnostics.

~ Savannah River: Engineering and Operations.

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

‘ Bechtek Engineering.

Northrup-Grumman: Accelerators, Systems.1
1

Universities
Illinois: Materials development.

UC Berkeley: Nuclear design.
,1. ..:l ..!., ‘.! II ‘,a.i . . . . .



Spin-offs from 5-YearProgram
ImportantC)utcome/Legacy

,=.... ......7 ---

Liquid lead/bismuth technology for future advanced
nuclear systems.

High power spallation targets for basic science
research.

Waste disposition processes for environmental
management=

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



I
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I

Plansand Program
...

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

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

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

!-:.. –..,,..,!,

in~egrat targety accelerator, system studies.
, F.jll\flm\,*



ATVVSy@em
~.ym---- .—

If the scenario were W transmute all of the 70,000 tons
of reactor spent fuel accumulated to 2015 within a 65

I
year time-frame, then:

1. , ~~k.,
m =70,000 tons (including 600 tons TRU].

output: “67,000 tons uranium (LLW).

‘<0.3 tons TRU.

‘3000 tons fission products (minimal Tc and l).

‘electricity.

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

1 ●!ll\l<,-



ATW Basedon Three
Major FunctionalBlocks

Subcritical burner using liquid lead/bismuth technology
based on extensive Russian nuclear reactor work and
On solid f~el.

Pyrochemical processes based on significant work at
ANL and LAIW on efficient processes that have
potential for proliferation resistance and low
environmental im~aCtm

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

.. :.,.. %!, ,-i.J.. .. ... . . . . . .. . . . . ... -:. -



PresentSystemis a Design
Evolution

-..=.,. . m= . ..*,--

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

-~ subcritical assembly, fast n spectrum, accelerator drive, liquid
Pb/Bi coolant, solid fuel and pyrochemistry.

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

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



AssistingtheDisposal Option
..—<...-. —.—

ATW can assist a repository in many ways.

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

ATW thereby impacts the need for a second repository:
‘I increasing storage efficiency by transmutation.

~Jincreasing storage efficiency by types of materials.

,: decreasing long-term risks.

In addition:

converting transuranics to useful energy.

,. .,..: ..- -----,.. .. ,.-.,
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ATVV:What is it?
.—-. ..-

Assisting waste disposal options by transmuting waste.

Accelerator provides protons that produce copious
neutrons from spallation target. These neutrons assist
the nuclear system to transmute transuranics by
fission, and fission products (Tc arid 1)by absorption. =

Subcriticality (accelerator drive) enables the
destruction of actinides and fission products: safely,
without isolation of weapons grade material, without
extensive separations work: in a single-purpose
device.

... ,! %11,...}.......



Pastand Futu~ Interests
---

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

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

This path of ATW technology devdopment could be a
bridge to future nuclear optionslstrategies (PCAST],
even if ATW was not added to the suite of systems.

4 ‘.11 ++ .-

0



Premise
.

Economics appear favorable for ATW-assisted waste
management system.

.—

Technical path identified; with no show stoppers. -

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

Positive erwironmentallsocietal impact=

, , ?.1IIblk.

development
direction and

. . . . ..



I Outline
....-—----.. .. .. ..-— .

Past and present.

Assist waste disposal options.

System description.

Participationm

Outcomes.

Agenda.

Charge.

Details pmvickxi

. ..!.!... ●.1, 8.>. . . .

●

m following pn?sentationsm



The Problem-
NuclearWaste Issue

Issue is nuclear waste disposal - ATW is a

technology option.

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

I

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

1 . . . . . . . . . . . . -.!11 \lh ., . . ..- . . . .
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Welcomeand Introduction

MIT ATV”VTechnicalReview
1998, Jan.15-16

,., , ..I-.....__

Stan O. Schriber

Deputy Division Director

LANSCE Division

-kA?&6&



MIT ATW Technical Review
MIT Nuclear Engineering Department

Plasma Physics & Fusion Center, NW17
Second Floor Conference Room

Chair - Professor M. Kazimi .

January 15,1998
Thursday

Informal Gathering

l-\’elcome and Introduction

..TT\. Ovewiel\. .

Break

.ATI\- Demonstration Conceptual Characterization

Lunch (Box lunches provided)

.+~-\7 X-uclear Pehbrmance

Break

.A1’l\’Process C1-.emistry

January16,1998 -
Friday

-Accelerator Design for AJSV

Liquid Lead Technolo~ and Engineering

Break

Continue Lquid Lead Technology

Prc’qam Plan and Summary

Lunch [Box lunches provldedj

S. Schriber, L.+>-L

F. Venneri. L.+XL

.

3-I.Carelll. J1-estinghou;e 5TC

M: Houts. L.AXL

JI

A.

G.

Y.

~villiamson, L.AXL .
Schake, L.+XL

Lawrence, L.AXL

Orlov,.+ Dedwl. iITE

X. Li, L.+XL
K. l\”closhun. L.+XL

F. T:enneri. L.+XL

Collaborator’s Comments - Further 12etads as Requested

Executive jeswn

Yerb~l Feedback
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Accelerator Drive (Subcriticaiity)enables versatile
and effective Nuclear Waste Destruction
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A TW Gmskts d Three Major Functional Blocks

Acceferahw PyrochemtcaJ
APT Processes

Spent fuel

T
Residual Waste

to Rf?pusm-y

Power to Grid:
- 90?;!------+ —--.,_,,,.,.,.,,,.,,.,..,,

...

Power to Acce@3tor: -7 0%. . .. .,. t}~[il-{!1

,.

ipenf Fue! { Ah “Wa$;e””TreMneniis based on Pyrochemicai
70,OiJOIwi.s,-,,..,,,,..,............,.,,,,)* Processes tieve[oped at Los Akmos and Argonne

. ...



feedback have wry IOW impoflancc: these syshms are rmutronically (hut 1101[hcrmdly) decoupled Ilom
their neutron source. SUbcrhical ity therdoti dlOWS the ATW system to work with any composition of

fuel (or waste] and 10 greatly relax the required separiti~fi in ihe”waste treatment steps. This makes
possible, in principle, lhe destruction of any isotopes (attinides or fission products or mixture of bolh)
wit h Iittlc concern for lh~ir neutrrmic beimvior.” FcHilc tnalerii.ds “arc not needed to compensate for the

ncutronic uncertainties or undesirable reactivity respotww of thi fuel, arid exlcndcd burn up is achieved by
tncrcasing the power of the accelerator drive to com~nsate”chcre activity decrease.

13ccause of i~ssubcritical mode of operation, ATW will be ideally sui[cd as “incinerator” crf material [hat:
[,I ) is not WeII chwactcrized,”(2’) bums very poorly or ntil at all in rea~t~rs; (~) has P~tentially un~tabl~ and

hazardous reactivity responses; and (4) should not for wh~ever mason be isolated and placed in reactors.
“This includes higher actinides such as neptu”nittk (the worst contributor to tin oxidizing reposilcny tong-

term performance mmrtttintifis}, mneric”iutn and curium; all ikotoptis of PIutonium and some long-l ivcd

fission prodtiets: In addition, the neutron-poor thorium-uranium fuel cycle, never successfully
implemental in critical reactors, can be usdd rather straightforwardly in rtccelcramr-driven subcritiwd
syslems.

‘The 1000 McV reference Iinac design for ATW is based on consideration of a number of important
issues. These include iow beam losses. high efficiency of chxtrica] power to beam power conversion,

reliable operations, insensitivity to errors in al i@menl and skttings. and COSIoptimization. The design
uses demonstrated compotlents to transrn it the beam Ihrough the different energy regimes. tnitial Iy Ihc
beam is acceldiattd to 6.7 McV in a FWQ @idio Fmqut?ncY Quadruple) basedOn n w~ll-defi n~d beanl

emerging from a reliable injector. A suitable injector has been”working for months al LANL with
currents in extiess of a factor of two for what ATW needs and with beam parameters betler lhan the A TW
requirements to ensure low beam loss. In addition, the CRJTS RFQ hhs bten accelerating a proton beam

with good transmission and beam parameters e%”ceedingthe ATW requirements.

Following Ihe RFQ is a CCDTL (Coupled Cavity Drift Tube Linac) that will be clemonsmued in the APT

LEDA prograrn..This structure has revcdulionized the ability to tmnspcmt high quality beams from a RFQ

10 fot lowing structures. The 21,2 MeV beam from theCCDTL” ii Ihen fed into a set of superconducting
cavities that take the beam up to 1000 McV. The first type of cavity that accelerates Ik? beam k-I IO(I

MeV is based on”a %poke.” resonator design that will require some testing before it is fully qualified for
[his program. All indictitiot’w are’that there’”shohld be no prtibltims with this geometry because there
should be no probIetns with the required field kvels in the cuvities and previous tests with these lower
beta structures showed their benefits,

“I”hclast stage of acceleration will be with elliptical shaped cavities: Ihcse have ken demonstrated 10 bc
tible to meet the required pe.rformancc rcgime~ nexwia~ for ATW. The ATW Iinac Iertgth is 355m with
an rf power need of 42.3 MW for a 40 MW beam, .Theacce]erator was designed for 40 MW in order to

be able to drive tip to a total 2000 MWt tlssirm powef, which’’could be distributed within one or more
modules. The first Demo ATW is projected to be a 500-”1000 MWI system.

4. F’I,JEL CYCLE TECHNOL OGY

Spent IiJcl lrealment technology is derived from pyrochcm ical processes developed for plutonium
production at Los Alamos {5] and the iritegrnl Fast R6aetor program at Argonne (6]. Pyrochemical
processes were chosen over the eonventicmi aquetius proc-ase”s because they me prolifera~ion rcsistm -

group separations are used instead of single specie’s separntkms”; alkw the processing media, mohen sal(s
tind [iquid metals, to be recycled mtdtipktinw’s thus reducing srcbndary wasIc; and allow for slvm



turnaround tin-m for waste treatment - radiolysis and decay heat are not significant issues [7]. tn
addition, the product from the electrochmnitil proee%m is easily fabricated into fuel for the system. The
cent ral developmeiit issue for pr&ess cliemistry is “to establish process sealing information by designing,
fabricating, and testing various separation systefns and then using that “information to develop a more

ctc~ailed material balance for the fuel treatment processes and pfocesspiant parameters. An ATW fuel
treatment facility would br similar to the fuel cycle facility propostid for the Advanced Liquid Metal
Reactor (ALMR) Program [$]. The following “scctiotls provide a brief overview of process chemistry and

fuel technology for the ATW system.

4. I Process Chemist ~

l’he [low sheet, shown in Figure 2, gives an overview of dw flow of material from a SWIII fuel storage
fhciIily to therepository. Process technologies are based an” modifications of existing technologies so as
to achkvc the ATW process requirements (see section I). A brief dcscripticm of the flow shmt using as

an example the conversion of spent uranium oxide fuel to ATW fuel mid the recycle of ATW fuel
!hllc)w’s,

SpcIu Ii)efchopping and decladdirtg found al the front cnd of the flow sheet is a mechanical process Ihal
chops the “fuel “rods into small sections and allo~s for the:separation of the spent fuel, uranium oxide,
from ihe clad matrix; zircalloy. This pmc.es$ is based on technology ustxi at the major reprocessing plants

in Europt. Separation oft he oxide fuel from c’badmaterial is “desiied so that the clad material is not
carried into the chemical processes. The clad mtit~ial “tiuld bk””usecias the imrt matrixin AT W fuel,

Fission product gases, primari Iy xenon and krypton; rchmsiid during the decladdirtg process are ccdleclcd
by cryogenic rrrkthods, or in getter-beds, and wrrt to storage. The gas CCJIIectirm system is based on

[echnologim used in Europe and those sttidied and proposed for use in the VS.

5PW oxide fuel is converted to metal by the direct oxide reduction process. This process invol vcs ~he
reaction of calcium metal with the oxide fuel tb”produce calcium “oxide and heavy metal (i.e., U. Np, Pu,
Am. Cm). II is cd”mpleted in a calcium chlbridemolteosalt flux mairtlaind at approximately 1025 K.
Some fission product petitioning takes place duting the oxidemxiucticm process. Fission gases are
released from the matrix of the oxide fuel and tie recdvt%d by the same methods described fort he

decladding system. Active metals, i.uch a~ cisium, strontium, and barium, are partitioned to the rmol[en
salt and arc periodic~l Iy removed from the M “durin”&the dirtct cmidc reduction salt recycle process,

placed in engineered storage cmtainers, and sent to the tefM$Wy, Iodine is alsg partitioned 10 the
molten salt and recovered from the salt “during the salt rtcycle process. Itk collected by cryodistilla{ion
methods, fabricated into ttirgcts, and traniimuted in fhc ATW system. The heavy metal produced in the

oxide reduction process is sent to the elcctrorefining system.

Electrorcfirting is used to pm-titicm the uranium, trartsuranics (TRU}, and fission products. The systcrn
uscs electrrdwmical methods to elect rotransport the”u from the anode to a solid cathode. The [.J-bearing
cathode is removed from the system and either sent 10 Wirage or recycled. An cutectic mixture of NaCl-
KCI molten sal(. at “approximately 1000 K, is used a%the transport” medium. Noble metal fission products

(.i.c., Zr, Mo, Ru. etc:) re”main ~t the anode heel in the cell. The anode heel is subjected to a second
elcctrm-efining prcicms Lofurther reducc”[hc amount of TRU” prescnt”in the matrix. ft is then sen[ to the

[cchnetium retovct-y process before being discha~gttdtb the repository. TRU’S and rare earth fission
products remain in the molten salt. This sail is treated by the “electrowinning process,

Electrowinning is an electrochemical process used (n elcctrodeposit the TRU’S from the NaC1-KC.l IIIOl(~II

siIlt. The TRU’S, present in the mo]tti salt as complex chlorides, bre reduccct at the cathode of the cell, A
sacrificial anode is used to react with Ihe”tlce chloride protiuced by the reduclion of the TRU’S. The
“It? 1!’s arc transferred to the vacuum casting fuel fabrication system. Fuel for the system is 85% Zr, or
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zircalloy, - 15% TRU clad in s[ecl. l-he molten sail is recycled to [he ele.cmortlining sys[cm slier the rare
earth fission products are removed from thfisalt by a reductive extraction process. After the cxwaction

process, the rare eatihs are collected, oxidized, .packtqyl, and sent to the repository.

