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PROGRESS ON THE CONCEPTUAL DESIGN
OF A MIRROR HYBRID FUSION-FISSION REACTOR

Abstract

A conceptual design study has been
made of a fusion-fission reactor for the
purpose of producing fissile material and
electricity. The fusion component is a
D-T plasma confined by a pair of magnetic
mirror coils in a Yin-Yang configuration and
is sustained by neutral beam injection, The
neutrons from the fusion plasima drive the
fission assembly which is composed of
natural uranium carbide fuel rods clad
with stainless steel and helium cooled,

We have shown conceptually how the
reactor might be built using essentially
present-day technology and how the
uranium-bearing blanket modules can be
routinely changed to allow separation of
the bred fissile fuel. Averaged over the
30-year life of the plant with an 80% duty
factor, the plutonium production is 690 kg
per year and the electricity production is

480 MWe -years per year (610 MWe). The
20-atm helium gas used as a coolant is
contained by thin-walled stainless steel
pressure vessels surrounding cylindrical
bundles of fuel rods. The engineered
safeguards that prevent retease and
escape of radioactive material in the case
of a loss of coolant accident are briefly
addressed. The neutral beam injectors

. employ a direct energy converter for

rccovery of ions not converted to neutrals,
The efficiency of producing the 100-keV
D0 and 150-keV T0 is approximately 70%.
The: capital cost of the plant is $1200
million. Assuming a 14% return on capital
and an 80% duty factor, the electrical cost
would be 40 mills per kWe hif the plutonium
were sold at $20/g. The design is not opti-
mized, and we give examples of projected
designs having costs about half those above.

I. Introduction

It may be possible and advantageous
to obtain fissile fuel and/or electrical
energy from the combination of fusion
and fission. The major advantage of
combining fusicu and fission is that the
weaknesses of each are offset by their
respective strengths; that is, fusionis
neutron rich but power poor, while fission
is neutron poor but power rich. The
14-MeV neutrons resulting from the

fusion reactions can be used to drive a
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subcritical fission blanket that surrounds
the plasma,

Several combinations of fusion reactors
and fission reactors have been suggested
This
report describes our work on the con-

and are reviewed in Ref, 1-1.

ceptual design of one particular fusion-
fission hybrid reactor — one which
emphasizes both fissile fuel and elec-
trical production by using the 14-MeV
fusion neutrons produced in a magnetic



mirror-confined D-T plasma as a source
to drive a subcritical, unmoderated

This
assembly surrounds the plasma and is
called a "blanket'. The 12-MeV fusion
neutrons are used to directly fission the
238[‘), and the
additional neutrons generated are captured
in 238U and 6 u and

tritium.

assembly of natural uranium,

abundant uranium isotope (
Li to produce

It should be possible to utilize one or
several of the existing or nearly developed
fission technologies for the blanket, Ina
previous study, 1-2 e looked at a high
energy multiplying thermal lattice blanket
based on the General Atomic graphite-
moderated, helium-cooled reactor tech-
nology. For this present study, we chose
a fast-spectrum bla.nket:I -3, 4 that has a
lower energy multiplication but higher
fissile fuel production compared to the
thermal blanket and is based in part on
the helium-cooled breeder reactor tech-
nology presently under development,

We show conceptual engineering ap-
proaches to problems such as removal of
uranium-bearing blanket modules (for re-
covery ofbred fissile fuel, and replacementof
radiation-damaged structures) and the steady
operation of high-powered, efficient,
neutral heam injectors. The design com-
bines fuel production with electrical power
production. We nave succeeded in ob-
taining a blanket design that we think
could be built with essentially present-
day fission technology and that would
produce large amounts of fuel (690 kg of

plutonium per year) and electricty (600 M.We).

This report is organized so that the
Summary (Section 2) can be read without
reference to the rest of the report. For a
inore thorough understanding, the reader
can refer to subsequent sections for in-
dcpth discussions and much material

presented for the first time,
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2. Summary

The objective of this work is to concep-
tually design a reactor that uses the 14~NMaV
neutirons from a mirror fusion reactor tr
release additional energy and produce plu-
tonium in a natural uranium subcritical
blanket that surrounds the fusion plasma, Al-
though preliminary, the design is suf-
ficiently detailed to permit an assessment
of the technological problems and to make
a rough cost estimate, The design, then,
is in effect a reference design of a mirror
fusion-fission reactor, &ithough prelim-
inary and not optimized.

The high-temperature deuterium and
tritium fuel ions are confined in a magnetic
field whese strength increases cverywhere
away from the center, i.e., in a magnetic
The field shape is produced by the
The

well.,
"Yin-Yang" coil shown in Fig. 2-1,

Sequence showing
removal of uranium-
beoring blanket

module

Mirror=confined
D-T plasma

Superconducting Injecti +
Yin=Yong coil niection por

Fig. 2-1, Yin-Yang coil,
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virtue of the magnetic well configuration
is that the plasma is stable to gross
lateral displacements; a faci well estab-
The
particle confinement transverse to the

lished by laboratory experience.

magnetic field is exceedingly good — almost
pertect. Along the field, the magnetic-
mirror, or reflection principle, causes
those particles having sufficient trans-
rerse energy to be reflected by the in-
creased magnetic field at the ends. How-
ever, collisons among fuel ions and
electrons cause transverse energy to be
converted to parallel energy (and vice
versa) and destroy the reflection prop-
erty, thus causing the fuel ions to "leak"
out the ends of the magnetic container.
We calculate this collisional loss rate
with Fokker-Planck transport codes to
determine the expected particle con-
finement time, 7: and for our case, we
2.7x10% em™3. s

the density of deuterium and tritium ions

find n7 = (where n is
inside the plasma),

Demonstration of this nr value is the
only remaining problem in scientific
feasibility,
as microinstabilities has been predicted
and observed, and there is the possibility
that such effects could decrease the value
Ac-
cordingly, the main thrust of the research

A class of instabilities known

of nT to unacceptably low values,

program on magnetic mirror confinement
is directed toward eliminating micro-
instabilities and obtaining higher nr valves
in laboratory devices. For our reference
case, we assume that the instabilities are
suppressed so that the associated losses
are small compared to collisicnal losses;

however, in an earlier studyz'l we



investigated a reactor system with a high-
energy multiplication blanket that could
tolerate instability losses which doubled
or tripled the loss rate.

The plasma in our reference design is
fueled and sustained by the steady in-
jection of neutral deuterium (100-keV)
and tritium (150-keV) atoms,
shows one of the four injectors,

Figure 2-2
Thece
fast atoms ar. produced by first accel-
erating positive ions, then passing them
through a deuterium or tritivm gas cell
where about half are neutralized by
electron capture, The neutralized particles
continue into the plasma and are captured
by tonization. The remaining ions are
decelerated and collected in a direct
energy converter, v.here mostoftheir encrgy
is converted back into electrical encrgy.
Processes such as electron capture
and penetration into the plasma are the
same for both deuterium and tritium
traveling at the same speed; that is why

Source electronics
and electrostatic shield

neutralizer

lon source

rig. 2-2,
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we have the tritium more cnergetic than
the deuterium. The efficiency of de-
positing e¢nergy in the plasma via the neu-
tral atcms is estimated to be 70°%.. The
injected neutral beam power that is
trapped is 225 MW, and the trapped
current is 1270 A of deuterium and 630 A
of tritium. The fraction of the neutral
beom that is trapped is 0, 94,

The plasma that leaks out of the con-
finement region carries 225 MW of power
and is recovered at 50* efficiency in a
simple, one-stage direct energy converter.
This recovered 112 M\V of dc power is
used te supply part of the 325 MW of
power ccnsumed by the injector. Helium
ions produced by D-T fusion reactions
carry away 42 MW of power, which is
The
energy of the helium ions is not converted

converted in a thermal cycle only,

directly because they arce born at 3,5 MeV
and do not thermalize before escaping

confinement,

Energy
recovery
electrodes

T Tiicatrel pesn =

T —

-Source gate
Shielding

"~ Cryopanel assembly
(removable through
rear gate for pump=out)

Side view of neutral beam injector,
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2-3, Plasma parameters for
hybrid and pure-fusion re-

actors,

Fig.

The plasma parameters for the hybrid
wre
2,7 »10%3
® Deuterum ingection encrgy, |
- 100 keV, and
® Q(Q is the ratio of fusion power taking

-
cm ‘5~

® n7

‘ing?

17,58 MeV per reaction to trapped in-
jected power) = 0, 94,
IFor comparison, a pure fusion mirror re-

3.,

actor needs to have n7 = 1,0 X 10]4 cm”
liinj + 200 keV, and Q = 1. 5; while the con-
ceptual mirror fusion engineering research
facility (FERF) has nt 1,9 x 1012 em™3
l»:im. 65 keV, and Q 20,11, These

operating parameters are shown in Fig, 2-3

-5,

along with carlier data from the Baseball-II
and 2XII[ experiments at the Lawrence
Livermore Laboratory (1 ILL}, and the
LITE experiment at the United Aircraft
Research llaboratory., The near-term
goal of the present 2XIIB experiment is

also shown., The data points for the

“5e

experiments and for FERF are below the
line because they have smalier mirror
ratios than either the pure-fusion or the
fusion-fission reactor.

The blanket contains natural uranium
fuel in the form of uranium carbide in
stainless ste¢l tubes. For breeding
tritium, the blanket contains lithium in the
form of small particles of LiAlO:Z in tubes
or cans, with porous end caps to allow the
tritium resulting from neutron capture in
lithium to diffuse into the coolant stream
from which the tritium is continuously
removed, The coolant, helium gas at 20
atm, is contained in thin-walled (0. 5-cm)
stainless steel cylinders (30-cm diam
¥ 100 ¢m long) having hemispherical ¢nds,
A model of the plasma, coil, and blanket
A
composite drawing of the blanket is shown

2-4.

runfigurations is shown in Fig, 2-1.
in Fig. A block diagram of the major
components is shown in Fig, 2-5

along with the power-flow pattern.

Not included in the power fiow diagram

(Fig. 2-5) or elsewhere in the report is

the auxiliary power requirement of 25 MW
for the refrigeration system for the magnets
This

25 MW represents only a 1% change in the

A

cross section of the power plant is shown

and cryogenic pumping system.
thermal efficiency of the reactor,

in Fig. 2-6 and an artist's view is shown
in Fig, 2-7.

The D-T fusion reaction produces
neutrons with 14 MeV of kinetic energy.
Neutrons with kinetic energy above ~0, 4
MeV can cause the nueleus of 2381‘ to
fission. It is the potential use of fusion
neutrons to directly fission this abundant
(99, 3%.) isotope of uranium that this
hybrid reactor concept is attempting to
exploit. T3oth experiments and calculations



Blanket

yFast=fission zone

Tritium=breeding zone

Coolant plena

Submodule

Fig, 2-4. Uranium-bearing blanket module and submodules.
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321 MW
e

Blanket (M = 12)-\

Injector (ni 0.7)
P; 2225 MW (D-T tropped)

Direct energy
converter

Steam generator

Fig, 2-5.

- qﬁﬁyéz WS g 112 MW 611 MW
Q
2016 MW
155 MW
]
L {
Generctor 520 MW,

Condenser

Kajor components and power flow of the 600- MW), 700-kg(Pu)/year, mirror

fusion, fast-fission, hybyid reactor.

have shown that, con the average, a
14- MeV neutron causes ~1.5 fissions
in a thick assembly of pure natural

[ ST

U fission. In
addition to the 300 MeV produced, ~4

additional neutrons are produced by

uranium; ~ 80% is

fission and other processes, and these
neutrons can be used to produce fissile
and fusile fuel.
uranium system is not possibie because

Obviously, a pure

a blanket in a reactor must contain struc-
ture, a tritium-breeding material, and

T

other materials that will degrade per-
formance. The specific fast-fission
blanket and fuel management scheme
developed for this study produces per
14-MeV neutron an average of 160 MeV,
0.9 atoms of 239Pu, and 1. 2 tritium
atoms, At a fusion power of 210 MWt
(neutron power of 168 MW ) the average
blanket power is 2000 th’ and the net
23"Pu production is 690 kg/year.

A fast fission blanket gives, by a .actor

of 2, a higher yield of fissile fuel per



fusion reaction than any other design
known to us. Our present design is a
factor of 10 more productive than onr
2-1 Our

prev.ous design, by contrast, emphasized

previous thermal blanket design.

power generation and resulted in 0. 3 atoms
of fissile fuel and 560 MeV per fusion
reaction. That design employed a thermal
blanket, slightly enriched in 235(7; how-
ever, it was incomplete in that it did not
contain the necessary structure needed to
contain the pressurized helium coolant,

An estimate of the cost is given in
Table 2-1.
on a first-cut, unoptimized design.
total capital cost of $1. 2 billion with

This cost estimate is based
The

f-———— Bmdmn — o
|
/
Coil |
clamps
Injector
Shielding
One=stuge
direct energy R -
converter Auxiliary N
\\ coils
\ Madule, O
ports Q
Q
(
Cmmnpirq & > ~ .
chamber T -
=~ S
< b o
Vacuum fine ) 2
1o mechanichl pumps l/;zr
on
Module cert sources
Leod casket i Injector
for uranivm
blanke! module Diffusion
pumeps (4)

Helium monifalds

10 steam generalors Ausili
Main o

superconducting

coils One-stoge

direct energy

converter

Fig, 2-6.
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GOO-MWe power production and 700 kg of
239 . e i e
Pu per year gives a capitalization of
S2000/kWe or §1700/g of Pu/year. We
realize that this price is probably too
high to be competitive, but we are en-
couraged that our first cut at a complete
design is only a factor of 2 to 3 away from
being competitive. For the economic
analysis, we take a charge for the use of
capital of 14% and a plant duty factor of
80%,
consider the sale of both electricity and
239
Pu,
example, if 28

To recover this capital cost, we

Cost could be recovered, for
9pu is sold for $20/g, and
electricity is sold for 40 mills/kWh; or,
alternately, if electricity is sold for

| “Leakage &
| o s Uranivm blanket
1 =T F modules in

withdrawn position

i
‘

| Shiclding
plug

NN Cryopumping
X chambers

’v... T S

13-+ Support
™ structure

for shielding

and module cart

fracks.

Vertical cross section through reactor.



“1. Injectors
2. Coil clamps
3. Reactor vessel
4, Direct energy
converter chambers
5. He circulotors ond
steam generators

6. Turbine generators

e

Fig. 2-7, Artist's conception of power plant,

23 9Pu is sold

20 mills/kWh, and
for $140/g. We think it may be possible

to halve the unit capital cost by increasing
the power and improving the design, thus
considerably improving the economic out-
look (~22 mills/kWh and $20/g are perhaps
attainable}, The possible tradeoffs are
compared in Fig, 2-8.

The important question of safety in the
event of an accident that could release
radioactive elements has been studied
only briefly, Since it is impossible for
the system to experience a nuclear
excursion ‘keff < 0,5 while criticality
occurs at keﬂ‘ = 1,0}, the most serious
problem is posed by a partial blanket
We

have assumed redundancies in the coolant

melt due to a loss of coolant flow,

paths and emergency hélium circulators

-0~

so that the probability of a partial core
Redundant
containment systems are also assumed.

melt will be very small,

This is an area reeding much more
attention,

Table 2-2 gives some of the parameters
of our design, To give ¢ir design some
perspective, we have listed in Table 2-3
some of the advantages and disadvantages
of our design. Table 2-4 gives some
possible scaled parameters for essentially
the same design; however, with the
magnetic field increased and the injection
power doubled, the fusion plasma would
The capital cost

per kW is then much more competitive,

put out twice the power,

If the fusion plasma should have losses
twice those expected, due, for example,
to microinstabilities, then a fusion-fission



hybrid with a higher-multiplication blanket {(see Refs. 2-2 and 2-3 for examples of

still might be interesting, We illustrate the thermal lattice).

this high-multiplication blanket, low Combining the thermal-lattice blanket
fusion-plasma performance case by the with classical plasma confinement results
example parameters in Table 2-5, where in the projected performance and cost

we use the plasma components extrapolated parameters given in Table 2-6. The only
from our present design and the neutronic differences between this extrapolated
performance of a thermal-lattice blanket ‘design' and the point design are the use

Table 2-1. Cost summary.

Item Millions of $*

Nuclear island:

Magnet 302

Injectors 45

Blanket 40

Shielding 77

Direct energy converter 24

Vacuum system 27

Tritium system 70

Diagnostics 1

Plasma start-up equipment 2
Total nuclear island construction (A) 588
Engineering, 2.5% of (A) 15
Contingency, 20% of (A) 118

Total nuclear island: 720

Thermal system:

Helium cooling system 16
Steam system 122
Electrical substation i3
Cooling water system 12
Controls and instrumentation 3
Total thermal conversion system constr. (B) 165
Engineering, 5. 6% of (B) 9
Contingency, 3% of (B) 5
Total thermal conversion system: 180
Building, facilities, and site construction (C): 39
Architect, engineering, 11% of (C) 4
contingency, 5% of (C) 2
Total building, facilities & site: 45
Temporary facilities, 0,4% of (A)+(B)+(C) 3
Other costs (taxes, insurance, training, start-up
administration, licensing, etc,) 3.6% of (A)+(B)+(C) 29
Total (D): 976
Interest during construction, 24% of (D) 234
Total plant cost: 1,211

21975 dollars.

-10-
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Fig, 2-8, Electric power cost vs Pu
value,

of the high-energy multiplying thermal-
lattice blanket in place of the lower-
multiplying fast-fission blanket, and an
increase in the size of the thermal system
needed to handle the increased blanket
power. While we have not examined the
implications of using the thermal-~lattice
blanket, we expect that the uncertainties
in such an extrapolation of our point
design are less than those associated
with the doubling of the injection and
plasma power (Table 2-4),

The estimated economic performances
of these design extrapolations (from
Tables 2-4 and 2-6) are compared with
that of the point design in Fig. 2-B. These
extrapolations suggest a few of the

-11-

directions we can take to improve our
mirror hybrid reactor design.

We think the mirror hybrid fusion-
fission reactor is sufficiently interesting
that further work should be done. For
example, handling and shielding of the
modules and monitoring tritium in high
ambient radiation fields will both require
attention. Work shouldbedirected towards
decreasing capital cost and maximizing the
safcty while using the least extrapolation
from present~day technology — a tall
order!
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Table 2-2,

Fusion-fission reactor parameters,

Reactor:
Power .

Efficiency
Fuel production

Material inventory

Total cost
Cost of electricity
Cost of Pu produced
Plasma:
Cength, L
Radius, r,
Mirror field, By,
Peak field in the conductor,
Bconductor
Vacuum central field, Byge
Vacuum mirror ratio, Ryze
Mirror ratio, R
Plasma pressure/field
pressure, 8
Density X containment time, (77}
Fusion power/injected energy, Q
(ov)pT
Peak density, ng P
Peak power density, (—V-)O
Fusion power, Pp
Mean energy,
Ambipolar potentijal, d’ambipolar
Injector:

ni
Injection energy (D), Win D
Injection energy (T), Win T
Injected p? current, ID()'
Injected TO current, Ito
Trapping fraction
Beam direct converter efficiency
Pno + Ppo
T

Direct energy converter:
Type
Effici=ncy
Thermal bottoming cycle
Power out
Cost

Blanket:
Average energy multiplication,

ave
Peak power density in fuel
Peak-to-average fuel power
density at startup
Peak-to-average fuel power
density at equilibrium
Total thermal power
Inlet helium temperature
Outlet helium temperature
Net fissile-fuel production

2060 MW;

610 MW,

30%

690 kg(Pu)/yr average over 30-yr plant life

11, 2 kg(tritium) /yr (9. 3 kg of tritium consumed
per year)

1,03 X 106 kg of natural uranium

4,1 kg of tritium

1.13 X 104 kg of 6Li

1300 kg of helium in coolant system

4400 kg of helium in cryogenic system

$1, 2 X 109 or $2000/kWe

(selling Pu at $20/g) 40 mills kWh)

(selling electricity at 20 mills/kWh) $140/g

XHx°

70%

100 keV

150 keV

1270 A (trapped)

630 A (trapped)

71%

225 MW

$47 million or £210/kW (trapped power)

one-stage

50%

35%

112 MW

825 million or $225/kW gy

12
100 W/cm3 at startup (~300 W/cm3 at equilibrium)
~5tol
~10to 1
2000 MW;
300°C

600°C
690 kg/yr (assuming an 80% duty factor)
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Table 2-3. Advantages and disadvantages of the fusion-fission reactor,

Advantages Disadvantages
Tusion-fission reactors in general:
Large energy multiplication in blanket, . Radioactive fission products,
Fissilc fuel production {¥°“Pu and’or 2331, Tritium handling.
Subcritical (cannot have a nuclear excursion). Physically very large components.
Reduced performance required of fusion Relatively high capital cost,
components relative to pure fusion, Complex geometry,

e.g., reduced first-wall loading,
reduced @ required, reduced injection,
and efficient direct energy conversion,

Low magnetic field (< 80 kG).

Fissile fuel not required. The blanket
can be fueled with natural or depleted
uranium or spent light-watcr reactor
fuel. Long-lived fission reactor
actinide wastes could be "burnt, "

Mirror confinement for the fusion component of
a fusion-fission reactor:

Nearly spherical shape for neutron source, Low Q (Q = Pgusion/Pinjected!.
Access for removal of blanket modules. Sensitivity to enhanced Iosses.
Access for neutral beam injection, Complicated magnet.

No known impurity problems.
Steady-state operation.

Problems with present reference design:
Tnit costs (3/kW and/or $/g fissile fuel per year)
are high.
High peak-to-average blanket power density
(~5to 1 at start uo; ~ 10 to 1 at equilibrium),
Average blanket power density too low,
Power output increases with time
(360 MW, at start up; 740 MW, at equilibrium).
Blanket modules are large
(~109 kg).

Table 2-4, Parameters for a high-power fast-fission-blanket reactor.

1200 MW, (all powers are double the

Power
reference design)
Blanket multiplication, M 12
Q 0,935
Fuel production 1380 kG/year
Total cost® $1.6 % 10° or $1300/kW _
Cost of electricity (selling fuel «* $20/g) 26 mills 'kWh
Cost of fuel (selling electricity at 20 mills 'kWh) $55'g

2The magnet was assumed to have a lower cost structure than before by $100 million,
but otherwise the magnet scales as fusion power,¥P, resulting in a magnet cost of $280
million. The mirror ratio must be dropped slightly to keep the peak field within the
limits of Nb T. 4uctor technology.
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Table 2-5. Parameters of hybrid reactor with lower Q and highe~ M than the refercnce

design,

Departure from point designa:

Q

Injected power, P

in
Blanket multiplication, M
Net fissile breeding ratio

System performance:
Pe (net)

ninet)

Fissile production (net}

Plant cost (extrapolated)

Cost of electricity (if 22 Pu is sold at $20/g)

239

1/2x chassical = 0.47
2x P'in = 450 MW
2 X M' - 24 (thermal lattice)

0.80 - (NFBR) = 0.7 atom/fusion

1200 MW _
0. 30

550 kG/year
$1, 50 x 109
27.5 mills/kWh

Cost of Pu (if electricity is sold at 20 mills/kWh) 8137/g

Where primed quantities are the reference values,

Table 2-6. Parameters of hybrid reactor with classical Q (0. 935) and higher M than

the reference design,

Departure from point design:
M
Net fissile breeding ratio

System performance:
P (aet)

n (net)

Fissile production

Plant cost

Cost of electricity (if 22 °Pu is sold at 520/g
Cest of 237Pu (if electricity is sold at 20 mills/kWh) 847/g

24
0.7 atom/fusion

1375 MW

0.34

550 kg 239Pu/year
1.32 x 107

22 mills/kWh

3. General Description of Reactor and Facilities

The reactor and its associated facilities

consist of the following main components

and systems:

® T'e main superconducting coils that
generate the magnetic mirror field for
the confinement of the plasma in which
the fusion reactions take place,

_14-

® The coil supports that restrain the

main coils from distorting under the
enormous forces generated by the
magnetic field.

The auxiliary superconducting coils
that control the shape of the leakage
flux from the plasma.



e The injectors that supply the fuel
(deuterium and tritium) to the plasma.
o The uranium blanket that surrounds the
plasma and in which the fission re-
actions take place. The power generated
by the fusion reactions in the plasma
is multiplied by the fission reactions in
the blanket,
lithium for breeding tritium to feed the
The blanket is divided into

This blanket also contains

injectors.
modules to facilitate removal and re-
charging.

® The helium cooling system that transfers
the heat from the uranium blanket to the
steam generators.

® A thermal power system that converts
the thermal power from the steam
generators into useful electrical power
via conventional steam turbines and
electrical generators.

® The direct energy converters that turn
the leakage flux from the plasma
directly into electrical current.

® The direct energy converter electricai
system that collects the current from
the direct energy converters and produces
useful electrical power,

e A vacuum envelope that surrounds the
main coils, the plasma, the uranium
blanket, the direct energy converters,
and the injectors.

e Vacuum pumping systems that remove
gas from the plasma space, the in-
jectors, and the direct energy converters,

e Systems that include a tritium handling
system, a fuel-recovery system, a
purification and isotopic separation
system, <and tritium containment in-
ventory and storage.

o Shielding that

Reduces neutron heating in the super-
conducting coils,

Reduces neutron damage to the super-
conducting coils,
Provides biological protection,

® Remote handling systems that facilitate
Removing andrecharging the uranium
blanket modules,
Servicing the injectors and other
elements of the machine,

® A building that houses the reactor and

its associated facilities,

MAIN SUPERCONDUCTING COILS

The Yin-Yang coil configuration shown
in Fig, 2-1 is really a variation of the
familiar "Baseball" design (where the
shape of the coil is similar to the seam of
a baseball) that has been used in a number
The Yin-Yang
arrangement results if the conductors of

of mirror devices.

a baseball coil are divided into two bundles,
identical, but rotated 90° to each other.

In fact, the halves of the reactor are
rotated 90°,
provides space between the coils for the

The Yin-Yang arrangement

four injectors and permits easy removal
of the blanket,

The individual superconductors are
fine filaments of Nb Ti embedded in l-cm
square copper bars, Suitable spacers
between the copper bars provide passages
The

windings are housed in a stout, stainless

for the liquid-helium coolant.

steel coil tank that must be enclosed in a
suitable thermal shield consisting of a
liquid-nitrogen-cooled copper plate and a
multilayered reflective heat shield (not
shown in the drawings),

Details of the magnetic design of the
coils and the refrigeration calculations
are diecussed in Section 7,
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COIL SUPPORTS

Enormous forces are produced by the
coils, One component, which tends to
straighten out the arc of the coil, canbe
resisted by the coil tank itself; the other
component tends to open up the coil gap.

Because it is impractical to make the
coil tank strong enough to contain the coils,
These

clamps consist of a large number of truss

massive clamps are provided,

subassemblies, fabricated from non-
magnetiz stainless steel and laminated
together. The coil clamps are cooled to
the same temperature as the coils,
Therefore, these members must be
surrounded by the same type of thermal
shield as the coil,
cooled along with the coils, there would
be differential thermal contraction, and

If the clamps were not

large forces would be transmitted across
thermal barriers, The computations for
the clamps are shown in Section 7.

The total weight of these clamps is on
the order of 15,000 tons, and their cost
appears to be disproportionately large,
We therefore feel that, while this is one
possible solution, other ideas must be
studied, This particular design was based
on the requirement that the coil gce be
kept completely open. If we back off
somewhat from this requirement, we
might largely replace the clamps with
water-cooled tension members.

AUXILIARY SUPERCONDUCTING COILS

With the main coils alone, the magnetic
flux lines would start to expand outwardly
as soon as they emerged from the coil gap,
The leakage plasma would, of course,
expand along with the magnetic flux lines
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and would then strike the vacuum gates for
the blanket modules, Toavoidthis, andto
lead the leakage plasma into the direct energy
converters, auxiliary coils mustbe added.

The auxiliary coils are superconduct ng
coils of the same general construction as
the main coils. The coils also must be
surrounded with shielding.

The magnetic design of the auxiliary
coils is dizcussed in Section 7.

INJECTORS

With a mirror configuration utilizing
Yin-Yang coils, it is posgible to introduce
high-energy neutrals into the reactor via
four separate injectors. Each injector
is roughly pyramidal in shape with a
rectangular base and apex angles of 30°
and 60°, and each holds 70 modified
Berkeley sources mounted in five columns
of 14 units each.
in a large pumping chamber serviced by
All of the
beams pass through a 20- by 70-cm

IEach injector is located

four 120-cm Hg ejector pumps.

openirg in the blanket.

The beams coming from each column
of 14 sources go into a common liquid-
ni‘rogen cooled neutralizer, about 1-m
long, and subsequently pass between
clectrodes that recover the energy of that
portion of the beam that was not neutralized.
A cryogenic panel mounted on each side of
the column pumps away the unwanted
neutral gas and also provides magnetic
shielding. By providing adequate pumping
capacity, continuaus operation is possible;
i.e., each cryopanel can be removed from
service (by sliding it between the columns
of sources into the pumping chamber),
outgassed, and subsequently reintroduced
into the injector,



URANIUM BLANKET

The gross blanket geometry is defined
by the plasma and coil geotnetries for a
minimum-B Yin-Yang magnetic mirror,
The blanket design, shown schematically
in Fig, 2-4, is constructed from pie-
shaped modules whose assembled geometry
conforms to the Yin-Yang magnetic field.
Each module, in turn, is composed of a
collection of domed, cylindrical, pressure
vessels (submodules) mounted to the
module base.

The submodule, the basic component
of the blanket, contains an inner fast-
fission zone and an ocuter tritium-breeding
zone. The inner contains natural uranium
carbide contained in wire-wrapped pins in
a hexagonal array. The outer zone con-
tains lithium aluminate. Helium coolant
is supplied to, and removed from, the
submodule by plena in the module base.
The helium flow within the submodule first
cools the pressure vessel wall and then
removes the heat from the fuel pins and
the heat and tritium from the breeding
material,

A new blanket starts life with natural
uranium fuel and has an energy multi-
plication (M) of 8, a net fissile breeding
ratio (NFBR) of 1, 2 atoms/fusion, and a
tritium breeding ratio (T) of 1,05, As
the blanket is exposed, it will enrich
i self in plutonium, thereby causing M and
With
the refueling scheme used, the life time
averageM, T, andNFBRare12, 1.2, and 0.9,

T to increase and NFBR to decrease,

HELIUM COOLING SYSTEM

The heat from the uranium blanket is
transferred to th steam generators by
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helium, To ensure safety, the entire
system is duplicated: there are two
inlets and two outlets on each blanket
module; two inlet manifolds and two outlet
manifolds are provided for each side of
the reactor; a helium circulator is pro-
vided in each circnit; and in addition, the
helium is everywhere enclosed by two
walls. While in the module, the helium is
enclosed, of course, by the module itself,
but it is also enclosed by the vacuum
envelope surrounding the entire reactor.
All helium lines to and from the reactor
are double-walled. Likewise, within the
steam generators the helium is again
doubly enclosed.

Each of the helium circulators (Fig. 3-1)
consists of a helium compressor with a
steam turbine main drive and a water
turbine (Pelton wheel} auxiliary drive,

The latter supplies power to the circu-
lators when steam supply is not available.
This arrangement is similar to that <sed
in General Atomic's Fort 5t. Vrain,
Colorado, helium-cooled fission reactor,

An auxiliary after-heat cooling system,
also using helium, cools the modules
while they are being withdrawn and trans-
ported for processing. A value in the
main cooling line at each module makes
the module gas-tight during removal and
transport,

See Section 8 for calculations on the
helium cooling system,

THERMAL POWER SYSTEM

The thermal power system converts
the thermal power from the steam gen-
erators into useful electrical power.
Beczuse we have studied this aspect of
the plant only very superficially, we assume



that this system employs conventional
steam generators, steam turbines, and
electrical generators.

We are patterning the thermal power
system after that of the General Atomic
We employ
vertical, steam-generator modules. The
hot helium from the reactor flows ver-
tically through the casing, giving up its
heat to helically wound water- and steam-
tube bundles that surround a central

helium-cooled fission reactor,

header. The steam generator modules
are in the main reactor room (Fig. 3-1),
and the turbine and electrical generators
are in the adjacent generator room, While
Figs. 3-1 and 3-2 show many helium
circulators and steam generators, we

would actually use from 4 to € of each.

Figures 3-3 and 3-4 provide additional
detail.

DIRECT ENERGY CONVERTERS

The power in the inevitable leakage
flux from a mirror reactor may be
largely recovered by direct energy con-
verters. The direct energy converter we
propose {0 use here is similar to that
described in Ref, 3-1.

As previously described, the auxiliary
coils guide the leakage flux into the
expander tanks and then into the direct
energy converters, The beam of ions is
allowed to expand to a peak power density
of about 100 W/cmz.
experimentally that, at this power vensity,

We have shown
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the elements of the direct energy con-
verter may be cooled by direct radiation,
The converter we show in this report

(see Fig, 8-1) is single-stage and employs
a pair of wire grids followed hy a ribbon
grid. The wire grids reflect the electrons
and allow the positively charged ions to
continue on thiraugh; the ribbon grid acts
as an icn trap. Thus, the particles see
the first wire grid at zero potential, the
second wire grid at regative potential,
and the ribbon grid at high positive
potential, The wires and ribbons are
cooled by radiation to hel:um-cooled tubes
ihat line on the expander tank.

When the ions are neutralized, the
large quantity of gas that is produced is
pumped by cryopumping chambe behind
the ribbon grid. The ribbon grid is
opaque to the ions, but presents only
a modest impedance to the neutral

gas,

Radial cra ne\

ELECTRICAL SYSTEM FOR THE DIRECT
ENERGY CONVERTER

Through a system of grids and ribbons
resembling a venetian blind (see Fig., 2-6),
the direct energy converter reclaims the
energy lost by the reactor through leakage
of charged particles,

To initiate the collection pro.ess, the
potentials of the grids and ribbons must
be accurately established. These potentials
are supplied by an inverter-rectifier
power supply arrangement, where (in the
rectifier mode)} appropriate voltages are
applied to the grids and ribbons, Once
the potentials are established and the
collection process begins, the recovered
electrical energy can be used, In some
cases, all of the power from the direct
energy converter will be used by the accel
grids in the ion source.

