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TRANSMUTATION OF ISOTOPES � ECOLOGICALAND ENERGY PRODUCTION ASPECTS�Wa
law GudowskiRoyal Institute of Te
hnology Sto
kholm, Swedene-mail: wa
ek�neutron.kth.se(Re
eived January 4, 2000)This paper des
ribes prin
iples of A

elerator-Driven Transmutation of Nu
learWastes (ATW) and gives some �avour of the most important topi
s whi
h are todayunder investigations in many 
ountries. An assessment of the potential impa
t of ATWon a future of nu
lear energy is also given. Nu
lear rea
tors based on self-sustained �ssionrea
tions � after spe
ta
ular development in �fties and sixties, that resulted in deploy-ment of over 400 power rea
tors � are wrestling today more with publi
 a

eptan
ethan with irresolvable te
hnologi
al problems. In a whole spe
trum of reasons whi
hresulted in today's opposition against nu
lear power few of them are very relevant forthe nu
lear physi
s 
ommunity and they arose from the fa
t that development of nu
learpower had been handed over to the nu
lear engineers and te
hni
ians with some generi-
ally unresolved problems, whi
h should have been solved properly by nu
lear s
ientists.In a 
ertain degree of simpli�
ation one 
an say, that most of the problems originatefrom very spe
i�
 features of a �ssion phenomenon: self-sustained 
hain rea
tion in �s-sile materials and very strong radioa
tivity of �ssion produ
ts and very long half-life ofsome of the �ssion and a
tivation produ
ts. And just this enormous 
on
entration ofradioa
tive �ssion produ
ts in the rea
tor 
ore is the main problem of managing nu
learrea
tors: it requires un
onditional guarantee for the rea
tor 
ore integrity in order toavoid radioa
tive 
ontamination of the environment; it 
reates problems to handle de
ayheat in the rea
tor 
ore and �nally it makes handling and/or disposal of spent fuel al-most a philosophi
al issue, due to unimaginable long time s
ales of radioa
tive de
ay ofsome isotopes. A lot 
an be done to improve the design of 
onventional nu
lear rea
tors(like Light Water Rea
tors); new, better rea
tors 
an be designed but it seems todayvery improbable to expe
t any radi
al 
hange in the publi
 per
eption of 
onventionalnu
lear power. In this 
ontext a lot of hopes and expe
tations have been expressed fornovel systems 
alled A

elerator-Driven Systems, A

elerator-Driven Transmutation ofWaste or just Hybrid Rea
tors. All these names are used for des
ription of the samenu
lear system 
ombining a powerful parti
le a

elerator with a sub
riti
al rea
tor. A
areful analysis of possible environmental impa
t of ATW together with limitation ofthis te
hnology is presented also in this paper.PACS numbers: 28.50.Qd, 28.41.Kw, 28.90.+i� Invited talk presented at the NATO Advan
ed Resear
h Workshop, Krzy»e, Poland2�4 September 1999. (107)



108 W. Gudowski1. Introdu
tionNu
lear rea
tors based on self-sustained �ssion rea
tions, or so 
alled�
riti
al� rea
tors � after a spe
ta
ular development in �fties and sixties of20th 
entury, that resulted in deployment of over 400 nu
lear power rea
tors� are today wrestling more with publi
 a

eptan
e than with irresolvablete
hnologi
al problems. In a whole spe
trum of reasons, whi
h resulted intoday's opposition against nu
lear power, some of them 
an be e�e
tivelyaddressed by a su

essful 
ombination of nu
lear and a

elerator te
hnolo-gies. These hybrid systems, 
ommonly 
alled A

elerator-Driven Systems(ADS) or A

elerator-Driven Transmutation of Wastes (ATW), integrate asub
riti
al rea
tor 
ore, i.e. a �ssile material assembly unable to supporta self-sustained 
hain rea
tion, with an intense spallation neutron sour
edriven by a powerful parti
le a

