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ABSTRACT

The neutronic analysis for a targct/blanke, <~sign that is
capable of supporting the high level wasic strcam from 2.5
LWR's is described. The target consists of a sel of solid
tungsten and lead plates. cooled by heavy water and
surrounded by a lead annulus. The annular blanket. which
surtv. inds the target. consisis of a set of AcO2 slumry bearing
jubes, each 3 meters long, surrounded by heavy watcr
modcrator. Heat removal from the slurry tubes is by passing
the rapidly moving slurry through an external heat exchanger.
There are separate regions for long:-lived flssion product
burning. Using the Monte Carlo codes LAIIET and MCNP
we have optimized the desipit for a minimum bean cument of
62.5 nA of 1.6 GeV protons.

INTRODUCTION

The central objective of Accelerator Transmutation of
Wastc (ATW) systems is ta reduce the risk ta the public fram
lung-term geolugical sturage ol commercial light-water
rcactor (LWR) nuclcar waste. The two main risks that arc
addressed by ATW arc the ntigratian af lang-lived species In
graundwater and the hazard from accidental Intrusiam  ‘The
nsk int the first case can be taken ta be daminated by the lang-
lived fisslon praducts 99Tc and 1291, These species have the
undesirable properties of lang half-lives, cuergetlc radivactive
decay, solubility In water, and non-retentian in connnon scails
by lan.excliange prarvesses In the sccand risk categary,
gccidental intiusinm inta the repositary, the hazad s
damlnaled hy species that are a cantact hazard, i ¢, the
actinides. ‘I've mast nmahle al these species are WlAm and
24 Am, 237Np. 239 g il MOpy The C species are alsa
ul cimeem becanse they decay ta B'nospecies. The actindes
citn alsa be ennsidered as patential nuclear weapans matenal,
anet thns a lnre hur imentional intrusien inta the repasitary.
The very toxic species %, amt 1V Cs will daminate the risk
v the pmhlic 1 tim - scales al centnnes, and this iy ant

climged by ATW, “The verv lnng-hived species 2MB L aml s
devay dangliters such ay 120Ra will daminate the repasitiny
intrusinn hazard at times greater than 103 ycaiy, wlwn the
radinacuvity lips hecame very luw |

Ihere may be sunie guestinin as ta the necessity at nsing
such clabuarate teclimlagy w reiluce small 1isk s stidl lmthe,
and whether the partitionmg ol the specles will actally
tncrease  shant tevm atsk ta the puhilic,  However, th ATW
systam here pindices an eynivalent anmmnt nl elertiicity as a
rnnventional imclear pawer stanlan, whtle Imvlny, scvelal xafety
acdvantagrs veisns the LWR ai LMERR - Inaldathm, the wasie

stream from ATW contains no materials that can be used for
nuclear weapons.

The feed to the ATW system (Figure 1) is thus the
separated actinides Np, Pu. Am _and Cm plus the long lived
fission products (LLFP's) 99Tc and 1291,  Chemical
separation capaclty is assumed to allow the LWR spent fuel to
be partitioned into various streams before ATW Is feasible.
No tsotopic separation is used. 5o that the suble species 1271 1s
transmuted along with the !291. The ATW warget/blanket
convens the LLFP's to stable specles by neutron capture and
the actitiides to fission praducts by capture and fission. There
is a small chemical facility to remove any LLFP's creatcd by
fission for recycle, and to continuously recycle the actinides.
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Figure 1. Creneral cancept al ATW gystem,  The feed canslsts
of lang hiveil fissian products (1.L11%8) aud actinldes. The
nntput cansists nf statile specles, slmn lived fisslun products
(SLELs), winl satne spallatian sl activatlan products,

Waste streatux fiun ATW Incluile the fisshim pmaducts
fium the transmutatlan nf the sctinldes, spallsthin products
L the taiget, skl actlvatlan prnluets frum the sttucture af
the ATW aystem,  The llasion product stream can be
apmuximatel sx thar lor LWR dlsvlmrm:.2 except that there
will be na Y9 re m PA0290 juesent. The hmg liveil



spallation products 182Hf, 19411g, 202pp, and 205Pp arc
produced In the target at a rate of 0.020, 0.24, 1.83 and 4.2

moles/ycar, respectively.