The phasing of the inverters xnd rectifiers
is controlled by an electronic regulator

circuletor, [—;——-:‘] “‘ z[:;'.lfleet
Steam = Reactor vaulr assembly
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Fig. 3-4, Sectional elevation of building.
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system that accura‘ely maintains the
potential on the venetian blingd electrodes,
Because the voltage required for the ion-
sources does not always match the outpu*
voltage of the direct energy converter,
small series-topping power supplies are
provided to obtain the precise ion source

voltages,

VACUUM ENVELOPE

The entire reactor, including the
direct :nergy converters, is enclosed in
1 ais envelope has a
Other
than the flange joints provided for the

a vacuum envelope,
consentional, welded construction,

removal of the cryopumping chambers
and for access to the direct convert-
no joints are pcsovided for major
disman.ling. The tank would be
simply welded in place and expected
to remain there for the life of the

ers,

machine.

The spherical portion of the tank
surrounding the reactor proper is supported
internally by the shielding and the magnet
structure. The expander tanxs, however,
require external supports to resist the
atmospher:. loading., This external
stiffening structure also supports both the
shielding around the expander tanks and
the tracks for the blanket module trucks.
As proposed, the external structure con-
sists of radial members connected at their
inner ends to the spherical tank. At their
outer ends, each pair of radial members
At their ends,

these columns are connected together by

is supported by a column.

a box-beam that is curved in a circular
arc to conform to the shape of the
expander tank,

VACUUM PUMPING SYSTEMS

The large volume of gas produced at
the direct energy converters is rumped
py cryopumping chambers behind the
ribbon grids. These cryopumping “hambers
contain liquid-helium-cooled panels that
are thermally shielded with liquid-nitrogen-
cooled parels and multiple, reflective,
heat shiclds, Any o.. pancl may be
isolated in automatic sequence for
"defrosting'' by means of a "Jalousie”
louvred valve, The cryopumping panels
may then be warmed up and the evolved‘
gas collected through a meclanically
pumped vacuum manifold.

To maint.in a good vacuum in the
plasma area, additional cryopumping
panels may be introduced into the inter-
mediate volume formed by the constriction
between the coils and the entrance to the
expander tank, See Section 8 for pumping
cal ;ulations,

The large quantity of gas also produced
in the injectors is pumped by a com-
bination of cryopumping and conventional
diffusion pumps, See Section & for further
details.

TRITIUM~-HANDLING SYSTEM

The tritium-handling system is divided
into two primary systems: a helium-
coolant, tritium-recovery system and a
purification and isotopic-separation sys-
tem, If tritium is accidentally released,
the gas will be contained by secondary
purifiers that will remove cr.tium from
the room atmospheres and by special
design features in the containment

structure,
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¥Fuel Recovery System

Helium covlant will carry tritium
picked up during passage through the
blanket, Of the hot helium- coolant flow,
1% is directed to the tritium recovery
system.

Traces of water are removed by a
regenerative heat exchanger and cold
trap operating at liquid-nitrogen temper-
ature. The coolant is reheated in the
same heat exchanger and then continues
to a vanadium diffuser. Here the helium
passes through an array of vanadium
tubes, while the tritium diffuses through
the vanadium. The tritium is recovered
from an outer chamber by a pumping
system and can either be sent directly to
the injectors or stored elsewhere,

Details are discussed in Section 10,

Purification and Isotopic Separation
System
Tritium and deuterium recovered

from the vacuum pumping systems must
be purified and isotopically separated
before being returned to the injectors.
The gas is purified by passing it through
a palladium diffuser., Cryogenic distil-
1~tion columns then separate the gas into
tritium and deuterium streams which are
reinjected immediately, The components
of this system are similar to those used
in the FERF design.

These components and appropriate
pumping systems are describzd in Section

10.

Tritium Containment, Inventory, and
Storape

Rooms containinrg components with

large amounts of tritium will be sealed
with a nitrogen atmosphere.
accidental release within the room, a

In case of an
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purifier will catalytically oxidize the
tritium and hold it on molecular sieve
beds. This equipment follows the FERF
design,

Tritium can also slowly permeate the
outer walls, which have very large surface
areas. We are proposing a new "getter
wall" that can be readily adapted to a
variety of situations, In this method, a
structural wall is coated on the outside
with a getter that forms stable hydrides,
The getter is, in turn, covered with a
protective outer layer. The getter
operates at ambient temperature and need
hold only the small amount of tritium that
permeates the structural wall,

Containment details are given in
Section 10,

SHIELDING

Shielding is required
o To reduce neutron heating within the
superconducting coils,
® To reduce neutron damage to the super-
conducting coils, and

e To provide biological protection against
induced radioactivity and prompt
radiation.

The coil shield consists of a layer of
Boral* (not shown) placed immediately
outside the coil thermal shield to absorb
neutrons. Boral produces alpha particles
rather than more penetrating gamma rays.
Next is a layer of lead to capture gamma
rays. Outside of this is the main bulk of
the shielding: this main shielding consists

*"Reference: to a company or product

name does not imply approval or recom-
mendation of ilie product by the University
of California or the U.S. Energy Research
& Development Administration to the
exclusion of others that may be suitable, "



of stainless steel and water placed
adjacent to the coils and immediately out-
side the uranium blanket. The layer of
shielding immediately within the spherical
vacuum tank is of concrete encapsulated in
stainless steel tanks,

To prevent the escape of radiation
through the injectors and through the
direct energy converters, additional
shielding is provided immediately outside
the vacuum envelope.

REMOTE HANDLING SYSTEMS

Means must be provided for removing
and loading the uranium blanket modules
and for servicing the injectors, direct
energy converters, and other elements of
the reactor.

During shutdown, the shielding shown
(Fig. 2-6) should provide sufficient bio-
logical protection so that the reactor room
may be entered as long as all parts of the
shielding are in place. However, because
of the tritium contamination that may
result when the reactor has been opened
(e.g., for replacement of ion sources),
operating personnel must wear protective,
airtight suits with separate air supplies,
When any part of the shielding is remuved,
the resulting radiation level (at least in
the immediate vicinity of the opening),
will be such that operating personnel must
be excluded. Therefore, remote manip-
ulation will be required for all operations
involving opening the shielding. The
shielding design requires far more study,

The general arrangement of the
uranium blanket modules is shown in
Figs. 2-1 and 2-4, The wedge-shaped
modules are arranged in a radial array,

as in the sections of a pie. Each module

is provided with stationary tracks that
support it and along which it may be rolled.
Opposing pairs of modules cross each

The
vacuum envelope for each module has a

others paths as they are withdrawn.

port with a vacuum-tight gate. A remov-

able plug is provided in the shielding for
each port. When a module is withdrawn,

a set of temporary tracks must be inserted

to bridge the pap between the permanent

tracks and the port,

Because a spent, withdrawn module is,
of course, very radioactive, it must be
placed in a lead casket. These caskets
are mounted on carts that run on tracks
placed on either side of each expander
tank, A temporary cooling system removes
the after-heat from the module during
transportation,

The sequence of operations for the
removal of a module is as follows (see
Fig, 3-5):

1. Remove the shielding plug.

2, Open the vacuum gate.

3. Put the temporary tracks in place,

4. Attach the temporary cooling lines to
the module,

5. Close the main helium valves at the
module

6. Separate the joints at the module in
the main cooling lines,

7. Roll the module into the casket.

8. Run the cart to a position where the
casket may be handled by the overhead
crane,

9, Take the casket, by crane, to the
loading platform.

To load a fresh module into the blanket,
reverse this process, Remotely operated
means are provided for servicing the
injectors, direet energy converters, and
other elements of the reactor.
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Fig. 3-5. Module removal sequence:
(a) Tritium shielding plug removed; (b) Casket in place, vacuum gate
valve opened, temporary rails and cooling line attached; (¢} Module in
casket,
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BUILDING AND UTILITIES

The fusion-fission hybrid reactor
building is a highly specialized steel and
concrete structure, Iis design is integrated
with the design of the reactor systems,
the blanket module assembly, the dis-
assembly facilitics, the tritium handling

systems. and the power generation facility,

Building Functions
The building will provide

@ Shelter space for the reactor and allied
equlpment (including maintenance and
operating equipment),

® Radioactive contamination control and
protection of personnel trom excessive
amounts of radiation,

@ A containment vault that will retain
released radioactive materiais and
gases coming from the reactor or its
equipment,

@ Facilities for the safe collection and
disposal of tritium and contaminated
wastes so that the hazard to personnel
operating the facility will be minimized.

e Work areas for assembly of uranium
blankel modules and for storage.

e Tritium recovery and storage facilities.

e Steam turbine power generation
facilities,

o Utilities, office space, and shops as
required to meet the minimum need of
operation and maintenance.

Description of Principal Areas

Building plans, sections, and elevatioas
are shown in Figs, 3-1 through 3-4,

Reactor Containment Vault
The reactor containment vault provides
a housing for the reactor and a gas-tight

vessel for any radioactivity or particles
The
vault is constructed of steel with walls and
in-

released in the event of an accident,

roof approximately 1-1'2 in. thick,
side, the vault is 280 ft in diameter and
218 ft high.
all ducts which penetrate the vault are

To assure gas-tight integrity,

suitably sealed to the steel vault housing,
Also, all cables or pipes within these
ducts are scaled or otherwise closed in o
positive manner to assure that the vault
is leak-tight,
designed to withstand a posgitive pressure

The reactor vault is

of 2 psi above atmospheric; however, it
Is normally operated at a negative pressure,

A vertical, hydraulically operated,
gas-tight shiclding door provides cquir-
ment access at the side of the vault,
Personnel enter and leave the vault via
an air lock that leads from a limited-
aecess arei.

A 20G-ton ridial crane with a shiclded
control cab covers the entire vault area
and is used 10 nssemble and disassemble
the reactor.

The reactor vault is operated at a
negative pressurc and contains an inert
gas such as nitrogen. To remove radio-
active contamination, this incrt atmosphere
is continuously circulated through high-
efficiency filters. A leuk test is performed
periodically to assure that there are
neither leaks nor penetrations ia the
structure, For this test, the vault is
pressurized to about 2 psi and the leak rate
is determined over a 24-h period.

Blanket Module Assembly and Storage
Area

At one side of the reactor vault, a
reinforced-concrete extension forms a
shielded area for assembly and disassembly
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of the hlaaket modules,  The radionctive
blanket modules are transferred from the
reactor vault theough the shielding door
by truck or dolly, A sliding, shiclding
door communicates with an air Jock that
provides the means for vemoving parts
from the arca without compromising the
atmosphere of the assembly area, A
personnel air lock connects the assembéy

arca with the limited-acoess area,

Generator Room

A 110-ft wide, 140-1t long, 40-{t high
room housas tivo 300« MV A steam tarbine
pencrators,  This room is adjacent o the
steam geneeators located in the reactop
vault,  Located under e generators is

the steam processing equipmest,

Administention and Contirol Ares

The administration and control wing,

a singlesstory structure of approximately

17,500 nz. contains the following:

@ Reactor control roonms, Here is space
for operation consoles, computer
terminals, and closed=circuit television
mohitors for viewing various parts of
the reactor system.,

¢ Computer room. Computer and
associated equipment are housed heee.

e Diagnostics room. The remote data

collecting and counting eguipment are

housed here,

Small assembly and maintenance shops,

Offices.

Library,

Auditorium.

Conference rooms,

Flectronis maintenance shop, This
shop provides facilities for maintaining
the computer, control, and diagnostics
cquipment,

® Toilet facilities,

e l.obhy,

Power Supply Areas
Yower Jupply areas

Raooms on the first (lnoor and pasement
level house the following clectrical cquip-
ment wnd power supplices:

B Fmergeney geneprstorr,

® S00-Hs abiernstor for ion source
filamoems,

e Power supplics for the magnet,

Power supplics for jon sources,
Distribution switchpear,

In general, all power supplies will be
watep-couled to minimize the ventilation

requirements in these areas.

Mechanicnl Pguipment Areas

The s e 1wo mechanieal cquipment
apress: a conventional one housing eauip-
ment for butlding heating, ventilatinn, and
reicetor pefrigeration: and second, limited-
avcess ared bousing potentially radio-

active cquipment that includes the following:

& Mechaneat < acuum pumps,

o Fluid heat exchinngers and pumps for
cooling radicictis components,

o Treatment facilities and pumps for the
water coolant.

e Heating and ventilation equipment for
the limited-access area.

Limited-Access Area

A limited-access area on the firs: tloor
is provided for operations and equipment
that are radioactive or potentially radio-
Entry is through two change
One group of change rooms con-

active.
areas
tains lockers and clothing bins, toilet

and shower facilities, and personnel
decontamination and monitoring facilities,
Shielding and life-support suits are located
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in a second change area that provides entry
to the reactor containment vault and the
blanket module assembly area.

Much of the space in the limited-access
arca is used for module maintenance,
nitrogen filtering, and tritium recovery

and storage.

Cooling Tow.,rs

The rcactor power that has been
dissipated in the heated, low-conductivity
cooling water is transferred to the
atmoaspiiere. The water is passed through
heat exchangers that transfer the heat to
a cooling tower. There are six cooling-
tower heat-exchanger combinations in
The
total installed capacity is in excess of
2000 MW,

the facility, each rated at 350 MW,

I..ectrical Substation

The installed power capacity of the
fusion-fission hybrid facility substation
is 750 MV A, Four 230-kV lines come to
the site on two rows of towers. These
lines terminate on disconnec. switches
Both of the
separate, three-phase transformer banks
have three 125-MVA single-phase trans-

for isolation and switching.

formers. One spare standby transformer
can be switched into service to replace
any defective transformer. The voltage
ratings of the transformers are 230 kV to
13.8 kV,

set of transformers to a 13. 8-kV bus.

Circuit breakers connect each
A
normally open bus tie breaker connects
the two 13, 8-kV busses.
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Outdocr distribution transformers
rated at 13.8 kV to 2.4 kV provide power
to the large loads such as the refrigerators
and water pumps, Other outdoor trans-
formers rated at 13, 8 kV to 180 V supply
powcer to 480-V switch-gear that is
housed within the building at approximate
centers of load and serves major loads,
Local, dry, indoor transformers feed
panels to supply lighting, communications,
alarm equipment, and control,

Two gas-turbine-driven generators
provide cmergency power, Batteries are
providced for switchgear operation, dc
lighting, dc instruments, dc safety
circuits, and dc-to-ac inverters,

Site Requirements

No specific site has been chosen for the
fusion-fission hybrid facility; however,
the cost cstimate is based on a level ite
having the following requirements:
® Suitable substrata for massive
structures,
@ Close proximity to a utility company
power grid.
Adequate pure water supply.
Lasily accessible to supporting
industry and to commerce and trans-
portation networks,
® Access roads.
REFERENCE
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Smith, IEEE Trans. Plasma
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4. Operating Parameters and System Performance

REACTOR POWER FLOW

The average net electric power output
of the reactor is Pe = 610 MW, A one-
stage direct energy converter ihat re-
covers power from the leakage jons with
an efficiency pe * 50% is followed b -
bottoming thermal cycle that operates
with an efficiency Nppa * 35%, The com-
bined efficiency is 68%, Power carried
by the 3, 52-MeV fusion-product helium
is also recovered at Npp2 = 35%, The
fast-fission blanket multiplies the fusion
neutron power by a factor M = 12, and
this increased power is recovered in a
thermal cycle at by = 38%.

Figure 4-1 shows the power-flow
diagram with an injector efficiency
ay = 70% and with Q = chassical = 0,935,
The entire flow of power is varied in
proportion to the injected power P'm' with
Pe given by:

n =0.7

321 MW

P

(4]

(1 + 0.2Q) b2

= Pbipe t - e

- 0, ii.\lQnTh] - l‘nil (4-1

Here, 0, 2QPm is the power carried by
the helium ions. Thus, for Pin = 225 MW
of neutral beam power injected and
trapped, the fusion power yicld is PF

* QP;, - 210 MW,

INJECTOR POWER FLOW

The 717 injector efficiency results
from considering each of the various
processes that takes place in the pro-
duction and trapping of the neutral beam,

Figure 4-2 shows the power flow through
the injector system that results in 225 MW
of trapped neutral beam, The fraction
neutralized, I = 0, 55, and the fraction
trapped, f, = 0.94, remain the same for

o 12 |2018 MW

= N = 0.38
766 MW

42 MW
113 MW
Mho = 0.35
112 MW 54 MW
/

Ln MW

Fig. 4-1.
definitions of symbols),

Power flow through the reactor for injector efficiency n

i ° 70% (see text for
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both the 100-keV l)o and 150-keV 'l‘o

injection hecause the velocities and cross
sections are equal, The cfficiencies of
the beam direct cnergy converter, TR

= 0,69, and of the two thermal converters,

= 0,38 ana n,l_ = 0,35, also ru-

i) h2
main the same for both specics, TRDe
- 0.69, results from assuming that the
expected efficiency of 0, 78 can only apply
to the 88% of the unneutralized beam that

is at the full 100-keV or 150=-ke\’ vnergy.
The remaining 12% is at 2/3, 1/2, or 1/3
of full energy and can probably be collected
The
efficiency of the positive ton accelerator,

n = 85%, results from using 3.8 ke\’ to

acc
create each ion and then losing about 1%

at only a very low efficiency,

in the acceleration process,
Therefore, 320 MW is consumed in

injecting 239 MW of beam of which

225 MW is trapped in the plasma. The

remaining 14 MW is intercepted by the

vacuum wall and is recovered in a thermal

cvele,

ELECTRICAL QUTPUT AND FUEL
PRODUCTION

The net electric power autput is l’c
= 600 M\\‘L.. Assuming an 507 plant
availability, 480 R!\Vc~)'t~n|~.-; of clec-
tricity is produced. Tils output power
results mostly from fissions in the sub-
critical blanket as a result of bombadment
by i4=AleV neutrons from D-T fusion
reactions in the plasma, In addition to
power, the neutrons in the blanket also
produce 239Pu and tritium,

Of the 11, 2 kg/yr of tritium produced,
0.3 kg/yrisusedinthe neutral beam injec-
tors that maintain the plasma. The690kg/yr
of plutonium that1s generated is salable for
fuel used in fissionreactors. The rateof
pr oduction of plutonium canbe increased at
the cxpense of adecreased electrical output,

Moo =0.95 [ BEMW 3 ¢y 55 239 MW =004 | 25MW_
458 MW 196 MW 14 MW
e = 0-67 Ty = 0.38
135 MW 5.5 MW
140 MW
318 MW
J25MW o

™ S3Tg MW

Fig. 4-2, Power flow through the 100-keV p? and 150-keV 19 injector system (see

text for definitions of symbols),
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5. Plasma Physics Design

PLASMA CONFINEAMENT

The physics parameters presented
here and listed in Table 5-1 represent a
consistent set, although certainly not an
optimum set, Optimization will require
several more jterations, The design
presented here is based on some reason-
able but slightly arbitrary choices and @
few simplifying assumptions. In Section
12, we discuss the offects of varying
these choices and of relaxing these
assumptions, The purpose in this section
is 10 present one complete design that can
be used as a reference point,

The simplifving assumption having the

most serious influence on the design is

Table 5-1.

that the plasma behaves classically (for
the effects of nonclassical losses, see

Section 12),
that the plasma is magnetohydrodynamically
(MHID) stax)e and that microinstabilities

In particular, we assume

are suppressced to a level where they have
a negligible effect on the containment time
for the plasma, Containment time is a
determining factor in the power gain Q.
The effect of a change in containment time
{due to microinstabilities, for exampic) is
to producce & corresponding change in Q,

Q is defined as the ratio of the fusion
power produced, PF‘ to the power in-
jected and trapped, Pin; i.e.,

I -
Q= p— (5-1)

Physics parameters,

Distance between mirrors, L
Plasma radius, rp
Mirror field, Bm

Vacuum central field, Blac
Vacuum mirror ratio, Rvac
Mirror ratio, R

Plasma pressure/field pressure, 3
Density X containment time, (a7}
Fusion power/injected power, Q
Central density, n,

Reaction rate parameter, (BV)DT
Fusion power, PF‘

Mean cnergy, W

Ambipolar potential, eambip olar
Power injected and trapped, Pin
Injected D0 current, IDO

Injected To current, ITg

Injection energy (D), Win D

3
Injection energy (T), Wm, T

25 m
3.5m

6.8 T
1.94T
3.5

7. 83

0. 80

2,7 x 1013
0,935

5.85 % 10*3 cm™3
0.2 % 10716 cm3ys
210 MW

117 keV

54 kV

225 MW

1270 A

630 A

100 keV

150 keV

s/\':m3
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l’,, ts calculated by integrating the re-
action rate over the volume of the plasma
and multiplying the result by l-:F, the
energy released per fusion reacticn

(K, = 17,58 eV ),

I Thus,

2 annT E9)yp dV L (5-2)

We assume that the densities of
deuterium and of tritium are equal vvery-
where (n“ Fng - n/2}, The reaction rate
parame.cr, (ml)'l" is averaged over the
ion velocity distributions. Because this
rate parameter is nearly constant over
the plasma volume, kg ¢5-2) can be

rewritten
P..= 1_ GV} .. B n-dv . (5=3)
3 4 133 ¥

Pin in the denominator of kq. (5-1) can be
written similarly hy noting that the in-

jected particle current, [, , must just

in’

cqual the loss current, for each

‘Ioss’
ion species, The loss is due to scattering
into the velocity-snace loss cone deter-

mined by the magnetic field, For example,

the deuterium current is

"D .
ID, in”~ ID, loss =]‘I’_D av .

Here, n_ is the density and ™ is the mean
The

product {n-r)D is nearly constant along a

D
containment time for deuterium,

field line; therefore, for a small flux
tube it can be removed from inside the
integral, Then the injected power can be

expressed as

"If one includes the average kinetic
energy of the reactants, then for a 100-
keV injection, Ef = 17,7 MeV (see foot-
note on p. 39).

W, .
1 ., in
D, in’D, in ‘!n'r[)

2
1 W n” dv,

>
D, in

where \V“ in is the injection cnergy for
,

deuterium, and where we assume that

ny e n/2, The total ion density is n
ST A similar expression holds
for tritium; the 101al injecterd power is
therefore
1 2 v
] Y -
4 in 3 gV,
(5=4)
i we define a mean (A7) by
-1
w) - 3n(-_l7— l—) .
nDo'Tr
and a mean injection energy Win by
W - ll), in \'!), in II, in W I', in
in Yy in ' b, in
™™, in " "o Y in,
‘T.r + Tl)

then Eq. (5~4) simplifies to

W,
Epn T n2 d\v o,

P,
M 4Emn

Q for any flux tube is given by the ratio
of PF to Pm for that tube, Because in

the ratio the volume integrals cancel, Q

becomes
(n7) @ v) I
Q- DT F (5-5)
+ Win .

Losses due to bremmstrahlung and
synchrotron radiation are negligible for
the range of ion energy considered here.
Losses due to charge exchange with the
injected neutral beam are discussed in
Section 9, The analysis of the losses due
to charge exchange of confined ions with

background gas is left for future work:
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the calculation of this effect must be
included in a plasma buildup calculation,

FOKKER-PLANCK CALCULATIONS

The velocity-space averages of (nT)

and {o v) are obtained from a two-

dimcnsig'l,:l, multispecies, FFokker-
Planck codc‘r'-2 that models the plasma
on cach magnetic flux surface within the
volume, Input to the code includes the
mirror ratio, R, the various angles of
injection, and the source strength for
each plasma species on each flux surface,
The spatially-averaged quantities (n7)
and (mm are obtained later by averaging
the values on the various flux surfaces
with a weighting factor determined by an
assume:! plasma density distribution n(n).
The code also calculates the maximum
plasma pressure for MHD ztability on
each flux sarface,
Beta is defined as the ratio of per-
pendicular particle pressure to total
perpendicular pressure including the

magnetic field:

3 = — (5-6)
p,+B /2u0

where B is the actual magnetic field in
the presence of the diamagnetic plasma,
In a mirror machine, B8 can be quite high
-;—-i 3 < i) and is limited by the so-called
mirror or firehose instabilities. The
most severely limiting instability is the
mirror mode, which is stable if

dp
B, L>0. (5-7)
ug dB

The Fokker-Planck code calculates
pl(B) from the ion and electron distri-

bution functions and determines the max=~
imum values of p, and 3 allowed by this
condition, Since ihe particle density n is
proportional to p , this conditicn also
determines the m‘aximum fusion power,
PF, that the system can p;oduce. Nate
that for a given 3, PF > ny @ Bvac
according to Eq, (5-3) and (5-6), where
ng is the central ion density, An optimum
design would maximize the integral in
Eg, (5-3) within the limits set by the
criteria for stability, For a given vacuum
magnetic field, this integral over the
plasma volume should be maximized by
varying the location, angle, and energy of
injection within the available range of
each parameter, This optimization will
require more work., The parameters
arrived at in the present study are tab-
ulated in Table 5-1 and discussed below,
Injection energies WD, in - 100 keV and
WT, in = 150 keV were chosen to give
equal velocities of deuterium and tritium
and to try to maximize the reactor
efficiency. Since the technology for
positive ion accele. ation appears closer
at hand, we chose this injection method.
Q increases with mean energy W because
nT « V—V'3/2,
average injection energy (see Fig, 12-1),
However, the efficiency of the neutral
beam injector decreases when the energy
is increased (see Fig. 12-2) beeause
the cross section ¢ 10 for neutralization

and W is roughly equal to the

of the accelerated heam of positive ions
decreases with an increase in energy.
Figure 12-3 shows that the system
efficiency reacher a maximum value of
30% for the injection energies chosen,
For injection energy greater than about
130 keV, negative ions appear to be more
=fficient than pesitive ions,
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Another consideration in the choice of
energy is the requirement that the in-
jected beams penetrate deeply er.ough into
the plasma to provide the proper rate of
trapping on each field line, Nnt only
must the plasma volume be filled to the
required density, but also np = ng must
be approximately satisfied everywhere,
Equal penetration by D and T requires
that the velocities be equal and that the
energies be in the ratio of the masses of
the two species,

The Fokker-Planck calculations were
all based on the magret design described
in Section 7. Briefly, the magnet has a
length L= 25 m between mirrors, a field
at the mirrors B_ = €, 8 T, and a vacuum
mirror ratio Rv'aC = 3.5. The plasma
= 3.5 m at the

midplane as determined by the outermost

volume has a radius r

field lines within the vacuum chamber,
Figure 2-6 shows the plasma volume and
two of the four spaces available for in-
jectors, The orientation of the injectors
inside the available spaces is determined
not only for proper penetration of ithe
beams into the plasma, but also for the
best angles with respect to the field
lines, If trapped at too steep an angle,
the plasma density will reach its rather
low stability~limited value near the

center without properly filling the volume,

If the angle is too small (i.e., too close
to the loss cone), the plasma is rapidly
lost and Q decreases,

The radial density variation at the
midplane n(r)} is assumed to be of the
form

n(r) = ng (1 - r3/r3) . (5-8)

p

This radial variation is consistent with
the trapping calculations below, How-
ever, the axial variation of density shows
considerable peal” .- near the center,
indicating that the av rage injection angle
is too steep.

Because the Fokker-Planck code used
has no spatial dimensions. and because
the mirror ratio and the injection angles
are different cn different field lines, the
calculations were made for three
For each field

line, three injection angles represented

representative field lines,

the angular spread of the injector system.
The input data are listed in Table 5-2.
in the table, the field lines are identified
by their radial distance r from rhe axis
at the midplane, and the angles 90
represent the angles that the ions make
with the field line at the minimum-field
point when they are injected at the actual
angle § away from the minimum, To try
to get equal densities, the injection
particle ct . rent was chosen to be (2/3)D

Table 5-2., Input data for the Fokker-Planck calculations (WD = 100 keV, ‘.VT = 15C keV,
I[) =2X IT).
Field Midplane 25}
line radius (m) {degrees) (degrees) g Riac
1 0 51, 65, 80° 51, 63, 70° 0. 80 3. 50
2 1. 59, 74, 88° ©9, 73, 83° 0,72 3.43
3 2. 72, 85, 83° 72, 85, 83° 0.34 3.25
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Midplane

Qo 0 5
*150 [
m
Fig. 5-1, Injection angles and field

lines used in the Fokker-Planck
calculations,

and (1/3)T. More deuterium than tritium
currcnt is needed because devterium
scatters into the loss cone faster than the
more massive and more energetic tritium.
The magnitudes of the currents at each
field line are finally determined by the
densities that give the desired amount of
fusion power compatible with the maximum
allowed 3, as calculated by the code,
These currents then must be compared for
consistency with the currents on the other
two field lines and with the penetration and
trapping that the resultant densities give,
Figure 5-1 shows the field lines and
injection angles used in the calculations.
The figure shows only two of the four
injectors located at the four equivalent
locations, Azimuthal drift of the trapped
ions will ensure uniform density on the

flux surfaces.

BEAM PENETRATION

We calculate the current that penetrates
to and is trapped on a field line by com-
puting f(x), the fraction of the injected
beam that penetrates a distance x into the
plasma, where f(x) is given approximately

by
a X
f(x) = exp -Tf ndx p . (5-9)
- Jo

T is the "attenuation thickness'
(T =3,5X% 1015 2 here) calculated by
Riviere took into account

cm”
Riviere, 5-3
ioniza.ion by and charge exchange with
each of the various species in the plasma,
He did not include the reionization of
This effect
was calculated by Carlson and Hamiltcns_4
and is included in Eq, {5-9} by setting
a =0, 65 for our energy range,

We calculated {x) along each of the
Then, the fraction

charge-exchange neutrals,

three injection paths,
of the beam trapped in a given region is
given by the drop iu f(x) across that
region, The¢ appropriate average is cal-
culated for the three paths irom all four
injector assemblies., When multiplied

by the total injection current for each
species, this gives the source terms that
should be vused in the Fokker-Planck
calculations on cach of the field lines.
Since the density on any field line is pro-
portional to the source term on that field
line, this calculation of the trapning
determines a density that must agree with
th. density used in the calculation,

Figure 5-2 shows the density on the three
field lines at the midplane as determined
from trapping and also, for comparison,
shows a plot of the assumed density

variation [Eq, (5-8)]. The values were
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normalized to a maximum value of

n = 5.85 % 1013 cm™3 in both ~ases to
yield a peak fusion power den:ity of
2.2 W/em',

Further work is necessary to determine
the proper angles and locations of the -
jectors in order to avoid the hollow center,
Plasma buildup calculations, including
the erosion of the plasma surface by the
influx of gas, should be done. Whep
these calculations were made for the
FERF design, >~ it was found that the
hollow center can be avoided without
excessive penetration of the beam to the
walls,

Figure 5-3 shows the variation of the
ion dengity with distance along the axis
out to the direct energy converter, To
maintain charge neutrality, the electron
density is nearly equal to the ion density
At the direct
energy converter, where the electrons

over the entire distance.

are repelled by the negative grid, the
density 15 31X 105 cm™ . Hectron
energy is only a few 100 eV here becatse,
to maintain charge neutrality, the mean
axiz] velocity of the electrons must flearly

F
7l T T T
] =
1
E
')
2 4 -
e
I3
c Assumed n(r)
3
E = «0- = n resulting from
S 1 trapping colculation
0 L L 3
0 1.0 2.0 3.0
Radial distance, v = m
Fig. 5-2. Radial density distribution,

10 T T
10'® .
]0\'). 3
<
y £ 1 0” ]
10 Module
l 10— ports -
N 100 Direct _|
- er\ergy
s 108‘— converter |
o
1w} -l—
108}~ >
10° i i L
0 10 20 30
Distance olong Field line —m
Fig. 5-3. Variation of ion density along

the central field line.
match that of the ions. For chesé con-
ditions, the Debye shielding distance is
only a few centimetres, and this determines
the grid spacing and potential at the en~
trance to the direct energy converter,
The direct energy converter is discussed

in Section 8,
CONFINEMENT PARAMETERS

The fusion power produced is pro-
portional to the Q of the system, [See
Eq. (5-1) and Fig, 4-1.] The Fokker-
Planck calculations yield Q [see Eq. (5-5)]
on each field line that is calculated. The
results are listed in Table 5-3.