“Technetium is removed from the eleetrorefining anode heels md sent to the ATW system for

Iransrnutation. Tc is separated from the anode heels by oxidatiim of the anode metals followed by Ihc
distillation and condensation of TcXh. TcIO, is convened to Tc by a direct oxide reduction process. The
“l-c metal is alloyed with Mo or Ru, fabricated into targets, and irradiated in ATW. The remaining
transit ion metal oxides are packaged and sent to the repository.

The back-end of the fuel cycle uses proccsscs similar to those used al the front-end. Spent ATW fuel is
chopped and clecladdcd by standard techniques. It is transferred to an electrorcfining system where lhc
TRU’S arc partitioned from the nctivc metal, nobli metal, and rare earth fission products. These TRU’s

arc wnt to the vacuum casting system where fresh ATW fuel is fabricated. Fission product gases released
during the clectrorcfi ning processes are collected by the aforcment ioncd methods. Noble metals arc
removed from Ihc electrorefini ng cell, transferred to the Tc recove~ process, and ultimately scn( to the
repository. Periodical ly the TRU content in Ihe transport rnolten’salt is decreased by using the

aforementioned eltitrowinning process. A IW periodically, ‘themtrk earth fission products are rcmwcd
from ~he clechwt~fining salt by reductiw extraction techniqie”sand are collected, oxidized, packaged, and

sent to the repcx+ito~.

Although cle.cmme(ining is used in both the front-end U removal and back-end TRU recycle process,

differences exist between the two systems. The frorrt-cnd system is !argcr than the back-end system.
about 400 kg of U is elecu-otransponed in the proms ti”compared to about 8-10 kg of TRU in back-end
procrm. The process parameters, cell operating current rmd pfoeess time, are quite different, Moreover.
ihe hack-end system must be designed to process PWich mixtures of TRU instead of low enriched U.

Scaling of the cleetrowinning systems follow that of’the eltitrorefining system,

4.2 Metallic Fuel

Existing technology is used wherever possible in [hc ATW nuclear subsystcin. The primary exception is
[he ATW fuel, The need to eliminate uranium from th~ waste, the desire m use LWR clad (zircalloy) as
[he inert fuel matrix, and the desire to make processing as simple and waste-free as possible drives the

fuel form to D zirconium-based metai matrix with an”initial Iransuranics loading of about 15%. The fuel

is a high melting alloy (> 1900 K) arid at the operating temperature of the transmutation system is a solid
solution of TRU in alpha zirccmium. Metallic fuels have Icmg”been proposed for usc in ALMR’s and have

been studied in experimental reactor facilities. Much like other development metallic fuels. ATW fuel
will require both itiadiation and materials compatibility testing. Specific issues inciude fuel swelling,

burn-up limits, fission producL especially fission gas, in-grmwih, fuel i clad interactions, and fuel / clad
bonding materials.

% jJjA~.~~sM~T~ ~uTEc-, TIC IWJCML4.R COOLANT AN II SPAL LATlON T ARGET

Lead-Elismuth eutectic (L13~) possesses some unique physico-chemicrd propen.ies, making i~an cxcclktll
nuclear coolant and spallation neutron source. L13E’s(44.5”wt0/~ Pb - 55.5 WIo/0Bi) !OW melting pcrim
i 123.5”(I). high boiling point ( 1670°Cj and very low v“@or prew.tkti allow for a wide operating
[crnperature range; ~liminates coolam boiling arid enl-iancestircuir safety. The high density of L13E
combined with wide perinissible temperature rangtmffer,s extraordinary natural convection cooling
capability for enhanced passive safely. LB”~’s low chemical activity inhibits violent reactions (fire and
explosion) with air and water. The senlcd VCSSCISand circuits readily prevent air-borne lead
contamination from cscceding establish.! indu<tritil stmdards(O,Ol mg/m~ in Rus$ia, 0.03mglm J in IJS).



“Ihc choice of LBE coolant for the ATW syslcxn is based primarily on IWO kwtors. First, [h~ Lt3E can k
used as both the c-oolant and the spallation target. .Seclmd, the usc of LBE rcsuhs in a negative overall

coolant void and temperature reactivity “coellicicm (9].

The integration of nuclear cook-ret and spallation mrgel in the current AT’W concepl drastically imprcrved
Ihc subcritical burner design by simplifying flnw configuration, material compatibility and removing
~rget structures in high proton and neutron fluxes. LBE has very high useful neutron production during

spal Iaticm and extremely low neutron capture cross section% This neutron transparency allows for a
widely spaced core with much reduced pressure drop and ptim”pirrg power requirement. The coolant is

also set f-shielding “against gamma radiation.

A sclwrrmlic of the ATW nuclear subsystem is shown in Figure 3, The choice of the pool configuration is
consistent with the objcc[ives 10 use proven “solutions {the pool configuration was chosen over the loop
option for LMRs wtirldwide) and to maximize safety. The atitinide-containing region is 2 m high by 2 m
in diameter. An 0.6 m diame[er umtral region contains LBE that is u$ed as the spallation target. The top
of the target is Ioctttcd 0.’[ 5 m above the mid-plane” Of the actinide-containing region, and a window

scpara(cs Ihe inside of the beam tube from ihc LBE. Passive systems are used to ensure lhat if LBE
wmperatum exceeds that expected during normal operation the beam tube will be flooded with LBE,
cffcctivcly removing the neutron source from [he actinide-containing region and shutling down the
mansrn utation process.

An intermediate loop could be avoided to reduce cost and in fact some Russian designs place a steam

generatrrr directly inside the primary pool. However, it was decided 10 adopt an intermediate heal
exchanger in the ATW concept to contain polonium (produced by neutron capture in bismuth), spallation

products and other radioactive isotopes. The secondary coolant is non-radioactive L13E. A minimum I m

thick L13E reflector surrounds the waste assemblie$ cm all sides. This reflector helps minimize required
actinidc Ioadin&,.flattens the power density across the fissioning region, shields the vessel walls from fast
ncutroms, and p“rovides thermal inertia. A core map is provided in Figure 4.

5.1 Existing Rua.shmLBE Nuclear Coolant Technology

Although LBE can be rather corrosive and can bc contaminated by solid admixtures due to interaction

with construction materials and oxygen, the Russians devek@d the “heavy metal tectinrdogy” to rrritiga[e

these adverse effects by selecting proper materials and iiclive{y controlling oxygen thermodynamic
activity in the coolant. The essence rrfthis technology is to adjust the oxygen level in LBE coolant so that
a self-healing protective oxide film can grow (m the surface of the structural materials to prevent
corrosion, white no excessive oxygen is available m form solid admixtures (mostly lead oxide). The
Russians successfully deployed this technology in their nucktr submarine reactom and have over 70
reactor-years (150 MWt uni~) of experience ~10].

In tlw US. 13rookhaven National Labora[o~ Ilrsl tried to usc liquid lead-bismuth as a coolant, attempting
to protect the container walls from cm-rosion by adding irthibittirs, such as zirconium, possibly forming a
surface layer of zirconium nitrate or carbide [1 I]. This solution was not satisfactory becauw of the

difficulty in maintaining a consistent protective layer during opr2rations, After extended smdy. Ihc US

prqiect for a lead-cooled submarine reactor was abandoned.

“l’he surt~cing of viable Russian lead technology is opening the door to the possible commercial use in

power producing nuclear plfints. Russian designs for small ( 100MWt} and large ( 1000MWt) reactors am
being evaluated. If is widely belimcd thit thew designs obviate many of the problems inherent 10
sodium-cooled reactors, such as positive void coet71cicnts m-tclfire hazards,



6. AN IMPLEME NTATION SCENA.R1O

The dedicated nature of ATW and the flexibility afforded by subcriticality combined to give us many

possibilities for implementing ATW for effective waste destruction. We will cxamin.e cme possible
implementation scenario. Many others can be develo”jxd similarly [9].

6.1 Spent Fuel Backlog Transmutation in 65 Years

By the year 2015, there will be ?0,000 fons of US spem fuel containing abou[ 600 Ions ofplu[onium and
higher actinides requiring disposal I%? ATW objixtive is th treat the spent fuel backlog, destroy the

mmsuranics and selected fission products, and prepare the resulting waste for permanent disposition in a

gc.ologic reposit~ty within a relevant ~irne horizm.

“I”wcn[y one ATW sysmrns are broughr on line toaccomplish the objeetive over a 65 year period. Each
ATW system consias of an accelerator (1 GeV, variable current 20-40 mA), a subcritical 2000 h4Wt 1.BE
burner. and a pyrimhemical plant (XI tins/year throughpu~ per burner). Several of these ATW systems
could be located together in one facility. and we have examined the possibility of having three ATW

facilities. The parameters for the ATW burners are as follows:

Of particular relevance is the fact that each 2000M WI ATW burner can dcs[roy up to 650 kg of ac[inidcs
(ptutonium and trmwuranics) per year, and thr+t 700 MWfe would be available for distribution 10 the grid
from each burner, after powering the drivinjgaticleralor and the plant. In the three-facility scenario. every

four years a new ATWsystem is brought on I ine at each site. As”the. burners and accelerators reach the

end of their operational I ife, they arc decommissioned, and th~ fuel from the decommissirmed burner is
sent m feed other still operat icmal burners. Eventually, !he last system in operation at each site wit I

reccivc ali the remnant waste and destroy it down to less than 1 ton over a protracted (5 years) inventory
bum-down period (Fig. 5,6).

There are two major characteristics ofthc ATW [hat distinguish the accclcralor-driven subcritical systems

[rem critical reactors th~l had been evaluated for aclinide destruction, such as the ALMR: (1) ATW does
not produce higher actinides from a fertile mamrial such as U~238; (2) because ATW is not constrailwd

by a criticality requirement iI can burn down the end-of-life (ECII.) actinide invento~ to as low a Icvel as
desired and practicrd.

6.2 Cost considerations for the burn-down scenario

In general the following key points arc known aboul the cost of an ATW syslem:

● I he cost of the particle accelerator will not dominate the ccomwnics of ATW; ● IIW pyroclwmical waste
wcatment processes are acknowledged to be less expensive than t mditional aqueous them ist r-y proccsscs

ill]; ‘ lhc cost of subcritical ATW burners based upon leati/bkmuth coolant technology should bc

comparable or lower to the COSIof critical sodium-wi.ded reattors; ● electricity produced by the ATW
plant could offset operating costs and produce rcvcrwe.

Ilwluding a possible reduction in the COSL ofthc rcpm.ilory introduced by ATW. it is reasonable to
conclude that the econcwn ic prospects for AT W me encouraging, possibly providing an cconom ic gain
tilong wirh iis other benefits.



7. corvCLU~‘1ONS

A“l-W dcstmys virtually all the plutonium and higher actinides wilhou[ reprocessing the spcm I’uel in a
way dw( could lead to weapons material divcrsibn. On& demonstrated and developed, ATW could be an

cssemiai part of a global ncm-prol iferation strate”gy for c{mntrics that could build up large quantities of
plutonium from their commercial reactor waste. ATW technology, initialIy proposed in [he IJS, has
received w’idc and rapidly increasing altcntion abroad, especially in Europe and the Far East, with major
programs now being planned, organized and funded. Substaritialconvergence presently exists on the
mchnology choices among the programs, opening the possibility of a smong and cffeetive international
collaboration on the phased development of the ATWtechnology,

If the job of nuclear waste destruction has to be done quickly, safeiy, and with reasonable invcs[ment, we
bel icve that a dedicated, once-through subcritical burner (AT W) systemwould provide the most effective
oplion. ATW can prcwidc, within a realistic nuclear ”techncdogy envelope, a way to destroy the undesired
products of nuclear energy generation. This is a new inslrurhenl in the field of nuclearsystems: it could

accomplish the destruction of all transuranics {including plutonium) and long lived fission products, or

only a residual portion, if recycle of F%in existing critical reactors is deemed acceptable. The

technologies introduced and developed for ATW (liquid leadLBE nuclear coolant, pyrochemical

processes, high power accelerators) will also have important applications to, and could well cons~itute the
backbone of future nuclear systems (both critical and sub-critical).

AI-W systems could be used in a series ofdiffemnt scenarios, including the expanded, sustained or

declining usc of rtuclcar power. The ability to demonstratesucha fkxible meansof destructionof wame
will be very impoflant in fostering the confidence that a “forever” legacy of waste is not the unavoidable
consequence of having once used nuclear power. or by the same token in promoting the acceptance of

nuclear power ma viable and environmentally sustainable large-scale energy source.
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A TVVfeatures that make a difference in
dealing with nuclear waste destruction

● no new TRU production via neutron capture

● near-complete bmxiown of TRUS at end of life

● IOW40SS fue/ recyc/e processes



ATW cxnnparesfawmd!bljtootherS+Tschemes:
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Drivers provide basis for ATW systems and tectmubgy choices
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s Efficient neutron production and utilization

● Avoidance of buildups of the very high actirk!es (Am. Cm, Bk, Cf)

F

● Fast spectrum eliminates need for rapid fission-product poison removal

● Leakage neutrons can be thermalized for FP transmutation (if necessary)



Accelerator Drive
and efiective

Pmtoll

(Subcr.ticality) enables versatile
Nuclear Waste Destruction

A TW Burmr ~Mm’’-’-w-w
Ut3atExcikmgec to
shm@#vm pmverpmlucfkm——_-

-..2 @p M 40%ef!.]
Typical Power: ! j - -——-T’
2000 Mwt ‘—_- -.-1 -.,—- ----——-———- —-—..—.—. —-~—_~ .- ,-. -

Pump , --! ;; Ni’”” /= ‘*ide‘i :
---- ,. : :;. ~

-x .. :
+& /=””

.

why wbcn”riculi~’has advantage for
waste destmctioru

● Power Ctlntml is not milked to
m?ctivitv fllbcks, dehved
m?utmns or k? mm a! rudq but
onljt to the accelerator dr!ve

● ATW has no need for feWe
.mmEiMBATWuses pure

\

Tm?smutatic?n
I?egim (soIM
actinide fue!)

indenmdie mht“dthe fuef
C#mWsmuf?

