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ARSTRACT

A new concept for an accelerator-driven
ironsmutation system is described. The central
feature of the concept is generation of intense
fluxes of thermal neutrons. In the system all
long-lived radionuclides comprising high-level
nuclear waste can be transmuted efficiently.
Transmutation takes place in a unique, low
material inventory environment. P’resently two
principal areas are being investigated for
application of the concept. The first is nssociated
with cleanup of defense high-level waste at DOE
sites such as Hanford. The second, longer term
arca involves production of electric power using a
coupled accelerator-multiplying blanket system.
This syatem would utilize natural thorium or
urnnium and would transimmute long-lived
components of high-level waste concurrently
during operation.
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A new concept for trun-  atation of long-lived
components of high-level *:  .enr woates (1HLW) is
under development at Los Alinnos Notiounl
Laborntory. The concept  ecalled ATW, uses an
accolerntor-driven intens: thermal nentron
aouree (o nchieve severn! sipgnifiennt advanees in
system performnnee. Features of the coneept
melnde the amlity to destroy all long:lived
richonctive species (hoth Rssion produets and
actimdes), operntion in » high throughput, low-
mantennl mventory cnvironment, small enpacity,
hgh decontmninntion factor chemienl processing,
ad mmproved snfety and envicanmental fentnres
cesnluny from necelerstor drive naa lnw mnterianl
mvenlnrus.

This concept is a result of several technology
advances. High-current linear accelerator
technology under development for the Sirategic
Defense Initiative enables the design of medium
energy (around 1 GeV) proton accelerators that
can operate in the current regime required
(approximately 100 mA) for an ATW system.

Such an accelerator can be used to produce
intense fluxes of neutrons (1016 n/cm2/sec) at
largely thermal energies. This development led to
the identification of & new transmutation
performance region characterized by rapid
burnup, dilute material loadings, and low
material inventorica present in the system. These
features also imply continuous material flow and
small capacity chemical processing systems.
This last feature has led us to investigate new
chemical processing options that will be described
Inter.

Figure | illustrates the main features of the
ATW system. A medium energy nceelerntor
provides un intense proton beam to n central
neutron production target. (Depy nding npon the
npnlication this neselerator would operate nt
cnergies nround 1 GeV and ot nvernge current
levels of 100 to 150 mA). Protons strike n heavy
metnl production tnrget 50 centimeters in
dinmeter nnd one meter in length, At an incident
proton energy of 800 MeV ench proton prdunces
upproxinmtely 206 neutrons, ‘T'his spntlntion target
conld bhe o flowing system hased upon wse of
Aowing lend. Solid target designs nsing pebbles of
high- .melting point metnls such as tngsten or
urnuinm oxide nre also nnder imvestigntion.
Surrounding this centranl production target s a
Do) moderntor approximately 3 wmeters in
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spallation ta-get and extending over significant
volumes ( > 100 liters) are regions where the
neutron flux is high ( 5x1015 n/cm2/sec to 1 x1016
n/cm2/sec). Within this heavv water moderator
materials to be trarismuted would flow through a
very thermalized neutron environment. A
flowing material system is necessary because of
high burnup rates that would make use of solid
rods impractical. The intounse Hlux characteristics
of the system also lead to optimum performunce
for dilute material loadings (concentrations of less
than one volume percent). Thus materials would
be circulated in low-inventory carrier loops.
Carrier matesial forms under investigation
include oxide slurries, salts dissolved in water (or
heavy water), and/or a molten salt such as
LiF/BeFy. Because of the low inventory feature of
the systeni (Lo be described later), the capacities of
the chemistry processing loops are also small
(typically tens of kilograms of material). For this
reason specialized chemical processing systems
can be developed or methods such as ion exchange
can be used that may not be practical for systems
requiring larger processing capacities. Use of n
fluoride molten salt as n carrier material enables
two features. First this maierial can contain the
heat gencrated during actinide fission in a
inultiplying blanket system operating at a kefr of
0 8 to 0.9. This salt would flow through the system
nt temperatures of approximately 7009 C and could
provide thermal to electric conversion efficiencies
greater than forty percent. Under these
conditions a coupled accelerator/multiplying
blunket systein would not only produce enough
power to run the nccelerator but could supply
signifiennt qunntitien of electricity to the
conmnercial grid at overnll system efliciencies
nround thirty percent. ('This idea forms the busia
for 1 new energy production concept reported nt
this Conference. 1) Use of molten salt could also
cnible ndvbneed separntions lechnology bnsed
npon fluoride chemistry.

