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Developing a controlled thermonuclear reactor
blanket that minimizes lithium and lritium inven-
tories is feasible. The tritium inventory is mini-

mized by keeping the lithium inventory to a
minimum and utilization of a lithium-bearing
compound with low velention for tritium and an
efficient tritium extraction system. The lithium
inventory is minimized by employing a thin layer
of €Li operating in a soft neutron spectrum ob-
tained by slowing down the deutevium-tritium (DT)
neutrons in beryllium. Matevial properties and
performance such as fritium vetention, ivradiation
characteristics, and chemical compatibility of
possible lithium-bearing materials and beryllium
compounds have been evaluated. The blankel of
the conceptual fusion reactor UWMAK-II uses
stainless steel for first wall and structure, helium
coolant, lithium aluminate enviched to 90% °Li for
tritium breeding, metallic beryllium for neutron
multiplication and moderation, and graphite for
reflection and additional neutvon moderation. A
breeding wvatio of 1.18 and nuclear heating of 18
MeV per DT neutron ave obtained. The Llithium
inventory is only 4 X 10* kg (40 Mg). The steady~
state inventory of tritium in the breeder is only
40 g, which is move than two orders of magnitude
lower than that in blankets using lithium for cool-
ing and neutron moderation as well as tritium
breeding. Tritium leakage to the steam is kept to
~1 Ci/day by oxidation of the tritium in the helium
coolant and absorption by a molecular sieve des~
sicant. Plant reliability is improved and acciden~
tal tritium and energy velease are minimized in
the type of blankets examined in this study.

I. INTRODUCTION

Current fusion reactor designs, based on the
deuterium-tritium (DT) fuel cycle, that utilize
liquid lithium as the breeding material, coolant,
and neutron moderator, typically'™® employ lith-
ium regions of 40- to 70-cm thickness. The
lithium must circulate at high flow rates from
the blanket to external equipment for heat and
tritium removal. This circulation of lithium intro-
duces disadvantages associated with corrosion and
magnetohydrodynamic conversion (MHD) pumping
effects, and requires a significant amount of
lithium outside of the blanket. Although the pro-
posed but untested extraction systems maintain
low tritium concentrations (<5 ppm), the total
amounts of. tritium are large (up to 9 kg) because
of the large lithium inventories. For the same
tritium breeding ratio, minimizing the amount of
lithium®* can ease the requirements on the design
of the tritium extraction system, decrease the
total tritium inventory, and lower the total energy
and tritium that would be released in the event of
such accidents as lithium fires. Consequently,
blanket designs with low lithium and tritium in-
ventories are examined in this study.

The mean-free-path for a tritium-producing
reaction, A,, in natural lithium, is more than
70 cm for a 14-MeV neutron while it is only
2 cm for a 1-eV neutron. Significant reduction in
lithium inventory is possible, therefore, only if
the lithium region is operated in a neutron flux
possessing a soft energy spectrum. Since the
threshold for the "Li(z,n'a)T is 2.8 MeV, the
presence of "Li becomes a disadvantage if the
neutron energy spectrum is shifted appreciably
toward low energies as it merely lengthens i,.
Pure °Li is expensive, however, and we limit the
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designs here to lithium enriched to 90% in ®Li,
The X, in this case is ~0.15 cm for 1-eV neutrons
and only 3- to 5-cm-thick lithium layers are
required to absorb almost all low-energy neutrons
in tritium-producing reactions.

A system highly enriched in ®Li requires, how-
ever, the use of a neutron multiplier to have a
tritium breeding ratio of >1 because of unavoid-
able parasitic absorption in the first wall- and
structural components, The neutron multiplier
must have (a) a large (n,2n) cross section, (b) a
low threshold for the (n,2n) reaction fo increase
(or at least minimize the loss in) energy multipli-
. cation, and (c) a small parasitic capture cross
section. Beryllium is the only material that has
these characteristics and that must be utilized in
the blanket if the use of fissionable materials is
excluded.

Blankets with low lithium inventories continue
to require high velocities for circulation of the
lithium from the blanket for tritium removal.’
The disadvantages associated with the circulation
of lithium or a lithium-bearing fused salt are
avoided if the breeding material remains sta-
tionary in the blanket region and the tritium is
removed continuously by appropriate methods.
As a result, solid breeder materials can be con-
sidered.®”” These solids will improve the plant
reliability because a first-wall rupture in this
case will not result in a liquid breeder material
leaking into the plasma region.

Based on the above discussion, a controlled
thermonuclear reactor (CTR) blanket with low
lithium and tritium inventories in a solid breeding
material appears to offer several advantages from
plant reliability and safety considerations. There-
fore, these blankets are examined in greater
detail in this paper. Potential materials for these
blankets are described in Sec. II. The neutronic
characteristics of these blankets are discussed in
Sec. III. Fipally, in Sec. IV, a detailed description
of one complete system is given, and the conclu-
sions of this study are presented in Sec. V.

ll. MATERIAL CONSIDERATIONS

Nonmobile breeder blankets require that a
number of materials be examined as blanket con-
stituents along with their physical arrangement
within the blanket. The blanket constituents can
be classified according to their function, namely:
coolant, structure, neutron multiplier, neutron
moderator, and tritium breeder. The ultimate
choice of a material for each function will depend
on its neutronics behavior, potential radiation
damage, physical properties at operating temper-
atures, and compatibility with other components.
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Also, each component must be compatible with the
operations of the tritium removal system in which

“the tritium may exist in molecular or atomic

form, or as tritium oxide,

II.A. Coolants

The potential coolants for fusion designs can be
classified into two physical states: gaseous and
liquid. The gaseous coolants that may be con-
sidered are the permanent gases, chiefly helium,
the metallic vapors, carbon dioxide, and perhaps
steam. The liquid coolants that may be considered
are water, high-boiling organic compounds, liquid
metals, and fused salts. Water is limited in its
usefulness because of its low critical tempera-
ture, 375°C. Also, the unknown radiation stability
of the organic liquids make their use less certain
at this time. Carbon dioxide is not compatible
with most CTR materials., In addition, it is
difficult to separate tritium from this gas.

Based on presently developed technology, the
choice of a coolant lies among helium, a liquid
metal, or a fused salt. Each of these fluids must
be circulated at rather high flow rates from the
blankets to the external equipment for heat and/or
tritium removal. The ability to transport tritium
can be one determining factor in the choice of a
coolant, Also, the MHD pressure associated with
pumping conducting fluids across magnetic flux
lines must be overcome by judicious design of
the fluid flow channels or the development and
utilization of nonconducting tubing.® Simpler flow
designs are possible, therefore, if helium is
utilized, and chemical compatibility problems are
reduced by the use of this inert gas. In addition,
the neutronics interactions with helium are in-
significant, except for the ~200 ppb (Ref. 9) of *He
which would be rapidly transmuted in an operating
reactor; consequently, the utilization of helium
does not perturb the neutronic behavior of the
proposed blankets. For the reasons cited, helium
is chosen as the coolant for this study.

I1.B. Structure

The blanket structural materials suggested in
various reactor studies are: aluminum, stain-
less steel, niobium, vanadium, and molybdenum
alloys.’® The choice of the structural material
depends on the fusion design parameters and on
the proposed operating temperatures. Aluminum
appears limited in usefulness because of its low
melting point, 660°C, unless special arrangement
is made to preferentially cool the aluminum
structure. Excessive oxidation of niobium, and
probably vanadium, alloys are predicted!! in even
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extremely pure helium, while the behavior of
molybdenum is not well known, Based on this
cursory examination, stainless steel was selected
as the structural material for this study, although
vanadium, which has a single isotope, is con-
sidered in most cases of the neutronic parametric
study presented in Sec. IIl. The maximum temper-
ature of the stainless-steel structure is limited
to ~600°C by tensile strength considerations.®

Il. C. Neutron Multipliers

The incorporation of beryllium in a nonhybrid
blanket of highly enriched lithium is necessary to
have a tritium breeding ratio of >1. The chemical
form of the beryllium in the fusion reactor can be
either a metallic or a stable compound, such as
BeO or Be,C. A number of high melting inter-
metallic compounds'? with compositions, MBe;,
and MBe,;, are formed, but information on their
behavior is insufficient for their consideration
.at this time. The physical properties of each
material (Table I), their neutronic behavior, irra-
diation characteristics, and chemical compat-
ibility must be considered.

The important neutronic reactions of beryllium
are the (n,2n), the (n,0), and (n,T) reactions.
These reactions generate nearly 8 cm® (STP)
helium and 3.3 x 107% cm® (STP)T. per cm® Be
(metallic) per year per (MW/m? in a reference
Tokamak design (see Sec. 1IV). The corresponding
formation of 7T, and helium in BeQ is approxi-
mately proportional to the beryllium density; how-
ever, utilization of BeO has a detrimental effect
on neutron production, as discussed in Sec, 1II.

