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INTRODUCTION 

fission roducts (FP). T h i s  creaw challenges for permqnenr dis sal because of rhr long half- 
lives o P some isoropes and che potential for diversion of the ir mile material. If worldwide 
nuclear power genemion continues at present levels, more rhan 250,000 KOnS of spent fuel will 
exist by 201 5, conraining over 2000 tons of Pu. While here is a=,.wement on using geologic 
repositories for ulrmw di~posd of high-level nuclear waste, dilTerrnt srraregks for dealing 
with >pent reocror fuel an: beirlg followed by vrtrious countries. Current US pollcy i s  for w e -  
processed spent fuel to bt: placed direcrly UI rbe reposirofy, while orher counuies are opdng for 
ueamenr prior to >torage, including partial u a a r i o n  of ihe fissile materi4. 

Two iarucs uf concern for rhe US repository concepr are: (1) long-term radiological rislc 
peaking tens-of-thousands of years in Che future; and (2) shon-term thermal loding (decay hear) 
that limits capacity. The long-term radiologiczzl risk is from the long-lived transuranics and rhc 
fission products Tc-99 and 1-129, while thermal loading concerns arise mainly from rhe short- 
lived fission products Sr-90 and Cs-137 [1,2]. Beyond these performance concerns, ir i s  clear 
rhar rhr first repository, designed for 70,000 tons of cornmereid spenr fuel and ocher high-level 
wsste, will be ar capacity by 2015. If nuclear energy rem;lins o viable option for elecuicity 
generation, there will eventually be B need for a second US high-level waste repository. 

An accelemror-driven neutron sowe can desrxoy actinides through fission, and can convert 
long-lived tission products IO shorter-lived or stable isotopes. Studies over rhe pan decade 
have esrablished that accelerator trasniut;rtion of waste (ATW) can have ;L m;rjor beneficial un- 
paci on the nuclear waste problem. Specifically, rhs ATW concept we we cvaluaung: 

Dvsrroys over 99.9% of the urtinidrs. This eliwinates concern over their release to 
ground water and chr: environmenr, and possible diversion from spent fuel for weapons use. 
Their elhinaiion also greatly reduces long-term hear loadlng in rhe geologic repository. - Derrroys over 99.9% of the TC und Z. By transmuring hese fission products, IWO of 
the nlajor long-rrrm radiotoxicity release hazards are elimipated. - Separures Sr-90 and Cs-137. These shon-lived isotopes dominate the repository shon- 
t e n  hear loading. They are separared from &e waste for short-term storage. 
Separores uranium frum the spenr fuel. The separiled uranium is stored or reenriched 
for funher use. 
Produces eleczric puwrr. Energy is relewd during minick destrucxion (by fission) zuld 
convened into ekcuic power. A fnction (1O-lSQ) of chis power i s  used to run rhe acceler- 
ator and plant, and the rest is sold io the grid ro offset ATW facility COSTS. 

Spenr fuel from nuclear power planrs conrains large quantities of Pu, other actin1 

ATW SYSTEM AND PROCESS DESCRIPTION 

An ATW faciliry consists of three major elements: (1) o high-power proton linear xcelerir- 
roc; (2) 8 pyrwbmical spenc-fuel-Eeatmenr gL waste-cleanup sysrem; (3) a liquid lead-buinuh 
cooled burner rhat produces and utiliiies an intense source-driven nruuon flux for uansmutation 
in a heterogeneous (solid fuel) core (Fig. I). The concept i s  rhe result of many years of devei- 
opmenc at IANL [3J as well as other research centers [4J. In the ATW concept, spenr reaccof 
fuel would be shipped co il dedicared sire where the PU, other rrmswanics md selected long- 
lived FPs would be destroyed by fission or uunsmutation in u single p a s  through the facility. 
Thrs approach conrrasts with reprocessing psacnces in Europe and Jirpm, in whch high purity 
Pu i n  produced and fabricated inro fresh mixed-oxide (MOX) fuel rhat i s  shipped off-sire for use 
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. 
ATW SYSTEM DESCRIPTION 

An ATW filciliry consis~s of three major elements: (1) a high-power proton linerrr iaccelera- 
wasp-cleanup system: (3) a liquid led-bismurh tar; (2) sl pymchemical spenc-fuel-uestrnenr 
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Fig. 1. ATW process schsmarrc. 

cooled burner thm produ- 
ces and utiIizes an intense 
source-driven neucron flu 
for rransmucauon in a ha- 
erogeneouo (solid fuel) 
core (Fig. 1). The concepr 
is the result of many years 
of devclopmenr ar LANL 
[3] as well as orher re- 
search cenlers [4]. A m  
has gained worldwide in- 
rerest and can be qn impor- 
tanr componenr of sirare- 
gios IO d e 4  with inrema- 
rional nuclear macerials 
magemenr and promore 
new, proliferurion- 
resisrmc, safe reactor 
te!cllnologles. 

ACCELERATOR 

The lWO-MeV 40-n-A CW high-power accelerrrror design is derived from the design of u 
17WMsV, 100-m~ CW proton linac king  developed for anorher nuclear spallution ipplicarion 
151. As bhown in Fig.2, ir  i s  &an inwgrarcd normal-conducting (NC), superconducring (SC) 
high-power linac hac i s  oprimizrd to balivlcr srtvrr;tl imporrat design facron. These include 
compact length, iow bemi losses, high conversion efficiency of elecuic power to beam power, 
religble operation and hgh availability, insmsiriviry [a errors in alignmenr and parameter 
scrtin s, and cos[ mnimksdon. 

topper NC accelerating srmctures we wed in the low-enccgy linac, providing strong 
focusing and smooth trmsirions in phase space, wlurh resulrs in low emrrance growth and 
minimimuon of beam halo. In che high-energy linac, niobium SC cavities an used to provide 
high efficiency xcclerarioa, very large beam aperruns, and a broad velociry acceprmce. The 
inner fearure allows for retuning to continue operation, following componenr failures. 

A 40-mA concinuous proton beirm produced in a microwsve-driven injector is accelerated to 
6.7 MeV in a 350-MHz mdio frequency quadrupole (RFQ); a prororype rnjecror has been 
demonsrntsd a LANL wich performance pmiterh exceeding ATW re uirernenp. Fallowing 
the RFQ is  a 7m-MHz coupled-cavity drift-rube linac (CCDTL) rhw x c e  1 cruces m brim to 2 1.2 
MeV. Combining the best fearurcs of rhz proven dvarez hiac and the coupled-cavky linac, this 
hybrid structure is  made up of sliorr DTL sccrions h a t  are rcsananily caupled and embedded io 
a 9-pX focusing lattice. The focusing elrnienrs (quadrupoles) ace exrema1 to the wcekriting 
srructures. The beam from rhe CCDTL i s  fed into ttie SC linac, which i s  drvrded inro four 
sccrions, each conraining niobium caviuro whose shape and configuration is opri&cd for a 
parucul~ velociry (p) range. Thc fust section, which rakes h e  energy up ro 100 MeV, consisrs 
of spoke-rype l/l-wave resonacun. These have been demonstwed, but will require funher 
dcvelopmenr to form inregraced acceleraring/focusing units (cryornodules). The last >cage of 
acceleration i s  carried UUI in LWO waons of SC linac made up of cryomoduies conwining 
ellipucally-shaped 5-cell c i~ i t ics  oprimized at p = 0.48 and 0.71. flecrron-accelerator (p =l) 
versions of these cavities have shown the capability of reaching the high gradient and Q 
perfurmince regime desired for ATW. The ellipucal caviues are grouped into cryornodules 
conraining 1 to 4 cavicks each, and 3 to 5 SC quadrupules each (in ri FODO lattice), LO providt: 
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Norrnal-Conaucting Supcrsonauaing I 550 MHz 700 MHz Spoke Cavities 700 MHn Eilipticai Cavmes 

focusing. RF power for both the NC and SC seccions i s  supplied by 1-MW CW 700-MHz 
Hyrtrons, excepr for rhe RFQ, which is driven by iwo 350-MH2 1.2-MW klystrons. 

With rhe design pwmerers shown in Fig. 2, the ATW linac length is 355 m. The RF 
power requirement i s  42.3 MW, which i s  provided by 56 1-MW klystrons. The figure shows 
rhe average accelerating gradient in each section, the KrdUSiUOD energies, and rhc p values at 
which the CrrVlTiCs arc oprimizrd. The xceleraror i s  designed 10 producc a 40 MW bemi in 
o d w  to drive up 10 a total 2OOO M W t  fission pow= in h e  burner(s), which could be disribuced 
in two or more modules. The firsr (Perno) A'IW i s  projected to be a 500-1000 MWc sysrsrn 

b 4.4 MV/m 
75 I ev 6.7 M6V 21.2 MeV 46 MeV 100 MeV 24 d MeV 10 OMeV 

11 Mvlm 11.4 MV/ml 2.9 Mvm 1 2.8 MV/m 

* 355 rn _ .  > 

RF power 42.3 MW, Linac AC power 95 MW; Peak coupler power 200 kW, CryornoQules 2/3/7/19; Klyarons 56 

Fig. 2, ATW high-power linear qccelsraror concepr; a NC linac injecting inro a SC linac. 

FUEL-CYCLE AND SPENT-FUEL TREATMENT 

In the spent fuel treatment system, uranium and a majonry of the FPs are sep;rrated from 
rhe umsurilnics and rhe rargcred long-lived FPs by pyrochemical (son-aqueous) processes. A 
requirement is rhe removal of enough unnium (99%) so rhar no significanr Pu or orher achides 
u e  produced dlviag tranmiutatian. FP exuaction i s  not explicitly sough bur comes out 
narurally from the prwrss. 

The flow of rhe spent fuel in the rmtmem sysrem i s  broken down into W e e  basic sueam. 
One contains the spenr-fuel dadding, rhe majority of Lhr spent fuel fission prodocrs, and the 
remaining than products from rhe rranmiured waste, all of which are prepared for pwmanent 
disposal. Following electrochemical exuacrion of rhe uranium, the second sueam consid3 of 
actinides and some cladding zirconium, which is cas1 into solid rnerdlic fuel elements 
(Ifansmmt~Lm assernblir_\) io be introduced into rhr ATW burner for irradiationv The thud 
szream consists of uranium sent out and scored for possible recycle. 

111 ow reference ATW concept, one-third of rhe burner core i s  extracted and processed 
every year- Eventually dl the FP ip the irradiated waste is parlitioned into three forms: acwe 
metals, noble metals and lswhmides. This remnant waste is prepared for permanent srorage as: 
(1) oxides in engineered conrainas for rhe acuve met& (including scronrium and cesium): (2) 
oxides for rhr: lanthanides: and (3) metal ingots and oxides for the noble merds, including 
zirconium. A n  average of 50 kg of FP per ton of spenr fuel L dischdged as wasre after 
~;msmvrarion (including the FP originally present in the qenr fuel), concaminared with less rhan 
100 ppm of rranburanics (mostly metal-oxides). Most of h e  radioacrivity in these discharges 
W i l l  decay in lebs than three hlrndr~d years, wirh only weak residual acriviry (of negligible 
environmnral impicr) remaining afmwards. 

Spent fuel uedunenr rcchnology i* derived from pyrochermcl mehods drvelaped for 
pluroruurn processing a Los Alarrios [6] a4 Ehe Inregral Fasr Reactor program at ANL [7]. 
Fyrochemicrtl processes are chosen over convsntrorial aqueous processes because they ilze 
proliferation resisranr - group septlmtions are used insread of >ingle species separauons. These 
allow the processing media, niolren salts and liquid metals, KO be recycled mulriple rimes, rhus 
reducing secondary waste, qnd allow for short rurnxound rimes for waste uearmenr. 
Radiolysis and decay heu are noc significanr issues f8l. in addition, the product from the 
elecrrochemical procehss IS easily fabricated inio fuel for the ATW sysrcm. 

rind testing various rcpardtion sysrems. using die information to develop a derailed matend 
The centrai issue for process chenustry is  to csrablish sc-ding information by fiibnwing 
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b&wr for the fuel rreamem and prwess plant pxme~ers. An A W  fuel marrnent fciliry 
would be similar IO rhe fuel-cycle facility proposed for the Advanced Liquid Metal Reaccror 
(ALMR) Program [9]. 

WASTE BURNER (TARGETIBLANKET ASSEMBLY 

The ATW waste burner consists of a lrqurd lead-bisniurh eutecuc (LBE) urger rhar 
generares spallation neutrons from reamons induced by the 1-GeV proton beam. These are 
multiplied by neusrons from fission rexdonb induced in the surrounding subcritical cow, which 
contains the rrismuration assemblies. Since significant heat producrion occurs from the 
fissioning of che ncunides in these assemblies, adequate heat removal must be provided, 
analogous to rhx in critical reactors of similar power level. A major advantage of LBE is  &a[ i r  
can be used both as ii apallarion nsumn source and a nuclear coolant. The LBE rechnology, 
successfully developed in Russia for nuclei  submarine propulsion, has only recently become 
accessible and appe;rrs ideally wired to the ATW application. LBE's low meiring poinr 
(123S"C), high boiling pomt (1670°C). and very low vapor pressure allow I wide operating 
rentperarure range, eliminates caolrtnr boiling, and enhances cooling circuir safery. ILCS high 
density, combined with die wide ternpermre range, ogers exuztordinsry natural convection 
cooling capqbihry tor enhanced p;rssrve safery. In addirion IO irs use as a coolant and spdlarion 
rarger, LBE provides a nsgarivr coolant vaid and rempericure reactivity coefficient [ lo]. A 
schematic of the ATW burner (rargdblanliet) ib shown in Figure 3. 

The subcritical liquid LBE ATW concept opera~es with a fasT neuuon specrrurn IO ensure 
optimal accinidz deswction efficiency and high neutron avdability for FP trrmsrnurauon. Very 
low end-of-life invenrories are achieved by burn-down straegies involving gradual cherinalrz- 
auon of the specrrum to exploit the large caprure crosb secuons in The nuclear resonance region. 

While the subcritical oprrsrion of the ATW burner does not &e it hrhsicdlyqfer than 
criticd reactors, ir facilitares burnup riks rhm would be very difficulr or inefllcirnt in conven- 
tional criricd nuclear sysiem3. Subcricicul sysrems do nor rely on delayed neutrons for conrrol 
sad power ckangc h e y  isre driven by i be external neutron JOWCC' (i.e. by the protons from the 

ATW Burner 
~ 

T I  

3 
Typical Po wwr: &tg 
2000 M Wr 

Fig- 3. ATW burner (LBE targe~lblmker) 

accelerux), Control rods iihd reactivity 
feedback have low importwce, since rhrse 
sysems are neuvonicdty (bur not thermally) 
decoupled from the neutron source. Subcrrri- 
c;Ji~y allows the ATW burner ro work with 
any cornposicion of furl or waste and to 
gready relax the required separation in h e  
waste-rreat-wnt sceps. This permits rhe 
desrrucrion of any isoropes (actinides or FPs 
or mxture of both) wirh lirrle concern for rheir 
neouonic behavior. Ferrile marerials 32e not 
needed to cornpensare for neutronic 
uncertainties or undesirable rcac-Wiry 
responses of rhe furl, and extended burn-up is 
achieved by increasmg the power of rhs 
accelerator drive io cornpensaw for =activity 
dec rase s . 