It is assumed that these specics will

be continuously recycled into re-manufactured targets and are
continuously being transmutcd at the rate at wiich they are

produced.
adaressed in another paper in this conference 3

The activation products from the sysicm are

In exchange for producing these waste streams, the ATW
Largeyblanket climinates 3407, 613 and 136 moles per year of
actinides, 99Tc, and 127.1291, respectively, from L.WR waste.
The net clectrical production (after allowing for 200 MW, for

operating the accelerator) is 400 MWe. .

The target consists of a set of heavy waler cooled

tungsten and lecad plates. surtounded by a lead annulas

The

blanket is a hcavy water maderated heterogencous acsign,
using a flowing slurry of actinide oxide (Ac0O3) in zirconium

alloy tubes.

Fission hecat is carricd away by convection and

the slurry is cooled in an extemnal heat exchanger. There arc

scparate regions in the blanket fur LLFP transmutation

We

cnvision four of these targetblanket assemblies per 250 mA
accelerator (1.6 GeV bcam), and thus we hald the beatn

curtent per target/blanket at 62.5 mA.

Overall system

eciinomics is discussed in another paper in this conference.d
Much of the aqucous slurry and solution reactar experience

of the last 40 ycars will be applicable to our concept. ™6

In this paper we describe the canceptual desipn of a

targeyblanket assembly that perloms as

part af a system  as

described above. Calculations are for stcady-state and
time-dependent neutron econoray. coupled with
acnnide compesition calculatians.  Mast of our resulis

rely an the code MCNP.?
ACTINIDE REACTIONS

Figure 2 shows the 25 actinide species that we
normally take to constitute the fuel in a wasie burmer,
Each of the four clements constitutes a chain of
species that must be tuken to terminate at some
endpuint.  We allow each specics to be labeled with a
number, where | implics 237Np. and 25 implies
249Cm. The goveming equation for the numbur of
moles of species k implied by Figure | is:

() \F(UNgd = Fg - Ak Nk dakNgk +
25 25
Ef‘i-')k ON; + ,Elli.»k Ni

1=

where Nk is the number of moles, Fg is the feed
rate. Ax the decay constant for species k to all
channels, ¢ the [lux, ok the capiture plus fission cross
scction.  The summations are feed terms from decay
and capture on other actinides. Thus 0j.>k is the
cross scction for the capture on specics i leading to
species k, and X_> is the decay constant far species i
leading to species k. These constants contain the
branching ratins. e. g., if the 241am caplure croess
sectian is 10 bam, the cruss section leading to 241 Am

. . . bl ‘
is 8 bum and the cross scction leading ta almanm is
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To model the entire 25 species. there are 25 such
equations coupled by thc summation \erms. The couplmg is
sparse: therc arc at most 2 terms in ¢ach summation that are
non-zero, according to Figure 2. Now the following model
assumptions are madec:

Q) ¢ =6

i. ¢., the flux in the system is fixed at a steady state value. The
system responds by equilibrating at steady state concentrations
Sk . We substitute the assumptions into the systcm of
cquations implicd by (1) and we obtain:

and Nx = Sk

25 25
) 0==Fk-1k5k'¢0k5k+_EFL>k0si+,E%L>kSi
1= 1=

The solution to (3) gives the stcady state concentrations.
Tixse concentrations are, in general, much different than the
initial feed. In Figurc 3a we show the feed and cquilibnuin
atom fractions for the commercial waste bumer. The
cquilibrium composition depends, of course, on the l-group
cross scctions and Mux level in the blanket, as wcll as the
chemical processing assumptions. The results in this figure
cor-espond to the final design prescnted here.  Althaugh the
feed is 51% 23YPy, the equilibrium fraction is only abow 3%.
At equilibrium, the specics 242Pu, 243Am, and 294Cm muke
up the majonty af the compasitian, It is 1o coincidence that
these species tend to have rmther small cross sections.
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Figurc 3b. Loss ratcs of the species to decay, capture and
fissiun at equilibnum. The main species undergeing fission
are 239py, 241py, and 245Cm.