By calculating Py, for the volumes
represented by each field line, Q for the
entire volume is obtained from the values
listed in Table 5-3. To do this, the in~
Inz dV must be evaluated for each
of the three volumes. We numerically
evaluated these integrals using the radial
density variation from Eq. (5-8) and the

tegral
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~. Table 5-3., Parameters obtained from the Fokker-Planck calculations,

(ov)

Field Midplane 16 2% n/n ¥n We
line radius (m) (X 107" em” /s) D/°T Q (keV) (keV)
1 0 9.29 0.95 1,035 113 138
2 1,4 9.23 0.935 0,997 116 143
3 2.8 9.13 0, 87 0, 827 120 149
longitudinal variation calculated by Moir the total fusion power is given by

and Taylor, 5-6
Table 5-4 gives the values of the _1 2
L fn dav

various parameters used to evaluate the
integrals, including the ranges in radius = 16,7 + 124,0+ 70,2 = 210 MW
represented by each of the three field
lines. Notice that by using the Moir~
Taylor calculations and Eq. (5-8), we are

From Table 5-3, the Q values corresponding
to these volumes are 1,035, 0,997, and
0.827. Summing the ratios P = PF/Q

assuming a near-cptimum density distri-
for the three volumes gives

bution, Actually, the present injector
design produces a radial variation that is P'n = 16.1+ 124.4 + 84,9 = 225 MW .
low in the center (Fig. 5-2) and a variation t

along the field lines that is sharply peaked Thus, the overall Q for the system is

at the center (Fig. 5-3). Experience with Q= PF/Pin = 0,935, The value of the

the FERF design indicates that the in- confinement parameter (n7) can now be

jectors can be adjusted to produce the obtained from Eq. (5-5). Table 5-3 shows

assumed distribution, that (V) 5y = 9.2 X 108 em®/s for anl
WDT is obtained from the calculated three volumes, Substituting values into

Fokker-Planck energy distributions, Then Eqs. (5-4) through (5-5) gives Win =116.7

Table 5-4. Parameters used to evaluate the integral V = —15 1'12 dv,
o
Field Radii at midplane - c
line Inner {m) Outer {m) A (m2)a Cb "/“o v (m3)d
1 0 0,7 1,54 0.194 0.999 7.45
2 0.7 2,1 12,3 0. 207 0.936 55,77
3 2,1 3.5 24,6 0,218 0,488 31,93
ay _ 2 -
A = 7Cpner < Touter)

bC was calculated in Ref, 5-6 by integrating (n/n“)2 along a field line and assuming
a normal mode distribution. C is a function of the mirror ratio on that field line,

“We assume n = no(l - rs/rs), withr_=3.5 m.
dv-AicL (n/ng)2, where L = 25 m for each field line.
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keV and
- 4Win Q
GVpr Fp

13

n7T, =2,7%10° sfem” ,

Since PF and Pin both depend on ion
density in the same way, Q is independent
of ion density, Also, because the fission
puwer produced in the blanket is pro-
portional to the fusion power, the entire
power flow (see Fig. 4-1) varies as the
square of the density n, We can therefore
chnose n to give any desired electric
power output, Pe, by setting the magnetic
field strength high enough to satisfy the
conditions for stability, Therefore
Pe o« n2 « Béac’ and the output power is
seen to increase rapidly with an increase

in magnetic field,
ADIABATICITY

Magnetic field strength is also the
determining factor for the adiabatic be-

havior of the various ions, The condition

for adiabatic confinement? " is usually
assumed to be
10,2 }
o <w (5-10)

where 2 = ZeB/M is the cyclotron frequency,
and N = 20 is a dimensionless parameter,
We examined the restrictions that this
inequality places on both the radial and

the longitudinal motion of the ions.

Equation (5-10) defines the condition for
adiabatic magnetic confinement at low
plasma density. 5-7 In our case, the
plasma is dense enough (8 = 0, 8) to pro-
duce gradients in the magnetic field that
are much greater than those in the vacuum
field, There are as yet no good criteria
for adiabatic behavior at high 3. Because

of the periodic nature of the ion motion in
the field, the nonadiabatic transfer of
energy between particles and field could
cancel out to a large extent.

For this report, we studied the con-
sequences of Eq, (5-10) when 2is expressed
in terms of a smoothly varying ap; rox-
imation to the actual magnetic fie.a, We

approximate the magnetic field by

B=B,_ _[1+(R - 1zZ%/?

vac

/
x (1-8)172,
where 8 = 80[1 -(r/r )3], Bo 0,8,
rp = 3.5 m, and { is the value of z at
B = Bm'
constant in time, Eq. (5-10) is equivalent
to the two conditions

Since the magnetic tield is

1L
N

Vi 8B 1 Y, 8B

WO N> $E 9z ©

for transverse and longitudinal motion,

respectively. v, and v| are corresponding

1
velocity components,
(8 = 0.8), the radial variation dominates

and the condition becomes

<—§-~9cm

Here, M/Ze is the mass-to~charge ratio,

Because 8 is large

-ZeB— (5-11)

v is the ion velocity, B, is the central

vacuum field, and r isvta}::e plasma radius

at the midplane, This gives W Dt < 700 keV,
T+ < 500 keV, and WH ++ < 1500 keV,

Therefore, the 3.52-MeV He"

from the D-T fusion reactions will not be

* that result

adiabatically confined, Since their energy
per charge is much greatez: than the
potentials used for direct conversion, the
fraction of their energy that is directly
The thermal
bottoming cycle to the direct energy con-
energy.

converted is negligible.

: ++
verter receives most of the He
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Figures 5-4 and 5-5 show the velocity
distribution of the contained D' and T' as
determined by the Fokker-Planck cal-
culations, The adiabatic limits are safely
beyond even the tails of the distributions.
Equation (5-11) shows that the energy

limit for adiabaticity increases as the

T e i
0.45 0.80 1.20

Angle with respect
to field lines, 6 — radians &

Fig. 5-4.

Velocity distribution of con-
fined D' ions,

(T T T rrrTrT 1T 3 17 (N
0.45 0.80 1.20 1.57 -

Angle with respect
to field lines, 8 — radians \\"

Fig, 5-5. Veloc1t¥ distribution of con~

fined T7 ions,

square of the central field strength for a
given 8 and mirror ratio, Therefore, tc
confine the a particles the central field
would have to be increased from 1.94 T
to 3,0 T,
tained, the mirror field would increase to
10 T. Such a 50% increase in field could
yield a five-fold increase in fusion power

If the mirror ratio were main-

if the injectors and other components are
In addition, the
confined a's would thermalize in the

scaled up accordingly.

plasma, raising its mean energy and in-
The Fokker-Planck
calculations indicate that this would

creasing n7 and Q,

decrease the required injection power by
about 10%,
field strength will be determined by

The best choice of magnetic

economic considerations and is discussed
in Section 12,

FUSION REACTION PRODUCTS

Each D-T fusion reactlon results in a
14.06-MeV neutron’ and a 3.52-MeV
a-particle for a total of 17, 58 MeV.,
Therefore, the rate of production, S, of
neutrons is given directly by PF divided
by 17.58 MeV, 210 MW here,
s=7.5x10'® This is also
the rate of production of a particles and

Since PF =
neutrons/s.

the rate of consumption of tritium. Or,
stated another way, the tritium con-

sumption rate is 12 kg/yr. The neutrons

enter the uranium blanket and release

*Leonard and Wolkenhauer®~® have shown
that the kinetic energy of the reactant ions
results in a spread in the neutron energy.
They calculate a full width at half max-
imum of 1. 70 MeV centered at 14, 20 MeV
for essentially the same ion energy dis-
tribution as considered here., The proruct
Hett will also have a 1. 70~-MeV spread and
a shift that is four times greater than for
neutrons, giving a mean a-energy of about
4.0 MeV,

~39-



more power through the resulting fissions,
The neutronics are discusscd in Secticn 6,
where the production of plutonium through
(n, ¥) reactions and the breeding of

tritium are also discussed,

WALL LOADING DUE TO BEAM
PENETRATION

We have already discussed the inter-
acticn of the neutral beam and the plasma
from the vie _ oints of injector design and
plasma maintenance ageinst end losses.
We must also consider the first-wall
power flux due to the peneiration and
charge <xchange of injected energetic
neutrals.

The average trapping fraction for the
injected power is 24%; therefore, the
total power to the first wall due to the
injected beams is (1 - ¢, 94) 239 = 14 MW,
The power density on the first wall varies
from essentially zero to a maximum which
is many times the average. Figursz 5-6
shows the geometry of one injector sys-
tem and the blanket module opposite the
injection port, The individual beams of
the injector system converge to pass
through the injection port an diverge as
they pass through the reactor and en-
counter the first wall, The diverging
beam shape is that of a rectangular-based
pyramid (apex angles 30° and 60°), Th»
maximum power flux on the first wall
occurs at point A for two reasons —
® Point A is the location of the first con-

tact of the wall by the diverging beam, ani!
® The plasma attenuation is a minimum

along the ray leading to point A,

In addition to point A, we calculate the
power flux at point B for comparison.

The beam power deposition on the first
wall in the absence of plasma- attenuation
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Fig, 5-6, Geometry of injection,

can be calculated from the gecometry of
Fig. 5-6. The results arce

Point A: 180 W -cm>

Point B: 94 W om®

In the presence of the plasma, the trapping
fractions along the rays leading 10 points

A and B are 0,846 and 0, 968, We estimate
the pewer density on the wall in the

presence of plasma by multiplying the
no-attenuation values by ! minus the trapping
fraction, The results are

Point A: 28 W/cm?

Point B: 3 W/cm2

These estimated values are somewhat
higher than the actual power flux because
the charge-exchange neutrals are actually
distributed over a larger area about the

beam ray,
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module base,

The submodule, the basic component
of the blanket, contains an inner fast-
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Design

fission zone and an outer tritium-breeding
zone. These zones are composed of
natural uranium carbide and lithium
aluminate contained in wire-wrapped pins
in a hexagonal array. Helium coolant is
supplied to, and removed {from, the sub-
module by plena in the module base. The
helium flow within the submodule first
cools the pressure vessel wall and then
removes the heat from the fuel pins and
the heat and tritium from the breeding
pins.

A new blanket starts life with natural
uranium fuel and has an energy multi-~
plication, M, of 8,1 and a net fissile



breeding ratio (NFBR) of 1, 23 atoms/
fusion, As the blanket is exposed, it will
enrich itself in plutonium, thereby causing
M to increase and NFBR to decrease,
With the refueling scheme used, the life-
time average M is 12 and the lifetime

average NFBR is 0, 9 atoms/fusion,

GENERAL OBJECTIVES

A primary objective of this study was to
develop a conceptual blanket design with
the potential of meeting both the thermo-
mechanical and neutronic requirements
in an economic manner. Thus, the
blanket must
® Conform to the plasma and coil geom-

etries imposed by the minimum-B Yin-

Yang magnetic mirror,
® Be a nearly leak-tight pressure vessel,
® Be capable of being refueled and re-

placed,
® Be cooled under both normal and ab-

normal conditions,

Table 6-1,

® Operate at a high enough power density
to be ceonomirally interesting, and
e Have attractive neutronic performance,
Areas which must be addressed include
the neutronic and thermomechanical con-
siderations listed in Table 6-1, In
describing the options we considered and
the design choices we made, we shall
discuss basic choices, modularization
and accessibility, module design, thermal
hydraulics, neutronics, blanket and fuei
management, and safety,

BASIC CHOICES

Undertaking a point design study forces
us to make some rather basic choices
regarding the type of blanket we want and
the types of materials we will use for
fuel, moderator, structure, and coolant,

Table 6-2 lists, and compares the three
general types of hybrid blanket, In
selecting the type of blanket to use, ithe

Hybrid blanket considerations.

Neutronic Considerations

Thermomechanical Considerations

Energy multiplication (M)

Tritium breeding ratio

Fissile breeding ratio

Fissile inventory

Exposure effects

Fissile fuel and tritium doubling times

Structural design
Structurzl lifetime
Heat removal:

Normal operation

Normal shutdown

Abnormal shutdown
Power density
Coolant pumping power
Remote refueling
Tritium removal
Tritium containment
Tritium inventory
Fission product containment
Material compatibility
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Table 6-2,

Types and characteristics of hybrid blankets.

Hybrid blanket

b

Description Produced per DT neutron®

Fertile blanket

Fast-fission
blanket

Thermal fission
lattice blanket

~0.3 to 0, 6 fissile atoms;
~ 20 MeV,

Only breeding of tritium to fuel
the D-T reactor and breeding of
fissile material (233U and/or
239Pu) to fuel separate critical
fission reactors takes place. To
minimize fission in the blanket,
the fertile material must be con-
tinuously reprocessed.

~1,0 to 2,0 fissile atoms (net);
~100 to 200 MeV,

High-energy DT neutrons are used
to directly fission a fertile
material. Both fission energy and
neutrons ar< produced; the neutrons
are used to breed both fusion and
fissile fuels,

~0 to 1,0 fissile atoms (net);
300 to 500 MeV,

A fast-fission inner zone drives a
heterogeneous thermal fission
lattice that is fueled with natural
or slightly enriched uranium or
therium seeded with 235U or 233y,

8References 6-1 through 6-8.

b’I‘he expected effects of tritinm breeding and structural requirements are included,

following points were considered:

¢ A mirror hybrid with a thermal lattice
blanket had already been the subject of
a point design study undertaken jointly
by Battelle Northwest Labs (BNW) and
LLL, 6-9, 6-10

e We wanted to breed significant amounts
of excess fissile fuel and to have a high
enough M to give a reasonable system
efficiency.

® Results from the earlier neutronic

studies of fast-fission blankets suggested ®

that a simple fast-fission blanket and a
mirror machine might achieve the
desired results,

With these considerations in mind, we
chose a fast-fission blanket for this study
The next step was to choose specific
materials for the fissile and fertile fuel,

tritium breeding material, neutron

moderator, coolant, and structure, Table

6-3 lists the blanket materials we con-
sidered. For this particular design, the
following material choices were made:
® Fissile and fertile fuel: Natural
uranium carbide at 85% of theoretical
density and clad in stainless steel,
Uranium carbice fuel is being developed
for the liquid-metal fast breeder reactor
(LMFBR).
e Structural material: Stainless steel.
Coolant: Helium,
Tritium breeding material: Lithium
aluminate (L1AlO,). 6-11
® Moderator: Graphite (for use in
tritium-breeding region).
There is nothing unique about the
. materials chosen, In future work we shall
examine other combinations of materials.
For example:
® The high-temperature, high-burnup

capabilities of uranium carbide could
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be traded for the better neutronic per-
formance of uranium metal,

® Depleted uranium might be economically
more attractive than natural uranium,

¢ Better neutron economy might ¢
achieved by using materials with low
absorption cross sections for the
structure materials, e.g., alloys of
zirconium or aluminum,

e Different tritium breeding materials,
such as LiAl, might simplify the
tritium-recovery task.

e Natural lithium can be used to eliminate

any requirement for isotope separation,
MODULARIZATION AND ACCESSIBILITY

One of the central objectives o this
study has been to develop a reactor design
in which the blanket couid be maintained
and replaced. To facilitate the removal

of blanket modules with minimum dis~
turbance of either the remainder of the
blanket or the other reactor systems

(coil winding, coil support structure, or
injectors), we developed the modular
blanket geometry illustrated in Fig. 6-1.
In this design, the blanket is constructed
from pie-shaped modules whose assembled
topology resembles the Yin-Yang field
geometry, A blanket module is removed
by moving it linearly and radially outward
through the space between the upper and
lower winding of each mirror coil until

it is clear of the coil and radiation
shielding (see Fig. 3-2).
is clear of the coil structure, it may be

After a module

transported circumferentially around the
outer perimeter of the cojl to a containment
cel',

Any module may be removed without

disturbing any other modules, The design

Table 6-3. Material choices for the hybrid blanket,
Fissile and Tritium-breeding
fertile fuels materials Moderators Coolants Structural materials
U alloys Li None He ‘e (alloy}
LiAl
To, LiAlO, C Li Zr (alloy)
vC Molten salt LiH Na
UN Molten Al (alloy)
salt

Molten ZrH C

salt
U cycle: (Where the Li HZO H2O

Coepleced  Smbemmrsl e

U natural pleted in °Li) BeO

U enriched

Spent LWR fuel

U + Pu
Th-cycle:

~h + 235U

Th + 3y
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Superconducting coils

Injector port

T~

Hltpritririn

Schematic arrangement of
blanket modules.

Fig. 6-1.

of the coil support structure allows the
removal of any blanket module without
either the coil winding or the coil support
structure being Jisturbed, Also, the
linear, radially outward motion of blanket
modules during removal does not disturb
the injector system or its associated
pumping ducts.

The small total number of blanket
modules in this design (20) and the
several different geometries (5) limit the

potential economic advantages accompanying

mass production of identical modules.
However, the constant, standardized
thickness of all the modules allows the
large number of individual submodules
(coolant passage/fuel assemblies) to be
geometrically identical, and greatly
facilitates the design and production of the
blanket submodules,

MODULE DESIGN
As just described, the blanket consists

of an assembly of modules that is inside
the coils and surrounds the plasma

Coolant ducts

Submodule
Fig, 6-2, Blanket module layout,

= ~j#—Module cover
plate

W >—toolunt plena

y=o———Tritium bresd-
ing zone

(LiAIOz +C
conned in S5)

-=———Fission zone

(UC in SS tubes)

T~ Pressure vessel

Fig. 6-3. Fast-fission blanket submodule,
(Fig. 6-1), Each module consists of a
collection of domes, i.,e,, of cylindrical
pressure vessels (submodules) mounted

to a base plate (Fig, 6-2), Coolant mani-
folds or plena behind the base plate supply
and collect helium from the submodules
(Fig. 6-3). The submodules are ~30 cm
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in diameter, except for some smaller oncs
needed to fill in gaps at the module cdges,
There are approximately 100 submodu.cs
per module and 20 main mo ules per
blanket,

module surface arca,

Submodules vccupy ~80" of th
Tie rods located
beiween the submodules connect the base
plate to the cover plate. The modules
weigh ~ 100 tonnes; if they prove to be too
heavy to handle, the blanket must be sub-
divided into more modules,

The blanket submodule consists of two
zones, an inner fast-fission zone and an
outer tritium-breeding zone {Fig., 6-3).
Helium (at ~20 atm and ~ 300°C) supplied
to each submodule from the inner mani-
fold (just above the base plate) flows down
the annular void between the inner radius
of the submodule pressure vessel and the
This

flow configuration k=eps the temperature

outer radius of the subassembly.

of the pressure vessel close to that of the
inlet helium, Stainless steel was chosen
as the blanket structural material; how-
ever, either zirconium or an aluminum
alloy could also be used for the pressure
vessel, If a low-temperature tritium-
breeding material such as LiAl alloy is
used, the inlet helium would also cool it.

At the domed end of the pressure
vessel, the helium flow reverses and is
directed into the fast-fission zone, The
end cap of the submodule {which is the
first wall of the blanket) is cooled by the
helium flow as it is reversing direction,
.f the eddying or swirling of the helium as
it reverses uoes not provide a sufficient
heat transfer rate to cool the first wall,
internal bafiles and or fins could be added
to increase the heat transfer rate,

Since major first-wall heating is a
localized problem caused by the neutral

beams, it might be attractive to place
thin shields in front of the first wall to
radiatively distribute the heat over a
larger area of the blanket. Such a shield
would also protect the pressure vessels from
bombardment by neutral atoms. This shield
could also protect the plasma from sputtered
blanket material and small gas leaks.

After cooling the first wall, the helium
flows up through the fast-fission zone where
~ 90% of the blanket heat is generated.

The fission zone consists of a cylindrical
bundle of wire~wrapped, stainless-steel
clad natural uranium carbide fuel pins
~20 cm long, The pin bundle is
tightly packed, and the pins are in an
hexaponal array,

If a low-temperature tritium breeder
were used, the hot helium leaving the
fission zone would be ducted directly to
the return manifold. With the high-
temperature tritium breeding material,
LiA102, some or all of the hot helium
flows through the tritium breeding zone
before being ducted to the return mani-
fold, The tritium breeding region is kept
hot to promote tritium diffusion out of the
50-pm-diam LiAlO2 particles and into
the helium coolant stream from which it
is removed, Tritium recovery is dis-
cussedin Section 10. Alternately, thetritium
couldbe collected in a separate manifold.

The helium now leaves the submodule
and enters the return side of the mani-
fold, The hot and cold sides of the mani-
fold are separated by an insulatirg plate,

A possible refueling sequence for the
module-submodcule blanket design is as
follows:

@ Shut down the reactor and allow the
af.erheat to drop to a small fraction of

operating power,
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® Remove the desired number of modules,
replace them with spares, and renew
reactor operation,
® After a suitable cooling-off period,
remove the tie-rod nuts and lift the
cover plate off the module,
® Remove the nuts securing the manifold
separator (which also serves as the
submodule hold~down plate), Depending
on their exposure, either reposition
the submodules in the module or remove
them, If any submodule pressure
vessels have reached maximum allow-
able exposure, replace them, Max-~
imum allowable expnsure is estimated
to be 5 MWY/m2 (energy fluence of
14-MeV neutrons), 6-12 After the
module has been reassembled and
tested, it is ready to be placed back
into the blanket.

THERMAL HYDRAULICS

The objective of the thermal hydraulics
analysis was to determine a submodule
configuration that demonstrated acceptable
engineering performance (i, e., tem-
peratures, stresses, etc.) within the
economic constraints of
® Minimal structural fraction (within

mechanical limitations) to obtain

good neutronic performance.

e Low pumping power (pumping power/
thermal power <4%), and

@ Coolant temperatures that would yield
good efficiency for the thermal energy-
conversion system (Tin = 300°C, Tout

= 600°C).

The engineering constraints on the
design were fixed at:

e Maximum clad temperature =700°C,
¢ Maximum fuel temperature =2200°C,

e Maximum pressure vessel temperature

= 550°C,
® Pressure vessel working stress = ll)4 psi.
The material used for the clad is stainiess
steel, and the maximum clad temperature
was selected to be that value used in the
proposed gas-cooled fast breeder
reactor.s- 3 The fuel is uranium carbide,
and its maximum temperature was set a
few hundr.d degrees below melt (a con-
servative value), The pressure vessel
is also stainless steel, with the working
stress and maximum temperature set so
that the thermal creep strain is small
compared to the anticipated irradiation
creep strain, 8-12 Also, the plasma
conditions fixed the (peak) first-wall
thermal loading from the injectors at
28 W/cm2 and the peak heat generation
rate in the uranium carbide and structural
materials at 100 W/cm3 and 10 W/cm?',
respectively, *

To obtain acceptable blanket per-
formance, the following parameters were
varied in the thermal hydraulic analysis:
® Core geometry (fuel pin diameter, clad

thickness, and fuel pin pitch-to-diameter

ratio),
e First-wall coolant passage geometry,
® Coolant pressure.
Also, the heat-generation rate was varied
to determine the economic tradeoffs
resulting from varying the fusicn power
density.

The analysis was performed with a
code that was written specifically for the
steady-state thermal hydraulics of the
blanket submodule, The analytical model
is described briefly in the next paragraphs.

*Typical of peak values at start of
blanket life.
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Analytical Model

The numerical scheme for the analytical
model is based on the technique of dividing
the flow passage into axial sections, or
nodes, so that each node has a simply
described geometry and a small variation
in thermal hydraulic properties {tem-
peratures and fluid properties) between
the node inlet and outlet. The axial and
radial nodaliz .ticn technique is shown
schematically in Fig. 6-4. Given the
inlet fluid conditions to the submodule,
the outlet flui. conditions from each node
and the material temperatures in the node
can be determined as a function of the
geometry and 1eat-generation rate,

The geome:iry in the code was con-
strained only »y the requirements for
downflow in an outer annulus and return
upflow througth the center of the cylindrical
submodule. The location of the various
components within the submodule and all

dimensions are specified as input.

{Not to scale)

rig., 6-4. Numerical modulization
scheme,

The fuel and breeding mate*ial were
modeled as a wire-wrapped pin design
in a hexagonal array. First-vall cooling
was provided by extending the flow baffle
around the inside of the first wall to form
a first-w:ll flow antulus, The coolant
exits from the annulus through a series of
holes in the baffle, The location and size
of the flow passages in the baffle were
specified as input to the code so that the
first-wall flow could be adjusted to pro-
vide ihe required cooling while minimizing
the pressure drop in this region.

Thermal energy is assumed to be
generated in all solid materials, and the
first wali is subjected to a heat flux from
the neutral beam injectors, Heat flow is
assumed to occur in the radial direction
by conduction and ~onvection from the
solid materials into the coolant, and it
is transported axially by the fluid flow,
The radial
energy transport includes heat transfer

across the flow baffle between the cold

Axial conduction is neglected.

dnwnflow and hot upfiow,

The coolant was treated as a one-
dimensional compressible flow, and the
effecte of friction, heat transfer, and area
change were included. The friction factors
and heat-transfer coefficients wcre cal-
culated from stanuard turbulent-flow cor-

relationsﬁ—13

for the particular flow
geometries occurring in the submodule
(i.e., the annulus, hexagonal pin array,
Tke model for the

pressure drop in the hexagonal pin arrays

and c.rcular cylinder).

included the cffect of wire wraps, but the
increase in heat transfer due to the wire
Thus, the
values for the heat-iransfer coefficients

-vraps was not accounted for,

are conservative, and the resulting clad
temperatures are somewhat high,
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Calculating the flow in the first-wall
annulus required some approximations
due to the unusual geometry in this region,
The fiiction factors and heat-transfer
coefficients evaluated from straight-flow
correlations were corrected for flow in a
curved duct, 6-14 _1d the flow as it turned
and exited from the annulus through the
baffle was assumed 1> suffer a pressure
drop due to turnin~ and orificing.

The temperaty distribution in the
solid materials was evaluated in each
axial section by placing a single node in
each of the structural components
(pressure vessel, flow baffle, and clad),
and two nodes in the fuel and tritium
breeding matcrial (average and centerline
temperatures). A gap heat-transfer
coefficient between the fuel and the clad
was used, and constant material pro-
perties were assumed,
rate, as a function of distance from the
first wall, was evaluated from the neu-
tronics calculations (see Table 6-7),

The pumping power required to pro-
vide the coolant flow for the subniodule

was evaluated from the mass flow rate,

Table 6-4.

1

density, and pressure drope- 5 calculated

in the thermal hydraulic analysis.

Results for the Reference Design

The heat-generation

Normal Operating Conditions

Preliminary calculations with the
thermal hydraulics code resulted in a sub-
module configuration that was selected as
the reference design, The parameters
characterizing the geometry and per-
formance of the reference design are
presented in Tables 6-4 and 6-5, T'his
design, which is not optimized, was
selected on the basis of being a design
that satisfied the economic/engineering
constraints discussed previously., A
sensitivity study that evaluated the effects
of varying some of the parameters listed
in Table 6-4 is presented onp, 51. The
pritaary significance of the reference
design is that it uses established engineering
technology to demonstrate the ieasibility
of the proposed blanket concept,

Several aspects of the submodule perform-
ance that are not evident fiom Tables 6-4 and

6-5 warrant further discussion and qualification.

Geometry of reference design submodule,

Pressure vessel:

Fuel volume/structure volume

Diameter 30 cm

Wall thickness 0.44 cm
Fuel pin:

Diameter 1,5 cm

Pitch-to-diameter ratio 1.05

Clad thickness 0.02 cm

Length 20 cm
Width of downflow annulus 0.3 cm
Thickness of flow baffle 0,1 cm
Fuel volume fraction } in the fission 0. 675

zone 6. 29

-40-



We found that the majority of the
pressure drop (~ 8%) occurs in providing
the first-wall cooling, where the flow must
be accelerated to high velocities (~ 250 m/s)
to maintain the first wall at an acceptable
temperature. The pressure loss occurs
when this high-velocity flow must be
turned and rapidly decelerated at the
mordule centerline, {.lthough the required
first-wall cooling can be provided in the
presant design-»ith an acceplable pressure
drop, we are considering several alternate
cooling schemes that should significantly
decrease the pumping requirements for
the first-wall cooling and thus increase
the economic performance of the sub-
module, Approximately 90% of the thermal
power generated in the submodule occurs
in the fission core, indicating that, for
an efficient design, most of the total

Table 6-5.

pressure drop should also occur in this
region,

The flow baffle maintains the pressure
vessel as near the coolant inlet tem-
perature as possible, because this com-
ponent of the submodule is highly stressed.
Thus, the baffle must serve as a flow
divider and thermal insulator between the
cold downflow and hot upflow, We found
that the baffle itself need not be a good
thermal insulator because the fluid boundary
layers on either side of the baffle provide
sufficient thermal resistance to eliminate
significant heating of the downflow, In
the reference design, the baffle was con-
structed from 0, 1-cm-thick stainless
steel, and the temperature rise of the
coolant in the downflow annulus, due to
heat transfer from the hot upflow, was
~25°C,

Performance of reference design steady-state submodule.

Thermal power

662 kW

Maximum material temperatures occurring in the submodule:

Clad

Fuel

Pressure vessel
LiAlO2

Coolant:
Mass flow rate
Inlet pressure
Pressure drop, AP /P
Pumping power/thermal power
Fission core velocity
Inlet temperature
Outlet temperature
Temperature rise in downcomer
Temperature rise along the first wall

Maximum power density:
Fuel
Structure

Maximum heat flux:
Fuel
First wall
Flow baffle

730°C
800°C
430°C
615°C

0.424 kg/s
20 atm
0.042
0.037
~35m/s
300°C
600°C
29°C
24°C

33
100 W/cm
10 W/cm

36 W/cm>
28 W/cm
27 W/fcm

24t start of life.



Table 6-6,

Performance of reference design submodule when depressurized.

Thermal power

Maximum material temperatures:
Clad
Fuel
Pressure vessel
LiAlO2

Coolant:
Mass flow rate
Inlet pressure
Pressure drop, AP/P
Pumping power
Fission core velocity
Inle* temperature
Outlet temperature

Maximum power density:
Fuel
Structure

Maximum heat flux:
Fuel
First wall
Flow baffle

31,4 kW

700°C
703°C
175°C
620°C

u.0121 kg/s
1 atm
0,0105
0,123 kW
~15 m/s
100°C
600°C

In the present submodule Tesign, we
did not explicitly include the core support
structure, We realize tha. this structure
will cause some degradation of the per-
formance {dec* -used energy multiplicaticn
and incr :ase oressure drop): however,

the effect sirould be minor,

Devressurized Condition

As described earlier, we selected as
the design basis accident (DBA) for the
hybrid a depressurization of the primary
coolant loop and simultaneous loss of the
plasma, Thus, the thermal hydraulic
conditions in the submodule for a DBA
are l1-atm coolant pressure and an after-
heat power level (which was taken to be
5% of the normal operating power).s-16
Thke suomodule performance was evaluaied

under these circumstances, and the re-
suits are presented in Table 6-6, The
afterheat can be removed and the blanket

operated in a steady-state mode by cir-
culation of helium at 1 atm, The coolant
inlet temperature of 100°C assumes that
a heat exchanger is incorporated in the
emergency cooling loop that transfers
the afterheat to an ambient-temperature
heat sink, The pumping requirements

for the afterheat removal are quite modest.
In addition, at least 5 min is available
following the loss of flow before auxiliary
cooling must commence in order to pre-

vent clad melting,

Sensitivity Study

In examining the effects of varying some
of the parameters that characterize the
submodule, we used the reference sub-
module s a base case. The sensitivity
study included varying the first-wall
cooling geometry, the fission core
geometry, the coolant pressure, and the

power density, The results of this study
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are shown in Fig. 6-5 (a through f) by
plots of maximum fuel temperature (’I‘F),
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Results of sensitivity study to examine the effects of varying some of the

parameters that characterize the submodule: (a) Variation in first-wall
cooling geometry; (b) Variation in fuel pin diameter; (¢) Variation in fuel
pin pitch-to-diameter ratio; (d) Variation in fuel pin clad thickness;

(e) Decrease in fuel radius with increase in clad thickness; (f) Inlet coolant

pressure,
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(PP/PTH) and the fuel-to-structure-
volume ratio (VF/VS) in the fission zone,
Figure 6-5(a) shows the results of
varying the design of the first-wall
flow passage, where the ohjective
was to obtain an acceptable first-wall
temperature (< 550°C) within the con-
straint of a maximum value of 4% for the
ratio of pumping to thermal power. We
found that a flow~passage width of 0.3 cm
satisfied these two criteria, Note that
since PP is tha total pumping power for
the submodule. the very strong dependence
rf the Mwst-wall

of PP/ Pry o
flow passage ° o ~ssure
drop in the - by

the coolin ements of the ‘irst wall,
Figur s 6-5(b, c, d) show the effects of
varying the geometry of the fission core.
These calculations were performed while
holding a coolant temperature rise of
300°C through the submodule, a constant
thermal output of 662 kW per submodule
(by varying the fuel pin length), and thus
a constant mass-flow rate, To provide
high energy multiplication, the fuel-to-
structure-volume ratio should be large,
a requirement which dictates a large »in
diameter, small pitch-to~diameter :*r:*
(P/D), and small clad thickness, To
yield a satisfactory design, there must be
a trade off between the neutronic per-
tormance and the engineering constraints,
The limiting material constraint in the
core of the reference design is the clad
temperature, which is determined by the

temperature of the bulk coolant (T )

coolant
and the coolant film temperature drop

@ Tfilm)'

Te1ad * Teoolant * 2 Tgilm *

-53~

Since the coolant temperature is fixed
between 300°C and 600°C by the thermal

energy conversion systet.., AT must

film
be maintained at a low enough value to
meet the criteria for the maximum clad
temperature, The film drop is determined
by the fuel pin heat flux ., and the

coolant transfer coefficient heat, hcJ

oIt

q

ATgm = -

c

Figure 6-5(b) shows the variation in
clad temperature as a function of the fuel-
pin diameter at constant P/D, The heat
flux increases in proportion to the pin
diameter, and the heat-transfer coefficient
decreases slightly, resulting in larger
film temperature drops at larger pin
diameters, Figure 6-5(c) shows the clad
temperature as a function of pitch-to-
diameter ratio at constant pin diameter,
For this parameter variation, the heat
flux remains constant, However, increasing
P/D increases the flow area and decreases
the coolant velocity, resulting i» lower
heat transfer coefficients and _rger
values of ATfilm‘

Thus, the neutronics requirement of
high Vl./Vs and the material constraint of
low Tclad can be simultaneously accomo-
dated by using a core with large pin
diameters and small pitch-to-diameter
ratios. The lower limit on the pitca-to-
diameter ratio is determined by the
structural requirements of the wire wrap
and circumferential temperature varirtions
in the fuel pin, which become severe at
tow B/D, 5717
minimum P/D has not been addressed in

The determination of a

the present study,



As stsied previously, most of the
pressure drop occurs in the first-wall
coolant passage, and thus the pumping
power curves are not very sensitive to
the core configuration, However, it can
still be seen that the pumping require-
ments decrease with increasing pin size
and increasing P/D. A general character-
istic of the blanket is that, at the low
power density used, the pumping require-
ments for the submodule {with the excep-
tion of the present first wall cooling
geometry) are quite low (PP/PTH < 1%).