Because of the above features, ATW i s  ideally suited as an incineraror of mattrid hat: 1) i s  
nor well characltrized: 2) bwns very poorly or no1 ill all in reactors; 3) h35 potmially unstable 
and hazardous reacriviry responses. This incIudrr higher actinides such YJ Np (the worst 
conrriburor to oxidizing long-term performance uncertainties in LL reposirory), Am uiad Cni, all 
isoropes of Pa, and some long-lived FPs. In addhion, the neutron-poor Th-U fuel cycle, never 
succrs?;fully implemented in crirical reactors, could be used rather straightforwardly in 
accelttrarorjfriven subcritical syscernr. 
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c 
Although LBE can be ralher corrosive snd can be contaminated by solid admixtures due ro 

incencrion wirh consuucrion marerials and oxygen, rhe Russian 11 11 heavy-metal technology 
has mirigaced rhese effects by selecring pruper nwerials and acuvely controlling oxygen 
rhmnodynamic rrctiviry in rhe cool;urt. Thr essence of chis technology is to adJusr rhe osygen 
level in the LB& so that a sell-heding procecrive oxide film can grow on rhe surface of 
StrucLuril rnorriuls, inhibiting corrosion, whle at the w n e  rime no excessive oxygen is 
avoihble so form solid qdmixtures (mwcly letld oxide). 

TRANSMUTING THE SPENT FUEL BACKLOG IN 65 Y E A S ;  A SCENARIO 

The design texibility afforded by subcriticality provides many possibilities for 
implemenrhg ATW in effecrive waste desrrucrion scenarios. Sketched below i s  m 
implemeatarion sccniuio for transmuting the spenr nuclear fuel backlog in 65 years. Many 
orhers can be developed 191. 

and higher acunrdes. The ATW objeciive is to ueat rhs spent Fuel backlog, desuoy rhe 
transuranics and selected FPs, and prepare h e  rewining Waste for permanent disposal in rf 
geolo$c repository within a rzlauvely sbon rime. To accomplish rhrs objective, 21 ATW 
syssems are broughr on line over 65 yeus. Each ATW system consissrs of ;L 1 -GeV accelerator 
with a current variable from 20-40 m, a subrrlucal ZOO0 MWr LBE burner, and a 
pyrochemical plant having 50 rons/year throughput per burner. In the scenario, rhcre are three 
Iwge facilities, wilh up to seven ATW system located Logether in one faciliry. The pam.mek:rs 
for she burners are as shown in rhe rable below. 

By 201 5. there will be 70,000 tons of spcnr fuel in the US conwining abour 600 ions of Pu 

Paramerer Value Parameter Value 
I 

Fislrvn power 2 w  MWr Themul-elecvic effic.icnq 40% 
Power ra grid 475 M W e  KexiTcyh~ct  p w s r  125MWc 
Opcrazmnrll TRU rnvenrory 3060 t looU bg Cunvrrwn ratio 0.0 
P r w m  lossrs lll0OD TRU bum m e  UP IO 650 k$yr 

/ TRU hum efficiency - 16.2SYo - 

Of par~cular relevance is rhe facr that each ATW bumer can destroy up to 650 kg of 
ocrinides (Pu mdTRU) 

scenario, a new ATW sys~em is brought online at each sirs every 4 years. As she burners reach 
rhe end of Their operarionsl life, rhey are decommissioned, and heir fuel is sent to feed oqher srill 
operaxiod burners:. Evenrually, rhe 1;rsr ATW sysEm in upemion tli euch s k  will receive all 
the remnanr wuste and descroy it down 10 less rhw 1 ron over a prouactzd (5 yem) inventory 
burn-down period (Figs. 43). 

In general the followmg key points can bc: made about the cost of such an ATW sysrrm: 
I) the cos[ of tbe paick accelerator due:?; not doniinlrte chc economics; 2) the pymchemical 
waste rreanienr processes are less expensive rhun trodirroaal aqueous chemiscry processes [SI: 
3) the COST of subcritical ATW burners based upon kxl/binmurh coolant technology should be 
cornparablt. LO or lower rha the cost of sodium~ooled reactors; and 4) elecniciry produced by 
the ATW plant will offset operating costs and prvduce revenue. A derailed cosz estimare and 
bd3nce sheet remains io be done. 

i s  reasonable to conclude thdr the economic prospects for ATW are encouraging, possibly 
providing an rcononuc gain along wirh the other benetirs. 

r year, and rhar 675 MWr would be available for distribution to The 
grid from each bumer I ii" cer powering the driving acccelerxor and the plant. In the 3-facility 

Taking credir for die probable elimination of [he COST of P second US geologic reposirory, ir 
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Fig. 4. ATW backlog burndown scenario. Fig. 5. ATW bumdown vs ALNR. 