●EUL hmntow isnot M?ited W
CdticalitfitI%3dtWe to have HZ
bumdutiff of inventory

● Neid!mnics and thermahydraulics
are electively decutmled







The insertion of 1.0$ of reactivityin A WV systems only increases
the steady state puwer level by -5%
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4UIIIVFuelElememts
J9riwm: mm-fem”kactinide based fhet, high reeking point compatible withpwdwnkal pruceme~.
lv?cyk’ of Wa.TIE’mumii.d. existing experience=

Sekctkm: Tmmurtmic metalflte! in im?r7Zirconium mmrk.

composition 85-9076 Zircuniurna 10-1 5% Transuranics

melting point -1400 ‘c
316 SS clad, lead bond (He also possible)

exceltent soiubi[ity of actinides in Zr phase

phase equilibria established

prepared by vacuum casting

utilizes zircalioy discard ciadding from spent fuel

cmsklerabfe experience exists with metallic fuel
- 80%Zr2D?OUNavi3/Fuel
+ 75%UIWWU 10%Zr H? Fuei

Issues:

irradiation Behavior

Swelling

Bonding compatibility

Fuel bundle geometry

. . . . Backup: Uxidt?flwl



The choice of liquid lead/bkmuth (lBE):

1. Very hard neutron spectrum

3. Low melting, high boiling points. Low vapor pressure. Large -M. possible.

4. Exce\lent medium for natura[ convection (essential for passive safety)

5 Very low neutron absorption. Large FYD ratios are possib[e. Very low core
pressure drops

6. Matefia!scunptiMity established

7. Very effective gamma shie[ding material and spallation neutron source

Early problems with ME nuclear systems {corrosion of structural materials, oxygen

Mance, handing of Polonium} have been successfdly solved (Russian experience]

ME systems area natural choice for subcritical configurations driven by
accelerator beams. LBE is an excellent spalkticm neutron source and
nuciear coolant. One-fIukf systems can be readily designed.
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ATW uses h sanwjkidfor target and cow muling -- no large~ swwww
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Lead as spaflation neutron source has been succesftilly
tested on large scaie at Los A[amos, codes benchmarked
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Spalldtm residual nuclei production is kss thm 200g/M W-w of beam.

Residual nuclei per incident 1 GeV proton on LBE
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Design Objectives forf4TVV.-ccderaW-
C

i-i lime jiw-an A T?%’fadts should bg tk~i~mtt;

●

●

●

●

●

●
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THE CHO/CE OF PYRC)CHEMISTRY :

Iikbste ~reahnent Technology

The OBJECTIVES:

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

Periodic recycle of the ATW fuel during operatkms

Periodic cleanup of the processing medium

PYROCl=iEMfSTRYALLOWS FAST, BULK-TYPE SEPARATIONS.

IT K NOT ADVERSELY AFFECTED BY HEAT OR RADIATION.

[T PRODUCES VERY LOW AMOUNTS OF SECONDARY WASTE.

NONE OF THE PROCESSES PROPOSED PRODUCES ●*NAKED’qPLUTC)NN,IM.



BzE1--ll A TUVVt@steTfeatmenf k based’ on Pyrochemical
Processes develo~ed af Los Alarnus and Aruonne

, Rut FP+ Tc ,,,, *

lm--



A TVVWaste Forms provide FP partitioning
for good Repository performance

Transition Metal Oxides (contain reisual TRU) repasitury

Rare Earth Oxides repository

Active Metals in engineered storage repository

Xenon, Krypton gas storage

Assemblies, hardware repositmy

Uranium LLW



JHIIVflesi~n UWfjecififes

Subcriticality level: such that nature of the fuei is unhrqm-tant for operation
of the system. We have 0.967 as our highest ieveL

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

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

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

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

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

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



Treatme~t of 70,880tons
SBeivtF~e/Bachlug



AIW Burner Parametersfur Scenari8
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RougbCosWWSeenarIo

Baseline .4mm@ms:

!f3TlL_w___ .... . – -- ——- ,----- . ------
~- “__... . . ... . ... jIT~-iGiiiiW] I_. QwW. ..T~aLQ=~ ($A
as@.Treatgprt -_._. $llgo~ . :._. _ .L -- . . ...$!.WN...-
eanup F@lity - - - ___ . __.$5QQ . .. .. . _.1 ._ $.5QQ.. .

.- -2_o— .-. :_ _$-!.u!Qo~:ki29arators_. _ .$50-Q
jkfitical Burner $??@. --–_ -------------- :– s!zo.o~ -20—.. . . . .. .——-- ... -
}wer -CPverQon A- D@ribirtiin ____ _S750 20.L . ... . . --- $~5,00iJ
----- . . ... . . -—.-. . .. . .. ..—-———.-.. —---.. —.—---—-—.— L—.—. --—.

TOT.AICWtTAL~~~=_ $4.1.,5~o .—-.. . . ——— ..--. — ..- ——-- —.-. L -.—- ----- ------ . . . . . -—.-.

_..- .—- -. - ----- . -.. --- —— -.. -. _..—— —-
———

UA... ..~~-.‘___.___I_I ~.1~~_s.3_=?us_.-.-;. ___I___-____.-s3.245.-.
.. -.. ____ ____ .___.——_._-—_---- _

---- _.. . ------ . . . . . . . ---- .-. — —-. .-. ———.- —- ----
eqricsales --- _________ ...——. ...—.——.... .
~r~a~ ‘p~;r per ~b”un&_ [ky~!:-_-~.~-- 2. OGO. _ _ . . . . _..2-O. ...4 Qtooo ..
version ral~o 40?... —-.-— —
~k~per_MW~ ~.&O;. ._ . .... . . . ...- _____ ., . I 61Qg~_

---- . . . . —..-. . .... . . . . ——
lit power per accel install@n _- -100- ‘- - 20 - 2.oog

.. . . . ----- .
Net fm-yer fo~&J_;-==>_~y-Wej ~.. 34,0QCJ

C-ost_~f-~eiect;kty ~@ti?~We-_hrj ==> -
-. .—-.

30--
Pl~nt a~jlability ==>- .. 75%

—.
Annual r&enue fr@&-El&t@ -Sale ==; {$M~_ S2. ~61

iietannual revenue for ATW oprin => $t,516
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IIMherScenarios



ATVV cm be efficiently deployed to complement many
ciitierent fuel cycles and waste management scenarios

w r

33 --------- ”----:-- ““- -------’

Iij

.-... ....—... ........ .... ..... ...... . ..... ..—....——........—-.... . . . ..... .. ............. .. .

Th fuel m RAOX*

den. WU fd (8ULNI)no MOX”
{India, My)

U- based ftre~ 2 MOX”*
(France,Japan]

U-based fuel 1 MOX
(Belgium, Spain.Germany,UK]

A W SWXXW FMb = the number d reackm
whine achide waste is destroyed by one ATW
syslern of the same thenna! pwef



What YoiI Stmukf Flemember About A TW
—— .=. . —....—-——..—.—. .——.. —. —___ —.. .——-—..—..—. .—

It is a Nuclear Waste Manaaemenf enhancing technology

Addresses issues of repository storage capacity and the longevity 3
of radiological hazards:

● destruction of 4 transtmmkx
Q transmutation of Tc-99 and Lf29, other isotopes if required
● partitkm of a![ other #Rskm products for optimaj dkpusal
● radiotoxicity of ATVV waste after 300 years is bwer than direct-disposd waste

after $00,000 years

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

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

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

It is adaptable to different fuel cycles

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

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

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

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

Power density: high power density means low inventory. Also short cycle
length. We seiect 300 WICC,7 kwlft, 120 day cycie, 3000 kg irwenkwy

Passive cooling: 300 MWnatural convection capability(15!!6 of rated power)

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

Burndovun: 5-year special operation. Objective is EOL inventory e 300 kg.



Many engineering, techrm[ogical and safety problems o
reactors= Russian experience will be very valuable in

Engineering Varh

Cookmt Type

Target design

Target cooling system

Number of circuits

Coolant circulation

Fuel type

Fuel rod type & fuel

assembly design

Pb-Bi

Windowed

Separate circuit

2

Forced circulation

Uxkies

~~acing by

rib wrap

‘ ATW are common to
~evebprnent of design.

,nts

Pb

windowless

Same as blanket
cooling system

3

Natural convection

Metal

Spacer grid

Safety Considerations

Freezingldefreezhg coolant technology PC) decontarnina~ion Loss of heat sink accident

Steam generator tube rupture Oxygen level control Loss of coolant circulation



/Uinhni2eckRlSK APPROACH W
ATM? DEVELURMEW

I

LANL-IPPE Target (1999- 2001)
no f;ssimable mattwial. Competency 1 MWJ .. .

development High radiafkmenw”ron.

Ww?dowtesting, TH stressed

Subcritical testbed (2001-201 (J 1-2 M+’ 1056’ MW

b-mired [js wwbfe invet?to~. Cmld use 0.75-0.9 keff
LANSCE. TRW fuel deveiopmem+ k{.

ATW Ml size burner (2015 - )
Full TRW destruct~m wrkm-nance.
Accelerator &d Mowrir?g, extend bum

500- IOoo Mw

0.95 kf’f

A9ixl Mw

0.97-0.93 k<jf

Power Densit!

500 $Ycc

lLW H#cc

Fuel Type

---

meld fide!

fid/ nlu c(3rf?

JeutronFlux

>/o**13

>1O**I5

Chemistry

Po r-mm’d

ihygf?n Conird



SUBCIUTKAL REACTOR CONCEPTUAL CHM?MXEIUZATH3N

THE ATVV DEMONSTRATION PLANT

A presentation m MIT. Nuclear Engineering Department
L-

Jarlum’ 15-16.1998--

,., . ..-



OUTLINE

● Approach

s Point Design

● Preliminary Performance Calculations

● Future Effort



HEAVY METAL (LEAD BISMUTH
EUTECTIC) COOLED REACTOR

●

●

●

Transfer Soviet technology (Alpha class submarines )

No need for separate target

Potentially safer than either water or aIkaIi metal cooled-
reactors

– Vkrv high boiling point

– I% ~rewmrizatkm needed

– No violent reaction with air or water

– SeIf-plugging leaks (melting point higher than ruom temperature I

– Natural circulation potential under normal operation

- Can be designed to be passivelv safe*



APPROACH

● Minimize development
– Russian cooperation

– IJtilize water and sodium reactors experience

● SafetY/design conservatism has precedence over
econ;mic performance for demo

● Outline potential improvements for future
designs

–.



WHY A DEMO

● Demonstrates new technology

“ Identifies development needs

● Easily scaleable to prototype

● Design and operation experience

● Provides realistic test bed

,., -..=..



DESIGN CHOICES

● Pool configuration

– LMR experience

– Safetv

● Intermediate heat exchanger (HDC)

– Polonium and other radioisotopes containment

Nuclear steam turbine
—

—

—

LVVRexperience

More compact IHX and steam generator

Margin for upgrading

,=.-..



ATW REACTOR SCHEMATIC

pump’

==7

-11000
MWt

TCIsteam drum 271 ‘C 1

404 “c 0.391 x10a I(glhr I

L-

J’l L
340 ‘c

Pb-Bi Eutectic

“,0.471 x108 kglhr

‘C)verflow &
— purification

I

)-

Steam
generator

#t

Secondary
pump

T..

I

Feedwa]er
y 200 ‘c 177 “c

0.391xIOB kglhr

1
One of Three Loops

Westinghowe
Science & ‘Teclmoiogt Center



DESIGN CHOICES [Cent’d.)

● Hexagonal canned assemblies
—

—

—

LMR experience
Orificing to offset radial power distribution
VVER and thermal breeder experience for
triangular pitch grids

● 1000 MWt reactor design

● Core inletioutlet temperatures 340/510”C
– Same as Russian design

● ‘bDiluted” core
– Enhance natural circulation
– Moderate power density



VV13R (TEM13LlN) FUEL ASSEMBLY

(ATW ASSEMBLY HAS 91 PINS)

ME3LY



ATWREACTORSCHEMATIC

. .

~-----:-=--+ ● S ‘~

oM?
w6tinghmE3e

.Science& Techufhgt Center



COMPARISON OF COOLANTS FOR
NATURAL CIRCULATION

Pb-Bi \ .ATW
Wteaic !

I

Pb BREST

I

Tk/TmN
f!=)

Drkillg F&d Lip



CORE GEOMETRY

Outer diameter

Inner diameter

Height

Hexagmal assemblies. triangular pitch

# assemMies

# pin~lassembly

Pin dknneter

pm

Cladding thickness

Peli& diameter

Gap {metal bond1*

Can fl~t-fe-flat

Can thickness

sm

0.8 III

2m

416

91

().83S2 Clll

1.69

0.46 mm

0.7068 ~m

0.2 mm
~3*5 cm

3 mm





Steady-State Demo-ATW Radial Power
Profile

Relative Power Density vs RadialPosition (cm)

Radial Position (cm]



RelativePowerDensityW AxiaiPosition(cm)
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PRELIMINARY LIMITING
TEMPERATURES

coolant None (boiling point is
higher than W other limits)

Vessel 70(PC {Russian data)

Cladding 8000C (Russian data)

Fuel 12000C {LANL, Zr matrix}



PRELIMINARY UNCERTAINTY FACTORS

Enthaipy Rise 18●
Film NT 20●,,
(X@ding AT 15●

Gap AT 20●
Fuel AT 20●
Radial peaking factor not 11●
compensated by orificing,,,

o~ W’estinghwse
- Science & Technology Center



PIN RADIAL TEMPERATURE PROFILE

i3-
C2
-

----



HELIUM GAP TEMPERATURE DROP(NONUNM.J

... l<=<..