elerator. This intense neutron sour
e sup-ports the desired �ssion rea
tion rate in a �ssile assembly taking advantageof the �nite neutron multipli
ation 
apabilities of this assembly.The basi
 goal of ADS is redu
tion of hazards related to handling andmanagement of radioa
tive wastes through nu
lear transmutation and, pos-sibly, improvement of operational safety of nu
lear power fa
ilities. Trans-mutation (or rather nu
lear transmutation) is de�ned as the transforma-tion of one isotope into another isotope or element by 
hanging its nu
learstru
ture. Nu
lear transmutation was �rst demonstrated by Rutherford in1919 [1℄, who transmuted 14N to 17O using energeti
 �-parti
les. I. Curieand F. Joliot produ
ed the �rst arti�
ial radioa
tivity in 1933 [2℄ using�-parti
les from naturally radioa
tive isotopes to transmute boron and alu-minum into radioa
tive nitrogen and oxygen. It was not possible to extendthis type of transmutation to heavier elements as long as the only available
harged parti
les were the �-parti
les from natural radioa
tivity, sin
e theCoulomb barriers surrounding heavy nu
lei are too great to permit the entryof su
h parti
les into atomi
 nu
lei. The development of ele
trostati
 (vande Graa� [3℄) and linear a

elerators (Wideröe [4℄) and the invention of 
y-
lotron by Lawren
e [5℄ removed this barrier and opened new possibilitiesfor transmutation experiments. The �rst a

elerator-driven transmutationwas demonstrated by Co
kroft and Walton in 1930 [6℄ on their linear a

el-erator, on whi
h they bombarded Li-target with energeti
 protons (energyvarying from 125 to 500 keV), �transmuting� Li into 2 �-parti
les in a simplerea
tion 73Li +11 p!42 �+42 � :The a

elerator-driven transmutation was su

essfully developed by G.Seaborg and his 
ollaborators in experiments aiming to 
reate transurani
elements and their numerous isotopes. In 1941 Seaborg, M
Millan, Segré,Kennedy and Wahl [7℄ transmuted 238U (in the form of U3O8) into 239Np
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al and ... 109and 
onsequently to 239Pu by the bombardment with 6 MeV deuterons in60-in
h 
y
lotron.However, only when 
oupled with the spallation pro
ess, high power a
-
elerators 
an be used for an e�e
tive transmutation. Spallation refers to nu-
lear rea
tions that o

ur when energeti
 parti
les (e.g. protons, deuterons,neutrons, pions, muons, et
.) intera
t with an atomi
 nu
leus � the tar-get nu
leus. In this 
ontext, �energeti
� means kineti
 energies larger thanabout 100 MeV per nu
leon. At these energies it is no longer 
orre
t to thinkof the nu
lear rea
tion as pro
eeding through the formation of a 
ompoundnu
leus. The initial 
ollision between the in
ident proje
tile and the targetnu
leus leads to a series of dire
t rea
tions (intranu
lear 
as
ade) wherebyindividual nu
leons or small groups of nu
leons are eje
ted from the nu
leus.At energies above a few GeV per nu
leon, fragmentation of the nu
leus 
analso o

ur. After the intranu
lear 
as
ade phase of the rea
tion, the nu
leusis left in an ex
ited state. It subsequently relaxes its ground state by �evap-orating� nu
leons, mostly neutrons. Shortly, spallation 
an be des
ribed asa nu
lear rea
tion in whi
h the energy of ea
h in
ident parti
le is so highthat more than two or three parti
les are eje
ted from the target nu
leusand both its mass number and atomi
 number is 
hanged.The spallation pro
ess is depi
ted in Fig. 1, showing two stages of thepro
ess (intranu
lear 
as
ade and evaporation). For thi
k targets, high-energy (> 20 MeV) se
ondary parti
les (plus their progeny) 
an undergofurther spallation rea
tions. For some target materials, low energy (< 20MeV) spallation neutrons (i.e. the 
as
ade-evaporation neutrons) 
an en-han
e neutron produ
tion through low energy (n; xn) rea
tions. For heaviernu
lei, high-energy �ssion 
an 
ompete with evaporation in a highly ex
itednu
leus. This pro
ess is illustrated in Fig. 1. Tantalum, tungsten, and leadare examples of materials that 
an undergo spallation/high-energy �ssion.Spallation produ
es large numbers of neutrons per an in
ident proton.Typi
ally, several tens of neutrons will be produ
ed from ea
h proton 
ol-liding with the target. This means that a reasonable beam of protons (forexample 5�10 mA at 1 GeV of proton energy) 
an produ
e a large number ofneutrons per unit of time � see Fig. 2 [8℄. The typi
al spe
trum of neutronsemerged in spallation pro
esses is presented on Fig. 3. This neutron spe
-trum is not very di�erent from a typi
al �ssion neutron spe
trum, havingthe most neutrons emerging with energies between 1 and 2 MeV. However,one 
an observe a very distin
t di�eren
e � a tail of high-energy neutrons(with a yield of about 10%) over 20 MeV rea
hing the maximum energyequal to energy of in
ident protons.
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Fig. 1. A model of spallation pro
esses in thin and thi
k targets.
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Fig. 2. Number of neutrons per in
ident proton and its energy (GeV) produ
ed ina spallation pro
esses in de�erent thi
k targets.
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Fig. 3. Energy spe
trum of spallation neutrons produ
ed by a 1 GeV proton beam.2. Transmutation pro
essesNu
lear transmutation 
an be pra
ti
ally indu
ed by any parti
les orquanta enabled to penetrate nu
lei and to intera
t with nu
leons. However,
harged parti
les have to pass through a Coulomb barrier, whi
h requireshigh energies and it is an energeti
ally 
ostly and ine�e
tive pro
ess. 
 �quanta on the other hand, have relatively small 
ross se
tions for trans-mutation rea
tions � like (
; n) rea
tions � and moreover there are nomonoenergeti
 
