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ABSTRACT 

The nuclear performance of a candidate f i n i o n -
suppressed, U233-producing blanket ia aaaeaied, 
a i s predicted co have a breeding rat io 
( fuai le • f i s s i l e ) of 1.68 and produce U233 at 
a rate of 8030 kg/year from 3140 HW of DT fuaion 
and e blanket coverage o£ 96?. Blanket energy 
mult ipl icat ion ia estimated to vary between 1.3 
and 2.0 as the U233/Th23Z rat io var ies between 
0 and 0.5Z. Heterogeneous e f f ec t* in the 
blanket's pebble-bed configuration were found 
to be important and note detai led analysis ia 
needed to more accurately predict Lib content 
required and U2J3 f i s s ion power versus U233 
content. 

INTRODUCTION 

The conceptual design and analys is of 
f i ss i le -producing blankets for fusion breeders 
i s the primary a c t i v i t y of the fuaion breeder 
project . Our recent (FY82) e f for t s have been 
directed toward developing a fission-suppressed 
blanket design evolving from ear l i er work'"^ and 
based where possible on conventional mat• ; i» la 
and processes. The resul t i s a blanket 
composed of Be pebbles (i. 50 v/o) for neutron 
mult ip l icat ion , Li (.X 40 v/o) for T breeding 
and cool ing, and s t e e l for structure. Each Be 
pebble has a> Th ( t 3 v/o) Bnap ring or insert 
for U233 breeding. The Li-cooled pebble bed 
design allows for removal, reprocessing and 
refueling without blanket disassembly. A 
rendering of th is blanket designed for a 
tandem mirror-DT fusion neutron source is 
shown in Fig. 1. 

This pane: deals with the nuclear design 
and analysis of th is conceptual blanket. 
Mechanical and other aspects of th is blanket 
design are treated in companion p a p e r s . ^ 

"Work was performed under the auspices of the 
U.S. Department of Energy by the Lawrence 
Livermore National Laboratory under contract 
number W-7405-ENG-48, 
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Fig. 1 Reference blanket for the Tandem Mirror 
Fusion Breeder 

OBJECTIVES AND METHODS 

Tritium and 112.13 bret , energy mul t ip l i ­
cat ion, c r i t i c a l i t y and row. density versus 
f i s s i l e buildup are nucUai parameters impor­
tant in the design and evaluation of blankets 
for fusion breeders. The basic nuclear objec­
t ive of a fission-suppressed blanket i s to 
maximize f i s s i l e breeding while breaking even 
in tritium (T"-1.0) , suppressing f i s s ion of 
both tlie f e r t i l e and bred f i s s i l e materials , 
and remaining subcr i t ica l under a l l condit ions . 
In addition Co the nuclear objec t ives , blanket 
structure, hent transfer, and fuel handling 
requirements must be mec. Thus, an interact^' ) 
and i t era t ive design process i s used. 

If nuclear performance was the only 
requirement, the blanket would be a homogeneous 
mixture of beryllium (Be) plus a few atom 
percent Lid and Th, and i t s trit ium plus 
f i s s i l e breeding rat io (T * F) would be about 
2 .7 .1 Thus, the potential nuclear performance 
of the Be blanket i s high. The question 
addressed here i s how much of th i s potent ia l 
performance can be achieved when structure, 
heat transfer, and other blanket engineering 
requirements are met. 
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Method 

The method uaed for nuclear analysis of 
the blanket is TARTNP, a coupled neutron-
photon, 3-D Honte Carlo traniport code, and 
179 group constant! generated from ENDL, the 
Livermore-evaluated nuclear data l ibrary. 8 ' 9 

Four types of geometric models were devel­
oped to predict the blanket's nuclear perfor­
mance. The first is a radial-ioned cylinder, 
the second a radial- and axial-toned cylinder, 
che third a radial-zoned spherical unit cel l , 
and the fourth a cylindrical segment containing 
unit fuel cells imbedded within homogenized 
fuel zones> These models evolved during the 
course of the study as the mechanical design 
and understanding of the nucleonics evolved. 

The first model is the basic model used 
Co predict the integral performance of the 
blanket. The additional models were developed 
to examine effects the basic model did not 
tddresa. Results generated using these 
additional models were used to modify results 
from the basic model to arrive at a more 
accurate estimate of performance. 