INTERMEDIATE HEAT EXCHANGER

———

s 2hahes of 60x70rows -4200 tubes
(2.23 cm diameter x 2.14 m iength)
each on a triangular pitch - P/I)= 1.5

s OveraIl dimensions: 2.58x 2.14x
~=7~~

● H-27 steel (3 Cr, 0.8 Mo]

● Primary fluid (outside tubes) velocity =
0.463 mk AP= 3.6 psi

“ Secondarv fluid [inside tubes) vel~cit~-.
= 0.921II&AP = ~.~ @

.- .— ———————. ——

., .<.--, 0~ Westinghouse
- Science & Techndnjg* Cemer



PRIMARY SYSTEM HYDRAULICS SUMMARY

Parameter I Pumps On ] Pumps Off

Core Exi[ Temperature (“C) 510 631

l[Core Temperature Rise {’T) 170
1

Mass Flow Ra&e (kg/see) 3.96x 10A 2.32X 104

Core Pressure Drop (psi) ~.~ i .9

Core FIOWJVelocity (rn)s) 0.79 0.47

iHX Pressure Drop (psi] 3.6 1.3

IHX Fbw Velocily (m/S) I 1.0 1’ 0.6

Piping Pressure Drop (psi)’ 46

Pump Pressure Drop (psi) I 1.0

Total Pressure Drop (psi] 13.2 5.9

Convection Head / To[al Pressure Loss I 1.0

Pumping Power (MWe) 0.73

* Conservatively estimated tit,-50%!,,

o~ Westinghouse
- Sciehce & Tedmdog~ (kiter



PUMP FAILURE ACCIDENT -
ESTABLISHMENT OF NATURAL

CIRCULATION

3

50000 ~
!

I
40000[ ‘- ‘- ‘- .,-- ““”

30000
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.. 1
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i
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1 ,

I

0 ‘ -2
-500 (1

Time (see)

500 1000

o,A, Westinghrme
- science & Technol~- Center



BEAM ON, PUMPS OFF ACCIDENT - TRANSIENT
THERMALRESPONSE~NOMINALCONDITIONS)

,, ,, ,,

700

600
-

1-

400

300

—-- -- .7-— .- ..? . , — - ..- —-- ---- -..-..—— ——

1

I

“i
I

-500 0 500

~Time (see)

,,,

1000

Wttstinghouse

Science & Techmiogy Center



Loss of Heat Sink Accident
(Beam Off, IHX off. ~Urnp off]
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PASSIVE SAFETY CORE
“SHUTDOWN”

F......“+
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Hotpool
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Westinghouse
Science & Technolo~y Center



FUTURE HIGH PRIORITY ANALYSES

● Detailed core physics/power distribution

● Core orificing

● Reactivity insertion transients

9 Window design

Q Reactivity swing over lifetime

● Fuel management

ow Westinghou.w’
- Science & Technology Center



SUMMARY CONCLUSIONS

Established Design Philosophy and Exercised Design
Choices

Taken Maximum Advantage of Past Experience

Established Necessary Framework for Technology
Transfer

Preliminary Performance Cahx.dations are Very
Encouraging

Excellent Passive Safety Capabilities and Potential

Outlined Plan for Next Step in Design

ow Westinghouse
- Science & Techno]o~v Center



ATW Nuclear Performance

Los Akimos National Laboratory

- ATW Project -

Presented by: Michael G. Houts

Nuclear Systems Design and Analysis Group

Prepared with: David I. Postcm and Holly R. Trellue
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Outline

ATW System Description

Experience Base for the ATW

ATW Safety

ATW Waste Cycle

Technetium Transmutation

End-of-Life (EOL) Inventory Reduction

Research Needs

Conclusions
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●

ATW System Description
The ATW point design is not yet optimized, but is
intended to meet ATW goals:

– Less than 3000 kg steady-state actinide inventory.

– Greater than 500 kg/year actinide burnup.

– Greater than 40 kg/year technetium transmutation.

The ATW point design has a lower inventory and a
higher burnup rate than the ATW Demo.

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



ATW Builds on the ATW Demo

Parameter ATW Demo ATW

coolant 44.5%Pb / 55.5 °/OBi 44.5’%oPb/55.5%Xli

Power (MWt) 1000 2000

Fissioning Material (Np/Pu/Am/Cm)Zr (PJp/FWArn/Cm)Zr

Power Density (MW/liter) 0.076 O*34

Vessel Material / Clad Material 316 SS/316SS 316 SS/316SS

Average Linear Heat Rate (kW/ft) 6.4 7.3

Fuel Cycle, Nominal (Full Power Days) 360 100

Actinide Inventory, no Tc Burning (kg) 4900 2400

Actinide inventory, with Tc Burning (kg) 6400 2960

Average Coolant Velocity (M/s) 1.2 <5

Prompt Reactivity Feedback Near-Zero Near-Zero

Overall Reactivity Feedback Negative Negative



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

●

●

●

Beam transport and beam window.

Flowing LBE target.

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

Operation with small delayed neutron fraction.

C@eration with near-zero prompt reactivity
feedback.

Operation with uncertainties in the composition
and physics of the waste.



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

experience.
Parameter FFTF ATW

Power Density (MWlliter)

Vessel Material / Clad Material

Average Linear Heat Rate (kW/f!)

Fuel Cycle, Nominal (Full Power Days)

Demonstrated Capacity Factor

Average Coolant Velocity (m/s)

Coolant delta-T (C)

Prompt Reactivity Feedback

Overall Reactivity Feedback

coolant

Power (MWt)\,

Fissioning Material

0.39

304 SS/ 316SS

7.3

100

0.75

6.4

170

Negative

Negative

Sodium

400

25wuoJ75°/xK12

0,34

316 SS/316SS

7.3

100

Plot Known

<5

250

Near-Ze m

Negative

44.5 °6Pb/55.5%Bi

2000

(Np/Pu/AtiCm)Zr

,\



ATW has Excellent Neutronic Safety Characteristics

Keff w Percent Compaction
2 m x 2 m Waste Region, Steady-State

1.005

1

0.995

0.99

* 0.9/35

~ 0.98

0.975

0.97

0.965

0.96

0.955

0 5 10 15

Volume Percent Compaction

‘— Keff

ATW retains subcriticality with up to 137~ volumetric compaction.



ATW has Excellent Neutronic Safety Characteristics

Relative Power vs Keff Assuming Constant Neutron Source

0“2 :
0.9

. . . . . . . . .

.-< —————-.

Keff

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



Simple Waste-Burning Scenarios
give Adequate Performance

● 3-zone scheme has adequate performance
(improvements possible).

● “Fresh” waste pins placed in Zone 3, moved
to Zone 2 after 1st burn cycle and Zone 1
after 2nd burn cycle.

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



Simple Waste-Burning Scenarios
give Adequate Performance

Reflector
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0.97

~.g6
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0.93
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0.9
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ATW has an Acceptable Power Profile

Relative Power Density Vs Axial Position (cm)

Axial Position (cm)



ATW Efficiently Transmutes

● Increases actinide loading and acceptable
cycle length.’,,,,,, ,,’,

● Hardens neutron spectrum if unmoderated,
increasing eta and reducing build-in of\~ \
higher actinides.

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



ATW Efficiently Transmutes
Technetium

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

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

● More than adequate Tc transmutation feasible
through use of moderated targets radially
surrounding the fissioning region or possibly Tc
impregnated end-reflectors within the fuel pins.

● Fast-spectrum transmutation of Tc in the
fissioning region also has reasonable performance.
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ATW Inventory Reduced at EOL
“ When a plant reaches end of operational lifetime (EOLJ.

residual actinide inventorl~ ~ransferred to remaining plan[s.

● The final remaining site (Two 2 GWt plants”) will be used for
bum-down.

● .% i~~~e~t~~~ cimps, actinides are-concentrated. waste rwion-’ L
size reduced, and power is reduced as needed. Fast spectrum

maintained as long as practical.

● Moderator introduced at EOL to attain ver}~low ( 1(M)kg)
residual inven[ory while maintaining reasonable multiplication.

● Reduce residual Np and Tc irwentories to less than 5 kg.



Waste Mixtures with no Plutonium can
be burned.

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

● Fuel (Waste) Performance (Demo)

– High actinide burnup.

● Fuel (Waste) Handling (Demo)

– Rapid shuffling, removal, and insertion,

● Materials (STF) k
– Relatively high LBE flow velocity and delta-T.

c Interface between beam and waste burner
(Demo & STF).

– High beam power, bean~ power density.



Summary

● A logical path exists for developing

c ATW

‘ ATVV

● ATW

“ ATW

● ATW

c ATW

has excellent neutronic safety

ATW systems.

characteristics.

burns actinides efficiently.

transmutes technetium efficiently.

has a low EOL actinide inventory.

fuel is well suited for processing.

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



ATW Process Chemistry

Los Alamos National Laboratory

- ATW Project-

Presented by: Mark A. Williamson

Nuclear Materials Technology Division



outline

● ATW process chemistry requirements

● ATW waste treatment flow chart

o Process chemistry simulations

* LWR spent fuel

* ATW waste treatment

● Waste streams

● Technetium and ATW

● Conclusions



AT # Process Chemistry ,s Proli’ferc~tionResi>.mt
and not Complex

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

● Technetium and iodine are separated for transmutation in
ATW

● SecondarV waste minimized&

Q Segregated waste materials produced for storage





A i tVProcess Simdatio~~ Routines Benchmm ~ed
with Experimental Data

● SOLG.MJ- equilibrium thermodynamic calculations based
on free energy minimization. ruutinel~ used in process*
simulations for 25 vrs

- Direct Oxide R;duction (DOR)

– DOR salt regeneration

● TRAIL - mass transfer modeled with diffusion la~er theory,
Kobayashi et al.. J. Alloys and Compounds 197,; @99s),
code written by Y. Hu and N. Li. verified with LJ
electrorefining data

– Electrorefining

– Electrowinning





LVVI?Waste Treatment Simulation

● One P1’VRfuel assembly

● 33 hl~l~ day I kg average burn-up

● 150 days c~oling time*
● Composition data from Nuclear Chemical Engineering.

Benedict. Pigford. and Levi



Spent Fuel Decladding Produces Feed Material
for Oxide Reduction Process

1

● Support hardware removed from assembly

Q Pins chopped by traditional methods

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

● Clad used as source of Zr for ATW fuel

● Offgas released by decladding process is collected, sent
to storage
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Electrorefining of PVVRAssembly Provides
Uranium Separation

3

hmut Materials
398 kg HT$Ifrom #2

385 kg U

3.98 kg TRU

3,98 kg RE

20 kg w+
188 kg NaC1-KCl

(heratinp Conditio]

I= 500A
Thm = 265 hi-s

T = 10WJK
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Anode to M

5040 g NNI
2s00g u
15g TRU
14gRE

IQ2U0gu
3965 g TRU includi

3966 g FUZ

Cathode
392 kg L1

Vour Batches of 99.5 kg HM with W re-enrichrnent to 6$%in molten salt
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Electrowinnirzg
for ATW

Provides Feed Material
Fuel Fabrication

,,

5

Immt Materials

molten salt from #.3
1(1200g u
3965 g TRU
3966gRE

4334 g Na as alloy

188 kg NaC1-KC!

0Derath2 Conditions

1= 500A
Time = 6.2 hrs U

3.7 hrs u/TRu/RE

T= IO(MIK

,,

Sacrificial
Anode Cathode

OutDut Materials

k
-.-.-.-.--------.-.-.-T-

.--”-.
.“ ----------- --

--.’
-.

-------- -------

r---------. .------ . . . .

frpm one PWR
,,

Molten Salt to #7
3466 g RE
192.3 kg NaC1-KCl

Cathode
U extraction
9200 g u

W’TRU/RE extraction

to #6
1(NNIg u
3965 g TRU
500 g RE





Reductive Extraction Process
from Molten

7

InDut Materiais

Molten salt from #5
3466 g RK

1707 g Na as alloy
188 kg NacJ-Kcl

Operating Conditions

Time = 8 hrs
T = 1000 K

‘,
,,

‘,

Removes Rare Earths
Salt

‘,,,

‘,

,,

OutDut Materials

Molten Salt to #3
189 kg NaCI-KCl

Metal Pha5e
3466 g W



Direct Oxide Reikm,on Salt is Recycled
after CMorinatim and Calcium Regeneration

8 Inert
Anode

,,

Mimt Materials
,,

chloriIN#&m
NWkg CaO
1870 kg CaClz
239 kg Cll

,,,

Ejkchwinning

2244 kg CaC12

0w3rMiiw Conditions

T= 1000 K

131ectrowinning
1= 2250A
Time = 80.2 h-s

---h--
1

k
----------—-,----.--—----------.-.-,---+—.-----_-.’

.- . . ..———
-----

.-.
.----- .-.-,

------ -. . . . . -.
—-’--. —.--—---

-. -. ---.-.-,
. . . . .

-----------
---. -.-.-.-,

----

--.-.---.-.”.
-------- ---—. -.

----- . . ..- .

. ---

*

\

Treatment of four batches of D(JR salt

UtitDut ,Materials

Chhmination

2244 kg CaCIl
54 kg 02

Ekctrowinning
recycle to #2
1870 kg caq
135kg Ca

239 kg q



Treatment of 70000 t of Spent Naclear Fuel in 60 yrs
Reouires 2 t / dav / Plant*

W3cess Plant Parameters\,,,,
P

system Hatch Process Number of I Capacity Operating
{kg Hkl] Time (hr) systems ‘, per day Parameters

~ ‘ (kg I*I)

Lkclatklkg 400 24 (i 2400
I

DOR
120 8 I 6 ~~~

D(IR Salt
tmt)o A

Rccyck
121 (Ca) 20 6 726 (8 kw’)

Ekctrorefinning ~m 17 5 2W0 MO(IA
LIVR fuel @ k\V)

Eiectmrefinning 3 ~ 5 15 50’0A
Amdc i%]is~ (500 }17)

EkctrowinAing
I

500”A
U / TRU / RE 18 10 5 90 (500 w)

Reductive 3.5 8 ~ 21
M raciim

Fuel
Falximtim

~.4 12 5 27

Off&as Xe and M crymlistillatim

system md tiolIe&m 1

‘WOckmkal phrks are required to treat LJ~’ and ATW w-aste,300 day/yr -24 hr/day.





A TVVVVasteTreatment Simulation

● One AT\Y waste fuel assemblv

● 182 MW’ dav/ kg average burn-up

● 60 days coo~ing time

● Chnposition from ORIGEN calculations



Chopping ATVVAssMbly Produces Feed

Material for the Electrorefi~ling Process

9

● Support hardware removed from assembll~s

● Spent ATW fuel chopped into small (-0.5 in) sections

using traditional methods

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

● Offgas released bv chopping is collected and stored*
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Mectrowinning TRU j~onz Process Salt Allovvs
f~irSalt Recycle

Immt Materials
molten salt from #10
1720 g u
7390 g TRU
500 g RE

2852 g l% as alloy

188 kg NaChKCl

Oneratinp Conditions

1= 500A
Time = 6.1 hrs U/TRU/RE
T= 1000 K

4 L------
1’

,,,

,,,,

i-

-- . . . . -.
--_-.-.-.-.-.-”.

. - . ’ ---------
---------------

,-—--. —.-.-. —---

L---------------

Outrmt Materials

Molten Salt to #13
400g RE
190.8 kg NaC1-KCl

Cathode to #12
WTRWRE extraction
1720 g u
7390 gTRU
100gRE

Molten Salt from 10 electrorefining systems







Treatment of A TVVVKasteRequires
360 kg/ day /Plant’%

Process Plant Parameters

!5S-stem Batch Process Number of Capacit:- (@mating
(kg Hll) Time !hr] Systems per da: Parameters

(.kgn)

Chopping 11.7 8 J 4(EI

Electrorefming 11.7 6.7 4 360 500 .+
(~~~ \\’)

Elertrol} inning g,~ 6.1 1 gm~ ~[~:],$

{500 W:]

Reducti~e
Extraction

[)*S 8 1

Fuel
-1 6 ~ 3(M

Fabrication

fMfga5 Xe and Kr cry-odistillaticm
~~-st~nl and collection 1



Projected TRU Waste ~utp~t, to ,Repository

● Treatment of LVVRspent fuel

– simulations indicate 12 ppm TRU waste output with
anode polishing

● Treatment of ATW spent fuel

simulations indicate 10 ppm TRU waste output,,

* Higher process loss maybe present in engineering scale
systems

● Total TRU sent to repository,
approximately 900 t of NM*

60 yrs operation: <300 kg in



A TW Provides Segregated Waste Streams for
Disposal

“ Uranium - low level waste, radioactivity of natural U

* Metals - repositoryw
- spent fuel clad and fuel assembly hardware

● Transition Metal Oxides - repositoryw

● Lanthanide Oxides - repository

● Active Metals

– engineered storage containers, repository



Treatment of ATVV Waste Offers Advantages over
ALMR Fuel Reprocessing

● Less material to process, U is not present at significant levels

– smaller batch size? 45 kg instead Of 400 kg

– moderate operating current, 500A instead of 8000 A,,, ,,,,i
- possible reduced cost “

● NOdeleterious effect of fission product carry-over into fresh
fuel



Process Clzenzistry Issues Addressed in 5 Year Program

● Develop process scalability information by designing, fabricating, andw
testing various size electr~chemical cells, reduction svstems, and reductiveu
extraction systems

● Develop more detailed material balance for process chemistry

● Verification of separation eff~ciency for electrorefining and
e]ectrowinning processes at 10 kg scale\ ,,\,

● Establish complete thermodynamic database, e.g., Cm and Np.

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

● Verification of multicompmwnt reductive extraction process at 10 kg scale



Technetium and ATVV

Los Alamos ~atiortal Laboratory

- ATW Project-

Presented by: Ann R. Schake

Nuclear Materials Technology Division



In a Repository ...

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



Yucca Mountain Geology,, ,\,,,, ,,;

f

Iles

* -2 km thick tuff
(volcanic ash) layers

● highly fractured

● water table -500 m\
below surface

● proposed repository in
water-unsaturated zone





Tc Mobility is a Concern for tz Repository

● Tc and TcOZare easily oxidized to TCZOTand subsequently TcOd-

- T@x- is extremely mobile in the environment

● Reducing conditions are needed to maintain TcOZ

– Expect oxidizing conditions at Yucca Mountain

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

– Even’under reducing co~ditions rtidiolysis forms Tcv~~ :

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

● ‘9Tc half-life is more than four orders of magnitude greater than
~JTCsand ‘Qsr



A TW Provides a Solution to the Concerns
Posed by Tc

● TC exists as an alloyed metal in spent fuel.

– Tc metal can be recovered and made into targets

- 70000t inventory contains about 5.3 t of Tc

Q Tc is transmuted to Ru by neutron capture in ATW

* Tc is transmuted in either fast or thermal spectrum
ATW system



Technetium is Isolated in the Anode
of the Electrore$ining Process

Tc Recovervu

— Oxidation of Tc, and anode metals, forming TCZ07

● Other metals will also be oxidized~ e.g. Zr, Mo, Ru

- Distill and condense Tc@T

● Tc forms the must volatile metal oxide of those
present

- Direct oxide reduction to recover Tc

- Alloy Tc with MO

● Mu is a good host for Tc, -10 atom percent volubility
of Tc in Mo



Properties ofThernzodvnanzic
Related compoundsTc and

Vapor Pressure (torr)
Melting Point (K) I Boiling Point (K)Species 300 K 500 K

Tc 2445 4850

MO 2890 4885

2583 4173

TC02% ‘3.45t-l1 7.26e-5(dec. 1173K) I
392TC20, 583 1.26e-3 72.4

1073 1428 2.72e-34

6.(12e4(l

7.08e-15

2.54570 635

Whtmmxdyl



Experiments Planned for the Five Year Program

● Separation experiments on Re / Mo and Mo / Tc oxides
and alloys

-

-

—

-

bench-scale tests using Re as a Tc surrogate

distillation experiments

DOR experiments

allov studies

● Non-aqueous

- important

oxidation potential for Mo, Re, and Tc

for ER process



Summary

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

● Chemistry of Tc in a repository environment is established*

● Process chemistry is established for the recovery of Tc

- Oxidation, distillation/condensation, oxide reduction

● Tc is transmuted in either fast or thermal spectrum in ATW
system



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

● Process chemistry builds on existing experience

● Spent fuel treatment flow chart established

● Simulations indicate processes are viable and produce
minimal TRU discharge

● Minimal secondary waste produced

● Main process chemistry issues identified



Accelerator Design for ATW

George Lawrence

Project Leader for APT Accelerator Design

Los Akunus National Laboratory

Presentation at

ATW Technical Review

Massachusetts Institute of Technology

January 15-16, 1998



Outline

Accelerator design basis

Proposed ATW Iinac

Relation to APT

design

Technical kwues and ED&D program



Design Objectives for ATW Accelerator

Iinac for an ATVVfacility should be designed:,,,,,’
TOhave very high ekctrii%l efficiency @ ta ‘bettm pcwer)

,’
,,,,

For minimum’ capitzh and operating co’sts,, ,, ,,
For minimum s~ati&l, fodprint’ (6hcM 16~gth),,,

W vary the pok;” oh target over awide range
,’

TCI have high availability’ andbperatioha[ flexibility,,,, ,,
To we the best mix ~f established technology and anticipated

‘,
technology advances.

,,,

Nominal beam parameters

● 40 MW proton beam

* 1000 MN, 40 mA, 100% duty
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H~gh=Gradient7C LinacforATW —-.



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

I
f I ‘ \

,,, ,, \,
,, ‘,, ~,,

Energy span 240-1000 FuleV Section length 199.5 m

f%cce{eraling 15.2 MVhn Klystrons 38

Eaverage 4.41 MV/m Power/coupler 200 kW

5-ceHcavities 76 Power/klystron 800 kW

Cqmrnudules 19 SC quadruples 95



G oba

Parameter

Accelerator Parameters

(lutput protoncurrent 40 ITIA

Duty factor ~ 100?0

Finaleneq y OfW Ihwc(iVleV)‘ 21.2

Final ener gy of SC Mac (MeV) I 1000

Length (m) I 345

RF pdk[ (MW) ~ 144.6

Nu,mbef of I@Xrons I 3 at 35(!IMHz; 53 at 700 MHz

Numbe~ Of crycmmdules I 31

Number @ NC accelerating cavities I06x2

Number of SC accelerating cavities 134

Number of NC quadruples I05x2

Number’ bf SC quadruples 165



Parameter

NC Linac Parameters
RFQ CCDTL

Structure gradient (MV/m) [ 1.38 12.04-1.86

Average gradient (MV/m) \ 1.38 I 0.77-1.03

Length {m) 8.0 [ 29,6

Synchronous phase (deg) -30 [ -30

Quadrupok Jalticeperiod pi 18-9~k

Number of quadruples 105x2

Focusing lattice singletF0130

Ap&ture radius (cm) 0.23-0:34 I 1.0

Copper RF power loss (MW) 1.26x2 11.02X2

Beam power (NW) 0,26 I 0.58

Total W power [MW) 12.8 2.6

Number d klystrons 13x2 3x2

Energy range {MeV] 0.075 -6.7 6.7-21.2

Number of accelerating cavities ‘4x2 1C15X2

Frequency (Mt-lz) 350 I 700



Superconducting Linac Parameters

Nurnbe~ of cavitle~ I 12 118 [ 28 \ 76

Nurnbe~ of cqwmmkdes 12 I 3 \7 119

Number of klystrons 12 /3 17 \ 38

Number of SC cjuadrupoles ‘#4 [ 21 35 ] 95

Quadrupok length, [cm) 28 I 26 28 I 40

Number of couplers per cavity ~ 1 \l 1 12

Focusing !atti’CS I FOD3 \ FOlX3 FCN30 I FOUO

Cryomodule period {m] 9.7 \ 10.4 0.2 10.5
Section length (in) 19.4 ] 31.2 57.4 199.5

Ape@.Me radius (cm) 3 14 ,5 7.5
Freq~~nCy (MHZ) / 700 I 70Q } 700 7(H3

1



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

* NC Iinac for low enerqies
– high-density magnetic focusing lattice
— smoothly varying accelerating and focusing parameters
—excellent emittance control of high-current beam

– minimal generation of beam halo

* SC, linac for high ener~ies
– eliminating cavity RF losses provides very high power efficiency

,,
– vety large aperture dramatically reduces beam loss threat

-- short cavities provide wide velocity acceptance bandwidth

– gradient adjustability and independent RF phasing altow flexibility
to meet beam-power needs by energy/current tradeoff

– large apertures plus retunability provide increased tolerance to a
wide range of error and fault conditions



ATW Lin,ac Deqign,’,
is Based on AF!IIM?sigii ti~d Technology,\

●

9

●

●

,,,
,’,

Developed integrated hi~h+@wer WNMUkNr’ WKbmA Ihwc design.,,\,,

Issued Conceptual DeSign F@ori anti:t%st &timate (confirmed by KXE).,, ,,
Linac design and HNld3 program’ reviewed by high-level technical panels.

Highlights

,,

Linac architecture emphasizes large apertures and smooth ~ariation of
parameters for very low beam !0ss.

High-currentl high-reliability proton injec~or in qwra!km.

High-energy 10UWIA 350-M-k FU?Qdesigned and being ~abricated.,\,,, ,,~, ),’,’; ,, ,,,, .,, ,\, .\,,,, , ,\,,’, ,,\,
IkM#wd afi~ inutkled CC~T~’ as $o!utiofi fur &&eti@@~ ‘region.

\, ’,~,

Designed nwlticel! eHiptical cavities and crymmkks for SC Iinac.

Tested sirqle-ce[f niobium SC cavities fo; medium-beta @.48, 0.64).

Developed 7UMW+Z 1-MW CW high-efficiency klystrons=

Worked out control approach fm ccwpkcf bearnlcavity/RF-drive.

Designed E3C)Psystems b suppuri Of high-power Iinac.



Integrated SC/NC Linac Design for APT Plant
(New Baseline, 10}97)

3-kglyr Production Rate

!ponlq “ I 4.3- S.s’Nlv/rn I 5.25 Mvh ~ I
75 keV 7 Mev IUO MeV 21; M(3V 471 NleV 1700 MeV

10/1/3/97

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

APT



High-Level Technical Reviews
Have Confirmed APT Linac Design

4

●

●

●

●

JA!HINs have reviewed APT Iinac design several times as it has

evolved (1988, 1992, 1995, 1997).

1997 JASON

proposed as

Review endorsed SC high-energy Iinac design
replacement for high-energy NC Iinac.

Comprehensive review of APT system design undertaken by

LLNL (11/94); stimulated study of SC high-energy Iinac option.

MIT Review examined APT Iinac design when NC high-energy

Iinac was the baseline (10/94).

