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ABSTRACT

This paper presents assessments of tritium
breeding requirements and breeding potential for
the STARFIRE/DEMO design. The assessment of
breeding requirement is described based on two
design considerations; it.e., (1) tritium inven-~
tory and doubling requirement; and (2) computa-~
tional uncertainties associated with the breed-
ing calculation. The lithium-containing mate-
rials considered include: solid Li,0 and LiAlQ,
and liquid 1lithium and 17Li-83Pb.

I. INTRODUCTION

The safety problems of liquid lithium
recelved a great deal of attention in the past
several years. The STARFIRE,! DEMO,2 and INTOR3
studies investigated breeder blanket concepts
based on solid lithium compounds such as Li0,
LiAl102, and Li25103. Solid breeders appear now
to be the leading candidates worldwide3 for
fusion blankets. However, the feasibility of
solid breeders has not yet been established.
Achieving adequate tritium breeding and accepta-
ble tritium recovery from the blanket are the
two most critical issues for solid breeders.

This paper presents a summary of the
results of a study on the tritium breeding
potential of candidate blanket materials. The
study was carried out in the context of a Fusion
Power Demonstration Plant (DEMO) project.2 In
Sec. II the determination of tritium breeding
requirements for power reactor conceptual
designs 1s discussed. Section III describes the
geometrical models and computational methods
used for the analyses. The results of neu-
tronics analyses for breeder blanket concepts
based on four candidate breeders, Li20, LiAlO,,
17L1-83Pb, and lithium metal are discussed in
Sec. IV, Conclusions are presented in Sec. V.

II. TRITIUM BREEDING REQUIREMENTS
The tritium breeding ratio (BR) 1is defined

as Ty = N*/N', where NT is the rate of tritium
production in the system and N 1is the rate of
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burning tritium in the plasma. T must exceed
unity by a margin (A) to cover: (1) losses and
radioactive decay during the period between pro-
duction and use; and (2) supplying inventory for
startup of other fusion reactors. A detalled
expression has been derived“ to correlate trit-
ium doubling time (tg) to Tg:

T, = 1+ (I /o) « Fleg/T), (1
where I is the startup tritium inventory and F
is a function of doubling time. 1t is the mean
decay time of tritium. The total tritium inven-
tory is determined by the tritium inventories in
the breeding blanket (IB), fueling and exhaust
systems (I ), and storage (IS). At present,
there are Earge uncertainties concerning the
magnitude of the tritium inventory achilevable in
fusion reactor systems. The tritium inventory
in the blanket will likely be <1 kg for liquid
breeder systems, but may be between 1 and 10 kg
or greater in solid breeders because thelr trit-
ium release characteristics cannot precisely be
quantified at present. The magnitude of Iy
depends strongly on plasma-performance param-
eters such as the fractional tritium burnup in
the plasma. Ig is determined by the startup
inventory and the amount of fuel required in
reserve, IS,min to guard against a temporary
malfunction of the tritium recovery system.

Figure 1 shows the required BR as a func-
tion of t, and the steady-state tritium inven-
tory in the reactor system (Ig = Ig + IF)- The
analysis is based on a tritium burnup rate, N~
of 0.5 kg/d and Ig min = 0. The required BR in-
creases rapldly as Iy increases and as ty be~
comes very short. For a fractional burnup of
~5% and doubling time of ~5 y,- the-required T,
is ~1.05 assuming an I of ~30 kg. For a con-
ceptual design, the goal for the BR (Tp) that
must be achieved exceeds Ty by an allowance
(B) for the uncertainties in estimating Ty,

- . 2
T, 1+A+3B (2)

The sources of uncertainties are numerous,
but can be broadly classified into three areas:
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Fig. 1. TBR vs. doubling time.

(1) reactor design definition; (2) neutronics
calculations; and (3) nuclear data. A few com-
ments on these are in order.

The BR is sensitive to many of the design
features of the fusion reactor. Some of the
important features are: (1) the in-vessel com-
ponents (e.g., limiter and divertor); (2) the
bulk blanket design; (3) blanket penetrations
(e.g., plasma-current drive and vacuum pumping);
and (4) overall plasma characteristics and reac-
tor configuration, including fusion neutron
source distribution, shape of first wall, modu-
larity of components, etc. Since the breeding
potential for candidate breeding materials will
be (and is already being) performed for various
technology and design concept choices, we will
require that Tp includes only 2% allowance for
design definition. This is merely enough to
account for those additional design details that
cannot be developed at present for a given con-
ceptual reactor design.