Onc of the basic hypotheses of ATW is the desire to
maintain @ high thermal Mux.8 The purpose is 1o fission shont
lived lissile species before they decay. A case in point is
241py which has, in aur spectrum, a fission cross section of
240 bh. The Nux level where the fissiim rate is equal to the
decay rate is 6.3x1012 w/em2/s. Caleulations (Figure 4) of the
cquilibrium fucl capture to-fission ratio, a, as a function of
Nux level show that for a fixed spectrum the ratio vanes ornly
slawly unless the NMux apprioaches this value.
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Most ¢f our designs use Mux levels at or near Ix10!S
n/cmZ/scc, where the curve is fairly flat a1 a = 1 60 1 0.4
The continuously downward trend in a with increasing flux 1s
due to the increasing fission rate of minor specics such as
238Np.

In most of our calculations we assume steady-state.
Howeves, the approach 19 steady-state has also been calculated
by coupling MCNP with ORIGEN2.9 In the calculations wa
usc 1 constant power density in the actinide fuel of 0.8 kW/g,
which is the same power density that we have ca'rulated at
equilibfium. The initial fced is sent into the blanket and the
cross sections are calculated. These cross scctions are written
to a file that is read in by QORIGENZ A larwa.d tire step s
perfonined by OnIGEND, solving the compleic set of caupled
ODE's as defined in cquition 1), A new concentratian is
obtained These time steps are (ypmcally a lew days.  Alic,
ctiough of these steps are performed, a Tuli year al operatiun
has been simvlated. The ORIGEN2 calculatians are
tecmporanly stopped, a new MUNP input file is wnticn, and the
cross secti ns are again calculatell. By repeating this pracess,
we can track the cmiire approach to equibibrium n a sclf.
cansistent lashian.

The time dependence al the asatopic tiactians iy
ilinstrated in Fignre S. The leed is 51%  239pu, decreasing m
about 3. 1% at 40 years. ‘fwa ather species, 2120y al
2460 are also shewn for cempansan,  There as hutle al thes-
species present m the leed, hut ey graw to signilicant
Iructians & 40 years tine.  LEquililiriam @ calne al alkiat 1.62
1 reached in abaut X years. The nmped aveage {88101
crass scction lar the actimdes s ahaut twice as Inph ot
beginming al life camparal s equibilmum Vheretae, la a
canstint pawer density, the Hhax wilt viny by a Lictor of twn
nvee the lite ob e i
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EFFECTS OF CONCENTRATION AND PITCH

Qur basrc design (Figure 6) employs a lattice of double-
wall 7r (97.5%)-Nb{(2.5%) tubes which contain a htavy waier
slurry of 5 - 50 um actinide oxide (AcO2) panicles. Outs.de
the tubes is 2 heavy water moderator, thermally 1sclated from
the slurry by ihe gap between the tubes. From fission Lhere is
a large volumetric heat generation. The hecat is carmied awcy
by convection. and the slurry is cooled in an extemnal heat
cxchinger.  As mentioned in the introduction, there is a
chiemical processing plant 10 remove the fission products, and
ve assume a 50% residence time for Am and Cm in this
system. and a 25% residence time for Pu and Np. Another
paper at this conference explains in detail the processing
assumptians. 1o

T

~. reflecting
boundary

"2” nigderalor
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/ ) Sturry
\ Ny
R et

7.r/Nt tuitng

Faguie G U el used w Lattice caleulntions, Theie are two
walls al Zr (77 $'4)  Na (2.5'%) allay, each 3.28 cm thick.
The mner aachus s VBT cm. ‘The cell radius s 10.53 cm,
canrespandimg ta a tch al 20 emeows & hexagandtl latiice.

This sectian smmarizes the results of equililinum
hetempencans unit cell calenlatians, Al resalts here use
MOCNI, caupiled with B code that salves the system iinpilied by
cquatran 1) The part al’ the pragram which calculates
cquilibnnm artmde cancentratians was weitten sa that the
pawcer density was held constant at /(X MW/ i the slurry
tubes Pusaemesents a temal/hydrauhce limig, i, e, the fund
velacuy m thns canvective system (wlneh s prapartional ta the
vithineine pawer densty) is about 10 - 12 m/s,

The minny we ase has oy tnckaess chosen ey a 131
MU apevanng nessine e onter 1adms al the umt cell,
winchoasarlteenng, cmespands s teh between wabes af 20
e mea heragamal Lanice. Oter calculamms, wat shown here
nalernt, vaned the vadms al the it cell and/ar the adil nl
the mins Hewe we uesent mly the resatts al vaymyg the
canerntianom lar a given pemactty, CPhe waderaar s at
aaa eeipeature and atensity, winl= the 10 canier lan the

shny was at W00 U and a density al 0.7 ghm '

