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I. Introduction

Utilizing the energetic D-T neutrons produced in a fusion-fission
hybrid reactor to breed fissile fuel (U-233 or Pu-239) by neutron
capture in a fertile fuel (Th-232 or U-238) for subseguent use in fission
reactors has recently been addressed by several researchers in a variety of

fusion systems (i.e., tokamak,(]_3) (4)
(5-6) 7)

electron beam fusion, mirror

fusion, Taser fusion ( )Jhe artificially produced fuel will
substantially extend the world's fissile fuel reserves.(S) This will
eliminate the increasing threatening shortage in U-235, which represents

the only naturally occurring isotope.

The attractiveness of such reactors is due to the two revenue sources that
can be obtained, name]y? fissile fuel and electric power. In hybrid designs
which emphasize a high fissile fuel production rate, fissioning of the bred
fuel is minimized in the hybrid blanket and an energy multiplication factor

(9)

of the order 5 to 20 is attainable. " As an electricity

producer, the fissile fuel is burned "in situ" in the hybrid blanket
resulting in a high energy multiplication factor, typically 10—40.(9)
pue to energy multiplication, a relaxation in the fusion eneray requirements
is possible and may lead to early introduction.

int -

IT. Proliferation Considerations

The linkage between a hybrid reactor as a fissile fuel factory

and the fission reactors as fuel burners should meet the safeguard require-

ments to prevent the diversion and theft of weapon-grade materials and to offer

tight proliferation control. ETiminating the re;



processing as an intermediate stage in the coupling between fission
reactors and hybrid reactors can render the bred fuel proliferation
resistant. However this will be at the full utilization of the fertile fuel.

Typical fission reactor fuel assemblies can be placed in

a hybrid blanket to enrich the fuel to the proper fissile concentration

and render it proliferation resistant by making the fuel

cladding highly radioactive. These fuel assemblies, after reaching 3-4%
enrichment, are extracted from the hybrid blanket and shipped to the

fission reactors for direct use. The spent fuel assemblies from the fission
burners are either stored or, if feasible, reinserted in the hybrid blanket
(10-11)

for further enrichment. As argued by Feiveson and Taylor, and discussed

by Bethe(]z), spent or highly radioactive fuel bundles should be self-
protecting. Should the reprocessing of the spent fuel

extracted from the fission reactors be

allowed, the fission products and activities can be separated from the

fissile and fertile fuel and fresh or partially enriched fuel assemblies

can be refabricated and reinserted into the hybrid blanket

to close the fuel cycle. The reprocessing plant E
and the hybrid reactor can be an integrated part of an internationally
controlled, physically secure fuel production and reprocessing site which can

provide fissile fuel needs to many national convertor reactors.(8‘13)



3
111. SOLASE-H as a Fissile Fuel Factory

In this report we represent the results of one-dimensicnal optim-
ization studies of the laser-driven fusion-fission hybrid reactor, SOLASE-H.
These studies are aimed at searching for a blanket configuration
which results in  minimum nonuniformity in the spacial distribution of the
bred U-233 from neutron capture in Th-232. A figure-of-merit that
maximizes the bred fissile fuel subject to minimizing the peak-to-average
enrichment determines the optimum blanket design.

Fig. 1 shows the final design of the SOLASE-H hybrid reactor. This

design is based on the optimum blanket obtained in the present study. Th-23?

in the form of oxide fuel is used to breed U-233.

The reactor cavity is a right circular cylinder

surrounding the point fusion source located at the center. The top and
bottom blankets are devoted to breeding tritium and comprise 30% of the solid
angle subtended at the cavity center. The radius of the cavity is 6 m and the
height is 12 m. The ThO, fuel assemblies are located only in the radial
blanket which allows for 3 assemblies to be stacked on the top of one
another. The blanket structure is Zircaloy-2 to be compatible with the cladding
of the fuel elements. Sodium is used as a coolant. The front zone of the
blanket are pins of lead clad in zircaloy. It has been
established in the present study that a Pb front zone leads to a more
uniform fissile fuel profile across the fuel assemblies and comparable
neutron multipTlication when compared to using a Be multiplier. The
operating parameters of SOLASE-H are given in Ref. (13,14).