Neutronics calculations of the BR in a
glven system are subject to two types of uncer-
tainties: (1) geometrical modeling of the
fusion reactor configuration entails some
approximations that are necessary to make the
problem practical from viewpoints of computer
storage and computing time; and (2) there are
errors that are inherent in all calculational
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methods and codes for a variety of reasons such
as those related to numerical techniques, aver-
aging, and/or discrete treatment of continuous
variables. Reducing errors due to calculations
to <2% appears to be a very difficult goal.S

The third source of uncertainty in estimat-
ing T comes from errors in nuclear data (e.g.,
cross sections and energy/angular distributions
of secondary neutrons). These include errors
arising from the accuracy of measurements,
representation of parameters in data files, and
processing of data into a form suitable for use
in radiation transport codes. Over the past
decade numerous studies have been conducted on
the cross-section sensitivities to the fusion
blanket performance. Judging from past experi-
ence and the estimated sensitivity of BR to var-
iations in nuclear data, it is not unreasonable
to require accuracies in nuclear data that
result in an error in T; of no more than 1-2%.

From the above discussions, the allowance B
in Eq. (2) is ~5 to 6%. Hence, the Tp required {in
a fuslon reactor design must be ~1.1 (li.e., 1.05
plus ~5 to 67%) in order for the design concept to
have a high potential of achieving self-sustain-
ing DT fusion power economy. However, it appears

_ somewhat premature to exclude blanket design coa-

cepts yielding BR's of 1.05 to 1.1 from the con-
sideration. The viability of such blanket designs
needs to be further investigated as more accurate
evaluations on BR become possible.

III. GEOMETRICAL MODEL AND COMPUTATIONAL METHOD

Figure 2 illustrates a schematic view of the
poloidal cross section of the DEMO reactor. This
reactor system has been simulated by a 3-D Monte
Carlo transport code, MORSE-CG. The spatial dis-
tribution of the source neutrons is assumed to be
parabolic with an outward MHD shift of the magne-
tic axis of 0.26 m.

INBOARD LIMITER
BLANKET
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Fig. 2. Schematic view of DEMO blanket
cross section.
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In order to supplement the expensive 3-D
Monte Carlo calculations, several 1-D analyses
have been performed by using ANISN with the
38~P3 approximation. The geometrical model used
for these 1-D analyses is an infinite cylinder
where the plasma minor axis is chosen as the
cylinder axis. The minor radius and the scrape-
off size are assumed to be 2.08 m and 0.165 m
respectively, and the neutron source is uni-
formly distributed in the plasma region.

Table I shows system dimensions and mate-
rial compositions used for the neutronics analy-
ses. The VITAMIN-C and MACKLIB-IV cross-section
libraries were used for particle transport and
reaction rate calculations, respectively. Both
libraries were generated from the ENDF/B-IV data,
and possess a 46-neutron and 21-gamma group
structure.

TABLE I

System Dimensions and Material Compositions
Used for Neutronics Analysis

Thick.
Component (mm) Composition
Armor 10 1007 structure
First wall 10 65% structure + 35% coolant
Blanket 680 Composition varies
Shield 300 907% Fels22 + 10% H20

Recent experiments have shown that
7Li(n,n’a)t cross-section data in ENDF/B-V is
substantially higher than that experimentally
measured.® The maximum difference amounts to
~15%. In order to be consistent with these
experimental results, the total tritium produc-
tion rate reported here includes a correction of
-15% for the 7Li(n,n"q)t reaction rate.

IV. TRITIUM BREEDING POTENTIAL

A. Li20 Breeder Blanket Designs

1. Li20 Blanket Designs Without
Neutron Multiplier. Table 11 summarizes the
results of a seriles of 3-D Monte Carlo calcula-
tions. In addition, Case A in the table shows
the BR of full breeding coverage calculation by
ANISN. This case is compared to the 3~D MORSE
calculation givea in Case B. The discrepancy
between the two calculations is less than ~1% in
the total BR.

