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NEUTRONICS ANALYSIS FOR AN
ACCELERATOR-BASED NUCLEAR WASTE TRANSMUTER

William C. Sailor and Carl A. Beard
Los Alamos National Laboratory
Los Alamos, NM 87545

ABSTRACT

The neutronic analysis for a targetblanky. «~sign that is
capable of supponing the high level waste siream from 2.5
LWR's is described. The target consists of a set of solid
tungsten and lead plates, cooled by hcavy water and
surrounded by a lead annulus. The annular blanket, which
surtv. inds the target, consisis of a set of AcO2 slurry bearing
ubes, each 3 meters long, surrounded by heavy water
modcrator. Heat removal (rom the slurmry tubcs is by passing
the rapidly moving slurry through an external heat exchanger.
There are scparaic rcgions for long-lived fission product
burning. Using the Monte Carlo codes LAHET and MCNP
we have optimized the design for & minimum beam cument of
62.5 mA of 1.6 GecV protons.

INTRODUCTION

The central objective of Accclerator Transmutation of
Waste (ATW) systems is to reduce the risk 10 the public from
long-term geological storage of commercial light-water
rcactor (LWR) nuclcar waste. The two main risks that arc
addressed by ATW arc the migraton of long-lived species in
groundwater and the hazard from accidental intrusion The
risk in the first case can be taken W be dominated by the lung-
lived fission products 991c and 1291 These species have the
undesirable propertics of long hall-lives, encrgetic radioactive
dccay, solubility in water, and non-retention in common soils
by lon-exchange processes In the sccond risk category,
gccidental intrusion into the repository, the hazad s
dominated by species that arc a contact hazard, i. ¢, the
actinides. "The most notable of these species are WUiAm and
240 Am, 23Np, 2Py and 290Py The Cin species ate also
of concem because they decay o Pu species. The actinedes
van also be considered as potential nuclear weapons matenal,
anvd thus a lure for inentional intrusicn into the repository,
The very toxic species M8 and 1V Cs will dominate the 1isk
v the public ¢ tim - scales of centuncs, and this s not
changed by ATW. ‘The very long lived species 2MBy) and it
decay daughters such ay 220Ra will dominate the repusitory
intrusion hazard at times greater than s ycars, when the
radioactivity has become very low !

There may be xome question ax (o the necessity of using
auch claborale technology o reduce small risky stell fuhe,
and whether the partittoning of the kpeciex will actaally
tncrease  short tevm aisk (o0 the public, However, th: ATW
system here produces an egnivalent amount ol electricity as a
conventional imclear power station, while having several salety
advamages versus the LWR o LMEBR  In addition, the wasie

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

The fced 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 capacity is assumed to allow the LWR spent fuel to
be partitioncd into various streams before ATW is feasible.
No isotopic separation is used, 5o that the suble species 1271 is
transmuted along with the 1291, The ATW targeublanket
converts the LLFP's 10 stable species by neutron capture and
the actinides to fission praducts by caplure and fission. There
is a small chemical facility to remove any LLFP's created by
fission for recycle, and 10 continuously recycle Lhe actinides.
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Figure 1. General concept of ATW gystem. The feed conslsts
of long ived fission products (L.LI1"s) and actinides.  The
output consists of stable species, short lived fission products
(SLIP's), und some spatlation and activation products,

Waste streamy from ATW include the fission products
from the transmutation of the actinides, spallation producty
from the waiget, mwd activation product from the structure of
the ATW sysicmn,  The finslon product stream can be
approximated as that for LLWK (Ilsrhnrue.2 cacept that there
will be no e o 12711290 present. The long lived



spallation products 182Hf, 19411g, 202py, and 205pp are
produced in the target at a rate of 0.020, 0.24, 1.83 and 4.2
moles/ycar, respectively. Jt is assumed that these specics will
be conlinuously recycled into re-manufactured targets and are
conlinuously being transmuied at the rate at wiich they are

produced.
addressed in another paper in this conference 3

The aclivation producits from the sysiem arc

In exchange for producing these waste streams, the ATW
largeublankel eliminates 3407, 613 and 136 moles per year of
actinides, 99Tc, and 127.129], respectively, from LWR waste.
The net clectrical production (after allowing for 200 MW, for

operating the accelerator) is 400 MW¢. .