The performance with time of the optimized blanket has been
evaluated to establish a rotation scheme for the fuel assemblies which

will result in a symmetric fissile fuel distribytion across the fue] assemblies when
4% enrichment is reached. Tpe results of these calculations are presented in a companion

report.(]S)
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IV. Neutronics Optimization Studies

The primary objective of the neutronics study reported here has been
to maiimize the fissile fuel production rate in a hybrid reactor subject
tothe constraints that the fissile fuel distribution in the fuel zone
be as uniform as possible and that the tritium breeding ratio (TBR) be at
least 1. We have primarily considered hybrids which produce uranium-233
from thorium because U-233 is a better performing fuel in LWR's, particu-
larly PWR's. However, similar studies can be done on the production of
p]utonium-239. The constraint of a uniform U-233 distribution throughout
. the fuel assembly used jn the fuel zone is aimed primarily at minimizing
the hot spot factor one would calculate for the enriched fuel assembly

loaded into a LWR.

IV-1. The Blanket Configuration and Calculational Method

Spherical geometry, one-dimensional calculations have been performed

to assess the effects of parameter and design variations and to search
for optimum blanket performance. In this regard, two main blanket con-
figurations shown in Fig. 2 have been studied. The first blanket
series utilizes beryllium as a neutron multiplier front zone while lead is
used in the second series. Lead and beryllium enhance the neutron generation
throughout the blanket and replace a U-238 fast fission plate utilized in

other studies.(]6;zo)1n addition to introducing plutonium into a U-233 fuel
cycle, the fission plate would also increase the thermal power generated in
the blanket. This would yield excess electricity which could be sold to

reduce the overall plant running cost. However, the power increase with time
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makes the design of the cooling system more difficu]f. In our design, the main
concern has been to maximize U-233 production subject to the constraints on
fuel production and tritium breeding already mentioned and to ensure suffi-
cient power to make the plant at least self-sufficient in power.

For both classes of reactor blankets (beryllium or lead as a neutron
multiplier), the U-233 breeding zone (fuel zone) consists of just one fuel
assembly row located behind the neutron multiplier zone. A reflector is
poSitioned behind the fuel zone and consists of 1/3 Pb and 2/3 graphite by
volume. The thickness of this reflector is held at 60 cm in all cases. A
final liquid 1ithium neutron absorbing region is located at the outer
~ portion of the blanket.

The fuel zone is thus located in a flux trap between the reflector aﬁd
the neutron multiplying zone. For this reason, two relatively thin neutron
absorbing 1ithium zones are located immediately in front of and behind the fuel
assembly zone in the series of blankets utilizing lead as front zone neutron
multiplier. This achieves two ends: 1. Thermal neutrons which would be
absorbed at the edge of the fuel assembly are filtered out. Thus, only
harder neutrons penetrate and this produces a more uniform U-233 production
rate. 2. The neutrons absorbed in the Tithium help to meet the constraint
that the tritium breeding ratio be 1.

A square single PWR assembly has ‘264 fuel elements arranged in a
17 x 17 array and is 21.4 cm on a side. The fuel pins have an outer diameter, .
of 0.9498 cm and a square pitch of 1.25 cm. Zirca]oy—zhis utilized as
the cladding material with a thickness of 0.0572 cm. The ThO2 fuel pellet
diameter is b.819 cm. Each fuel assembly contains 25 empty locations of

outer diameter 0.9498 cm and are reserved for the control rods when the



fuel assembly is extracted from the blanket and usedvin LWRs.. The
dimensions of the fuel assembly and the fuel pins are shown in Fig. 3.

The fuel assembly used in this study is typical of those used in a PWR.(24)
The volume percentages corresponding to the dimensions shown in Fig. 3.
are: 30.3% Th02, 9.2% Zircaloy-2, 1.3% void and 59.2% coolant. When the
fuel assembly is placed in the blanket, the fuel zone will occupy a region
21.4 cm thick. This is held constant for the blankets studied.

To simulate a laser fusion hybrid, the neutron source is localized in
a zone 0.5 cm radius at the center of the reactor. The first wall is at a
radius of 5 m in the survey calculations. However, in the final design,
~ the optimfzed blanket is reconfigured to closely approximate the engineering
features and the cylindrical geometry of the actual hybrid concept shown
in Fig. 1. As mentioned before, the pellet in that design is centered at
€m from the firstwall and the cylindrical radial blanket section is 12 m
high. The top and bottom axial caps are designed to produce tritium..