-sour
es, whi
h make also these pro
esses energeti
ally veryine�e
tive. This situation is exempli�ed on Fig. 4. So the most e�e
tivenu
lear pro
ess that 
an be used for transmutation of radiotoxi
 isotopes isneutron absorption. Neutrons do are not repelled by nu
lei and intera
tion
ross se
tions for many transmutation rea
tions are su�
iently large.A �nal measure of transmutation e�
ien
y, or its ��gure of merit� isnot a trivial issue as long as a �nal 
riterion for hazards related to radioa
-tive waste is not well de�ned. Radioa
tivity itself is not a good measureof hazards or noxiousness of radioa
tive wastes, therefore radiotoxi
ity, inmost 
ases the ingestion radiotoxi
ity, is used as a measure of the biolog-i
al 
onsequen
es of radioa
tivity. However, in the 
ase of geologi
al (orunderground) disposal of radioa
tive waste, whi
h is a referen
e 
ase, eval-uation of ingestion radiotoxi
ity is a very 
ompli
ated pro
ess of simulationof a long time transport of ea
h isotope from a repository bed into the bio-sphere. Final results strongly depend on the assumptions, spe
i�
 modelsand extrapolations used in the 
al
ulations. On the 
ontrary, a nu
lear partof these simulations, i.e. 
al
ulation of a sour
e term of radiotoxi
ity 
an be



112 W. Gudowski

Fig. 4. Spe
trum of 50 MV bremmstrahlung 
-sour
e from W -target of an ele
trona

elerator (left Y-axis) and a photonu
lear rea
tion 
ross se
tion for Cs (rightY-axis).done very reliably with a high pre
ision. Therefore, redu
tion of sour
e ra-diotoxi
ity of the nu
lear wastes seems to be the least 
ontroversial referen
egoal for transmutation of radioa
tive wastes.In a short time perspe
tive, like 100 years, �ssion produ
ts 90Sr and137Cs, and Pu-isotopes, dominate radiotoxi
ity of spent fuel. 90Sr and 137Csbelong to short-lived �ssion produ
ts and are of big 
on
ern in a 
ase ofnu
lear a

ident. They 
an however, be readily retained in storage fa
ilitiesfor reasonable periods to minimize their threat to the human environment.Neither 90Sr nor 137Cs 
an be e�e
tively transmuted by neutron absorption.In the long time, 
omparable with life-time of 
ontainers in geologi
alrepositories, the radiotoxi
ity is determined by transurani
 elements: 239Pu(up to 100 000 years), 242Pu, 237Np and long-lived �ssion produ
ts 129I,135Cs and 99T
. Plutonium and other a
tinides have a very low mobility ingeologi
al environment, so they do not easily enter the biosphere. On the
ontrary iodine, 
esium and te
hnetium, being mu
h more mobile 
an leakthe geologi
al repository. Proliferation 
on
ern is another strong argumentfor transmutation of a
tinides, parti
ularly plutonium. In
reasing a world-wide sto
kpile of plutonium in spent rea
tor fuel must be of 
on
ern, aboveall in few hundred-year perspe
tive when a �prote
tive� barrier of radioa
tiv-ity of short-lived �ssion produ
t will de
ay out. Fortunately, most of theseisotopes 
an be e�e
tively transmuted.
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ologi
al and ... 113Virtually every transurani
 elements, Np, Pu, Am and Cm 
an be �s-sioned by one or few su