The irradiation behavior of beryllium and BeO
can be estimated based only on experimental data
collected in fission reactors. However, in fission
irradiation the total helium production has been
only 0.5 cm® (STP) helium/cm®. At this level of
irradiation, Weir'” found that the helium was in-

.em®/(g atm

TABLE I
Potential Neutron Multipliers
Melting Boiling Beryllium
Point Point Atoms
Material °c) CC) 4 (10%/emd)
a,b
Be 1283 2483 12.3
Beo°d 2520 4260 7.3
Be:C 2400 2530 9.8
% Ref. 13.
Ref, 14.
€ Ref 15.

dRef. 16, pp. 67-69.
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soluble in the metal and was collected as bubbles
at nucleation sites. No swelling of the metal
occurred under 600°C. Above 600°C, swelling
increased with temperature and reached ~0.5% at
700°C and 1.5% at 750°C. These results are only
25% of the predicted swelling values.'” At similar
fluences, the stress-rupture values for beryllium
tubing decreased nearly 30% at 600°C.. This
information indicates that in a fusion reactor
blanket operating near 600°C, the beryllium metal
could not be used as a structural member but
must be supported in such a manner as to accom-
modate 10 to 30 vol% swelling per year.

The escape of helium from BeO compacts has
been measured during irradiation at several tem-
peratures by Carteret et al.'® The ratio of R/B,
where

R = quantity of helium released from the solid
in unit time
B = quantity of helium formed in unit time,

tended to become a constant, less than one, at
each temperature after an initial induction period.
For instance, R/B increased from 0.12 at 1020°C
to 0.19 at 1350°C. These results were interpreted
to mean that helium release is due partly to the
diffusion of interstitial helium atoms, but that
most of the helium nuclei remained in substitu-
tional position. Because the helium atom is larger
than the octahedral position in a BeO lattice, the
interstitial helium atoms would presumably lead
to expansion of the compacts. Swelling would be
predicted to be especially important below 1000°C,
where the helium release is probably small. Un-
fortunately, density changes were not measured on
these compacts. Density changes for BeO single
crystals have been obtained during irradiation
in the 390°C temperature range. Hickman and
Walker'® found that the expansion was highly
anisotropic, that it decreased with temperature,
and that it was ~0.15% at 550°C. Based on this
information, the volume expansion for BeO in a
fusion reactor would be at least 1.5% in 1 yr.
Although the quantity of tritium produced in
beryllium is small, the fate of this tritium in both
beryllium and BeO is of importance. Apparently,
BeH, cannot be formed by direct combination of
the elements.” The solubility of tritium in beryl-
lium has been reported® to be small, ~7.6 x 1073
Y2) at 900°C; consequently, when the
tritium pressure is maintained below 10™* Torr,
only 1 g of tritium is dissolved in the total blanket
of beryllium described in Sec. IV. The diffusion
of tritium in beryllium, 4.6 X 107® cm®/sec at
900°C, suggests that diffusion path lengths as long
as 450 um would delay the diffusional release of
NUCLEAR TECHNOLOGY
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tritium by only 1 g for the total reactor. Con-
versely, the diffusional release of tritium from
irradiated BeO has been measured and found to be
very slow®?’ (Fig. 1), ~10~ cm?®/sec at 900°C. As
a consequence, the longest diffusion path in a BeO
compact must be <1 um in length if the inventory
of the tritium in the BeO is to be kept below 100 g
per reactor. Both beryllium and BeO should be
utilized as particles, therefore, in the appropriate
size range.

The chemical compatibility of BeQ with stain-
less steel at high temperature should be excellent
because of its high heat of formation compared on
a per-mole-of-oxygen basis with the oxides of the
elements in the steel.?® Conversely, beryllium
was found to be incompatible with stainless steel
because of the rapid formation of the intermetallic
compound, FeBe;, at 600°C in vacuum. At the
same temperature and pressure, the experimental
work of Vickers® suggests that the stainless steel
can be protected by a protective layer of sintered
Al,O; or ZrQ,, such as might be applied by plasma
spraying techniques.
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Fig. 1. Diffusion of tritium or hydrogen in ceramic
-materials.
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H.D. Breeder Materials

The lithium compound selected as the tritium
breeding material must satisfy many require-
ments. It must have properties exhibited by
the other blanket constituents, such as desirable
neutronics and irradiation characteristics, chem-
ical stability at operating temperatures, and com-
patibility with the other blanket materials. In
addition, the lithium compound must breed and
release {tritium., Any compound selected will
eventually release tritium at the rate at which it
is formed; however, the release must be at a rate
sufficiently high that the tritium inventory in the
blanket is not excessive, Further, since nearly
50% of the nuclear heating is generated in the
lithium region, the temperature of the lithium
material, depending on its thermal conductivity,
can greatly exceed the average temperature in
the blanket. Several classes of compounds are
suggested, namely metallic, salts, and ceramic
(see Table II). The most likely candidates in each
class are examined next in greater detail.

II.D.1. Lithium

Liguid lithium contained in steel capsules
might be a potential breeder component. Tritium
removal from sealed capsules is limited, how-
ever, because of the low permeability of tritium in

TABLE 1I
Potential Nonmobile Breeder Mater_ials
Melting Lithium
: Point Vapor Atoms
Material (°cC) Pressure (10%%/cm®)
(Metallic)
Li (liquid)’ | 180 | 1342°C (boiling point) | 4.2
Li Al® 718 ——- 2.7
Lis Bi® 1145 - 4.0
(Nonmetallic)

Li;O° 1700 | 107" Torr (1400°C) 8.2
LiOH® 471 | 5 Torr H,O (500°C) 3.7
LiAlO.¢ 1700 | Li;O (1400°C) 2.3
LisSiOs 1256 | LiO (1256°C) 4.8
Li.Cf >1000 | Li (1000°C) 4.1
LiF® 848 | boiling point (1693°C) 6.1
LiH*¢ 686 | 24 Torr H, (686°C) 5.9
“Ref. 25.

bRef. 12.

‘Ref. 26

dRef. 27.

:Ref. 28.

Ref. 16, pp. 61-63.
ERef. 29.
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stainless steel and the high solubility of tritium in
the lithium, For instance, to keep the tritium
inventory below 1 kg in the blanket of the design
proposed in Sec. IV, the liquid lithium would need
to be encapsulated in nearly 10'° steel cylinders
with a diameter of only 0.6 mm and a wall thick-
ness of 0.1 mm. The utilization of such capsules
is impractical.

Distillation of tritium from the lithium by the
use of a porous plug in the capsule might be
considered also; however, such a technique is not
feasible because of the azeotropic solution which
is predicted at low tritium concentrations.’® As a
result, the vapor phase would be richer in lithium,
and tritium would concentrate in the capsule,

II.D.2. Intermetallic Cdmpounds

Lithium forms intermetallic compounds melt-
ing above 600°C with aluminum, bismuth, lead,
silicon, and tin. While some of these compounds
may be useful in specialized blanket designs, the
radiation stability of these compounds and the
effects of the alloying elements on the neutronic
behavior of the blankets must be determined.

A major drawback to the utilization of the
intermetallic compounds is the appearance of
liquid phases at much lower temperatures as the
lithium atoms are transformed by nuclear reac-
tions., For instance, when lithium in the high
melting compound Li;Bi (1145°C) is transmuted by
nuclear reactions, the bismuth composition in-
creases so that a liquid phase is formed at 415°C
by a peritectic reaction mechanism. This liquid
would promote sintering of any discrete particles
and radically decrease the rate of tritium release.

The compound LiAl (melting point, 718°C) ex-
hibits a wide solid solubility region'?; the melting
temperature, 718°C, would be lowered only ~10°C
by the tfransmutation of the lithium atoms after
2 yr of neutron irradiation., While the lowering of
the melting temperature does not limit the useful-
ness of this compound, the effect of sintering
does, because rapid sintering of metallic alloys
occurs at approximately one-half times the melt-
ing temperature (in K); therefore, discrete par-
ticles of this alloy above 150°C would sinter, form
a large mass, and increase the diffusional paths
for tritium release,

II.D. 3. Nomnmetallic Compounds

An initial survey of these compounds indicates
that the oxide-bearing ceramics have the highest
melting points (Table II), except for the carbide,
which will be discussed later. The compound LiO
has a high melting point and a high lithium atom
density, although its vapor pressure prohibits its
use above ~1400°C. The chemical properties of
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the monoxide are poorly suited for its large-scale
usage, however, because of its strong affinity for
water and carbon dioxide.?® The reaction

Ligo + Hgo = 2LiOH

has a free energy change of -22.7 kcal at 298 K;
consequently the equilibrium vapor pressure of
H,O at 298 K is ~10™** Torr, and the dry powder
would be impossible to fabricate in even the driest
glove box. Instead, the blanket modules would be
fabricated using LiOH, which must be dehydrated
at elevated temperature after assembly. This
dehydration procedure would be very difficult for
a large blanket and would be made more difficult
by the need to remain below the melting point of
the hydroxide, 471°C.

Lithium oxide forms compounds with Al,O; and
Si0,, which have much lower affinity for carbon
dioxide and water; consequently, these compounds
could be fabricated in dryboxes. In the Li,0-Al;O,
system,?” only two compounds exist, LiAlO, and
LiAl;0s. The melting point of the lithium-rich
compound, LiAlQ;, has been reported between
1610 and 1700°C. Such determinations were diffi-
cult because of the vaporization of lithia, which
began at ~1400°C, and which caused a change
in the composition of the sample. A eutectic
liquid reported at ~1670°C between the compounds
Li,AlO, and LiAl;0; would form as the lithium in
the compound LiAlQ, is transformed by neutron
irradiation., The appearance of this liquid, the
vaporization of lithia, and the sintering of ceramic
compounds, which becomes rapid at 0.8 of the
melting point,®* probably limits the usefulness of
this compound to ~1300°C.