In Fig, 6-5(d) the pin diameter was
h«’y cwstant and the fuel radius was
decreased as the clad thickness increased,
resulting in lower heat fluxes at the larger
clad dimensions. Also, the core length
was increased as the fuel radius decreased
so that a constant thermal output from the
submodule was maintained, The primary
effect of varying the clad dimension is
the variation in the fuel-to-structure
volume ratio, The clad thickness has
only a minor effect on the clad and fuel
temperatures, with these values de-
creasing slightly with increasing clad
thickness. The clad thickness of 0.2 mm
used in the reference design (as con-
trasted to 0,5 mm in a previous hybrid
blanket study)® 18was consider:d to be
a probable lower limit for tliis dimension,
future work should evalaate the specific
structural requirements of the clad to
arrive at a value for the clad thickness.

Figure 6-5(¢) illustrates the results of
varying the inlet coolant pressure to the
submodule, This quantity strongly in-
fluences the economics, in that lower
pressures result in high pumping power
and high VF/VS {i. e., high energy multi-

plication), The decrease in fuel-to-

structure ratio with increasing pi‘essure
is a result of maintaining a constant
working stress in the pressure vessel,
thus causing the pressure vessel thickness
to increase in proportion to the pressure,
There is an optimum coolant pressure
that balances pumping power against
energy muitiplicaticn, this optimum
pressure being a function »f the overall
power plant economics, In the present
study, the 20-atm pressure used in the
reference design was not an optimum
value, but rather was chosen to satisfy
the economic constraints of PP/ Prp
< 4% and M 2 8,

In the present point design study, the
fission energy density wes fixed at
100 W/cms. However, the thermal
hydraulic code was used to examine the
performance of the reference submodule
over a range of power densities (that
correspond to different plasma conditions
or blanket energy multiplication), and
these results are presented in Fig, 6-5(d).
In this set of calculations, the mass flow
rate was varied to hold a coolant tem-
perz ure rise of 300°C through the sub-
module and the width of the first-wall
flow:
flow t-- yield a comnstant first-wall tem-

annulus was varied with the mass

perature anc, therefore, a constant first-
wall pressure drop. The first-wall heat
flux was held constant at 28 W/cm2, al-
though the value of this quantity may be
expected to vary somewhat with the
plasma conditions and, therefore, with
The clad tem-
perature (the limiting material constraint)

the fission power density.

increases only mildly with increasing
power density as the heat transfer coef~
ficient of the film increases with the mass

flow rate. The pumping power remains
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below the prescribed maximum value of
4% at twice the reference value of the
power density. (Neglecting the first-wall
pressure drop, it was found the PP/PTH
is linearly increasing with the power
density,) This result indicates an eco-
nomic incentive to employ higher power
densities, because the output from the
module per unit of capital cost can be
increased while acceptable pumping
requirements are maintained.

We also evaluated the submodule per-
formance as a function of pressure vessel
radius. These calculations indicated
improved economics (larger VF,/VS and
smaller PP/'PTH) for the submodule as
the radius of the pressure vessel in-
creased, However, as can be seen in
Fig. 6-2, as the diameter of the sub-
module increases, the ratio of the cross-
sectional area of the submodule to the
surface ¢ « - of the module decreases,
resuli‘ng in mo: e void area between the
submodules and therefore decreased
neutronics performance, The reference
value of 30 cm for the submodule diameter
was chosen as a maximum value that
permitted good coverage of the available
module surface by the individual sub-
modules.

This improved submodule economic
performance as the pressure vessel
radius increases does not take into
account the effect on neutronics of an
The

increased first-wall thickness causes

increase in first-wall thickness,

degradation of the fusion neutron current
and thus decreases M. However, we
have not yet made neutronic calcu-
lations to assess the sensitivity of
the blanket multiplication to first-wall

thickness.

Summary and Recommenuations

The analysis and results described in
this section have demonstrated that a
submodule design incorporating the
important characieristics of a fast-fission
hybrid blanket is feasible within the
economic and engineering constraints
previously outlined. In the present study,
it has not been possible to fully optimize
this design nor to treat it in complete
engineering detail. However, the analysis
was treated at a level of sophistication
that included all of the significant thermal
hydraulic effects in the submodule, so
that further refinements of the model will
not result in gross changes in the param-
eters characterizing the blanket performance.

The present study has indicated areas
where more detailed analysis and/or
design is warranted:
® We found that the proposed first-wall

cooling scheme resulted in large
The required pumping
power was acceptable, but preliminary

pressure drops.

calculations have indicated that alter-

nate designs can accomplish the

cooling with a significantly smaller

pumping requirement, These alter-
natives for first-wall cooling include
use of a graphite shield in front of the
submodules to intercept the beam heat
load and to radiate this power to cooler
regions of the blanket, and alternate
first~wall cooling passages that result
in lower pressure drops than the
presently proposed scheme,

® Some details of the fission core design,
such as minimum fuel pin pitch~to-
diameter ratio and minimum clad

Also,

the core support structure requires

thickness should be evaluated,

design and inclusion in the model.
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NEUTRONICS

Introduction

The neutronic design of the fast-fission
blanket chosen for this mirror hybrid
study is the outgrowth of a mere general
neutronics study of fast-fission blankets
published in 1974, 52 The blanket model
used in this earlier study had a fission
zone containing 69% uranium fuel, 16%
lithium and 10% structure (vol %), and a
tritium breeding zone containing §6%
lithium and 9% structure. Natural iso-
topic mixtures were used for all elements
and the lithium was in the liquid form.
Four forms of uranium fuels were
examined: uranium metal, U02, UC, and
UN. The best neutronic performance,
independent of fuel type, was achieved
with the uranium fuel zone between the
tritium-breeding zone and the plasma,
For blankets that produce 1,1 tritons,
energy and net fissile atom production
per 14, 1-MeV neutron for each fuel type
was: uranium metal ~ 200 MeV + ~ 2,2
atoms, UO2 ~100 MeV + ~1,1 atoms,
UC ~130 MeV + 1,4 atoms, UN ~120 MeV
+~1,2 atoms, In each case, producing
the required tritium limited the fast-
fission zone thickness to ~20 cm.

The procedure used to arrive at a
consistent blanket design was:,
e Assume that the nuclear performance

of the blanket would be similar to the

UC-fueled, lithium-cooled blanket model

discussed in Ref, 6-2,

@ Determine blanket material fractions by
performing a thermal hydraulic and
structural analysis of the blanket sub-
module,

® Calculate nuclear performance using
the material fractions resulting from
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the thermal hydraulic and structural

analysis,

The assumed nuclear parameters of the
UC zone used to perform the submodule
thermal hydraulic and structural analysis
are summarized in Table 6-7,

Blanket Modcl and Calculati .:al Method
The model used to calculate neutronic

performance of the blanket is a three-
zone spherical annulus surrounding a
spherical volume source of isotropic
14-MeV neutrons,
has a radius of 3,2 m and the inner

The spherical source

blanket radius is 4 m,
The three blanket zones consist of a
structural first wall (0.5 cm) followed by

the fission zone and then by the tritium
breeding zone. The present reference
blanket has the material volume fractions
listed in Table 6-8.

The atom (or molecular) densities for
each ruaterial (at 10 vol%) is listed in
Table 6-9,

The nuclear performance of the
reference blanket was calculated with the
same Monte Carlo neutron transport code
(TaRT)®19
(ENDL)®"%0
study quoted earlier,

and cross-section library
that were used in the blanket
The TART cal-
culations were run with a sample size of
2500 source neutrons, and resulted in
standard deviations between 1 and 2%.

Performance of Reference Blanket

With the type and vol% of materials
in the fission and tritium-breeding zones
specified, the thickness of these zones
was varied to achieve the required tritium
breeding ratio of 1, 1 tritons per DT
Leakage of DT neutrons out
injection and direct energy converter

neutron,



Table 6-7. Nuclear parameters used in thermal hydraulic and structural analysis of

submodule,
Blanket energy multiplication 9.2 (130/14, 1~MeV neutron)
Net fissile atom production 1.4 atoms/14-MeV neutron
Product of UC volume fraction (Vf) times
thickness (t) 13.8 rm Vet
Power profile P (t) ~Puax 1- TBf.—g
Peak to average power density 1,
Maximum power density in UC ~1,1 (m-l) X WL, where
WL = wall loading (energy
current (MW/m?2) of D-T
neutrons through first wall
(14, 1 MeV per neutron))
Power density in structure ‘5 te 10% of UC power density,
Neutron multiplication of blanket without fusion
source (K} 0,28

Table 6-8, Materials in reference blanket zones (vol%),

Material First-wall zone Fission zone Tritium~breeding zone
Stainless steel 100 8.6 8.6
uc 54
C 45
8Lial0, 10

Table 6-2, Atom (or énolecular) densities for each material (at a volume fraction of
1.0) (cm~>),

ss te C and ®Liato,
N(Fe) = 6,04 x 1022 N(235y) - 0. 0202 x 1022 N(C) = 8.02 x 1022
N(Ni) = 0,081 N33y - 2,79 N(CLiAIO,) = 2.33
N(Cr) = 1.76 N(C} = 2,81
ports is estimated to be 5%; therefore, The local nuclear performance of the
the tritium-breeding ratio drops to 1,05, blanket, namely, energy multiplication of
This tritium-breeding ratio is achieved the DT neutron energy (M), tritium

with a fission-zone thickness of 20 cm and breeding (T} and net fissile breeding (Pu)
a tritium-breeding zone thickness of 60 cm, reactions per DT neutron, is quite sen-
The neutronic parameters for this blanket sitive to both the thickness of the fission
are given in Table 6-10, zone ard the ratio of fuel to structural
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Table 6-10.

Neutronic parameters for reference blanket,

Energy multiplication (M)
Tritium-breeding ratio (T)
Net fissile breeding ratio (Pu)

Ratio of 2%U fission to total fission
Peak to average fuel power density

Fission neutron multiplication with no
source (k)

8.51 (120 MeV per 14, 1-MeV neutron)
1,11 tritons per 14, 1-MeV neutron

1,29 [238U(n,'y) - 235U(n, f) - 2’%U(n,'y)l
per 14,1-MeV neutron

0, 857
~1.5
~0,28

material (Vf/VS). The dependence of per-
formance on these two blanket parameters
is shown in Fig, 6-8. Note that as the
fuel-to-structure ratio is varied, the
thickness of the fission zone must also be
varied to maintain the desired tritium-
breeding ratio. This optimization was
only done for the reference case (V F/VS
= 6. 29), and resulted in requiring a

fission-zone thickness of 20 cm.

Operating Parameters of Reference
Blanket

The maximum energy current ¢f fusion
neutrons crossing the first wall (referred
to as a wall loading) is estimated to be
84 W/cmz. This estimate is based on a
fusion power level of 210 MW and a first-
wall radius at 4 m, For a wall loading of
84 W/cmz, the operating parameters of
the reference blanket are listed in
Table 6-11,

The average blanket wall loading is
~21 W/cmz. Therefore, the blanket
average operating parameters for the
blanket are one-fourth those listed above,

After allowing for a 5% neuiron streaming
loss, blanket output at start of life is:
® Thermal power = 1360 MW
® Net fissile production rate = 1140 kg(Pu)/

year

Exposure Effecis

The nuclear and operating parameters
of the reference blanket just discussed
are for a new blanket, While no exposure-
dependent rcalculations were made for this
reference blanket, the analysis of its
predecessors_2 was used to make an
estimate of how this blanket's performance
will change with exposure, The estimate
is graphically displayed in Fig. 6-7.

At start of life, the ratio of fissile
production { 238U(n,-y)l to fissile-con-
sumption 1285y (n,f+ p,vy} is 14to 1,
The initial buildup rate of fissile material
is 0,005 atoms per year, In response to
the buildup of fissile material, blanket
energy multiplication (M) anad tritium
breeding (T) increase while net fissile
breeding declines. If the fuel is left in
place, both M and T peak at an integrated
wall loading of ~20 MW-years/mz, with
M at about 4 times its initial value and T
At this
point, net fissile fuel production has
dreopped to nearly zero (a fissile breeding
The ratio of plutonium

at about 2 times its initial value,

ratic near 1,0),
to the initial number of uranium atoms
also peaks at about this exposure and is
~7.5%, Even at this point, the blanket is
still very subcritical; the fission neutron
multiplication (K} is estimated to be 0. 73,
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Fig. 6-6. Blanket nuclear performance vs (a) fission zone thickness (Vp/V; = 6.29) and
(b) volume ratio of fuel to structure (20-cm fission-zone thickness),

The equilibrium average enrichment analyses of the fuel cycle, The costs of
and initial zone enrichments that are reprocessing and refabrication as well as
best for a fast-fission blanket are still the values of electric power and fissile
open questions, Before such questions fuel will affect how best to manage the
can be answered, we must make detailed blanket,
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Table 6-11, Operating parameters for reference blanket (wall loading = 84 \\'/cmz).

UC zone average power density
UC fuel average power density
UC fuel peak power density
Average fractional fission rate
Peak fracticnal fission ra‘*e

Average fractional buildup rate of
fissile atoms

First-wall 14-MeV neutron current
First-wall neutron flux

34 W/cm3
64 \\'/r:m3
96 W/cn13
0.0022 fissions per U atom per year
0.0032 fissions per U atom per year

0.0049 (238u:(n, ) - 23%un, fission) + nv)
reactions per U atom per year

3.7TX 1013 n/cmz-s
7.0x 101 njem?.s (2,1 x 101 > 1 MeV)

This blanket is by no means optimized,
For example, the thickness of the fission
zone was fixed by the requirement to
breed 1, 1 tritons per fusion at start of
life.
tritium breeding ratio increases with

However, as shown in Fig. 6-7, the

exposure, We can trade excess tritium
4.5 182
T T T T %8s
~ b
£3 4.0 —o.16 §
£ 4
2% 3
.ES_ 3.5 —0.14 £
7l °
5 g 3.0} 0,12
ol 2
- 2
:_5_:"2.5— M— ~0.10 o
2 g
=y 5
~5 2.0 0.08 -2
s 2
=5 °
8= 1.5 —0.06 3
= o.
o8 ~
=% o
2.2 1.0 —10.04 3
> 5
§Z 0.5 0.2y
5 -—Pu/f > B
! | ! n i

0
0 5 0 15 20 25

Integrated wall loading — MWy/m2

Fig. 6-7. Blanket performance vs ex-

posure,

breeding for higher fissile breeding and
encrgy multiplication by making the
fission zone thicker. Referring to Fig.
6-6, we see that increasing the fission-
zone thickness from 20 ¢m to 26 cm in-
creases energy multiplication by 12% and
fissile breeding by about 30%, while
reducing tritium breeding by about 12%,
More ncutronic analyses of this blanket
are needed to optimize its performance
and to examine the effects of the reduction
of effective ZBRU capture cross section
due to resonance effects, nonspherical
geometry, source neutron energy gpread,
DD fusion neutrons, and uncertainty in
nuclear data, None of these is expected
to have a large effect, but they should be
cliccked, New and more detailed exposure
analyses are also needed. Shielding cal-
culations must be performed so that
optimum shield designs can be developed,
Accident analysis must also be performed
to determine if accidental reconfiguration

is ever a potential problem.
BLANKET AND FUEL MANAGEMENT

The blanket consists of four identical
quadrants, each quadrant being composed

of a group of individual modules, The
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blanket management scheme sclected in
the present study is based on the use of
five guadrants of modules, where at any
given time four quadrants would be in the
blanket, and the fifth quadrant would be
out of the blanket for servicing and re-
fueling, A l-year interval was selected

as the bianket cycle time; that is, once
every year the plant would be shut down and
a quadrant would be removed from the
blanket and replaced by the quadrant that
had been out of the blanket the previous
year. In this fashion, each quadrant of
modules would undergo a cycle consisting
of 4 years in and 1 year out of the blanket,

Another important congideration in the
blanket analysis is the fact that the
neutron current from the plasma varies
along the length of the module because of
the varying distance from the blanket to
the plasma. Thus, the exposure {in-
tegrated 14-MeV neutron current) of any
given module is not only a function of the
time it has been in the reactor but also
varies spatially within the module, The
exposure effect has important con-
sequences, in that the energy multi-
plication, burnup, and enrichment (which
are functions of exposure, as explained
previously) brcome spatiall; dependent
quantities. It is therefore possible to
conceive of various fuel management
schemes (moving of fuel bundles within
the module during the time that the
module is out of the blanket) that achieve
different types of exposure-dependent
performance from the blanket,

The fuel management scheme chosen
for the present study is as follows:
During the 1-year interval that a given
quadrant is out of the bianket, the bundles
that have reached maximum exposure are

removed and reprocessed, The remain-
ing bundles are repositioned in tn - module
50 that those with the highest exposure
are in the region of largest neutron
current, The fuel load is then completed
by adding new, unexposed bundles to re-
This

particular scheme minimizes the time

place those that were removed,

required to extract plutonium from the
blanket because the highest-exposure
(highest-enrichment) bundles are always
placed in the position where they will
reach maximum exposure in a minimum
length of time,
scheme is that a power gradient is

The penalty paid in this

present along the length of the module
(peak to average power ~8), a circum-
stance which could be avoided with other
management schemes,

For the blanket and fuel management
analysis, the plasma was assumed to be
a point neutron source, and each blanket
quadrant z half cone. The geometry is
shown in Fig. 6-8. The 14-MeV neutron
current perpendicular to the blanket (J_L)
then varies inversely as the cube of the
distance from the source (see Fig. 6-8),

1
J o~
Loy

10 T T

Point
neutron
source

Height —m

| Y
1
0 5 10 15
Radial distance — m

Fig. 6-8. Plasma blanket geometry for

the fuel-management model.
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Fig, 6-9. 14-MeV neutron current dis-

tribution.

Each blanket quadrant was divided into
10 radial regions of equal area, and each
region was characterizr.d by an average
neutron current, as shown in Fig. 6-9,
The analysis was performed with a code
that was written to evaluate the important
blanket parameters as a function of time
using the blanket-fuel management scheme
described above,

The blanket multiplication, M, is
defined as

Mir, vy [5,(7/7,] dAg,
M) = x .
BL

such that P, =M.

0
BL Prusr

where P%‘US is the fusion neutron power,
Pp,, is the blanket pow r, M(r, t) is the
time (t) and spatially (r) dependent energy
multiplication, T is the average neutron
current, and ABL is the blanket area,

As an example calculation, we use a
maximum burnup of 3%, a blanket cycle
time of 1 year, and a peak fusion-nautron
current of 4, 4 x 1013 n/cmz/s (1 MW/mz).
The resulting history of the blanket multi-
plication "or a 40-year plant lifetime is
shown in Fig. 6~10, The blanket is
started at time zero with all fuel bundles
unexposed, having a (local) multiplication
of B, 5 as stated previously, The blanket
multiplication of 8. 1 at start of life results
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Fig. 6-10. Blanket energy multipli-

cation,

from source neutron loss.s through the
The multi-
plication increases monotonically for about
1Q years aS the blanket enriches in

mirrors and ijector ports,

plutonium, and then comes to an aoprox-
imate steady state as exposed bundles are
removed from the blanket and new bundles
are introduced, The blanket has a tirie-
averaged multiplication of 11. 6 over the
40-year plant lifetime,

The plutonium production rate is
shown in Fig, 6-11.
duction is evaluated from the enrichment
of the bundles that have reached max-
imum burnup when they are removed from

The plutonium pro-

§
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Time = years
Fig. 6-11. Plutoniun* production rate

(peak first-wall loading
=1 MW/m?2,



the module for reprocessing. During

the plant lifetime, the blanket produces an
average of ~ 1200 kg of plutonium per
year, Over the 40-year plant lifetime,
the net production is 4,7 X 104 kg of
plutonium, a quantity that includes all of
the plutonium in the blankct at the end of
the plant life,

The blanket reprocessing schedule is
shown in Fig, 6-12, The first bundles
are removed after 4 years of plant
operation, After the initial enrichment
period, approximately 5% of the blanket
fuel bundles are reprocessed each year,
with the result being an average bundle
lifetime of about 20 years.

The final plasma calculations resulted
in a peak fusion-neutron wall loading of
0.84 MW/m>, By combining this wall
loading with a 0. 8 plant duty factor and
a recommended plant lifetime of 30 years,
we found that the time-average blanket
multiplication of 12 would be obtainable
with a 5% burnup and a 1-year blanket
cycle time, The plutonium production
was calculated to be 2,09 X 104 kg in the
30-year plant lifetime, or an average of
690 kg/yr.

The peak bundles reach maximum
exposure after 15 years, and 17, 5% of
the blanket requires reprocessing before
the end of the plant life, The average UC
bu:rnup when removed for reprocessing
was calculated to be 4,0%. Although the
maximum burnup was set at 5%, a lower
attained value results because a bundle
must be removed from the module if its
burnup will be greater than 5% at the next
time tt 2 module is removed from the
blanket. The average attained burnup can
be increased by decreasing the blanket
cycle time; however, decreasing the

% of blanket fuel bundles
O — N W A e
I
1 1 Il L1

0 10 20 30 40
Time — years
Fig. 6-12, Reprocessing schedule for

blanket fuel bundles,

blanket cycle time results in a lower duty
factor for the power plant, The trade=-off
between atlained burnup and blanket cycle
time has not been evaluated, A cycle

time of 1,0 years was chosen as being an

(apparently) reasonable value,

Cost Analysis of Fuel Cycle
The fuel cycle analysis was conducted

using the methodology presented in
Ref., 6-20 and using fuel cycle data from
Refs. 6~21, 6-22, and 6~23, The fuel
cycle analysis is divided into the 11 com-
ponents listed in Table 6-12, These ~om-
ponents are classified as
e Direct costs (expenses for materials
and services to put the fuel into a form
from which erergy can be extracted from
it), and
o Indirect costs, (the time value of money,
i, e,, interest, iaxes, profits},
The direct cosis, Components 1-7 .n
Table 6-12, are evaluated in terms of
cost per kg of material for component j
from the equation
($/kg of m,:-lt'l)j = fjchj' ji=1,1,
where f. is the process loss factor, wj is
the nuclear weight factor which represents
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consumption cr production of
nuclear material, and c. is the cost
factor in dollars per kg of material,

The indirect costs, Components 8-11
in Table 6-12, are evaluated from the
equation

the net

= Y.it,

j=8,11,
i j

J.
]

where J. is the indirect cost of component

i, Y. is the debt of compcenent j, i is the

interest rate, and t is the time interval,
The parameters that characterize the

present blanket, and that are needed for

Table 6~12,

the fuel cycle analysis, are shown in

Table 6-13, The uranium load is 8.2

X l()5 kg in the reactor plus 2,05 X 102)5 kg
for the blanket quadrant that is out of the
The peak fusicu
neutron wall loading ot .34 MW/m2 and

a 0, 8 plant duty factor for 30 years results
in a net energy output of f,29 X 10” kWh,
The plutonium production and average

reactor for servicing.

uranium carbide burnup values were ob-
tair zd from the fuel management cal-
culation described earlier,

The fuel cycle costs, by component,
are presented in Table 6-14, The

Components of fuel cost.

Component Direct costs Indirect costs
Natural U
1.{ D2 Initial 239y, 238y Dy, Li
Li6AlO
2
Depleted U o
2.{D2 } Recovered "‘5[, 2381), Dy, Li
2

Depleted Li6Al0O,

Initial Pu, T

{f}

2

4, Pu Recovered Pu, T-z
UC Fabrication costs
L15A102

6, UC Reprocessing costs

7. Depleted UC

{LlGAIO }

) T2 (initial)

e
to. {LiGAIOZ }

11, Depleted UC

Shipping costs

Those associated with

285y, 2%y, by, Li
Those associated with
Py, T2

Those associated with
fabrication costs

Those associated with
reprocessing and
shipping
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Table 6-13.

Power plant parameters for the fuel cycle analysis.,

Uranium load

5Li load

D2 consumption
Excess T2 breeding
Average UC burnup
Average sLi burnup
Blanket lifetime

Average Pu enrichment at end of blanket life

1.03 x 10% kg initial
1.13 x 10% ig

6. 23 kg/yr

1.9 kg/yr

1. 2%

4, 6%

30 years

0,0203 atom Pu/atom U initial

Plant electrical output: 11 | o
30 years; 0, 8 duty factor 1,29 X 107" kWh
Table 6-14. Fuel cycle costs,
Cost
Component (mills/kWh)
Natural U
1, Dzs 0,213
Li%AlO,
2
Depleted U
2.4 D2 -0,098
Depleted LiﬁAl02
Pu
{2} 0.105
T2
Pu .
4'{T } -3.740
2
UC,
5'{Li6A102 0.400
6. UC 0,310
7. Depleted UC 0.039
ucC
8. D26 0,891
Li AIO2
9. T, (initially) 0,002
U
10'{L§5A102} 1.258
11, Depleted UC 0
Total: -0, 62
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analysis resulted in a net fuel cycle cost
of -0, 62 mills/kWh, the negative value
resulting from the large revenues gen-
erated by the plutonium breeding. The
breakdown of the component costs is
presented, with comments, in Table 6-15.
The blanket serves two purposes:
energy mmltiplication and plutonium pro-
duction, The fuel management scheme
can be chosen to emphasize one or the
other, or possibly a compromise between
these two extremes, In the present point
design study, the management schedule
selected is a compromise between the two,
The merits of various fuel manage-
ment schemes are areas for future
analysis.,

SAFETY DISCUSSION

The present preliminary design has
demonstrated encouraging results for a
fusion-fission hybrid reactor from the
standpoint of engineering feasibility and
economics. The third important aspect
of a nuciear power plant that must be
evaluuted is the environmental/safety
question associated with the poscible
release of radioactive materials,

The release of significant amounts of
radioactivity from a fission core is
generally acknowledged to occur through
melting of the core when the energy
generated in the fuel exceeds the heat-
removal capacity of the core cooling

Table 6~15, PBreakdow:. of unit fuel cycle costs and nuclear parameters.

Cost Debt of

Proceas  Nuclear i
Toss weight factor, component, Interest interval
sattor,  factor, R X rate, .
J ‘. 1
Cemporent 5 ¥ sfug (531078 i (yrs) Comments
1. Netura! U 1,015 2.0 23,46 1.5%, for fabrication
{ D, 1.0 1.0 &0 1), consumption of 6.23 kg yr.
ufai0, 018 1.000 1000 1.5% for fabrication
2 Deplet=d U 0.99 0.988 9,86 U 5 0,519 in 235 when re-
b, Lo ° moved at 1,8 burnup
2 g 1% repracessing loss
Depleted Li°AlO, 0,99 0. 954 1000
3. P, 10 o No initial P, exrichment
Ty 1,0 10 120 Initial T, Joad of 2.32 kg
4 Pu 0,99 0.0203 0,20 Value chosen as typical of a :
power reactor economy where
P, used to fuel light-water i
reactors (LWR's) i
T, 1,0 1.87 kg/yr 1,20 Excess Tp production at
2 breeding fatio of 1.2
5 uc 1.0 1.0 50 Typical of gas-cooled fast
A reactor (GCFR) carbide blanket .
u'ao, 1.0 1.0 10 Assumed cost ;
2 vc 0,99 0,882 $40/kg Typical of GCFR carbide
bianket: 1% los; 1.6% burnup
% Depleted UC 1.0 0,682 $5/vg
s (uc .65 0.10 )
inz 0 Paid out of current revenues
Lifa10, 13,50 0.10 a0
[ Tlinttat) 2.78 0.10 1 Assucie 1 yr to retire debt
10, uc 52,02 0.10 36
118410, 1,80 0,10 1) Includes 3,5%10° kg€ © 35/kg
1. Depleted UC ) Pald out of current Fu revenues




system. In pure-fission reactors, this
thermal overload occurs primarily via
reactivity insertion or loss of coolant.
The approach taken to prevent core
melting has been to engineer safety sys~
tems into the reactor that will prevent
thermal overload, i.e,, scram and
emergency core-cooling systems.

Preserving the structural integrity of
.«e hybrid blanket during an abnormal
operating situation may be a less severe
problem than in a pure-fission reactor
because
e The hybrid blanket is designed to be

subcritical,
® The power density in the fission zone

of the blanket of the present point

design is an order of magnitude lower

than in proposed fast-breeder reactors,
There is no possibility of a thermal overisad
due to a criticality accident, Therefore,
the primary safety consideration is the
loss of coolant accident (L.OCA).

The design basis accident {DBA)
selected for the hybrid blanket was a
helium degpressurization of 1 atin and loss
of flow with a simultaneous loss of the
neutron source from the plasma, (It is
felt that any major disturbance in the
normal plant operating conditions, such
a3 an LOCA, will or can be made to
quanch the plasma,) Thus, insuring
blanket integrity in a hybrid LOCA requires
the removal of fission-product afterheat.

In the present study, we rely on
engineering safeguards to remove after-
heat from the blanket in the event of a
DBA, Calculations have shown (p. 49if,)
that the 5-W/cm3 afterheat power in the
fuel can be removed and acceptable tem-
peratures can be maintained in the blanket
by circulating helium at 1 atm unrough the

modules, In addition, after a loss of
coolant, at least 5 min is available before
the emergency cooling must commence to
prevent clad melting,

The emergency blanket cooling wnuld
be provided by redundant or suxiliary
cooling equipment, although a specific
hardware configuration has not been pre-
posed in the present study. We anticipate
that the operation of the emergency
coolant circulator system can be insured
with tne degree of reliability necessary
to license the plant, because the require-
ment for ambient helium aelivery to the
blanket within § min following loss of
coolant does not place stringent per=-
formance charact. ~istics on the emcrgency
cooling system,

While our preiiminary LOCA analysis
indicates that the conceptual blanket
design developed for the hybrid mirror
reactor can be safe under accident con-
ditions, no definitive conclusions can be
drav.n until an in-depth safety analysis is
performed. Part of our futire work on
hybrids will be to address in detail the
major safety questions of this and other,
future conceptual designs.

The low afterheat power levels present
in the hybrid blanket suggest that a
blanket configuration could be devised
that would be passively cooled (i.e., via
eonduction, free convection, and radi-
ation) in the event of a LOCA, A design
of this type would preclude thermal over-
load of the blanket and thus would sig~
nificantly reduce the possibility of =
The result would be
a much more environmentally attractive

radioactive release,

power nlant than one that relies on active
systems to prevent thermal overload of
the core,
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We feel that the advantages of a blanket
that can passively remove its afterheat
are so significant that a major thrust of
the conceptual hybrid stmdy should be
iowards examining the performance of
This
may well mean a major reconfiguration

pas. ively cooled blanket designs.

of the presently proposed submodule
design; inevitably, sorme economic penalty
will be paid to incorporate the passive-
cooling capability into the blanket, A
hybrid reactor that is nearly free from

the possibility of a radioactive release
would overcome many of the technical
problems that have delayed the introduction
of the fast-breeder reactor into the power
economy.
will depend on the economic and environ-
mental tradeoffs involved,

CONCLUSIONS

The conceptual blanket developed for
this niirror hybrid reactor study appears
capable of meeting the thermon thanical
and nuclear requirements in a compatible
manner. This blanket conforms to the
plasm. and coil geometries, can be
routinely replaced, contains necessary
structure, can be cooled, and gives
acceptable nuclear performance,

The major features of this blanket are:
Modularization for accessibility
Ceramic fuels (UC and LiAlOz)
Natural uranium fuel

Helium cooling

Stainless steel stracture and cladding
Maximum of 235y fission.

While we believe this blanket to be
viable, it is by no means a complete

¢ & 0 @0 0 0

design, nor has it been optimized,
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The feasibility of passive cooling

The blanket chosen for this study uses
only one of the many possible combinations
of materials and geometric configurations
deserving investigation. For example, a
fast-fission blanket utilizing the same
configuration could have metallic uranium
instead of uranium carbide and a liquid-
The
module-submodule blanket arrangement
can also be applied to a thermal fission
blanket,
application — the hydride-moderated,

metal coolant instead of helium,

Figure 6-13 depicts one such

fission-lattice concept develope. “%

The graphite-mc.ierated
lattice developed by Leonard and
Wolkenhauer could also be used,
Fissile and/or fertile molten salt blankets

Maniscalcu, 6~5

6-3

are also being investigated (Fig, 6-~14).