essive neutron absorptions with, in many 
ases,energy surplus, neutron gain and transmutation of transurani
 into �ssionprodu
ts. All transurani
 isotopes are net neutron produ
ers in �ssionsindu
ed by fast neutrons (so 
alled fast spe
trum �ssions). In thermal neu-tron spe
trum 
orresponding to Light Water Rea
tors, only 239Pu, 241Puand Cm-isotopes are �un
onditional� neutron produ
ers, other transurani
isotopes like 237Np, 238Pu and 241Am may be
ome neutron produ
ers in avery high neutron �ux. In these 
ases beta-de
ay of the intermediate neu-tron 
apture produ
ts 
ompetes with a �ssion probability. In the 
ase of237Np and a thermal spe
trum, the lowest neutron �ux 
onverting 237Npfrom neutron 
onsumer into neutron produ
er is expressed by�lim = ln2�f T �1=2 ;where �f is a �ssion 
ross se
tion for 238Np, T�1=2 is a half-life of beta-de
ayof 238Np. For a thermal neutron spe
trum, like in a molten-salt system, thislimiting �ux is about 2�3�1015 n/
m2s.Transmutation of �ssion produ
ts through neutron absorption is alsopossible for the long-lived radiotoxi
 isotopes like 99T
 and 129I, 
onvertingthem into stable Ru and Xe, respe
tively. However, transmutation of �ssionprodu
ts, in 
ontrary to transmutation of transurani
 isotopes, is a purelyneutron 
onsuming pro
ess and requires plentifulness of neutrons. This sur-plus of neutrons 
an be obtained in di�erent ways:� In 
riti
al rea
tors, whi
h 
an be designed as �burners�, in order touse all available neutrons for transmutation pro
esses. This impliesuse of rea
tors with an ex
ellent neutron e
onomy, whi
h limits the
hoi
e to fast rea
tors with the hardest possible spe
trum, possiblyrevival of heavy water moderated rea
tors or use of highly enri
hedfuel in standard LWRs. Neither of these 
hoi
es is very probable today.Moreover, 
riti
ality 
onditions, dependen
e of safe rea
tor operationon delayed neutron fra
tion and negative temperature feedba
ks putsevere 
onstraints on the possible use of 
riti
al rea
tors.� In sub
riti
al systems driven by an intense external sour
e of neutrons� in ADS. An external neutron sour
e and sub
riti
al operation opennew possibilities for transmutation.



114 W. Gudowski3. A

elerator-driven transmutationThe main 
omponents of ADS are a high-intensity a

elerator deliveringa parti
le beam of 5 to 40 MW power, a transmuter � a sub-
riti
al rea
torwith spallation sour
e, and 
hemi
al repro
essing � see Fig. 5.

Fig. 5. A s
hemati
 view of an A

elerator-Driven Transmutation System.When a parti
le beam (in most designs � protons) from a

elerator hitsa thi
k target of heavy elements, large quantities of neutrons and 
hargedparti
les are obtained, largely through spallation of the atomi
 nu
lei inthe target. Most of the 
harged parti
les are slowed down and stoppedinside the target or in its vi
inity as an e�e
t of Coulomb intera
tion, whilethe neutrons penetrate the target and surrounding sub
riti
al 
ore. If thespallation target is pla
ed in the 
enter of a sub
riti
al 
ore, the latter 
ana
t as a neutron multiplier even if it would not otherwise be self-sustaining.This is due to the fa
t that losses of neutrons 
an be 
ompensated for throughthe supply of new neutrons from the spallation target. Through the �ssionsthat o

ur in the 
ore during neutron multipli
ation, more energy 
an begenerated than is 
onsumed to produ
e the proton beam. The externalneutrons supplied by spallation target sustain a 
onstant power of the systemand play the same role as delayed neutrons in 
riti
al rea
tors. This resultsin another type of �self-sustaining� system, in whi
h delayed neutrons arerepla
ed by the spallation neutrons. Consequently, ke� may have valuesmu
h below 1.The 
onversion of heat from the 
ore into ele
tri
ity in the 
onventionalmanner, via steam generators, turbines and generators produ
es ele
tri
alenergy, whi
h is more than su�
ient to operate the a