The breeding potential in excess of 1.05 to
1.1, as in Case C of Table II, has several
ifmportant design implications. For example, it
can be utilized to eliminate tritium production
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TABLE II
TBR's for Li20 Blanket Designs

Case Method System TBR
A ANISN  Full breeding 1.184
B MORSE  Full breeding 1.189
C MORSE Limiter 1.146
D MORSE Limiter, no inboard breeding 1.055

in the inboard blanket and/or reduce the overall
breeding blanket thickness. Based on a 1-D anal-
ysis a blanket thickness less than 0.4 m 1s suf-
ficient to yield a net BR > 1.l provided that the
blanket is fully covered by the breeding mate~
rial. Such a thin blanket design 1s attractive
for reducing not only the required breeder in-
ventory but also the associated tritium inven-—
tory. On the other hand, the elimination of
tritium breeding in the inboard blanket (the
Sector 1 region) results in a net BR of 1.055 as
shown in Case D of Table II. As discussed in
Sec. II this system does not meet the breeding
goal of Tp > l.1. However, it should be noted
that the nonbreeding inboard blanket design has
a quite significant impact on the required
thickness for the inboard radiation shielding.

A particular emphasis should be placed on solid
breeder systems for which a large porosity must
be accommodated for breeder materials in order
to enhance the tritium extraction. Such an
accommodation of breeder porosity will result in
a thicker shield, leading to a costly degrada-
tion of the reactor power performance. In this
regard Case D appears to deserve further inves-
tigation for more precise breeding evaluatiom.
The effort is vital to the final decision as to
vwhether the inboard blanket should be utilized
for tritium production or not.

2. Li20 Blanket Designs With Neutron
Multiplier, Tritium breeding can be enhanced by
use of a neutron multiplier. Table III shows
the effect of a beryllium multiplier on BR for
two different blanket material layouts. Both
systems employ an 80-ma thick beryllium zone
(100% of the theoretical density) without inter-
nal coolant, and an Li20 breeder with 307 en-
riched ®Li. System B yields a BR -of about 1.34,
which is about 0.15 greater than the case with-
out a multiplier, whereas System A enhances the
tritim production by more than 0.34. The sub-
stantial breeding enchancement in System A stems
largely from the blockage of neutron reflection
into the first wall region, thereby drastically
decreasing the parasitic neutron loss in this
pre-blanket region. In fact, the BR in the
first zone alonme (40 mm thick) in System A
amounts to about 0.70, which is slightly below

SEPTEMBER 1983 363



Jung and Abdou TRITIUM BREEDING REQUIREMENTS

TABLE III

Effect of Blanket Materials Layout on TBR

Material Layout System A System B
Zone 1 (4 cm) Li20 Be
Zone 2 (4 c¢m) Be Be
Zone 3 (4 cm) Be Lio0
Zone &4 (54.5 cm) Lio0 Li20
TBR 1.534 1.340

one-half of the total BR. In the case of Sys-—
tem B a majority of the secondary neutrons
generated by the Be(n,2n) reaction, which are
more than in System A, tend to be lost in the
pre-blanket region due to the strong neutron
backflow. Although it 1is not shown here, the
blanket designs based on the concept of System A
can yleld a continuously increasing BR with
thicker multiplier while the designs based on
the System B configuration show a maximum BR at
a beryllium thickness of ~50 mm.

B. LiAlO2 Breeder Blanket Design

Table IV summarizes the BR's for several
LiAl102 blankets. The analysis 1is based on the
3-D model previously used for Li20 systems.

Case A is a full breeding blanket design which
does not have limiter nor multiplier. The net
BR of 0.883 indicates that the LiAl102 breeder
(and possibly all ternary ceramic breeders) 1is
not a viable candidate for fusion reactor appli-
cation unless the breeding 1s assisted by use of
a neutron multiplier. Case B replaces the first
8-cm zone of the Case A blanket by a 100% dense
ZrsPb3 multiplier as 1in the STARFIRE design.

The resultant net BR is 1.084., The breeding
margin is, however, not large enough to compen-—
sate for possible breeding losses due to limiter
and nonbreeding sector implementation as shown
in Case C. The breeding performance can be sub-
stantially lmproved when the ZrsPb3 multiplier
is replaced by either beryllium (Case D) or lead
(Case E) of the same thickness. The relative
breeding enhancement by use of such a multiplier
can amount to ~0.08 in the net BR. However, as
discussed earlier, the breeding margin shown in
Cases D and E might not be sufficilent for assur-—
ing T, 2 1.05.