The system deseribed herve hns severnl imigue
fentures thnt make it different. from other coneepts
(reactor or necelerator-based) for trionsmutation,
The Tirst involves the fenture of high performnnee
with somll radionetive mnterinl londings. The
tronsmntati-n rnte of a system s given by

T M Doy

wheee ' s the taammmntntion per unit time, 0

o the nenteoa Mux, nud o« the cross section lor
the transamtation proeess,  In the ATW intease
thermal nentean flex system, the flux level is up
to 50 times lupher than therinnd systems snch ns
lght wider cenctor. "The peak flux level can nlso

uc up w au uraer vi magnitude mgher than fast
neutron systems. Cross sections for
transmutation processes at the.mal neutron
energies £re often significantly inore than an
order of magnitude greater than fcr fast neutron
systems. This cross section difference is true even
for fission of threshold actinides such as
neptunium, as will be explained later. The net
impact of these factors is that the mass term in
the above expression can be reduced by
commensurate amounts. Specifically the high
flux, large cross section features of the ATW
concept allow material inventory reductions on
the order of a factor cf 100. The ATW aystem can
achieve transmutation performance with a
material inventory of less than 70 kilograums that
is comparable to fast ncutron systems (reactor or
accelerator-driven) requiring inventories of up to
10,000 kilograms.

Another ATW feature enabled by the high Mux
environment is the ability to efliciently fission
higher actinides such as 237TNp. In a neutron flux
characteristic of thermal reactors, a neutron
interacting with 237 ig captured to produce Z!8Np
which then decays after 2.1 days to 238y,
Neutrons interacting with 238Pu are also most
likely captured to produce 239Pu. kinally a
neutron interucting with 9Py will fission
approximately 75 percent of the time. Thiu fission
produces about 2.7 nucutrons. However nt lenst
three neutrons were required to produce fission so
thut in this instance a threshold fissioners such
ns 237Np behaves ns a neutron nosorber. Figure 2
illustrates this result for low flux conditions.
There the number of neutrons required to produce
n fission is plotted agninst neutron Mlux. This
result was obtained from cnlculntions that
assumed a purely thermnl spectrum and followed
high actinide production chning up through
culifornium,

Figure 2 nlso indientes the situntion that oceurs
nt higher Minx levels. As the flux level increnses
there is an inerensing probubility that another
neutron will internet with ihe 288Np produnced
during the first step of the process deseribesd nbove
hefore deeny cnn ocenr. Z8Np hns o lnrge thermad
fingion cross section (> 2000 burng) mnd such
internctions will mont likely lend to finsion. In
this instance 2.7 nentrons nre produced in the
fission process and two neutrons were reqreired o
initinte . Thue at lgher Muges (generalty nbove
abont 4x INY /e /uee) neptuninm will act as n
net producer of neatrons. In nddition the effective
cross mection fov fissian is n funetion of fha level
and npproaches valaes of abont H0 baens for Mises
of 1016 wemsee Thas value w sgunleamtly
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induced finsion cross section which 18 on the order
of two bnmas.

Finnlly the fenture of low material inventory
lins a very important impact on the processing
chemistry required in the ATW aystein. Since
inventories nre on the order of lesa than 100
kilograms rather than thousands of kilogramas
required in more conventionnl syatem, simmll
cupncity chemienl sepurntion systems can be
nsed. As will be illustrnted lnter these have
cupncities of n few tens of kilogrnma which menns
thnt n working A'T'W chemicnl processing system
in only n smnll senleup from lnborntory-sized
systems. ‘This fenture nlso nllows development of
specinlized sepurntion processes that imay be
impracticnl for lnrger systems, Exnmples include
nse of ozonolysis m technetinn/reuthenium
sepirations loops, specinlized lignnd extrnctants
for nctmide/lnnthnnide seprrntions, nud ion
exchange methods.

T'wo possible application arcns for an A'TW
nystem are being pursued. The first is nssociated
with clennup of DOE defense high-level wnste that
hns resulted from reprocessing of production
reaclor fuels.. This area will be described in more
detnil below. The second area involves a concept
for energy production nsing unturn} thorinm or
uranimm fuels. This system offers the promise of
power production at efficiencies comparnble to
present light water reactors nnd would have
cenongh extrin neutrona for conenrrent destruction
of long-lived high level waste genernced by the
system. Reference | describes this concept . Both
of these npplientions offer the potentint for
developiment of A'I'W technologies that could
siguifiecnntly impaet strntegies for high-level
wiate manngement. They nlso provide
opportunities for development of n syatem that s
lnzgely imdependent of policy decinions coacerawy;
reprocessing of commereinl wpent fuel,



A major thrust of ATW concept development
has been in the definition and anzlysis of a point
design applicable to transmutation of long-lived
components of defense high-level waste. Such
woste is stored at sites such as Hanford,
Savannah River, and Idaho Falls. It is
characterized by large volumes although current
data indicate that long-lived fission product and
higher actinide components total about 20 metric
tons of material. A further emphasis of an ATW
system analysis effort has been in the context of a
possible application to HLW cleanup at the
Hanford site. There about 2000 kilograms of
technetium and iodine along with approximately
600 kilograms of actinides such as plutonium,
neptunium, and americiuin exist in waste
volumes totaling approximately 200,000 m3. A
cleanup strategy based on chemical separations of
radionuclides contained in these wastes followed
by transmutation could dramatically reduce
requirements for vitrification of large volumes of
Haiiford tank wastes. This in turn would reduce
the lond upon storage in a geologic repository such
a8 Yucca Mountain. Transmutation of separated
wastes could furthermore enable increased
oplions for on-site storage, further reducing the
depvndence upon deep geologic storage in cleanup
scennrios,

An ATW system capable of handling the
Hanford 17mg-lived fission product and higher
actinide weste described above is illustrated in
Figure 3. An uperations scenario of 30 years is
postulated revulting in tne requirement to
trunsinute approximntely 100 kilograma of long-
lived radionuciwles ner year. ‘This requires an
nccelerntor nuving a beam power of approximately
100 MW for n bluniel systemn that has ininimal
multiplicntion. As described in Reference 2 the
most efficient benm vnd current parameters for
operntion nre n benm eaergy of 800 MeV and an
avernge current of npproximately 140 mA. Such
mn necelerntar would require 250 MW for
operntion. A centrnl neutren production target is
surrounded by the henvy water blnnket deseribed
entlior. Neuvrnmes performance of nn imtinl
design of n target. hlnnket system nre reported in
two compnnion pupers presented nt this
conference, 44 Withisi the blnket, two nqueone
processmy loops would be reguiired. ‘The first
wonhd be loented near the spnllntion turget nnd
wonld (ontain tecbnetivum or iodine nd n
comventrntion ol approximntely 60 grmnwliter.
Separntions required for this loop nre technetana
from the stable hypreAact rutheninm and stable
xenon produced during tenasmutntion of VA%,
The gater regnon of the blunket vould coutanin nn
actmude nuxture of plutonimn, neptmmum, mmud
amecienun Materml concentrations would he
less thu 10 prnmwditer. Separntions regoired tor

this loop are more complex than for the fission
product loops described earlier. Here the
untransmuted actinides must be separated from
fission products produced during actinide
burnup. Most of these fission products are short-
lived and would be stored on-site for cooling. The
long-lived technetium and iodine129 would be
separated from this lump and would be
reintroduced into the fission product aqueous
portion of the blanket.