APT External Review Committee has provided overall technical

critique and guidance for design evolution.
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Linac Beam Simulation from 6.7 to 1700 MeV
No Machine Errors Included

Aperture +

I

Maximum Particle

o 200 400 6(30 800 1o(x)~, ,,
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Linac Beam Simulation from 6.7 to 1700 MeV
Standard Machine Errors Included
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ATW Linac Design is More Advanced than APT;
Provides Efficiency and Cost Advantages

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

● Cryomodules contain SC quadruples in FODO lattice
—stronger focusing; larger aperture/beam-size ratio
– higher electrical efficiency; minimizes quadruple power

● SC Iinac starts at lower energy
—

—

—

20 MeV instead of 210 MN
reduces RF losses in low-energy Iinac; increases efficiency

increases aperture size at low energies

makes use of l/2-wave (spoke-type) SC resonators
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Spoke=Type SC Resonators Have Been Developed
for Acceleration in the Low Beta Reghm

t ‘)

2-gap l/4-wave resonator
(400 MHz, ~ = 0.15)

alu

,,1,,
,,,
,, \’

,,

3-gap l/2-wave resonator
(850 M~z, ~ = 0.28)



ETA = 0.64 5-Cell Niobiu~nTestCavity



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

●

w

,,, ,, >,,,,,, ~,’,
,,

,,

,,’, :,’

‘v”
,,,, ,’,,

i +M 70(ww,,,

FtF power dominates accelerate} ~, , ,, , ~Klystron

co~struction and qwfp~hg ‘bo~@. ~ ,: ~A${~iti~ ,,
,,, ,

— use largest-size RFgmemtors : ,’, ,,
— make full use ‘of klys@n &J@Jt ~~ \ ,

power capability’ ,, ~~~, , ,
— choose ibrgest practical va[ue fof ~’ +!igh-Power

RF power, couplers ‘ “ ‘ ‘hti’er ~,,,, ,,,,
Power spfkthg architecture; ~~~,,~‘” ‘ V&w@de %&w

t

i~pac~s RF CCNIM, tuiitte~, ‘‘ ~‘ 3-{!!5Hybfid
Sphtt’x

geometry, and Mac availability, HF Windows

,, ,\, —M

,<:

.

T--J}fl--------- ‘ ‘--‘-



APT Linac Engineering Development and Demonstration

Low-Energy Demonstration Accelerator (LH3A) will address beam
performance and integrati~n[operation/availability issties for Iinac htmt end.

,,

l%wer test of 100-MeV CCDTIJCCL segments will cmfhm CW cooling
and operation of NC Iinac sedicms with highest heat deposition.

,,

SC cavity and cryomoduie prototyping. Three-stage program will ccmfirm

SC c~vity%kl cr@~&Me design& and operability.
,,,\ ‘

Advanced RF tube development. Prototypes of advanced RF generators
(klystrons, l-iOM KITs) will enable higher electrical efficiency for plant.

High power RF window development. Objective is to develop reliable 1-MW,,
CW windows that have “infinite” life at 210 kW (nominal operatic).~,, ,

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



Purpose and Functions of LEDA
(Low Energy Demonstration Accelerator)

Characterize:

Beam properties Component lifetimes

C)perational reliability Time to repair/replace

Failure mechanisms

Beam
H+ injector Diagnostics

\ Expander
\ 350 MHz 700 ~bjz

[.. H-Z
/

.
i@@@$,‘..*;”=”.’”.‘ 100 mA \

10001000’1 Beam Stop

75 keV 6.7 NleV =20 MeV

Demcmstrate integrated full-power Qualify vendors
operation of APT low-energy Iinac. Improve cost estimates
Refine equipment designs for plant.



bmgle-Cell (3= 0.48 Cavl~y Measurements Indicate
that ATW Design Performance is Attainable
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SCRF ED&D Program Will Build
Prototype Cryomodules for APT Linac

RF
System

I I
(

1

1 2
RF RF

System System

) I 1

~ = 0.82



ATW Linac ED&D Program Will Focus on
Accelerator Design and Performance Requirements

that are Different from APT

Development of high-gradient single-cell and multicel] SC elliptical cavities
for medium-beta (~= 0.48$ 0.71).

Development of high-gradient single-cell and muiticeH SC spoke cavities
for low-beta (~= 0.25, 0.35) region.

Development of short SC quadruples for SC Iinac cryomodules.

Development of adjustable FiF power couplers to provide efficient
operation over full range Of beam current.

Prchtyphg of complete elliptical-cavity medium-beta cryomoduies
(htciuding SC qwwhwpoles).

F@totypimg of complete spoke-cavity low-beta cryomodules
(including SC quadruples).



[
Preliminary Cost Estimate fm 1000 NleV 40 mA ATW Linac (12?/97) I

1 Labor Hours I Thousand Dollars (1997)

Cmn 1 8,880 I 5,328 i 11,196 I 38,329 I 3,900
“S~ki Remalnr Cavfiies 2!,312 28,416 14,208 35,520 8.880
‘Elkpwal Cavrws 31,968 1 53,280 1, 15,431 41,873 10,327
RF Power 15,984 22,644 31,007 153,487 ~20,572
Cryoplam I 17,7G0 35,520 ! 7,000 i 10, CIOO o
L“ntacCm!rols 2G,64cr 46,176 62,160 79,92(I 1 26.640

Grmmdrufes & Asuurnptkjm
1

. }kwly Labm Rates (MN)

F%oft3ssi0nal

itiician

Cra{l

. All wJIrRatss assume a

$!60

$Ero

S40

fudonlng APT iinac (~ pbce talent pod]

Lhc Sy~fem Subtofai ($k) ==s 3301,141

30% Con tingency ==> $90,342

[ TOTAL LINAC SYSTEM COST ==> $391,483 [

$391.5M
lFMIF prO]PCi

ati conirdttq mmpulws

NoIQ,



Summary

“ APT ZNxx?kmikw design and ED81D program is firmly estaibhhal,
has been intensively reviewed, and has high credibility. An
integrated NC/SC Iinac is the Project baseline.

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

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

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

● A modest extension of the APT program will have high payoff for
support of an ATW-specific advanced Iinac design.
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Stages of development ot
Lead-Bismuth as a coolant for

nuclear reactors in Russia

Prof. Yu. I. orlov

State Scientific Center Of Russian Fmkratim

h~~time Of PhJ~sics and Pmwr Engineering..
249020 C)bnimk. Rusia



Alexan da--llyich Lei~. .
(1’903-i972);....

unskii

OrtC of the founders of the IPPE.

A member of Ukraine Academy

of Sciences, he ~orked in the’IPPE

in 1949-1972, was a scientific

supervisor of the institute and of

aIl the trends of liquid metal reactor

design,

In the early 19S0s academician

Leipunskii suggested using

lead-bis~muth eutectic as a coolant

in nuclear reactors of transport

syste[~]s

Lead-Bismuth eutectic was chosen for its unique qualities.
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The favorable properties
of Pb-13i eutectic

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

● The impossibility of the coolant boiling out
with high energy deposition due to the
high boiling point ofPb-Bi(167@) ~).

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



Lead-Bismuth cooled reactors

Q Since 1.952the IPPE has been engaged in designing
nuclear power reactgrs cooled by the lead-bismuth aHoy.
Units Ii.k thew are uwd in high speed, highly
maneuverable, nuch%i submarines.

● In the course of this work a team of specialists has been
formed, an experimental basis has been created, and
experience in i&esti@icm, design, construction and
operation of this type of installation has bt%ri gained.

● Specific features of the reactors being developed required
a complex of investigations to be done on reactor
physics, heat transfer, hydrodynamics, coolant
technology, mat;fiaI corrosion, saf;ty, control and
monitoring systems, development of fuel &m_mts and
equipment capable to function in the lead-bismuth alloy
medium.

● According to some publications intensive research OrI

lead-bismuth was conducted at the stime time in United

States and Canada.

iPPli, Ohzinsk, Ru.ssiu



Lead-Bismuth cooled reactors

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

● However, in the
was an accident

second half of 1968 there
with a nuclear reactor.

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



Pb-Bi alloy properties that can
negatively affect reactor

performance .

● The F%-3i cdatit”is” cornparativel~*=
corrosive to the construction materials.

● Pb-Bi coolant can be contaminated by
solid admixtures during operation due to
interaction with construction materials and

oxygen.

● .%[{he flint s@e of work with Pb-3i- mcdant these
factors caused the fOllOW@

— decreak of c3perating life Ofthe‘fir5[Nuclear
power Plarlt.





Principle tasks of Pb-Bi
coolant technology

● For [he long and safe operation of Pb-Bi coolan[ facilities
it was necessary 10 do the ~olbwing.

– Ensure the corrosion-erosion resistance of the
construction materials used.

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

— Pb-Bi allm’ properties. ph;”sical and chemical-- .
processes that take place in aniwthermal circuits.
corrosion resistance of construction materials.
admixture sources and influence of all these factors
on efficiency of the facility were studied.



Corrosion Resistance of Materials

● Corrosion resistance of materials cm lx improl-cd h>
— seJecting suitable steel m- creating a special one
— creating protectiv~ film on the steel

corr~cting the coolant quaMy f.Oz. particuk-ites)
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Corrosion Resistance of Materials

● Decrease in concentration of oxygen dissolved in alloy is
possible up to the values thtit are equal or less than equilibrium
with F+e304.

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

● It is necessary to maintain amount dissolved oxygen at u

fixed level.

* Testing for dissolved oxygen comxntration in ulloy was done by

u controller of oxygen thermodynamic activity. Controller,

designed and made in IPP13, uses principle of galvanic
concentration register with solid electrolyte. Methods and
equipment for oxygen activity ccm-cc(ion were developed also.

.+., These device and prcxmdurcs provided corrosion rcsis[ancc for

structured rmterials tit all stages of Pb-13i ftici lity operation.



Temperature dependence
of thermodynamic oxygen activity

and concentration of oxygen
and iron for lead-bismuth
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.Nkasuringof the~modytiamiq..
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melt of
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LNleasurhg scheme of galvanic concentration ceil.

InmmiItg unit
f

— ...._r+3--l

Corpla

-—--’\,,

Wotmlial CnJtkt
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thermodynamic activity of oxygen.
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Ensuring of cleanliness of
circulation circuit and coolant

● During the 101-uTfacilit}= operation accumulation of~. .
coolant admixtures. which can cause wme

cmqmiticm Of dq?o~ition~ hrned in the circuit
depend On [he Cormuctkm materiak r~fz~me Of

operation and can vary greatly.

● The methods and devices far removal d lead oxide
(the basic tidmixture”i by reducing it m lead directly
in the ~jr~uit were developed in tk. IPPE.
Chemical reaction of oxides with hvdrogen was.
applied

Pbo+ H. = Pb+ H-1?
● The chown condit;m~ for [hi; reac[i(~n do no[ allo~~

● For the removal Of admixtures that canfio[ be
reduced chemically special filters were cremed.







Conclusion

.% a result of the work done on kad-bismuth
cooled reactors the fcdkwin.g problems were solwxl

Scientific base for Pb-Bi coolant treatment

mchnokgy was determined,

New conswuc~ion materials for use in contact wi~h
Pb-Bi alloy at temperatures up to 600C were
chosen or created

Methods and devices for control of Pb-Bi alloy-.
qualify were created..

Methods and de~ices to maintain Pb-Bi akw

quality Were determined..

Methods and devices for removal of admixtures



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

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

* At present IPPE is the world leader in lead-
bismuth coolant technology.



Influence of Spallation Products
on Mass Transfer Process



Pb-Bi and I?b coolant
Experimental Base in Russia

Facilities

7im3Ei

MO

TT- 1 M

TT-2M

CM-I

CM–2

Hz “
Thmmoh ydr Pb-13i 160-450 20 0.1
tiulics
Technology
Technology Pb, 160-650 6 0.1
Corrosion Pb-13 i

I
Technology Pb-F3i ~4(_)-60(] f),5 0.18
Corrosion

Technology Pb-13i 250-55(-J
Mass
transfer
Corrosion Pb-Bi 270-650
Mass
transfer
Corrosion Pb 350-650
Mass
transfer I,,
Corrosion Pb . ; 3S0-620
Mass
transfer
Corrosion Pb-13 i 270-650
Mass
transfer

5

5

L

0,2

0,1

0,07

0.1

0.1



Pb-Bi and Pb coolant
Experimental Base in Russia
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EXPERIENCE OF THE LEAD-BiSMUTH
COOLANT USE.

A. Dedoul, IPPE, C)bninsk, Russia
V, Kutanov, ED(2 “Gidrc)press”, Podolsk, Russia



~ Lead-bismuth coolant use issues:

● Lead-bismuth coolant tech~ohqgy and quality controL

QCorrosion, erosion and mass transfer.

● Radioactive safety problem including Po.

● Freezing/refreezing problem.

QThermohydrodinamic problems.

.- .- . . ..- .——- ——- —____ _
IWI.. ED(3 ‘-{iicirqwess-”. Russia

—.-.. _ ._._— - —. .-— —.. .. . . . . . . . .. .

I



U Issues resolved by experience of lead-bismuth coolant use*

in Nuclear facilities development, construction and operation:
I

sTwo ground reactor facilities.

● Submarines with lead-bismuth cooled reactors.

● Industrial applications.

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

.—. — —— .—__ .—

WPE. EDO ‘-Gidrqmss.”. Russia
—..—. ————..—-.
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2-ridgeneration design

BRUS-150
Reactor plant of enhanced safety

with liquid-meted coolant
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Improved

Reactor
with

m

generation

SVBR-75

design

plant of enhanced safety
.iquid-metai coolant
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LANL/lPPE/Gidropress spallatiom target

The targe~ system with horizontal Injection beam
for LANL
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~ Applicability of’ available experience to ATW

development:

● Available experience is fuUy applicable.

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

prelimina~y evaluation of ATW designs.



Engineering, ogical and safety problems of ATW facility design.

Engineeringproblem

Coolant type I Pb-+li IPb

Target design

Target cocdirtg system ISeparate circuit IJoint With blanket cooling system

Number of circuits

Coolant circulation IForced circulation 1.Natural convection

I Depends of fuel cycle and gOASof ADS introduction into nu.ltxu- indust~.