Lithium orthosilicate, LisSiQ,, and metasili-
cate, Li;Si0;, are stable compounds® that may
be useful. The orthosilicate has a high lithium
atom density, a lithium content per gram-formula
weight greater than the metasilicate or the alumi-
nates, and it is nonhygroscopic. However, the
orthosilicate meilts, by a peritectic reaction with
Li,O at 1255°C, and the rapid vaporization of lithia
at this temperature has been reported. Also, as
the lithium in the orthosilicate transforms as a
result of neutron irradiation, a eutectic liquid
forms at 1024°C between the ortho- and meta-
silicates; consequently, the useful temperature
limit of the orthosilicate is <1000°C.

In addition to the oxide ceramics, the carbide
of a metal is often a stable compound. Lithium
forms a single carbide, Li,C,, which reacts readi-
ly with water to yield actylene. Although the
detailed crystal structure of this compound has
not been reported, it probably exists as a salt in
which the carbon atoms form a dimer, similar to
CaC,, so that it is not a stable high-temperature
compound. This behavior was demonstrated in the
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study of the Li-Li,C, system'® in which the trend
of the melting point data indicated the melting
point of Li,C, would be much greater than 1000°C;
however, at temperatures >800°C in a vacuum, the
lithium readily vaporized. The study also re-
ported polymorphic transformation temperatures
at 410, 490, and 560°C, which may limit its useful-
ness to even lower temperatures.

The lithium halide salt, LiF, has a high lithium
atom density but its relatively low melting and
boiling points probably limit its usefulness. Also,
the tritium, which is generated in a fluoride salt,
would probably be released as molecular TF,
which can cause potentially serious corrosion
problems if released into the helium coolant
channels; consequently, a low-temperature fused
salt mixture would have to be circulated to ex-
ternal equipment for removal of the TF, as has
been proposed previously,®?

Lithium hydride (or deuteride) has many de-
sirable neutronic characteristics as a potential
tritium breeding material or neutron moderator,
Its low melting point and high hydrogen pressure
(Table II) pose serious limitations on its useful-
ness, however. These undesirable characteristics
might be overcome by clever design of the blanket
modules and the accompanying tritium extraction
system,

II.D. 4, Tritium Release Considerations

The lithium compound used in the blanket must
not only have desirable physical properties, as
previously discussed, but it must also release the
tritium readily so that the total tritium inventory
is acceptable. For any lithium compound, a steady
state will be approached in which the rate of tri-
tium release will equal the generation rate; con-
sequently, the factors that affect this steady-state
condition are of importance, The rate of ap-
proach to the steady-state condition is dependent
on kinetic considerations, such as the diffusion
of tritium in the lithium compound, while the
thermodynamic equilibrium is determined by the
solubility of the tritium in the lithium compound at
a given temperature and tritium partial pressure
in the recovery system. Both diffusion and solu-
bility need to be considered, therefore, for each
lithium-bearing material.

When liquid lithium was utilized as a breeder
and coolant, for instance, the rate of diffusion
of the tritium in the lithium was not important
because mechanical agitation would quickly redis-
tribute the tritium. The important consideration
in that case was the partial pressure of tritium in
the recovery system and the equilibrium solubility
of tritium. It was necessary to employ a recovery
system which had a tritium partial pressure of
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<107* Torr to keep the solubility <5 ppm (wt),
which gave a tritium inventory of nearly 9 kg.

For the solid lithium-bearing compounds con-
sidered in this study, the tritium diffusion will not
be as rapid as is the case for liquid lithium, The
relationship between the tritium concentration in a
solid breeder material and its diffusion coefficient
in that same solid can be evaluated approximately
by use of Jost’s solution®® to the problem of the
photochemical generation of a gaseous molecule
in a cylindrical vessel with the corresponding
diffusion of the molecule to the walls of the cylin~-
der where their concentration is zero. For this
case, the average concentration of the generated
species, C, is given by the equation

T 62

C=%p >

where
T = tritium generation rate
5
D

path length (radius of cylinder)

diffusion coefficient,

This relationship will be used to evaluate the
average tritium concentration in several solid
breeder blankets for a reactor of the size de-
scribed in Sec. IV, in which 7 is 1072 g/sec. If
the tritium in the intermetallic compound LiAl is
in solid solution, and if the interstitial diffusion is
similar fo the diffusion of hydrogen in common
metals, then D=~ 107° to 107° cm?/sec. For par-
ticles with 6 = 10~! cm, the total tritium holdup in
the blanket due to diffusion is ~15 g.

For this same compound, LiAl, an estimation
of the solid solubility of fritium has been made
based on the assumption that a Sieverts’ relation-
ship exists, Recent experimental measurements,
regarding the release of tritium from irradiated
LiAl pellets at temperatures from 300 to 600°C
and concentrations in the range of 1 appm, indi-
cate that the Sieverts’ constant at 500°C is no
larger than 2 x 10 Torr/(atom fraction)®. If the
tritium pressure is kept below 10™* Torr, for
a reactor of the size described in Sec. IV, the
approximate tritium solubility in a LiAl blanket
is only 130 g. It can be seen that the tritium
solubility in LiAl is the predominant effect in the
accumulated tritium inventory as compared to the
holdup by diffusion when particles <0.1 cm are
utilized.

The diffusion and solubility of tritium in the
nonmetallic compounds are more difficult to esti-
mate because very few measurements have been
published on these properties of ceramic ma-
terials with either hydrogen or tritium. If the
diffusion of tritium in LiAlO, is similar to the
diffusion of hydrogen in Al,O;, for instance, then
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the measured values for this latter system can be
used, although wide variations exist between the
two reported experiments®**® (Fig. 1). Also, in
the few cases where tritium diffusion has been
measured in zirconia, beryllia, and niobia,* the
apparent diffusion coefficients are much lower
than for Al;O0;. Although this difference may truly
reflect enhanced .diffusion of hydrogen in alumina,
a difference in experimental techniques should be
noted. In the measurements on alumina, a differ-
ential hydrogen pressure was maintained across a
ceramic specimen; consequently, any porosity in
the specimens would contribute to an apparently
higher diffusion coefficient. In the experiments
involving tritium, the tritium was either generated
within the specimens or injected by nuclear recoil
energy. The diffusion measurements were con-
ducted as the tritium migrated to the surfaces
of the specimens and probably followed lattice

diffusion paths more closely than the hydrogen .

gas permeation experiments of alumina. Higher
diffusion coefficients have been reported” for
tritium or hydrogen in UQ,, ZnO, and TiO,;; how-
ever, the structures of some of these compounds
provide easy paths for tritium diffusion. For all
of these reasons, a conservative diffusion rate for
tritium in LiAlQ; or Li,SiQ, is proposed, as shown
in Fig. 1. ,

In the experimental determination of the effu-
sion of tritium from beryllia particularly below
750°C, an appreciable amount of molecular T,0
was evolved. The release of T,O followed a faster
diffusion rate at the lower temperatures, as shown
in Fig. 1; however, T,O represented only 3% for
polycrystalline materials and 12% for single crys-
tals of the total tritium released. This informa-
tion indicates that tritium oxide will be released
together with molecular tritium from all of the
oxide~bearing breeder compounds and requires
that the tritium recovery system be capable of
processing both T, and T,0.

The solubility of hydrogen, S, as a function of
temperature and pressure has been measured for
only one oxide, ZnO, and found to be very small.*®
The data, which followed a Sieverts’ relationship
with square root pressure dependency at low hy-
drogen pressure, are represented approximately
by the equation

Cn’l8 -
5= (210 o

3
X exp (— §6_’;>_;_10_ cal/ mole)

Based on chemical considerations, Hickman®’ sug-
gests that ZnO is a more receptive host for
hydrogen than alumina, One would predict, there-~
fore, that the solubility of tritium in an aluminate
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or silicate should be no greater than the solubility
of hydrogen in ZnO, so that the latter data can be
used as a maximum value,

II1.D,. 5. Irradiation Behavior of
Ceramic Compounds

The tritium and hydrogen diffusion and solu-
bility data for ceramic materials and the phase
diagrams, previously discussed, were obtained
on unirradiated materials. In a fusion reactor
blanket, however, these materials will be sub-
jected to high fluxes of energetic neutrons, alpha
and tritium recoil particles, and large accumula-
tions of helium; consequently, the properties of
the unirradiated materials can be changed sig-
nificantly. An estimation of their irradiation
behavior is therefore necessary. '

Early work on the neutron irradiation of ce-
ramic materials at fluences of ~10" n/cm® indi-
cated good irradiation stability. Fast fission
irradiation® (~10%° n/cm®) produced volume expan-
sions that were removed by anneals above 400°C.
When these ceramic materials were irradiated
with fission fragments or alpha-particles, severe
radiation damage of many ceramics occurred.*
The anisotropic materials, such as Al,0; and
ZrSi0,, were especially susceptible to damage and
formed a quasi-amorphorous (metamictic) ma-
terial during low-temperature irradiation. Matzke
and Whitton*! produced the same type of radiation
damage in ceramic materials by ion-bombardment
with inert gas atoms. They showed, however, that
the crystalline character of the specimens re-
turned when annealed above 0.4 of the melting
temperature, which was 600 to 700°C for alumina,
The inert gases were nearly quantitatively re-
leased at these same temperatures, If lithium
aluminate behaves similarly, then its irradiation
temperature should be kept above 600°C so that
the well-defined crystalline structure of the ma-
terial is maintained. Above this temperature, the
helium release should proceed so that the release
rate becomes a significant fraction of the genera-
tion rate, as was previously discussed for BeO.
More importantly, in the annealed lattice the
tritium diffusion and solubility should be similar
to the behavior of unirradiated materials.