elerator.
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ologi
al and ... 115The neutrons emerging from both the target and the fuel in the sub
riti-
al 
ore originally have high energies varying from a �usual� �ssion spe
trumenergies up to an energy of in
ident protons, as shown on spallation neutronspe
trum in �gure 3. By introdu
ing a moderator, the neutron energy 
anbe redu
ed (neutrons 
an be moderated) in the same way as in a thermal re-a
tor. The advantage of this is that most rea
tion 
ross-se
tions are greaterat low neutron energies than at high energies. Thus, less �ssile material isneeded for a given rea
tion rate at low neutron energies than at high neu-tron energies, that is for a given energy: In prin
iple, 
onsiderably higherneutron �uxes 
an be a
hieved in this type of system than in a thermal selfsustaining rea
tor.Water and graphite normally require en
apsulated solid fuel and aretherefore less suitable as moderators in a

elerator-driven systems mainlydue to the large gradients in power density; in sub
riti
al systems powerdensity varies in spa
e as exponential fun
tion not as 
osine or Bessel fun
-tions like in 
riti
al systems. It results with high power densities aroundthe spallation target and low power on peripheries. Consequently, �ther-mal� molten salts, where a
tinides are dissolved in di�erent types of �uoridesalts have been 
onsidered to be a better 
ombination of fuel and modera-tor. The homogenization of the fuel and sub
riti
ality of the system meanthat a substantial neutron �ux is obtained 
lose to the target, with a hightransmutation rate, while most of the 
ore has a 
onsiderably lower neutron�ux. This 
an not be 
ompensated for by in
reasing the supply from thea

elerator-driven target, sin
e material damage on the a

elerator window,above all on the wall between the target and 
ore, will be una

eptable athigh proton and neutron �uxes [9℄. More sophisti
ated solution 
an be ap-plied, like multiple target system, in whi
h sub
riti
al 
ore surround 3�5target modules fed by split proton beam or even fed by separate a

elera-tors (in this 
ase only use of 
heap 
y
lotrons makes e
onomi
al sense) [10℄.A

eptable �ssion power distribution in the 
ore 
an be obtained in this waybut the te
hni
al 
omplexity of this system in
reases 
onsiderably. Moreoverone has to 
ope with a very signi�
ant rea
tivity swings requiring either so-phisti
ated fuel feeding pro
edures or very �exible a

elerator working with
urrent varying almost by a fa
tor of 5 [10℄.Using fast neutron spe
trum it is easier to design a suitable neutronmultiplying blanket/
ore for a sub
riti
al system than for a 
riti
al fastrea
tor, sin
e the spallation sour
e 
an deliver neutron �ux of very highintensity. Also longer neutron free �ow path in the fast systems makes thepower peaking problem mu
h less severe than in the thermal systems and
onsequently makes possible use of solid, rea
tor like fuel rods.The heat generated by �ssion pro
esses in ADS 
an of 
ourse be used toprodu
e ele
tri
al energy. Some of this heat is used up to feed the a

elerator.
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elerator-driven system, this share is typi
ally on the order of4�15%, and 
omparable to the energy whi
h is used for se
ondary needs ina 
riti
al rea
tor.4. Components of a

elerator-driven systems4.1. A

eleratorLinear or 
y
lotron a

elerators have been proposed for ADS. In spiteof a vivid dis
ussion in the a

elerator 
ommunity [11℄ the �nal 
hoi
e ofan a

elerator type will depend on an inter
omparison and 
omplex opti-misation of the whole ADS in
luding e
onomi
al 
onstraints and probablyalso lo
al traditions of resear
h groups, whi
h will su

eed to build the �rstdemonstration fa
ility. The optimal parameters of the a

elerator are rela-tively easy to estimate from a nu
lear point of view: proton energy shouldbe around 1�1.5 GeV (see Fig. 2 � there is no signi�
ant gain in number ofneutrons per proton energy over 1 GeV) and proton 
urrent would dependon desired beam power, whi
h for a demonstration fa
ility would be in thelimit of 5�10 MW, 
orresponding to 5�10 mA of protons.However, taking into a

ount development and 
onstru
tional 
osts, itmay appear that even a

elerators with proton energy around 500�800 MeVmay be interesting for the �rst demonstration systems. Moreover, e
onom-i
al assessments for 
ommer
ial a

elerator-driven systems, taking into a
-
ount also de
ommissioning 
osts may signi�
antly di�er from assessmentsfor demonstration fa
ilities.Two most powerful a

elerators today, are representing both a

eleratorstypes: lina
 at Los Alamos National Laboratory, running at 800 MeV and1�1.5 mA proton beam, and 
y
lotron at Paul S
herer Institute, having a1.5 mA proton beam with 590 MeV energy. Both a

elerator types requireintensive development in order to mat
h the requirements that are 
ommonfor nu
lear power systems. The reliability and availability of the a

eleratorin a

elerator driven systems is an important issue.A linear a

elerator is a preferred option for Los Alamos ATW group[12℄. The a

elerator design takes advantage of a

elerator developmentwork done in the frame of A

elerator-Produ
tion of Tritium (APT). Down-sized APT a

elerator for ADS would be a 45 MW (1 GeV energy and45 mA 
urrent) super
ondu
ting lina
 driving several transmuters througha sophisti
ated system of beam splitters.Most of the European groups are fo
used on advantages of 
y
lotron,proposing to over
ome the te
hnologi
al limit of 
y
lotron 
urrent of about10�15 mA, through use of multiple 
y
lotrons and more advan
ed designslike separated orbits 
y
lotrons [11℄. Multiple 
y
lotrons, if 
heap enoughwould be a good option to improve the reliability of ADS-fa
ility.
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al and ... 117Even if there are no obvious showstoppers for improvement of a

elera-tors, an intensive resear
h work should fo
us on:for lina
s:� Improved reliability and trip-free performan
e� Extensive use of super
ondu
tors (development of lower-beta super-
ondu
ting 
avities and 
ryomodules), high-gradient super
ondu
tingrf-
avities� In
rease of ele
tri
al �eld gradients leading to redu
ing the size� In
rease of 
urrent and possibly beam splitting/sharing to share a

el-erators in development stage;for 
y
lotrons:� Improved reliability and trip-free performan
e� In
rease of beam 
urrent � novel 
on
epts highly desired, spa
e 
harge
hallenges� Cost redu
tion through 
ompa
tness and robust 
onstru
tions4.2. TargetTwo di�erent te
hni
al solution 
an be envisaged for an ADS spallationtarget: a solid tungsten target 
lad in stainless steel and 
ooled by sodiumand a liquid metal target, in whi
h target �uid is also used as the primary
ooling loop. The solid tungsten target design was developed in detailsin the APT proje
t, however this solution is not very attra
tive for ADS.The preferable target for ADS would be a liquid metal target; for most
ases liquid lead-bismuth eute
ti
 (LBE) has been proposed. Other possiblemetals are liquid lead-magnesium eute
ti
 and Mer
ury. Mer
ury targetseems to be a preferred option for spallation neutron s
attering fa
ilities,like Ameri
an Spallation Neutron Sour
e (SNS) [13℄ proje
t and EuropeanSpallation Sour
e (ESS)[14℄.The great advantages of LBE are 
hemi
al inertia, high boiling temper-ature, relatively low melting temperature (123.5ÆC), good heat 
ondu
tivityand no immediate volume expansion upon solidi�
ation (however slow vol-ume expansion in a solid state due to re
ristallization requires some pre
au-tions). Moreover there are 70 rea
tor-year experien
es from LBE-rea
torsdeveloped in Russia. A signi�
ant disadvantage of the LBE spallation tar-get is generation of 210Po, a short-lived hazardous alpha emitter formed byneutron irradiation of bismuth.



118 W. GudowskiThe key te
hnologi
al problem for the target design is a design of atarget window whi
h 
an withstand radiation damages of proton beam andba
ks
attered neutrons, thermal stresses 
aused by a