The mchividnal Tasien aml vaptme ainss sectmns are
venrndly a dececasing lanconn ol vaneentratlan and
mocaaag, mecnan ol meer mbe uteh lar mstainee, 6 a
conrennatian vatihian letween IO g/t and qOG g/t e
S teaten cooss secian diaps faam SO i ta 27 fm

e acales ae e a eeesd power densay al 700 MW/ Yoorhe



lowered cross sections at higher loadings are the result of
thermal flux depression within the tube. Increasing the pitch
of the cell soliens the spectrum, with the result that the cross
section is four imes as great with a 30 cm pitch as at a 15 cm
pitlch. 1If all cross scctions of importance vancd with 1/v, the
capture-to-fission ratios for each species would be
independent of pitch or concentration. It is found that
because of non-l1fv behavior, there are some depattures from
this, ¢. g., the capture-to-lission ratio for 239py shows a slight
increase with concentration. while for 24 !Pu the trend is the
opposite.

We have included the cflect of capture ol ncutrons on the
fission products that arc present in the slurry. The fraction of
neutrons that are last (o these captures varnes with the flux and
the mean residence time hefore removal far processing. We
performed moxlel calculatians using the code ORIGEN2, and
parameterized the resulis to include in our unit cell and full
blanket MCNP calculatians. For the flux level here and a 26
day residence time in the blanket, the ratio of these fission
product capturcs ta fissian events is abaut 0. 12,
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lambhng. Based an these mnl otln catenlatins, we chiase a
sy nading al 500 4 and a puch al S em bhetween trbes
m o henaganal latnice Tl mam reasan I choosmy such i
hipgh lamling is ta redinee e el al paasitic vignange. as s
ihedarateil in the eviens hipme  Tos lngh loadimg alsa tewds
t cdmee the pavasae captme moahe get pac hseaon The
1esirlts al Tall hlimket calrmlanons gie e Later section

SPALLATION TARGET

The ATW 1ccelerator arget is a modification of the split-
composite W/Pb spallation target design!! which is composed
of solid turigsten and lead, cooled by heavy water. The target
is cylindncal in configuration, with two radial regions. The
inner radial region (0 cm < r <16 cm) contains a scries of
wngsten plates spaced in order 1o Optimize neutron leakage,
reduce parasitic absorption in the tungsten, and axially
distribute the neutron source to reduce the axial Mux peakin
in tne blankeL The outer radial region (16 cm <r <27 cm
is a lead annulus which gencrates ncutrons from protons
scaticred outside of the tungsten region. At the back of the
target is a lead beam stop cxtending through both radial
regions which is used to range out the beam. The target is
shuwn in Figure 8.

The LAHET Code System!2 (LCS) was used 10
characterize the ncutron source generaied in the split-
composite W/Pb target, and also to perform fully coupled
LAIIET/MCNP calculations on the entire system. LAHET
uses the Imtranuclcar Cascade/Evaporation model to predict
high-cnergy interactions. and writes a source iape of the
resulting particles (both ncutrous and photons) for subscquent
transport in the Monte Carlo transport code MCNP3. For
1600 McV protons, the LCS predicts a total neutron source of
40.32 neutrons/proton. Table | shows the neutron lcakage
fram the barc target, and the average cnergy of the escaping
ncutrons, altliough tcutrons which enter the hecavy water
modcrator are quickly thermalized. Figure 9 shows the axial
distribution of the ncutron Icakage across the outer surface of
the lead aunulus for the barc split-composite target. The
neutron suurce cmitted frem the active portion of the target
(bcyond the first tungsten plate) has a fairly even axial
distrihution, especially when compared with homogeneous
sulid targets ar liguid heavy metal targets (e.g. liquid lead or
lead ianutty which moduce hightly localized saurces of
neutrans andt typically bave prubleins with ncution leakage
all the hae virger lace V-

Talhle 1: Nentran Leakape from Bare Split-Campasite W/'h
Targer

Surliee T.cakage Average
(neutrans Neutran
per pratan) | Energy

(McV)

Frant 4T 3005

Back 1.919 17.78

Radl 4422 6.041

The mmn disadvintage nl thas target is the presence of
the Iead which phidduces a nired waste, camplicating target
ispasal. - While activation in the lead is law, the spallatm
|l|||ucss penerates the hmg-lived isatapes 202ph, 205, ad

""ll,:. wimise hall hives and spallanar yields are given in
Talie 3 Smer 0% is the lang livell melide prraduced in
the preamest mmaum {nat auly due tsts high spallanan yield
as shawn e Table 2, hut alsa due 1 its pundsnction Iron
captre m suhle MMpy wineh is (nesent m natmally occuning
leady, . cqmbibnmm  amennt was estimated  using
clinactenstic system pavameters. A tatal al . kg nl 200y s
madinced e the system, with at acachimg C5% al s
cqmliltmn m Y S yeas
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Figurc 9. Axial distribution of radial neutron leakage

Table 2: Spallation Yiclds of Long-Lived Isotopes Produccd
in the Target Lead

Side View
* 75%Pb
39 cm A /25%D20
161 cm
50%W
/50%D20
b 1.8 molal
LiTeOy4
100 cm
Proton Peam
kEnd View
16 cim
27 cm

ligure 8. ‘The split-compasite W/P'h spallatian taget lar the
ATW blanker.

WIHOLE-BLANKET RESULTS
Ihe results al the umt cell valenlations were used ta

cstimate the ncutianic perlanuance m 8 wiale hlanket.  ‘Ihe
code MONI' wax used in a saun - mnde  caleulatian,

canflguird ta 1cad In the siurce: resulbag lnm the LALIET

target calculstinms, Banvwimy Inun ths above lottice
calculatians, a 550 @' AcCr Inadhing was chasen, with thbes as
dexcribed abave  The plich was rhasen as 20 cm

i'fsmopc Hall-LiTe Spallation
(ycars) Yield
(atoms per
proton)
Hg 192 320 0.0209
Pb202 53000 0.1567
Pb205 1.51e+07 0.3628

Separatc LLFP transmutation regions we.z incluged In
the blanket. One is located between the lead annulus and the
slurry lattice, and the oth:r is in the outer regions. The inncr
region prevents the diifusion of thermal neutrons from the
lattice into the target region where they would otherwise be
lost to parasitic capture. The outer LLFP regicn captures
neutrims that would otherwise be lost to leaknge,

‘The various dimensions of the blanket were adjusted to
gi/c a fission product/actinide bum rate of 0,28, while
altempting 1o minimize parasitic captute In the target and
mod.‘rator. This 1atio I sufficient 10 buin the 99Tc and
127.129] from i.WR discharge, and from the fisslon ylelds of
the actinides.

Ixesign dimeusians arc given in Table 3. A description of
iic hlanket Is given in Figure 10. Becmuse of the somewhat
tight pitck, we were ahile ta fit 186 tubes into the blanket. The
flux is 1.7x1015, praducing a pawer denslty of 700 MW/m3
ol slurry.



Takle 3. The final ATW target/hitinketilesign summary based
on coupled whale-blanket MUNE catemiaiang smd cqailibrinan
actinide concentrations.

specified power density, MW/m3 700.00
average flux in the actinic~ regions, n/em2/see ox1013
temperature of slurry (C) 300.0000
tcmperijure of moderator (C) 160.0000

height ol blanket (cm) 300.0000
outcr radius of target region (cm) 15.5000
inner radius of cylindrical lcad region (cm) 16.0000
inner radius of inner technicium reginn (xm) 27.0000
outer radius of inncr techuicium regian {cm) 33.00060

oulcr radius of multiplying region (cm) 190.0000

auter technicium region thickness (cm) 7.0000
heavy water nnter reflectar thickness (cm) 30.0000
radius where
actinide tubes begin
(cm) 40.0000

pitch (cm) 26.0000

actinide tube inmer

radins (cm) 3.8700
actinide

concentratian, g/l SON.0000
7LiTcO4

cancentratian,

molal 1.8O0O0

Fractim f time in
HX 5000
tractian al time in

prucessing (Np) L1500
Fraction af time in
pracessing (Pu) 2500
I'raction of tiine in
prucessing (Am) 5000
IFractian of time in
pracessing (Cm) 5000

Nunmber af days for
I pracessing
nuniber af actinide

20.0000

tubes in blankct LRa
Blanket  Actinnle

lnventary, kg 1 Y00
kgs. Te LR
watal multiplicatum 1Y a
parasitic capture ta- lssian wna 0.18
leakagar - ta-lissum vana .05
LLEP capture ta hissian cata ARO
Ac captire ta lisman raina 1.0l
Actinide tomn rate. 1. WR eqav. LS
Regnined beamm ennent, mA [T

The tatal panasitic captene ta Gssion ratin is lamel a he
(LR O this O 18, it is lannd thin 0.08 is ham the shiny
tuling, 0.08 tan the madevatar, Q.01 ham e Tead and 000
Ircm tanpsten. Roagaly hall ol tne LLEFE lmming comes
trasm the mner decaapter wepiom.. The value lae e was omd
o be Lol slightly lugler than andicated by ahe amt el
calcalatians.  The hlimket lds DWOO hy al Act )y, and linns
tas ot aoaate abt O per vear The thee acee a s tal al 00
meatrons lam all samees, mchday, hssam, per 1 a tieV
proven am the e
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tignre 10, Tup and shle views ol the ATW blanket. The target
& the conter, lallowed by a leitd aoulus and inner LLEP
region, lallawed hy the multiplying lattice, the auter LLFP
regian, mel thes she rellectar and auter stinless steel wall,

SLURRY PROPERTIES AND EROSION

here lave been ahjectioms ta the Ingh slurry loadings on
the basis al crasion, ‘The pawer density here aisa gives a high
sluny velnciiy. Dur neatnmies caleulatioms have always taken
itns nta cansderinia, and we have atcanpted ta keep the flaw
velacies m the 1O m/s vangee,

T vehwity ve od lar the slurey in the tubes citn be
calculated I sm enghalpy halance an she tabes, assunirng
it the entamee aml exit temperatures or the slurry aie fixed
at V7S Coand VS O, respeaively. Phe resulting velocity and
cancrnttatians e essentially  typical of thase where
expenmental crasian ¢ata e availahle,

The einsum al matenals hy slanics has been measured
lar cancennatians ae e 1500 g@Aiter, at icmperatures iypcally
between SO K il o0 K, and Haw velaaties up a0 /s,
th prncnal, the cosum vae is a stiang hanction al paniche size
aml sbape, aml v alleeted woa lesser degee by axypen
cveruessne, sale an avehity, shiny  caneentratinm, shnry
wmperae, ant thaw velacity, Upiomam panticle size as
etweca Tl S anaane . vath smaath panticles carsing less
ciosim oy paticles tatsoeaied withe these canaacieristics,



the crosion rate of 450 gfliter ThO7 at 553 K and flowirg at 6
m/s was measured to be less than 0.5 mils/yr for zirconium,
and approximately 3 mils/yr for sainless stecl.!4  For 1500
gliter at 553 K and 12.2 m/s, the crosion rate on zirconium
was | mil/yr.13 Erosion rates for Ue zirconium slurry tubes
in the aqueous ATW system are therefore expected to be less
than 1 mil/year. The tubcs will have to be replaced every —10
years.

CONCLUSIONS

in a conceptual dcsign it is possible to bum the actinides,
1291 and 99Tc from 2.5 LWR's in an ATW uwrpeUblanket
assembiy nsing 62.5 mA of current and aqucous tcchnology.
The heat from the blanket is sufficient to generate 6000 MW of
electrical encrgy at the cxpected 30% the mal-to-clcctrical
conversion efficicncy. Since aboui 200 MW is expected to be
necded 1o run the accelerator (at 50% wall plug cfficicency).
this leaves 400 MW of clectrical cnergy ‘o be sold to the gnid.

The waste streams are vcry radioactive, but the species are
typically shcri lived. The only long-lived species in Lhe waste
stream do not posc a migratian ar intrusion hazard for a
geological repository.

The tools we have developed to analyzc this target/blanket
design will enable us to move ino an ever-wider arca of
conceptual designs. For instance, the buming of comiaerial
waste can be combined with a fenile feed, brecding fissile
material. Other moderators may give differcnt. more
favorable spectral characteristics. The improved ncutron
cconomy of these changes will translate into a lower cast of
producing clectricity Irom the burming of nuclear waste.
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