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Smnnary

A new kind of tritium breeding blanket for fu-
sion reactors is investigated. All components in
the blanket are solid, Including the lithium contain-
ing material, which eliminates problems of corrosion
and materials compatability. This permits the use
of structural materials with very low neutron acti-
vation. A promising structural material is SAP, a
pure aluminum strengthened by an AI2O3 dlspersoid.
Three types of blanket module designs are investi-
gated in which the helium coolant exit temperature
is substantially greater than the maximum operating
temperature of SAP (~400°C). Exit temperatures
range from 500°C to above 1000°C, while breeding
ratios range from 0.9 to 1.5, depending on design.
Structural stress Is ~2000 psl, which is ̂ 07. of
failure stress. The bred tritium diffuses from the
lithium alloy or compound (e.g., LiAl), which has a
much higher tritium pressure than pure lithium, into
the helium coolan: stream from which it is recovered.
Depending on processing rates, temperature, L1A1
inventory, and the amount of scavenging by added H2,
the tritium blanket inventory ranges from ~105 to
106 curies. Short lived activities, principally Na2**
(15 hoir half life), decay to a negligible amount
in a few days, leaving a long lived inventory of
~10 4 curies/1000 MW(e) [principally Al 2 6 (7.3xl05

year half life)]. This material appears to present
no problems of permanent waste disposal. Because
of the very low inventory of long lived activities,
blanket repair or replacement seems relatively
simple.

Introduction

The ideal fusion reactor blanket should have the
following characteristics:

1. Very low inventory cf tritium and long
lived isotopes

2. Good resistance to radiation damage
3. Easy repair or replacement
4. No corrosion, either by coolant or breeding

material
5. High operating temperature (good thermal

efficiency)
6. Adequate tritium breeding ratio (>l.05)
7. Low cost

It Is urlikely that all goals can be simulta-
neously achieved and some tradeoffs are necessary.

Previous blanket designs have used either liquid
lithium metal or tlibe (a fused salt mixture of L1F
and BeF2> as the breeding material [Li captures neu-
trons and generates tritium to replace that burned
in the plasma]. The choice of structural materials
to contain liquid lithium or fllbe Is rather limited
—niobium, stainless steel, or vanadium seem the only
reasonable contenders. The first two are severely
activated by the fast neutrons from the OT plasma,
with a total inventory of ~10 curies of long lived
isotopes In a 1000 MW(e) reactor. This is comparable
to the inventory in a fission reactor. Pure vanadium
is not activated, but is expensive. In addition pure
vanadium is very susceptible to oxygen impurities in
the coolant/liquid lithium, and It la quite possible
that It will have to be alloyed with elements which
are themselves severely activated.

In this study a new type of fusion reactor blan-
ket is examined in which tritium 1B bred in a solid
lithium alloy or compound in the blanket. The bred
tritium diffuses out of the solid lithium alloy or
compound either into a helium coolant streem, from
which it is removed outside the blanket, or into the
plasma exhaust of the reactor.

Lithium-aluminum, LiAl, is a prime candidate for
the breeding material. It has a melting point of
~700°C, and the pressure of tritium above LiAl Is
much greater than above pure lithium. It Is not
necessary to replace the solid LiAl, even if the
reactor operates for 30 years.

A much wider range of blanket structural materi-
als is now possible since corrosion Is not a problem.
R. Hlrsch and W. Gough1 have suggested the desirabil-
ity of a minimum radioactive inventory CTR. A solid
breeding blanket seems advantageous since structural
materials with very low long-lived activation can be
used which would not be compatible with liquid lithi-
um or flibe. A promising structural material is SAP
(sintered aluminum product) in which pure aluminum is
strengthened by the addlf.on of 5-107. by weight of
AI2O3 in the form of a very find dispersoid in the
aluminum matrix. This material was developed for
the organic cooled reactor program. It is reasonably
strong (~10,000 psi) at 350-400°C; aluminum and Al203

can be made very pure; long lived activation products
of Al and 0 from 14 MeV neutrons are very small; it
appears to have good resistance to radiation damage;
has a high thermal conductivity; and it should be
cheap (~$l/lb). The other possible structural mate-
rials have disadvantages: beryllium is difficult to
fabricated, expensive, and not structurally reliable;
graphite and silicon carbide are brittle and low
strength; and other Al alloys are much weaker than
SAP at 400°C. Magnesium with a MgO dtspersold could
be a possible alternative to SAP, but its properties
are unknown.

There are several promising moderators, i.e.
graphite, Be, BeO, and metal hydrides. Graphite, Be
and BeO are capable of high temperature operation and
should be activated very little; further Be and BeO
are good neutron multipliers and can boost the triti-
um breeding ratio. Metal hydrides are attractive
since they ca.i minimize blanket thickness; however,
most high temperature hydrides are strongly activated
by neutrons (e.g., TiH2, ZrH2, etc.) MgH2 will not be
activated, but can only operata to about 400°C—above
this temperature, the H? dissociation pressure is too
high.

Aluminum is a promising structural material for
low activity blankets, and also is present in a
promising breeding material (Li-Al alloy). Figure 1
shows experimentally measured activations of various
grades of aluminum in a thermal neutron spectrum.3

These experiments were carried out by ALCOA in 1964
at the BNL graphite reactor.

The aluminum with the lowest activation (curve
26) is the ALCOA 1199 grade. It is normally 99.971
pure; typical impurity analyses are given in Table 1.
This grade was not developed for low activation, but
is one of ALCOA's standard grades, at ~$0.5071b.
Further reductions in activation can probably be made



without substantial cost increase by selecting the
ore from which the AI2O3 feedstock is derived' and by
process modifications.