Cylindrical (1-D) Model 

The basic model used to analyze the 
blanket is a nested set of concentric cylin­
drical shells surrounding a cylindrical source 
of 14-MeV neutrons. The geometry and composi­
tion of the blanket tor the base case are shovm 
in Fig. 2. Starting at che left in the figure 
is the first wall, consisting of 2 Fe nones 
separated by a 5.3-ctn coolant plenum containing 
U +2.5 v/o Fe. The 2.5 v/o Fe accounts for 
stiffening ribs. Following the first wall are 
two 20-cm-thick packed beds composed of Be/Th 
spheres, Li coolant and Fe structure. Each bed 
consists of Li (CO v/o). Be (57 v/o), thorium 
(3 v/o) plus 2 v/o Fe superimposed to account 
for the radial stiffeners. The Be and Th are 
98? of theoretical density. The two beds are 
separated by a 1-cm Fe wall and are followed 
by 1.3 cm of Fe, 30 cm of l i + 2,5 v/o Fe, 2 
era Fe and finally 10 cm of graphite. The 
outer graphite surface is a radial leakage 
boundary while the ends (axial) are reflecting 
boundaries. Making the ends reflecting 
boundaries is considered reasonable because in 
the reactor the plasma extends beyond the 
blanket; therefore, the net axial leakage 
should be insignif[cant. Each of the two 
packed beds are divided into two 10-cm zones 
to get better resolution of the spatial 
reaction rates and hewing in the beds. 

The Li6/Li ratio in the homogenized model 

of the beds (1?) is higher than in the Li-only 
tones (0.2 X) to account for the heterogeneous 
effect of the bed geometry. This point is 
discussed further, later in the paper. Tht 
optimum Lie concentration is yet to be deter­
mined. The different Li6 concentration! used 
in the model are an artifact of tht nodal; the 
blankat really has only one Li6 concentration. 

Performance parameter! calculated with 
this base nodel are given in Table 1 which 
l ists reactions and resulting breading ratios 
at three enrichments (I 1)233 in Th) 0, 0.25 
and 1.0. Nat breeding i i 1.83, and energy 
nultiplication (H) ia 1.39, 1.66, and 2.14 for 
these three cases. Statiatical accuracy ia 
within about 5t. The U233 fission as well as 
11233 n,garni reactions were found to be 
directly proportional to U233 concentration, 
at least up Co 1.0 a/o. It is also inter-
eating to point out that the capture reactions 
of benefit, in Li6 and TH232, account for 871 
of the total captures. The Fe structure 
accounts for 62 of the captures. When compared 
with an ideal blanket value of 2.7, this blan­
ket model achieves 70! of ideal breeding. The 
difference is the result of moderation by 
materials other than Be and a relatively chin 
blanket, thus reducing Be (n,2n) reactions and 
allowing more leakage. At a 1 MW/m2 source 
neutron wall loading and a 1% 1)233 concentra­
tion in Th, the maximum volumetric heating in 
the first wall is 7.3 w/cc and the maximum and 
minimum netting in the homogenized packed beds 
(tones 7 and 11) are 6.9 and 1.3 w/cc. 

Axial Heterogeneous Model 

The basic cylindrical model does not 
account for the lithium inlet and slipstream 
plena at the ends of each module. To estimate 
their effect, a 21-cm-long axial section at 
the end of the bin blanket module is replaced 
by a zone containing 90 v/o Li (0.2 a/o Li6) 
and 10 v/o Fe. By symmetry Che model used is 
1/2 the module length and is shown schematic 
c*lly in Fig. 3. The effect is a 2.92 drop in 
net breeding and a 22 drop in M. 

A similar model was also used to examine 
the effect of homogenizing the radial s t i f fe­
ners. This was done by removing the 2% Fe from 
the beds and the lithium plena and putting it 
into a 0.61-cm axial zone on the end of a 30.5-
cm blanket segment. There was no detectable 
effect- Therefore, no correction is used to 
account for homogenizing the iadial stiffeners. 