elerator trips and 
or-rosion in LBE environment. E�e
ts of spallation produ
ts on LBE 
orrosion
ontrol are one of the key problems to be investigated.4.3. Sub
rti
al 
ore: 
oolant/fuel systemTransmutation e�
ien
y and the system performan
e depend verystrongly on the 
hoi
e of 
oolant and fuel types. Di�erent 
on
eptual designshave been proposed for the 
oolant/fuel systems in the last few years. Thevery 
ommon feature for most of them is the 
hoi
e of a fast neutron spe
-trum in order to transmute e�
iently minor a
tinides. As a 
onsequen
e aliquid lead or LBE as a 
oolant be
ame a primary 
hoi
e of many groups.Several options of fuel have been proposed and the �rst 
hoi
e for a planneddemonstration fa
ility in Europe, taking advantage of an existing repro
ess-ing te
hnology would be a solid oxide fuel e.g. (Pu+MA) oxide in titaniumstabilised austeniti
 steel or 9% Cr martensiti
 steel 
ladding. A system withthis fuel-
oolant 
ombination and 130 MWth power at ke� � 0:97 would be
apable to burn about 100kg Pu+MA, 30 kg of 99T
 and 20 kg of 129I perTWhel. In the longer time perspe
tive Th-based fuel 
y
le is 
onsidered asan option of further redu
tion of ADS waste radiotoxi
ity. Thorium basedfuel 
y
le, having worse neutron e
onomy than U fuel 
y
le would addition-ally bene�t from the external neuron sour
e.For a solid fuel system 
ooled by LBE there is an open question of spal-lation target integration into a sub
riti
al 
ore. Having the same 
oolant,the spallation target 
ould be integrated into the 
ore 
ooling system havingthe same �rst 
ooling 
ir
uit. It would de�nitely simplify the 
onstru
tion ofthe ADS, however the pri
e would be a 
ontamination of the whole primaryliquid metal loop with the spallation produ
ts. So for the �rst demonstra-tion solution it will probably be preferable to have a spallation target with aseparated 
ooling 
ir
le, to 
ontain the spallation produ
ts into the minimalvolume.As a ba
kup ADS option it is now 
onsidered in Europe an advan
ed gas-
ooled (He) ADS with LBE spallation target and MOX or more advan
edfuel. Other very novel systems are also under 
onsiderations, like thermalneutron ADS 
ooled with liquid lead solution of Pu and PuMA, or liquidlead suspension of Pu and/or PuMA oxides. Con
eptual design of this ADS,
alled Jüli
her Transmuter, has been developed in IABAT-proje
t [10℄.In USA the ADS of a primary interest is based on LBE 
ooling andmetalli
, uranium free-fuel, array of metal fuel pins � blend of a
tinidesand zir
onium. This metalli
 fuel provides the high rates of heat transfer
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al and ... 119required. Use of a metal fuel makes pyrometallurgi
al pro
essing attra
tivefor re
overy and re
y
le of the dis
harged ATW fuel. However, uranium (orthorium) free fuel implies a rapid drop of ke� with burnup of the fuel. To
ompensate rea
tivity drop and to keep a 
onstant power level, a

eleratorhas to deliver parti
le 
urrent varying by a fa
tor of 3-4 during a singleirradiation period, moreover su
h a 
ore has to be reloaded about 3 times ayear.An alternative, thermal neutron a

elerator-driven transmutation system� Tier � has been proposed in USA by Ch. Bowman [15℄. Tier 1 (ke� =0:96, neutron �ux 2 � 1014 n/
m2s) is a graphite assembly with 
ir
ulatingmolten salt (NaF�ZrF4) fuel and liquid lead spallation target. This ADS-system with 750 MWth power generated by �ssion of 300 kg/y of Pu and MA
orresponding to annual PWR produ
tion of these elements would be a on
e-through transmuter with 80% e�
ien
y. Tier 2 (ke� = 0:95, neutron �ux4� 1014 n/
m2s) system would be then a ba
k-end option transmuting thespent fuel from 4 Tier 1 units. The 
hoi
e of NaF-ZrF4 salt in favour of LiF�BeF2, whi
h had been proposed in earlier molten salt system, is determinedpartially by e
onomy the on
e-through performan
e of Tier system, in whi
hno salt re
overy is foreseen.ADS system under 
onsideration in Japan are to support 10 LWRs withMA transmutation [16℄. Following options are investigated:Solid fuel system:� Nitride fuel 
ore with enri
hed 15N� Tungsten target and sodium 
oolingor� Pb-Bi target-
ooling system.Molten-salt system:� Chloride salt as target, fuel and 
oolant with on-line pro
essing.Taking advantage of sub
riti
ality of ADS fuel for these systems 
an bepurely MA-fuel without 238U. Su
h type of fuel is una

eptable in 
riti
alrea
tor due to their small delayed neutron fra
tion-� and small Dopplere�e
ts so it is 
onsidered that ADS 
an play a signi�
ant role as �Transmuter�in the ba
k-end of fuel 
y
le.Table I summarizes some advantages and disadvantages of di�erent
oolants for ADS.



120 W. Gudowski TABLE ISummary of main features of ADS 
oolantsCoolant Advantages DisadvantagesPb or Pb-Bi Good neutroni
s Corrosion and erosionGood thermal properties problems, materialEasy integration with 
ompatibility problemsspallation target Opa
ity (problems withGood thermodynami
al in-site inspe
tion)e�
ien
y 70 rea
tor-year Solid at room temperatureexperien
es from military Generation of radiotoxi
 210Posubmarines Not 
lear if �li
en
eable�Not in�ammable for 
ommer
ial systemsGas (He) Easy in-site inspe
tion High pressure operationand a