Fuel rocl type t% fuel assembly Spacing th~ fuel elements by the Spacer grid use

desire Irib faces I

*$$fh
Complex coolant techrioi~ issues ] Safety issues

Freezind - Coo’kmt Po problem
refreezing techrloh3gy sink assurance

accident

{PPfa [IX) “Gi&oprtx”. Russia



losAliimos Nationallabor~~ow
-JJIWProjeck

Presente@IIILtlingM—

l!umtibutiimsbwn;1!tkfii, L YiMinmu,IPPE;EM?)’W
ASIM#..iflSUH. uffflbuis

M.Bj!kW~ K Ha M 6YWWV,MM



WtiUlne

PartL lANUIPPE/HIO-GP 1-MUUlBE testtarget
IFPE:Instituteof Physicsmdl%wetEngimwing,Ob~insK
EIIO-6P:ExpwimmtalIlesignOrgmizatim-Gi~ropressPodolsK

Part Il. lANUIPPE uolonium removal technolo!w



fJ9ML//l#?PE/Ell&6P1-MIIIVU?ETestTarget

- lPPE/El10=8Ptillfabtimtethetargetlmtiare (98-!191
- lANlwill~parethetmting fiwil~ amlsup~rtsystems [98=001
- lllNUl~PE/EIM-6Pwill u~watemdttstthetw$et~000-20011
-Post-testwmminxianand comlmmmt nerfurmance assessment



AIWISimulation Wurkfiw TatgeMt?sign

s Newtroniccalculationto findneutronproductionandheat
deposition

s Thermal hydraulicsimulations to ensure o~eration within
material limits
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LVmbellfaintainedin Taruu?tJJesl.n

23

Porosity
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lWntrolAreMinar

Smallationinwductsmass in 161target in IAHSCEbeam after1 Year

Elmnents Massoi Massoi
Elements[g] Oxide[g]

Iwlg. m a%GUI! Pil,M 110 male)
lleJIs To,Sb,GasNi,lM,Sn,Fe 1 1s
lamlmiidesllalomm n 14



111Wehaveestablishetiframowmkforcoml)lete
neutronk thermalhydraulicand structuralanalysis

[21We areincloseinteractionwithlPPEtargetdesign
andconstructionteam

[3JIlnaiysisshwusweliminary designuerul)~misifi!l



UINUIPPECuntract Oew!loma ~olonium remwal deuicein [BE
coolantsystems forATW

ObMMk Mitigatearadiologicalsafetyconcern of pokmium
release hazard

- restore coolwtquality afterrem0wl[97=991
-removalsystem design and safetyanalysis [2000-20031



Nuclide

PO-210
1%:209
Pu-2ti8
Po-2U7
q-i,.,,..!:$$[>,.
;0.205
Po-204
Po-203
PQ-2U2
PO-201
PO-20()

1.384 E+-02
3,726 E+04
MY@ E+03
2.429 E-ol
i.:,>eLy{$$;$:.;-~$:)
7.5W E-02
1.471 E-ol
2.549 E-02
3.104 E-02
‘MK2’,E-02,’
7.9&6’E-U3 ~

ix - pa-tide yidd per
disintegration, ‘A

100
W*74

iOo
0.02
$-&-i$,%,j

iii
0.66
0.11
2

1.6,15 “, ~~

Activity, Ci.

2.310 E+04
3.610 E+ol
2.S70’EW3
1.724 E+04
~*i)f:)~~.;:.;:.:.

1:420 E+04
1.376 E+(I4
7.700 E+03
5.465 E+U3
2.853 E+U3~,,,
8:510 E+02



PoloniumMazardanliRegu!atWns

● Hazard: Release from active coolant in the events of circuit breakdown
(e.Q repair, accidents) and consequent gas-aerosol and surface activity
fo;naticul

● Regulations: Limit pem~issible concentration (LPC) of Po-210 in air for
professionals*

- Russian (NRB-76/87):
0.93X NW Cul

- US (Federal Regis{er of 5/21/91 Vcd 56 #98)
~, ,, ‘3~~&Ucfi ~

(*: LPC for Po-209 and -208 were not established but should be about the same)



~$mg#y##@ufp@&l@@M!w#Mf
● I% mainly exists as P13Po [&#g~~~

1C?
..

● Evaporation under vacuum
,..1

(Into gas atmosphere under
normal preisur~: -1000 times
slower)

102

,,
,.-3

~o-6

,..7

10-$

......................~:::::::,:j:::,:.:.!:
. . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . .

+- Tuppar (He, 7Whnm )ig -> vacuum)]
V Ershuwa (Bi, vacuum)

:::. ----- Evgp (p~) . . ..- .. ... .. ... .........

1 7.2 1,4 1.6 1.8with moist air: -- 0“6● Under contact
- Main channel is not PbPo evaporation

WIW@]

- but gaseous volatile Po hydride formation
PbPo + I-Ml --> EM%+ PbO

- release rate at 200(2 &perime;is and reala~ckie~ts)
q - 1.5X1(P [ci/s)/ci,,’,,,

2 2.2



P810niumBemova\Hetbods Ilast!tion
RussiiWk&?erience

● Vacuum sublimation
- Po removal by evaporatio~ when coolant is heated up to 7(MYC
- Used for military apphcaticms. but not well suited for ATW

- Contact coolant with alkaline melt (reversible reaction)
gbl?o +’i$~mf<-+ N&iP@:,J’**~Ptio;$:2H;o ‘ ;,,, ,,. + ,~,,, ~,’,,, ,,,..,..............................., .....,

- IPPE’’exp&%e& “’“-”~‘‘- ‘“
--.... ,\

1) 9GW Po transferred in 2 minutes of contact
~~'2):oki&`zeiiti:'iystiM''catisi@:Ptitiiik~ti&sf&H:''l

,,, ,,
,,,,, , ,,, ,, ,,~,,,,,, ,, ,,, ,,,,,’.,:\,, ,, ,,..,,,,,,,,,,>’,,,,._—....—...... ....... ‘,,:,—.’.-..L.,.,,..+—..,,...... .L’,...... .....J\,:.......,...-\,.:’:LL’...—L.<:.,.,:..’..,-,._%.&,,,,.,.j

- Additional benefits of removing other spallation products

● Storage

- Back transfer to IJ3E or Pb from alkaline melt by adding oxidizer
- 50.0(10 Ci in 100 ! of solid LBE with natural convection cooling only



Without cleaning’

W formation

I

With clea&g
——.

1

,,

Removal degree: K = AJA

● 15MW L13ETarget ( i yr. ): Po specif~c activity ~ - 30Ci/1
● Based cm consideration of some accidents: a -0.03 Ci/1 -> gas aerosol

activity - KY~4di/1 (d. 1 Russian LPC; 0.03 US LPC)

K= iooo

Ar=(K-l)b KA

For Po-2 10. K= HXXl,~ = 1+6E-3 Ci/s, ~ = 5.8 E-8 S-]

) = 5.8E3 s“]‘r



Alkaline extraction: k,, =g E/G
~~- fl~yvrate Of the bypass coolant for extraction, kgi’s~+

E - fraction of Po transferred to alkaline. -0.9 in 2 min.

G - total coolant mass

Case: 15MW LBE target, G = 1(P kg

g = l~r~ = 0.6 kgh
In the target loop: gt~= 600 k@s, so g = 0.1 %-lgLl
E = 0.9; T -2 rein, for contact of coolant and alkaline

G.= gT -70 kg

?

Target
circuit \,,,, \,,b ,’,,’, , \,,’,,,,,,‘, :’\,” \,,.’;,,,”,, ~, ,,,,,,\J\,,, ,,,, , ,,, ‘,\:,\:,~.,,~.,, ,’,

Coolant
.!’,

Return

,,,~,, ,,,



● a-active Po presents gas-aerosol release hazards

● I% exists as I%Po in LBE and evaporates much slower than Po

● Russkm NPP experience shows no noticeable Po exposure
70 reactor-wars and strcmlv indicates that Po hazards arce+
Contro!labli

in over-

● Alkaline extraction of I% is feasible and can also extract other
spaHation products

● Coolant restoration is needed after alkaline extraction

● In 5-yr plan: I% removal system design and safety analysis



Los Alamos National Lahmtory
- ATW Prdject - -

LANL: N. Li, J. King, R. Hammer, V. Tcharnotskaia, T. Langston
W. Teasdale, aii~ S. Wender

WPE: Y. Ch40v



Wift.iMne

● Test loop objectives

● Test loop description

● Safety measures

“ Oper;ting experience to date

● Test plans

● !!iummary



lEETestLaHBO!!jetZiiifie5

● Collaboratewith Russian experts for technology transfer [o
establish the knowledge and experience bases in U.S. for
designing and operating LBE systems for ATIVL

● Conduct thermohvdrauiic and material verification*-
experiments critical to A-TW system designs
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SystemMalysisaBtiSa femMeasures

systematically analyzed system safetv and* w d* 1 . . .
lmplementecl rmtlgatmg measures:
Lead hazard - well below OSHA hmitCKl pg/ms in ah%hr): vented

Pressurized vessel hazard - within vessei design spec; relieve valves

Electrical. mechanical. high temperature hazards - access control

Waste hazard - standard L.abcmmxv dismsi~ion mocedures

The results are documented in
—“M@lt~~Lead-Bismuth Flowing Test Loop Description. Operating

Procedures. Safety .%alvsis-’

— Special Work Permit iSTVP] for initial startup operation



● Test loop operated on 2 occasions for -4 hours at 337c to
100% pump power, nominally 67% at 250”C

● Estimated over 3.5 rds LBE flow velocity in 2“ ID loop

● Noise and vibration very low with adequate sump pressure

● No LBE leaks through valve or seals

● Level indicators worked
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U!?E7iistPlaN[3uyearl

Q Expand instrumentation and controls

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

● Circulation hydraulics and natural convection experiments

● Material verification &xperimEnts ‘,



●

●

●

Test loop has been started

Safety issues have been recognized
addressed

and adequately

Full instrumentation and control will be implemented in
the next three months

Collaborations with Russian experts have contributed to
our early successes



FnmcescoVovwi
ATWPmject Leader
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Francesco Vermeri
ATW Project Leader





A TliV Consists of Three Major

Accelerator Pyrochemical
APT Processes

,,.

A
Subcritical

Burner
(multiple units)

Liquid Lead
Nuclear

Technology ~~

Functional Blocks

SpentFuel

. . . .
,,
~,

Residual Waste
to Repository

,,-,.,, ,,



MIIV Tet#hwt@w

what does the accelerator buy?

Constant power during burnup achieved by variab[e beam power

#%e transtm~nk cores. H?.+: A W has no need for ferti[e materials

Subcritical systems work independently of the fuel cumpmitiun

EUL inventory not limited by criticality. EQL burndawn of inventory

Neutrtmics and thermohydradics are effectively decoupled



llliV Tech/m/u#

what does liquid lead-bismuth buy?

9 Design simplicity: no separate target structure

■ Good spallationsource: possibly the best nlp outside actinides

s Enhanced safety: large natural convection capability,
no reaction with water or air

s Good neutronics: very hard spectrumy very low neutron capture.
negative temperature and void coefficient

■ Good thermal hydraulics: large M, low operating pressure, very high
boiling temperature



AIHf Technulun

what does pyrochemktry buy ?—

● PYRCKX+EMISTRYALLOWS FAST, BULK-TYPE SEPARATIONS:
what is needed in Al’W, no more

s High Levelof Proliferation resistance

● ITK NUT ADVERSELY AFFECTED BY HEAT OR RADIATION

● W PRODUCES LOW ANKXJNTSOF SECC)NDARY WASTE

● Could be less expensive that traditional aqueous chemistry



MiMniZed=R/SK APPROACH
ATW DEVELOPMENT

Beam Power ‘issicmPower Power Detwit! Fuel Type Chemistry

1 MM’”
LANL-IPPE Target (1999- 2(NI )

m kwmable material, ComFefency

development. Hqh fad]akm envirofl.

W’mtiew ?esl~r7g.W stressd

. ..’ ---

Subcritical testbed {2001-201(3)
i:m~teff f]wmab]e mverI/ow, Gcwid use
LMJSCE. TRU fud development + test

.$00-im’lww

0.9.<kt’ff

ATW denmwfratkm (2007 - )
Cc7nservatwe apmxwh F.mgwmg
(?perakn Ccw!dbe al SR3APT.

Cfie.msfw. FP transmufa!lon.. fdi W



9 Proliferation-resistant reactors or fuel cycles
● New reactor designs with higher efficiency, iower

cost and improved safety
9 Low-power, inexpensive reactors
● New techniques for on-site and surface storage

and for permanent disposal of nuclear wastes

Pvruchemktrv, Subcrificalitv and Lkwid Lead/LBE
technologies are not restricted to A 7VVapplications

Most deve!upment work done/planned for A7TV is directly
applicable to systems (critical and subcritical) and fuel cycles

that respond to all the PCAST recommendations



B7WCM pnwiiiea tec@mM@g@ca/MI@!!e



AT#l can positively

Ctwcllfdiflgremarks

affect US waste management by assisting the
Repository meet its objectives,

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

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

■ 895-year Program is Crucial



To the ATW Review Panel.

In [he followlng discussion, we address some of the points raised during the feedback
seswon shortly atier completion of the Rwiew presentations.

1, En@rgy Multlpllcallon
2 Llquld fL~ls

3, &~akdown of ATW waste to reposlto~
4. Typical neutrcm spectrum
5 Exlr~cttcn and transmutation of iodine

We !nwte and welcome fufther questkm, as look over and evaluate the matencd that
was pr~~~ntec.1.

Francesco Venneri and the AT.W team



. ... . .. . . . ......... ....... . ... ..