Spherical Unit Cell Heterogeneous Model 

The basic cylindrical blanket model 
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Fig. 3 Module end plena - model and reaults 

Table 1 Cylindrical model - results per D-T Neutron at 0/0.25/1." a/o U233 

Zone # Li6 (n,T) U7(n,n'T) Tn232(n,Y) Th232(n,fiss) U233(n,fUs) U233(n,v) 

5 .055/ .059/ .056 .130 

7 .283/ .303/ .287 .061 .298 / .315 / .310 

8 .252/ .253/ .24S .029 .22S/ .234/ .237 

1(1 .144/ .154/ .147 .011 .125/ .132/ .133 

U .081/ .089/ .090 .005 .068/ .073/ .079 .( 

13 .049/ .039/ .055 .011 

Totals .814/ .897/ .883 .247 .716 / .754 / .759 

Bottom Line: 

T = 1.12/1.14/1.13, T + F " 1.8V1.90/1.39, 

T • F * => 1.8.V1.88/1.83 net 
M = 1.39/1.66/2.4 

» F " Th232(n,Y) - U233(n,fisj) - U233(n,y) net 

** Includes equilibrium decay of acttnides and 

fission products in the beds 

***Totals include structural zones. 

treats the packed bods as homogeneous mixtures 
of Li, Be, Th/U and Fe. To determine if there 
are heterogeneous effects in the beds, two 
modtls were developed. Breeding ratio, energy 
multiplication, energy partii ioning in the bed 
materials, and isotopic composition of the Li 
required to give the correct tritium breeding 

0036 0/.0054/.0209 O/.00084/.00327 

0018 0/.0043/.0170 0/.00068/.00268 

0007 0/.0025/.0101 0/.00040/.00161 

0003 0/.0014/.0060 0/.00023/.00096 

0064 0/.0136/.0540 0/.00215/.0085 

Zone <t 
Energy (HeV) per 

Source 14.1 HeV Neutron** 

5 2.35/2 .28 /2 .35 

7 6.78/8 .31/10.77 

8 4 .44 /5 .45 /7 .72 

10 2.24/2 .84/4 .26 

11 1.23/1.51/2.47 

1.3 0.58/0 .41/0 .65 

Totals*** 19 .5 /23 ,3 /30 .1 

rat io are a l l nucleif performance parameters 
that could be affected by heterogeneous e f f e c t s . 

The f i r s t motel developed to appraise 
these heterogeneous e f f e c t s i s a spherical unic 
c e l l consis t ing of a Th (+ U) sphere surrounded 
by a Be annulus which in turn is surrounded by 
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a Li anmilus 13 shown in Fig. 4. Volume frac­
tions of these materials in the unit cell ire 
Th (31), Be (572), and Li (402). The Be con­
tains 0.1 a/o Fe impurity. An iiotopic point 
source of 14 MeV neutrons is located in the 
outer Li zone. The outer surface of the cell 
is a reflecting boundary making the cell an 
infinite array of unit cells. 

vatMu 

Table 2 Spherical unit cell aanple results 

• POINT SHOCK 

Fig. 4 Spherical unit cell model 

By compari.ii; the nuclear parameters calcu­
lated with this unit cell to those calculated 
with a homogenized version of the sane cell, 
an estimate of the heterogeneous effect can be 
made. Results for two 1)233 concentrations, 0 
and 0,25 a/o in the Th, are given in Table 2. 
The factor of 5 difference in Li6/li7 ratio 
between the heterogeneous (0.22) and homogeneous 
(1.05) cases is needed to keep the tritium 
breeding ratio (T) approximately equal. The9e 
results indicate that heterogeneous effects in 
the pebble beds are significant. For these 
cases the net breeding ratio (T + F n e t ) dropped 
between 3.5 and 7.72 and the change in M ranged 
between 52 lower to V higher than their homo­
geneous counterparts. An increase in H is 
expected for the same reasons a thermal reactor 
with a heterogeneous core has a higher reactiv­
ity than its homogeneous counterpart. Energy 
(heating) partitioning is also significant with 
20 to 652 of the cell's energy being deposited 
in the • --*. This model is pessimistic 
in that it must overpredict U233 fission due to 
its infinite geometry and lack of structure. 
Results with this model give us an upper limit 
of the bed heterogeneous effects. 

A number of other vfriations were also 
examined with this model. For example, with 
the Li6 concentrations fined ot 0.2! (net.)/ 
1.02 (horn.) and the 112,33 concentration fixed at 
0.252, the following observations are made. 