In addition to the material and neu-
tronic options, different overall blanket
configurations should also be investigated.
One such alternative blanket configuration,
consisting of many tubes surrounding the

’/ ’/r s *7-Coolunt
LA

7 plena

'/ Reflector and
rz outer fritium
breeding zone
Heterogeneous
thermal Fission
lattice {LiH or

ZrH moderator)
{VU or Th cycle)

SONSNNNZ

"1
/ / inner tritium

breeding zone
’& Fast-fission zone

il (V)
ft——~0,3 m

Fig. 6-13,

Thermal fission blanket
submodule,



/' 47-::::!‘!(? salt
P
] ﬁ ; ﬂ ( Maoderator and
~1.0 | z1% /& flowing fissile and
" 1 / / / or fertile mrlten
™ 2% ;; salt (U or Th cycle)
]
oI \
P
Fast-fission zone
(v)
fe—~0.3m j
Fig. 6-14, Molten salt blanket module.

plasma, could make on-line refueling
possible, Figures 6-15 and 6-16 show

two possible tubular-blanket arrangement

The first (Fig., 6~15) shows schematically

how a tubular blanket might conform to th

Yin-Yang minimum-B coil geometry. By

comparison, the second (Fig, 6-16) shows

how a much simpler tubular-blanket
arrangement could be achieved by using

Fuel in/

£-Coolant in

~
/ N\

Coolant

Fig. 6-15,

Tubular hybrid blanket
surrounding a minimum-B
mirror plasma,

the simple mirror geometry, Un-
fortunately, a plasma confined in a simple
mirror is MHD unstable; therefore, a
stablizing mechanism must be invented
bzfore the simple mirror could be used.
We plan to continue our work on these
and other conceptual hybrid blanket
designs so we may develop a better under-
standing of the options and tradeoffs

available to us,
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7. Magnet Design

SUPERCONDUCTING COILS

The basic requirement for the coil
design for the minor hybrid fusion-fission
reactor is that it produce a minimum-|R|
field configuration throughout the plasma
volume, It must also provide vacuum
mirror ratio Rvac = 3.5 and a nearly
circular plasma cross section at the mid-
A Yin-

Yang coil configuration (see Fig, 2-1)

plane with a radius r_ = 3,5 m,
was chosen over a Baseball coil for two
reasons: it affords superior access to
the plasma region for fuel injection, and
it produces the mirror field with much
less wasted magnetic field, The coil is
similar to the design of Moir and
Taylor, -1

Since the relative separation between
arcs at the mirrors is nearly the same
here as in the FERF coil, '~ 2 we use the
same factor as in that design to estimate
the ratio of the maximum field strength
at the conductor to that at the mirror,
Thus, because the field at the mirror in
the present design is Bm =6.8T, we
cond ~ 8.1 T at
This maximum field is

expect a maximum of B
the conductor,
well within the range where niobium-
titanium superconductor can be used.
However, to insure complete coil safety,
the superconductor current density must
be limited to allow operation within the

cryostatic stability regime. The super-
conductor must also be high current,
perhaps 20,000 A or more, to reduce
inductance and thereby limit coil voltage
and stored energy. A high-current con-
ductor will also simplify coil construction,
An effort is now underway at LLL to pro-
duce a fully stabilized superconductor
similar to that needed for the hybrid
magnet system,

The coil conductor is made up entirely
of arcs of circles, all lying in either a
vertical or a horizontal plane, and each
with an included angle of 180°, The cross
section of the coil is tailored to allow
extraction of the blanket modules, At
the turnarounds, the cross section is
elongated to avoid an unnecessarily high
field at the conductor,

The magnetic induction, B, was cal-
culated using the computer code MAFCO, -3
Each of the Yin-Yang pair of coils was
simulated oy 50 filaments in the main coil
and 14 filaments in the auxiliary coils,

[The auxiliary coils guide the field lines
{and the escaping plasma} out threugh the
narrow slot in the shielding and into the
direct energy converter.] Figure 7-1
shows the filaments and a cross section
of the main coil. The maximum B at the
conductor, Bcond =8,1T, occurs at the
conductors on the face of the coil nearest

the plesma at the mirror, When Bm =6,8T
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at the mirror, and Bvac =1.94 T at the
center, the total current in each half
coil is 6.41 X ll'l7 A-turns, The average
length per turn is 84. 1 m; therefore, the
product of current times length is

1.08 x ll'l10 A.m for the complete coil
assembly.

Figure 7-2 shows some magnetic field
lines and the locations and values of the
maximum (mirror) and minimum field
strengths.
half of the figure gives the top vicw of the
left~hand half, and vice versa. The
mirror ratio in the field direction, Run,
varies from Ry = 3. 50 on the central
line to Ru = 3. 15 on the outermost line
The radial well

By symm. .ry, the right-hand

through the plasma.
depth is R,_ = 1,009,

STRUCTURE

The coil support structure for the
Yin-Yang coil pair used in this hybrid
design differs in several ways from the
coil structures developed in previous
The hybrid
reactor concept permits much lower

mirror fusion design studies.

T T . s 4
® o 9y
3887
- - . 3
-
H E
_ -2 |
X
- -
l | ! { ! 0
=14 =13 -~12 -11 -10 % -8
2Z—m
Fig, 7-1, Section through main coil,

showing the conductors usec in
calculating the magnetic

field, for Boond = 8.1 T, By,
6,8T
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values on the magnetic field
lines,

(~1/2 to 1/3) magnetic field strengths
because the [usion power density in the
plasms=, which is proportional to B4, is
much iess than could be used in an
economically viable pure-fusion reactor,
Since the magnetic forces scale approx-
imately with the second power of the
magnetic field strength, the hybrid con-
cept greatly reduces {~1/4 to 1/9) the
magnitude of the forces that the coil
support structure must contzin,

The use of selective leakage* could
further simplify design of the coil
structure, In the present design, the
entire volume — refined by the extension
of all the field lines in the plasma con-
finement volume through the mirror,
magnetic expander, and direct energy
converter regions — must be totally devoid
This "open
mirror" design reduces plasma physics

of any structural members,

"By selective leakage, we mean that
the plasma that leaks out the ends of the
magnetic mirror can be biased by weak-
ening the magnetic field locally so as to
make the leakage spatially "selective'.
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Fig. 7~3. Coil support structure,

uncertainties; however, it greatly in-
creases the cost and complexity of the
coil support structure,

For this study, we developed a lam-
inated clamp structure to support the coils.
This structure consists of a large number
of separately designed truss subassemblies
th4t together form the laminated clamp
shown in Fig. 7-3, This structure con-
tains the magnetic forces by balancing
the repulsive forces distributed across the
upper and lower winding of each mirror
coil against one another, (These primary
magnetic forces are the only ones con-
sidered in detail in this study.)

A first-order structural analysis of
the coil support structure was developed
in order to determine its structural
feasibility and cost, Because of the pre-

liminary nature of this study, the
structural model was not developed with
the intention of providing a detailed
analysis of a "real" structure, Jut rather
to provide an approximate indication of
what a carefully designed structure (with
optimized geometry and structural
members) might achieve, Each truss
subassembly was separately designe
fit on a simplified model of the coil
windings, Each structural member of
the truss subassembly was individually
designed, whether in tension, compression,
or supporting lateral loads, A design
stress of 7 x 10% Ny (10° psi) was used,

m

and buckling design was based on twn-
thirds of the critical Euler stress. (The
Euler stress is the critical stress a beam
can support in compression before it be-
comes unstable,)} The torsional stresses

induced by the curvature of the subassemblies

has been ignored. For details of the
analysis and design, see Ref, 7-4.

For the hybrid reactor with a maximum
magnetic field strength at the conductor
of 8,1 T (6.8 T at the mirror), the
analysis resuited in a total structural
volume of 1,75 X 10° m® and a total
structural mass of 1.4 X 1(‘7 g,

Some general considerations discussed
in Ref. 7-5 suggest that the structural
mass could be reduced about 30% or more
by inserting structure into part of the
space between the large flat faces of the
coils,

LIQUID-HELIUM REFRIGERATION
SYSTEM

The helium refrigeration system must
cool the superconducting magnets and
associated retaining structure from room
temperature down to the magnet operating
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temperature of 4,5 K, After initial cool-
down, the refrigeraitors must remove
heat at a sufficient rate to balance the
total heat lo»d on the system whan the
reactor is operational, Some excess in
capacity is required to maintain a reserve
of liquid helium and also to allow time

for maintenance of the refrigeration
equipment, Generally, if a system is
designed for steady-state operation, the
cool-down time will be acceptable,

We did not make a detailed analysis of
the heat load on the system because a
more complete engineering design is
first required. Instead, all heat-load
values were scaled from the FERF design

study'?.2

with the exception of the neutron
heating in the coil structure and super-
conductor. Table 7-1 contains a reak-
down of the heat loads used to size tre
refrigeration equipment.

Large refrigeration machines operating
between room temperature and liquid-
helium temperature and utilizing both
liguid-nitrogen precooling and expansion
engines at severnl iemperature levels
generally consume about 500 W ;¢ .- watt

of refrigeration at 4. 5 K, The calculated

Table 7-1.

input is then 30, 160 hp for steady-state
operation; however, this would not pro-
vide the required redundant capacity. If
the compressors were installed in
modules of 8000 hp, and if each module
operated a separate refrigerator, four
refrigerators would be adequate for

A fifth unit and its
compressor module would provide the

normal operation,

redundancy for maintenance down-time.
Additional refrigerntion capacity in the
form of liquid-helium storage would
serve as a thermal flywheei f :r the entire
system and would also sustain operation
for short periods of time if ‘wo refrig-
erators were down,

The helium invertory for the reactor
would include both the liquid- and gas-
storzge volumes, the circulating gas in
the refrigeration circui's, and the volume
of liquid in the superconductirg magnet
cases and associated Dewars, An
estimate of the tota! -equired for con-
tinuous operation w .ld be 350,000 £ or
about 9 X 106 stanc ard fts.

Cool-down time from room temperature
to 4, 5 K for the magnet and cold structure

will be approximately 42 days, This

Mirror hybrid heat loads at 4.5 K.

Héat Source

Heat Load (W)

Neutron heating in coil structure
and superconductor

Conduction to coil and structure
Radiation to coil and structure
Superconducting joints

Current leads

Cryopanels

Transfer lines

20, 000
8, 400
2, 250

10, 000

100
550
250

Total heat load: 41, 550 W2

We shall use a design figure of 45 kW to size the refrigeration equipment.
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figure is based on a total cold weight of
27, 000 tons and all of the 40, 000 hp in
refrigeration equipment in operation, It
also assumes that the low-temperature
expanders are turbines and that there is
no limitation on liquid-nitrogen consump-~
tion, The results of a detailed analysis
of the thermal stress problem could
substantially increase the cool-down time

required,
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8. Direct Energy Converter

Most of the trapped, injected neutral
beam is scattered into the loss cone
(defined by the magnetic field) and lost
before it can react, " re fraction of the
injected current that is consumed in
fusion reactions is given by

AL ) ZPF/EF
T

in Pin/w in

= ZQWin/EF =0.013 8-1}
The unburned 98, 7% of the current, plus
the a-particle current, is scattered into
the velocity-space loss cone and escapes
through th-. This loss
current must be disposed of, and a dircct

1agnetic mirrors,

energy converter offers a practical way
to do that besides directly recovering
the snergy of the escaping particles,
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MAGNETIC EXPANDER

The total current into the direct energy
converters i3 Iho = 1900 A (ID+ = 1270 A;
Ip+ = 630 A) and the total power is
Ppe = 264 MW, of which 24 A and 40 MW
is carried by the o particles., All of PDC
is carried by 1ons which are guided by the
magnetic field. The average power per
unit area varies inversely with cross-
sectional area along a flux tube - just as
field strength B does,
power per unit area is proportional to B,
At the midplane, B = 0, 87 T, and the

= 38,5 m%

Therefore, the

cross-sectional area is A = #r
therefore, at a mirror where B = 6,8 T,
the area is A = 2,5 m> (0. 1 m thick) at
each end., The power flux at each mirror
is then PDC/2A = 5370 W/cmz. To pre-
vent the grid wires from being heated *o



temperatures where thermionic emission
is important, this average power flux
must be reduced to about 50 W/cm” be-
fore it enters the direct energy converter,
A power flux value of 50 W/cm2 is
conservative and allows for some nan-
uniformity in the flux distribution, There-
fore, the field at the direct energy con-
verter is 0.063 T, giving a required area
of 270 m2 for each direct energy con-
verter. Auxiliary superconducting coils
outside the main Yin-Yang coils produce
the desired field, The field lines guide
the esc' ping plasma out through the rather
narrow passage between the structure
used to remove the blanket modules (see
Fig. 2-6)., Because of this restriction,
the required area is reached at a distance
of 30 m from the center of the reactor,

The reduction in magnetic field from
6.8 T at a mirror to 0,063 T at the
direct energy converter also results in
a reduction in the perpendicular energy
of the escaping ions (and electrons) in
the same ratio, Thus, more than 99% of
the ion energy will be directed along the
field lines and therefore will be available
for direct energy conversion,

Note that the present d2sign does not
have a neutron trap between the plasma
region and the expander of the direct
energy converter, Previous designs
have included either a 90° benda'1 or an
S-bende-z‘ 8 for the escaping ions in order
to minimize neutron activation of the
direct energy converter, The absence
ofaneutrontrapinthe hybrid may preclude
hands-on maintenance of the components
of the direct energy converter, If an
activation analysis indicates that this is
the case, then a cost-benefit study must
be made to determine if the added
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Fig. 8-1. The one-stage direct energy
converter and vacuum system
for leakage plasma,

structural cost of a neutron trap is
justified by the reduced neutron activation
in the direct energy converter,

ELECTRODE

We consider a very simple direct
energy converterg—‘1 consisting of two
grids and a single ion collector (see
Fig. 8-1). The first grid is held at ground
potential and is about 1% opaque to the
flow of plasma, The scecond grid is held
negative to repel electrons and to prevent
them from reaching the ion collector,
which is positive, Electrons reflected
by the negative grid pass through the con-
fined plasma (where they may be scattered
and heated by the plasma) and out through
a mirror to a direct energy converter
again, On the average, these electrons will
be reflected 40 times by the negative grid
before being collected on the grounded
grid through which they pass twice for
each reflection, The reflecting grid
must te held at a high enough negative
potential to prevent any appreciable



electron current from reaching the ion
collector, A theoretical study using a
Fokker-Planck computer code is in pro-
gress now ‘o determine the rate of
electron heating and hence the voltage to
be applied to the negative grid.

For the grid potential to be effective,
the spacing between grid wires must be less
than a distance of the order of a Debye
shielding distance in the plasma near the
grid. The shielding distance A in cm is
given by

_ 1/2
X =783UT /0",

where T is the electron temperature in
eV and n, is the electron density in cm

at the entrance to the direct energy con-
verter, Electron density is equal to ion
density, which is about 4 X 108 cm™? here,
The electron temperature is more difficult
to estimate, In the contained plasma, the
Fokker-~Planck calculations indicate

Te = 10 keV. However, because the ar:xbi'
polar potential of the plasma is +54 kV at
the center, only those electrons in the tail
of the distribution can reach the direct
converter, and they will have given up

. keV, The directed energy of the
electrons will be reduced to about 100 eV
in the expander in order to match the ion
velocity and maintain charge neutrality.
Also, the perpendicular energy is con-
verted into directed motion by the mag-
netic expansion, We assume T 2 300 eV;
therefore, A > 6 cm, and the grids are
made of 0, 02-cm-diameter wires with

2-cm spacing between wires, The po-

“When the energy electrons have in the
perpendicular direction at the mirrors is
taken into account, the ambipolar drop in
the expander (~ 10 kV) will add to the 54 kV
from the center to the mirror point.
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tential is set at -5 kV to penetrate the
plasma and to ensure the reflection of all
but the most energetic electrons.

The equilibrium temperature of the
tungsten wires will be about 1900 K,
resulting in a thermionic emission current
of about one electron per ion intercepted.
Electrons originating at the grounded
grid are repelled by the negative grid
and therefore behave similarly to the
primary electrons discussed above.

About half of the thermionic electrons

and most of the secondary electrons orig-
inating at the negative grid also behave
in the same way, The other half of the
thermionic electrons from the negative
grid (i. e., about 20 A total for both
direct energy converters) come from the
side facing the positive electrode and are
accelerated into it. This electron current
reduces the efficiency of the direct energy
converter, although some (35%) of that
power is recovered thermally,

After passing through the grids, the
ions are collected on an electrode that is
col” The
output from this collector provides a
source of positive current at a positive

held at a positive potential V

voliage, and so constitutes a source of
The value of vcol =62 kV is
chosen to maximize the recovered power,

power.

Optimizing V depends on the energy
distribution of the D' and T" ions entering
The energy
distribution of these ions is not calculated
in the version of the Fokker-Planck code
Howaver, we know

the direct energy converter,

that was used here.
enough about the distribution to set Vm1
and even to make a good approximation
to the efficiency of energy recovery,

In steady state, the current I.1 oss of

ions escaping from the plasma is just



equal to the current lirl injected, minus

that part AIin that is used up in the fusion

reactions,
= - 2D [
llr.)ss 'in 2k F/LF
or
IIr.)ss : Im(1 - ZQWin/EF)

= 2P /KL =
i%00 A, The total power

Here, AIin 24 A as compared
to the total I, =
in

leaving the plasma in all forms is

P =P, 4P

¥

out in

Since the o particles are not adia-
batically confined, they escape without
sharing their 3,52 NeV per o with the
confined D' and T'. Therefore, P, is
carried away entirely by the primary
neutrons and a's, so that the power Pout
{D, T) carried away by the escaping D?,
T+' and Pout
is just equal to that part of the injected
That is;

(e} carried by the electrons

power notl contributing to PF'

P ut(D’ T) + Pout(e) =P, - WinA[in

wn

2QW o/ ER

m

in [loss’

or

w.

loss

(D, T) L + W (e) L,

loss loss

1

Win loss® (8-2)

Equation (8-2) states a general and useful
fact that is true whenever the fusion a
particles do not thermalize in the confined
plasma. Equation (8-2) becomes even
more simple when we require that the
electron energy be eonverted to directed

motion by the magnetic expansion and
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that the directed motion match the mean
velocity of the ions to preserve charge
neutrality everywhere in the expander,
Then W (e) = 300 eV and can be
neglected in kq. (8-2); therefore, to a
good approximation
0,T) =W,

W oss “.;'3)

Kguation (8-3) gives \_Vloss = Win
= 117 keV, The distribution function for
the loss energy will have a form similar
to that calculated for FERF: that dis-
tribution decreased almost linearly to
zero above a certain minimum cnergy.
The minimum is calculated using the
conservation of total energy W:

W=W +W!+q\", (8-4)
where W and W_L are the energies due to
motion parallel to and perpendicular to
the magnetic field, and qV is the potential
energy of the ion of charge q. The con-
servation of magnetic moment u requires
that W = uB, so for those ions that just
barely get past the magnetic mirror

(WI .m =~ 0 there),

W=W

,
J.'m+q\

B
where subscript m refers to the mirror,
Using this to evaluate g, we can write

WJ.

mB/B

suB =W @

= (W - qu)B/Bm.

When substituted into Eq., (8-4) and re-
arranged, this gives

Wi(i - B/Bm)=W|5+qV -quB/Bm.



At the center of the plasma, this becomes

W(l-1/R) =W, ,+aqV, -qv /R,
(8-5)

where subscript 0 refers to the center,
and R = Bm/BO' From Eq, (B-5), we see
that the minimum energy that an escaping
ion can have is when W, 0 0. Then

; q(R\'0 - Vm)
min R-1 :
The Fokker-Planck calculations
yielded VO - Vm = 54 kV; we have R=17,83,
Therefore,

J
w qu+62keV.

min
For lack of a better estimate, we assume
the plasma potential is zero at the mirror
(althougl: as noted earlier, Vi should be
of order kTe). Ve = 0, and set the
voltage of the ion collector Vcol = 62 kV.
Choosing vV, > wmin/q would lose more
power by reflecting low-energy ions than
would be gained by collecting the remain-
ing ions at higher potential, Since Vm is
probably a few kV positive, V could
probably be set higher than 62 kV without
losing any ions, This would raise the
direct energy conversion efficiency.

The ion collector not only must collect
the ions at the optimum potential, but
also must allow the resulting gas to be
removed, For this reason, the collector
is constructed of ribbons, each mounted
at a 45° angle in venetian-blind fashion
(see Fig., 8-1), to present a solid barrier
tothe directed ions but only slight impedence
to the gas, These ribbons will be heated
by the 2xcess power from the ions that is
not directly converted, Since the mean

-

0-

input power flux is 50 W/cm2 {about
100 3/ /cm® on central flux lines), and
pe = 50%, the mean heat loaa is 25W/em",
The 45° angle of the ribbons reduces this

to 18 W/cm2 on the faces of the ribbons.

The heat deposited on the ribbon grids
is radiatively transferred to high-tem-
perature (=60L"°C), water-cooled surfaces
behind the ri: Ln grid and aiso lining the
expander walls. The water-cooled sur-
faces behind the ribbon grids are arranged
in a chevron configuration to permit gas
flow to the vacuum system (see Fig, 8-1),
The high-temperature water transports
the energy to the thermal conversion
system,

The spacing between the grounded and
the negative grid must be 4t least a few
times larger than the 2-cm spacing
between the wires in either grid, It was
therefore set at 10 em. The spacing
between the negative grid and the positive
collector electrode must be at least a
few times larger than the 10-cm spacing
between ribbons in the collector in order
to produce a uniform electric field to
retard the ions without scattering them,
However, the spacing must not be greater
than the limit set by space charge. The
space-charge limit was calculated,
assuming an energy distribution given by
a Maxwellian distribution that is displaced
by an amount equal to the mean energy.
This is similar to the distribution at the
direct energy converter where the min-
imum ion energy (62 keV) is roughly half
of the mean (117 keV),

current density, J = 3.5 A/mz, the max-

For our average
imum spacing is 2.0 m, We chose a
0,40-m spacing to be well within the
space-charge limit but sufficientiy greater
than the 10-cm ribbon spacing,



VACUUM SYSTEM

The gas load resulting from the mirror
leakage cf energetic [)* and T' ions must
be vacuum-pump=zc, both to limit the back
flow of cold gas inte the rzactor and to
limit charge-exchange losses in the
expander region, fAn energetic ion which
charge exchanges in the expander flies to
the wall on the tangent of its original
helical trajectory. The energy of such an
i.:n is not directly converted.) The ion
current escaping from each mirror is
approximately 640 A of D' and 320 A of
T+. These ions pass through the expander
region, are decelerated in the direct
energy converter region, and impact the
ribbon grid of the collector with some
residual energy. The deuterium and
iritium refluxes from the collector sur-
faces as molecular gas. The gas load in
each direct energy converter region is
91 Torr-4/s.

The ribbon grid of the collector is
opaque to the ton leakage current but
presents only a modest impedance to the
Be-

hind the ribben grid is a large area of

molecular flow of the refluxed gas.

liquid-helium-cocle * cryopanel, thermally
shielded by an array of ligquid-ritrogen-
cooled chevrons and an array of high
temperature (*600°C) water-cooled
chevrons (see Fig. 8-1).

The available area for cryopanel on
the end wall behind the ribbon grid is
about 550 m2. The stacked combination
of ribbon grid, water-cooled chevrons,
nitrogen-cooied chevirons, and cryopanel
was assumer to have 1/11 the pumping
speed of a "black hole" of equal area,

(A discussion of the factor 1/11 is given
in & later paragraph,) The impedance to
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gas flow from the expander-collector
region back into the reactor consists of
two slit-like ducts in series, one at the
entrance to the expander and one at the
mirror region,

A first design utilizing just the cryopanel
pumping behind the ribbon grid res>1ted
in a 4, 5% loss of ions due to charge
exchange and a back flow into the reactor
of 4, 4% of the refluxed gas,
design which added 25 m2 of cryopanel

A second

pumping in the volume between the two
z1s flow impedances reduced the charge-
exchange loss to 4, 0% and the back flow
to 2, 9%.
sures for the second design were
6.1x1078
2.8x 108
the twe gas flow impedances.

The calculated chamber pres-

Torr in the expander and
Torr in the volume between
Either of
these designs is probubly adequate, How-
ever, verification will require a complete,
self-consistent apalysis of the gas problem
that includes all gas sources and sinks

and the dynamics of gas-plasma inter-
action,

The 1/11 factor used above to relate
the pumping speed of the ribbon-grid,
water-chevron, nitrogen-chevron,
cryopanel combination to z ""black hole"
was derived by assuming that the four
ceniponents were separated by voilumes
containing isotropic distributions of gas
Then,
the pumping speed of the combination
(normalized to the "black hole" speed)
may be calculated as the reciprocal of

in the free molecular flow regime,

the sum c. the reciprocals of the nor+
malized speeds of the four components;

i.e.,




where CS is the sticking coefficient of
the cryopanel, SN is the normalized
speed of the nitrogen chevrons, Sw is
the normalized speed of the water
chevrons, and SRG is the normalized
speed of the ribbon grid, [or the es~
timated values CS = 1, SN = SW = 0, 25,
and SRG = 0,5, the resuit for S/Sblack hole
is 1/11. This value is somewhat con-
servative because for CS near unity, the
ga~ in the chamber between the chevron
and the nitrogen cryopanel is clearly non-
isotropic, In the limit where CS is

exuctly unity and the final "chamber” is
completely lined by cryopanel, every gas
molecule which passes through the
chevrons is pumped on first itnpact.
Therefore, the normalized speed of the
combination becomes

1/44 + 4+ 2) = 1/10,

The ceryopanels will require p:riodic
"defrosting” so that the condensed gas may
be collected through a mechanical pumping
system. Two possible designs have been
proposed that would allow cryopanel
sections to be sequentially isoiated and
"defrosted" during reactor operation, The
first would use a "jalousie" type valve in
front of the cryopanel as in the FERF
desigms' A disadvantage of this design
is the introduction of another impedance

8-6 would

to gas flow. The second design
use rectangular cryopanel sections of
large aspect ratio which would '.2 rotated
180° about their long axes of symmetry

to expose the loaded cryosurface to the
mechanical pumping system, This design
does not introduce another impedance to
gas flow and does not appear to involve
any more seal.r.g edges than the first

design, Hoewever, the plumbing for the

liquid-helium coolant is more complex
than in the first design, Neither design
has received more than cursory con-
sideration. I¢is assumed that each
cryopanel will be cycled through its
"defrost" condition every hour, or at
least every few hours, The total mass

of tritium condensed on the cryopanels is
72 g/h,

Modifications to the vacuum system
just described will be required in order
to handle the helium gas load in each
direct energy converter that results from
the reflux >f the a particles (1.1 Torr-4/s
in each direct energy converter), Because
the liquid-helium-cooled cryopanels will
not pump helium, auxiliary pumps (dif-
fusion type or perhaps cryosorption) will
The

design speed for the auxiliary pumps will

be required to handle the helium,

depend on the permissible helium pres-
sure in the direct energy converter, If

we assume that hydrogen and helium will
compete equally for the auxiliary pumping,
but that the ~~vopanels pump only hydrogen,
then

PHe - QHe/Saux
F H EH: )

T
cryo “aux

baux

s
= 0,012 (1+—£'12) .

PERFORMANCE

The efficiency of direct energy con-
version pe is just the ratio cf the power
recovered to the power available for re-
covery., Since Vco\ is set low enough that
all 1900 A of the ion current is collected,
the recovered power is 1.90 kA X 62 kV
= 118 MW, The available D' and T*
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power is 1. 96 kA X 117 kV = 222 MW, so
that the efficiency is

e = 118/222 = 0,532,
This efficiency is reduced by two vl ects,
First, 20 A of thermionic electrons
‘Tgrid = 1900 K) flow from the negative
grids at -5 kV to the collector at +62 kV,
resulting in a power loss of 1.3 MW, To
this must be added the loss due to the 1%
interception of ions on each grid: 2,2 MW
to the grounded grids and 2, 3 MW to the
negative grids. The combined losses due
to grids is 5. 86 MW, and this reduces
the efficiency 10 e = 0,505, Th-~ -ccond
effect is tl.c less of ion current by cuurge
exchange with background gas, Charge
exchange results in the electrical
neutralization of an ion, with the result
that the ion energy is lost from the direct
energy converter, but is still recovered
thermally with an efficiency Nrpg = 0.35.
With the design gas prossure of 6 X 10
Torr in the expander, charge exchange
results in a loss of 76 A or 8,5 MW of
ions from the direct vnergy converter.
This effect further reduces the efficiency
to he © 0,487,

These are the only serious losses to
this simple, direct energy converter.
Since all ,1aghetic flux lines from the
plasma leac to a direct energy converter
with no obstructions, there is no inter-
ception by support structures or loss due
to imperfect coupling to the plasma, There
is a slight gain from the a-particle
current, The 24 A of a-particles con-
tribute 1, 5 MW of electric pow~. at the
62-kV collector, The remaining 40 MW
of a-particles is converted to heat and
recovered thermally, A larger gain can
probably be made by determining more

8-6.

accurately the minimum energy of the

ions entering the direct energy converter,
Since the plasm: potential at the mirror

is probably «bout 10 xV or so positive,

the minimum energy and therefore the
callector potential will also be greater

by the sume amount, The efficiency e
will increase in | rosortion to the collector
potentiul, We therefore assume that "be
will be greater than the calculated 477,

and for this study wc shall assume TTDC = 507%.,
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9. Neuiral Beam Injectors

GENERAL DISCUSSION

It is required that 225 MW of neutral
beam power be continuously injected and
trapped in the plasma, The neutral beam
curreat should be made up of upproximately
two parts deuterium atoms and one part
tritium atoms in order to result in nearly
equal densities of trapped p* and T ions,
Furthermore, to obtain equal penetration
depth {(and consequently equal densities)
of both species, they must be injected with
equal velocities and hence urequal energies,
The cverall system efficiency is found to
maximize for a deuterium injection energy
of 100 keV with a corresponding tritium
energy of 150 keV., This results primarily
because the efficiency of neutralizing the
beam decreases with an increase in energy
in this range while the fractional burnup
of the injected beamn goes down (see
Section 13).
tratior of the beam into the plasma in-

Also, the depth of pene-

creases with energy, whereby the chosen
energy is capatle of properly filling the
volume,

To allow for a trapping efficiency of
94%, the injector system ic designed to
produce 1500 A of atemic deuterium at
100 keV and 550 A of ateriic tritium at
150 keV. Actually, the preferred ratio
of currents reguired ts . ive equal densities
is closer to 2 to 1 rather than the 2.7 to 1
uscd here,

Although injectors of such magnitudes
are beyond the current state of the art,
they do not necessarily constitute an un-
realistic objective, In the following
discussion, we present specific recom-
mendations fur design approaches to the
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more critical problems encountered in
any neutral beam system: i,e,, provision
for a iong-lived arc cathode for a reliable
grid acceleration system, for the recovery
of the unneutralized beam, energy for
effective pumping of the vast quantity of
gas from the many ion sources, and for
adequate shielding to protect the sources
froem the plasma-confining magnetic

fields.
smaller units and to other types of

These features are applicable to

reactors as well,

LAYOUT OF INJEZTION SYSTEMS

Figure 2-6, an cverall view of the
mirror fusion-fission hybrid reactor in
vertical cross-section, shows two in-
jector assemblies., Neutral beams will
be introduced into the fusion-fission
reactor via four separate injectors of two
types (see Fig. 2-2), FEach injector will
consist of 70 ion sources mounted in
five rows of 14 units each., The two Type A
injectors will have three ruws of 100-keV
deuterium sources (42 units) along with
two rows of 150-keV tritiurn sources
(28 unitr), while the Type B injectors are
composed of two rows of deuterium
sources (28 units) and three rows of
In all, there
The
desired total of 1500 A of neutral atomic

tritium sources (42 units).
will be 140 ion sources of each type.

deuterium will require each deuterium
source to deliver 10,8 A, while the
desired 550 A of tritium will require
3.9 A from each tritium source,
Because the atomic species of ions
emitted from each source will be about
75% of the total ion current, and the



neutralizing efficiencies of the deuterium
and tritium beams at the respective
desired energies will be about 49%, each
deuterium source must deliver a total ion
current of 29,4 A and each tritium source
10.5 A,
species D; and T; represent about 15%

Meanwhile, the moleculur

of the beam with currents of 4,4 A and

1.6 4, while tite Dy

remoining 10% at currents of 2,9 A and

and T; comprise the
1.0 A, respectively., The emitting area
(exposed plasma surface) of a Berkeley-
type source is about 140 cmz_; irence, the
extracted current density of deuterium
and tritium ions must be 0, 21 A/cm2 and
0.075 Ajem?,

The neutral gas efficiency ng should be
at least 30%; and if X', Xj, and X}
represent the atomic and molecular
components of u deuterium or tritium

ion beam, Q, . the total gas flow of .\'g

in'
molecules into each source must be:

= (0.19/n )(1/2x" + X
Qj = (0-19/n M1/ 2

+ 3/2X§)Torr-f‘/s s

while the low-energy neutral gas flowing

out of the source is

QS = (1 - ns)QinTorr-E/s .

ION SOURCE DESIGN

Arc Cathode

To provide a long-time, continuously
operative arc calnode for the ion source,
we propose to build a gas tube filament
of the "Hull" type. 9-1
important design features: a large area

This entails three

source operating at a conservative
emission current density to assure a
potentially long active life; parallel
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emitting surfaces mounted close to each
other sou that any active emission material
sputiered away from one cathode face will
have a high probability of landing on
another; and a plasma potential low
enough {less than 25 V) to minimize the
harmful effects of back ion bombardment.

The first design feature can be
achieved with a directly heated ribbon
made up of nickel-wire mesh impregnated
with a matrix of barium and strontium
oxide mixed with a fine, manganese-free,
nickel powder. When operated at about
1100 K such cathodes can easily deliver
0,4 A-cm™2 for over 5000 h. %2 n
addition, they can be opened to air with-
out their emissive properties being
destroyed.,

The spacing between the parallel
emitting surfaces, the second important
design feature, must be at least several
times larger then the Debye length of
the surrounding plasma, Gas t1be cathodes
have been mads of star-shaped structures
cr by folding an emitting ribbon back and
forth, many times.g-3 However, in the
ion source we propose to ue six parallel,
c_osely spaced ribbons, mounted along the
perimeter of the back side of the ion
source, Each adjzcent pair of ribbons will
be heated by currents fiowing in opposite
directions from one phase of a three-
phase, 400-Hz transformer. The lar z
thermal mass of the emitters will elim-
inate the need for {ilamentary rectifiers,
viuile tue opposing currents will cancel
any undesirable magnetic fields,

The third important design feature, a
low plasrna potential, is not difficnlt to
achieve, providing the pressure is ade-
quate, However, because the ion source
requires an arc voltage of approximately



40V, 9-4 the plasma in the region of the
emitters must be isolated from the arc by
a physical restriction that sets up a
potential sheath to accelerate the electrens
from one region to another, For thermal
efficiency, a heat shield can be used for
this purpose (see Fig. 9-1).

Typically, for an arc current of 2400 A,
16 strands of 0, 16-cm-~diam, wire will be
required, resulting in a filament width of
3 cm and a current of 400 A at 5,5 V. The
ion source filament and arc supplies are
shown in Fig., 9-2,

By mounting the rectifiers and trans-
formers directly behini each source, it
is possible to control each unit individ-
usally at a remote location, via the primary
circuit, with a minimum of IZR power loss,
The total filament power is 13, 2 kW with
an arc power of 0,1 MW,

Floating extraction grid |

Six filoments

Low~energy
cathode plasma

Heat shield

Neutral gas
inlet

Fig. 9-1. Ion source schematic.

3-phase
bridge rectifier 1 =
(4% ripple) arc
+ 2500 A
Arc E: P A tage =
control: ' E-L_H 4(';CVV::: 9e
3-phase,
400 Hz E'L._
§
Filament E:_I ﬁ :
control: X
3-phass, | ;Anode
400 Hz . )
|
Six filaments rated
ot 400A, 5.5V
Fig. 9-2. Ion source filament and arc

power supplies,

Ion Extraction and Acceleration

General Discussion

The critical features of a high-power,
high-current, continuously operating ion
extractor are thz accelerating grids.
Whether they melt in a high-voltage arc,
sputter away from ion bombardment, or
deform by theym: . expansion, their
flimsy structure permits damage that can
interfere with the operation of the entire
source, Therefore, a successiul ex-
tractor design minimizes the prebability
of arcing and keeps the grids out of the
paths of the cha‘rged particles,

To permit high-temperature operation,
we consider here ory slit grids with
laterals transverse to the beam, Such
grids are advantageous over those with
multiple apertures in that precise
alignment from grid to grid is required
in onlty »ne direction, In this way.
allowance for longitudinal expansion of

-86-

e b i e



<>

|~ L —Grid
/r faterols
35 cm,
]

50cm

axis

)/\r

™
?0"'17 20
\ /

7

Characteristic dimensions of
a Berkeley-type ion source,

Fig, 9-I.

the laterals can be made irrespective of
the operating temperature, WNevertheless,
it is not certain if this configuration

permits a greater overall heat dissipation

than 2 multisperture grid, 9-5

Beam Contsurs

Studies of the 15-ke\ Berkeley source
have shov n that when slit grids are suitably
curved and properly displaced to obtain
2 reasonable focus, the beam divergence
corresponding to 1/e value of current
density is approvimately 0.5 degrees
parallel and 2 degrees perpendicular to
the grid laterals, =4 Theoretically,
because these angles are inversely pro-
portional to the square root of the beam
voltage, at 100 keV they should be about
2.5 times smaller. Therefore, a beam
spread equal to the original values of
0, 5 degrees and 2 degrees, when applied
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to a 100-kV beam or a 1530-kV beam should
encompass over 99, 8% of the total beam
current (see Fig. 9-3). Accordingly,
these values have been used in the sub-
sequent calculations,

As shown in Fig, 9-4, the lateral
wires of the source grids will be dis-
placed so as to establish a focus, in the
plane transverse to the grids, at the
blanket wa' 700 cm away from the grid
face. Me. nwhile, no effort will be made
to focus the beam in the plane parallel to
the laterals, While such a focus could be
accomplished by bowing the laterals, in
this geometry the consequent reduction
in the beam aperture would not warrant

the difficulties of fabrication, Particularly

Top view: Porticle dispersion parailel to
tateral wires with no focusing

700 em

Side view: Particle dispersion across the
lateral wires

50 em

lon source

Focol plane

——— 700 em ——— ]

Fig. 9-4. Beam spread diagrams (not

to scale).



for a continuously operated beam with
grids running hot, the curvature would
make precise alignment difficult to main-
tain, Although the beam is designed to
pass through a 20 X 50 cm aperture, some
form of skimmer must be inclua.d along
the injector walls, near the foeus, to
accoannodate the small percentage of tire
beam that may intercept the reactor wall.

Elementary Extraction

Although all efforts consistent with
good high-voltage practice should be made
to prevent arcing, it is impossib e to
obtain a conservative design with a high
current density. This has been "own
many times to be the consequence of the
assumption that the critical voltage, nrior
to kreakdown across a gap, is proportional
to the square root of the gap spacingg"ﬁ;

i,e.,
I
v=cxli?, (9-1)

where the proportiona’ity constant C is a
function of the electrode material and
finish as well as the ambient conditions
of temperature, pressure, ete, 9-7
Introducing this relationship into the
Child-Langmuir Lquation for heam

current density; i. e,,

J=qv¥2,2 4 em?, 9-2)
there resuits,

J=act v78/2 piem?, (9-3)
whe: e for a planar structure,

q = (4ep/Nze/m /2, (9-3a)

Thus, the highest extraction voltage,
when applied to 3 conservative design,

will reault in the lowest current density,
If a Berkel(y source delivering 0,5 A/cm2
at 20 kV is considered typical, the cor-
responding currcnt density is only 0,01
Afem? at 100 &V if a single accelerator
stage is used to extract the beam.

Beam space charge introcduces other
design restriceions, Whoreas ag ac-
celerating grid acts as a divergent lens
to the individual beamlets passing between
the laterals, these beamlets must be
initially convergent in order to achieve
nearly parallel paths on the far side of the
grid. °8 To form initial beamlet con-
vergence, the most critical factor is the
bevel angie of the laterals constituting
the first extracting grid. -9 However,
this convergence can be seriously impeded
by space charge in the beam, Thus, the
initial beam current density as well as
the slit width between the laterals that
control the total charge in the beam can
have a marked effect on source per-
formance. These factors, however, are
normally resolved by computer studies. 8-10

To obtain high-energy beams of
relatively high current density, 1t is
necessary to introduce post-acceleration
stages, 8- There are several ways to do
this, For convenience, consider the current
density to be constant, neglecting the
initial convergence previously discussed
and noting that the 4/3 poser of the
spacing varies with the voltage in ac-
cordance witii Child's T.aw,

2 xz and
V3, Xq be the potential aad spacing of grids

Under these conditions, let v

two and threc with respect to the first
extractor grid at the plasma surface (sec
Fig. 9~5). Then, for the case where the
grids do not disturb the potanti_® =.s-
tribution along the beam,
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V322 - B2, (9-9)

U Vyy
and spacing between the sececnd and third

and Xoq represent the voltage

grids, then, in accordance with the con-
dition of voltage kreakdown,

v.=C 1/2

27 Cio%’ ", (9-5)

P /2 -
Vo3 = Cog¥a3”s (9-6)
where C12 is the breakdown proportionality
constant be«ween grids one and two, and
ng is the corresponding constant between
grids two and three,

that:

Thus, it is found

_ .2 2
.\(23/.\:2 =n (C12/C23) R (9-7)

Arc plasma

YFirsf extraction grid

é;y ¢ o3
XX B

Becm

-——x,
Z
e | e
> 3
] 0 42 Xx=cm
5 V,fp——— /3 4/3
2 2 /—V=(\!/q)2 3,4
2
z V3
o
8
T
2
]
n.
Fig. 9-5, Beam extraction with grids

located per Child's Law,

where,

n-= (\’23/V2). (3-8)
Expanding terms,

Vg = Vz(l + V23/V2), (9-9)

Xg = x2(1 + x23/x2)' (9-16)

so that,

3/2,.2_ .3/2,2 /
V3/ /x5 = "2/ /%5 [+ m¥4a

-2
LSRRIV Ly I

(9-11)
whereby,
(C,,/C )=———-—377—'ﬁ—.
2312 i1+ ny 4-1]1
(9-12)
For C12 = C23, n =0.7, albeit V3 = 1.7V2.

Thus, for a first extractor stage of the
Berkeley type, the current density would
be 0.5 A/cm-z, with V2 equal to 20 kV,
whereas the corresponding final beam
voltage of a single post-acceleration
stage would be only 34 kV,

1t is possible to add successive stages,
requiring five grids to obtain 100 keV,
However, we expect thai the voltage-
holding properties in the post-acceleration
gap will be better than those in the initial
extraction region, Thus, it is reasonable
to allow C23 =1.5 C12' n=1.5, and
\’3 = 50 kV, ete,

Proposed Extraction

An important feature of the following
extraction design is the consideration
given to the shape of the field lines and
to the trajectories of t.ie new-formed,
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low-energy ions originating along the
primary beam path that may ultimately
bombard the grids.

To inhibit the movement of secondary
electrons, the ions are first accelerated
with an initial set of accel grids and then
decel grid at a somewhat
In this way,

subjected to a
more positive potential,
secondary electrons emitted from the
decel grid can be prevented from being
accelevated toward the ion source, al-
though those coming from the accel grid
are not suppressed at all, However, it

is possible to reduce the ion bombardment
of the accel grid and thereby the secondary
electron flow, if only by reducing its
diameter or by ct .nging the relative
potential of the decel grid,

Actually, in the initial extraction gap
the decel grid has little affect upon the
original ion beam, so that Child's Law
applies as before:

_ou3/2, 2 _
J—qV2 /x2, (9-13)

where V2 and Xy are the potential and
spacing of the first accel grid, G2.

In the post-acceleration region beyond
Xg, the potential no longer builds up in
accordance with x because of the
initial ion velocity, Therefore, a dif-
ferent solution of Poisson's equatica iz
required, Thus, in general,

2 m.\ /2
) V~ O -1/2
P c(-z?) v e

which can be rearranged to give,
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(9_‘12
ax
Ty
1/2 v
_23(% y1/28Y
210 A
0 .
3

(9-15)
The limits of integration are determined
by the boundary conditions, Thus, for a
simple space cnarge limited beam as

before,

(9-16}

In this case, however, the decel grid
reduces the accelerating field in the
region of Xg and Xy almost to zero, hence:

AN
(K)x =0.
3

(9-17)

Assuming V2 V3, there rerults
from Eq, (9-15)
3/3+3v 124 _4y3/2
J = q X —-te (9"18)
34
If we allow
£ = (V4/V,), (9-19)

and sclve for the value of £ whick results
in a maximum J for any given spacing Kags
we find at maximum J,

=1/4, (9-20)
or

(9-21)
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Arc plasma Therefore, equating J with the maximum
J in the post acceleration gap, and

First extraction grid assuming \72 =V, we finu that

€ ¢ ¢ ¢ (Cqy/Cyp) = 1.5, (9-27)

a circumstance that, as noted before, may
not be too unfavorahle. The potential
distribution along the accelerating beam

is shown in Fig. 9-6.

Values estimated from these elementary
relationships were introduced into the
DART eomputer c:‘odeg-11 to calculate
the ion beam trajectories, While *he

<

results were nct perfect, they were close

enough to show th.1 satisfactory results

R

could be had with a few rnore iterations,

B

Potential
distribution ==V
<

Typical dimenesions are shown in Table 9-1,
In this table, the finite thicknesses of

. 9-6. Grid layout and potential pro- electrodes are neglected in the definition
file for a proposed two-stage,
five-grid (accel-decel, accel-
decel) extractor,

‘T
o
7

of the effective gaps Xygs snes ¥gge

Gas Flow Through Grids
Neutral gas flowing out of the ion

' Introducing this into Eq. (9-18),
16v3/2

Maximum J = g —_— - {9-22)
(x34)

source passes through the various grids,
establishing some ambient background
density, As a result, some percentage
of the accelerating ions suffer charge
To inhibit breakdown as before, let exchange, While the newly formed
neutrals continue with the momentum
(\74 - '-,73) = C34x:§42, (9-23) they had as ions, the new low-energy
. ions follow field gradients that may be
then too weak to perturb the original ion beam,
Thus, a new ion can be drawn out of the
Koy T 9(V3/C34)2, (9-24) beam to collide with a grid, thereb
2.4 grid, thereby
creating secondary eleetrons that bom-
and bard other more positive grids, Un-

Maximum J = q(59) cf, V2 (e-2m

fortunately, there is always a significant
background gas density becavse most
ion sources have inherently poor gas
But, in the initial extraction gap, efficiencies. For example, the Berkeley
source, with a 50% grid transparency, has
5=qct, v;32, (9-26)  a gas efficiency of about 38%,
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To minimize grid damage, the back-
ground gas density must be reduced.
However, the grids act as flow impedances
which establish pressure gradients much
as a resistor divider string divides the
voltage ncross it, Provided the pressure
beyond the grids is low enough, the
pressure between them 1s predominantly

a function of the gas ilow from the source,
Thus, at higher extraction voltages, whure
grid damage due to ion bombardment is

likely to be more severe, the ion beam

+ constant gas efficiency, the background
gos density and the incidence of charge
exchange are also reduced,

In ti.ese considerations, we have
assumued the pressure beyond the grids tobe
2x 1073
source delivers 0,5 A/cm2

Whereas the Berkeley
at 20 kV with
operating at

Torr.

a gas flow of 21 Torr-£/s,
about 2 X 10-2 Torr, the 100-kV deuterium
source is presumed to deliver 0,2 A/rm
with a gas flow of 12, 6 Torr.£/s,

operating at a pressiure of 10 -2 Torr,

density musi be reduced so that, assuming The 150~keV tritium source meanwhile
Table 9-1, Vuarious extractor designs,
Bvrkeley
Source LLL Dcesign
Iens p* n* T
First accel stage:
(kV) 20 100 150
(k\') -1 75 112.5
J (A/cm ) £.50 0.20 0.075
X9 (cm) 0.39 0. 60 1.2
ay, = IX2,V5 232 w32 2.1 %1978 1.8x1078 1.5% 1078
Cpq = Vyx 1/2 (v-em™1/3 3.2x 100 3.2 % 10 5.4 % 10%
First de_c_gl_stagf_.
G2 diam., d, {cm) 0.20 0.05 0,05
G3 diam., d3 (cm) 0.20 0.20 0.20
X3 {cm) 0. 20 0. 20
V3 (kV) 0 83.0 120, 5
Second accel stage:
V4 (kV) -8 -8
\Y 4 kV) 15 112.5
X34 (cm) 2.3 4.6
_ 2 emn 172 4 4
C34—V34 34 (Veem ) 4.9Xx10 5.2 X 10
Second decel stage:
G4 diam,, d4 (cm) 0.05 0,05
G5 diam., d5 (cm) 0,20 0.20
X45 {cm) 0.20 0.20
Vg (kV) 0 0




2 with 4.5 Torr-2/s

3

operates at 0,075 A/ecm
flow of gas, operating at 5 X 10° 7 Torr,
Various pressurces as calculated for the
regions between the grids are shown in

Fig, 9-7.

Charge Exchange and lonization in the
Extractor

The important advantage of the design
of the proposed extractor is the prospect
of controlling the trujectories of the
newly formed ions and secondary electrons,
Assuming a neutral gas temperature of
1000 K, the fraction of an ion beam
that charge-exchanges or ionizes the
background gas over a short path length
Ax can be approximated by

F, (9-28)

=108 p o, ax,
0 x i

where Px is the neu‘ral gas pressure in
Torr, and oy is the cross section for
production of ions by charge exchange
and ionization, Because o, is a function
of the ion velocity, and because the
potential distribution from: which the ion
velocity can be evaluated is known along
the acceleration gap length, it is possible
to determine the cross section as a
function of the ion path., Such values are
shown in Fig. 9-8 for the Berkeley source
as well as for the 100-kV deuterium and
150-kV tritium sources described here.
Using the potential distribution in the
acceleration gaps as calculated by the
DART code when determining the primary
ion beam contours, it was possible to
establish the path of ary ion starting out
with zero energy anywhere along the
beam, and to learn which grid, if any, it
would strike and with what energy.
Furthermore, from a knowledge of the

Gaus inlet

\First extroction grid

- (32G3 G4 G5
lon D ¢ ® Vo
source D ¢ @ ‘&
B 4 4 ¢ Qlon
5 ¥ beam
= Deute-
T 12T rium
=4
| Tritium
o S
2
g —c
& X Xg%a ®, x5 X—em
Fig. 9-7. Pressure profile int.:: pro-

posed extractor.

region where this ion originated, i.e.,
some Ax of the beam length, using the
previously calculated cross-section
curves, it is possible to estimate the
bombarding ion current, as it is equal to
the fraction of the original ion beam
nentralized along Ax, The percent of the
beam which was neutralized is equal to the
area subtended by the appropriate curve
in Fig, 9-8, over the length Ax (in units
of cm) multiplied by the background gas
density (1016 chmhg). The pressures in
the various gaps, as previously discussed,
are shown in Fig., 9-7,

A rough evaluation of the 100-kV
deuterium source was made this way,
using 60 low-energy ions starting,
slightly off axis, at uniform intervals
along the beam path, Again with the aid
of the DART code, the trajectories of
secondary electrons were evaluated,
These electrons originated on the surface
of the grids at the site of an impact of a
bombarding ion. It was assumed that two
electrons were emitted for every incident

ion,
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Preliminary results of these cal-
culations are shown in Table 9-2,
Sputtering will be a strious problem, As
originally designed, ion bombardment of
G5 is excessive., However, by reducing
the diameter of the grid from 0, 2 to
0.08 cm, most of the ions can be induced
to miss it, and the grid dissipation can be

SOF' t )
P=2%10"° Torr

60f /!' Fp =5.0%
l
l
l

v
3

o

O

o

£

H]

-8
@, -2

£ P =10 “ Torr
~ F0 =4,0%
=

markedly reduced as indicated in the
table by Gb5a.

Because of the high bias between G2
and G3, as well as beiween G4 and G5,
almost no electrons emitted from G3 and
G5 can escupe, In fact, electrons emitted
from G1 can only go into the plasma
because of the negative field in front of

20-kV Berkeley extractor

100-kV deuterium extractor

'l
G4 2

|G5 P=0.4%10" Torr

I | F0 =4.4%

MNeutralization cross section — 10

150-kV tritium extractor

P=0.3x1072 Torr
Fo =7-0%

X = Ccm

Fig, 9-3.

Neutralizing cross sections in various extractors.

If the background gas

temperature is 1000 K, the fraction of charge-exchange events occurring

over a beam length x becomes

X

_1nl6
Fy =10 j Prorr 010 9%
0

<04~



Table 9-2.

Grid bombardment by ions produced by charge exchange and by the secondary

electrons produced on the grid surfaces.

Design feature
Ton hombardment

Fleetron bombardment

Lateral Souree of Total Total
Test No, of circumference Current Energy Power secondary Current Unergy Power  power  power
grid  Laerals” fen1) [EY) (ke ) (kW) electrons t4) thet} kW) kW) density
G5 104 0,20~ 0,33 ki 10,7 i 0.04 d 0.3
0.13 i 10,5
0.07 6% 4.0
0,07 5 0.4 46,3 100.7
G5 105 0,06 0,904 w1 3.2 G 0.04 B 0.3
0.04 3 0.1 3.6 18,5
G4 103 0,05~ 0.04 i 0,4 0.3 2
G3 105 0. 20~ 0.33 1 1.4 G2 0,12 i 1.0
Gl 0,02 Ho 1.8 4.1 4,
G2 105 0,05 0.19 8 1.5 i.5 13.0
G1 105 0.5 a2 0,16 26 4.2
Gd 0,02 108 2,2 6.4 17.4
TA prid baterads e T oem long,

that grid. Only G2 and G4 then act as
sources of electrons which might do
damage to other grids, As a result, all
grids but G2 and G4 can be operated at
temperatures high enough to support
electron emission, However, allowance
must be made for thermal expansion of
the laterals without disturbing the grid
alignment.

Obviously, there are many design
options available, such as the lateral wire
diameter, grid location and potential,
to establish secondary fields which will
guide newly-formed ions into regions
Only

the most cursory attempt to optimize

where they do the least damage,

these designs has been made to date, ano
much work is yet to be done to anslyze

the power flow,

EJECTOR PUMPS

Each ion source operates at a high
positive potential relative to ground, and
it is packaged, with its own filament and
arc supply, inside a grounded electrostatic
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shield of which the final decel grid forms
Through this grid, the high
energy ions travel toward the neutralization

a part.

cell along with the low-energy neutral
gas QS which flows from the ion source.
Actually, only a limited quantity of low-
energy gas QN will proceed into the
neutralizer, The remainder (Qq - QN)
flows back between the shielded ion
sources and into a large pumping chamber
that is roughly 2 X 4 m in cross section
and possibly 5 m deep (see Fig, 9-9).,
The gas flow through the neutralizer
QN can be evaluated by assuming that the
pressure Po between the ion source and
the neutralizer cell is maintained by the

3 Torr,

pumps at 2 X 10° The neutralizer,
1 m long, has two liquid-nitrogen-cooled

walls, The 10-cm separation between
these walls is just enough to clear the
beam. At the neutralizer output, the
ambient pressure P
than 2  10™% Torr

on each side of the beam,

Ris kept at less

by cryopanels mounted

From a calculation of the conductance
of the neutralizer cell, the flow of gas



QN is determined to be 3,0 and 2.4 NEUTRALIZER CELL
Torr-£/s for deuterium and tritium.

These data are arranged in Table 9-3 to The neutralizer thickness r is defined
allow evaluation of the total gas flow in as:
both the Type A and Type B injectors. -
7 = [ ndx cm 2 (9-29)
Because a 120-cm mercury ejector ) :

pump is capable of pumping 5 X 1042/5

of hydrogen, four fully baffled pumps where x is the neutralizer length, and n,

should be miore than capable of handling the background gus density, can be
the 1,33 x 10° 2/s required for a Type A
injector and the 0, 98 X 10° £/s required

for a Type B injector, n = P_/kT cm”

expressed by

8, (9-30)

Neutralizer cell
with liquid~nitrogen-
cooled walls

Cryopanels with chevron heot shields

Gas 0
flow to { o _

injector { “s "N ' ST ET PN
pumps ) 2 \; Y z_\_\_\ TSI

Filoment ond arc Qs : N R M
| _ power s—lm—':lles——l——):f e T /7 )/)/}

- . S»>> >
GG (s fon 222222
2 >>>>>>>
s Electrodes Ian beam direct converter
at 80 kV for 12 A of 100-keV
-3 Electrode at -30 kV 0¥ in a neutral o0 beam
P0 =2x 107" (showing ion trajectories)
5 Electrades at 0 V
L
! -3
@ Pay = 10
2
8
= pp=2x10™
15 115

X == cm

Fig. 9-9. Beam line schematic and pressure profile through the neutralizer cell,
including che beam direct-energy recovery system,
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Table 9-3, Gas pumping requirements.

Type A Type B
injector injector
Deuterium Tritium Deuterium Tritium
No. of sources, N 42 28 28 42
Gas «fficiency, ng 0.3 0,3 0.3 0.3
Gas flow per source {Torrs{/s)
Qin 12,6 4,5 12.6 4,5
= - . 8.8 .
QS (1 ns)Qin 8.8 3.2 3.2
Qy 3.0 2,4 3.0 2.4
(Qs - QN) 5,8 0.8 5.8 0,8
Total flow, (Torr.{/s)
- 22 34
N(Qs QN) 214 162
Total TQ 288 196
-3 . -
Pump pressure, P0 (Torr) 2X10 2x10 3
+ +5
Pumping speed, S = 32 (4/s) 1.33 ¥ 107 0,98 X 10
0
In Eq. (9-30), P is the background pressure The neutralizer efficiency is

in Torr, T the gas temperature in K, and
k the Boltzman constant in these units, F=Fo, [l - exp {-w(alo + 001)}] , (9-32)
i,e., 1,024 X 10719 Torr. cmB/K.

Per Fig. 9-9, the neutralizer thick- where F  is the efficiency of an ideal
neutralizer of infinite length, and ¢, , and
ness can be calculated from: 10

Oyy are the ion~neutralization and the

7= (Po/ET)"I + (1/2P0/5T)x2 cm2. (9-31) neutral-ionization cross sections at the
beam energy under consideration,

Both the 100-keV deuterium and the

In Eq. (9-31), i* is assumed that the
. - . 150-keV tritium beams travel at the
neutralizer walle are liquid-nitrogen d& theref b )
sa s 3 t efore, thei tralizati
cooled, thus the gas temperature T is me speed; ther €. their neutralization

ici ies and cro ti
about 77 K, Allowing for the space efficiencies and cross sections are equal,

between the ion source and the neutralizer, albeit

x, 15 15 cm and Py is 2X 1073 Torr, Fo,, = 0.53, (9-33)
Meanwhile, the average pressure in the

neutralizer cell is about 1/2 P, and its and

length Xy is 100 cm, Thus, 7 equals

1.5 X 1016 cm?, 00+ %) = 1.68x107 6 cm®  (9-34)
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for the neutralizer cell described

here.
Then,
=92 -
”(010 + 001) 2,5, (9-35)
and
F = 49%, (9-36)

Similarly, for D; and T+, F is T2%;
and for D; and T;, F is 78%,

ION ENERGY RECOVERY

Exiting from the neutralizer cell s a
flow of low-energy neutral gas (QN per
source), a beam of high-energy neutrals
with components of either 100~, 50-, and
33-keV D’ or 150+, 75+, and 50-keV TO,
and the remainder of the high-energy ion
beam which did not become neutralized,
This mixture enters the jon energy re-
covery System where negatively biased
electrodes, located on hLoth sides of the
beam, hold back any electrons which
would otherwise be extracted from the
neutralizer by the positive potential of the

ion-collector electrodes, Figure 9-10

+ 80 kV

FRDNNNY
PP

cm

Neutralizer,
0

kv

10

Beam direct converter for
12 A of 100-keV D* in the
presence of a neutral DO
beam,

Fig. 9-10.
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shows the clectrode configuration in the
direct converter for a deuterium source,

This electrode configuration was de-
veloped using the DART code, However,
tite space-charge blowup of the beam
beyond the negative stage (whepe the
neutralizing electrons : re stopped) can be
approximated by making a few simplifying
assumptions, The analytic solution gives
the dependenre on the various parameters,
and in particular, shows how to adapt the
deuterium energy converter design to
tritium beams,

Consider a sheet beam of ions of
thickness h flowing (n the x direction
(see Fig, 9-10)., The ion charge density
p is approximately uniform across the
beam and is proportional to the current
density j divided by the directed jon
velocity Ve The velocity Yy depends on
initial energy W0 and on the potential 4,
which is assumed to increase linearly
That is, for motion in the x-
direction we ignore space charge and

with x,

assume a uniform applied field B, in the

negative x direction. We define distance
L by setting Ex ~W0,"eL, where e is the
charge on the ion,

Electrons are stopped
at x = 0 with the result that the Space
charge of the ions will cause the beam to
expand beyond this point. Ey Gauss' Law,
the space-charge field ontside the beam
is given by (neglecting the X-component
of space-charge ficld)

E

y = ph/ZEO,

where € = 8,85 x 10712 f/m,
p in terms of the total ion current [ which
is assumed to be constant,

We express

o= I/fhvx.



where € is the width of the beam {measured
into the paper in Fig, 9-10). Then, the
outward acceleration of the ions ut the

edge of the beam is

dv
A

at = ek /M = el/2egMev, .

Divide this by the longitudinal acceleration,

dv

—-—(L /M

= -Wo /ML,

to obtain

dv
—-de‘ = ~ell;2 to\hoﬁv .

This can be integrated to give

= (ell. 2e (“O)ln(vo’!vx

vy L 2¢q ), (9-37)

)
where Yo * Qw_ - M)l" < is the initial

value of Ve The conservation of energy

requires that

2
%'\l \'2 4 \';)‘ ed = WO:

2 9 R
We assume v = \: when the ions contact
the walls, so that

2 .
vo = v; = (W, /MX1 - e S/Wqd.

<

Finally, we can solve Eq. (9-37) for I/
and substitute in for vy and v‘y to get

3/2 v /v
Wo W B (9-38)

- [3a-e ¢/w0>]1/2.

where v /v
x/ 0

Eq. (3-38) is not exact, but it does give
the functional dependence of the space-

charge limited current I on ionic charge
e, ionic mass M, initial ion energy WO'
scale-length L, and on the anproximate

efficiency of energy recovery

Tgnc = ¢ ¢/W

FFor example, Eq. (9-38) indicates tha
to collect 100-keV D' at 80 kV, (if all of
the ion current were collected, this
operation would be ideally 80% efficient)
vx/vo = 0,32, and (with ¢ = 35 cm,
L=10cm) =534, Withthe recovery
electrode at 70 kV, 1= 7,8 A, These
currents are low by a factor more than
two from the more accurate values ob-
tained numerically from the computer code,
Thus, 1ig. (9-38) is useful 1o show the
functional dependence of current on the
other parameters.,

Retailed numerical calculations were
done with the DART code and the geometry
shown in Fig. 9-10. The results were
that 6,7 A of a 7.0-A beam of 100-keV' 1*
is collected on the 90-kV electrodes,

The central 0,3 A of the beam is either
reflected back into the neutraiizer or
passes on through the direct converter
Whether the
central part is reflected or transmitted,

toward confined plasma,

and just what fraction of the beam does
one or the other, depends critically on
the current I, Equation (9-38) shows that
if the collector voltage is decreased from
90 to 83 kV,

to 12 A wiih an efficiency of 78% for

the current can be increased

collection of the full energy p*.
However, the 10.8 A of 100-keV D
are accompanied by not only 12,0 A of

0
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100-keV D*, but also by 6.4 A of 50-keV
and 7.1 A of 33-keV D, 2,3 A of 50-keV
and 1,4 A of 33-keV D', plus insignificant
and D;. The power
carried by the fractional energy ions is

+
currents of D,, D,,

only 12% of the total unneutralized beam
power, The simple direct converter
considered here is not capable of re-
covering power from fractional energy
ions, Simply inserting u low-voltage
electrode, to intercept low-cnergy jons as
they leave the beam, does not work if it
requires an increase in the length, it
may be possible to insert scraper clec-
trodes along some existing equipotential
surface to recover some low-energy
power without sacrificing many of the
full-energy ions as indicated in Ref, 9-12,
f"or the present, we assume that the
fractionul-energy ions are recovercd at
zero net efficiency, This assumption
requires a balance between those that
strike the negative electrode releasing
secondary electrons and those caught on
a scraper electrode, That leaves only

the B88% of the beam power that 1S carried
by full-energy ions, and they are collected
with 78% eificiency, The net efficiency
of the beam direct converter is then
"ppc * 89%

The other 31% of the unneutralized
beam power will appear as heat and will
require cooling, This heat could be con-
verted to electricity in a thermal bottoming
cycle to the direct converter, For
example, if the thermal efficiency is
limited to 35% (because of the different
high voltages), the net direct converter
efficiency would be "epc ° 0.80. A more
satisfactory sulution would be to avoid the
molecular ions and prevent the fractional

energy ions and neutrals from being pro-

duced, In fact, the fractional encrgy
neutrals may present an even more
serious problem than the fractional-
energy ions 4o, because the low-energy
neutrals do not penetrate deeply into the
plasma, and may even produce a net power
loss from the plasma by charge exchange
with trapped full-energy ions,

So far, the direct converter discussion
has focused on the deuterium injectors,
For tritium, the efficiency is higher
because the lower current and bigher
encrgy (4.3 A of 150-keV T instead of
12 A of 100-keV' 1D') more than offsets the
effect of the increased mags of the ions,
We again use Eq, (38) to scale the com:-
puter results and find that the collector
voltage should be set at 143 kY to coliect
95° of the tull-cnergy tritons at 25 of
full voltage, This \\'ould‘givv TLoc ¢ 0.91
if no fractional-cnerpgy T  were present,
Including them reduces the cfficicncy to
pe ¢ 0,81, with the same assumptions
as for deuterium,

The collected ions become a gus lond
in the direct converter, ::nd result (see
below) in « gas pressure of 2 X 1077 Torr,
Tuo hold the voltages at this pressure, the
Paschen curve for hydrogen shows that
the interelectrode spacing must be less
than about 0,5 m, Since the overill
length of the direct converter is 0,5 m,
the condition is satisfied,

The collected ions constitute @ gas load
(QB per source) that must be pumped away
along with the gas QN that flows out of the
neutralizer, The gas flow QB can be
calculated as

N + +
QB = (0, 19)(1/2X" + X2

+ 3/2x;) Torr-4/s . (9-39)
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where X;. X;, \_; represent the atomic
and molecular ion components of the
beam,

Thus, it is determined that QB is
for the

1.5 Forr (/s and 0,5 Torr.( s

denterium and tritium beams, whereas

the sum (Q“ ' Q,\.) is 4,5 and 2,9 Torr- (/s ,

respectively,  To maintain o pressure 1P

. R
of 210 4

Torr in this region, the

pumping speed Sp must be such that

IR T N
y 3 B
! R

S (9~40)

from which it is determined to be
2,3 104 (’s for u deuterium beam nnd
1.3y 1()'1 {’s for tritium,

Because o baffled eryvopanel con cope
with 7 (/s per (-mg, approximately
3300 r:m2 and 2100 vm:Z of cryopanel
surface arc neceded in the ion energy re-
covery system region to maintain the
desired pressure,

It has been assumed, however, that
the ion energy recovery system will
require ubout 50 cm of beam line with an
average height of 60 em reserved for the
output of cach ion source, Thus, allowing
for two eryopanel surfaces, one on each
side of the beam, there will be approx-
imately 6000 cm:E of cryopanel surface

available,
PRE-INJECTION PUMPING

Beyond the encrgy re.overy unit,
another 100 cm length of ‘ryopanel is
planned, This far down a.ong the beam,
these panels must be sepasated by about
27 cm to minimize beam interception, and
the average ratio of panel length to half

width of separation becomes 7.4.

According to Smith and Lewin's
study, s-13 corresponding ratio of length
to radius of a cylindrical pumping system
results in a4 pressure drop to about one
two-hundreth of the original value, If
this value is applied to this planar parallel
cusec, the pressure at the blanket window
should be of the order of 4 % 10-6 Torr.
MAGNETIC SHIELDING

The injectors, neutralizing cells, and
beam cnergy recovery systems must be
shielded from the fringing portion of the
reactor magnetic field. The volume to
be shicldcd, indicated by Fig, 9-11is a
truncated pyramid for each injector
assembly, with a base cf dimensions
7 ¥ 3.5 m and with an altitude of 3 m,
In principle, it is possible either to
shield the entire assembly or to shield
each individual module,

The fringing magnetic field is two
dimensional on its plane of symmetry,
which includes the centerline of each
injector assembly. The fringing field is
roiighly parallel to the reactor con-
tainment field within the magnetic coils,
and is anti-parallel to the containment
field outside the coils in the flux-return
region. A region of minimum field in-
tensity exists where the field reverses its
direction, Fortunately, the injector
assemblies are located in this region of
minimum flux intensity, where the mag-
netic shielding requirements are least
severe,

Figure 9-11 shows the magnetic field
intensities along the beam line axis,
where B” and BJ. are the field components
parallel to and perpendicular to the beam-

line axis. The portion of the injector
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assemblies requiring magnetic shielding
extends for about 3 m, Note that this
region includes the points of field re-
versal and the minima of By and BJ.'
The maximum tringing fields to be
excluded are B, = 2.3 kG and B

| max fmax
= 4,2 KG. Magnetic shields for such

_1 T T 1 | —
é 0+ ‘Accel=decsl region
| ]0-3 Neutralizer n
® s Energy recovery g
2 1077 Cryopumping -]
2 |-
) }
A1) .
' I~
- 20 Bl -
2
S 1F BIl ﬂ
|
£ 0
2 -10 1 i I 1 I

12468101214

Plane of the final decel grid of the
fon source X=m [}

Cryopanels l
o \/ Neutral beam focui

~—Neutralizer cells

(v

Plasma

Jon sources and center

associoted power
supplies

Beam injection line

Fig. 9-11, Peam convergence and pro-
‘iles of pressure and fring-
ing magnetic fields, where
B, and B| are the com-
ponents of the field perpen-
dicular and parzllel to the
beam axis.

field intensities are feasible but are not
trivial for large volumes, In this design,
we shall take advantage of experience and
computations arising from design and
operation of the injection systems for
Bascball and for 2x1t, 771

Kxperience is available ¢, operaion
of u supercondueting magncetic field which
successfully excluded o kKilogauss mag=
netice field from a4 volume eomparuble to the
size of one injector module, An iron shield
was ualso required 10 reduce the field
Lelow 10 G because of openings in the
superconducter, It can be stated with
high level of assurance that similar
techniques will fulfill the shiclding re-
quirements of the fusion-fission reactor,
Enginecering development is required to
determine the best design for the purpose,
but is not requirced to demonstrate
feasibility, A superconducting shield for
each module can be installed in thermal
contact with the crvogenic gas-pumping

surfaces required for cach module,
INJECTOR EFFICIENCY

The overall efficiency of the injector
system is important in any application,
On mirror-type fusion reactors, the in-
jector efficiency must be high because of
the large recirculated power, Typically,
only a few percent of the injected current
(1, 3% in the present hybrid design)
results in fusion reactions, and the re-
mainder must be recovered and reinjected
with good efficiency, This is why direct
conversion of both the unused heam and
the escaping plasma is so important.

We evaluate the overall injector ef-
ficiency by analyzing each process )

separately. Various injector performance
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T.oble 9-4, Injector performance,

Berkeley LLL Fusion-fission
design design
Gas Deuterium Deuterium Tritium
Beam energy tkeV) 20 100 150
Operation Fulsed Continucus Continuous
Fili:ment power/source (kW) 34 13.2 13.2
Arc power source {MW) 0,20 0,10 0,10
Extricctor power: source {MW) 1,4 2,94 1.6
-2 - -
Source pressure (Torr) 2x10 ° 1>10 : 0,5> 10 2
Gas officiency ) 34 30 30
Total pas flow source (Torps{ s) 21,0 12,6 1.5
9

Ilmission current density {(Aaem®) 0, 50 0.21 0,075
Total ion current source tA) 70,0 29,4 10,5
Bram componuents 4.-\)"

N°(75") 52,5 22,1 7.9

Ny (sm) 10,5 4.4 1.6

Ny (107 7.0 2,9 1.0
Neutral beim output source (A)S

N0 (1 407y 10,8 3.0

N0 T2 3.2 1.2

T 2.3 0.8
t nneutralized out source (A)S

hy 11, 1.0

Xé 1.2 0.4

\" 0.6 0.2
quivalent gas flow of unncutralized

output source {Torpr.i  s)e 1,5 0.5
Total number of sources 140 140
Total x° (A) 1500 550
Injected neutral beam power (AIW)

At full energy 150 82,5

At ha' energy 44.4 25,4

At third energy 31,9 16,9

9Gas cfficiency = equivalent gas flow total gas flow,
s B . .

b.\ » Xy X, represent the atoraic and molecular flow in amperes,

“Molccular ions X, and \dr will be dissociated by collisions in the neutralizer, but in

this table they are ¢ mputed’;as if they were not dissociated,

dl-:quivalem gas flow = G, 19 (1,/2:'(1 + _\’; + 3/2.\’3) Torrs{ s ,

parameters are summarized in Table 9-4, celerating the ions, KEarlier in this

In the diagram (Fig., 4-2) of the flow of section, we determined that 13, 2 kW
power through the injector system, L are used by the filatnents and 100 kW by
is the efficiency of producing and ac- the arc in one 29, 4-A deuterium source
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(see Table 9-4), This amounts to 3, 8keV
per deuteron and a 3, 6% loss of energy for
100-keV ions,
in a 10, 5-A tritium source, but will

Less arc power is required

probably amount to slightly more than
3.8 keV per triton, We assume a 3, 8%
loss for 150-keV tritons, the same ac for
the 100-keV deuterons,

Losses during acceleration result from
secondary ions which result from charge
exchange and ionization of background
gas, These ions are accelerated in the
electric field and may strike a grid,
giving up energy and releasing secondary
clectrons, These processecs are discussed
on p, 93, und the results are tab-
ulated in Table 9-2.

to grid bombardment is 16 kW for the case

The total loss due
with reduced size for G5, Secondary ions
which escape without striking a grid
probably account for another 16-kW loss,
making a total loss of about 30 kW in
accelerating 29,4 A of ions. This amounts
to a 1% loss for a deuterium source, and
we assume the same for tritiuvm, When
combined with the 3, 6% loss in creating
the ions, the total loss is about 4. 6%.
Therefore, Nge = 95% for both deuterium
and tritium,

The neutralizer efficiency F was shown
above to be F = 0.49 for DJr and T+,
F = 0,72 for D and T;, and F = 0,78 for
Dg and T;. For the entire beam (which
was measured in a Berkeley source to
consist of 75% DY, 15% D;, and 10%, Dy).
the net efficiency of the neutralizer is
F : 0,55 for both deuterium and tritium,

The net efficiency of the direct converter

for recovering power from the unneutralized

ions was shown to be nppC © 0, 69 for
deuterium and TRpC ° 0, 81 for tritium,

assuming the fractional-energy ions are

caught at zero efficiency. A thermal
bottoming c¢yelr could increase this to
If the

fractional-energy ions are eliminated,

0, 80 and 0. 68, respectively,

the direct converter efficiencies without

a thermal cycle increuase to 0,78 for the
12 A of 100-keV D' and 0, 91 for the 4.3 A
of 150-keV TV,

QOverall injector efficiency is defined
here as the ratio of the neutral beam
power that is injected and trapped (Pin
= 225 MW]) to the total power consumed
by the injector system. Figure 4-2 shows
the power flow through the injoctor sys-
t. a for the case where fractionai-energy
ions are present aud taking 8pe ° 0.89
and F = 0, 55,
assumed for the injector, but that part of

No thermal cycle is

the neutral beam power that is not trapped
ir the plasma is assumed to be recovered
in a thermal cycle with efficiency
= 0,38,
penetration were described in Section 5,

It appears that 94 to 96% of the beam
power is trapped., We assume here that
fp = 0.94, The result is (see Fig. 4-1)
that the injector system consumes 318 MW

"Thi
The calculations of the beam

in injecting 225 MW, giving for the in-
jector efficiency n; = 0,71,
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10. Tritium-Handling System

INTRODUCTION

The tritium systems described here
for the hybrid fusion-fission reactor

represent both new and expanded approaches

when compared to those developed for the
FERF reactor. 10-1 The major differences
between the two sets of systems have evolved
from the choice of a solid blanket breeding
material for the hybrid reactor.

Most of the considerations discussed
in this section are part of one of the

three major areas of interest:

® Recovering fuel from the blanket material,

¢ Processing fuel for recycling to the
reactor by means of a purification and

isotopic separation system, and
e Containing tritium for environmental

and personnel protection,
All systems designed to achieve these
ends are provided in duplicate in order
to insure a high degree of reliability and
to permit repairs without shutting down
the reactor, The total comprises a
complete system for the recovery and
processing of tritium. A new possibility,
a vanadium diffuser, permits direct
recovery of tritium from the blanl
coolant, The largest uncertainties in
the tritium-handling system relate to
the physical-chemical properties of the

blanket material,
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FUEL RECOVERY

Bilanket Characteristics

As described in Section §, li.hium
aluminate (LiAlOz) was chosen ss the
blanket material for breeding tritium,
The blun'et contains 1.23 - 10° kg of

LiAlO2 with the lithium * 2ing snviched in
6

Li. The *re«lding ratio varies from 1,05
at start-up to 1, 30 after 20 years; we
used the latter value for designing the
fuel-recovery system,

The lithium aluminate is contained as
a powder clad in stainless steel cans,
with high-velocity helium flow or the
outside of the cans fcr cooling and low-
velncity helium flow through the powder
to pick up and carry away tritium, In
the present de=ign, both helium flows are
later combined into a single coolant flow,
The blanket also contains as a neutron
moderator graphite at 4.5 to 1 volume
ratio with the lithium aluminate, The
graphite is also clad in stainless steel,
Helium coolant will exit the blanket
modules at 600°C and at a pressure of 20
atm (2,0 MPa),

Lithium aluminate is a stable ceramic
with a melting point of ~1900°C. To
reduce the blanket inventory of tritium
and to enhance its diffusion into the
helium stream, the lithium aluminate
particles must be about 0,44 mm in
diameter, 0-2

T'he iritium inventory in the blanket
depends upon the diffusion coefficient of
tritium in lithium aluminate and on the
r. rtial pressure at which ‘we are able to
recover tritium from helium, This
partial pressure, in turn, is related to
the concentration of tritium at the lithium
aluminate surface by Sievert's constant
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where N = atcin fraction of T in I.i.»\l()2

P = partial pressure of T,, Torr.

Estimates of the partial pressure and

inventory of the blanket tritium for one
reactor design, UWMAK-II, 10-3
13,3 mPa (10”* Torr) and 42.0 g, re-

re

spectively, These values yield a Sievert's
constant, k_ = 1,07 X 107% atom fraction
Torrllz on a lithjum basis,

Because oxygen is available from
AlO; radicals remaining after lithium
transmutation, i,e,, part of the tritium

will be released as TZO'

3 4

61_.iA102 +n—e"H"+*He + A10]

2 AIOZ———AIZO3 +0 .,

Wittenbergw-4 has estimatad that about
10% of the tritium will be present as T20.
Tritium must be recovered at a rate of 81 }
umol/s (the breeding rate). Hence, 73 |
umol/s of T, and 8 umol/s of TZO will
constitute the steady-state recovery
rates,

We will design our recovery @ ‘stem to
extract 22% of the T2 gas and nearly =11
of the TZO passing through it, We will
process ~0, 5% (6 kg/s) of the total helium
flow, and we will allow the blanket in-

ventsry to increase until the T2 partial
pressure becomes 0.45 Pa. Because
water will inhibit the diffusion of T2 into

our vanadium diffusion membrane, we

must first remove nearly all of the TZO' §
If we assume that temperatures are

similar to those in UWMAK-II, the blanket

tritium inventory can now be calculated.

To compensate for the portion of tritium



as T2
0. 51 PPa,
given above, the blanket contains an
atom fraction of 6.6 X 10”°T in lithium,
giving a blanket inventory of 37 g, which
inturnreflects a hold-up time in the blanket
02 Thetritium inventory in

O, the T2 pressure is taken as
Using the Sievert's constant

of ~24 hours. 1
the helium coolant is less than 0.1 g.
These figures are only estimates;
however, it is worth noting, if necessary,
we could increase the blanket inventory
over an order of magnitude in order to
maintain our tritium partial pressure at
our design assumption, This tritium would
be tightly held when the reactor is cold.
We could also redesign the fuel-recovery
system to operate at a tritium partial
pressure as low as one-fifth of that
assumed here, but at increased cost, The
graphite portion of the blanket has the
advantage of providing a relatively iow
fire hazard compared to blankets materials

such as liquid lithium,

Fuel-Recovery System
A schematic diagram of the fuel-

recovery system is shown in Fig, 10-1,

The system will proce. . 5 follows,

helium taken downstr<am of the power

cycle heat exchanger at ~300°C:

® Thegasiscooledto-20°C byaregener-
ative heat exchanger and refrigerator.

e Essentially all T20 is removed by a
molecular sieve bed,

e The gas is then reheated to 600°C,

e Part of the T2 diffuses through a bank
of permeable vanadium tubes.

® The final effluent is returned to the
main helium stream,
To prevent fluidization and attrition of

the sieve material, 10-5 the molecular

sieve bed requires an area of 5.2 m",

The bed contains 720 kg of type 5A sieve,
giving a depth of 20 cm, In this short
depth, gas flow is still highly turbulent,
and good drying is insured. By operating
at -20°C up to a maximum TZO loading
equivalent to 0,5 wt% HZO’ the bed will
dry to an exit partial pressure of ~0,2 mPa
of T,0. Recovering 8 umol/s of T,O
requires an inlet partial pressure of
~11 mPa of TZO'

The hed can be regenerated to a
residual loading that is equivalent to ~0, 2

[ Reactor
Main He
coolant flaw
l 600”oC Power cycle | ~300°C
heat exchanger
L_ 6 kg/s
af He
Moke-up
heat
exchanger —* -
. j b3
regene A?T: :E Vanadium
rativ : !
heat exchanger —* : %lof'fotésg
heat exchanger % ]
2
«20°C /T
Molecular
sieve
bed
‘ 7,0
Electrolytic
cell

Fig, 10-1. Fuel recovery system.
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wt%h HZO' The bed will have a total TEO
inventory equivalent to 1200 g of T2, of
which 720 g can be recovered and 480 g
always stays on the sieve (residual). The
bed capacity is equal to 172 days recovery
of T20.

To regenerate this molecular sieve
bed to a 0, 2 wt% residual loading, a
second molecular sieve bed must be used,
Helium effluent at 315°C from the primary
bed is cooled to 25°C and passed through
the auxiliary bed, The latter contains
20 kg of 5A molecular sieve, and the
loading is allowed to rise to ~12 wt%

This bed, in turn, is regenerated at 315°C,
and its effluent chilled to -25°C to collect
the TZO' When the auxiliary bed is not

in use, its residual T2 content will be

33 g.

Finally, the TZO is decomposed, and
T2 gas is recovered for use, The TZO
recovered from the auxiliary molecular
sieve bed is either sent to an electrolytic
cell for electrolysis or reacted with a
metal to release Tz.

A vanadium diffuser operating at 600°C
separates T2 gas from the reheated
helium process stream, The diffoser
contains a bank of vanadium tubes through
which the helium passes, Tritium that
diffuses through the tube walls is collected
by pumps,

Vanadiurn was chosen over niobium for
the diffusion medium because it is less sub-
jecttosurface degradation by oxides. 10-6. 7
The vanadium surfaces can be also pro-
tected by a thin coating of palladium, 1078
which is both very permeable to tritium
and relatively insensitive to the presence
of oxygen, Solid palladium tubes are
prohibitively erpensive in the sizes

required,

The diffusion coefficient of tritium in
vanadium was taken from Stewardw-8
for deuterium in vanadium:

D=D exp%

where: D, =3.3%x107% sz/s
E =7.1kJ/mol
R = 8,314 J/mol K

At 600°C, D equals 1,25 X 10™% cm?/s.
The solubility of tritium in vanadium
was taken as the same as for hydrogen. 10-9
These data were extrapolated to 600°C
and converted to a value for Sievert's
constant k_ of 1,37 X 1073 atom fraction/
Torrl/z. Tritium concentrations in
vanadium tube walls were then calculated
by assuming partial pressure values on
each side of the wall, Tritium concen~
trations for any given partial pressures
as calculated from data by Veleckis and
Eldwardsw_10

those given above, Thus, the values

are slightly higher than

arrived at here will be the more con-
servative,

With a helium flow of 6 kg/s and an
entering tritium partial pressure of 0,45 Pa,
a mass balance sets the tritium partial
pressure at exit at 0,35 Pa to recover
73 umol/s of Ty
tritium pressure TD-] in the diffuser of

This gives an average

0,40 Pa, Tritium passing through the
vanadium tubes is pumped away at a

pressure P_ of 0,12 Pa, The corresponding

concentratigns, El and C,, in the metal,
as in Fig. 10-2, are 0,098 and 0,056
cmaatm Tz/cma\’, respectively, Em-
brittlement of vanadium does not occur
until the hydrogen concentration is at

least 18 times that experienced here, 10711
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(Py) T
2T, {"2
Vacuum
Fig, 10-2, Tritium diffusion through

vanadium tube wall,

The problem is now to determine the area
necessary to diffuse the required quantity
of tritium,

We will plan on 14 60-mm-inside-
diam vanadium tubes to handle the
helium flow., Using an allowable stress
of one-eight of the rupture stress of
vanadium at 600°C, 12712 31 MPa, the
wall thickness, t, becomes 2 mm, The
diffusion flow was approximated by the
solution for a flat plate:

o D(TS1 t— CZ)A ,

where n = 1,63 cm3-atm/s of T2 {73

umol/s).

Solving for area A and converting area
into tubes, the diffuser becomes an array
of 14 2,4-m long tubes. Our computer
code, DEMON-II, could be used to obtain
a more detailed calculation of the per-
meation process, but this seems un-
warranted at the present time.

The tritium pressure, P2 is main-
tained at 0, 13 Pa by pumping the tritium
with two 10-inch mercury diffusion pumps
equipped with cryotraps, For a cross
section as shown in Fig. 10-3, the pumps
need a speed of about 1600 £/s each, The

output is staged up to ~4,0 kPa using a
mercury ejector pump, followed by two
valve-less "wabble-movement" pumps in
series, to give a final P ~ 67 kPa,

This diffuser was designed as a
simplified form of a separation process
described by Hickman for a liquid-lithium
blanket.1 -13
is remarkably similar to that described
by Watson, 10-14 R
principle is that suggested by Werner, 10715

However, its final form
and its performance
The total drop in helium pressure

within the fuel-recovery system is less
than 20 kPa (~1%),

*Similar to Edwards Model 2M4B or
XME3.

Helium flow inside vanadium tubes

o

_ Cold traps and
|#" Hg diffusion pumps™™

Hg
ejector
pump

I,

Vanadium diffuser cross
section.

Fig. 10-3,
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The major cost of the fuel recovery
system is the regenerative heat exchanger,
which has a refrigerator and a make-up
heat exchanger. Th2se are conventional -
components, with each complete heat
exchanger estimated at $1.3 million,
Costs of the vanadium tubes for the
diffuser are based on costs for stainless
steel tubes certified for tritium use,

The
25-mm-~diam, stainless steel tubes cost
~$100/m of length, We estimate that
60~mm-diam, vanadium tubes will cost
~8330/m; when they have a palladium

much of the cost is for certification,

coating inside and out they will cost
~$660/m. The total cost of the material
then becomes $34, 000; the diffuser
assemblies are estimated at $134,000
each, Molecular sieve beds with regen-
erative equipment will cost $72,500 each,
Pumps and controls will cost $64,000 for
each system, Finally, with installation
and checkout, the fuel recovery systems
will cost a total of $3,155,000 each,

FUEL RECOVERY DURING START-UP

The initial tritium breeding ratio for
this reactor is 1,05, About 90% of the
tritium (59 umol/s) *ill be recovered in
a continuous process as T2 gas, The
remainder (6 umol/s) will be recovered
as ’I‘20 in a cyclical process which will
take 210 days at this breeding ratio,
Since the reactor will burn 62 yumol/s, an
external supply of tritium equivalent to
~3 umol/s (1,8 g/day) must be provided
until the first TZO is recovered from the
molecular sieve beds,

We noted earlier that the molecular
sieve beds always have a residual loading
of 0.2 wt% water, and that they will be

loaded to 0, 5 wi’'. water equivalent as
T2O. During the first '1‘2
cycle, we will get roughly proportional

amounts of TZO and of the residual water
loading., This means that the first cycle
will recover only 430 g of Tz, although

720 g of T2
the remaining tritium builds up the

O desorption

were absorbed (all as Tzo):

residual inventory on the molecular sieve

beds. However, 430 g of T, is enough to

meet all reactor requirements until the .

next desorption cycle, which will be a ‘

similar cycle for the second molecular

sieve bed. '
The initial residual loading of the

molecular sieve beds will be DZO' Then

the mixtures of (D, T)2 recovered [as

(D, T)2O] from early desorption cycles

can be fed directly to the isotopic

separator, without contamination from

H2'
The tritium breeding ratio increases

to a value of 1,11 after about 5 years and

reaches a constant value of 1,30 after

20 years, With the above start-up con-

ditions, we can show that:

¢ The reactor will need an outside supply
of 376 g of T, during the first 210 days,
in addition to the starting inventory,

e No significant excess T2 will be avail-

After 2

years, the reactor will produce about

able du.ing the first 2 years.

410 g/year of excess T,.
e Excess T, will increase to 1300 g/year
after 5 years, and to 3550 g/year after

20 years.

Alternate Systems

The system just described was chosen
to give a continuous process for recover-
ing tritium with a minimum inventory and
to be compatible with a lithium aluminate
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blanket,
considered:
e Addition of oxygen with lithium

Two primary alternates can be

aluminate to collect all tritium as

T20, or
e A lithium aluminum (LiAl) blanket to

procuce all tritium as T2.

For the UWMAK-II reactor, it is pro-
posed that 1.3 kPa of oxygen be used in
1028 rhe 1,
pressure then becomes vanishingly small,
and very little tritium will diffuse through

the coolant to form TZO‘

heat-exchanger tube walls into the steam

power system, However, T, QOis many times

more hazardous to personnzel than T,, is
much more difficult to outgas, and equip~
ment is harder to decontaminate for main-
tenance and repair purposes,

The hybrid fusion-fission reactor
conld operate with added oxygen, using
the molecular sieve bed as described for
all tritium as T20. The bed would then
be regenerated on 17-day cycles, with
The

vanadium diffuser and the make-up heat

inventories as described earlier,

exchanger would be eliminated.

The second alternative, a blanket
using a solid lithium alloy such as LiAl,
is similar to that in the Brookhaven min-

10-186 Here, all

imum-=-activity blanket,
tritium is present as T2, and traces of
impurities such as oxygen and water re-
act with the blanket to form stable com-
pounds. The molecular sieve bed and its
heat exchangers are eliminated. Because
the melting point of LiAl is 718°C, its
service temperature must be much lover
than lithium aluminate, The disadvantages
of a T2
as with our proposed fuel recovery system,
T2 in the helium could diffuse into th -

steam power system.

O system are avoided; however,

We have not

attempted to address this problem
hore,

At this time, we do not have enough
information either on pertinent physical
and chemical properties of blanket
materials, or on reducing the diffusion
of tritium in heat exchanger designs, to
suggest a preferred alternate choice,

A uranium bed was considered in lieu
of a vanadium diffuser for the present
system and was rejected, To process
enough helium, the size of the bed would
huve required inventories of at least many

tens of kilograms of tritium,

PURIFICATION AND ISOTOPIC
SEPARATION

A schematic of the hybrid fusion-
fission reactor fuel systern is shown in
Fig. 10-4,
purification and isotopic separation system
are the palladium diffusers and the iso-

The major components in the

topic separator, These components are
closely patterned after those in the FERF
reactor, 10-

This system is sized to handle the
entire flow returning from the reactor
{140 m mol (D, T)z/sl, and to separate
it into streams of T4 (37 m mol/s) and
Dy (103 m mel/s), Each stream must
have a minimum isotopic purity of 90%
for reinjection,

The entire system operates below
atmospheric pressure, frequently under
vacuum conditions, Special pumps min-
imize the possibility of leakage or con-

tamination,

Palladium Diffusers

All gas returning from the reactor
must be purified before it goes to the

isotopic separator. The major impurities
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are 3He from radioactive decay of tritium
(~1 umol/s) and 4He from the D~T 'urn

(125 umol/s).
and water can come from minoi* vacuum

Traces of oxygen, uaitrogen,

leaks and normal outgassing, Some

methane production is expected also from

radiolytic reaction between tritium and
10-17

carbon compounds,

The D-T gas is purified by diffusing
it through hot (400°C) palladium=-silver

The process has been cal-~
10-18
and

membranes,
culated using a computer code
our design is simply scaled up in size
from that for FERF, !9 119 pigyre
10-5 shows a schematic diagram of the

process.

Vacuum system

P

Injector
array

0.13 wnPa

( 10-6 Tarr)
Plasma
chomber

Mirrar 1oss tank

Injector
array

T2 fuel, 1.3 Pa

P.

\W
Injector

array

Mirror loss hank

Injector
crray

1 D, fuel, 1.3 Pa

c7 Pressure Pressure
reducing reducing
valve valve
Pumps
69 kPa
Ballast
tank
Organic
Isotopic separation ll 72 vapor
rap
186 kPa 1.3kPa | Purifica-
Pumps tian
diffusers

Fig, 10-4.

Helium waste
69 kPo

Fuel system,
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The purifier used 32 palladium-silver
tubes, each 6,35 mm in diameter by
7.62 m long and having a 0, 127-mm-~thick
wall, The tubes are connected in parallel,
Impure gas at 69 kPa flows inside the
tubes, Pure (D, T)2 gas permeating the
tubes is collected at 1.32 kPa; about 90%
of the required flow will permeate this
array of tubes.

Gas passing the first array is directed
through a manifold into a second array
of five identical tubes with the same
operating conditions, Nearly all of the
remaining (D, T}, is collected here.
Finally, the rem_aining gas (now nearly
all helium) passes into a third array of
five tubes, each 1,27 mm in diameter by
7.62 m long, where the outside pressure
is held at 0,13 Pa,
tubes is 99, 9998% helium and other non-

permeable gases. 10-20

Gas exiting these

A small
mercury ejector pump (5 £/s) will
boost the (D, T)2 gas from the third
diffuser up to 1.32 kPa for collection
with gas from the other two diffusers.
All mercury pumps, here and else-
where, must include cryotraps up-
stream and downstream to keep mercury
vapor from the palladium,

An argon tracer is added as an
impurity at the inlet, Argon detec-
tors placed in the (D, 'I‘)2 collection
lines insure the integrity of the
diffusers.

Costs for the palladium diffusers are
based on those for the FERF design,
with an allowance for inflation, The
diffusers and furnaces will cost $6%7,500
for each set, Certified installation and
checkout is estimated at 1. 5 times the
equipment cost (including that for aux-

iliary equipment),

Isotopic Separation of Deuterium and

Tritium

Purified (D, ’1")2 gas from the palladium
diffusers is compressed to 186 kPa and
sent directly to the cryogenic distillation
columns, These columns are designed to
process all fuel returning from the re-
actor, Gas from the diffusers will con-
sist of 0,08 Tz, 0.40 DT, and 0.52 D)

at a total rate of 140 mmol/s,

9°

The design for the cryogenic distillation
columns is patterned after that of

R 10-21
Wilkes,

components, indicating mass flows and

A schematic diagram of the

compositions, is shown in Fig, 10-6, We
have assumed that minor changes in
Wilkes' design will accommodate the
desired compositions and flow rates,

The two columns are 219 mm in
diameter, with a combined height of 1, 5m,
The bottom of column 1 requires a boiler
rated at 2960 W, while the top of column 2
requires a refrigerator rated at 2960 W
at 25 K, To convert part of the DT
molecules into T2 and D2 molecules for
further separation, a catalytic isotope
equilibrator is used for the raffinate
stream from column 2,

Gas returned as injector feed must
have at least 90% isotopic purity for pro-
per operation of the injectors, and this
requirement is easily met. The separated
fuel streams are returned immediately to
the injectors for use before significant
quantities of 3He build up,

The isotopic separator contains about
1182 g (196 g moles) of liquid T2 inven-
tory, in a total inventory of 472 g mol of
(D, T)2 liquid. Loss of liquid helium in
the cryostate would permit all of this tu
vaporize, Hence, adequate pressure
relief devices must be provided for a
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91 mmol/s 91 mmol/s
0.25 T2, 0.50DT, 0.25 D2 Cotalytic 0.05 T2, 0.90 DT, 0.05 D2

equili-
r brator

Injector feed 37 mmol/s
0.90T,, 0.10 DT

Injector feed 103 mmol/s

Diffuser exhaust
0.96 D, 0.04 DT

0.08 T2’ 0.40 DT, 0,52 T2

140 mmol/s
186 kPa 2960-W refrigerator at 25 K
r~ ~———Trr—rr— |-/ —-- |
n=—t-c l
P |
Regenerative heat exchanger | L F o |
—

| |
| Column 2 ~ |
| 194 mmol/s ]
| 159 kPa =\ 0.06 7T, |

| \ 0.37 0T

0.57D
! 2 !
C 1 |
Cryosht:f-"1 olumn 1~y I
|

I |
I - 186 kPa I
| |

¥ig, 10-6, Fuel isotopic separation system,

[.OCA. Should a I1.OCA occur, the resulting
gas wouldbe vented into 160( storage bottles.

Pumps
All of the fuel-handling processes re-
Cryogenic stills are estimated to cost quire pumping of the (D, T)2 gas, frequently

Primary

$297,500 each, The cryogenic refrig-
erators are estimated to cost $500,000
each, Because this installation is rela~
tively simple, certified installation and
checkout are estimated at $932,000; this
is 0, b times equipment costs (including
auxiliary equipment costing $59,000),

starting at vacuum conditions,
requirements for all pumps are that they
must not leak to the environment and
must not contaminate the fuel, We have
selected pumps that ¢ not have moving
shaft seals, All elastomer seals will be
replaced with mutal seals,
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Gas from the mirror loss tanks and the
injector cryopanels is pumped by mercury
diffusion pumps and mercury ejectors to
about 13 kPa,
cryogenic trap to remove all traces of
At a flow of 140 mmol/s and
ambient temperature, the pumping rate
is 26 £/s,

A new '"'wabble” movement pump* has

The gas must also pass a

mercury,

high pumping speeds in this pressure
range, Compression is achieved by a
piston with a "'wabble” motion (roughly
similar to a nutating piston meter) with-
out valves, packing, or shaft seals, Two
such pumps in series, each with a nominal
displacement of 167 £/s (600 m> /hr)!
will boost the gas to ~69 kPa for the
palladium diffusers.

Purified gas from the palladium dif-
fusers at 1, 3 kPa is boosted to 13 kPa
" Two SRTI
wabble pumps, as described above, will
give 69 kPa,
with a nominal displacement of 6 lZ/sTT

with a mercury ejector pump.
A diaphram compressor

will provide final compression to 186 kPa
for the isotopic separator.

All tritium pumping requirements can
be met by combinations of these pumps.
Hickman'®™1® also suggested the use of
a gallium-filled Sprengel pump for FERF
applications. This type is good for
general service without staging, and can

be designed to pump from ~1 Pa to >100

"Societe de Recherches Techniques et
Industrielles (SRTI} Dry and Air-Tight
Mechanical Pump, Model PR-9 (developed
for the French AEC),

1-Thls would be 2.5 times the volume
of tue largest current model PR 20,

""" “Similar to, but 12 times the size of,

Edwards Vacuum Components Model XME3,

TTSimilar to Pressure Products In-
dustries Model 3235,

kPa,
speeds at very low pressures.

However, it has slow pumping

Commercial prices are available for
or can be estimated for all pumps. The
SRTI model scaled up 2,5 times in
capacity is estimated at two times the PR
20 cost,
ejector pump 12 times the capacity of the
Edwards Model XMES3 is estimated at
3.5 times the XME3 cost, or $87,500 each,

Computer controls, certified installation,

or $40,000 each. A mercury

and checkout costs range from $15,000 to
$20,000 per pump,

TRITIUM INVENTORY AND STORAGFE

Estimated tritium inventories are
given in Table 10~1, We have assumed
a 10-day reserve of tritium for normal
The total inventory of tritium
becomes ~ 4092 g. Note that 1746 g is

tightly bound as T20 on molecular sieve

operations,

beds, Reactor start-up would require
2309 g of tritium, including the 10-day
reserve.

Safe storage of the tritium must in-
clude a reservoir to abort the cryopanels
and the isotopic separator in case of a
liquid-helium coolant failure, This volume
is for (D, T)2 mixtures, and requires
~23 m" at atmospheric pressure. Tritium
from the molecular sieve bed (batch pro-
cess) and the reserve require another
4.5 m3 of storage, To allow for flex-
ibility, a total storage of 40 m3 would be
in the form of 250 tanks, each with a
160-£ volume, These tanks would be in-
sta:led in a separate sealed vault and
would be used only for storage.

Deuterium reserves are stored in
high-pressure bottles outside the tritium

storage vault,
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Table 10-1, Istimated tritium inventories.
Location Amount {(g)
Lithium aluminate blanket 37
Helium coolant <0.1
Worki :g molecular sieve bed (maximum) 1200
Stand-bLy molecular sieve bed (residual) 480
Auxiliary molecular sieve beds {residual,
2 beds) 66
Cr‘yopnnels:1 803
Isotopic separator 1182
10-day tritium reserve 324
Total Inventory: 4092 g

AThis assumes that all cryupanels are taken through a "defrost" condition every 2
hours by processing one~fourth of the cryopanels every 30 minutes,

We are currently buying 30-£ botiles
certified for tritium storage fcr $1000
each, In quantity, 160-2 bottles should
cost no more than $2000 each, Certified
installation and checkout will cost about
$7500 each,

TRITIUM CONTAINMENT

The basic concepts of tritium contain-
ment outlined for the FERF reactor 01419
are directly app. .cable here, We will
concern ourselves here primarily with
new or modified concepts that affect
permeation through hot wails, and with
secondary containment as applied to the
use of tritium recovery syste.as,

Those subjects covered by Hickman
for the FERF reactor that can be
applied here without further elaboration

10-1,19

include:

® Calculations for off-site ¢ sposures due
to accidental or intentional releases.

® The fact that boron, which is used as a
neutron shield to}protect the magnets,

can undergo several nuclear reactions
to produce tritium,
® Monitoring and personnel protection

procedures,

Secondary Containment

We are concerned both with the possible
escape of tritium to the environment and
with possible leakage of air into the re~
actor systems. Hickman'®™1s 19 pas
discussed the hazards associated with the
entry of oxygen into the tritium systems,
Leak-tight, metal-lined rooms were pro-
posed as a secondary container for areas
in which large quantities of tritium are
handled, e,g., the reactor room, fuel
processing and storage rooms, and main
and secondary effluent-rc - .very rooms,
In addition, the reactor room and the fuel-
processing and storage rooms will be
With either

of these atmospheres, explosive mixtures

filled with nitrogen or argon.

can not occur in case of leakage into the
tritium systems and, shouldtherebe a tritium
leals, T20 will not be formed in the rooms.
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Main Effluent-Recovery System

The main effluent-recovery system
(ERS) removes any tritium escaping into
the reactor room or the fuel processing
rooms. This system consists (see Fig.
10-7) of a catalyst bed to convert T, to
T,0, molecular sieve beds to trap the
T;O, and provision for isotopic swamping
with 11,0, 10-L19 is equipment should
reduce the tritium content to ~500 uCi,‘m'i.
IFor flexibility, the main ERS is divided
Only
two of the KRS units need preheaters for

into several in-parallel KRS units,

the catalyst beds; the catalysts need be

heated only in the presence of impurities

such as hydrocarbons, carbon monoxide,
or carbon dioxide,

The sizes involved require treatment
of large quantities of gas, The reactor
room contains ~350,000 m3, and simple
dilution calculations indicate that 12 to 16
volume changes are needed to get down
to a level of 500 uCi; m3. However, our
experience sugg-scs that as many as 40
volume changes are necessary at low
levels, cspecially where surfaces may

adsorb and desorb T, or T,O readily.

2 2
Thus, if entry is planned within 24 hours
of a tritium spill, the system must be

able to handle ~160 m3/5. Even then,

Catalyst
Organic bed
Tritiom= vapor trap Preheater Heater 600 K
contaminated
nitrogen ANNN—
Blower ‘ l
To regeneration systems A
Cooler i
"V\/\ U 1
I Molecular Moleculor
i sieve sieve
dryer dryer

Water injection

Purified nitrogen

Fig. 10-7,

Schematic of effluent recovery system,
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for working in the inert atmosphere,
personnel must wear protective suits and
have independent air supplies,

Opening large pieces of equipment
centaminated with tritium poses problems
of additional release, even if inside the
metal rooms, Hickman described out-
gassing procedures to reduce this pro-
blem, 10-1,18 Additional control can be
achieved with portable hoods and ducting
over the area to be opened, similar to
conventional flush hoods for handling
tritium, using part of the nitrogen flow
to the main ERS. This is an effective
method of tritium control, 10-22

The "worst accident"” situation in-
volving the tritium systems would be a
rupture of the helium coolant into the
plasma chamber or injector areas, This
would result in rapid boil-off of all (D, T)2
on the injector cryopanels into large
amounts of helium; the emergency tritium
storage tanks would be inadequate, In
this case, the (D, T)2 would be recovered
from the helium by converting it into
(D, T)ZO using controlled amounts of
oxygen while passing the contaminated
helium through one of the ERS catalyst
beds, The helium and (D, T)ZO stream
would then be diverted to one of the
molecular sieve beds in the fuel-recovery
system to remove the (D, T)ZO. Later,
the {D, T)ZO could be recovered and
reprocessed as described earlier, The
ERS molecular sieve beds are designed
for large-volume atmosphere control,
but not for rapid recovery of tritium for
reuse. The vanadium diffuser would not
be used, since the high (D, T)2 concen-
trations could lead to embrittlement.

A0, 08-m3/s capacity system being
constructed at Sandia Laboratories

Livermore will have a cast equivalent

to $5,000,000 per m3/5 capacity, The
FERF design had a capacity of 50 m>/s,
at a cost equivalent to $374,000 per m3/s
capacity, Construction of this main ERS
(169 mS/s) might permit further re-
ductions to an estimated cost of $330,000

per ms/s capacity.

Secondary Effluent-Recovery System

The main ERS rooms must be treated
in a similar manner by a secondary ERS,
except that the atmosphere can be air,
These areas can be entered within 4,8
hours by treating ~4. 6 ms/s. To reduce
the tritium exhausted to the atmosphere,
air locks to enter these areas for main-
tenance can also be treated like a "flush
hood, "

Permeation of Hot Walls

The required handling of hot helium
containing low partial pressures of
tritium exposes large areas to potential
tritium permeation. 2 now type of
"getter wall" is proposed for these areas,
as well as for the outer wall of the re-
actor.

The getter wall includes a structural
wall, probably of stainless steel, that
forms a diffusion barrier to the tritium,
The outside of the structural wall is
coated with a getter material, e, g,,
titanium, zirconium, or scandium, that
form stable tritides, The getter material
need react only with the small amounts
of hydrogen isotopes permeating the
structural wall, and a thin coating will
last a long time. The outside surface of
the getter is covered either by a pro-
tective metal layer or by an inert atmos-~

phere inside an outer skin,
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Because the getter wall must operate

reasonably near ambient temperature,

the hetium lines would require a vacuum

gap or somée other thermal barrier,
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11. Cost Analysis

This cost estimate is quite crude:
® It is an estimate made on a preliminary
conception, not on a finished engineering
design,
® The cost estimate itself is a broad look
rather than the really carefully Jde~
tailed study wh'cl: a project of this
magnitude would require before one
embarked on actual construction,
Nevertheless, developing an estimate en-
ables us to understand the relative costs
of the various components and to make
rough comparisons with other preliminary
designs,

CAPITAL COSTS

In estimating the capital costs, we have
followed the general rules outlined in
Ref. 11-1, We have not, however, tried
to fit our individual items into the
numbered account system that was designed
for fission reactors. Costs for the nuclear
island, for the thermal conversion system,
and for building and facilities are detailed
in Tables 11-1, 11-2, and 11-3, respectively,

and summarized in Table 11-4, Plant

operation and maintenance costs are
listed in Table 11-5,
summarized in Table 11-6,

Power costs are

Superconducting Coil Winding

The cost of the superconductor, $2/kA.m,
is based on 1972 superconductor costs
plus stabilizing material and is con-
servative for very large-scale production,
Thlii x;lay be reduced a factor of about
2.

fixtures, winding, and assembly and in-

The cost of the insulation, winding

stallation is based on recent experience
at LLL in building superconducting coils,

Coil Structure and Thermal Shield

Unit costs for the coil tanks, coil
clamps, nitrogen-cooled shields, and
reflective heat shields are based on
similar costs developed for FERF, 173
with allowance for subsequent inflation,
The FERF costs were in turn based on

informal inquiries to industry.

Coil Refrigeration System

Coil refrigeration system costs are
based on informal inquiries to industry.
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Power Supplies

Power supply costs are based on
recent LLL experience,

Ion Sources

Ion sources costs are based on pro-
jections from Lawrence Berkeley Lab-
oratory experience in building Berkeley-

type sources,

Uranium Blanket
In accordance with Ref, 11-1, p, 3-1,
"The investment costs of the first core

loading is not included (in the capital costs})

but is considered in the calculation of
fuel costs,”" We have therefore not
shown the cost of either the uranium
carbide or the lithium aluminum oxice
under capital costs, Instead, we have
allowed for these under operating costs,
Other parts associated with the

blanket are based on current unit costs,

Helium Cooling System and Thermal
Power System

The costs of the helium circulators,
the steam generators, and the turbo-
generators are based on informal in-
quiries to industry.

Direct Energy Converters

The costs of the components of the
direct converters are based on costs
developed for Ref, 11-4, which were in
turn based on informal inquiries to
industry,

Miscellaneous

The costs of the vacuum envelope,
shielding, module handling system,
diagnostics, controls and instrumentation,
etc,, are based on current unit costs,

LLL and LBL expericence, ami (it must be
admitted) plain guessces,

Tritium System

Costs for commercizlly avatlable
cquipment are based on curvent prices
with allowances for larger sizes as ro-
quired, These items include molecular
siove beds, pumps, storage tanks, and
cryogenic refrigerators, Costs for other
equipment such as diffusers are es-
timated from costs for the closest com-
parable equipment certificd for tritivm
service at LLL, [nstalladion costy are
estimated from the relative complexity
of the various systems, and also reflect

our current experiences for handling tritium.

Site Costs

In regard to site costs, Ref, 11-1
suggests "When other information is not
available, use a cost of $500,000 foy
plants larger than 750 M\Vt. For smaller
plants between 500 and 750 MW, assumc
that the cost varies linearly between
$250,000 and $500,000." This reference
is, however, dated 1969; therefore, we
have assumed a site cost of §1 million,

Building, Ancilliary Equipment, and
tilities

Cost for these items are based on
current unit costs, LLL experience, and
informal inquiries to industry.

In accordance with Ref, 11-1, es-
calation is not included,

Engineering

Engineering is included using the
graphs sliown in Ref, 11-1, Percentages
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for engincering on the thermal canversion
system and buildings and facllities are
taken from Fig, C-i, Enginecring costs
for the Nucleayr Isbind are extirapolated
from Fig. C-2 using the curve foF "Novel
The engine-

and Extrapolated Designs,
ering costs taken from this [aiter copse
svem to be vory low indeed,  This may
be at least partially cxplained by the fact
that onder the Hef, 12+ pules, puge 322,
oo e Bt should be agsumyen it the
plant is not a fiest=of=a-kind unit™ an<,
"the cost estimate does not include the
codta of the RAD progesms which apee
Necessary 10 extablish the technical

o

feasibility of specific desipn feattives , , .

Contingeney

Contingency is include:d using the
Orctars recommetded in Table C-3 of
Het, 11-1,
fopr the giclear ishand on the basis of

A contingeney of 207 is used

“Novel Degign, A contingency of 37 is

used for the thermal conversion sy

on the basis of "Proven Design,” A von-

tingeney of 57 is used for building and

factlitices,

Interest During Construction

Intepest during construction is in-
cluded based on Fig, C-3 on page C=5 of
Ref, 11-1,
interest rates of 4%, 6%, and 7,27, Pre-

Fignre C-3 shows curves for

sum:bly, these rates were based on con-
ditions in 1969, To be more realistic
for today's conditions, we assumce an
interost rate of 8%, The length of the
construction period is taken as 73 months
based on a plant rating of 600 MW and
"Novel Design" as per table on page 3-40
of Ref, 11-1, The overall interest for

the T3-month period is then 24% extrap-
al.ding  from Fig, C=3, This overall
interest figure agsumes the S-curve
Bxpenditues verses Time curve shown in

Vig, C=4,

Plamt Operation snd Maimtenance
The operating snd maintenancs (O & A

costs are ostimated using the mothods
ampd data given in Section 4 of Ref, 11-4,

The & M costs ape tinse associated
withe
e Staffing:

o Consumable suaplics and cquipmoent;
& Coolant makenp;

® Outsicde suppory scrvices;

® Xuebear Hability insueance; and

® Miscellancous,

The miscellancous costs include such
tems as training, annual operating fees,
travel, ant office supplivs,

The total estimate } O &M costs are
£2, 5 million per year, At o plant duty
factor of 0,6, 4,28 > 109 Kk\WWh of net
clectrical power are produced in an
average year, Therefore, the unit O & M

costs are 9, A7 mills k\Wh,

Mher Costs

Other costs such as taxes, insurance,
Stuff training, startup, general office and
administrative costs, licensing, ete., are
included as indicated in Ref, 11-1 on
piage 3-6 and Fig. C-1 (curve for "Account
03"),

Temporary Facilities

The cost of temporary facilities used
during construction are included as indi-
cated in Ref, 11-1, page 3+6 and Fig, C-1
(curve for "Account $1"),

-123-



FUEL-CYCLE COST ANALYSIS the blanket and fuel management

calculations, A fuel-cycle cost of
This portion of the cost analysis ~0.62 mills/kWh resulted from this
is presented in Section 6 as part of analysis.
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Table 11-1, Cost estimate details for nuclear island for hybrid fusion-fission reactor,

Item Thonsands of $2

Magnet
Windings (Incl, auxiliary coils)
Superconductor, NbTi, 1,08 X 10'® A-m @ $2x 20”3 Aem ¢ 22,000

Insulation 2,200
Winding fixtures 1,000
Winding 20,000
Assembly & installation 2,000
Total coil windings: & 47,200
Structure
Coil tanks, 1,1 X 107 1b @ $5.20/1b (Incl, Fab,) $ 57,000
Coil clamps, 3.2 X 107 b @ $3,70/1b (Incl, Fab,) 118,000
Bolts, fittings, small parts 7,000
Assembly & installation 18,000
Total coil structure: $200,000
Thermal shield
Nitrogen-cooled panels, 4 X 1wt e S20/t‘t2 $ 800
Reflective heat shields, 1,2 x 10° 1% @ s4/6t2 500
Fittings & small parts 200
Installation 500
Total coil thermal shield: $ 2,000
Refrigeration system (incl, cryopumping)
Helium refrigerator/liquifier (34,000 hp @ $1000/hp) $ 34,000
Ligquid-helium storage Dewar 1,300
Helium recovery system 10,500
Liquid-nitrogen storage Dewar 2,000
Tnstallation costs 4,200
Total coil refrigeration system: $ 52,000

Power supplies
900-kW power supply module

Power supply $ 90
SCR switching & resister 25
Firing circuits _ 15
Total: $130
Modules, § @ $130 X 10° $ 1,040
SCR contactor 90

o@

1,130

Total superconducting magnet: 2302,330

Total power supplies:

4

&
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Table 11-1 (continued)

{tem ‘Thousands of "
Injectors
fon sources, 280« $60,000 £ 16,800

lon source power supplicy
Filament 60 Hz to 400 Hz converters

42 MW @ 3753kW $ 3,150
Filament transformers, 200 « 31500 la, 420
Arc supplies, 136 kW, 280 ¢ 327 x 10° 7,560
Deuterium source, topping accel, P, S,
250 KW, 140 & 325 10° 4,500
Deuterium source, derel, P.S,
26 kW, 140 @ 36 x 107 1,260
Tritium source, topping P.S,
250 kW, 140 @ 25 x 105 3,500
Tritium source, decel, P.5. 140 € st1x10® 1,540
Total power supplies: % 20,930
Flapper valves & drives, 4 & $25,000 100
Base plate assemblies, 4 < $100,000 4100
Internal shielding 50
Cryopumping panels, 2000 fi> @ £100/f> 200
Cryopumping panel removal mechanism 100
Cooling water piping 50
Assembly & installation 250
Spares: 3 34,840
Ion sources, 70 {(25%) 4,200
Ion source power supplies (10%) 2,090
Total injectors: § 45,170
Blanket
Lranium blanket (Excl. handling gear, shielding and fuel)
Carbon, 7.4 X 10° 1b @ $2.30/1b $ 1,700
Stainless steel structure, 2,4 X 10° Ib @ $5.20/1b 12,480
Tracks & rollers 2,400
Helium piping & valve assemblies 1,200
Assembly & installation 10,000
Total uranium blanket: & 27,780
Spare blanket modules, 25%: 7.000
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Table 11-1 (continued)

ftem Thousands of §*

Module~handling svstem

Module carts tincl, rh‘ivcs),_ 4 ¢ $300,000 § 1,200

Caskets (4), lead, 8.0 7 107 Wb @ §2,00,1s tincl. ab,) 1,600

After-heat cooling systems, 4« $£50,000 200

Shielding plug handling device, 4 €@ $50,000 200

Tracks 1,000

Assembly & installation 1,000
Total module~handling system: s 5,200
Total blanket: 38,980

Shiclding

Magnet shiclding

Main magnet (coil and structure)

tron”, 7x10%1b ¢ 3.0 £'1b s 21,000
Lead, 2,6 x 107 1b « 2,00 $/1b 530
Boral, 8.6 10° 12 & 30 /02 260

21,790

Auxiliary magnet (coil and structure)

iron”, 1,2x10%1b @ 3.0 £/1b 3,600
Lead, 2.3x10%1b @ 2 %/1b 460
Boral, 7.5 x 10° 1% @ 30 s/t _ 230

4,290

Biological shielding
Internal concrete (encapsulated) concrete,

1.2x10% ya® € 1000 §/ya® 12,000
Injector chambers (4)
Inline, Ironb, 1.25 X% 106 b @ 3 8/1b 3,750
External, concrete 4,8 X 103 yv.:\3 @ 1000 S‘s/yd3 4,800
8,550
Direct converter chambers (2)
External, concrete, 1,05 X 10% ya® @ 1000 $/ya3 10,500
Bolts, fittings, piping 10,000
Assembly & installation 10,000
Total shielding cost: $ 77,130

Direct energy converter
Direct energy converters (mechanical, excl. vacuum envelope)

Ribbons (incl. seals, spools, drives) 2800 @ $3000 S 8,400
Wires (incl, seals, spools, drives) 5600 @ $2000 11,200
Insulators, shields 1,300
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Table 11-1 {continued)

Item Thous.unds of §*

Water~-caoled liner 1,500
Heat shields 500

Total direct energy converters {mech.): § 22,900
Direct energy converter electrical system
Power supplies $ 360
Rushings 70
Cable 100
Switchgear 70

Total dircct energy converter electrical

system: S 600
Total direct cnergy converter: 3 23,500

Vicuum system
Yacuum envelope

Main spherical tank, 5,7 X 10° Ib € 5,00/l $ 2,850
Injector tanks (4), 3.2 X 16° b @ 35,00/1b 1,600
Expander tanks 7,7 X 10° 1b @ $5,00/1b 3,850
Gates for modules, 24 @ £100,000 2,400
Expander tank structure 3,000
Tank supports 1,000
Misc, parts 500
Installation 1,400
Total vacuum envelope: $ 16,600

Vacuum pumping system (Refrigeration incl, in
coil refrigeration}

Mechanical pumps $ 720
Valves 3,900
Piping 430
Cryopumping panels, 11,500 f1> @ $100/8t> 1,150
Nitrogen-cooled panels, 11,3500 f‘:2 @ :vSE')O/t't2 580
Reflective heat shields, 11,500 ft® @ $25/ft 290
Miscellaneous parts 1,450
Installation 2,170
Total vacuum pumping system: $ 10,690
Total vacuum system: $ 27,290
Tritium system
Purification & isotopic separation system $ 5,080
Fuel-recovery system 6,310
Storage 1,880

-128-



Table 11-1 (continued)

Thousands nf $a

Item

Containment 55,230

Monitoring & personncl protection 990

Trhium=-associated shicelding costs 200
Total tritium system: $ 69,690

Diagnostics 8 750
$ 750

Plasma_start-up equipment % 2,000
§ 2,000
Total nuclear island construction: $587,840

2In 1975 dollars,
bA non-magnetic alloy of iron,
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Table 11-2, Cost estimate details for thermal conversion system for hybrid fusion-

fission reactor,

Item

Thousands of Sia

Helium cooling system
Helium circulators, 4 @ $3.5 % 108
Helium manifolds, 4,200 ft @ $300/ft
Helium leads to modules, 3,800 ft @ $100/ft
Remotely operable joints, 4/mod, X 24 mod = 96 @ $5,000
Installation

Total helium cooling system:
Steam system
4 steam generators @ $12 X 108 (Installed)
Turbo-generators, 2 @ $22 X 108
Switchgear, controls, installation
Feedwater system, condensers, piping
Total steam system:
Electrical substation
230-kV switchgear
230- to 138-kV transformers, 1000 MVA total
13. 8~kV switchgear and feeders
13. 8-kV to 480-V unit substations
Total electrical substation:

Cooling water system
Cooling towers & associated equipment, 2000 MW

Water-treatment system
Pumps & auxiliary
Cooling-water distribution system
Total ccoling water system:

Controls and instrumentation

Total thermal conversion system:

$14,000
1,260
380
480

200

$48,000
44,000
9,500

20,000

$ 9,600
800
600

1,000

$ 16,320

$121,500

$ 12,800

$ 12,000

3 2,800
$165,420

81n 1975 dollars.
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Table 11-3. Cost estimate details for building and 'acilities for hybrid fusion-fission

reactor,
Item Thousands of $*
Building
Excavation s 200
Piling 1,000
Containment vessel 15,000
Hot assembly & disassembly, 7,040 ftz 1,060
Generator room, 11,900 ft 1,190
Penetrations (400} 160
Low-bay areas, 110,360 ft2 7,170
Hydraulic shielding doors (2) 1,200
Total building: $26,980
Auxiliary equipment
200-ton crane $ 850
Remote manipulators (incl. tooling) 6,000
Radiation monitoring & control 200
Shop equipment 400
Viewing equipment (incl, windows) 2,000
Total auxiliary equipment: $ 9,450
Site
Aquisition $ 1,000
Utilities 800
Improvements (landscaping, roads, ete,) 600
Total site: $ 2,400
Total building, facilities, & site: $38,830

21n 1975 dollars,
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Table 11-4, Co:t summary for hybrid fusion-fission reactor,

Item Thousands of $*
Nuclear island
Magnet 302,330
Injectors 45,170
Blanket 39,980
Shielding 77,130
Direct energy converter 23,500
Vacuum system 27,290
Tritium system 69,690
Diagnostics 750
Plasma start-up equipment 2,000
Total nuclear island construction (A): 587,840
Engineering, 2, 5% of (A): 14,700
Contingency, 20% of (A): 117,570
Total nuclear island: 720,110
Thermal conversion system
Helium cooling system 16,320
Steam system 121,500
Electrical substation 12,800
Cooling water system 12,000
Controls and instrumentation 2,800
Total thermal conversion system constr, (B): 165,420
Engineering, 5.6% of (Bj: 9,260
Contingency, 3% of (B): 4,960
Total thermal conversion system: 179,640
Building, facilities, and site construction (C} 38,830
Architect, engineering, 11% of (C) 4,270
Contingency, 5% of (C) 1,940
Total building, facilities, & site: 45,040
Temporary facilities, 0,4% of (A}+(B)+(C) 3,170
Other costs (taxes, insurance, training, start-up,
administration, licensing, etc,) 3. 6% of (AM(B)+(C) 28,520
Total (D): 976,480
nterest during construction, 24'%: of (D) 234,360
Total plant cost: 1,210,480

“In 1975 dollars,
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Table 11-5, Swwrmary of annual costs for plant operation and maintenance.

Item Thousands of $
Staff payroll? 1,090
Fringe benefits, 10%% 109
Subtotal: 1,199
Blanket submodule replacementb 190
Consumable supplies and er:;uipme-.ntc 510
Outside support services® 180
Miscellaneous O & M costs®
Subtotal: 985
General and administratived 148
Coolant makeupe 7
Nuclear liability ‘Lnsuramce-.f _300
Subtotal: _455
Total annual direct costs
{excluding fuel): 2,639
Interest at 10% on O & M working capitalg 39
Total annual O & M cost
{excluding fuel): 2,678

aStaffing costs taken from Tables 4-2 and 4-4, Ref. 11-1, (for a 750-MW_ plant) and
increased 50% to account for escalation, €

bReplacement of blanket submodules {(structure) after an integrated 14-MeV neutron
wall loading of 5 MWy /m2 (a first-wall 14-MeV neutron fluence of ~8 X 1021 n/cm2),

®Cost taken from Table 4-5, Ref, 11-1, (fora 750-MWe plant) and escalated 50%.
c115% of preceding subtotal per Table 4~1, Ref, 11-1,

€20% loss of He inventory at 0,12 S/ft3 STP, Reference page 4-17 and Table 0-2,
Ref, 11-1, A 50% escalation is included.

fInsur::\nce cost taken from Table 4-6, Ref, 11-1, for a 750-]\/[We plant,
EAs outlined in Table 4-7, Ref, 11-1,
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Table 11-6, Summary of electric energy generation costs,

Fixed
Capital Charge Annual Unit energy
Cost 3 Rate cost 3 _cost
Cost compenent (3 X 10%) (%) {($ X 10%) (mills/kWh)
Plant investment:
Depreciating assets 1,217,000 142 170,380 39,7
Fuel:
Unit direct cost - - -11,9%00 -2, 77
Unit indirect cost 92,000 10 9,200 2,15
Subtotal: ~7,63
Operation & maintenance:
Direct cost - - 2,640
Woiking capital 390 10 39 0, 63
Subtotal: 2,679
Total electric energy generation cost: 39.7
8From Table 2-1 of Ref, 11-1.
RZEZFERENCES 11-3, T. H. Batzer et al., Conceptual
Design of a Mirror Reactor for a
11-1, Guide for Economic Evalustion of Fusion Engineering Research

11-2,

Nuclear Reactor Plant Designs,
NUS Corp. Rept, NUS~531 (1969),
J. R, Powell, "Design and Eco-
nomics of Large D, C. Fusion
Magnets, " in Proe, Conf, Applied
Superconductivity, 1972 (Annapolis,

11-4,

MD, 1972), IEEE 72CHO682-5-
TABSC, p. 346,

Facility (FERF), Lawrence Liver-
more Laboratory Rept. UCRL-51617
(1974).

W. L, Barr, R, J. Burleigh,

W, L. Dexter, R, W. Moir, and

R. R. Smith, IEEE Trans.
Plasma Scieunce, PS-2, 2, 71
(1974).

12. Parametric Analysis

The mirror hybrid fusion-fission reactor we have chosen two quantities to use as

described here resulted from reasonable
estimates of some parameters and rather
arbitrary choices of others,
the results of varying these parameters,

To analyze
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figures of merit:

® The overall system efficiency, and

® The capital cost of the various com-
ponents per kilowatt of electricity produced.



The value of the fuel produced is con-
sidered separately,

System efficiency, nsystem‘ is defined
as the ratio of the net power output to the
total power produced both by fusion and by
neutron-induced reactions in the blanket,

From the power-flow diagram shown in

Fig. 4-1, it is seen that ”system is given
by
”system= Pe/(o' 2Qpin *+ 0. BQPinM) (12-1)

where the various quantities were defined
in Section 5 and listed in Table 5-1 for
the reference design, Pe is expressed in
terms of Pin and the other parameters in
Section 4 (Eq, (4-1)),

One important vuriable that does not

system 1S the

appear explicitly in Pe orn

injection energy. Since W'l‘, in° (3/2)WD
and the mean energy of the trapped plasma
ions is also roughly proportional to WD, in*
we consider the variation of WD, in
assuming that all energies vary propor-
tionally.

Figure 12-1 shows Q plotted as a

function of W We normalized the

D, in*

1.2 T T T T
- -
1.0
G 0.9
0.8l-
0.7

0.¢ } | | i
0 100 200 300 400

Energy, W — keV

{

Fig. 12-1, Variation of Q with energy.
Line is drawn through the
calculated design point,

assuming Q < (cv)pTVYW.

, in’

curve to give our reference value of

Q = 0,935 at WD in = 100 keV and we
’ 1/2

D, in

and to (cv)DT, as indicated by Lgq. (5-5),

and that n7 OKW‘B: in
rapidly with energy below WD, in ™ 150 keV,
and is flat above that energy, The Fokker-
Planck calculations of Futch et al, 12-1
show that this scaling of Q with energy is

accurate when the @ particles do not

assume that Q is proportional to W

The curve rises

thermalize in the plasma, as is the case
here, When the a's are confined, @ peaks
around 150 to 200 keV and then declines
at higher energy.

Taken alone, Q would suggest WD, in
>150 keV,
the use of W

However, economics forces

. <1f ’ be :

D. in 150 keV because:

® The cost of the magnet increases almost
linearly with the energy of the ions to be
confined. and

® Our decision to use positive ion accel-
erators in our injectors necessitates

the use of lower energy.

The efficiency F of neutralizing ener-
getic positive ions decreases rapidly with
increasing energy. Figure 12-2 shows
the injector efficiency, Ny for the com-
plete injection process: creation, ac-
celeration, neutralization, and trapping;
and including the direct conversion of
unneutralized ions. The injector is
discussed in Section 9, and the power~
flow diagram for it is shown in Fig. 4-2,
For cumparison, the figure also includes
the similar curve for negative ion ac-
celeration, for which the efficiency of
neutralization improves with increased
energy.

The dashed curve in Fig, 12-3(a) shows
the variation of the overall system ef-

. . <
ficiency, nsystem‘ with WD, e Tince
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Injector efficiency, 1~ %

o N SN NP S R

Q 100 200 300 400
Energy, W — keV
Fig. 12-2, Injector efficiency, in-
cluding creation, accel-

eration, neutralization, and
trapping.

P /P = npe* (1= npe+ 0.2Q) npy,

+ O'SQM"Thl'l/"i' (12-2)

and we assume that the efficiency, e
ofthe direct energy converter is independent
of energy, Eg. (12-1) shows that W, ;.

affects n only through Q and e

system
The injection energy WD, in* 100 keV
(and WT, in" 150 keV) was chosen because
it gives the maximum value of Nsystem
= 0,30, It will be seen that economics
suggests a lower energy, However, the
problems associated with beam penetration
into the plasma and of pumping the in-
creased gas flow that would result from
lower energy will prohibit any very sig-
nificant decrease in energy.

To determine the effect on the capital
cost of changes in the various physics
parameters, a scaling law was established

for each of the major components, The

costs listed in Section 11 were taken as

the reference point, Engineering, con-

tingency, and interest costs are not in-

cluded here, The components and the

cost-5CAYINE Yaws used are the following:

® Nagnet cost, CMag = $302 X 106 in the
present design, is assumed to vary as
B2 because most of the cost is in the
support structure. It was shown in
Section § that 3 o gy /B o nW/B%;
therefore, for a fixed 83, B” a nW,
Also, because P, @ n (o V)DT and P,
= Q pin‘ neo \Q Pin/(av) Finally
then,

pTe

_ a 6
CMug $302 x 10

«(Vo,in) [2Fin, 5.2x1071¢
100 210 ©vipr

® Injector cost, ij = $47 x 10% in the
present design, is assumed to vary
directly as Pin because most of the cost
is in the power supplies, We therefore

take

6
cinj = $47 X 107 X (Pin/225).

e Blanket cost, Cp; = $40 X 10° in the

present design, iS assumed to depend
almost entirely on geometry and in-
ternal structure because the fuel is
listed as an operating cost, Cg.y is
therefore taken to be independent of the
choice of physics paramcters:

_ 6
CBI = $40 X% 10",

6

e Shielding cost, Cgy = $77 X 10" in the

present design, scales similarly to CBI:

- 6
Csh—$77X10 .
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@ Dircct cnergy converter cost, CI)C

= §25 X lOG in the present design, scales
directly with the power into the direct
encrgy converter because the necessary
surface area of collectors and the
electrical equipment both scale that

way:

Cpye = $25 % 108 x (13 /225,

nec
® Thermal system cost, Cpp * $142
X lOG in the present design, scales
approximately as the power output from
the thermal system, We ignore the
variation of the cost of the smaller
bottoming cycle for the direct energy
converter and for the beam direct con-

verter in the injector system. Then,

_ 6
Corp© $142 X 107 X (M/12XQ Pin/210).

e "Other cost”, Cothe includes the vacuum
system, tritium system, diagnostics,
startup equipment, building site, and
facilities, We assume Coth is in-
dependent of the rhysics parameters

and use the value given in Section 11:

6

C = $138X 10",

oth
Figures 12-3(a) through 12-3(f) show
the variation of individual and total com~
ponent costs per kilowatt of electric
power output, The scaling laws are used
for the component costs, and Eq. (12-2)
is used to give P, in terms of P_. In
Fig. 12-3(a), the injection energy is
varied and Pe is held fixed, Varying W
changes @ and n and, through Eq. (12-2),
it also changes Pin’ Total component cost
D, in = 65 keV,
but this is probably misleading, At such

appears to minimize for W

a low energy, the beam probably could

not be made 10 penetrate into the large
plasma. Also, the lower system effici-
ency and the lower energy both require
higher injection currents and, therefore,
a greater gas load on the vacuum system.
These problems were ignored in the cost
scaling,

Figure 12-3(b) shows how the cost/
k\\‘(_ varies with Q when \\'D’ in
Pin are held fixed, Pe therefore changes
as Q is varied and is shown on a separate

and

scale, In the present design, Q = 0, 935,
and the total component cost is $1 270/kWe.
The cost would become prohibitive if Q
were significantly decrecased, as might
result from microinstabilities in the
plasma. System efficiency, nsystem' is
also shown in the figure and is seen to
decrease rapidly with @ decrease in Q,
going negative below Q : 0,2,

Figure 12-3(c) shows how the cost
varies when P, is varied by changing Pin
with @ and WD’ in held fixed. It is clear
that the c:c:)st/kwe decreases as the power
is increased, However, the limited
space available for injectors and prob-
lems with beam penetration and with
gas pumping will limit how far P, (and
hence Pin) can be increased.

Figure 12-3(d) shows the variation in
cost/kWe when the magnetic field
strength B is varied. Since the power
generated increases as B4 while the

dominating magnet cost increases as

Bz, there is a saving in $/kW by going to
higher fields, However, the assumed Nb-
Ti superconductor can only be used up to
B onductor - 9.0 T. Higher fields re-
quire the use of Nb3Sn, for which the
technology has not yet been developed,
Also, the present design of the support
structure for th=? coil cannet be scaled
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Fig. 12-3. Variation of system efficiency and component costs per kW, output with
various parameters (arrow indicates design point): (a) Varying Wp in

with fixed Pe; (b) Varying Q with fixed W j,, and Pyy; (¢} Varying

Py with fixed M, Q, W; (d) Varying B with fixed Q, M; (e) Varying M
with fixed Py; (f) Varying M with fixed Pyp.
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up indefinitely (see Section 7), Since
P B, Figs. 12-3(c) and 12-3(d) show
the same effects, and the same limiting
factors apply to both,

Figures 12-3(e) and 12-3(f) show the
effect of changing the blanket multipiication,
M. In Fig, 12-3(e), Pe is held fixed so that
as M is increased Pin is decreased to
maintain the same output power, In
Fig. 12-3(1), Pin is held fixed and Pe is
allowed to increase as M is increased,
Thus, the cost/kwc of r;\ost components
decreases nearly as Pe , much faster
than in Fig. 12-3(e) where Pe was fixed,
Clearly, there is a strong economic
incentive to increase M and hence Pe'

The blanket in the present design (M = 12)
uses natural uranium, To increase M,
the blanket must contain enriched
uranium.

Finally, Fig. 12-4 shows the effect on
cost/kwe and on system efficiency of
using neutral beams produced from
negative ions, