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PREFACE

This report serves as the basis for comparing the fusion-fission (hybrid)
energy system concept with other advanced technology fissile fuel breeding
concepts evaluated in the Nonproliferation Alternative Systems Assessment
Program (NASAP). As such, much of the information and data provided herein
is in a form that meets the NASAP data requirements. Since the hybrid con-
cept has not been studied as extensively as many of the other fission
concepts being examined in NASAP, the provided data and information are
sparse relative to these more developed concepts. Nevertheless, this report
is intended to provide a perspective on hybrids and to summarize the findings
of the rather 1imited analyses made to date on this concept. This report was
developed jointly by Pacific Northwest Laboratory and the University of
Washington.
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I. SUMMARY

The Office of Fuel Cycle Evaluation of the Department of Energy is con-
ducting a Nonproliferation Alternative Systems Assessment Program (NASAP).
The goal of the NASAP is to provide recommendations in the development of
nuclear energy systems which have potential for reducing the risk of nuclear
weapons proliferation while satisfying the short- and long-term needs for
nuclear energy. The fusion-fission hybrid is one of the nuclear energy
systems which have been considered for long-term applications. This report
represents the development of the information and data needed to evaluate
and analyze hybrids for the NASAP. Although most of the combined driver-
blanket hybrid systems considered in this study have not been optimized for
performance and cost, the resulting data provides valuable insights of the
future prospects and potential of hybrid development.

A.  FUSION DRIVERS

The fusion driver reactor systems with available information for both

inertial and magnetic confinement have been reviewed and analyzed. These
systems have been subjected to a preliminary screening whereby they have

been assessed in terms of electrical energy self-sufficiency; fuel production
to support a sufficient number of fission burner converters; acceptable neutron
wall loading and/or blanket power density; and scientific and technological
feasibilities. Some of the characteristics of those driver systems which have
been retained for evaluation in this study are listed in Table I-A-1.

These systems include the laser heated inertial confinement hybrid with
high gain pellets based upon the Lawrence Livermore Laboratory-Bechtel Study(]);
the Tokamak operated in the ignition mode designed by PNL and based upon the

(2); the classical mirror with Yin-Yang

(3)

Tokamak Demonstration Hybrid Reactor
magnets based upon the LLL-General Atomic hybrid design*~’; and a linear theta-
pinch designed by the University of Washington. These systems generate fusion
power of 400-1100 MW with neutron wall loadings of 1-2 MN/mz. When combined
with selected fission fueled blankets, they provide a neutron economy which
may prove advantageous in the production of proliferation resistant fuel forms

and/or in situ fissile fuel burning.
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TABLE I-A-1. Fusion Driver Characteristics

LASER IGNITED CLASSICAL LINEAR
INERTIAL TOKAMAK MIRROR O-PINCH

REACTOR CAVITY DIMENSIONS (m)  10x13.4  1.2x5.4 8.0 0.6x500
FUSION GAIN 250 30 0.67 6.5
nT(s/m?) 1020 1020 2.3x1019 1020
HEATING POWER (MW) 3.4 10 630 170
FUSION POWER (MW) 850 1140 404 1090
NEUTRON WALL LOADING (MW/m?) 1.8 2.2 16 0.9

B. FISSION BLANKETS

Previous hybrid blanket designs have generally proven to be undesirable
from the nonproliferation viewpoint simply because most of them were guided
by the desire to produce plutonium or U-233 without consideration of nonpro-
liferation issues. With this information new blanket concepts having perceived

nonproliferation advantages have been combined with the above fusion driver
systems and the resulting hybrids and their associated fuel cycles have been
characterized. A generic modular designed blanket was selected consisting of

a stainless steel structure. It contains regions for stainless steel clad
fertile fuel in addition to L102 for tritium breeding. The fuels are cooled with
high pressure helium. An appropriate number of such modules have been

designed to fit in the blanket region of each driver system, Different

fertile fuels were used for the characterization of four fuel cycles.

1. Once-Through Fuel Cycle

Using natural uranium carbide as the fuel in the fertile region of the
blanket, the fuel cycle can be either a once-through "throwaway blanket"
cycle, in which the fissile fuel is burned in situ, or it can be used to
breed fissile plutonium fuel to be used in fission reactors. The throwaway
blanket concept is analogous to the LWR once-through system with verified
spent fuel storage. The hybrid would only produce electric power for sale
and its spent uranium fuel would be cooled and shipped to a secure repository
for storage and ultimate disposal. Compared with the LWR once-through fuel
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cycle, the hybrid "throwaway" blanket eliminates the need for enrichment
requirements, but it still requires similar safeguardé for the spent fuel.
It has markedly improved resource utilization since natural or even depleted
uranium could be used. However, with the present fusion driver concepts it
appears to be economically inferior to LWRs since it involves plants with
significantly greater capital costs to the extent that it would at least
triple the cost of the electricity produced as noted in Table I-B-1.

2. Pu Recycle

If the plutonium fissile fuel of the same throw-away blanket is recycled
to LWRs, the combination of the above blanket with the fusion driver systems
yields hybrids having the performance characteristics as listed in Table I-B-1.

TABLE I-B-1. Once-Through/Plutonium Breeding Hybrids

Laser Ignited Classical Linear
Inertial  Tokamak Mirror 6-Pinch
Thermal Power (MWt) 3300 4150 2580 4835
Net Electric Power (MWe) 940 1000 140 45
Blanket Fuel uc uc uc uc
Pu Production Rate (kg/yr) 1325 1950 810 2590
LWR Support Ratio 4.0 5.8 2.4 7.8
Recirculated Power Fraction 0.24 0.29 0.89 0.98
Capital Cost ($/kWt) 617 501 997 531
Incremental Energy Cost
(A System Cost/LWR Pu-Recycle)
Pu Br: 0.34 0.20 1.00 1,50
Once-Through: 2.4 2.1 25.7 144 .3

These are the same characteristics for the once-through cycle except for the
reduction of the incremental energy cost of producing electric power with the
hybrid integrated with the LWRs it supports. This incremental cost is the
percent increase over the cost of electric power produced by LWRs which recycle
their own plutonium supplemented by the plutonium produced by a fast breeder
reactor. It isaslittle as 20% to 34% for the high Q drivers (tokamaks and
lasers) and as high as 100% to 150% for the low Q drivers (mirrors and e-pinch).
For enhanced proliferation resistance of the recycled plutonium fuel cycle,
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the reprocessing and fuel fabrication facilities could be located in an Inter-
national Nuclear Center (INC) where co-processing and/or spiking of the final
LWR fuel would be performed. The hybrid need not be located in the INC unless
it contained an initial inventory of fissile fuel. The resource utilization

of this cycle is favorable since use can be made of unenriched or even depleted
uranium as well as the recycled plutonium. The hybrid system is economically
attractive with this fuel cycle because of the large number of fission reactors
which it could support.

3. Refresh Cycle

The fuel refreshing hybrid cycle utilizes natural uranium oxide fuel in
the fertile regions of the blanket modules. In this refresh cycle, after the

UO2 fuel is enriched in the hybrid blanket to the necessary level, it is reused
in LWR systems after appropriate mechanical recladding and reassembly compatible
with LWR systems. After the fuel is burned and its fissile content depleted in
the LWR system, it may be again reclad and reassembled for refreshing or re-en-
riching in the hybrid. The performance characteristics of the resultant driver-
blanket combinations are listed in Table I-B-2. For this cycle, only the ignited
tokamak hybrid provides the necessary 14 MeV neutron fluence and initial inven-
tory to allow for a practicable time (4 years) for enrichment of the UO2 fuel

to the 3% level. In that case the system economics indicate an incremental

cost of electric energy slightly above the cost for plutonium recycling using
the same hybrid system. It has the advantage of resource utilization since
natural or depleted uranium or even thorium could be used and its nonprolifer-
ation attractiveness rests on the fact that no chemical reprocessing is involved
in this fuel cycle.

4. U-233 Recycling

Perhaps the potentially most attractive hybrid blanket concept is one in
which a zone of natural uranium oxide in an equilibrium mixture with recycled
plutonijum oxide is used for neutron and energy multiplication to enhance the
production of U-233 in a natural thorium carbide fueled region. The recycled
U-233 can then be denatured with U-238 and used in fission reactors to enhance
proliferation resistance. This concept has high resource utilization since it
makes use of thorium and recycled U-233 which can produce relatively high con-
version ratios in thermal fission reactors. It also incorporates the superior
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performance of U-238 and recycled Pu-239, As seen in Table I-B-3, the perform-
ance characteristics of the hybrids fueled with such a blanket concept indicate
its economics may be superior to any of the other fuel cycles since it could
produce the most power and fuel when combined with the same driver systems.

TABLE I-B-2, Fuel Refreshing Hybrids

LASER IGNITED CLASSICAL LINEAR
INERTIAL TOKAMAK MIRROR 6-PINCH

THERMAL POWER (MWt) 3015 3715 2400 4350
NET ELECTRIC POWER (MWe) 830 853 70 175
BLANKET FUEL uo, uo, uo, uo,
Pu PRODUCTION RATE (kg/yr) 940 1390 575 1845
LWR SUPPORT RATIO 28 4.2 1.7 5.5
RECIRCULATED POWER FRACTION 0.27 0.32 0.94 1.09
CAPITAL COST (5/kWt) 544 536 1038 546
INCREMENTAL ENERGY COST — 0.22 — —

(ASYSTEM COST/LWR Pu-RECYCLE)

TABLE I-B-3. 233y Breeding Hybrids
LASER IGNITED CLASSICAL LINEAR
INERTIAL TOKAMAK MIRROR 6-PINCH

THERMAL POWER (MW4t) 4980 6600 3600 8200
NET ELECTRIC POWER (MWe) 1670 18356 545 1560
BLANKET FUEL ThC ThC ThC ThC

(Pu0O,-U0;) (Pu0,-U0,) (Pu0,-U0,) (Pu0,-U0,)
233 PRODUCTION RATE (kg/yr) 2585 3810 1575 5070
LWR SUPPORT RATIO 95 14 5.8 18.6
RECIRCULATED POWER FRACTION 0.16 0.17 0.67 0.58
CAPITAL COST ($/kWt) 557 396 830 463
INCREMENTAL ENERGY COST 0.14 0.04 0.42 0.26

(ASYSTEM COSTS/LWR Pu-RECYCLE)
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In addition to systems design, resource utilization and economics, the
hybrid systems which have been analyzed and characterized in this study have
also been evaluated on a normalized basis with respect to safety and environ-
mental factors, proliferation resistance, commercialization, as well as tech-
nological requirements. With the very significant absence of criticality as
a key concern, the hybrid introduces no issues which have not been identified
in the fission and fusion programs. Because it is the earliest proposed com-
mercial application of fusion energy, the hybrid may be the first energy
systems to introduce the unique fusion issues (e.g., tritium management, vacuum
rupture, magnet accidents) to the licensing community. This is not seen as
time-constraining on the date for introducing the first commercial systems
providing the identified issues are resolved without delay.

An analysis has been done on the nonproliferation aspects of the hybrid
and its associated fuel cycles relative to fission reactors. It is evident
that any fission fuel cycle option recommended for reduced proliferation can
be adopted with hybrids in the system. Moreover, new fuel cycles can be
envisioned which start with natural or depleted material and discard the spent
fuel elements. However, these may be unacceptable from an economic standpoint.

The utility and industrial perspectives on hybrid reactors are examined
within the context of the commercialization process. Specific issues in the
process are identified and reviewed for the case of hybrid reactor concepts.
This illuminates the key factors which will influence private sector's deci-
sions to invest in fusion-fission reactors. 1In addition, some of the public
decision-making problems are highlighted.

The required level of technology for both the fusion and fission components
of a commercial hybrid system are technologically feasible. The fusion-side
scientific and technological performance reguirements are perceived as being
attainable as a next step following the current generation of confinement experi-
ments (c. 1985). Similarly, the fission-side requirements are perceived as
having been demonstrated or could be demonstrated with a modest investment of
research and development funds. A possible hybrid facilities development sched-
ule has been developed which allows for the parallel development of both mag-
netic and inertial fusion drivers as well as hybrid blankets. Such a schedule
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would allow the driver selection to be made by 2000 for the first economically
prototypical hybrid reactor which conceivably could operate as early as 2010.
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IT. INTRODUCTION

A concept which has potential for future application in the electric power
sector of the U.S. energy economy is a combination of fusion and fission tech-
no]ogy.(]) The fusion-fission energy system, called a hybrid, is distinguished
from its pure fusion counterpart by incorporation of fertile materials (uranium
or thorium) in the blanket region of a fusion reactor.

The neutrons produced by the fusion process can be used to produce fuel
for fission power reactors through capture events in the fertile material. For
the current hybrid design concepts being studied, it is expected that 5 to 15
Light Water Reactors (LWRs) of 1000 MWe capacity can be supported from the
annual fissile production from the hybrid. Although fuel production is envi-
sioned as the chief benefit of a fission-fusion system, the thermal energy
generated through fission events in the blanket could be used to generate
electricity. The fact that hybrid reactors could produce power as weli as
fuel to extend the fuel supply for fission reactors has been the subject of
many studies(z). ‘Thése studies have shown that fuel-producing hybrids capa-
bie of fueling multiple burner-converters can serve a useful function in the
perceived market place shortly after the year 2000. However, they conclude
that hybrid breeders must produce and sell power at least sufficient to offset
the power consumed by the devices in order to compete in the marketplace. The
sale of fissile material probably requires chemical processing of the blanket
to recover the fuel, although recycle without reprocessing has been suggested

(3).

The hybrid may be able to play multiple roles in the nuclear power economy.
Projections of the electric generation mix in the U.S.,(d) to the year 2000,
predict a potential shortfall of fissile material shortly after the year 2000.
Interest in hybrids therefore stems from the possibility that fuel breeding
hybrids might be developed and deployed in time to ease or eliminate this
potential shortfall and stabilize fissile fuel costs. In addition, because of
the uncertainty in the future supply of 235U, electrical utilities relying on
nuclear power are interested in the hybrid concept to produce fissile fuel for
existing power plants. With an additional supply of fissile material, the
future nuclear increment of the electric generation mix might grow substantially.

In the fusion-fission reactor, as depicted in Figure II-1, the 14 MeV fusion
neutron deposits its energy in the blanket where it is absorbed by the fertile
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FIGURE II-1. Fusion-Fission Process

material. Subsequent reactions. neutron reemission, fission or capture, can

take place depending upon the energy of the absorbed neutron. If the incident

neutron energy is greater than 12 MeV, the neutron multiplying reactions

(n, 2n) and (n, 3n) as well as the fission reactions with 238 and 2327 are

dominant. If the Neutron energy is degraded below ~2 MeV, the principal

absorption reaction is radiative capture {(n, v) in the fertile fuel. 233
u.

These isotopes are both fissile materials and thereby candidate fuels for

Through subsequent decay, the end products are the isotopes 239Pu or

fission power plants. In addition, neutron reactions with the isotopes of
lithium in the blanket will absorb or yield energy, depending upon the iso-
topic content, and produce tritium for replenishing the T supply consumed in
the fusion process.

In comparing the fusion process with the process in a hybrid, it should
be noted that more energy is released in the hybrid. The fusion process
yields ~18 MeV of energy whereas fission in the hybrid blanket yields ~180 MeV,



roughly ten times more energy release. In the high energy absorption and
fission processes, additional neutrons are also released. Thus, in the hybrid
both energy as well as neutron multiplication take place. This may be consid-
ered a desirable feature for reactor applications. The power output require-
ments of the fusion driver may be reduced compared to the pure fusion system
for producing the equivalent amount of electric power. Thus, the performance
requirements of the fusion driver component may be somewhat less stringent

than those for pure fusion electrical power plants. This difference is prob-
ably small for fusion driver concepts with attainably high fusion gains (Q>20).
However, for those fusion confinement concepts with achievably low gain (Q<20),
conceptual studies have indicated that the fusion component performance require-
ments are substantially lower for the hybrid than for its pure fusion counter-
part.

_ The major fission technology requirements for the hybrid are expected to
be developed in the course of research and development of fission power
reactors and their fuel cycles. Those fission components needing development
require only a modest incremental investment of research and development funds.
In addition, the fission blanket is inherently subcritical which precludes
criticality accidents and mitigates the afterheat problems suffered in potential
loss of coolant accidents compared to similar events in LWRs.

The hybrid concept may be a viable supplement or alternative to the LMFBR
to extend the nuclear energy option beyond the next century. It may also be
looked upon as a step along the pathway to pure fusion power. It is conceiv-
able that many uncertainties in plasma physics, plasma engineering, and blanket
engineering performance of pure fusion systems could be resolved through the
development of hybrids. Thus, hybrids would be a step on the road to achieving
the benefits of pure fusion technology. With the present schedule of develop-
ment of fusion as well as fission technology, it is conceivable that a hybrid
could be developed near the turn of the century.

In this report the selected fusion driver concepts with proposed blanket
designs and their associated fuel cycles have been characterized. In addition
to a detailed economic analysis of these hybrids, related issues on prolifer-
ation resistance, safety and environment and commercialization are presented.
The technology status and RD&D requirements of the related technologies are
reviewed and a proposed hybrid RD&D program is presented.
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IIT. FUSION DRIVERS

The fusion driver reactor systems with available information in the
literature for both inertial and magnetic confinement have been reviewed
and analyzed. These systems have been subjected to a preliminary screening
whereby they have been assessed in terms of electrical energy self-sufficiency;
fuel production to support a sufficient number of fission burner converters;
acceptable neutron wall loading and/or blanket power density; and scientific
and technological feasibilities. Those systems which have been retained
in this study and are described in this section include an ignited tokamak,
a classical mirror, a linear theta pinch with end plugging, and laser
inertial confinement system with high gain pellets.

A.  TOKAMAK

1. Plasma Physics

The fusion core of a Tokamak Hybrid Reactor (THR)(]) should have the
highest possible fusion power density to maximize the neutron fluence sup-
plied to the surrounding fusion blanket. In a Two-Energy Component Tokamak
(rcTy, (2)
transport and radiation losses by means of injected energetic deuterons

the temperature of the tritium bulk plasma is maintained against

which undergo fusion reaction with the relatively cold tritons. At plasma
temperatures <10 keV the maximum fusion power obtainable this mode of
operation is considerably larger than that obtainable for an ignited plasma
composed of a 50/50 D-T mixture. However, operation in the TCT mode

requires that the neutral beam injectors remain at full power during the
entire burn. This places strict performance requirements on the neutral

beam system and, more importantly, demands that a sizable recirculating

power fraction be maintained to meet the large power requirements for
continuous operation of the beam injector system. Considering these factors,
the desired fusion power level for the THR is obtained by using a >10 keV
ignited 50/50 D-T plasma. This relaxes the performance demands on the

neutral beam system and establishes an efficient operating cycle by minimizing
the recirculating power requirements. Under ignition conditions the plasma
temperature is maintained by the confinement of fusion alpha particles which
is sufficient to balance the transport and radiation losses.
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High toroidal field, high beta and elongated plasma cross sections
are found to be essential for obtaining an ignited tokamak plasma. The
ignited plasma which was designed for the tokamak driver has the
characteristic parameters as listed in Table III-A-1.

A cross-sectional view of the Tokamak Hybrid Reactor is shown in
Figure III-A-1. The plasma cross-section is in the shape of a flattened
"D" (S = 1.53). This cross-section lends itself well to the implementa-
tion of a double-null poloidal divertor, which is used for the removal
of D and T ions, impurities, and alphas emerging from the discharge. The
elongated plasma cross-section, however, has a negative decay index; hence,
feedback stabilization of the plasma vertical position is required.

2. Conceptual Engineering Design

The first or vacuum wall of the THR consists of a 0.5 cm carbon Tiner
inside a double-walled stainless steel shell 5 cm thick having channels
for helium coolant at 700 psi. On the inner zone of the torus, where a large
fraction of the tritium is bred, the stainless steel backing is 1.5 cm
thick. This carbon-stainless steel first wall will be subjected to a
neutron flux of 2.2 MW/mz. The radiation to the first wall is approximated
to be on the order of 25 MW resulting in a heating rate of 5.9 W/cmz. This,
together with the neutron flux, will result in a heating rate in the first
wall region of approximately 60 w/cmz. The coolant flow rate through the
first wall coolant channels of 190 kg/s at 70 m/s velocity provides a heat
transfer coefficient of 0.35 W/cm2-°C which is sufficient to keep the
first wall at 35°C.

This can be provided by 110 rotatable cryo-sorption pump pairs, 55
in each divertor zone, similar to those designed for the Tokamak Engineering
Test Reactor.(3) One-half of these pumps are to be on-line at any given
time. As soon as the cryo-sorption surfaces of the on-1ine pump are saturated,
the pump pair is rotated 180°, placing the freshly regenerated pump in
place to begin pumping.

The toroidal field magnet system consists of 20 cryogenically stable
superconducting coils with Nb3Sn filaments in OFHC copper stabilizer.
The TF coils are constant tension "D" shaped, which produces a magnetic field
of 6.66 T on the plasma axis. The formulation corrects the magnetic forces
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TABLE III-A-1.

Ro
a
A
Elongation, Kk

Shape Factor, S

Horizontal Wall Radius

Wall Area
Plasma Volume

Axial Bt

Fusion Power

Neutron Power

Neutron Wall Loading

Power Density

ITI-3

Plasma Parameters for Tokamak Hybrid Reactor

5.4m
Tm
5.4
2.0

1.53 (flattened "D" shape)

1.3 m

424 m?

175 m3

6.66 T

5.6 MA

2.4

2.54 x 1014cn3

11.5 keV

14 -3

4.2 x 10 'cm s
3.8

1160 MW

928 MW

2.2 Mi/m?

6.6 Mi/m°
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for variations in field due to the discreteness of the finite number of
coils and the shape of the cross section resulting in field ripple at the
plasma surface of only 1%. Conductors embedded in structural discs are
employed in order to hold the conductor rigidly within the supporting
structure.

Charged particles leaving the plasma are guided along the magnetic
field lines into the poloidal divertor zone where they give up their
energy by striking a sacrificial plate and are then pumped out in molecular
form. The divertor entrance width is set at 30 cm to keep the plasma
capture efficiency close to unity. Backflow of neutrals into the torus
must be prevented in order to minimize charge-exchange loss of fast ions,
as well as charge-exchange neutral sputtering. The required cryogenic
pumping surfaces can be readily accommodated inside the large TF coils.
The plasma flow in the scrapeoff region proceeds nearly at the speed
of sound the density here is relatively low (~2 x 10]3 cm'3), and the

plasma temperature is high (~2 keV).

Neutral beam injectors will be used to heat the THR plasma during
startup. Positive and negative ion source systems were considered for
the neutral beam injectors. For the THR beams at 150 keV, tolerable
net electrical efficiency can be obtained easily with positive ions,
provided direct conversion is employed to recover most of the power in
the unneutralized beam fraction.

The injector system for THR neutral beam heating is a 1980's technology
positive ion system. Twelve beam lines, each containing seven positive ion
sources arranged in a vertical array, will be used to deliver 150 MW to the
plasma. At the first wall each beam line fills a window 96 cm (horizontal)
by 25 cm (vertical). The beam ports take up less than 1% of the first wall
area. To provide 150 MW of power to the plasma at 150 keV, an injection
current of 1000A equivalent is required.

Table III-A-2 lists the power requirements for the THR. As seen, a
recirculating power of 410 is needed. This corresponds to a plant
efficiency of about 70%.
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TABLE ITI-A-2.

Power Requirements for a

Tokamak Hybrid Reactor

MW
Helium Circulating Pumps 175
Cryo-generation Systems 70
Resistive Loss of VF Coils 100
Resistive Loss of OH Coils 140
Divertor Requirements 6
Feedback Stabilization System 30
Cooling Towers 10
Neutral Beam Requirements 5.15
Additional System Support 13.85
Total 40

B. MIRRGOR

1. Plasma Physics

Because it is an open-end device with an intrinsic loss of plasma,
the magnetic mirror does not admit operation at high Q values approaching
those of ignition. Under ideal circumstances the theoretical value of Q
for the plasma is only slightly greater than unity. The magnetic-mirror
reactor is therefore a driven power amplifier whose thermonuclear power
output is a factor of Q times its injected power. In order to achieve
economical net electrical output with such low values of Q, a magnetic-mirror
reactor must use the plasma energy which escapes from its mirrors in order to
power the injectors. The means by which this is accomplished at high efficiency
is called direct conversion. In the pure fusion case this leads to a large
recirculating power fraction of order unity.

In a simple magnetic mirror (Figure I1I1I-B-1), as in other containment
devices, the plasma is contained transverse to the axis because of its inability
to diffuse at an appreciable rate across magnetic lines. However, containment
along the axis results from the "mirroring" of individual ion orbits by the
converging field lines at the two ends, where the magnetic field strength B
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Minimum-B Geometry

is larger than in the central plane by the ratio R, called the mirror ratio.
An ion (Figure III-B-1) whose motion is directed predominantly toward a mirror
with longitudinal kinetic energy will gain perpendicular (circular) energy Wy
around the field lines as it approaches a mirror. At the mirror it will have
Wy (mirror) = W1 (center) x R and will have subtracted correspondingly from
the longitudinal energy. In the case of sufficient W (center) the ions are
brought to rest so that Wiy {(mirror) = 0. This occurs for those particles

for which W (center)/wH (center) is sufficiently large that the direction

of the ion velocity 1ies outside some angle to the axis of the mirror. This
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angle defines a core of directions called the loss cone, such that ions whose
velocity directions lie outside it are contained, and the others are lost out
the ends. Collisions between ions can send them into the loss cone and vice
versa. There results a velocity distribution, called a 1oss-cone distribution,
which is not Maxwellian and which largely determines the degree to which loss
may exceed the collisional lower limit by influencing the kinds of unstable
plasma waves that may occur.

It has Tong been known that plasma in the simple mirror geometry is
unstable to magnetohydrodynamics (MHD) motions in which the plasma moves
grossly across the magnetic lines. However, it has been shown theoretic-
ally and experimentally that a system whose magnetic lines are everywhere
convex toward the plasma is stable to MHD modes. Such a system has minimum
field strength B on its axis at the center of the system, and B increases
outward in all directions. The minimum-B system of Figure III-B-1 has
fan-shaped ends, one vertical and one horizontal, and the field is supplied
by "Yin-Yang" coils, which are among the most economical of the various
possible coil systems for producing minimum-B mirror fields. This coil

system has been chosen by the Lawrence Livermore Laboratory (LLL) group as
the basis for their reactor design.

To sustain the plasma in a mirror device against collisional end loss it
must be injected with a neutral beam from an injector, as shown in Figure
I1I-B-1. The plasma is nearly opaque to this beam and absorbs its energy to
sustain the thermonuclear reactions. The plasma thereby becomes an energy
amplifier because of the total thermonuclear power it produces.