The target consists of a sct of heavy water cooled
The
blanket is a hcavy watcr modcraied hetcrogencous acsipn,
using a flowing slurry of actinide oxide (AcO3) in zirconium

tungsten and lcad plates, surrounded by a lead annulus

alloy tubes.

Fission heat is carricd away by convection and

the slurry is cooled in an extemnal heat exchanger. There arc
We
cnvision four of these target/blanket assemblies per 250 mA
accelerator (1.6 GeV becam), and thus we hold the becam

scparate regions in the blanket for LLFP transmutation

curtent per target/blanket at 62.5 mA.

Overall system

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

of the last 40 ycars will be applicable to our conccpl.5-"

In this paper we describe the conceptual design of a

larget/blankel assembly that performs as

part of a system as

described above. Calculations are for sicady-siate and
time-dependent neutron econorny, coupled wilth
acunide compesition calculations. Most of our resulls

rely on the code MCNP.?
ACTINIDE REACTIONS

Figure 2 shows the 25 actinide species that we
normally take to constitute the fuel in a waste burmer,
Each of the four elements constitutes a chain of
species that musl be 1aken to terminate at some
cndpoint.  We allow each specics to be labeled with a
number, where | implies 23-’Np. and 25 implies
249Cm. The goveming equation for the number of
moles of species k implied by Figure 1 is:

(1) \F(dNk.dt) = Fx - Ak Nk -¢akNg +
25 25

Elc*i-;-k ON; + ,Elli-»k Nj

1= 1=

where Nk is the number of moles, Fi is the feed
ratc, Ax the decay constant for species k to all
channels, ¢ the Nlux, ok the capture plus fission cross
scction. The summations are feed terms from decay
and capture on other actinides. Thus 0gj.>k is the
cross scction for the caprure on species i lcading 1o
species k, and Xi_> is the decay constant for species i
Icading to species k. These constanls contain the
branching ratios. e. g., if the 241Am capture croess
seetion is 10 bamn, the cross scction leading to 241Am
is 8 bam and the cross section leading 10 42Mam s
2 bam
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Figme 2 The caleulations cotmader these eacions and decavs m e acomdes.



To model the entire 25 species, there are 25 such
equations coupled by thc summalion werms. The coupling is
sparse: there are al most 2 terms in each summation that are
non-zcro, according to Figure 2. Now the following model
assumptions are made:

() ¢ =65

i. e., the flux in the syslem is fixed at a sieady state valuec. The
system responds by equilibrating at steady sule concentrations
Sk . We substitutc the assumplions into the system of
cquations implicd by (1) and we obtain;_

ande= Sk

25 25
(3) O0=Fk - AkSk - oSk + _):Ioi->k ¢5i + ,Elli->k Si
1= I=

The solution 10 (3) gives the sicady state concentrations.
Tixse concentrations are, in general, much differem than the
initial fecd. In Figure 3a we show the feed and equilibnum
atom fractions for the commercial waste burmner. The
cquilibium composition depends, of course, on the 1-group
cross sections and flux level in the blankel, as wcll as the
chernical processing assumptlions. The resulis in this figure
cor-espond to the final design presented here.  Although the
feed is 51% 239Py, the equilibrium fraction is only about 3%.
Al equilibrium, the species 292Pu, 243Am, and 294Cm make
up the majority of the composition. It is no coincidence that
these species tend to have rather small cross sections.
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Fipure Ya  Ataom lracuons of the actimdes in the feed and
equilibium. "Uhie distibutions are gquute differemt,

Figure b shows the riatex of decays, captures and fission,
that cach species underge at eqmlibrium  The tissions e
taking place in 290y and S predommnantly, with abwout
Y% occurting 2450 Kome fast tission oceurs in the
even-tumbered Puoand Ci isotopes, and m the highly fissale
MAWA The Pu apeaies alvo underge most ot the capture
reactions, except lor 2 Am and HMACy,
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Figurc 3b. Loss rates of the specics to decay, caplure and
fission at equilibrium. The main species undergeing fission
are 239py, 241py, and 243Cm.