CONCLUSlON AND ACKNOWLEDGEMENTS 

ATW s y s ~ r m j  can destroy viwrrlly all the PLI and higher actinides withour reprocessing the 
spent fuel in a way thdr could lead 10 weapons maIcrial diversion. Once demonstrated and 
developed, ATW could be an tsscnrid pan of a global non-proliferation suaregy for counu-ies 
building Up large quantities of pluronium fiom their commercial rewtor wasre. ATW technola- 
gy, initially proposed in rhe US, has received wide and rapidly increasing mention -around the 
world, especially in Europe and Asia, wiTb major programs now being planned, organized and 
€unded. Substanrial convergence presently exists on rhe rechnology choices among rhe prog- 
mms, opening rhe possibiliry of a srrong and effecrive iniernmonal collabomiion on phased 
development of rhe rechnology. 

The aurhors wish io CW Wolfgang Barthold ltnd Mario C’arzlli for imp on an^ conuibu- 
dam IO the ATW concept. This research i s  funded by Los AkdmOS Nauonal Laboratory LDRD. 

REFERENCES 

Comrnirtec on Sepamiocis Technology and Transmuwrion Sysrzrns. --Nuclear Wastes: Technologies for 
SepaForions md Trans~nurauons:.” N ~ L  ~uiulcmy Press, Wwkingron, DC. 1996 
G- Machwls, “Potcnrrrrl Benrtits of Waste Tcansmurarron LU rhc U.S High-Lcvcl Was~c R ~ p o s i r ~ ” .  AIP 
Cunfrrence h t r d i n g s  346 Tnr’l Conf. on Accelerator-Drhcn Transmutuuon Tcchnobg~cs a d  
Applicstions. 8 (1995) and references EhcEin. 
C.D. Bowman et al., --Nuclear Encrgy Gencriation MQ Waste Transmutarion using 311 Acceleraror-Driven 
Sp4larioii NcuUon Source,” Nuclew fasu. and Meuiws A230,336 (1991). 
C. Rubbh, *-A High G a n  Encrgy Amplifier 0prart.d with Fast Ncuwuns”. bamc US 121 
Ci-P Lawrence and T P. Wangler, ”lnregrared Normal-conducrin~Supr~~nrlu~ung hgh-Prrwrr Roion 
Linac lvr chr APT Projrcr,” Roc. of 1997 Panicle Acceleraror Conference, Vancouver. May 12- 16, 1997. 
D.C. Chrisrensen, L.J. Mullins, ”Plutonium Metal Production and PurJfi~4tio11 91 LOS AhinOS.” in 
Plutonium Chemisrry, Carnal1 and Choppin, Eds. Am. Chem. Soc.. Washington D.C. ,40Y (1983) 
J.T. Laidler, LE. Barrlcs, W.6. Miller. 2nd E.C. Cay, -.Devzlopineer of IFR Pyroprocessing Technology,” 
in Proceedings of Global ‘Y3, (Ir)93] 
M.A. Willimison, -Chcmuuy Technology Bar and Fuel Cycle of rhc Los Aluaos ACCeknZOr-DriVen 
Trtwl~rnulauon Symm,“ in Proceedings of Global ‘97,263 { 1997) 
Bums and Roe Company, “ALMR - Fuel Cycle Facilities. Design Reporc and Cost Estimates“, GEFR- 

F. Vcnncri ci al., “Acceleraror-ariven ‘kansn~ura~ion of Wasre (ATW) Trchnical RCVICW 31 MIT’, LANL 

Communicsrions 3nd con[rac( repons from the lnsrirure of Physics and Powrr Enginwmg (Obnrnzk) and 
BDo-cidrOpresS (Podolsk), Russi4 

00942. BRC-448 (1995). 

Repurr. LA-UR-98-608. 