l. NEUTRONICS ANALYSIS

As explained in the introduction, to minimize
the lithium inventory in CTR blankets it is neces-
sary to use highly enriched lithium and beryllium,
Clearly, employing a large amount of beryllium
allows significant reduction in the lithium volume,
However, the magnitude of beryllium reserves and
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resources is not well known at present, The
known resources?’ of the U.S. are believed to be
limited to 2 x 10* ton. An 8-cm-thick layer of
beryllium in a toroidal reactor with minor and
major radii of 5 and 13 m consumes ~2% of these
resources. Thus, the question of beryllium re-
sources needs to be investigated thoroughly, since
it is crucial for minimizing the lithium inventory
in CTR blankets in addition to its well-recognized
importance for increasing energy multiplication
in almost all conceptions of fusion blankets.’®
Indications are that world prospective resources
may be larger than 0.6 X 10° ton. If this proves to
be true, then a few hundred fusion reactors can
utilize moderate amounts of beryllium without
exhausting a large fraction of the reserves. In

Abdou et al. FUSION DESIGN STUDY
any event, a prudent neutronics design at present
should minimize the amount of beryllium incor-
porated into CTR blankets.

Several lithium and beryllium compounds were
discussed in the previous section from material
considerations rather than neutronics. In this
section, we evaluate the neutronics behavior of
most of these compounds.

Table III describes several designs for which
the neutronics analysis was carried out. One-
dimensional cylindrical geometry with a plasma
radius of 250 ¢cm and an inner first-wall radius of
300 cm was assumed. All the neutron and gamma-
ray transport calculations were carried out with
the ANISN program* in the S;-P; approximations.
All neutron and multigroup cross sections were

TABLE III
Description of Seireral Designs with Low Lithium Inventory for Which Neutronics Analysis Was Carried Out
Design 1 Design 2 Design 3 Design 4
Zone™ t® Composition® t Composition t Composition t Composition
3 1 | vanadium 1 vanadium 1 vanadium 1 vanadium
4 5 90% Be + 10% V 1 90% Li+ 10% V 1 90% Li+ 10% V 1 90% Li+ 10% V
5 5 90% Be + 10% V' 10 90% Be + 10% V 5 90% Be + 10% V 5 90% Be + 10% V
6 2 | 90% Be+ 10% V 2 | 90% Be+ 10% V 2 | 90% Be+ 10% V 0.0 —
7 2 90% Li+ 10% V 2 90% Li+ 10% V 2 90% Li+ 10% V 2 90% Li+ 10% V
8 2 90% Be + 10% V 2 90% Be + 10% V 2 90% Be + 10% V 0.0 ———
9 57 graphite - 57 graphite 57 graphite 57 graphite
Design 5 Design 6 Design 7
Zone® t Composition t Composition t Composition
3 1 vanadium 1 vanadium 1 vanadium
4 1.5 90% Li + 10% V 1 90% Liz2Alz04 + 10% V 1 90% LizO + 10% V
5 5 90% Be + 10% V 5 90% Be + 10% V 5 90% Be + 10% V
6 0.5 90% Li +10% V 0.0 -— 0.0 -—
7 2 90% Li +10% V 2 90% Li2Al204+ 10% V. 2 90% Liz0 + 10% V
8 05 | 90% Li +10%V 0.0 - 0.0 -
9 57 graphite 57 ° graphite 57 graphite
Design 8 Design 9 Design 10
Zone® t Composition t Composition ¢ Composition
3 1 vanadium 1 vanadium 1 stainless steel
4 1 90% LizAlz04 + 10% V 1 90% LiAl + 10% V 1 90% Li2Al204 + 10% SS
5 5 90% BeO + 10% V 5 90% Be + 10% V 5 90% Be + 10% SS
6 2 90% BeO + 10% V 0.0 - 0.0 ——
7 2 90% Li2Al:04 + 10% V 2 90% LiAl + 10% V 2 90% Li2Al204 + 10% SS
8 2 90% BeO + 10% V 0.0 -— 0.0 -—
9 57 graphite 57 graphite 57 graphite

2In all designs:

250 cm; and zone 2 is a vacuum gap of 50 cm.

The ¢ is the thickness of the zone in cm.

Zone 1 (central section of the cylindrical geometry) is the plasma region with an outer radius of

€All composition percentages are by volume and lithium is enriched to 90% in 61 in all designs except design 5 for

which lithium is enriched to 60%.
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processed using the SUPERTOG code** and SMUG
code®® from ENDF/B-NII data.® The gamma-
ray production cross sections were processed
from ENDF/B-III with the LAPHANO code.*” Neu-
tron kerma factors and partial group cross sec-
tions were processed with the MACK code*® from
ENDF/B-III. The energy group structure used in
all cases consists of 46 neutron groups and 43
gamma-ray groups.*®

All the designs described in Table III have the
common feature of low lithium inventory, i.e., the
total thickness of the lithium region is <5 cm,
Design 2, as shown schematically in Fig. 2, con-
sists of a 1-cm vanadium first wall, a 1-cm
“region of 90% lithium plus 10% vanadium, a 12~
cm-thick region of 90% metallic beryllium plus
10% vanadium, and regions consisting of 2 cm
of 90% lithium plus 10% vanadium, 2 cm of 90%
beryllium plus 10% vanadium, and 57 cm of graph~
ite. All composition percentages in Table III are
by volume. Design 1 is the same as design 2
except the 1-cm lithium-vanadium region behind
the first wall is removed. The amount of beryl-
lium is decreased from 14 cm in design 2 to 9 cm
in design 3 and 5 cm in design 4. All designs
except design 5 utilize lithium enriched to 90% in
8Li. The effect of reducing the lithium enrichment
from 90 to 60% ®Li, but using roughly the same
optical thickness of ®Li as in design 4, is shown
by design 5. Designs 4, 6, 7, and 9 compare the
performance of lithium, Li,Al,O,, Li,O, and LiAl,
respectively. Design 8 is the same as design 6
but metallic beryllium is replaced with beryllium
oxide with approximately the same amount of
beryllium. Vanadium is employed as the first
wall and structure in designs 1 through 9. The

effect of stainless steel is brought up in design 10,
which is obtained by 1-to-1 volume substitution of
stainless steel for vanadium in design 6.

Table IV summarizes the most important neu-
tronics results for the designs described in Table
III. Comparing the neutronics results for designs
2, 3, and 4 we find that the tritium breeding ratio
and energy multiplication are quite sensitive to
the amount of beryllium, These three designs
employ 2.7 cm of 90% enriched lithium, and ~5 cm
of beryllium is the minimum for such designs to
have a tritium breeding ratio of ~1.15. The tri-
tium breeding ratio and energy per fusion reaction
increases rather rapidly as the amount of beryl-
lium is increased up to ~8 cm; then the rate of
increase becomes slower as additional amounts of
beryllium are employed. It can also be seen from
Table IV, design 1, that the removal of the 1-cm
enriched lithium layer behind the first wall in
design 2 causes the tritium breeding ratio to drop
by more than 35% despite the 5% increase in the
Be(n,2n) reaction rate. ' The energy production,
however, increases by ~2 MeV per DT neutron,
The reason for this can be explained by the strong
competition of the V(n,7) with the ®Li(n,a)¢ reac-
tion in a neutron spectrum greatly softened by the
Be(n,2n) reaction. The angular distribution of the
secondary neutrons emerging from the Be(n,2n)
reaction is nearly isotropic and, therefore, a
large fraction of these neutrons stream back in
the direction of the first wall. The removal of the
®Li layer from behind the first wall increases the
capture rate in vanadium from 0.2 to 0.6 reactions
per DT neutron. The @-value for the V(n, %) re-
action is ~50% larger than the Q-value in the
®Li(n,a)¢ reaction.
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Fig. 2. A schematic of a blanket design with low lithium inventory (design 4).
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TABLE IV
Summary of the Neutronics Results for the Designs Described in Table III
Design Number 1 2 3 4 5 6 7 8 9 10

6Li(n,oz)t 0.928 1.469 1.370 1.150 1.159 1.077 1.183 0.979 1.093 | 0.988
7Li(n,n'a)t 0.001 0.004 0.005 0.006 0.035 0.003 0.010 0.002 0.003 | 0.003
Tritium breeding ratio 0.928 1.473 1.375 1.156 1.194 1.080 1.193 0.981 1.096 | 0.991
Neutron heating?® 13.71 15.82 14.94 13.46 13.49 12.74 13.67 11.89 12.85

Gamma heating 7.97 3.74 2.68 2.31 2.37 2.94 2.30 3.82

Total_ heating 21.68 19.56 17.62 15.77 15.86 15.68 15.97 15.71

Neutron leakagea 0.03 0.03 0.06 0.09 0.08 0.07 0.07 0.04 0.08 0.07
Be(n,zn)b 1.002 0.947 0.746 0.505 0.491 0.469 0.468 0.364 0.485 | 0.423
(n,2n)°in V or SS 0.124 0.128 0.124 0.118 0.122 0.115 0.114 0.118 0.117 | 0.069
(n,'y)c inVorsSS 0.629 0.195 0.072 0.021 0.023 0.033 0.014 0.068 0.030 ’0.026

*In units of MeV per DT neutron.