Blanket Designs—Mechanical and Thermal Aspects

The maximum operating temperature of SAP is
~400oC. At a coolant axlt temperature of ~400°C, the
thermal cycle efficiency is on the order of 32%, com-
parable to a PUR. This efficiency is probably ac-
ceptable. If the blanket operates at 400°C, it can
be designed as a multilayer tube bank with the moder-
ator and L1A1 Inside the SAP tubes. This should be
highly redundant a:»d reliable. Coolant exit temper-
atures above 400°C are possible since most of the
fusion energy does not appear in the SAP structure,
but rather in the moderator and the lithium compound
used for tritium breeding. The thermal cycle effi-
ciency can be much greater than 30%, probably in the
range of 40-50%. In this paper we only consider
designs with elevated coolant temperatures.

Elevated coolant temperatures can be achieved
by using a single coolant stream to first cool the
SAP structure and then to cool the moderator and
lithium compound, which operate above 400°C. The
coolant exit temperature is limited either by the
maximum allowable temperature for the moderator and/
or lithium compound, or by the & across the SAP
structure and the energy fraction deposited in the
SAP structure. Roughly one third of the energy/
fusion appears in the SAP structure. With a AT of
150°C across the SAP (250 to 400°C), the coolant
exit temperature from the module is ~700°C.

Alternatively, two coolant streams can be used,
one at low temperature <~350°C) to cool the SAP
structure, and one at high temperature (~1000°C) to
cool the moderator and lithium compound. Materials
limit the t-xit temperature of the second coolant
stream. Here the blanket Is more complex than In
the first approach,but the higher thermal efficiency
may offset this.

Both approaches require thermal insulation (e.g.
alumina) between the cool SAP structure and hot
portion of the blanket. The magnitude of the heat
leak depends on the thermal conductivity and thick-
ness of the Insulation. Evacuated insulation does
not seem practical. Refractory ceramics of low
density (with pores filled by helium) appear neces-
sary. Thermal conductivity is ~0.5 to 1.0x10"^
w/cm°K.

The allowable heat leak and the thermal conduc-
tivity fix the separation between hotter and cooler
blanket regions, which in turn sets module diameter
(typically 0.3 10 1.0 meter).

Figure 2 shows an elevation view of a concep-
tual type 1 blanket module. The module is a cylin-
drical shell of SAP with solid blanket materials In-
side. It is closed at the bottom with a dished head
which is the first wall. The helium coolant enters
at the top, passes down the annular space between
the SAP shell and the thermal insulator, returns
through the interior of the module, and exits at the
upper end. The thermal Insulator is approximately
1 cm thick.

The type 1 design uses as much Li Al as possi-
ble in the fasb neutron zone to generate tritium by
LI7 reactions. The LiAl limits the helium exit
temperature to ~500°C.

The LiAl alloy is In the form of rods or balls
made by powder metallurgy (to facilitate tritium re-
leaBe there are gas spaces between the particles
of LiAl). These rods or balls are stacked in the
module, with helium coolant flowing between. The
LiAl may require a SAP jacket with holes so the bred
tritium can escape to the helium coolant. (The SAP
would have zero stress.)

Metal hydride moderators must be enclosed in a
sealed SAP tube to prevent loss of hydrogen. Graphite
probably need not be jacketed.

Figure 3 shows an elevation view of a type 2
module. The coolant flow is similar to that for type
1 modules. The interior materials are Be for neutron
multiplication and graphite for neutron moderation.
The LiAl is placed in the thermal insulator between
the hot and cold regions and cooled by a He bleed
stream. Coolant exit temperatures well above 500°C
are possible wiih this module type.

Figure 4 shows an elevation view of a type 3
module. The low temperature He stream circulates
through tubes bonded to the outside of the SAP shell
and cools it. The tube separation can be fairly wide
(typically 6cm) because of the high thermal conduc-
tivity of SAP.

The high temperature He coolant stream comes in
through channels in the thermal Insulator and returns
through the Interior of the module. In the design
shown In Figure 4, the thermal insulator is Li^Al^O^
which is a source of heat and tritium. Alternatively,
Li2Al2O4 could be placed in the hot region with an
A12O3 thermal insulator.

Because of the high helium exit temperature
(~2000°K), graphite and BeO must be used. Type 3
module diameters must be on the order of 0.7 m due
to the large US between the hot and cold regions.

The thermal balance for the three module designs
is shown in Table 2. Helium outlet temperatures of
500°C or over are feasible. Larger module diameters
increase the ratio of hot/cold power because of re-
duced heat leak.

A type 1 or 2 design can be coupled to a con-
ventional Bteam cycle. A type 3 design can also
couple to a conventional steam cycle, with the low
temperature stream generating steam and the high
temperature stream, superheat. Alternatively, the
low temperature stream could power a turbine and the
high temperature stream could couple to a direct
cycle gas turbine, a potassium topping cycle, or
possibly an MHD generator.

Stress distributions have been calculated for
the module shells wit'.i a two dimensional axisymmetric
finite element code (2000 elements). Figure 5 shows
stress contours in a typical module with a coolant
pressure of 20 atm. Thermal stresses are included,
and the first wall loading Is 1 MW(th)/m . Maximum
stress occurs at'or near the junction of the dished
head and cylindrical shell. With coolant pressures
of 10 atm., maximum stress is ~2000 psi or about 20%
of the failure stress.

A bank of separate SAP tubes can be placed be-
tween the plasma and the dished heads of the blanket
modules. The tubes would be the first wall. The
coolant in the tubes would receive the radiant energy
from the plasma plus a few percent of the 14 MeV



neutron energy. Hi is has advantages—the tube bank
can have several layers, providing redundancy in the
case of failure; the dished head of the modules are
protected against bombardment by plasma ions; cooling
is easier; thermal stress is less; and the AT for the
coolant in the tube bank can be small, which will in-
crease thermal efficiency. In type 3 modules the
tubes on the outside of the SAP shell can be further
apart if a tube bank is used.

Hopkins has suggested low activity SIC and/or
pyrographite structural materials for CTR blankets.
If the tube bank were SIC tubes, It can operate at
much higher temperatures, e.g., 1000°C, increasing
thermal cycle efficiency. The SAP modules would sit
behind the SiC tubes. Because of the brittle nature
of SiC, it seems much more suitable for small diameter
tubes than f>r large complex modules.