One of the basic hypotheses of ATW is the desire o
maintain a high thermal Nux.8 The purpose is 1o fission shon
lived fissile species beforc they decay. A case in point is
241py, which has, in our spectrum, a fission cross section of
240 b, The flux level where the fission raie is equal to the
decay rate is 6.3x1012 n/em2/s. Calculations (Figure 4) of the
cquilibrium fucl caplure-lo-fission ratio, «, as a funclion of
Nux level show that for a lixed spectrum the ratio vanes only
slowly unless the Nux approaches this value.
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Firure 4 Lumped actinide o0 value variation with flux level in
ATW syvstem, using the | group crosy sections from the final
design Our desipns have been near 101Y wem?/see, where
the curve s tainly Hat



Most cf our designs use Dux levels at or near 1x1015
n/cm2/scc. whene the curve is fairly flat ai @ = 1 6C 1 Q.4
The continuously downward trend in a with increasing flux 15
due o the increasing fission raie of minor species such as

In most of our calculations wes assume steady-state.
Howeves, the approach 1o sieady-stale has also been calculated
by coupling MCNP with ORIGEN2.9 In the calculations ws
usc a constant power density, in the actinide fuet of 0.8 kW/g,
which is the same power density thal we have calculaled at
equilibium. The initial feed is sent into the blanket and the
cross sections are calculated. These cross sections are writlen
10 a file that is read in by QORIGEN2 A forwa.d tire siep is
performed by ORIGEN2, solving the complete set of coupled
ODE's as defined in cquation t1). A new concentralion is
obtained These time steps are iypically a few days.  Afice,
cnough of these steps are periormed, a full year ol operation
has been simrelated. The ORIGEN2 calculations arc
temiporarily stopped, a new MCNP input file is writicn, and the
cross sectic ns are again calculated. By repeating this process,
we can track the entire approach to equilibrium ‘n a sclf-
copsistent fashioa,

The time dependence ol the isolopic tractions i
iliustrated in Figure 5. The fced is 51%  239pu, decreasing 10
about 3.1% at 40 yecars. fwo other species, 212by and
246Cm are also shown 107 cempanson, There s hittle of thes-
species present in the feed, but hey grow ta significant
fractions a 40 ycars time.  Eiuilibriam « value of atxwut 1.67
iv reached in about IR years. The lamped aveage {ssion
cross section or the actimdes as about twice as huph
beginning of life compared ¢ cquihibnum  Thereloie, fur a
constind power density, the flux will vary by a factor of two
over the lite of the plam
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EFFECTS OF CONCENTRATION AND PITCH

Qur basic design (Figure 6) employs a latuce of double-
wall 7r (97.5%)-Nb{(2.5%) tubes which contain a h=avy waier
slurry of § - 50 um actinide oxide (AcO2) panicles. Ouis.de
the tubes is a heavy water modcerator, thermally 1sclated from
the slurry by ihe gap between the tubes. From fission Lhere is
a large volumciric fiear generation. The heat is carmied awcy
by convection, and the slurry is cooled in an external heat
cxchanger. As wentioned in the introduction, thcre is a
chemical processing plant 10 remove the fission products, and
ve assume a 50% residence ume for Am and Cm in this
systeni, and 3 25% residence time for Pu and Np. Another
paper at this conference cxplains in detail the processing

assunphons. 1o
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Figure 6. Unit el used e lantice caleulations. There are two
walls of Zir (47 %'%)  No (2.5%) alloy, cach 3.25 cm thick.
The wner 1achius s V87 em. The cell radius is 10.53 cm,
corresponding w a pich of 20 cm s & hexagonal lattice.

This section summarizes the results of cquilibrium
heteropencous unit cell calculatons.  All results here use
MUNP, coupied with p code that solves the system implied by
cquation (V) The pant of the program which calculates
cquilibrium actimde concentrations was written so that the
power density was held constant at 700 MW/m?3 in the slurry
wbhes  Nus repesents a themal/hydnuhe limig, i e, the Aud
velocny an this comvective system (which s proportional 1o the
volumetne power density) is about 10 - 72 m/s,

The twbing we use has iy ickaess chosen fera 131
MPa operaung pressure I'he outer radhus of the umt cell,
which iy retlecting, contesponds 1o & pitch between tubes of 20
cie oA hexagonal laice. Other calculations, not shown here
m o detil, vaned the tadus of the umit cell and/or the adid of
the tabes Here we present only the results of varying the
concentranion tor a given peoractty. ‘The moderawor s at
oo lemperature and density, whil= the DO canier for the

shmry was at WO C and a density of (L7 ghom '