The sandwich-type breeder/multiplier design,
System A, that was studied earlier for the Li0
breeder (see Table III) was analyzed agaln, for
oL1A102 using the 1-D model. Figure 3 examines
the breeding enhancement for internally cooled
multiplier designs based on the System A configu-
ration. Three multipliers, beryllium, lead, and
2rsPb3, are examined. In all cases, the multi
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TABLE IV
Effect of Multiplier in LiA102 Blanket Design

Case TBR
Full breeding:
A. No multiplier 0.883
B. With ZrsPbj3 1.084
No Sector 1 breeding/with limiter:
C. With ZrsPb3 0.978
D. With beryllium 1.062
E. With lead 1.055

NUCLEAR TECHNOLOGY/FUSION

plier region is represented by a homogeneous
mixture of (90% multiplier + 5Z 316 SS + 5%
H20). When the net BR requirement ranges from
Tp = 1.05 to Tp = 1.10 as discussed in Sec. II,
one needs to have full BR's of 1.07-1.12 and
1.19-1.25 for (1) the limiter implementation;
and (2) the implementation of limiter and non-
breeding Sector 1 blanket. These breeding
requirement bands are shown in Fig. 3. It is
found that the LiAlO2 blanket has the least via-
bility for its fusion reactor application 1if the
ZrsPb3 multiplier is used. The LiA102/Pb system
does not seem to pose any serious breeding dif-
ficulty upon limiter implementation. It 1is
expected, however, that this system can be con-
sidered viable only when the entire, or at least

1.3
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a part of the inboard blanket is utilized for
the tritium production. The LiAlQ2/Be blanket
design has the least lmpact on the design con-
straints in terms of the self-sufficlent fuel
production. Approximately 8 cm thick beryllium
will suffice the breeding criterion to incorpo-
rate the limiter as well as the nonbreeding Sec-
tor 1 blanket. If the Sector 1 blanket is fully
utilized for breeding this system requires a
multiplier zone thickness of only ~4 cm for Ty =
1.10 and ~3 cam for Ty = 1.05.

The observations made above strongly sug-
gest that 1f LiAl102 (or ternary ceramics, in
general) is a favorable choice as the fusion
breeder material, the co-use of a beryllium mul-
tiplier will certainly be the most promising and
viable design option to be selected.

C. 17L1-83Pb Breeder Blanket Designs

Liquid 17Li-83Pb 1s one of the most attrac-
tive tritium breeding materials in that a sub-
stantial neutron multipliation can take place in
the breeder itself through the Pb(n,2n) and
Pb(n,3n) reactions. The resultant neutron spec—
trum 1s generally quite soft, implying great
potential for tritium production by the
bLi(n, )t reaction. The 1lithium density in
17L1-83Pb is, however, very low compared to
other breeders. As a result the content of 6L{
or the enrichment of ®Li in 17L1i-83Pb plays the
most important role in the tritium-breeding per-
formance in 17L1-83Pb blanket designs.

Table V lists the BR's for several 17Li-
83Pb blanket designs studied based on the 3-D
model. The blanket composition is neutronically
assumed to be a homogenous mixture of 857% 17Li-
83Pb + 10% Fe9CrlMo + 5% H20, implying a separ-
ate coolant concept., The 17Li-83Pb breeder is
enriched to 90% of ®Li. The full breeding blan-
ket can yleld a BR of 1.483. By comparing Case
B to Case A, one finds that the presence of the
limiter opening results in a breeding loss of
~5.5% in BR. The Case C blanket which incorpo-
rates the limiter as well as the nonbreeding
inboard (Sector 1 only) blanket can still yield

TABLE V
TBR's for 17Li-83Pb Blankets
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an excellent net BR of 1.259. However, Case D
of Table V shows that the complete elimination
of tritium production from Sector | and Sector 2
blankets results in a BR of only 1.002. It
appears more attractive, therefore, to utilize
the breeding margin in Case C for reducing the
thickness of blanket Sectors 2-5. According to
a tritium accummulation analysis, it 1s found
that the Case D blanket requires minimum blanket
thicknesses of only 30 and 34 cm in order to
realize net BR's of 1.05 and 1.10, respectively.

So far the coolant has been assumed to be
H20. There are several other candidate coolant
materials that are considered for use with the
liquid breeder material. They include sodium,
17L1-83Pb {tself, and helium. Table VI lists
tritium BR's for the 17L1i-83Pb breeder blanket
designs using these coolants, based on the 1-D
model. TIn all the cases examined the increase
in SLi enrichment always results in a substan-
tial improvement of the breeding performance and
the choice of coolant becomes less important in
terms of tritium production. The selection of
coolant, therefore, can be made for such a high
enrictment system, based on design considera-
tions other than the neutronics performance.
Thus, a great degree of design flexibility can
be afforded to the relevant technical areas such

‘as thermal-hydraulics and mechanical designs.