1. Energy Multiplication - How large a proton beam is necessa~to~rl~ea
certain fission power in a subcritical multiplying assembly,

Starting from a basic point model

(1) m=lt( l-k]

where m IS the neutron multipl~cation of a system, one arrives to the relatlon

(2) PF=PE-6k/((n)”( l-k))

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

This would be the correct way to look at the problem of a system driven by a untformely
distributed source, where all source neutrons have he same chance at leakage as the
fission neutrons,

However, this is not the case for systems driven by a centrally located neutron source,
such as ATW. Here all chains start at the center and the source neutrons have a lower
chance to escape or being otherwise lost, if the targetiblanket is proparly designed.
The key to proper design for subcritical source-driven systems is to skew the loss-to-
fission ratio as much as possible in favor of the source neutrons compared to the
subsequent fission neutrons.
The energy multiplication is therefore strongly dependent on the specific design
[geometry and fuel distribution) and a simple relation is possible only for very
simplified geometries. One such geometry is the point source in a multiplying cylinder,
Performing simple MCNP calculations on a typical ATW geometry (2m high, 3 m
diameter, with a point source at the center, surrounded by 1 m of lead) leads to the
following table:

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

F/N MeVIN PF/PB PFiPB

0.83400 2.7800 556.00 16.680 10,395
0.87900 4.1300 626.00 24.780 15.030
0.90100 5.3200 1064.0 31.920 18.830
0.92700 7.3300 1466.0 43.980 26.273
0.94900 10,890 2178.0 65.340 38.499
0.96400 16,990 3398.0 101.94 55.402
0.97700 28,650 5730.0 171.90 87.886

here we have varied the plutonium fraction in the simple core geometry to calculate

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



calculated from the MCNP results assuming that 1 GeV proton produces 30 usable
spallation neutrons in lead (Su.~nyside experiments, and lots of LAHET MCNP
calculations). Energy Multiplication is aiso evaiuated, for the given Keff, using the
formula given above (2) for thO uniform ~w’ce approximation.

Conclusions:

● The blanket power dependency cm the target power (centrally located neutron
source) dsp8flds crucially cm how wefi the-”source_neutrcms are utilized. In a breeding
design (such” as Rubbia’s),for instance, Kp”to40°/0 of the source fietitrcms are captured
m Thorium and do not directly ccmtr~bute to the power of the blanket. Our systems
(containing pyro actinides) can aghwa”a rnorqefficient target to blanket coupling,
however appropriate design practices stmulcf”t?e8~pk@.

● A centrally located sourcezwillalways couple to a subcritical system better than a
unitormely distributed sotm%, unle~3 major mistakes are made in the design of the
source/blank@t. The two”qurvesIn““theattached plot should be considered as
delimiting the parameter space%wallab!e tb design optimization.



Energy Multiplication {EM)

200

150

100

50

0

,

--& 1 I -

/

, ,

/

/

.

, I 1

/“.....
Homogeneous
distributedsource

0.82 0.84 0.86 0.88 0.9 0.92 0.94 0.96 0“98

k
eff



1

0.8

0.6

0.4

0.2

0

. .

.

Fraction of Flux
for ATW

.... . .<.,.,:.

. . . ..

Above a
Actinide

1 1 1,*, **U
~o-4 ~o-3 ~o-2

\

.............. .. ... .......,.,.,..,

,,,,.. . ,. .

. .,..

, , * I, *,
10“

—

Given Energy

,... .

,-

.;

1

0.8

0.6

0.4

0.2

0

Energy (MeV)



... ........ . ... ... . ,. ..... ....’ . . ...’ ... .... . . ... . . . . . ..”

2. Liquid fuels

The point was raised at the Review of the possible I-ISISof liquid fuels in ATW SYSWTIS

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

Liquid fuels, especially molten salts are very attractive from the point of wew of
neutronics, because they provide the means for continuous feeding of fissile materml
and extraction of the fission product poisons.

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

Among the issues that were raised and not answered to our satisfaction during the
study:
1) the low melting point salts considered by Oak Ridge for their MSR concept
contained beryllium fluoride, with only limited volubility for Plutonium and the higher
actinides.
2) Many material problems still remain unsolved from the O~NL Program.
3) Inventory losses due to plating, evaporation and penetrattoh in cracks.
4) On-line refueling and cleaning.
5) Lack of clear fuel containment.
6) Large out of core inventories

Adopting solid fuels withoud fertile material, we face the inevitable consequence of
having to compensate for burnup without the option of continuously replenishing the
fissile content of the fuel. We pointed out a fevi ways: burnable poisons (including-
Technetium), movable absorbers, reflector~””~nd: source, variable beam current,

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

The advantages of the concept are: no radiation induced swelling, uniform lmrnup.
natural separation of volatile fission products, good match with the chemical processe.
The disadvantages are: corrosion problems may be severe, clad rupture could lead t~
the dispersion of the fud in ttie c601ant” (sbdiufi fluoride “based fuels however WN
freeze upon leaking),

In our 5-year program we plan to research the possibility of these encapsulated Ilquld

fuels as an advanced alternative to the solid metallic fuel we presented at the Review.



3. EWmkdown of ATW waste to repository

Waste Output to Repository.. ..

LWR Spent Fuel - 70000 t HM
700 t rare earth oxide
9101 noble metal oxide
370 t gases (Xe and Kr)
315t active metal oxide in engineered storage (G, Sr, and Ba)
cladding / assembly hardware - the same as for the direct disposal option
66937 t I+M

600 t TRIJ to ATW
15t iodine to ATW
53 t technetium to ATW

ATW Waste - 21000 t

Imt
230 t
5752 t
90 t
80t
67 t
18t
14400 t

80 t

rare earlhs in oxide form
noble rhetals in oxide form
zirconium matrix from ATW fuel as oxide, assume no recycle
gases (Xe and Kr)
active metals in oxide form in engineered storage (Csi Sri Ba)
Ru metal from Tc transmutation (53 I - LWR, 16 t - ATW)
Xe from iodine transmutation (15 t - LWR, 4 t - ATW)
cladding / hardware
spent salt from two chemical plants

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



4. Typical neutron spectrum

We enclose a typical spectrum for the IIquld lead-cooled actmlde burners. We are
preparing more detailed spectra for the DEMO and FULL-SIZE geometries, We wtll
submit these as soon as they are ready.



5. Extracticm and transmutation cd iodine

Iodine is one cdthe two long-lived radioactive elements, the other IS technet~um,
Identified for transmutatmn in the ATW system. in a PWR spent nuclear fuel assembly
there is approxlmatdy 86 g of iodine dissolved in 455 kg of heavy metal oxide. Iodlrw
IS released from the spent fuel matrix in two processes; spent fuel decladding and
crushing (vugraph #l of the chemistry presentation) and the diwt wide reduction and
salt recycle process (vugraphs #2 and #f3).

Data from Nuclear Chemical Engineering by Benedict et al indicate that
approximately one to two percent of the iodine is released during the decladding
process, Iodine released in this process COIJIC!~e adsorbed in metal getter beds,
perhaps silver impregnated, zecdites or a trarwatmn metal alloy, and targets
manufactured for transmutation.

The bulk of the iodine is released during the direct oxide reduction process. This
process converk the metal oxide to metal (wgraph #2). Iodine is present in the
calclum chlorid(] molten salt as either calcium iodide or, because cesium and
strontium are also present in the salt, cesium or strontium iodide, The concentration of
Iodine in the spent salt is approximately 42 ppm by weight. Spent salt from the direct
oxide reduction process is not discarded but instead is treated by a two-step process
and recycled (vugraph #8). First, a chlorine sparge process converts the calcium
oxide to calcium chloride. Then an dectrowinning process regenerates calcium metal

fram calcium chloride and the metal and salt are reused in the direct oxde reduction
process, lodirm is released during the chlorine sparge process because of the
difference in stability between the metal iodides and chlorides. Volatile iodine could
be collected in a myotrap and later alloyed, perhaps with a transition metal or rare
eaflh alloy, and fabricated into targets for transmutation. The alloys should be stable
at the operating temperature of the system and possess tow vapor pressure.
Candidate allay materials include chromium and ianthanum. Chemical equilibria
were verified using EXXGAS. Catculaticms indicate that sparging the molten salt for 2
hours with chlorine gas at a rate of 1,0 thin would be required to remove the Iodine
from the salt, Complete removal of iodine from the spent molten salt is not necessary
because the salt is recyc{ed rather than discarded

Technqtlurn

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



TO the ATW Review Panel

In the follmvlng dlscusslon, we address some furlher points raised after comple!mn of
the Review presentations

1 Backlog Burndowrt Scenano
2 More accurate neutron spectrum mforrnatlcm
3 Delayed neutron fraction and subcriticality
4. Pb-205 production and inventory

Francesco Vennert and the ATW team



1. ~n$rnuta@ n in 65= . (A spant fuel back40g burrtdown scenario)

One of the viewgraph presented at the meeting contained an error, The v!ewgraph

Illustrating th~ 65-year backlog burndown scenat~o had 20 ATW burners operating In
staggered fashicn for 65 years, with a forty @ar plant lifetime). The right number of
plants is 23. W& regret the error, howev~r, this ‘gives us a good opportunity to explain
the scenar!o in some detail.

Why is the burn down $cenariq ,KrgMMmt?’ ‘
To us in the ATW project; alar@ pa~bf lhe’ value of the ATW concept is tt-mt It WIII

t)e very effective at achievin~ the ‘“clean skit~’ df zero-waste backlog for nuclear
power, while at the same time j.htrmfuclfi~ m pfsserving essential nuclear
technologies for the next gtirie’iqtiorj of nuclear syst~rns (the fechncdogy “BRI 13GE”).
We believe tlm “ctean slate:: or at least the kapa~ility to reach it in a reasonable
amount of time is bssentiid Jn establishing tmtitdence in an expanded role for nuclear
power production: ~~..

..

By tlw year’201$, thetie w~ll:h~ 70;Q0fj tclnsof L!~ spent fuel containing about 600
tons of plutoniurhancf ~lgh~~ acAtii@SrpqUir(ng disposal. The ATW objective in the
backlog burncfchiiti Sc&nario is to lr@’ the spent fuel ~acklog, destroy the trarmuranics. . . ..
and selected fit%km’pro.ducts, afid @@par$ the restittmg waste for permaneflt
disposition in ~ .cjeda$c.~epoiitcqf: “ “ . . ~~

A number bf ~~ $ystetis is bitiught On fir@ to accomplish the objective gver a 65
year period. Ea& A~.,@tem ibh~ists d tin’ .accelar’ator (1 GeV, variable current 20-
40 mA, pyrochetiic@ plan? {50Ionslyear thr@~h@t] and a subcritical 2000 MWt LBE
burner. Eieveral;bf We6e ~’TW.Syst~rnS can be !ucated together in one facility. To
reduce transport ation“aficfcdher”fimtbr~relatGd 10 fr’wving fuel assemblies, one could
consider three faciUti@Gwilh tip to 8 “~TW Systernsat each location.

Of ptirlicular releva”nbe 1$the fact that eaoti2000 MWt ATW burner cart destroy up
to 650 kg of ac~.inides “(~lulotiium iind jranstirahic%) per year, and that 700 MWe would
be available for dii6t_iib@cwi.ttitbo ‘grid .frtifi~pch burner...

..

The scenariq -work .asfollbw$: .Roughly every two years two new ATW systems are
brought on linG’fofttie’fi~\20y6ars; A! year 25, the three last plants are added. As
the burners and @6{er@@ rs=ch th6 end of their operational life, they are
decommissioned,.tind $ha fuel is s~ntto feed other still operaticmal burners.
Everttualt y, the last ‘three $y$terns in operation will receive all the remnant waste and
destroy it down 10 le$~ ?hafl 1 ,ton over a protracted (5 years) inventory burndown.

TWCImajor chai&XM$tlcs distinguish the accelerator-dtiven subcritical systems
from the .critic%i r~aotqrs thaj tid b~en ~valuat~d for actinide destruction, such as the

ALMR: (1) ATW does ty5t produce higher actinides from fertile materials such as
238U. (2) 5eGAuS6 ATW is not constrained by a criticality requirement it can burn
down the” ertd~of-life {EOL) actinide inventory to very low levels

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

The neutron spactrum of the current 2000 MWt Accelerator Transmutatmn of Waste
(ATW] waste burner point design is given in Figure 1i As shown in the Figure, the
average total flux saen by the waste during the three burn cycles is 1.09xI016 n/cmz-

S. Sixty percent of this flux has an anergy greakw than 0.1 MeV. The neutrcm flux with
energy gteator than 20 ~eV is rt!dalhmly small. With the proposed fuel shuffling
scheme, the total fiuence swm by the fuel and clad before it is discharged after three
cycles is 1.7x1023 n/cwt2 (E sO. ! MeV),

..

Y
.
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3. ved rmutrm fraction and subGIMcu@.

This figure Was shown at the presentation, however tt was not included in the material
Ihat was handed to you at the presentation,

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

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

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

Thermal reactors have learned to live and operate quite safely within this margin.
Reactors based on plutonium (fast reactors)have a very thin operating margin, and it
gets worse going towards the higher actinides. These reactors need a significant
buffer of 2313U to dampen reactivity excursions with significant negative prompt
feedback to the point that control rods can be effectively used.

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

SubcriticaMy allows any fuel originated (intemal)reactivity transient to proceed
slowly enough for external feedback to become dominant and reestablish equilibrium.
As shown during the review, lead (being a poor neutron absorber and excellent
reflector) has a strong negative temperature feedback on reactivity (this is not the case
for sodium). The slow nature of the transient allows time for the negative response of
the lead coolant to stabilize the excursion,
The chosen subcriticality level should allow for transients in all expected conditions to
be self limiting. The specific level is strongly dependent cm the burner design.
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4. P13-?C?5nrodwtion rate and Inventory,

The production rate of Pb-205 (from neutron capture in Pb-2C14)in the 2000 MWt ATW
point design is calculated to be 7 curies per full power year . Because of Pb-205 burn-
out (and Pb-204 burnout if total coolant volume is @atively low) the total Pb-205
inventory afi,ef40 full power years of operatio~~~jsexpected to be Ies$ than 200 curies.,. .. . .,,...... ....‘.. ..-.:”.-.’:.y-..”. ...”.”’...,.. . ,,.-. . ... ............,, . . . .. . ,.” .:.- .. . .

Pb-2d5 dc$cays via electron<<apttire to”tl$’e st@~is~top6 ~1-2b5;\ Tl&re are no alpha,
beta,’”or gamma rays emitt~d ih tha decay, ordY@ x-ray. ;Be@i&e t~e 200 curies of
Pb-205 would be mixed with approximately 2~P tons of lead.~iM7wth eutectic, the
radiological hazard from the Pb-205 should be relativelysmall.