The wmdividual finsion and caplure cross sechions are
venctally a4 decrcasig function of  concentration  and
morcaang lancnon of mer wbe pitch For instance, 0 a
concentration vacahon etween 100 /1 and 606 g/t he
TPy e cross section drops fione S0 bam o 277 bham

the resulis e e feved power density of 700 MW e



lowered cross sections at higher loadings are the result of
thermal {lux depression within the tube. Increasing the pilch
of the cell soliens the spectrum, with the result that the cross
section is four times as great with a 30 cm piich as ata 15 em
pitch. If all cross seclions of imporiance varied with 1/v, the
caplure-to-fission ratios for each species would be
independent of pitch or concentration. It is found that
because of non-1/v behavior, there are some departures from
this, e. g., the caplure-to-fission ratio for 239py shows a slight
increase with concentration. while for 24!1Py the trend is the
opposite.

We have included the eflcct of capture of ncutrons on the
fission products that are present in the slurry. The [raction of
neutrons that are lost 1o these captures varies with the flux and
the mean residence time before removal for processing. We
performed model calculations using the code ORIGEN2, and
parameterized Lthe resulis o include in our unit cell and full
blanket MCNP calculations. For the flux level here and a 26
day residence lime in the blankel, the ratio of these fission
product captures 1o fission cvents is about ().12.
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Figure 7. Dimensa tless ratio vatiation wiah concemeation in
unit ¢cell caleulations, ‘The power density i the slunry is 700
MW/m}.

Some partamceters ol amportance are plotted versus
loading i Figure 7 The lomped actmide « value as Hat Bt
the imponant ratia of parasiie caplure (im the wing and the
maderator) per fission (given the symbol ayy) iv a stiong
lunction of concentration, decreasing o lnlrruLlr levels only
ar YOO @l or more. “The resuling & cff tor the seflecumy, (and
therefore the inhinite lathee) case s an imereasing luncoon of
concentranon, reaching a vialue of 107 at 700 g/l
loading . Based on these and other gcalculations, we chose 3
shurry loading of 500 11 and a pitch of 20 ¢m helween ibes
i hexagonal Laittice “The man teason for choosng such a
hiph loadiag is to reduce the effect of parasitic capiane. as s
lustrated i the previous higure “This lgh loading also tends
to reduce the pataatie capture i the tuget per taaon The
resulty of {ull blanket calculanons sie it Later section

SPALLATION TARGET

The ATW 1ccelerator rarget is a modification of the split-
composite W/Pb spallation target design!! which is composed
of solid tungsten and lead, cooled by heavy water. The target
is cylindnical in configuration, with two radial regions. The
inner radial region (0 cm < r <16 cm) contains a series of
tungsicn plates spaced in order 10 Oplimize neutron leakage.
rcduce parasitic absorplion in the tungsien, and axially
distribute the neutron source 1o reduce the axial flux peakin
in the blankeL The outer radial region (16 cm < r < 27 cm
is a lead annulus which generates ncutrons from prolons
scaticred outside of the tungsten region. At the back of the
larget is a lead beam stop exiending through both radial
regions which is used lo range out the beam. The targel is
shown in Figurc 8.

The LAHET Code System!2 (LCS) was used 10
characlerize the neutron source generaied in the splii-
composile W/Pb target, and also to perform fully coupled
LAHET/MCNP calculations on the entire system. LAHET
uses the Intranuclear Cascade/Evaporation model to predict
high-cnergy interactions. and writes a sourcc lape of the
resulting panticles (both ncutrons and photons) for subscquent
transport in the Monic Carlo transport code MCNP3. For
1600 McV prolons, the LCS predicls a 1otal neutron source of
40(.32 ncuwrons/proton. Table 1 shows the neutron leakage
from the bare targel, and the average energy of the escaping
ncutrons, although ncutrons which enter the hecavy water
modcrator are quickly thermalized. Figure 9 shows the axial
distribution of the ncutron leakage across the ouler surface of
the lead apnulus for the bare split-composite target. The
neutron source emitted from the active portion of the targel
(bcyond the first tungsten plate) has a [airly even axial
distribution, especially when compared with homogeneous
solid targets or liguid heavy melal targets (e.g. liquid lead or
Icad bisinuthy which produce highly localized sources of
neutrons and typically hive problems with neutron leakage
off the tront target face b

Table 1; Neutron Leakape from Bare Split-Composite W/iTb
Targel

Rurlace T.cakage Avcrage
(neutrons Ncutron
per proton) | Energy

(McV)

Tront RERE 3095

Back 1.919 17.78

Radal 1422 6.041

The mam disadvantage of thus target is the presence of
the lead which produces a mired waste, complicating target
dispusal,  While acuvation in the lead is low, the spallauon

. . ‘Y g
|lnm o8k generates the long-lived isotopes 202y, 203ph, and
[} . N
P, whose hall hives and spallatior yiclds are given in
' 3 ) . . . .
Fible 2 Smee 20800 is e long Tived nuclide produced in
the preatest amount {nol only duc 1o its high spallaton yield
as shown m Table 2, but also due v its prodaction (rom
) . .
capiure in stable 204 which is present in naturally occurting
lead), s cquilibnum  ameunt was estimated  using
. Lt .
chatac tenstic system parameters. A total of 2.0 kg of 209 is
produced o the system, with at aeaching Y5% of s
ciuilibrm m 2V S years



Side View
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Figure §. The split-composite. W/I'b spallation target tor the
ATW blanker.

WHOLE-BLANKET RESULTS

The results of the vt cell calculations were used 0
cstimate the ncuttonic perlasmance i e whole blanket.  ‘The
code MONP was used in & soute - modr calevlation,
configuird o read in the source resultap trom the LANET
target calculations. Hujrowing [rom 1the above lottice
calculations, & 562 1 AcO) loading was chosen, with tubes as
dexcribed above  The pitch was chosen as 20 ¢m

10 l
~u
c
3
e 14
B
&
s
S
b 0.1 1L
S
D
z
First Tungsten Plate at 100 cm
0.01 + —— —4
0 100 200 300

Distance into Target (cm)

Figurc 9. Axial distribution of radial neutron leakage

Table 2: Spallation Yiclds of Long-Lived I1sotopes Produced
in the Target Lead

i'fsompc Hall-LiTe Spallation
(ycars) Yield
(atoms per
proton)
HgTY4 320 0.0209
pPb202 53000 0.1567
pp205 1.51e+07 0.3628

Separaie LLFP transmulation regions we.: included in
the blanket. Oue is located between the lead annulus and the
slurry lattice, and the other is in the ouler regions. The inner
rcgion prevents the diifusion of thermal neutrons from the
lattice into the target region where they would otherwise be
lost 1o parasitic capture. The outer LLFP regicn captures
neutrons that would otherwise be lost 1o lcakage.

‘The various dimensions of the blankel were adjusted to
gi/c a fission produci/aclinide bum raie of 0.28, while
aempling 10 minimize parasitic capture in the target and
mod ‘rator. This 1atio Is sufficient 10 buin the 99Tc and
127.129) rrom i.WR discharge, and from the fission yiclds of
the aclinidcs.

Design dimensions arc given in Table 3. A description of
the blanket is given in Figure 10. Because of the somewhat
light pitck;, we were abile o fit 186 wbes inte the blanket. The
flux is 1.7x1019, producing a power density of 700 MW/m3
ol slurry.



Table 3. The final ATW tarpet/blanket design summary bised
on coupled whole-blanket MCONIE calealations and cquilibinim
actinide concentrations.

specified power density, MW/m3 700.00
average flux in the actinic~ regions, n/em2/sec 10x1015
iemperature of slurry (C) 300.0000
temperaiure of moderator (C) 100.0000
height of blanket (cm) 300.0000
outer radius of larget region (cm) 15.5000

inner radius of cylindrical lead rcgion (¢cm) 16.0000
inner radius of inncr technicium region (cm) 27.0000
outer radius of inncr technicium region {cm) 33.00G0
outer radius of multiplying region (cm) 1940000
outer lechnicium region thickness (cm) 7.0000
hcavy water nuter reflector thickness (cm) 30000
radius where

actinide tubes begin

(cm) 40.0000

pitch (cm) 20.0000

aclinide tube inner

radius (cm) 31.8700
actinide

concentration, g/l SO0.0000
7LiTcO4

concentration,

molal 1.8000

Fraction of time i
HX 5000

Fraction of time in
processing (Np) L2500
I'raction of time in
processing (Pu) 2500
Fraction of time in
processing (Am) 5000
Fraction of time in
processing (Cm) 5000