Chemical separations play a major role in the
overall efficiency of a transmutation system. We
have been defining flowsheets for possible
separations that could he utilized in an ATW
svstem. Figure 4 illustrates one such example for
separation of technetium from ruthenium when
arn: oxide slurry is utilized as the carrier medium
in the blanket. Technetium oxide (TcOg is
introduced into the blanket. After transmutation
the flow stream contains a mixture of technetium
and ruther.ium oxide. A slipstream is talen off
from the main loop where this mixture goes into a
calciner. There the mixture is heated to about
4000 C producing the volatile Tcp07. Ruthenium
dioxide does not volatilize but instead precipitates
out and is sent to grout. The Tc207 is then
reduced back to TcO2 using hydroxylamine and is
then reintroduced back into the transmuter. Thin
separations process appears te provide capabilitics
for high chemical separations (> 0.9999) and
produces small waste streams that can be clenued
up and recycled rendily.

The defense HLLW application described here
provides n realistic busis for overall concept design
and nagessment of a trunsmutation system.
Efforts are now underway to define a point design
mnd then assess it in termis of nu overall innse
balimce -- mnsgs of materinl tronsmuted auring
the operutionnl lifetime, mass of long-lived
rudienuclides produced during operntion,
untrnnsmuted residues left nt end of life, and
wiste atremma resulting from chemienl
separations.  Proof-of-principle experiments nre
nlse anderwny o mensure separntion fuctors for
processes such un the slurry-bused system
described nbove. This technology development and
systems nnnlysin obviously hnve direet nupnet and
extrapolntion to possible npplicntions involving
tronsmutation of long-lived rmdionuchide obtiined
from reprocessed commereinl renctor spent fuel

The wecond focus nren for AT'W in deseriberd i
detint ia Referenee 1 However n el sumnniey 1
provaded here for completeness  Zero danensioaal
mulysen of 1 conpled pecelerntor andugplving
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blanket system have been made using A1w
performance parameters. From such analyses a
concept for producing power using natural
thorium or uranium has been devised which is
illustrated schematically in Figure 5. For such a
system the ATW blanket would be divided into
thiee regions. The outermoat region would be an
aqueous one where, in the case of a thorium-based
system, thorium would be converted into
protactinium via neutron capture and 233Th
decay. The 233Pa would be continuously removed
from the system where it would decay to 233U .
The features of continuous material flow and
processing, coupled with the highly thermal
spectrum of the system, could be used to minimize
production of 232U, The 233U would be introduced
into a molten salt portion of the blanket which
would operate at a ke of approximately 0.9 and
would produce 3000 MWt. Heat extracted from
this molten salt loop would be converted to electric
power at an efficiency of greater than 40 percent.
Of the power produced approximately 20 percent
would be required Lo power the accelerator. The
accelerator is described in another contribution to
this Conference. 5 It would consume about 200
MW of electric power, although this figure could
be reduced through use of superconducting
technology for the accelerating structure,
Analyses of this system indicate that enough extra
neutrons would be available within the system to
transmute the portion of fission products created
that have half lives greater than 20 years. Eight
such fission products need to be considered for
transmutation. These would be introduced into an
aqueous inner loop for transmutation. Aqueous
chemical processing similar to that described
above would be used for the required separations.
The waste stream anising from these
transmutations could meet surface disposal
requirements assuming decontamination factors
in the range of 0.999 o 0.9999. In such a thorium-
based aystem higher actinide production would be
imconscquential. Thus this system could produce
vleetneity using a long-term fuel source at
cfMiciencies comparable to current LWRs. It
would also destroy all components of long-lived.
HN.W produced during system operation.

SUMMARY

Technological advanees provide the basis for a
new concept for transimutation of long-lived

radionuclides using an accelerator-driven intense
source of thermal neutrons. This source enables
conceptual design of a system that can efficiently
transmute all long-lived components of HLW and
which can do so in the context of a unique low-
inventcry operating environment. This system is
now being analyzed in the context of possible
application to transmutation of defense HLW as
well as development of an advanced concept for
energy production that creates little or no long-
term high-level waste stream.
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