ess to 
ore De
ay heat removal,No-void e�e
ts requires advan
ed fuelMany rea
tor-years Di�
ult integration withof experien
es spallation targetNa Well established te
hnology Chemi
al rea
tivityGood 
ompatibility with air and waterwith 
onstru
tional materials Problems with physi
alFair neutroni
s separation betweenspallation mediumand primary 
oolantOpa
ity (problems within-site inspe
tion)Voiding problemsMolten Salt Good neutroni
s Advan
ed repro
essingDeep burnup possible 
hemistryPossible very 
ompa
t Fuel and waste integrateddesigns with small inventories with 
oolantSmall waste streams Needs a lot of R&Din asso
iated Not 
lear if �li
en
eable�repro
essing 
hemistry for 
ommer
ial systems4.4. Repro
essing 
hemistryA

elerator driven transmutation implies, and depend very strongly onthe 
hemi
al pro
esses, whi
h are 
ommonly 
alled repro
essing 
hemistry.This 
hemi
al pro
esses are inevitably ne
essary to perform e�e
tive trans-mutation, and 
an be brie�y divided into three di�erent steps: 
hemistrywhi
h pro
ess LWR spent fuel and produ
e primary fuel for the �rst stepof transmutation, i.e. �rst 
y
le in ADS; 
hemistry whi
h makes possiblyre
ir
ulation of the in ADS and �nally, pro
esses of 
onditioning the �nalout
ome from ADS, i.e. �nal waste and tailings [17℄.
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al and ... 121To produ
e the primary fuel for the �rst 
y
le of the waste in ADS,aqueous separations 
an be used, whi
h is a well-developed te
hnology in
ountries like Fran
e, UK and Belgium and 
an be relatively easily adoptedfor ADS. This step would primarily remove the ex
ess of 238U and some�ssion produ
ts from LWR wastes, without a ne
essity of separation Pu orother transuranium elements. For the se
ond stage of ADS fuel 
y
le �re
ir
ulation of the fuel in ADS, aqueous 
hemistry 
annot be used, be-
ause one would like to re
i
ur
ulate this fuel without too long 
ooling time.Chemi
al repro
essing te
hnology not sensitive for high radioa
tivity mustbe applied. Pyrometallurgi
al separation provides these 
apabilities and is
onsidered to be more proliferation resistant. Pyropro
esses withstand thehigh heat and radiation anti
ipated during the pro
essing of fuel that hasbeen irradiated in the ADS transmuter. All separations, either aqueous orpyro-based, should be modularized and 
onstru
ted 
lose to the transmuter;thereby limiting materials transport to either spent fuel from 
urrent nu
learpower rea
tors or waste forms from ADS.5. Con
lusionsA

elerator-Driven Systems open new possibilities to perform transmu-tation of nu
lear waste on a safe and e�e
tive way. Spent fuel from ex-isting Light Water Rea
tors 
an be e�e
tively transmuted in ADS, withradioa
tive waste streams with virtually no a
tinides (in many 
ases longlived �-emitters) and free of T
 and long-lived Iodine isotope, i.e. with-out the most 
umbersome isotopes. Moreover ADS open new possibilitiesto design sub
riti
al nu
lear power rea
tors 
ombining transmutation with
ommer
ial nu
lear energy generation. To develop these transmutation sys-tems an extensive resear
h program of interdis
iplinary dimension has tobe started. This program 
overs nu
lear physi
s, nu
lear te
hnology in-
luding high intensity, medium energy a

elerators, rea
tor physi
s, mate-rial s
ien
es, 
hemistry and nu
lear 
hemistry, radioa
tive waste treatmentte
hnologies et
. In many 
ountries the synergy between neutron s
ien
e,a

elerator te
hnology, nu
lear physi
s and transmutation resear
h has beenalready re
ognized and 
ommon resear
h and development programmes havebeen formulated and laun
hed [17℄.Nu
lear and parti
le physi
s has an important role in development ofADS, parti
ularly:� Development of nu
lear models, 
reating nu
lear data bases, improv-ing and designing new 
omputer 
odes for parti
le intera
tions in themedium energy range (up to 300 MeV).� Development and optimization of high 
urrent a

elerators with ex-
eptionally high reliability and low beam losses.



122 W. Gudowski� Development of spallation neutron targets.� Material irradiation studies and development of theoreti
al and 
om-puter models for irradiation indu
ed material damages.� New approa
hes to a nu
lear fuel 
y
le.This list of important topi
s is open and will 
over more and more topi
semerging from experimental work, whi
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