1. Changing the Th/L' sphere to a 3-cm-long 
cylinder with the same volume reduced the drop 

1 J ' * W H Em EH ELI 

Villi 0 I/O a 5 U 

O.J/ 2.10 l .U in 1H Not. l . !3 O.J/ 2.10 l .U in 1H in 

*", l .U I.DS i.U l.U 

Hil/lW. o.m 0.HI 

Villi 0.IS I/O H I 0 

SOI i l l Hit. I.H o.ai M/ IM SOI i l l in 
H». 1.41 i.oa Mi I.H 

Utt/Hoo, 0.M1 1,31 

Ultll T» > 0.2S I/O * J 3 U MVti t0 SutllOt Of l l H t b l l 
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in the net breeding ratio, from 7-7! to 52, 
while further increasing H from 332 to between 
34 and 642 depending on the source-dug 
orientation. 

2. Doubling the Th/U sphere volume reduced 
the drop in breeding ratio to 52 while further 
increasing M to 442. 

3. Moving the Th/U to the outside of the Be 
sphere reduced the reduction in breeding to 
5.72 (from 7.72) and reduced the increase in N 
to 262 (from 332). Energy partitioning in this 
case is 262 Be, 472 Th/U and 272 Li. This 
geometry was selected for the reference case to 
reduce thermal gradients in the Be pebbles. 

Criticality 

The spherical unit cell model was also 
used to calculate the U233 concentration (11233/ 
Th ratio) which results in Id • 1.0. Since we 
want K to be less than 1.0 under all potential 
conditions, k,,, with and withcut Li vs U233 con­
centration was calculated, AS expected, the 
case without Li was found to be the most 
restrictive with In,, s 1.0 occurring at a U233 
concentration of I.6 a/o compared to 9 a/o with 
Li. Based on this analysis it is required 
that the maximum concentration of U233 t p«233 
in Th be limited to less than 1,6 a/o. 

Fini'.e Heterogeneous/Homogeneous Model 

The spherical unit cell model used to 
estimate heterogeneous effects is an infinite-
integral model, and as such cannot show spatial 
effects on energy partitioning. To see if 



spatial effect! are important, a fourth model 
was developed. This model (shown in Fig. 5), 
called the Finite Heterogeneous/Homogeneous 
Model, is a pie-shaped segment of the blanket 
with reflecting sides and homogenized pebble 
beds, plus unit cells at tha inner and outer 
radii of the two bed tones, '(he source is an 

u«roio2« LI it 

Tnw>,iiiri>,u!m LID 

rMiii.iiirn.uin mi 

ran 

Fig, 5 F in i te heterogeneous/homogeneous model 

i so t ropic point source Located at the center 
of the f i r s t wal l , At an estimated end-of-
cycle U233 concentration p ro f i l e , the U233/Th 
r a t i o s are 0.86% in the inner bed and 0.75? in 
the outer bed and in the 4 unit c e l l s (from 
innermost outward) are 1.1, .62, 1.1, and .38'». 
Results show that energy par t i t ion ing ia a 
function of posi t ion as well as U233 concentra­
t ion . The maximum fract ional heating in the 
Th + U i s 67%, occurring at the inner radius of 
the outer bed, f rac t iona l heating being the 
r a t i o of heat deposit ion in one part of the 
unit c e l l to the t o t a l c e l l heat ing. At the 
highest power densi ty loca t ion , the inner 
radius of the inner bed, the Th + U fract ional 
heat ing is 55 percent , r e su l t ing in a pi.wer 
density of 141 W/cc in the Th + U at I MUAn2 

wall loading (not including decay heat which 
i s about a 5% add i t i on ) . The average power 
densi ty in that innermost c e l l i s 7.71 W/cc. 

End Plut Effects 

Fusion reactions take place in end plugs 
(and transit ion regions) that a re not covered 
by a blanket. Not only are fusion neutrons 
l o s t , but tritium consumed must be nadt up by 
the blanket as wel l . Analysis has not been 
done to see what happens at the blanket ends. 
The assumption made is that the net leakage at 
these enda ia ze ro . This assumption i t based 
on the fact that the plains extends beyond the 
ends, thus leakage in to the blanket w i l l 
occur. For t h i s case, to t s l fusion power is 
3H0 MW, 3000 of which occurs "under" the 
blanket. Therefore t h i s 3140-MW fusion 
reactor requi res a blanket t r i t i um breeding 
r a t i o that i s 3140/3000 • 1.047 t ines higher 
than the reactor requires to sat i s fy the 
tritium requirements of both the central c e l l 
and the end plugs . 