TABLE VI
Ef fect of Coolant Choice in 17Li-83Pb Blankets

TBR

bL1

% Helium H20 Sodium 17L1-83Pb
7.5 0.840 1.248 0.852 0.881
50.0 1.331 1.418 1.325 1.363

90.0 1.427 1.450 1.419 1.452

Case Method System TBR
A MORSE Full breeding 1.483
B MORSE Limiter 1.405
C MORSE Limiter, no Sec. 1 breeding 1.259
D MORSE Limiter, no Sec. 1 & 2 1.002

breeding
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D. Liquid Lithium Breeder Blanket Designs

Recently somewhat less attention has been
called to liquid lithium systems because of the
perceived problems associated with the use of
liquid l4thium in the fusion environments.

Major problems concerning the use of lithium
breeder/coolant include: (1) reactivity of
lithium with air and water, leading to possible
lithium fire; (2) compatibility with structural
material; and (3) MHD effects created by the
strong magnetic field. Yet, liquid lithium
appears one of the best breeding materials to
use in fusion reactors from the neutronics
standpoint. 1In addition, lower blanket tritium
inventories are expected to result from continu-
ous processing of liquid lithium breeder/coolant
as compared to solid breeder blankets.
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Table VII presents a 3-D analysis of liquid
lithium blanket designs along with the reference
17Li-83Pb designs for the sake of comparisons.
Two blanket systems were studied: Case A, full
breeding blanket without the limiter penetra-
tion; and Case B, no inboard breeding (breeding
in Sectors 2 through 5 only) with the limiter
penetration. It 1is found that the liquid lith-
fum can yield self-sufficient tritium for Case A
and a BR slightly less than 1.1 for Case B. It
is expected that small breeding in the inboard
blanket might be required in order to assure
Tg 2 1.05 in the liquid lithium blanket designs.
The breeding potential is not as much as that of
the 17L1-83Pb systems. Normally liquid lithium
systems are characterized by the much harder
neutron spectrum than 17Li-83Pb systems. In
fact, the result of Table VII shows that the
contribution of T7[7Li(n,n‘a)t] to the total BR
amounts to almost 307% in the lithium blankets
compared to that less than ~1%Z in the 17Li-83Pb
systems. Every tritium production reaction by
711 releases one secondary neutron, substanti-
ally moderated in energy, that can be utilized
for inducing the 6Li(n,a)t reaction. In conse-
quence, the 6Li enrichment (or 7Li reduction) in
liquid lithium systems generally does not in-
crease, but Iinstead decreases the BR because the
loss in T, is larger than the galn in
T¢[®Li(n,a)t]. In fact, the tritium production
in liquid lithium systems has been shown to be
optimized at the natural lithium composition.’

TABLE VII

A Comparison of TBR in Liquid Lithium
and 17L1-83Pb Blankets

TRITIUM BREEDING REQUIREMENTS

Lithium (Nat. Li) 17L1-83Pb (90% 6Li)

A. Full Breeding

1.247 1.483
B. Limiter + no Sector 1 breeding

1.088 1.260

It should be noted that the breeding evalu-
ation presented here for liquid lithium systems
remalns to be further refined as more accurate
lithlum reaction cross—section data become
available, The correction method used for the
T, evaluation might result in an unduly under-
estimated BR for such a hard (or fast) neutron
spectrum System.

CONCLUSIONS

The magnitude of the TBR required in fusion
reactors to achieve a given doubling time cannot
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be precisely defined because of present uncer-
tainties in the magnitude of tritium inventory
in the blanket. Present estimates of the achie-
vable TBR for various blanket concepts suffers
from uncertainties due to incomplete design
definition and deficiencies in calculational
methods and data. Using seml-quantitative judg-
ments on tritium inventory and design, methods
and data uncertainties, the breeding potential
was evaluated for a number of blanket concepts.
Enriched 17Li-83Pb offers the highest potential
and liquid lithium and Li20 blankets present
medium risk. Ternary ceramlcs cannot provide a
TBR > 1 without use of a neutron multiplier. It
appears that the breeding margin of these cera-
mics becomes adequate only when the best non-
fissionable neutron multiplier (beryllium) is
used with them.
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