Since the caps are devoted solely to tritium production, one requires less
tritium breeding in the radial section. As such, we have used a value of
0.6 as the constraint on TBR in these spherical geometry parametric calcula-
tions. This corresponds to a value of ~ 0.4 if 70% of the solid angle
subtended by the radial blanket, is considered.

A1l the neutronic calculations were carried out using the one-dimensional
discrete ordinate neutron transport code ANISN. A 25 neutron energy group
cross section library has been used based on the DLC-ZD(ZZ) Tibrary which was
generated from ENDF/B III with the SUPERTOG(23) code using a 1/E weighting
spectrum for the GAM-II 100-group structure. The energy boundaries for the
25 groups are given in Table 1.

Figure 2 shows the different zones of the blanket for both series mentioned

earier. Zones 4 and 8 are not included in the Be front zone series.
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The constituents and the volume percentages in the different zones

of the large number of cases studied are summarized on Table 2. We
also give the results for the U-233 breeding ratio UBR (U-233 atoms
produced per D-T neutron) and the tritium breeding ratio TBR. Note that
cases with Li cooling and Na cooling have been also considered in this

parametric study.

IV-2. Beryllium as the Neutron Multiplier ..

Several different blankets utilizing Be as front zone material were
studied. Zircaloy-2 is chosen as the structural material for this zone.

The volume percentages are: 82.2%-8e, 9.3% coolant and 8.5% Zircaloy-2. The
type of céo]ant in this study is either natural Li or Na.

In blanket #1, natural Li is used as coolant in the front zone (10 cm)
and in the fuel zone. Enriched lithium (50% Li-6) is used in the lithium
absorbing zone (zone 10). The UBR and TBR are 0.71 and 1.1, respectively;
when using Na as the coolant in the front and fuel zones (blanket #2), the ’
UBR increases to 1.34 and the TBR drépped t6 0.097. Although the utilization
of the D-T neutron in fuel and tritium production is higher in blanket #1
(0.71 + 1.1 = 1.81) than in blanket #2 (1.43), the UBR is noticeably higher
in blanket #2.

The 25 locations reserved for control rods were filled with natural
Tithium in blanket case #3, then 50% enriched 1ithium and Na as the coolant
(blanket #4). The competition between Li and Th to absorb neutrons in the
fuel zone tends to decrease the UBR (to 1.14) and to increase the TBR (to
0.38) in blanket #3. The corresponding values in blanket #4 are UBR = 0.9
and TBR = 0.67. One should notice that TBR + UBR is almost the same for
blanket #3 and 4. This shows that increasing TBR is at the expense of

decreasing UBR.
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The effect of the Be front zone thickness was studied via the cases,
blanket #5 (0 cm front zone), blanket #6 (5 cm), blanket #4 (10 cm) and
blanket #7 (15 cm). In these blankets the coolant in the front zone and
fuel zone is Na and the 25 locations reserved for control rods were filled
with 50% Li-6 enriched 1ithium. The back lithium zone waskept at 10 cm with
50% Li-6 enriched 1ithium. Table 3 gives the reaction rates for
blanket cases #6, #4 and #7, respectively. The first 7 rows of this table
show the reacfion rates which lead to neutron multiplication, in particular the
(n,2n) reaction for the structural materials and (n,2n),(n,3n)x2 and (n,vcf)
reactiqns for Th. Rows 8 to 17 give the absorption rate in the entire
blanket while rows 18 to 21 give the reaction rates for breeding U-233 and
tritium. The neutron multiplication and absorption rates in the fuel and

structural materials as a function of the Be zone thicknessare shown ‘in

Figure 4. The tritium production rate and the U-233 breeding rate are

shown in Figure 5. For a 5 cm Be front zone, the main source of

neutron multiplication comes from the (n,2n), (n,3n) and fast fission ‘reactions in
Th. However, there is noticeable neutron multiplication from (n,Zn) in
Be. As the thickness of the Be zone increases, the (n,2n) reaction rate in
Be increases and overrides the neutron multiplication due to Th at about a
6 cm Be zone thickness. Further increase of this thickness results in
larger neutron multiplication in Be. However, an increase in the Be zone
thickness leads to a softer neutron spectrum throughout the blanket. This
leads to a decreased rate of fission, (n,2n), and (n,3n) reactions in Th.
The main source of neutron absorption is due to Th (n,abs) and