ESTIMATE OF EFFECTIVE BREEDING RATIO, NET U233 
PRODUCTION RATE AND BLANKET ENERGY 
MULTIPLICATION 

Using the r e s u l t s ca lcula ted with the 
models described, the following nuclear 
performance es t imates are made: 

Blanket breeding r a t i o , fus i l s plus net 
f i s s i l e ; 

<T * Wblanket * < T + F net 'Hodel 1 * 

plena correc t ion x heterogeneous correct ion 

• <T • r n e t>Modei 1 " ! ' 1 3 + °' ' 0 " 1-" 

• The value of T + F n e t was found to be 

insens i t ive to 1)233 content . 

• Plena correct ion (from Model 2) » 0 . 9 / 1 . 

• Heterogeneous correct ion (Model 3) ° 

0.943. This correct ion i s sens i t ive to 

the U233/Th232 r a t i o ; the value used was 

calculated at 0,2?*, and i s taken to be 

the average va lue . 

• ' •< T + Fnet)blanket = I ' " * " • " ' * 0.9A3 

= 1.83 x 0.916 = 1.68 

Net f i s s i l e breedjna r a t i o ( F n p t ) ' 

( F n e t ) b U n k e t = ( ' * Fnet>blanket - Tblanltet 



.-. (Fnet)bUnket " ! • « * ' • « " « • « 

where a blanket tritium breeding ratio of 

W e t ' W t o r * ^ 1 ' 0 1 * 1 - 0 4 7 * 1 ' 0 6 

is needed to sustain the device. 

Fiaaile production rate (G); 

G • 4.32 <kg/MWfY) x Pf (MW) x ( F n e t ) b u „ k e t 

.'. G - 4.32 x 3000 x 0.62 • 8035 kg U233/full 

power year 

Blanket energy multiplication, Hs 

H • Mirodgi 1 x plena correction x hetero­

geneous correction. 

At start of cycle (U233 • 0), M • 1.39 x 

0.98 x .95 • 1.30. 

At a U233 concentration of 0.2551, M • 

1.66 x 0.98 x 1.13 - 1..84. 

The heterogeneous corrections for H are 
taken to be 1/2 that calculated because of the 
infinite nature and lack of structure in the 
model (No. 3) from which they came. A finite, 
heterogeneous model is under development to 
better determine this corre.iion. Preliminary 
results suggest that an average U233 concentra­
tion of 0.5? will give a blanket M of about 
2.0. 

NUCLEAR DATA UNCERTAINTY 

The uncertainty in our estimate of the 
breeding performance of th i s blanket i s 
strongly dependent on the uncertainty in the 
Be (n,2n) react ion r a t e . For th is blanket a 
20% drop in the Be (n,2n) rate w i l l reduce the 
blanket breeding (T + F) ra t io by 9? and the 
net f i s s i l e breeding rat io ( F n e t ) would drop 
by 24X. Our ca lcu lat ions of some old Be exper­
iments suggest that a 201 uncertainty in the 
Be (n,2n) rate i s pos s ib l e .*" We are planning 
both thick Be pulse sphere and manganese bath 
experiments to address th is uncertainty. 

CONCLUSIONS 

Nucleonics analys i s shows that our FY82 
Be-Li-Th reference blanket w i l l give good 
breeding (1 .68) i f the beryllium data uncer­
tainty i s not too large and should give reason­

ably lov energy mult ip l icat ion at an acceptable 
U233 content. A preliminary a i sass iunt of tht 
criticality hazard shows that tubcriticality 
can bt maintained without an unacceptable 
constraint on the buildup of U233 in tht Th 
fuel (< 1.6*). 

It muit be stressed that the nucleonics 
appraisal and optimisation of this blanket ia 
not complete and work i t continuing in order 
to improve the estimate of nuclear perfor­
mance. Major improvement is needed in 
determining energy generation versus 0233 
content. 

A more complete description of this work 
is given in Ref. U . 
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