A tube bank will reduce the breeding ratio some-
what, but no seriously. The tube walls are fairly
thin, on the order of a few millimeters, and a thinner
dished head for the module is then possible, which
will partially compensate for the tube bank.

Neutronics—Breeding Ratio

Representative compositions and dimensions are
selected for the type 1, type 2, and type 3 blan-
kets. These designs j.re not optimized, however.

Each zona in the module is homogenized for the
one dimensional ANISN calculations. The compositions,
volume fractions, dimensions and homogenized atomic
densities for each zone are given in Table 3 for a
type 2 blanket.

The cross_sections used in this work were based
on ENDF/B-III.5 For all of the nuclides except
titanium, the cross sections used were processed into
a multi-group set at Oak Ridge National Laboratory
using the SUPERTJG program and distributed through
the Radiation Shielding Information Center as RSIC
Data Library DLC-2/100G.7 This set represents up to
a Pg approximation to elastic scattering angular
distributions, and a 100-group structure with energy
boundaries Identical to those in the GAM-II library.8

Only <iownscattering Is illowed, and group 100 is a
thermal group with cross Lection values based on a
Maxwellian average at .0253 ev.

For ENDF/B-III titanium (MAT No. 1144) the pro-
cessing was done at Brookhaven using the ETOG-2 ver-
sion of the ETOG program to generate a Pj multi-
group set with the same GAM-II group structure.

Retrieval programs are used to generate a P-
cross section library tape for the ANISN^0 program
from these cross section sets.

The neutron flux distributions are calculated
using the ANISN program. The geometry is represented
an an infinite cylinder with a vacuum boundary con-
dition at the outer radius. A PQ option is used for
the order of anisotropic scattering, and an S^ option
for angular quadrature.

To obtain .reaction rates, the ENDF/B-III data
tapes are processed to provide group averaged cross
sections within the GAM-II energy group structure,
for all reactions for v,tiich data was available, for
each of the nuclides present in the system. A neu-
tron balance is obtained using these cross sections,
the appropriate nucllde abundance, and the flux
distributions computed by che ANISN program.

The resulting neutron balance for a type 2 module
1B given in Table 4.

The breeding ratio for design 1A Is only 0.89
because of the poor tritium production In LI' (0.1 per
fusion neutron). The Al cross sections for fast neu-
trons are low, but the aluminum first wall is much
thicker and the Al/Li7 ratio much greater than the
corresponding values In a Nb-Li blanket. The aluminum
parasitically absorbs 15% of the fast neutrons (and
degrades neutron energy, reducing the number of LI7

reactions).

The Al/Ll ratio Is 1.93 In zone 4 and the firsL
wall thickness is 2 cm. With lower helium pressures
the aluminum can be significantly reduced and the
breeding ratio increased. It 1B doubtful that the
breeding ratio can be greater than 1.0, however.

Tltarslum and oxygen have relatively little effect
on the neutron balance. Breeding ratio could be
slightly increased (on the order of a few hundredths)
by increasing the thickness of the fast neutron zone
(zone 4) since the fast neutron flux at the inner
part of zone 5 is still significant. Increasing the
thickness of the moderating zone (zones 5 and 6) would
have almost no effect on the breeding ratio.

The fast neutron energy flux at the far boundary
of the shield zone (zone 7) is ~10"6 of the 14 MeV
energy flux at the first wall. At a total first wall
energy flux of 1 MW(th)/m , the leakage energy is
small enough that its Input to the superconducting
magnets will be tolerable.

With type 2 modules, the breeding ratio is much
better, 1.49, because of n,2n multiplication in beryl-
lium. Considerable amounts of surplus fitium could
be generated for other purposes, si:ch as making up the
tritium deficiency of CTR reactors with breeding
ratios less than one. The large breeding margin
also pexTnits one to use more SAP structure, for
example, a thicker first WJ.11. This could be Impor-
tant iz the operating stress in the SAP structure
must be much lower than 2000-3000 psi.

Approximately 500 lbs of Be metal Is required per
m2 of first wpll in design 2A. Since the Be metal is
only used as a neutron multiplier end not structurally,
high quality metal Is not needed. It can have cracks
and flaws, and should be much cheaper than the cost
of structural Be metal. Even so, it may be desirable
to reduce the Be inventory to reduce cost. At $10/lb
the Be metal In design 2A costs $12/KW(e) for a first
wall flux of 1 MW/m. The neutronics calculations
Indicate that if the Be zone is cut in half the breed-
ing ratio would be reduced to 1.3, which 13 still
quits good.

After 30 years of operation at 1 MW/ta2, 1.3X of
the Be atoms would be destroyed by (n,2n) and (n,a)
reactions. This is the avsr.iae fraction destroyed;
at the inner edge of the zone, about 47. of the Be
would be destroyed.

The breeding ratio is design 3A Is 1.08 using
BeO as the leutron multiplier. This is adequate for
fusion, but it leaves little leeway to Increase the
amount of structure. The breeding ratio is lower
than that for design 2A because of the reduced BP
density and competition from oxygen for neutrons.
Because of the low breeding ratio, the BeO zone can-
not be significantly reduced. Increasing BeO thick-
ness would rot significantly Increase breading ilnce
only 7% of the breeding occurs In the graphite.



The thicker blanket and shield In design 3A com-
pared to 1A arid 2A (l.Sm vs 1.6m), 2A reduced the
neutron energy flux out of the shield to ~0.01 wattjn2.

In sunmary, there should be no difficulty In
achieving breeding ratios well above 1.0 if Be or BeO
are used as neutron multipliers. If Be or BeO are
not used, the breeding ratios will approach 1.0, but
makeup tritium from outside sources (other types of
fusion reactors, accelerators), may be needed.

Neutronics—Activation and Transmutation

Long lived activation of the blanket is defined
here as those isotopes with half lives of one day or
greater. This is to some extent arbitrary, since a
half life of a year or less is short lived in terms
of permanent waste disposal, while a half life of a
few hours could be long lived in case a major reactor
accident dispersed some cf the blanket to the environ-
ment. A criterion of one day is useful, however, from
the standpoint of blanket repair or replacement. All
activities with half lives of one day or less will die
out sufficiently in two weeks or less so that they can
be neglected when repair or replacement starts.

Blanket activations can be divided into two
groups - those resulting from neutron reactions on
blanket constructional materials (M, A12<"), Be, BeO,
C, LiAl, etc.) ind those resulting from neitron re-
actions on impurities in tb-i blanket constructional
materials. Impurity concentrations are low enough
(ppm level) that neutron activation of transmutation
products of the various impurities can be neglected.
Activation of transmutation products of blanket con-
stru<tional materialo must be considered, however,
since they are present in appreciable amounts. In
fact, transmutation chains are investigated up to
the 3d generation to ensure that no important acti-
vations are overlooked.

Considering the aluminum structure first, the
two important first generation long lived activations
of aluminum are Al 2 6 [(n,2n) on A1Z73 with a half life
of 7.3xlO5 years (long lived Isomer) and Na 2 4 [(n,a)
on Al 2 7], with a hair life of 15.0 hours. Strictly
sneaking, the latter is not a long lived activity,
by the definition we have adopted, but its half life
end inventory are large enough that its decay must be
considered when evaluating possible hazards and cool-
down time before repair or replacement.

No important activations of aluminum are formed
In the second generation since the required reactions
have a threshold energy >14.1 MeV. Na22 (2.2 yr half
life) is produced in the third generation by three
routes, for example:

Al
27 n,2n ,,26 n,a M 23 n,2n

Al Na Na
22

,26The long lived Al " activity is relatively small,
typically a few thousand curies in a 1000 MW(e) reac-
tor after 30 years. The inventory is small because
of the long half life and the high threshold energy
(13.06 KeV) for the <n,2n) reaction on Al 2 7. There is
a short half life Al 2 6 isomer (6.4 seconds) also pro-
duced by the (n,2n) reaction on Al 2 7. This activity
can be neglected because of its short half life. A
50-50 yield is assumed for the two isomers.

24
The Na activity is much greater, on the order

of 10^ curies in a 1000 MW(e) reactor. Because of
its short half life it has essentially disappeared
after two weeks. The Inventory of Na is so small
<~10 curies in a 1000 MW(e) reactor, after 30 years)
that It can be neglected compared to other activa-

tions. The small inventory is due to Na22 only being
generated in the 3d generation by reactions with small
cross sections.

14
Oxygen produces C (5730 y) in the first genera-

tion via (n,a) reactions on 0 1 7. The Inventory in a
1000 MW(e) reactor is approximately 30 curies after
30 years. The small inventory Is a result of the low
lsotopic concentration of 0 1 7 (0.039%) and the small
(n,a) cross section. C^4 is produced from oxygen by
several routes in the second generation, but the
amount is small compared to that produced in the first
generation. Be10 (1.6xlO°y) is also produced by a
second generation route from oxygen

.16 n,a n,a Be10

but the amount is negligible C*- 10 curies).

Beryllium produces Be in the first generation
by (n,Y) reactions, but the amount Is small, e.g.,
~300 curies after 30 years at 1000 MW(e).

14
Graphite produces C in the first generation by

(n,Y) reactions, but the inventory is small, about
100 curies after 30 years at 1000 MW(e). Graphite
also produces Be10 In the first generation but the
inventory is negligible.

Titanium is a constructional material in the
three types of modules described in this paper. It
is strongly activated in the first generation by fast
neutrons through (n,p) and (n,a) reactions, but is not
activated by (n,Y) reactions. The activities result-
ing from neutron reactions with titanium are:

Activity

Sc46, Sc47

Inventory. Curies/1000 MH(e)
Design #1

106

4xlO7

Design #2

4000

1.2xlO5

Design #3

400

1.2xl04

In design #1, titanium hydride and dueteride are used
in the blanket and shield regions while in designs
#2 and #3, TIC Is used in the shield region. Titanium
compounds probably should be ruled out for the blanket
region, and only used for those parts of the shield
region where activation Is not significant. Titanium
is not necessary for low activity blankets. In the
rest of this section we do not consider any activation
due to titanium.

For the blanket constructional materials, neutron
reaction cross sections for the isotopes of interest
are available in the ENDF/B-III library. Evaluated
cross sections are not genially available, however,
for isotopes of the impurities chat are present in
the various constructional materials. Fast neutron
cross sections can be calculated with reasonable accu-
racy (+207.) for Isotopes of mass >50, but (n,Y) cros.-
sections cannot be calculated. Fortunately, (n,Y)
reactions are not too significant in terms of long
lived activation.

The impurities present in 1199 grade aluminum are
suttmarized In Table I. A measure of the (n,Y) acti-
vation of these impurities is given in Table 5, assum-
ing 1/V cross sections for both Li6 and the Impurities
present. An Al/Li6 ratio of 10/1 Is assumed, which
corresponds to a Li^ inventory of approximately three
times that consumed during 30 years of operation ac
1 MW(th)/m2. The Sc46 and Co^O activation! correspond
to concentrations of 0.02 ppm (rtomlo) in aluminum for
Sc45 and Co59. Both concentration! ara derived from
activation measurements by ALCOA on 1199 alloy. The
Sc*5 and Co

5' concentrations are upper limit!, and the



actual concentrations may be less.

Thus the total (n,Y) activation of aluminum im-
purities is small, on the order of a few hundred cu-
ries. This results from a relatively low Al/Li0 ratio
and the high capture cross section for Li6. Non i/V
effects may somewhat increase Impurity activation,
but it seems clear that (n,Y) activation is small com-
pared to Al2t> activation.

In terms of activation by fast neutrons, of im-
purities in aluminum, the potentially important iso-
topes are Mn55, Ti46. TI47, Ti48. Sc4*. Fe54 ?*><> t

Zn&4 Z n " Zr90 Zr9l Zr", Zr^4, Zr$6. Snil6,
Snll«, Sn^O, Ni58, Ni°°, Sb121, and Sbl". Although
the concentrations of the Sb and Ni in 1199 aluminum
are given as zero, the latter four isotopes are in-
cluded to see if Sb and Ni could be Important at lppm
level.

Neutron cross sections for the above Isotopes
have been calculated as a function of energy by Bhat
and Magurnoll for the following reactions: (n,2n);
(n,3n); (n,2l); (n.np); (n.p); (n,d); (n.He3); (n.T);
and (n,a). Activation inventories are calculated
using these cross sections with the ANISN fluxes com-
puted for the three different module designs. The
various impurities are of such small concentration
that they have no appreciable effect on flux distri-
butions .

The significant activations resulting from these
isoLopes and reactions are shown in Table 6, along
with Al 2 6 and Na 2 4 activations from (n,2n) and (n,a)
reactions on Al2?. A 1000 MW(e) reactor is assumed
with either type 1, 2, or 3 modules. Impurity con-
centrations are taken as the same as those for select-
ed stock 1199 aluminum. The radioactive inventories
are computed after 30 years of reactor operation. Thj
threa most significant impurity activations are Mn,
Fe, and Zn. Concentration of these three elements Is
hf.gh', ~10 ppm, reaction cross sections are relatively
great, and the important patent isotopes have high
isotcpic concentratibn. :

Figure 6 shows the decay of total activity (In-
cluding impurity, activation) in the aluminum struc-
ture and aluminum compounds (AI2O3, LiAl) of a 1000
MW(e) reactor, as a function of time after reactor
shutdown. The total activity includes all activations
with initial Inventories greater than 30 curies. The
decay curves for type 2 and 3 modules are virtually
identical, since they use essentially the same amount
of aluminum.

Design #1 has substantially more activity, be-
cause of the much greater amount of LiAl in the reac-
tor. The totalt activity drops very rapidly since
Na24 predominates, and then levels out at ~10 days.
The total activity then remains constant for several
hundred days until Mn34, Fe35 and Zn65 decay. The
activity then drops to a level plateau In which
essentially only A1^6 remains. The Mn, Fe, and Zn
contributions can be essentially eliminated by re-
ducing Mn and Fe concentrations to lppm, and Zn to
3ppm. It should be possible to achieve these re-
ductions by a variety of methods, including selection
of suitable aluminum ore, more purification of alumi-
na in the Bayer process, control of impurities in the
graphite electrodes used In the electrolysis cells,
recrystalllzation of the aluminum metal, and electro-
lytic refining (Hoopes cell), if needed. The present
cost of 1199 aluminum is approximately $0.50/lb; the
extra purification could probably be accomplished
with only a small raise in cost. The cost of this
aluminum should be less than $1.00/lb.3

Figure 6 also sho-;s the total activity If Iso-
topes with (EY)max 10.03 MeV (e.g., Fe55) are omitted.
These low gamma energy isotopes do not require shield-
ing If the blanket is being repaired or replaced.
However, they are only a small part of the total ac-
tivity.

Activation of the impurities in the other blanket
materials (Be, BeO, C) will occur. However, since
graphite Impurity levels can be kept at a few ppm,
and since graphite will be used In the part of the
blanket where the fast neutron flux has been greatly
reduced, the impurity activation in graphite will be
much less than that for aluminum*

Impurity activations in Be and BeO have not yet
been examined. It seems likely that both can be puri-
fied sufficiently that impurity activation will not be
a problem.

The activation curves in Figure 6 are calculated
on the basis of 30 years of operation. It is likely
that blankets will have to be replaced at more fre-
quent intervals because of radiation damage, and the
long lived inventory in a given blanket will thus be
considerably lower. If the blanket Is replaced at
three year Intervals, the A l ^ Invertory in a 1000
MW(e) reactor would then be ~700 curies. If the reac-
tor is a tokamak segmented Into 12 sectors, like the
UWMAK-1 design, the Al2f> inventory In a given sector
would then be only 60 curies. This low activity
would be very attractive when it came time to replace
the blanket. In order to take advantage of the low
Al26 inventory, however, It may be necessary to fur-
ther reduce impurity levels in aluminum, so as to keep
impurity activation comparable with A12° activation.

Tritium Recovery From Blanket

The tritium Is bred in situ in solid lithium
alloys (e.g., LiAl) or lithium ceramics (e.g., Li2Al2

O^). The tritium can be recovered either by letting
the tritium diffuse from the solid or by periodically
removing the solid from the blanket and processing It.
This latter approach is very costly and difficult.
Leaving the solid in the blanket and recovering the
bred tritium by diffusion seems quite feasible. The
tritium holdup in the blanket is small, on the order
of 1 days production. We only consider this method
of tritium recovery.

The simplest form of tritium recovery (method A)
is to let the bred tritium diffuse directly Into the
vacuum region between the plasma and the first wall.
The LiAl alloy is outside of the SAP module pressure
shell (but attached to it) and the evolved tritium
diffuses between modules into the vacuum region.

Two modes of tritium recovery are possible:
(I) The tritium atom fraction In the LiAl alloy

is at a steady state va'.ue with tritium leaving the
alloy at the same rate that it Is bred. Since the
surface area is very large and reaction rates rapid,
this steady state concentrations la given by the equi-
librium between the L1A1 and the partial pressure of
tritium in the vacuum region.

(II) The tritium inventory in the blanket using
mode (i) can be reduced by scavenging. A high protium
concentration Is built up in the LiAl alloy by equi-
librating with a high pressure of protium (i.e., H2

gas) for a short time. The protium gas is then pumped
away, carrying tritium. This cyclical process
keeps the tritium Inventory much smaller than that In
mode (i).



No measurements have yet been made of the equi-
librium constants for tritium gas in equilibrium with
dilute solutions -f tritium in LlAl. Sievert's Law
will hold,

A") LlAl

whei-e X T = atom fraction of T in LiAl

LiAl = Sieverts constant for X in LlAl
(function of temperature)

The Sievert's constants for LiAl can be estimated
from available measured data on Li and LlAl:

LiAl
LiAl (2)

\ ) LI

where (?H2 ) LlAl and(FH2> LI are the plateau pressures
(two phase region) for H, in LiAl and Li. ( K T)LI and
( p ^ * a r e 6 i v e t i as a function of temperature by
Mar o n i l l , and ( P H2)*LIA1 by Aronson and Salzano
At 500°C, (KT)2

L 1 A 1 i s then 2xlO5 torr, a factor of
2xlO3 greater than

13

If the vacuum region between the plasma and the
first wall Is at 10"6 torr, and for simplicity is
assumed to be 100% tritium, the equilibrium atom frac-
tion of tritium in LiAl alloy is -2x10-6. A 1000
MW(e) reactor would have a LlAl alloy inventory of
75m3 (type 2 module). At a tritium atom fraction of
2x10*6, the tritium inventory would be ~16 gras or
2x105 curies. At a thermal cycle efficiency of 40%,
--300 gms of tritium will be burned in the plasma per
day, and approximately the same amount bred in the
blanket. A tritium atom fraction of 2x10*6 is much
less than a days inventory. This will not affect
doubling time, and Inventory charges are negligible.

This tritium inventory seems acceptable from a
hazards standpoint, and Is less than the inventory
for the refueling portion of the tritium cycle. Fur-
ther reductions of the tritium blanket inventory do
not seem likely by reducing vacuum pressure, since
10*6 torr is practical lower limit. However, scaven-
ging of tritium by additions of protium [mode (ii)J
can be used.

If the tritium concentrations in LiAl Is (Xx)0,
and protium gas equilibrates ai a pressure (FH2)*
with the LiAl and is then pumped away and the normal
operating pressure ot 10 torr resumed, the tritium
concentration is reduced to

<*•>

(3)

since the Sieverts constants for tritium and protium
are essentially the same. The tritium is evolved as
HT molecules when the excess protium Is pumped away.
With a scavenging protium pressure of 10*^ torr, and
a scavenging interval of 40 minutes, tritium blanket
Inventory is only 10* curies instead of 2x10^ curies.
The extracted tritium is present at ~1 % in the evolxed
gas, and can be separated relatively easily from the
scavenging protium either by metal hydrides, distil-
lation of liquid hydrogen or by distillation of trlt-
rated water after conversion of the evolved hydrogen
to water. This example is Illustrative and is not
optimized.

1 The cyclical scavenging can be carried out
during normal reactor operation by bleeding the
protium into the r-paces between the blanket modules,
fro)n where It diffuses into the vacuum region between

the plasma and first wall. The maximum pressure of
10"* torr should not adversely affect the plasma.

A small amount of tritium would diffuse through
the first' wall and module pressure shells into the
helium coolant, but this can be easily removed either
by reaction with metal hydrides, or by oxidation to
T.O with subsequent absorption.

For blanket designs in which LlAl or LI2AI2O4 is
inside the SAP module shell, the bred tritium Is re-
leased directly from the LiAl or Li2Al20, to the
helium coolant stream (method B). Tritium recovery
is still straightforward but the following factors
have to be considered:

a) Tritium itust be released at a fast rate to
the helium coolant to minimize blanket Inventory.

b) Tritium must be removed at a fast rate from
the helium coolant.

c) Tritium must not diffuse to the environment
at a rate greater than the allowable limit, e.g., 1
curie per day.

Figure 7 gives a schematic view of a tritium
removal flowsheet for an indirect cycle where the
primary helium coolant stream transfers neat to a
steam generator. Tritium can exist as T2, HT, TjO,
or HTO molecules in the helium stream. About 300 gms
of tritium Is recovered from eta blanket per day In a
1000 MW(e) reactor. The total helium Inventory In
the reactor is —10,000 lbs of helium, based on HTGR
designs. The tritium concentration in the helium
coolant would Increase by 100 ppm per day with pro-
cessing. Unless oxygen Is deliberately Introduced or
unless a significant amount of water vapor leaks in
from the steam generator, only an insignificant
amount of tritium can be present as T20 or HTO.
Initially O 2 might be present in helium at a few ppm,
but it would quickly be scavenged. The helium makeup
rate is only ~ 2 % per year, so O 2 Introduced via make-
up gas would be insignificant. Protium gas (H2) might
be deliberately introduced to strip tritium cut of the
LlAl alloy at a faster rate. If It is not, some will
still enter the helium coolant stream via (n,p) pro-
duction on blanket materials. However, the amount
will be small (on the order of a few percent) com-
pared to the tritium production.

The tritium is removed from the part of the
helium coolant stream that circulates through the
absorbing trap (e.g., a metal hydride). If no pro-
tium is added to the helium coolant, the tritium con-
centration in the LlAl In the blanket is given by

(XT) LIAI

where P H e = Helium coolant pressure, torr

N T ? =» Tritium production rate in blanket,
gra moles/second

N,Je = Helium flow rate through trap,
gm moles/second

If the tritium is completely removed from the
helium leaving the trap, and If f * fraction of He
flow through the trap, then

N,'He f

where NH • Helium inventory In coolant circuit
f-lO1^ lbs)

Time, for lie Inventory flow through
blanket (~T second)



If protlvm (H2) gas Is added to the coolant
stream at a raic N;:̂ , where S = % , / % 2 , the tritium
concentration in the blanket L1A1 is reduced to

LiAl

; (V*L1AIadded protium.

2

Si~ [**!} LiAl
is the tritium concentration with

(6)

Figure 8 shows the total tritium blanket inven-
tory J.n a 1000 MW(e) reactor as a function of proces-
sing raction (f),and LiAl temperature, for the case
S=0 (-10 protium addition) and S=400 , with an inventory
of 75 of LiAl in the blanket. One-third of the
LiAl inventory (90% Li6) is consumed by neutron cap-
ture after 30 years. The tritium blanket inventory
of 10^ to 10" curies is comparable to the inventory
with liquid lithium or flibe. The processing frac-
tion f will probably be a few percent, and the LiAl
temperature ~500°C.

The recovered tritium can be separated from the
added protium at a H/T ratio of 400/1. D20 is sepa-
rated from H20 at a H/D ratio of ~«000/l at relative-
ly low cost. The energy cost for recovery of bred
tritium is less than that for obtaining D fuel for
the reactor. The recovery equipment must handle a
radioactive process stream, however. The separated
protium is recycled to the helium coolant stream to
prevent discharging tritium to the environment. At
S=400,~60 KW(th) is required to desorb hydrogen Iso-
topes from, the hydride bed, which Is small compared
to the~10 KW heat rate of the reactor.

The diffusion of hydrogen nuclei in the alloy
and the surface reaction rate are sufficiently fast
that the tritium should easily move from the interior
of the alloy to the surface. The diffusion coeffi-
cient is ~10"5 cm2 sec"1. With a characteristic
dimension for the LiAl alloy of 0.1 cm < tho alloy
would be made from sintered powder), the diffusion
time is —1000 seconds compared to an inventory time
of —1 day.

Tritium can also be removed from the helium cool-
ant by oxidizing the tritium/protlura to HTO/H2O in the
coolant entering thj tritium trap, absorbing the water
and , then separating tritium by distillation and
electrolysis. This does not seem any better than
the metal hydride bed.

The tritium blanket Inventory can be reduced be-
low the 10^ to 10 curie range by several techniques:
more protium addition, smaller lithium inventory in
the blanket, and use of lithium compounds with higher
equilibrium tritium pressures. Rates much greater
than S-400 require more elaborate tritium recovery
units, however. A smaller lithium blanket inventory
requires replacement of the blanket at Intervals much
shorter than 30 years. A shorter Interval Is likely
anyway, because of radiation damage. The UWMAK-1 de-
sign assumes replacement of the entire blanket at two
year Intervals, for example. The most promising tech-
nique is to use lithium compounds with higher tritium
equilibrium pressures, perhaps LijA^O^. With a melt-
ing point of ~2000°C, it could operate at very high
temperatures (design 3) where the tritium equilibri-
um pressure should be very high.

With such techniques it should be possible to
achieve a tritium blanket Inventory of ~10* curies.

A suitable permeation barrier (perhaps tungsten
or copper clad tubes) for the helium-steam generator
is needed to keep leakage Into the steam circuit lesa
than one curie/day. An Intermediate helium coolant

circuit might be used, from which the small amount or
tritium that leaks through could be scavenged. This
would Increase overall plant cost, and slightly lower
thermal efficiency.

Another alternate approach Is a direct cycle gas
turbine. Permeation through the reject heat exchanger
would be much smaller because of the lower tempera-
ture. The coolant exit temperature from the blanket
would have to be 800°C or above for a practical cycle.
This la possible with some of the blanket designs.

Implications of Low Activity Blankets for Hazards,
Repair and Replacement and Waste Disposal

If parr of the blanket Is dispersed to the envi-
ronment, an extremely unlikely event, the principal
concern Is tritium and Na2'4. The latter is bound in
aluminum (SAP and LiAl) and cannot be released unless
the Al is destroyed. The 15 hour half life should
make Na 2 4 orders of magnitude less hazardous than the
fission products In a fission reactor. Tritium has a
relatively long half life (12 years) but its inventory
is relatively small, 105 to 10° curies, and it is
much less hazardous than fission products.

Low activity blankets should be much easier to
repair and replace than high activity blankets. This
can be extremely important if blankets have to be re-
placed every 2-3 years. The total Inventory In a
1000 MW(e) reactor can he ~1000 curies after several
weeks of shutdown for a blanket irradiated for three
years. Relatively little shielding would be required
to work on such a blanket.

The only Isotope with a half life long enough to
survive In significant amounts In a permanent waste
disposal burial area Is Al 2 6 (7.3xlO5 years). Con-
tamination of ground water would be extremely small,
much smaller than the MPC for unrestricted discharge,
for three reasons:

1. Low aluminum concentration in natural ground
water [~IO"7 gm/ml * * ] .

2. Low specific activity of aluminum waste
[~10"5 curle/gm after 30 yeers].

3. The vast reservoirs of natural aluminum lr,
the ground, which would greatly dilute any activity
in ground water.

The calculated MPC for unrestricted discharge for
Al26 is ~10"4 UCi/ml, which compares with the MPC of
4xlO-5 UCi/ml established 1 5 for Sc46, which is chem-
ically similar to Al. If dilution by natural alumi-
num is not taken into account, the specific activity
of ground water which has been equilibrated with the
aluminum waste would be 10'6 MCi/ml, which is approx-
imately two orders of magnitude smaller than the
calculated MPC.

This activity will be greatly diluted by natural
aluminum. For example 1 Km* of ground has ~106 times
as much aluminum as the waste from a 1000 MW(e) reac-
tor. In practice, the waste would be burled deeply
enough that equilibration would occur in a much
larger volume before the ground water ever emerged,
and concentrations would be many order of magnitude,
smaller than 10"6 uCi/ml. Thus there appear to be
no problems in permanent waste disposal of fusion
blankets If the type described In this paper Is used.

In sumnary, there eppear to be many advantage*
to the type of low activity blankets examined In thU
paper and further study seems warranted.
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Table 1

Impurity Concentrations in ALCOA 1199 Aluminum

Concentration, ppro (weight)

Impuritv

Si

Pe*

Mn*

Mg, Pb*, Cu

Cr*

Zn*

Ti

V*

Sn*, Bi*

B

6a

Zr*

Cd*f Sb*,Be,Ni*

Co*, Mo*

Na.Ca*

ALCOA 1199
(Standard)

30

10

10

1

3

14

2

3

2

4

10

3

0

<2

<1

ALCOA 1199
(Selected)

20

7

9

1

0

10

2

2

1

2

8

4

0

0

<1

* Impurities with long lived activation,
either by thermal or fast neutrons.



Table 2

Thermal Balance for Modules

Module Design

Parameter

Module Diameter, cm

Total Module Power,* KW(th)

Deposited Power in Cold Structure,
KW(th)

Deposited Power in Hot Structure,
KW (t/)

Power Removed from Cold Structure,**
KW(th)

Power Removed from Hot Structure,**
KW(th)

Helium Flow Rate, lbs/sec per

module

l.ilet Ke Temperature, C

Outlet He Tamperature, C

, 6P Across Module, psi (Pu =10 Atm)
lie

1A

30

70

24

46

30

2A

45

.160

40

120

51

3A
Cold He
Stream

75

440

130

-

162

Hot He
Stream

-

310

40 109 278

0.13

280

500

2

25

0.17

245

650

2

25

1.35

300

350

2

50

0.20

1100

2

—

1 MW(th)/m2 First Wall Flux (22.4 MeV/DT Fusion)

Includes Heat Leak from Hot to Cold Region



Table 3

Blanket Design # 2A

Zone

Conpos i tions

Material (%)

1.

2.

3.

4.

S.

6.

7.

SAP

A12°3
LiAl

Graphite

Be Metal

Ti(H)1>5

Helium C<

100 17

11.0

10

—

45
„_

17

20

11.0

10

42

—

—

17

20

11.0

10

42

—

—

17

20

11.0

—

—

~

52

17

22

Atonic Densities (xlO )

1. Al (natural)

2. O16

3. Be (natural)

4. C (natural)

5. U 6

6. Li7

7. Ti (natural)

Thickness, cm 2 30 25 25 80?

5.

0.

—

—

—

—

——

88

515

1.

0.

5.

—

0.

0.

—

53

477

4

243

027

1.

0.

~

4.

0.

0.

—

70

492

41

243

027

1.

0.

—

4.

0.

0.

—

70

492

41

243

027

1.

0.

—

—

—

—

1.

2.

70

492

955

933



Table 4

Heutron Balance. Blanket Design # 2A

MucAidc
and

reaction

Al 2 7

Total

016

Total

Be

C

Li6

Total

Li7

Total

Ti

n, 2n
n.Y
n.P
n.d
n.t
n.a
Aba

n.Y
n.P
n.d
n,a
Abs

n, 2n
n.Y
n.P
n.d
n.t
n.a

n,Y
n.a

n. 2n
n.t
Abs

n, 2n
n.t
Abs

n, 2n
n.Y
n.P
n.a

Zone 3

.01070

.00350

.02511

.00675

.00003
•C3405
.06944

.00000

.0092

.00032

.00339

.00463

—
—
—
—
—
--

—

—
—
--

—
—
—

—
—
—
—

Zone 4

.00713

.00823

.02530

.00506

.00002

.02921

.06782

.00000

.00254

.00085

.01201

.01540

.71694

.00105

.00005

.00000

.00000

.06794

—

.00242
1.3112
.00079

.00019

.00205

.00004

—
—
—
—

Zones 5 & 6

.00019

.00122

.00134

.00016

.00000

.00119

.00391

.00000

.00008

.00003

.00059

.00070

—
—
—
—
--
--

.00000

.00398

.00008

.17144

.00006

.00000

.00010

.00000

—
—
—
—

Zone 7

.00000

.00013

.00001

.00000

.00000

.00000

.00014

.00000

.00000

.00000

.00000

.00000

—
—

„_

—

—

—

—

—

—
—

—

.00000

.00378

.00001

.00000

n.Y

Breeding Ratio » 1.49 tritons/fusion neutron

.00031



TABLE 5

IMPORTANT ACTIVATIONS FROM THERMAL
NEUTRONS (1/V ABSORPTION)

Basis: 1000 MW(e) Reactor

Al/Li6 Ratio = 10/1

Impurities: Same as select 1199 stock

Activation

Co60

Sc 4 6

^ 6 5

ca45

zr95

Po (from Bi)

r, H 9
Sn
r. 1 2 1

Sn

=. 5 5Fe

Inventory
(Curies)

148

104

312

<2.4

2.2

4.9

0.9

2.4

84

Half-
Life

5.3y

84d

244d

163d

66d

139d

245d

27h

2.7y

(E )
Y max
(Mev)

1.3

1.1

1.1

0.01

0.75

0.8

0.02

0.04

0



TABLE 6

IMPORTANT ACTIVATIONS FROM FAST

1 .

2 .

3 .

4 .

5 .

6 .

7 .

8 .

9 .

1 0 .

Daughter
Isotope

24
Na

" A l 2 6 i

Fe 5 5 i

Mn54

_ 65
Zn

r, 89
Zr
Sn 1 1 9

Sn 1 1 7

Sc 4 8

r, 9 5

Zr

Half-
Life

15 h

7.5xl05y

2..7y

312d

244d

3.3d

245d

14d

1.8d

65d

NEUTRON ACTIVATIONS

(E )
y max

(Mev)

2.75

1.18

0

0.83

1.1

0.91

0.024

0.16

1.3

0.76

Parent
isotope

Al27

Al27

Fe56

Mn55

F e 5 4

_ 66
Zn

90
Zr
„ 120
Sn
o H8Sn
m-48
Tx
r, 96
Zr

Reaction

(n,cr)

(n,2n)

(n,2n)

(n,2n)

(n,p)

(n,2n)

(n,2n)

(n,2n)

(n,2n)

(n,p)

(n,2n)

1000

Desiqn 1

1.9xlO9

l . lxlO4

1.7xlO4

4.9xlO4

l . lxlO4

5.8xlO3

2.0xl03

1.4xlO3

l .lxlO3

860

Inventory in
MW(e) Reactor*

(Curies)

Desiqn 2

1.2xlO9

7xlO3

1.2xlO4

3.3xl04

6.9xl03

3.5xl03

1.2xl03

860

670

520

Desiqn 3

1.2xl09

7xl03

1.3xlO4

3.1xlO4

7.3xl03

3.7x10

1.3xlO3

880

690

530

* Activations only from aluminum structure—impurity concentrations are for
selected 1199 stock.

26
** Yield of long lived Al isomer assumed to be 50%.
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Figure 4
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Figure 8