Number of days for
I'P processing
number of actimde

26.0000

tubes in blankel 1RO
Blanket  Actimde

Inventory, kg 1100
kps. Te LR
1otal multiplicaton IVo
parasitic capture o-fission ratio 0.18
leakage - lo-tission Lo .05
LLEP capture to fission rano o8R0
Ac¢ capture 10 fisson ratio 1.64
Actinide bum rate. L. WR equiv. 25
Required beam current, mA 025

The total parasitic capture 10 fission ratio is lound o be
048, Of this Q1R ivis lound that O.08 is from the shurry
twhing, .03 from the modentor, 0.01 from the Tead and 000
frem wngsten. Roughly halt ol the LLEP buming comes
tram the ner decoupler wepon. The vidue for a was tound
to be L.od, slightty Tagher than indicated by the at cell
calculations.  The blanket holds TWH) kyp ol Aco) )y, and buins
Hus at aotate ot JO% per year The there are a tal ol 500
neutrons trom all sowees, includimg fission, per 16 GeV
proton on the targel
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Figure 10. Top and side views ol the ATW blanket. The target
o the center, tollowed by a lead anmulus and inner LLFP
region, followed by the multiplying lattice, the outer LLFP
region, and then the reflector and ouler stainless steel wall,

SLURRY PROPERVIES AND EROSION

There have been objections (o the lagh slurry loadings on
the basis of erosion, ‘The power density here aiso gives a high
slurty velocivy, Our neutronies caleulations have alwiys taken
tus mio comstderion, and we have attempted v keep the flow
velocties in the 1O m/s vange.

The velocity reg “od for the slurvy in the wwbes can be
caleulated from an civhalpy balance on the tubes, assumirg
that the entrance and exit lemperatures {or the slurry are fixed
at 278 Coand 25 O, respecdvely. The resulting velocity and
concentrations are essentially  typical of  those  where
expenmental crosion dataare available,

The civsion of materals by slurrics hax been measured
tor concentrations up w1500 giter, at lempernres ivpically
between SO0 K and oD0 K, and How veloaties up o W0 mdy,
In gencral, the croson e is a0 strong function of panicle size
and shape, and s affected o lesser depree by oxypen
overpressure, solcoon acidity, slunry concentrition, slurry
wemperabie, and flow velocity,  Optimum: patticle size s
between Tand S ancrons - waith smooth particles causing less
vroxian Piang paceles abncared with these chanacieristics,



the erosion rale of 450 gfliter ThO7 aL 553 K and flowirg at 6
m/s was mecasured 10 be Icss than 0.5 mils/yr for zirconium,
and approximately 3 mils/yr for suinless sieel.14  For 1500
gliter at 553 K and 12.2 m/s, the erosion rale on zirconium
was 1 millyr.13  Erosion rates for U zirconium slurry tubes
in the aqueous ATW system are therefore expected 10 be less
than 1 mil/year. The tubes will have 1o be replaced every 10
years.

CONCLUSIONS

in a conceptual dcsign it is possible to bum the actinides,
1291 and 99T¢ from 2.5 LWR's in an ATW wrgcUblankel
assembiy using 62.5 mA of current and aquecous icchnology.
The heat from the blanket is sufficient 10 gencrate 600 MW of
clectrical energy a1 the ¢xpecied 30% thermal-lo-clcctrical
conversion efficiecncy. Since abou: 200 MW is expecled 10 be
necded 1o run the accelerator (at 50% wall plug cfficicncy).
this leaves 400 MW of clectrical encrgy 0 be sold 1o the grid.

The wasle streams are vory radioactive, but the specics are
typically sheri lived. The only long-lived species in Lthe waste
stream do not pos¢c a migration or inlrusion hazard for a
geological repository.

The tools we have developed Lo analyzc this targel/blanket
design will enable us 10 mave inw an ever-wider arca of
conceptual designs. For instunce, the buming of comiaercial
wasle can be combined with a fenile feed, brecding fissile
material. Other moderators may give differcnt, more
favorable spectral characteristics. The improved ncutron
cconomy of lhese changes will translate into a lower :ost of
producing electricity from the buming of nuclcar waste.
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