2. Conceptual Engineering Design

The magnetic mirror fusion driver is based upon the Lawrence Livermore
(4) The plasma has
a roughly spherical central portion of radius 2.5 m with mutually perpendicular

Laboratory (LLL) conceptual mirror-hybrid reactor design.

“fans" at the ends from which plasma escapes. For the device discussed here

the central ion density n = 9 x 10'9 3
20

with 8 = 0.7 and confinement corres-
ponding to nt = 2 x 10 sec/m3. The mean injection energy of the D-T ions
is 125 keV. The neutron wall loading in the first wall is 1.6 Mw/mz.
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The magnetic field is furnished by superconducting U-shaped Yin-Yang
magnetic coils of 11-m radius. The maximum magnetic field at the conductor
is 8T, allowing the use of NbTi superconductor. The field of the lower mirror
is 0.5% less than that of the upper mirror, forcing most of the plasma to
escape from the bottom.

Figure I1I-B-2 shows an overall view of the reactor. Magnet, blanket
and primary heat transfer loops are all within a prestressed concrete reactor
vessel (PCRV) which has two holes for the neutral beams and allows access to
the fuel elements through a hole at the top. The PCRV also serves to restrain
the magnets against their internal magnetic pressure. The fission blanket is
made of 600 helium-cooled modules as shown in Figure III-B-3. A single blanket
module is illustrated in Figure III-B-4. The helium coolant flows up through
the tritium-breeding pins, out around the fission pin bundle, back through
them and out the diffuser to the steam generators.

Ninety percent of the plasma flow out of the bottom mirror is direct-
converted with a single stage direct convertor with an effective efficiency
of 50%, while the 10% flow of the upper mirror is thermally converted at an
efficiency of 35%.

The two neutral beam injectors are radiation hardened composites of 216
positive-ion, neutral-beam sources delivering 3000 A of 125 keV D and 189 keV
T. With direct conversion of the stray beam the injection efficiency is
I 0.55. The plasma Q = 0.63 is stated as the ratio of fusion power (400 MW)
to injected neutrsl power (625 MW).

C. LINEAR THETA PINCH

1. Plasma Physics

Unlike other magnetic confinement systems, the theta pinch is a high-beta
device (B = 1) in which very little penetration of the magnetic field into
the plasma occurs. In the theta pinch the plasma density (m]O22 m'3) is also
two to three orders of magnitude larger than in the magnetic mirror and
tokamak, and confinement times are correspondingly shorter. The theta pinch

is inherently a pulsed device because of its impulsive method of heating and
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its high instantaneous power density. For a typical cycle time T ~ 10 sec,

the duty factor TB/TC ~ 10'3 results in average power densities and wall loading
which are about the same as for the other concepts. Total magnetic energies

are of the order of 100 GJ, also comparable to those of the other concepts.
However, this energy is pulsed repetitively in and out of the compression-
confinement coil from an external power supply (typically a superconducting
homopolar motor-generator whose rotor stores the energy inertially, converts

it to magnetic energy in the theta-pinch compression coil, and then recovers

it again as inertial rotor energy with a high efficiency (n90%) characteristic

of rotating electrical machinery.

The basic principles of present day theta-pinch experiments are illus-
trated in Figure III-C-1. Ionized D-T gas is produced inside a single-turn
coil by a high frequency oscillating magnetic field in the axial direction.
Following this, a large current (in the poloidal, or theta, direction) is
suddenly fed to the coil from a capacitor bank. This rapidly fills the coil
with magnetic field parallel to its axis. During the dynamic (or “shock
heating") phase, the surface of the plasma is driven rapidly inward by this
axial field, heating the ions and electrons. Later there is a quiescent
(adiabatic compression) phase after the magnetic field is built up on a much
slower (adiabatic) time scale to a steady value in the coil.

A theta-pinch reactor will be a staged theta pinch, so-called because it
employs separate energy sources for the shock heating and adiabatic compression
stages. The shock heating coil is thin and can be liquid metal cooled. It is
connected to a low energy, high voltage circuit whose energy content is a
minor factor in the overall energy storage system. The energy in the magnetic
compression field, which is preponderant, is furnished by a low voltage multi-
turn coil which produces a more slowly rising magnetic field (following the
shock heating field), appropriate to adiabatic compression of the shock heated
plasmas. Such a coil is economical of joule electrical losses, and leads to
a satisfactory excess of reactor power output (low circulating power fraction).
The compression coil is also of sufficient size to accommodate an inner neutron
moderating or hybrid blanket.
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Theta-Pinch Using Separate Shock-Heating
and Adiabatic Compression Coils

2. Conceptual Engineering Design

a. The LASL Designs

There have been two studies of this concept at Los Alamos and a later one
at the University of Washington. The first was based on a capacitively driven
adiabatic compression system with separate shock heating assumed but not
specified in detail. The second LASL study treated the staged heating coil
and its surrounding multiturn adiabatic compression (ACC). The compression
energy store was a set of homopolar generators. Both coils were inside the
fissile blanket, and the 7 to 8 cm thickness of copper detracted from the
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breeding and blanket energy multiplication. Confinement, and hence nt and the
Q value were assumed to be limited by streaming of plasma out the ends of the
device, which was one kilometer long. The repetition rate of the 10 ms burn
pulses was adjusted to 2.3 Hz to give a neutron-current wall loading 1 MW/m2.

b. The University of Washington Linear Hybrid Reactor

This design remedied some of the difficulties of the LASL designs by

incorporating the following features: _

(a) Material end plugs were assumed, thereby reducing the energy loss
problem to that of electron thermal conduction.

(b) A reactor core with the hybrid blanket inside the shock-heating
coil and then adiabatic compression coils was used. The main
features of such a core are shown in Fiqure III-C-2.

(c) A "hybrid" magnet was used, in which the normal copper pulsed com-
pression coils were placed inside steady state NbTi superconducting
(S.C.) coils. The 8-T field of the S.C. coils is cancelled by a
negative 8-T pulse from the normal coil, shock heating is applied
at zero field, and the plasma compressed in 5 ms to 16 T to a relatively
low temperature to lessen thermal conduction and produce a 3.6 ms
plasma burn. The use of this hybrid magnet principle allows a factor
of four decrease in energy and joule losses of the pulsed magnet.

This University of Washington design has therefore been selected for
consideration in this study.

D. LASER INERTIAL

1. Inertial Fysion Physics

The basicAidea of the inertial confinement is to heat an initially
frozen D-T pellet to ignition by the absorption of pulsed radiation in a time
short compared to the time of the pellet disassembly at the burning
temperature (< 10 keV).
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A requirement for ignition is that the range of the fusion-produced
3.5 MeV alpha particles must be short compared to the radius of the
pellet.

For these conditions to be met the pellet must be compressed by a factor
of 103 to 104 above its normal solid or 1iquid density (0.2313 g/cm3 or
2 ions/cm3). The burn parameter nt is usually expressed in terms of

the pellet radius R traversed at thermonuclear sound speed, and the mass

density of the pellet. A burnup fraction of 30% corresponds to oR:3q/cm2.
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A figure of merit for the approach to reactor conditions is the pellet
gain factor:

Q - (thermonuclear energy out) *+ (laser light energy incident on the pellet)

Provided that the plasma burn can propagate from a small central region, §
values as small as ~100 may lead to practical pure fusion plant efficiencies.

2. Conceptual Engineering Design

There have been two in-depth studies of laser driver hybrids by the
Lawrence Livermore Laboratory (LLL) group with the Bechtel Corporation(s) and
the Westinghouse Corporation. The Westinghouse design operates at a neutron
wall loading of 10 Mw/m2 with a blanket power density of 250 Mw/m3 with enriched
(3 to 5% Pu) UC fuel but low fissile production. It is optimized primarily to
produce electric power. We do not consider this design although its wetted
first wall concept is important for high energy pellets whose debris fluence
exceeds the capability of a carbon first wall.

Figure III-D-1 shows the LLL-Bechtel reactor. It has a 10 m diameter
first wall (Figure II1I1-D-2) of nonablating grabhite held at a steady temperature
of 880 K. The structured pellets produce 100 MJ of fusion energy at a repetition
rate of 6.1 Hz, giving a neutron wall loading of 175 MW/mZ. These values
are averaged over a three full power year (4.28 CY at 70% capacity factor} tuel
handling cycle in which the reactor thermal power PTH is held constant at 4000
MWt as the Pu concentration builds up. Fuel management holds the Pu concen-
tration at about 1%. The laser frequency varies from 8.5 to 5.5 Hz to hold
PTH constant. The first wall, shown in Figure III-D-2A is lithium cooled and
sees 25 MJ (100 kJ/mZ) per pulse (210 MW max.) in the form of X-rays and pellet
debris and 40 MJ (330 MW max.) from neutrons and gamma rays. The remainder
impinges on the upper and lowver lithium blankets.

Figure III1-D-2B shows the cylindrical side fission blanket and top and
bottom fusion blankets consisting of 50% enriched lithium, beryllium, stainless
steel and graphite. The fission blanket intercepts 66% of the area available
to the pellets. This blarket and top Tlithium blanket 1ift out together as
indicated in Figure III-D-2B.
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Four 100 kJ lasers drive the pellets in the equatorial plane of the
reactor. They are assumed to be of an excimer type in which 1.2 MeV electron
beams excite Xe gas whose 170 nm fluorescence radiation dissociates COSe
(carbonyl selenide) to give 489 nm selenium laser light.

The quality Ny is defined as the overall efficiency of the laser from
the electric line, through the 1.25 MV, 2.3 MJ pulsed power conditioner, the
electron beam (75%), the fluorescer (18%), the laser (25%), and the optics
(60 m focal length f/30) (90%). The produce ot these factors is 3.2%. When
power for laser gas conditioning is taken into account the overall laser
efficiency is 1.17% at 5.5 Hz and 1.5% at 8.5 Hz. Over a fuel handling cycle
the time averaged ny = 1.33%. The gain of the laser pellet system is assumed
to be Q = 250.
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A.

IV. FISSION BLANKETS

FUEL FORMS

Satisfactory performance of the fusion-fission hybrid system depends a

great deal on the technological basis supporting the selection of the fission

fuel form. Not only is fuel performance important under operating and accident

conditions but fabrication, reprocessing and ultimate waste disposal technologies

must be available or developed. Generally, the technology base for a fuel form

(oxide, carbide, etc.) is dependent on a specific cladding material, geometrical

form (pins, microspheres, etc.), and coolant. The technological basis for UO2

fuel is Timited to fuel clad in Zircaloy or stainless steel, fabricated in pins

and cooled by water. In assessing the status of technology for the fuel forms
of interest for the Tokamak, Mirror, Laser, and Theta-Pinch hybrid reactors all
of the following considerations must be addressed:

Oxide Fuel - The most highly developed fuel form of interest for hybrids

is UO2 clad in stainless steel. All commercial experience has been with
pins assembled into bundles. Irradiation performance of water-cooled
S.S.-clad UO2 fuel is fairly extensive. The Liquid Metal Fast Breeder
eactor (LMFBR) Program is rapidly developing Na-cooled data. The Gas
Cooled Fast Reactor (GCFR) Program proposes to utilize LMFBR technology
and has identified differences that must be resolved. The predictable
performance of ThO2 should also be enhanced with this technological base.
Oxide fuels achieve burnups of 40,000 to 100,000 megawatt days per metric
tonne of heavy metal (MWD/MTHM). The transient performance of oxide fuels
is the subject of considerable R&D in both the Light Water Reactor (LWR)
Safety Program and the LMFBR Program. Extensive development of analytical
methods for design is an integral part of both these programs. The methods
developed will be of use to hybrid blanket designers for determining the
response of oxide fuels to the pulsed power operation of most fusion drivers.
Current transient experiments indicate that oxide fuels containing'fission
products can withstand only a few rapid transients before failure due tc
mechanical fatigue. It is anticipated that all solid fuel forms will have

this problem due to retained fission products.
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e Metallic Fuel - The irradiation performance of many metallic fuels is very
well understood. Of the many alloys and geometric forms that have been
used in production reactors, test reactors, and others, perhaps the most
applicable to fusion-fission hybrid reactors is the U-Fissium pins used
as EBR II driver fuel. U-Fissium is primarily a U-Mo alloy. The pins are
made up of cast U-Mo sodium bonded to 304 S.S. cladding. Burnups of
10,000 MWd/MTHM are current practice. Maximum fuel-clad temperature of
650°C 1imit the application of this alloy-clad combination with helium
coolant. The design constraints for this fuel are well understood so the
steady state performance can be reliably predicted. No transient experi-
ments have been performed, however, so response to pulsed power operation
is unknown.

e (arbide Fuel - Design information exists for carbide fuel in two forms.

Stainless steel clad pins have been studied extensively as advanced fuel
for LMFBR's. Although irradiation performance must yet be verified, ex-
perimental programs have been identified and await operation of the Fast
Flux Test Facility (FFTF) for obtaining extensive irradiation data. Burnups
of 100,000 MWd/MTHM are anticipated for fast reactor carbide fuels. The
higher allowable linear heat rating (35 kW/ft compared to 18 kW/ft for
oxide) will not be fully utilized in a hybrid blanket, so the incentive

for carbide fuel in this form is primarily neutronic (higher atom density
of U or Th). The transient response of this type of fuel is unknown. It
is anticipated, however, that the analytical methods developed from current
oxide fuel tests will form a good basis for predicting carbide fuel pin
performance.

The other geometrical form of carbide fuel is the coated particle
technology developed as part of the High Temperature Gas Cooled Reactor
(HTGR) Program in this country and the gas cooled reactor program in
Germany. The coated particles are TRISO or BISO coated beads 200-500 um
in diameter. The beads are imbedded in either a spherical graphite matrix
(Germany) or mixed with graphite in pellet form and put in channels in a
graphite block (HTGR). Extensive experience in helium cooled systems is
available for estimating irradiation performance. Burnups greater than
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100,000 MWd/MTHM are achieved. The resulting lattice is relatively low power
density (10 kW/2). The transient response of this fuel form has been studied
extensively as part of the HTGR Safety Program. Therefore, adequate methods
for the preliminary determination of response to pulse power cycles exists.

e Silicide Fuel - Uranium silicide (U3Si) has been proposed in some blankets.
This fuel form was developed as part of the CANDU program at AECL. U3ST
is a~metallic type fuel form. Irradiation experiments with fuel exposure
to 25,000 MWd/MTHM conducted by AECL show little swelling. It has shown
an ability to handle large step increases in power which is important to

pulsed power operation. Its linear heat rating is 20% better than UO2 at
500°C surface temperature. Maximum fuel temperature must be maintained
below 500°C which may Timit its application in helium cooled systems.
Compatibility of U351 with Tiquid metal coolants and high temperature
clad materials is unknown.

e Molten Salts - Molten salts have been proposed for hybrid blanket application

primarily as a means of alleviating fuel movement problems in the complex
geometries and because tritium separation would be relatively easy. The
molten salt reactor experimedt (MSRE) demonstrated the feasibility of the
concept; however, many technological questions remain that require develop-
ment. Molten salt is compatible with stainless steel up to 500°C and

with graphite to 600°C. Above that Hastelloy-N must be used. The nickel

in Hastelloy may produce sufficient He in a 14 MeV neutron field to make
embrittiement a problem. Although a development program has been defined
for molten salt fission reactors, it has not been implemented so the bases
for blanket design and salt processing system are very uncertain.

If the various fuel forms are ranked in order of available technology, the
list would be:

Oxide fuel in stainless steel clad pins
Coated particle carbide fuel

U-Mo alloy fuel in stainless steel clad pins
Carbide fuel in stainless steel clad pins
Molten salt fuel

Silicide fuel in pins

Y O AW NN =
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How much the technology base should influence the selection of fuel form,
cladding and coolant is certainly a topic for discussion. However, it would
be expected that designs proposed for near-term application would weigh avail-
able technology heavier than designs proposed for ultimate commercial applica-
tion. Considering the near term application of hybrids, available or newly
developed blanket fuels were selected.

The Once-Through and Pu-Recycle blanket designs have the following fuel
form, cladding and coolant combination:

Fuel - UC in rods
Cladding - 316 SS
Coolant - Helium

There is no basis for accurately predicting the performance of this combination.
The overall performance expected from this blanket is superior enough to out-
weigh the technological uncertainty. The Refresh blanket design has the fuel
form, cladding and coolant combination 1isted below:

Cladding - 316 SS
Coolant - Helium

The fuel and cladding combination for this blanket are very familiar and have
had extensive use in the LWR industry. The fourth fuel cycle, Pu-Catalyst, has
the following blanket composition:

Fuel - Pu02/U02 (Convertor Region)
- ThC (Breeding Region)

Cladding - 316 SS

Coolant - Helium

This particular fuel cycle will draw heavily on technology developed in the
LMFBR program.

B. TRITIUM BREEDING MATERIAL CANDIDATES

The 1ithium compound selected as the tritium breeding material must satisfy
several requirements. The tritium breeding compound must possess good neutronic
and irradiation characteristics as well as exhibit qood chemical stability at
blanket operating temperatures. The Tithium compound selected must release
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tritium at a rate so that the tritium inventory in the blanket modules is not
excessive. Lithium compounds fall into the following classes: Metallic, salts
and ceramics.

e Liquid Lithium - Liquid lithium contained in stainless steel rods could be

a potential tritium breeding candidate. The tritium removal would be
complicated, however, by the high solubility of tritium in Tithium.
The blanket module tritium inventory would be very high.

e Metallic Compounds - Metallic compounds of Tithium with A1, Bi, Pb, Si and

Sn may be useful for hybrid blankets. The radiation stability of these
compounds has not been established. Also the metallic compounds show the
appearance of liquid phases at low temperatures as the lithium atoms are
transmuted by nuclear reactions in the blanket.

e Nonmetallic Compounds - The oxide-bearing ceramics have the highest

melting points, except for the carbide. The compound L120 has a high
melting point and a high lithium atom density although its vapor pressure
prohibits its use above ~1400°C. It has a strong affinity for water and
carbon dioxide. The reaction,

LiZO + H20 = 2Li0H

has calculated free energy change at 298°K of -22.7 kcal so that the
equilibrium vapor pressure of H20 at 298°K is ~10']4 torr. Consequently,
the dry powder would be difficult to fabricate without producing some

LiOH which must be dehydrated at an elevated temperature after assembly.

Lithium oxide compounds with A1203 and 5102 have much Tower affinity
for carbon dioxide and water; consequently, these compounds could be
fabricated in dryboxes. The melting point of its lithium rich compound,
L1A102, has been reported between 1610° and 1700°C. Such determinations
were difficult because of the vaporization of LiZO which began ~1400°C,
and caused a change in the composition of the sample. A eutectic liquid
reported at ~1670°C between the compounds L12A102 and LiA1508 would form
as the Tithium in the compound L1'A102 is transformed by the neutron
irradiation. The appearance of this liquid and the vaporization of
lithia limits the usefulness of the compound to <1400°C. The desire
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to avoid excessive sintering of the ceramic compound, L1A102, limits
its usefulness above ~1300°C.

Lithium ortho-silicate, Li4SiO4, and meta-silicate, L125103, are
stable compounds which may be useful. The ortho-silicate has a high
lithium atom density. The ortho-silicate melts, however, by a reaction
with L120, 1255°C, and the rapid vaporization of lithia at this tempera-
ture has been reported. Also, as the lithium in the ortho-silicate
transforms as a result of neutron irradiation, a eutectic liquid forms
at 1024°C between the ortho and meta-silicates; consequently, the useful
temperature 1imit of the ortho-silicate is <1000°C.

In addition to the oxide ceramics, the carbide of a metal is often
a stable compound. Lithium forms a single carbide L12C2, which reacts
readily with water to yield acetylene. Although the detailed crystal
structure of this compound has not been reported yet, it probably exists
as a salt in which the carbon atoms form a dimer, similar to CaC2 SO
that it is not a stable high temperature compound.

The Tithium halide salt, LiF, has a high 1ithium atom density but
its relatively lTow melting and boiling points probably limit its
usefulness. Also, the tritium which is generated in a fluoride salt
would be released as molecular TF which may cuase potentially serious
corrosion problems if released into the helium coolant. Consequently,
a low temperature fused salt mixture would have to be circulated to
external equipment for removal of the TF, as has been proposed pre-
viously.

Lithium hybrid or deuteride have many desirable neutronic charac-
teristics as a potential tritium breeding material or neutron moderators.
Their low melting point and high hydrogen pressure pose serious limi-
tations on their usefulness, however.

Shown in Table IV-B-1 are some of the thermal and physical characteristics
of potential tritium breeding compounds.

Lithium-oxide was selected as the blanket material for one hybrid
reactor analysis in the assessment paper because it has a high lithium
density and high temperature capability. In addition, natural liquid
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TABLE IV-B-1. Breeding Compound Characteristics(])

Lithium Melting Neutron Reacts
Density Point Tritium Multiplier Chemically With
{atoms/barn-cm) _(€C>)  Retention Needed Stable ___Air

Liquid lithium 0.042 180 High Yes Yes Violently
Flibe

(47 LiF 53 BeFZ) 0.014 360 Low No Yes No
Solid compounds:

LiAl 0.027 718 Very low Yes Yes STowly

LiAlH4 0.041 1625 ? Yes ? (dehydride) ?

LiA]O2 0.023 1700 Very low Yes Yes No

LiASi 0.013 635 ? No ? ?

L125103 0.034 1204 Very low Yes Yes No

Li451‘04 0.050 1256 Very low Yes Yes fo

L1'7Pb2 0.083 726 Very low No Yes Slowly

L13N 0.0 800 ? No ? Slowly (?)

Li3Bi 0.040 1145 ? No Yes Slowly (?)

LiZBeZO2 0.038 1150 ? No Yes No

LiZO 0.082 1700 Very low No No (?) No

Li0H 0.037 471 ? Yes Yes No

LiH 0.059 68 ? Yes ? (dehydride) No

lithium is used to cool the inner toroidal shield for the Tokamak Hybrid and
the top and bottom cylindrical regions for the Laser Hybrid.

v

C. COOLANTS

In assessing the technological bases for coolant selection and performance,
several areas need to be considered:

Status of power conversion system components

Availability of design analysis methods and supportive data bases
Compatibility with fuel form, cladding and structural materials
Compatibility with tritium processing requirements

Knowledge of magnetic field effects

Sy OO W N -

Ability to predict safety performance

In selecting a blanket coolant, the plant power conversion system must be
considered. The plant efficiency versus peak cycle temperature for both the
conventional steam and gas turbine cycles are shown on Figure IV-C-1. These
curves point out that to maintain blanket structural material temperatures within
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currently available technology the conventional steam turbine generator will
be employed. Therefore, whatever coolant is selected, the heat transport
system must be made compatible with ultimate transfer of heat to a modern
steam system.

the

Coolant compatibility with the fission fuel form and cladding is really
only difference in selection of blanket coolant for a hybrid as opposed to

a pure fision reactor.

Water Coolant - In all the areas of technology previously mentioned, we
know the most about water as a coolant. Extensive R&D in the LWR program
has developed an adequate data base and design methods to predict water-
cooled blanket performance. However, water has not been considered as a
blanket coolant to date because it is nearly impossible to remove tritium
from water. In LWRs, tritium releases outside the plant are controlled
simply by limiting the generation of tritium. Impurities (Li) in the core
are reduced to levels which 1imit the tritium production to amounts that
can be released from the plant.
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Helium Coolant - the HTGR and German Cooled Gas Reactor programs have devel-

oped and demonstrated helium cooled power conversion system technology.
Helium is compatible with all structural materials with the exception of
refractory metals and alloys. The impurity levels attainable in real
systems result in corrosion problems for the refractories.

To get adequate heat transfer and transport properties, helium systems
have to be operated at relatively high pressures (50 to 70 atms.). In the
complex geometries of hybrid blankets, this results in a requirement for
structural material fractions which increases parasitic absorption of
the neutrons. Where cladding and structural materials are stainless steel,
helium-cooled systems yield 30% power conversion efficiency. If higher
temperature alloys (TZM, Inconel, etc.) are used, efficiencies approaching
40% are projected. Helium has good neutronic properties with no
anticipated MHD or corrosion enhancement effects in magnetic fields.

Liquid Metal Coolants - The LMFBR program is developing data and system

components for Na cooled systems. The major uncertainties in Na cooled
systems are the MHD effects in rapidly changing high magnetic fields and
the effects of magnetic fields on corrosion and mass transport rates. Due
to enhanced heat transfer, higher sodium temperatures can be achieved with
stainless steel structural materials and thus power conversion efficiencies
near 40% can be achieved without the use of high temperature alloys. The
LMFBR Program is also developing an extensive data base for Na coolant.
These data will be directly applicable to assessing hybrid performance.

The use of liquid Li as a coolant has not been investigated for a
hybrid blanket. Although it is attractive neutronically for producing
tritium, the technology base for Li is uncertain. Li appears to be more
corrosive than Na and hence operating temperatures must be lower (50°C)
to be compatible with stainless steel, resulting in lower power con-
version efficiency. The increased corrosion and mass transport rates
result in uncertainty in the applicability of current Na power conversion
system components.
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Because liquid metals can be used at low pressures, they result in
lTow structural material requirements. Where magnetic field effects are
not important (vertical confinement applications) designers have proposed
using both Na and Li as coolants, thus maximizing the use of R&D benefits
from the LMFBR Program.

If candidate coolants are ranked by the available technology base, they
would fall in the following order:

1. MWater coolant

2. Helium coolant
3. Sodium coolant
4, Lithium coolant

The blanket coolant selected for this study is helium because it is
unaffected by magnetic fields, and because it is compatible with tritium
breeding and recovery concepts.

D. HEAT TRANSFER - FLUID FLOW

The four hybrid blankets, in general, do not pose serious heat transfer-
fluid flow design problems compared to fission reactor technology. A good
measure of this is the relative power density in hybrid blankets compared to
various fission reactor cores as shown in Table IV-D-1. The fuel-coolant
lattices being selected by designers are typical of GCFR and LMFBR technology;

hence, there appears to be some freedom in increasing the amount of fuel in
the blanket.

TABLE IV-D-1. Typical Reactor Power Densities
PWR GCFR LMFBR HTGR berid'

Average Core Power 100 240 360 8 20
Density
Maximum Core Power 285 360 540 13 ~100

Density (MW/m3)

The calculational methods for heat transfer and fluid flow, developed by the
fission reactor programs, are adequate for conceptual hybrid reactor blanket de-
signs. However, detailed design and safety analyses of start-up and pulsed opera-
tion are going to require much closer coupling of thermal and mechanical analysis
methods than now exist for both fuel and structures.
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E. STRUCTURAL DESIGN

In assessing the status of structural design of fusion-fission hybrid
blankets, three areas must be addressed:

e Materials properties
® Structural layout
® Design analysis

The comments here pertain to hybrid blanket structure. The magnet shield region
also has important structural implications; however, hybrid designers are currently
relying on the pure fusion reactor blanket and shield program to develop the

shield requirements because of the much lower neutron flux and energy entering

the shield region for the hybrid.

e Materials Properties

A11 components of a fusion-fission hybrid blanket are subjected to
large fluences of high energy neutrons (>1 MeV). When selecting materials
and projecting performance, irradiated materials properties are important.
The most complete irradiated properties data currentiy comes from the LMFBR
Program which has concentrated on the 300 series stainless steels. The
LMFBR Program ranges from extensive theoretical studies of damage mechanisms
to establishing the bulk properties necessary for the designer. Data and
correlations exist or are being developed for sweliing and helium embrittlement
due to irradiation. Irradiated stress rupture and cyclic fatique data also
exist. Stainless steel is serviceable up to 600°C with sodium or helium
coolant, somewhat Tower for Tithjum or molten salts (500°C). For conceptual
designers to change to alternate cladding and structural material to achieve
higher operating temperatures would introduce a great deal of uncertainty
into predicting design adequacy and structure lifetime.

The adequacy of the LMFBR data to predicting performance in a high
14 MeV neutron flux is of concern to designers. The current OFE materiails
program, however, is running some preliminary experiments to see if irradi-
ation damage (swelling and helium embrittlement) are different for 14 MeV
neutrons than LMFBR correlations predict. These experiments along with
LMFBR data will form the only firm design bases available until high energy
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neutron test facilities are in operation. Extensive materials properties
data will not be available on alternate materials before the time frame of
interest for initial hybrid operation (1990-2000).

e Structural Layout

Structural layout of current fusion-fission hybrid designs depends a
great deal on the geometry of the fusion driver. Figure IV-E~l is a modu-
lar arrangement developed by PNL in this study for the Tokamak Hybrid.

In the tokamak modular concept, the fuel pins are oriented radially.
The helium coolant enters from the supply header, flows along the outer

module wall, turns 180° and flows back through the fuel region to the
coolant exit header (see Figure IV-E-2). In some vacuum system concepts,
the vacuum seal is formed where the modules connect to the header. In
others such aé the one whoen, a separate vacuum barrier is designed. A
separate vacuum barrier (first wall) simplifies module design since the
high heat 1oads from plasma losses are taken by a separate structure.
There are 11 modules located around the torus segment (see Figure IV-E-3).
The neutral beam injection port occupies 10-15% of the first wall space and
will extend completely around the torus. The torus will be divided into
60 segments each having 11 blanket modules to make a total of 660 modules,
A close-up view of a Tokamak Hybrid module is shown in Figure IV-E-4., The
thermal or mechanical stresses in the stainless steel module wall due to
the 700 psia helium coolant pressure will be well below the maximum allow-

able 50 ksi provided the walls are externally supported and/or they have a
double wall construction.

The Mirror Hybrid utilizes a cylindrical module design shown in
Figure IV-E-5. These modules are arranged in orange peel shaped segments
(Figure IV-E-6). There are approximately 600 modules arranged into 16
reactor segments. Figure IV-E-6 shows the overal segment placement around
the plasma chamber. In the cylindrical module design, coolant gas enters
through the inlet duct and fills the plenum below the fertile fuel rods.
The gas then passes through the space provided between the submodule's
side walls and the blanket fuel rods. At the first wall, the flow is
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reversed and directed into the blanket region by flow baffles. The
helium then passes through the fission zone and tritium breeding zone
and is discharged through a duct into a main manifold pipe.

The Laser inertial hybrid blanket arrangement is shown in
Figure IV-E-7. It is a segmented type of blanket structure and utilizes
extended modular fuel assemblies similar to the ones designed for the
Tokamak Hybrid.

The Theta-Pinch hybrid is a linear device composed of 200 blanket
modules. The total length is 500 meters with each module being 2.5 meters

Tong. Figure IV-E-8 shows a schematic drawing of the module and fuel pin
arrangement.

F. MECHANICAL AND THERMAL HYDRAULIC DATA

For the purpose of this hybrid assessment study the fissionable and
tritium breeding fuel assemblies for the blanket modules for all drivers
were assumed to be similar to the Tokamak hybrid blanket module assemblies.
This allowed the neutronic calculations performed for the Tokamak Hybrid
(see Section V) to be scaled for all corresponding drivers with appropriate
factors for fusion power and blanket coverage. The corresponding mechanical
and thermal hydraulic information for these combinations of driver with
blanket-fuel cycle options are tabulated in Tables IV-F-1 through IV-F-4.

In all cases the coolant flow rates and velocities are adjusted to obtain

the corresponding outlet/inlet temperatures. At helium inlet pressure of 700
psia, this corresponds to velocities in the range of 10 to 100 m/s with an
approximate heat transfer coefficient of 1 to 2 w/cm2°c.
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TABLE IV-F-1. Tokamak Hybrid Mechanical and Thermal

Hydraulic Information

Reactor Pzrameter

Reactor Thermal Eower (thh)
Fusion Power (thh)
Electrical Output (Mwe)Net
Core Design:

Blanket Heat Output:

Fission (thh)

Li Reactions (thh)
Specific Power (thh/MT)(a)
Power Density (w/cm3)(b)

Geometric Information:
Fast Fission Zone Height (cm)
Number of Blanket Modules
Fuel Pins (Rods)/Module

LiZO Pins/Module

Overall Module Dimensions (LxWxH)cm

Module Material
Cladding Parameters:
FueT/LiZORod:

Outgide Diameter (cm)
Wall Thickness {mils)
Cladding Material

Fuel Type

Blanket Coolant -

Qutlet/Inlet Temperature (°F)

Pu- Pu-
Recycle Catalyst Refresh
4,144 6,603 3,715
1,160 1,160 1,160
1,000 1,835 853
2,615 5,136 2,210
252 191 229
8.6 16.5 10.7
54 68 45
26 39 26
660 660 660
2,500 2,500 2,500
600-800 600-800 600-800
84x40x78 24x40x78 84x40x73
S.S. S.S. S.S.
1.0/2.0 1.0/2.0 1.0/2.0
15 15 15
S.S. S.S. S.S.
uc U02/Pu02 ThC 40,
Helium Helium Helium
1200/600 1200/600 1260/600

(a) Based on blanket fiscion power and total fuel loading.

{b) Pcwer density determined from blanket fission power and fuel reaion volume.
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TABLE IVeF-2. Mirror Hybrid Mechanical and Thermal
" Hydraulic Information

Reactor Pcrameter Rez;;1e Caézqug Refresh
Reactor Thermal Power (thh) 2,578 3,603 2,404
Fusion Power (thh) 402 402 402
Electrical Output (M‘.-Je)Net 139 544 A
Core Design:
Blanket Heat Output:
Fission (thh) 1,082 2,125 915
Li Reactions (Hwth) 46 28 40
Specific Power (Mi, /HT)(?) 3.75 . 6 3.9
Power Density (W/cm3) (D) 20 25 16.8
Geometric Information:
Fast Fission Zone Height (cm) 26 39 26
Number of Blanket Modules 580-600 580-600 580-600
Fuel Pins (Rods)/Module ~2,200 ~2,200 2,200
L120 Pins/Module 500-600 500-600 500-600
' Overall Module Dimensions (m) g?;gzter 0.8-1.0 0.8-1.0 0.8-1.0
HYodule Material S.S. S.S. S.S.
Cladding Parameters:
Fue]/LiZORod:
Outside Diameter (cm) 1.0/2.0 1.0/2.0 1.0/2.0
Wall Thickness (mils) 15 15 15
Cladding Material S.S. S.S. S.S.
Fuel Type uc U0,/Pu0, ThC U0,
Blanket Coolant - Helium Helium Helium
Outlet/Inlet Temperature (°C) 530/280 530/280 530/280

(a) Based on blanket fission power and total fuel loading.
(b) Pcwer density determined from blanket fission power and fucl reaion volume.
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TABLE IV-F-3. Linear Theta-Pinch Mechanical and Thermal

Hydraulic Information

Reactor Perameter

Reactor Thermal Power (thh)

Fusion Power (thh)

Electrical Output (Mwe)Net
Core Design:
Blanket Heat Qutput:
Fission (thh)
Li Reactions (thh)
Specific Power (thh/MT)

(a)
Power Density (N/cm3)(b)
Geometric Information:
Fast Fission Zone Height (cm)
Number of Blanket Modules
Fuel Pins (Rods)/Module
LiZO Pins/Module
Overall Module Length (m)
Moaule Material
Cladding Parameters:
Fue]/LiZORod:
Qutside Diameter (cm)
Wall Thickness (mils)
Cladding Material
Fuel Type

Blanket Coolant -

Outlet/Inlet Temperature (°C)

Pu- Pu-
Pecycle Catalyst Pefresh
4,835 8,197 4,343
1,098 1,098 1,098
45 1,557 -176
3,477 6,829 2,940
150 92 127
1.4 2.4 1.7
8.7 10.1 7.4
26 39 26
200 200 200
5000-6000  5000-6000  5000-6000
2000-3000  2000-3000  2000-3000
2.5 2.5 2.5
S.S. S.S. S.S.
1.0/2.0 1.0/2.0 1.0/2.0
15 15 15
5.S. S.S. S.S.
uc U0,/Pul, ThC L2,
Helium Helium Helium
850/540 850/540 850/540

(a) Based on blanket fission power and *ntal fuel loading.

(b) Pcwer density determined from blanket fission power and fuel reajon volurs.
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TABLE IV-F-4. Laser Hybrid Mechanical and Thermal
Hydraulic Information

Reactor Pzrameter

Pu-

Reactor Thermal Power (thh)
Fusion Power (thh)

Electrical Qutput (Mwe)Net
Core Design:
Blanket Heat Output:
Fission (thh)
Li Reactions (thh)
Specific Power (thh/MT)(a)
Power Density (W/cm3)(b)
Geometric Information:
Fast Fission Zone Height (cm)
Number of Blanket Segments

Fuel Pins (Elements/Segment)

Overall Segment Height (m)

Module Material
Cladding Parameters:
Fue]/LiZORod:

Outs%de Diameter (cm)
Wall Thickness (mils)
Cladding Material

Fuel Type

Blanket Coolant -

Outlet/Inlet Temperature (°C)

3,300
850
940

1,774
676

24

26

81
10

S.S.

1.0/2.0
15

S.S.

uc

Helium

470/320

(a) Based on blanket fission power and total fuel loading.

Recycle

Pu-
Catalyst

4,980
850
1,567

3,484
646

31

39

81
10

S.S.

1.0/2.0
15
S.S.
UOZ/PUO2 ThC
Helium

470/320

Refresh
3,015
850
830

1,500
650

20

26

81
10

S.S.

1.0/2.0
15

S.S.

uo,

Helium

470/320

(b) Pcwer density determined from blanket fission power and fuel region volume.
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G. REMOTE DISASSEMBLY AND MAINTENANCE

The blanket lifetime for the four hybrid fuel cycles is on the order of
four years. The radioactivity and decay heat levels resulting from the hybrid
blanket operation necessitates a blanket designed for remote maintenance. The
blanket module arrangement must also provide ease of access and disassembly.

A cross section view of the Tokamak is shown in Figure IV-G-1, In order
to gain access to the blanket modules, the following operations have to be
performed:

1. The upper and lower blanket shield and VF coil have to be raised.
2. The hinged shield would then be swung open and secured.

3. Helium supply and return lines would then be disconnected from the
module manifolds.

4. The welds and seals adjoining adjacent segments would then be cut
or machined off.

5. Finally, the blanket segment would be either lifted out of the
reactor by an overhead crane or transferred by means of a remotely
operated carriage.

The blanket segments are transferred to a hot cell operations area. Here
the segment would be remotely dismantled and the fuel rods removed from each
individual module. The fuel rods would then be placed into special canisters
and retired to a decay heat spent fuel storage basin. The LiZO pins and
reflector region would be placed back into the module along with fresh fuel
pins. Then the segment would be reassembled and placed into the reactor.

The Mirror Hybrid Reactor blanket maintenance strategy is influenced by
the large size of the blanket sections. Figure IV-G-2 shows the blanket
module concept used in the Mirror Hybrid Design. Each segment is a separate
pressure vessel which makes vacuum leak testing an easier task. During a
blanket replacement outage, one-fourth of the segments are replaced. The
steps that would be necessary for blanket access are listed below.
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4.
5.

FIGURE IV-G-=2. Mirror Hybrid Reactor Blanket

Module(2

Remove beam injectors by means of the overhead crane.

Disconnect the top vacuum shell (Figure IV-G-3) and remove to
another location.

Hoist the removable top plugs and transfer to a temporary storage
location. '

Hoist the upper magnet and transfer it to a holding area.

Disconnect the shield dome thus exposing the blanket segments.

The blanket segments are hoisted by means of the overhead crane and

transferred to a hot cell workshop. Here the helium ducts can be disconnected

making the segments easier to manipulate. The spent fuel is stored in a decay
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heat removal basin. Fresh fuel is loaded into the individual submodules and
then the assembled segment is placed back into the reactor.

An alternate blanket maintenance approach is shown in Figures IV-G-4 and
IV-G-5. In this method the blanket submodules are individually arranged
forming a spherical plasma cavity. The technique for blanket replacement in
this configuration is to use an in-chamber removal and replacement method.

Blanket replacement for the Laser Hybrid and Theta-Pinch Hybrid will
also be performed by remotely operated fuel handling machines. For the Laser
Hybrid one of the eight segments is removed by means of an overhead hoist.
The segment itself can be further disassembled into three sets of fuel elements.
The fuel elements are manipulated by a grapple and hoist crane similar to the
fuel transfer machine used in LWRs, Blanket access in the Theta-Pinch Hybrid
is accomplished by removing a portion of the high pressure shell that encom-
passes the blanket fuel rods.
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V. NEUTRONICS

A. COMPUTATIONAL METHODOLOGY

The primary objectives of the neutronics calculations were to determine
the fissile fuel and power production in various fission blankets combined
with various fusion drivers. Neutronics computations were performed for all
selected blankets adapted to the Tokamak Hybrid Reactor. The results of such
computations were then appropriately scaled to obtain the neutronics perform-
ance data for the selected blankets combined with the three fusion drivers.
The calculational model for the Tokamak hybrid reactor is shown in Figure V-A-1.
In order to represent the various blanket types, the materials of Zones 15,
16 and 17 were changed in each of the calculations. The remainder of the
reactor remained the same.

(1)

The neutron flux calculations were made with the computer code ANISN
which solved numerically the one dimensional Boltzman equation. The geo-
metrical model was in vertical cylindrical geometry and is identical to that
described in Figure V-A-1. Reflective left hand and vacuum right hand bound-
ary conditions were employed. A neutron source that varied both in space

and energy was used in the calculation. A 58-P3 numerical solution was used.

The cross sections for the transport calculations were generated from
ENDF/B-1V fi]es(z) into a thirty energy group structure. The methodology is
discussed under Nuclear Data.

The burnup calculations were made with the code ORIGEN;(3) It is a point
code and uses one group average cross sections to determine the isotopic
contents of the fissile and fertile nucleus as a function of operating time.
The ORIGEN library did not include cross sections to 14 MeV, thus it is neces-
sary to generate the cross sections for input into this code. This is accom-
plished in the following manner.

. f - - . .
Four cross sections, o , oc, " 2n, " 3“,4are required for each isotope.

An ANISN calculation is made for a particular fuel, for a particular time in
the 1ife of the blanket segment and the calculations began with the blanket
segment at the beginning of life. Those isotopes which are not present at
this time, such as the higher isotopes of Pu are placed in the calculation
at a low concentration. This does not affect the numerical calculation of
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the flux, but does allow for the calculation of a reaction rate from which a
particular cross section is obtained.
The reaction rate for a particular isotope, reaction and zone is found

from the following relationship using calculated fluxes.

U X 5 0.,V cnk oy
= ) .. V. o, .
k jing i [N
where
n. . . . .
Rk1s the reaction rate for reaction n for isotope k in zone £,

Qij is the group energy flux in energy group i and interval j,

% is the volume of interval j,

o?k is the cross section for reaction n for element k and energy
group i, and

PLa, is the number density of element k in zone %,

The average cross section, o, for input into ORIGEN is then calculated
from the relationship:

- n
g R, /L = re.. V.]p
k kg jin g i iJ "j ke

and the average flux & is determined by

e = [ = re..V.]/ © V.
jin g2 i [ jin & J

. . c f n-2n
In the calculations here, the average cross sections for ¢7, ¢ , ©

and on-3n for the following isotopes were generated:

232 231 233

Th, Pa, Pa, 232

230

Th, U,

241 242 244

237 236 238 239 240 Pu, Pu, and

239 pu, 238py, 239, 290y,

Cm.

Since in a fusion reactor, the flux and fission density changes rapidly
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in the blanket, ORIGEN calculations are made for different zones in the
fertile and fissile blanket. This involves the calculation of the average
cross sections and flux for each zone.

Based on a one year burnup calculation isotopic generation and depletion
are determined for each zone. These isotopic concentrations are then input
into ANISN for new flux calculations and the process is repeated. The process
may be repeated for as many years as desired. The accuracy may be improved
by decreasing the zone width, in effect creating more zones for which cal-
culations are made and decreasing the time period for the burnup calculation,
as the flux is assumed constant during this period of time.

B. NUCLEAR DATA

The cross sections for the transport calculation were generated from
ENDF/B-IV into thirty energy groups and covers the energy range from 18 MeV
to thermal. ETOG(a) generates the epi-thermal and fast data and FLANGE(S)
is used to process the thermal data. These group cross sections are pro-
cessed with scattering matrices expanded in Legendre polynomials., All the
cross sections generated in this manner are infinite dilute, and thus the
important isotopes, such as U235, U238 and Th232 must be resonance self-
shielded.

The shielded cross sections are generated with the cell code EGGNIT(G).
In this code a typical unit cell in the fissionable lattice is mocked up.
A unit cell calculation is made using a fine energy group structure to deter-
mine the flux shape in the unit cell. The Nordheim Integral Treatment is
used for resonance self-shielding. The resultant cross sections are then
flux weighted and resonance self-shielded.

Unfortunately, the cross sections in the EGGNIT library extend only to
10 MeV and contain only a P, expansion of the scattering matrix. Thus it
<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>