Lie(n,abs) as shown in Fig. 4, Fig. 5, and Table 3. The
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percentage of neutrons absorbed in Th compared to the total number of
neutrons available is 52.3%, 47%, and 40% for the 5 cm, 10 cm and 15 cm Be
zone thickness cases, réspective]y. For Lis, the corresponding values are
28.6%, 32.7% and 36%, respectively. The main sources of neutron production
are the Th(n,2n), Th(n,3n), Th(n,vcf) and Be(n,2n) reactions. The percent-
age of neutrons from Th compared to the total neutrons available in the
blanket are 20%, 14% and 9.8% for 5, 10 and 15 cm Be front zone cases,
respectively. The corresponding values for the Be(n,2n) reaction are 15.7%,
28.2% and 37%, respectively. This shows the effectiveness of Be as a front
zone néutyon multiplying material. In going from 0 cm to 5 cm Be front zone
thickness, the UBR increases from 0.75 to 0.9. It then slightly decreases
as the Be zone thickness increases further. In contrast, TBR increases
monotonically as the front zone thickness increases. This again is due fo
the increasingly softer spectrum produced by neutron moderation in Be

which permits the Li6(n,t)a reaction to dominate capture in thorium. The
optimum thickness for the Be front_zone is about 10 cm. In this case, UBR
is 0.9 and TBR is 0.67. The latter value meets the requirement that TBR in
the spherical mock-up calculations be ~0.6. The end caps in the final
design make up the remainder.

The constraint of uniform U-233 distribution throughout the fuel
assembly is not met in this series of blankets. The Th(n,y) reaction rate
per D-T neutron throughout the fuel zone is shown in Fig. 6 for blankets
#4, #5, #6 and #7, respectively. The reaction rate first decreases and then
increases again due to the neutrons from the reflector zone. As the thickness
of the Be zone increases, the curves tend to increase in front and decrease
in the back. The minimum occurs even closer to the back edge. In general, the

fuel zone in thisseries is self-shielded to fissile fuel production.
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When Pb,L1 eutectic replaced the Na coolant of blanket #1, the UBR and TBR
become 1.1 and 0.68, respectively. However, the Th(n,y) curve is still

steep both in the front and the back edges of the fuel zone (see Fig, 6, curve 5).

When 100% Pb4L1 is used as a front zone neutron multiplier (blanket #8)
and Pb4Li is the coolant in the fuel zone, the steepness of the U-233
production rate near the front edge of the fuel zone decreases noticeably
(again see Fig. 6, curve 6).
The adeguate performance of blankets using Pb and Li in front of the fuel
zone leads us to the second series of blankets that utilizes the Pb as a base
for the front zone.

IV-3. Lead as the Neutron Multiplier

Cases 9 through 13 are blanket models with varying thicknesses of the Pb

containing neutron multiplier zone (zone #3). Further, the multiplier zone
is followed by 1.5 cm of nat. liquid lithium (with volume percentage of

95% Li and 5% S.S.) and the fuel zone is followed by a 6 cm zone of 95%
natural Li and 5% S.S. The purpose of these zones as thermal neutron
filters and tritium breeders was discussed earlier. For blanket #10, with a
10 cm Pb multiplier zone, the UBR and TBR are 0.96 and 0.6, respectively.
The competition between the Th{n,y) and the Li6(n,t)a reactions for neutron

absorption does serve to flatten the Th (n,y) reaction rate profile in the

fuel assembly.

Various reaction rates per D-T neutron for cases of 5 cm, 10 cm, 15 em

and 20 cm Pb front zone thickness are given in Table 4 and shown on Fig. 7.

These cases are for blankets #9, #10, #11, and #12, respectively. Blanket #10'

is the same as blanket #10 with 50% Li-6 enriched Li in zone 4.
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Increasing the Pb zone thickness increases the Th(n,y) reaction rate but
the increase is slowed when the zone thickness exceeds about 15 cm. The
Li6(n,t)a reaction rate steadily decreases as the front zone thickness
increases. Almost all the tritium produced comes from the Li6(n,t)u
reaction. The fraction of tritium produced in zone 4 increases from 17% to
27% as the front thickness increases from 5 cm to 20 cm because the spectrum
be;omes softer. The highest fraction of tritium produced is in zone 8
(~65% for blanket #10). This fraction decreases as the front zone thick-
ness increases. The Li back zone contributes ~14% to the total tritium
producéd.'This fraction decreases steadily as the front zone thickness
increases.

The main source of neutron multiplication is the Pb(n,2n) reaction.
It increases from .0.32 to ~0.67 per D-T neutron as the front zone thick-
ness increases from 5 cm to 20 cm. This shows the effectiveness of Pb as
a front zone neutron multiplier. As expected, the fraction of Pb(n,2n)
reactiors from the front zone is much higher than the corresponding value
in the reflector zone (~95% for b]énket #10) and increases as the front
zone thickness increases. The absorption rate in Pb is small (0.098 for
blanket #10). The value of Pb(n,abs)/Pb(n,2n) decreases as the front Pb
zone thickness increases.

The radial profiles for the Th(n,y) reaction rate through the fuel
Zone areshown on Fig. 8.. 'These curves are much less steep than the
corresponding ones shown in Fig. 6 where Be is the neutron multiplier.
To flatten the Th(n,y) reaction rate profile at the back edge of the
fuel zone and to gain a higher value of TBR, blanket #10 is modified by

increasing the Li zone thickness behind the fuel zone from 6 cm to 8 cm.
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The UBR and TBR for this modified blanket (blanket #13) are 0.94 and 0.63,
respectively. The reaction rates for this blanket aregiven in Table 4
and the Th(n,y) reaction rate across the fuel zone is shown in Fig. 8.

IV-4., Optimization Criteria

From the analysis just discussed, one is motivated to use lead as the
neutron multiplier in the blanket front zone since the Th(n,y) reaction rate
profile in the fuel zone is more uniform. The spectrum in the fuel zone is
harder. In addition, lead, unlike beryllium does not pose a resource
availability problem. Further, for the lead based blankets; the optimized
one should meet the following requirements:

. Maximum U-233 pfoduction rate with as flat a U-233 distribution

across the fuel assembly as possible.

. TBR ~0.6. Overall TBR > 1.0.

The first requirement shortens the residence time of the fuel to reach
a specified enrichment. The constraint of a flat U-233 profile minimizes
hot spot problems when the fuel assembly is placed directly in an LWR with-
out an intermediate reprocessing step.

To begin the optimization search, it is assumed that the Th(n,y)
reaction rate profile across the fuel zone does not change when the fuel
assembly is rotated 180° at any time which is short enough before the
bred U-233 changes the neutronics of the blanket. This assumption has
been verified and is discussed in Ref. (15) which is devoted to the time
behavior of the blankets studied in this report. The resultant curve,
obtained by the addition of the Th(n,y) profile to its spacially reversed
value to account for the 180° rotation, is symmetric. The resultant
curve based on the blanket clean condition composition (i.e., at the
beginning of life of the blanket) is taken as the base for choosing the

optimized blanket in our design.
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The resultant curves obtained for blankets #9, #10, #10', #11, #12
and #13 are shown in Fig. 9. ,Thé maximum-to-minimum value of these -
curves 1{s given in Table 4. -

According to our criteria and constraints, the optimized blanket
will be the one having the smallest maximum-to-average Th(n,y) reaction
rate, denoted by R, for its resultant curve while having a high value of
UBR. Thus, the figure of merit, FM, is UBR/R and this should be a

maximum. However, FM is proportional to (UBR)Z/Th(n,'y)m since the

ax
average Th(n,y) reaction rate value is proportional to UBR. The FM
va'lues’xl,()'8 are given in Fig. 9.

Although blanket #12 has the highest value of FM, blanket #13 is
chosen as the optimized one to gain the economic benefit of a 10 cm
front zone rather than 20 cm (this is a thinner and cheaper blanket).

The FM values are nearly equal in both cases. The optimized blanket #13

has TBR = 0.625 which meets the second constraint cited éar]ier.

V. Conclusions

An optimized blanket utilizing lead as a front zone neutron multiplier
has been chosen. It has UBR and TBR of 0.94 and 0.625, respectively.
This blanket has a high figure of merit value and a nearly flat U-233
production rate across the fuel zone. Carrying out a 180° fuel assembly
rotation after half the residence time to reach a specified enrichment
will give a symmetric U-233 distribution in the fuel assembly.

The final SOLASE-H fission-fusion laser driven hybrid reactor is
based on the optimized blanket obtained from this study. This final

design is given in Fig. 1,
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