All reactions are given in units of reactions per DT neutron.
“Vanadium in designs 1 through 9 and stainless steel in design 10.

The results in Table IV for designs 4, 6, 7, and
9 compare the neutronics performance of lithium,
Li;AlL,Q, Li,O, and LiAl as breeding materials.
Since the comparison is on the basis of equal
volumes of each compound, the amount of lithium
varies greatly from design to design as can be
seen from comparing the number of lithium atoms
per unit volume in these compounds as given in
Table 1I. The tritium production in these com-
pounds is affected mainly by two factors: (a) the
lithium nuclide number density per unit volume in
the compound, and (b) the presence of such other
elements as oxygen and aluminum, The first
factor simply means that the larger the lithium
optical thickness, the larger the tritium breeding
ratio. However, for the same amount of beryl-
lium, the increase in the fritium breeding ratio,
as the lithium concentration is increased beyond
2 x 10* atom/cm’ in the 3-cm lithium compound
layer, is modest, since this amount of highly en-
riched lithium already represents several mean-
free-paths for tritium production. The presence
of oxygen and aluminum, on the other hand, has

two opposite effects on the breeding ratio. Some -

of the high-energy neutrons streaming into the
breeding zones are slowed down by inelastic
scattering. This prevents most of these neutrons
from having a chance of inducing an (»,2n) reac~
tion if they stream back into the beryllium region,
thus reducing the blanket neutron multiplication.
However, these neutrons as they are slowed down
will have a greater probability of inducing a
®Li(n,@)t reaction. In addition, the presence of
oxygen and aluminum results in some parasitic
capture., Nevertheless, the optical thickness of
oxygen and aluminum in any of the compounds
considered in the designs presented here is only a
NUCLEAR TECHNOLOGY
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small fraction of a mean-free-path for collision
by high-energy neutrons. All the factors con-
sidered above that have opposite effects on the
breeding ratio cause the variation of the ratio to
be rather small from one compound to another,
Note that since the variation in the lithium con-
centration is very large (it varies by a factor as
large as 4, see Table II) the tritium breeding ratio
is higher for the compounds with higher lithium
nuclide number density.

Inspection of the results for designs 4 and 5
show that varying the enrichment of lithium in ®Li
while keeping the optical thickness of °Li the same
does not significantly change the neutronics char-
acteristics of the system. If the lithium enrich-
ment and thickness are varied, however, such that
the optical thickness of "Li is close to one average
mean-~-free-path or more, the change in the results
is more pronounced,

Although metallic beryllium is less favorable
from a materials point of view than beryllium
oxide or beryllium carbide, it is desirable from
a neutronics standpoint not to introduce any
elements other than beryllium into the neutron
multiplication regions in the blanket. Neutron
interactions in such elements compete with the
(n,2n) reaction in beryllium decreasing the effi-
ciency of beryllium utilization. Design 8, which
utilizes BeO, produces a breeding ratio ~8%
smaller than that of design 6, which employs
metallic beryllium, although the amount of beryl-
lium in the former is slightly larger than that in
the latter. Thus the amount of beryllium required
per blanket is larger when beryllium compounds
are used. This is undesirable if beryllium re-
sources are as limited as present studies indi-
cate. Note, however, that beryllium burnup is
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approximately the same in beryllium and beryl-
lium compounds for the same neutron multiplica-
tion. Another disadvantage of using beryllium
compounds, although not of great importance in
this case, is the associated increase in the
physical thickness of the blanket,

Designs 1 through 9 utilize vanadium as first
wall and structure. Design 10, however, is the
same as that of design 6 except for replacing
vanadium with stainless steel on an equal volume
basis. Although the (»,7) reaction rate in vana-
dium is greater than in stainless steel, the breed-
ing ratio is smaller in design 10 than in design 6.
Stainless steel is more effective than vanadium in
slowing down the high-energy neutrons and, there-
fore, it reduces the rate of neutron multiplication
in beryllium. In addition, the (#n,2n) reaction rate
in vanadium is larger than that in stainless steel.

In designs 4 through 10, the tritium breeding
required is achieved by ~3 cm of highly enriched
lithium and 5 cm of beryllium plus structure in
addition to a 1-cm first wall. The average energy
carried away with the neutrons leaking out of
zone 8 in these designs (see Table III) is 3 to
4 MeV per DT neutron. Therefore, an additional
region is required beyond the neutron multiplica-
tion and tritium production zones to (a) extract
the Kkinetic energy remaining with the neutrons,
and (b) moderate and reflect a fraction of the
neutrons into the tritium breeding zones, thus
increasing the tritium production density that in

turn allows reduction of the lithium inventory-

and/or the amount of beryllium required. We
employed graphite to perform these functions in
all designs (see zone 9 in Table III). Some of the
alternatives were eliminated on the basis of
material performance, Some others were ex-
cluded on the basis of their undesirable neutronics
characteristics. For example, the strong neutron
absorption in boron prevents adequate tritium
breeding with reasonable beryllium inventories if
boron carbide (B,C) is used instead of graphite,
Similarly, the parasitic capture in stainless-
steel constituents reduces significantly the tritium
breeding ratio when it is used in zone 9. Although
graphite has several disadvantages® regarding its
behavior under irradiation, it seemed a reason-
able choice for the type of designs considered in
this study.

Note that an additional zone of ~4 c¢m of highly
enriched lithium behind the graphite can increase
the tritium production significantly, thus increas-
ing the breeding ratio or allowing a smaller
amount of beryllium to be used. This has two
disadvantages, however. First, segmenting the
tritium breeding region into several zones can
complicate the tritium extraction system. Another
disadvantage is related to the high lithium burnup
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in the designs considered here, as will be dis-
cussed later, requiring replacement of the breed-
ing zones every few years depending on the
magnitude of the wall loading. Thus, an additional
breeding zone outside the bulky graphite region
makes the replacement schemes more difficult,

IV. THE UWMAK-1I DESIGN

The foregoing considerations were the basis
for the blanket and shield design of the second
5000-MW(th) University of Wisconsin Tokamak
Conceptual Reactor,” called UWMAK-II. In this
section, we present the results of the neutronics
and tritium extraction and removal studies.

A schematic of the UWMAK-II blanket and
shield is given in Fig. 3. While the reactor is
toroidal in geometry, with a mincr plasma radius
of 5 m and a major radius of 15 m, the neutron
and gamma-ray transport calculations were car-
ried out in cylindrical geometry using the same
calculational techniques described in the previous
section, Based on the discussion given in Sec. II
and on such other considerations as fabricability
and the presence of qualified technology, stainless
steel is chosen as the material for the first wall,
structural components, and helium-coolant tubing.
The first-wall thickness was determined from
considerations that included hoop and thermal
stresses, sputtering, blistering, and corrosion
problems. The physical thickness of the first wall
is 2 cm, but 50% of the volume is occupied by the
helium coolant, Since helium does not perturb the
transport calculations to any measurable degree,
a density factor of 0.5 for stainless steel in the
2-cm wall was used (see Fig. 3). :

The stainless steel required for the structural
components and coolant tubing was estimated as
10% of the physical volume of the blanket and
shield. The blanket is conceived as composed of
cells, each 20 cm wide and 90 c¢cm deep; and the
stainless-steel cell walls are ~7 mm thick, The
lithium aluminate and beryllium will be packed in
pins with an average stainless-steel wall of 0.75
mm, Obviously, the neutronics for such a sys-
tem can best be predicted by three-dimensional
calculations. However, for the approximate one-
dimensional calculation, the stainless-steel struc-
ture must be homogenized with the other blanket
and shield constituents. Since most of the neu-
trons in the beryllium and lithium aluminate
regions of the actual system will not suffer any
interaction in the stainless-steel structure, a
homogenization scheme based on the actual vol-
ume percentage of the structure in each zone
would overestimate the neutron interaction rate
in stainless steel, thus underpredicting the actual
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reaction rates in beryllium and lithium aluminate,
At the time, no studies of detailed cells were
available, and to compensate for the above effect,
we homogenized 50% of the structure in the inner
region of the blanket with beryllium and lithium
aluminate and placed the rest of the structure
in the outer regions (with the stainless steel in
zones 8 and 10 of Fig. 3) for the one-dimensional
calculations,

Zones 4 and 6 in Fig. 3 are the tritium pro-
duction zones. They are 3 and 10 cm thick, re-
spectively, and the lithium is enriched to 90% in
®Li. Lithium aluminate was chosen as the breed-
ing material for the reasons discussed earlier,
Due to the slow tritium diffusion predicted (Fig.
1), the lithium aluminate must be fabricated as
very small pellets. Thus a.large void fraction
exists in the lithium aluminate. A 50% packing
fraction appears reasonable. Zone 5 is an 18-cm-
thick region of 90% beryllium plus 10% stainless
steel. A density factor of 0.5 is used in this zone
to accommodate the swelling resulting from ex-
cessive helium production in the beryllium,

Zone 7 is 38 cm of 90% graphite plus 10%
stainless steel, The graphite serves as moderator
for the high-energy neutrons streaming out of
the neutron multiplication and tritium production
zones and reflects some of the neutrons back into
these zones. Because of the relatively large
helium production rate in graphite, a density
factor of 0.8 is used in the graphite zone.

The headers for the primary helium coolant
are idealized in the one-dimensional model by

NUCLEAR TECHNOLOGY VOL. 26 AUGUST 1975

A schematic of UWMAK-II blanket and shield.

zones 8, 9, and 10. The 8 cm of stainless steel in
zones 8 and 10 serve also as a neutron reflector,
and they extract the greater part of the useful
kinetic energy remaining with the neutrons and
photons. .

Zone 11 is a 1-cm vacuum gap, and it serves as
a thermal barrier between the high-temperature
blanket (~600°C) and the low-temperature shiel
(~200°C). Zones 12 through 20 comprise th
magnet shield. The shield composition and dimen
sions resulted from optimizing the total cost of
the shield, magnet, and the helium refrigerators
required to cool the superconducting magnet to
~4 K, using the optimization technique described‘,
in Ref. 52. Excluding zones 12 and 20, the shield
is 96 cm and consists of alternating zones of lead
and boron carbide on an equal volume basis with
10% of the total volume occupied by stainless steel
for structural purposes. The 1 cm of stainless
steel in zone 12 is a structural support for f%e
heavy weight of the shield. Zone 20, whicly is
2 cm of stainless steel, is a part of the magnet,
and it represents the dewar for the cryogenic
system. Zone 21 is thermal insulation for the
magnet and cryogenic systems, and ~95% of this
zone is vacuum to prevent heat transfer by con-
duction. The mylar superinsulation reduces the
thermal radiation losses.

We turn our attention now to a discussion of the
results for the UWMAK-II reactor just described,
The neutronics results in particular are presented
in detail as they provide the basic input to other
areas of the reactor design.
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Neutron heating is given by material and zone
in Table V. In Table VI, the neutron and gamma-~
ray heating and the gamma-ray energy production
are tabulated by zone. The results in these tables
are given in units of MeV per DT neutron. Several
observations are in order. The neutron heating in
®Li alone is one-third of the total nuclear heating

in the system, and the average heating rate per .
unit volume in thé first wall is 9.95 W/cm® per
MW/m?, The maximum power density in the
blanket is in the lithium-aluminate stainless-
steel region behind the first wall. The average
power density in this region is 17.81 W/cm®
per MW/m? compared with 6.39 in the lithium-

TABLE V
Neutron Heating in UWMAK-II by Material and Zone (in units of MeV per DT neutron)
Zone Composition Cr Ni Fe Be i F "L o) Al
1 Plasma
2. Vacuum
3 Stainless steel 0.0823 0.1293 0.3794 )
4 90% LizAl204 + 10% SS 0.0095 0.0153 0.0439 2.7297 | 0.0206 | 0.3566 | 0.1988
5 90% Be + 10% SS 0.0290 0.0488 0.1334 3.9784
6 90% LizAlO4 + 10% SS 0.0064 0.0110 0.0292 3.4098 | 0.0171 | 0.2650 | 0.1374
7 90% C + 10% SS 0.0104 0.0181 0.0471
8 Stainless steel - 0.0021 0.0034 0.0092
9 Helium -—— -— —-——— - -— - -——— ——
10 Stainless steel 0.0012 0.0019 0.0054
11 Vacuum —— _— - ——- —_— -—- -— -—
12 Stainless steel 2.25 (-4)* | 3.46 (-4) | 9.80 (-4)
13 90% B4C + 10% SS 7.92 (-5) 1.26 (-4) | 3.47 (-4)
14 90% Pb + 10% SS 1.24 (-4) 1.70 (-4) | 5.26 (-4)
15 90% B4C + 10% SS 1.34 (-5) 1.92 (-5) | 5.71(-5)
16 90% Pb + 10% SS 2.91 (-6) 3.90 (-6) | 1.22 (-5)
17 90% B4C + 10% SS 3.21 (-7) 4.57(-7) | 1.36 (-6)
18 90% Pb + 10% SS 1.69 (-8) 2.64 (-8) | 7.29 (-8)
19 90% B4C + 10% SS 6.77 (-9) 1.11 (=8) | 2.94(-8)
20 Stainless steel 8.32 (-9) | 1.42(-8) | 3.66 (-8)
Sum by material 0.1413 0.2285 0.6495 3.9784 | 6.1395 | 0.0377 | 0.6218 | 0.3362
Zone c log i Pb Sum by Zone
1 0.0
2 0.0
3 0.5910
4 3.3744
5 4.1896
6 3.8759
7 0.8453 0.9209
8 0.0147
9 0.0
10 0.0085
11 —— - —— -— 0.0
12 - — — - 1.551 (-3)
13- 2.92 (-3) 9.92 (-2) 8.76 (-3) -—— 1.114 (-1)
14 Y m— ——— — 8.55 (-4) 1.675 (-3)
15 5.89 (-4) - 1.61 (-2) 1.86 (-3) -—— 1.864 (-2)
16 -— ——— — 2.18 (-5) 4.081 (-5)
17 1.48 (-5) 4.30 (-4) 4.78 (-5) — 4.947 (-4)
18 _— -— _— 1.14 (-7) 2.30 (-7)
19 2,73 (-T) 5.09 (-6) 8.49 (-7) -—— 6.26 (-6)
20 —— -— -— -— 5.91 (-8)
Sum by material . 0.8488 0.1157 0.0107 0.0009 13.109
#2.25 x 1074,
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TABLE VI

Neutron and Gamma-Ray Heating, Gamma-Ray Energy Production, and Total Heating
in UWMAK-II by Zone (in units of MeV per DT neutron)

Gamma- Ray
Thickness | Density Neutron Gamma-Ray Energy Total
Zone (cm) Factor Composition Heating Heating Production Heating
1 500 0.0 Plasma 0.0 0.0 0.0 0.0
2 50 0.0 Vacuum 0.0 0.0 0.0 0.0
3 2 0.5 Stainless steel 0.5910 0.8116 1.1858 1.4026
4 3 0.5 90% Li2Al204 + 10% SS 3.3744 0.3908 0.6881 3.7652
5 18 0.5 90% Be + 10% SS 4.1896 1.2492 1.0289 5.4388
6 10 0.5 90% LizAl204 + 10% SS 3.8759 0.6289 0.5535 4.5048
7 38 0.8 90% C + 10% SS 0.9209 1.3990 1.1453 2.3199
8 4 0.9 Stainless steel 0.0147 0.2695 0.2394 0.2842
9 10 0.0 Helium ~0.0 ~0.0 ~0.0 ~0.0
10 4 0.9 Stainless steel 0.0085 0.1263 0.0861 0.1348
11 1 0.0 Vacuum 0.0 0.0 0.0 0.0
12 1 0.9 Stainless steel 1.551 (-3)? 1.74 (- 2) 1.04 (-2) 1.895 (-2)
13 5 0.9 90% B4C + 10% SS 1.114 (-1) 1.89 (~-2) 4.55 (-3) 1.303 (-1)
14 20 0.9 90% Pb + 10% SS 1.675 (-3) 4.57 (~2) 1.32 (-2) 4.738 (-2)
15 15 0.9 90% Bs4C + 10% SS 1.864 (-2) 5.51 (-4) 7.00 (-4) 1.915 (-2)
16 20 0.9 90% Pb + 10% SS 4.081 (-5) 4.47 (-4) 3.2 (-4) 4.878 (-4)
17 20 0.9 90% B4C + 10% SS 4.947 (-4) 1.47 (-5) 1.75 (-5) 5.097 (-4)
18 8 0.9 90% Pb + 10% SS 2.30 (-7) 4.48 (~6) 2.21 (-6) 4.710 (-6)
19 8 0.9 90% B4C + 10% SS 6.26 (-6) 3.73 (-1 4.45 (-7) 6.633 (-6)
20 2 0.9 Stainless steel 5.91 (-8) 2.44 (-7) 3.01 (-7) 3.031 (-7)
Sum (in MeV per DT neutron) 13.109 4.958 4.958 18.067

270 be read as 1.551 x 107°.

aluminate stainless-steel mixture in zone 6 and
4.29 W/cm® per MW/m? in the beryllium stain-
less-steel zone. The nuclear heating in the shield
is only 1.2% of the total nuclear heating in the
blanket and shield, i.e., ~50 MW for the 5000~
MW(th) reactor. Thus, extracting this amount of
energy at high efficiency is not necessary, but its
removal is crucial to ensure the physical integrity
of the lead containing shield.

A summary of the results for the tritium
breeding, nuclear heating, energy leakage from
the magnet shield, and radiation damage param-
eters in UWMAK-II is given in Table VII. For
purposes of comparison, we listed in this table the
same parameters for the University of Wisconsin
First Conceptual Reactor Design,' UWMAK-I. The
UWMAK-I blanket consists of a 0.4-cm stainless-
steel first wall, 56 cm of 90% natural lithium
plus 10% stainless steel, and a 17-cm stainless-
steel reflector. The major differences between
UWMAK-I and the UWMAK-II blanket presented
here is the lithium inventory, which is 1.4 x 10° kg
in UWMAK-I, while only 4.1 x 10* kg in UWMAK-
II. This also results in a much lower tritium
inventory as discussed later in this section.

Table VII shows that the contribution of "Li
to tritium production is very small and that the
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tritium breeding ratio of 1.18 comes almost en-
tirely from the °Li(n,a)¢ reaction, This is in
contrast to reactors operating on a high-energy
spectrum in natural lithium, in which ~40% of
the tritium breeding comes from the "Li(n,n'a)t
reaction, as shown for UWMAK-I in Table VII. It
is important to note that 0.01 tritium atoms per
DT neutron are produced in the Be(n,f) reaction
(see Table VIII). While this amount of tritium is
not crucial from a breeding point of view, it is
extremely important to extract it as it represents
a production rate of ~6 g/day in a 5000-MW(th)
reactor, and -allowing it to accumulate in the
beryllium would increase the tritium inventory in
the blanket significantly.

The total energy deposition in the blanket and
shield of the UWMAK-II design is shown in
Table VII to be ~18 MeV, which is 1.5 MeV higher
than that in the UWMAK-I. This can be explained
on the basis of the additional (n,2x#) reactions in
beryllium and the increase in the exothermic
reactions in the highly enriched lithium in the
UWMAK-II,

Note from Table VI that the nuclear radiation
load to the magnet in UWMAK-I is only 256 W,
which is more than an order of magnitude lower
than that in UWMAK-I. The reasons for the
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TABLE VII

Summary of Tritium Breeding, Nuclear Heating, Energy Leakage, and Radiation Damage
Parameters in the UWMAK-II Design

(Results for UWMAK-I are shown for comparison.)

Parameter UWMAK-II UWMAK-I

SLi(n,a)t 1.1801 0.8835
TLi(n,n' a)t 0.0034 0.6037
Tritium breeding ratio 1.1835 1.4872
Neutron heating 13.1088 12.43
Gamma-ray heating 4.,9563 4.13
Total heating

(in units of MeV/DT neutron) 18.0651 16.56
Neutron energy leakage to the magnet 0.844 x 107 1.5 x 107°
Gamma-ray energy leakage to the magnet L

(in units of MeV/DT neutron) 0.137 x 10~ 0.321 x 107
Total nuclear radiation

load to the magnets (W) 256 3840
In Stainless-Steel First Wall
Atomic displacements (dpa/yr per MW/m?) 10.3 11.0
Helium production (ppm/yr per MW/m? 200 219
Hydrogen production (ppm/yr per MW/m? 525 595

better attenuation in the UWMAK-II shield are as
follows. The cost optimization for UWMAK-1I is
based on a price of 3$/kg for B.C, while 15$/kg
was assumed in UWMAK-I calculations. The
lower price was used as it appears to be more
realistic at present. Thus, the optimum shield®?
of UWMAK-I is 96 cm of 50% lead plus 50% B,C,
in contrast to 75 cm of 70% lead plus 30% B,C in
UWMAK-L The 50% lead plus 50% B,C mixture is
more efficient in total energy attenuation than the
70% lead plus 30% B,C mixture, .

Parameters of interest in radiation damage
analysis to the stainless-steel first wall are given
in Table VI. The atomic displacement rate is
~10 dpa/yr per MW/m? The helium and hydrogen
production rates are 200 and 525 ppm/yr per
MW/m?, respectively. These rates (and the rates
of other high-energy reactions in general) are
~10% lower than those in UWMAK-I because the
beryllium and lithium aluminate behind the first
wall are more effective in slowing down the
neutrons than the natural lithium_ employed in
UWMAK-L. The implications of these high dis-
placement and gas production rates from a radia-
tion damage standpoint are as serious as those
in UWMAK-I (Ref. 1). For the design value of
1.16 MW/m? neutron wall loading, the wall life is
still limited to <2 yr by loss of ductility,

The question of lithium burnup in the UWMAK-

II design is important. From the neutronics"

results discussed above, °Li is burned at a rate of

414

1.34%/yr per MW/m?, The lithium inventory is
4.1 x 10* kg of lithium enriched to 90% in °Li.
Thus, 5.6 x 10° kg of natural lithium would be
enriched to supply the initial loading of the
UWMAK-II reactor. The 480 kg of Li consumed
per year per MW/m? would come from 7500 kg of
natural lithium, It is of interest to compare the
lithium utilization in this system with other de-
signs employing natural lithium such as UWMAK-I.
The percentage burnup rate of °Li in UWMAK-I
is nearly 19 times that of ’Li. Thus, in terms of
resources, °Li consumption is the crucial factor
as in UWMAK-II although the efficiency of lithium
resources utilization is different, If the UWMAK-I
blanket is redesigned to produce the same breed-
ing ratio as UWMAK-II, the rate of the ®Li(n,a)t
reaction would be ~0.7 reactions per DT neutron.
compared with 1,18 in UWMAK-II. Hence the
rate of consumption of ®Li in UWMAK-II is ~70%
larger than in UWMAK-I. In addition to the rela-
tively inefficient utilization of lithium resources
in UWMAK-I type of reactors, the large amounts
of "Li generated from lithium enrichment is a
potential problem. One way to alleviate this prob-
lem is to employ some of this "Li as reflector-
moderator instead of graphite in the reactor,
However, tritium will inevitably be produced in
"Li, resulting in a large tritium inventory in the
blanket; this would negate the principal purpose
for building the UWMAK-II type of reactor,

Note also that ®Li burnup in the UWMAK-II
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blanket is not uniform; it varies significantly from
one position to another. The average °Li burnup
rate is 2.5 and 1%/yr per MW/m?® in zones 4
and 6, respectively. A maximum burnup rate of
7.8%/yr per MW/m? occurs in the portion of
zone 4 adjacent to the beryllium region (see
Fig. 3). The drop in the tritium breeding ratio in
the first year of operation at a 1 MW/m? neutron
wall loading was estimated to be 1.7%. This
suggests that a °Li makeup is required every few
years if the breeding ratio is to be kept above one,
In addition, the chemical change and the heat
generation rates in the lithium aluminate will be
very large at those positions where the lithium
burnup is highest. The use of a high melting
compound such as lithium aluminate is a necessity
at these positions.

A summary of other results of importance are
given in Table VIII. The (#,2n)2a and (n,a) reac-
tion rates in beryllium are 0.59 and 0.05 reactions
per DT neutron, Thus ~8 cm® of helium (STP) are
generated per cm® of beryllium per year for a
neutron wall loading of 1 MW/m? Further studies
are required to analyze the swelling problem in
beryllium under such an excessive helium pro-

TABLE VIII

Summary of Results for Some Nuclear Reactions
of Interest in UMAK-II

Parameter UWMAK-II
Reaction Rates in Beryllium
(in units of reactions/DT neutron)
(n,2n) 2a 0.5928
(n,y) 0.0024
(n,p) 3.97x 10°%
(n,t) 0.0105
(n,a) 0.0532
Avei‘age helium production rate in
beryllium (in units of ppm/yr per MW/m?) | 1730
Maximum helium production rate in
graphite (in units of ppm/yr per MW/m?) 193
Average helium production rate in boron 12.9
Average tritium production rate in boron
(in units of ppm/yr per MW/ m?®) 0.03
(n,y) Reaction Rate (reactions/DT neutron)
Chromium 0.0337
Nickel 0.0284
Iron 0.1081
Aluminum 0.0017
Oxygen 4.0% 107°
*Li 5.2x 107°
TLi 5.0% 107°
Beryllium 0.0024
Graphite 0.0007
Sum over (n,y) reaction in the blanket 0.1751
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duction rate, As indicated earlier, the tritium
production rate in beryllium is significant, 0.01
tritium atoms per DT neutron, and some means
for tritium removal from the beryllium region
must be provided.

It can be seen from Table VII that ~0.66
beryllium atoms are burned per DT neutron.
Thus the burnup rate for beryllium is 0.09%/yr
per MW/m? This rate has a small effect on the
neutronics behaviors of the blanket for a plant
operation of 30 yr. The beryllium inventory in
UWMAK-II (see Fig. 3) is 4.33 X 10° kg, Thus
1.17 x 10* kg of beryllium are burned in UWMAK-
I if the reactor is operated for 30 yr with a
neutron wall loading of 1 MW/m® This again
raises the question of the availability of beryllium
resources, which needs to be studied in detail.

The tritium inventory in the blanket of
UWMAK-II and its potential leakage into the steam
cycle have been estimated and summarized in
Table IX, based on the breeding material selected
and the blanket design shown in Fig. 3. The
decision to utilize the ceramic compound, LiAlO;,
as the tritium breeding material was made be-
cause of its good high-temperature properties,
as compared to the other lithium compounds
discussed in Sec. II, Additionally, the design
criterion was to prevent, if possible, the con-
tamination of the helium coolant by fine particles
of the tritium breeding materials. To accomplish
this objective, the blanket of the reactor would be
composed of stainless-steel modules nearly 90 cm
thick., Helium at a pressure of 50 atm would enter
each module so that the first wall would be cooled
initially, followed by the cooling of the beryllium,
LiAlO,, and graphite zones. The temperature of
the first wall would be maintained below 585°C,
while the helium temperature would approach
650°C on exit from the module.

Inside of each large blanket module, the beryl-
lium and LiAlO, would be contained in stainless-
steel pins ~3.5 cm in diameter, nearly 30 cm
long, and with a wall thickness of 0.75 mm. These
tubes would be closed at one end, with the other
end attached to a small gas plenum, connected
to a tritium extraction system external to the
reactor. The beryllium was placed in the same
tubes as the LiAlQ, so that the tritium from both
materials would be extracted simultaneously. The
tritium pressure inside the tubes would be main-
tained at 10™* Torr either by evacuation or by the
circulation of helium through these tubes. The
graphite would be encased in separate stainless-
steel cans, nearly 40 cm long, and placed behind
the breeding material,

Because of the low thermal conductivity pre-
dicted for LiAlQ,, a centerline temperature of
>1300°C is estimated for this material in the
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TABLE IX
Tritium Breeding and Recovery

Coolant

Tz breeder

Li in blanket, kg

Coolant temperature, maximum (°C)

Tritium Inventory in Breeder

Solubility -
Diffusion, 10-um path

Total

Tritium pressure in breeding zone (Torr)

Tritium generation rate, g/sec
Additive to coolant
Tritium species in coolant for recovery

Extraction bed

7 (coolant transit time), sec
Fraction coolant to bed
Intermediate heat exchange
Tritium leakage to steam, Ci/day
Heat exchan%er, coolant-steam

Area, cm

Thickness, mm

Temperature, average, °C

Tritium pressure for diffusion into steam (Torr)

UWMAK
II I

helium (10® moles) | lithium (2 x 10® moles)
8L1A10z lithium
4.1 x 10* 1.4 x 10°
650 483

70g 8.7 kg
33.0 g 0
400¢g 8.7kg
1074 5.0 x 1071°
1.6x1074 3.8 x 1071
1x1072 1.22 x 10”2
Oz (10”2 Torr) none
T20 T(Li)

Molecular Sieves Yttrium Metal

1 254
0.7% 4%

none sodium
1.0 10

SS SS

8.3 x 10° 3.2 x 10°
4.0 1.65

460 296

stainless-steel pins, while the surface temperature
is ~600°C. An average fuel temperature of 900°C
is assumed, therefore, to estimate the diffusion and
solubility of tritium in this ceramic compound,
At this temperature, the predicted diffusion co-
efficient, Fig. 1, is ~107'° cm®/sec, with an
uncertainty of about an order of magnitude, Con-
sequently, particles in which the maximum tritium
path lengths for migration are ~10 pym are
required to maintain the tritium inventory below
100 g as discussed in Sec. II, This requirement
can be met either by the utilization of crushed
powder ~20 ym in diameter or by the fabrication
of porous ceramic bodies with a nominal 20 yum
between pores. By the use of such small par-
ticles, the tritium retention due %o diffusion is
~33 g for the total reactor.

The solubility of tritium in LiAlQ,, estimated
from the hydrogen solubility in zinc oxide, as
discussed in Sec. I, is ~0.3 cm®/(cm® atm'/?);
consequently, at a tritium pressure of 10™ Torr,
the solubility of the tritium in the LiAlQ; is ~7 g,
Therefore, the steady-state inventory of tritium in
the ceramic breeder is only 40 g. The largest
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uncertainty in these estimates is associated with
the diffusion coefficient for tritium in LiAlO,;
consequently, the tritium inventory in the ceramic
breeder can have an uncertainty of about an order
of magnitude. By comparison, the tritium solu-
bilities in the beryllium and stainless steel in the
breeder pins are small, <2 and 6 g, respectively.
A significant amount of tritium will diffuse
through the pins containing the breeder material
and contaminate the helium coolant because of the
large surface area of the pins, nearly 3.3 x 10°
cm® A steady-state condition will be attained in
which the amount of tritium permeating into the
helium system will equal the amount that per-
meates out of the system through the steam
generator. At this steady-state condition, the
tritium pressure in the helium will approach
9.94 x 10°° Torr, and nearly 3.6 g/day (3.6 x 10*
Ci/day) of tritium would permeate into the steam
system and be transferred eventually to the en-
vironment.
Previous studies®’ have shown that the loss of

tritium through the heat transfer system repre-
sents the most significant routine pathway for
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tritium escape from a fusion power plant, To
prevent a large loss of tritium through this
pathway, a scheme is suggested for tritium re-
moval from the helium that is compatible with
the presently proposed blanket design. In this
scheme, oxygen at partial pressure of 10~2 Torr
is maintained in the helium so that the following
equilibrium is established

T2+%02=T20 .

A catalyst may be required in the helium circuit
to establish this equilibrium rapidly., The equilib-
rium constant® for this reaction at 525°C, the
median temperature in the helium blanket, is
~6 X 10" Torr~Y? consequently, if the partial
pressure of T,0 is maintained below 10~° Torr,
then the partial pressure of tritium (T;) is only
2 X 10°* Torr. At this low tritium partial pres-
sure, only ~1.0 Ci/day of tritium permeates into
the steam system. This permeation might be
reduced further if a diffusion barrier is developed
for use in the helium-steam heat exchanger.

The continuous absorption of T.O on molecular
sieves is proposed to maintain the T,O vapor
pressure below 10~ Torr. Such an absorption
bed®* operating at 95°C has an equilibrium vapor
pressure of 5 X 10™* Torr (water) when it has
absorbed 0.5 g of water per 100 g of absorbant,
If the vapor pressure of T,O on this dessicant is
similar to that of water, and if the bed is recycled
whenever the vapor pressure of T,0 exceeds
5 X 107 Torr, then only 0.7% of the helium per
cycle must transit the absorption bed, based upon
the tentative cooling system design in which the
total helium (10° g-mole) flows through the com-
plete circuit in 1 sec,

Nearly 48 g/day of tritium diffuses into the
helium coolant forming 8 g-mole of T,0. Based
on the bulk density of 640 kg/m® of molecular
sieves, an absorption bed requiring only 0,044 m®
of molecular sieves is sufficient to absorb one
day’s generation of T,0O in the helium,

The tritium inventory in the plasma region of
-a fusion reactor depends mainly on the plasma
characteristics and reactor power performance,
It does not depend on the scheme for tritium re-
moval from the blanket. However, the amount of
tritium on the plasma side at any given time is
on the order of a few grams, which is much less
than the tritium inventory in ti®e primary energy
conversion system.

V. SUMMARY AND CONCLUSIONS
A CTR blanket design that minimizes both
lithium and tritium inventories was investigated.

The lithium inventory is minimized by employing
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a thin layer of °Li operating in soft neutron spec-
trum obtained by slowing down the DT neutrons
in a beryllium compound. Tritium inventory is
lowered by increasing the {ritium production per
unit volume of the breeder in addition to utilizing
an efficient tritium extraction system. Lithium
was excluded as a coolant and moderator and
other candidates were examined.

The survey of the physical properties and pre-
dicted irradiation behavior of several lithium
bearing materials indicates that LiAlQ, is pre-
ferred for a fusion reactor breeder blanket. It is
amenable to large-scale fabrication, useful in the
1300 to 1400°C temperature range, and compatible
with stainless steel and other blanket materials.
Its undesirable characteristics are its low ther-
mal conductivity, its low lithium atom density, and
its introduction of neutronically undesirable atoms
into the breeding zone.

BeO and Be,C are more compatible with the
structural materials and have better resistance to
radiation damage than metallic beryllium., How-
ever, the presence of oxygen or carbon in the neu-
tron multiplication zone has detrimental effects
on the efficiency of beryllium utilization. The
neutronics characteristics of the blanket were
found to be very sensitive to the amount of beryl-
lium and the configuration of the breeding and
neutron multiplication zones. A 5-~cm-thick region
of beryllium is a minimum for achieving a tritium
breeding ratio of 1.15,

A detailed description of a complete blanket
and shield design of a conceptual fusion reactor,
UWMAK-II, based on the considerations of this
study, was presented. The blanket uses stainless
steel for the first wall and structure, lithium
aluminate enriched to 90% ®Li for tritium breed-
ing, metallic beryllium for neutron multiplication
and moderation, and graphite for additional neu-
tron moderation. The blanket is helium cooled,

The tritium breeding ratio in the present study
of UWMAK-II is 1.18, and the total nuclear heating
is 18 MeV per DT neutron., The lithium inventory
is only 4.1 x 10* kg compared with 1.4 x 10° kg in
the earlier UWMAK-I (Ref. 1), which employs
natural lithium for breeding, neutron moderation,
and cooling,

The power density in the breeding zones is high
with a maximum of nearly 20 W/cm® per MW/m?,
The diffusion coefficient with an average tempera-
ture of 900°C in the lithium aluminate limits the
tritium path to ~10 ym to keep the tritium in-
ventory below 100 g. The tritium produced in
beryllium at a rate of 0.01 tritons per DT neutron
requires a provision for removal, Thus the
beryllium is contained with the lithium aluminate
particles in stainless-steel pins that are attached
at one end to a gas plenum connected to the
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tritium extraction system. The tritium pressure
inside the pins is maintained at 10™* Torr. Each
pin is cooled externally with helium at 50 atm,
The steady-state inventory of tritium in the
" ceramic, is estimated to be only 40 g, which is a
factor of ~250 lower than in UWMAK-I,

A scheme for tritium removal from the pri-
mary helium coolant, based on the oxidation of
tritium to form tritiated water absorbed on a
molecular sieve dessicant, was found to be suc-
cessful in keeping the tritium leakage to the
steam to ~1 Ci/day.

The maximum and average burnup rates of °Li

were calculated as 7.8 and 1.34%/yr per MW/m?,
Depending on the operating conditions, the breed-
ing material may need to be replaced every few
years. The effects of the excessive helium pro-
duction rates in the solid breeder and the beryl-
lium metal need to be studied in more detail.
- In conclusion, if appears feasible to design
a CTR blanket with low lithium and tritium in-
ventories in a solid breeding material. These
blankets offer several advantages from plant reli-
ability and safety standpoints.
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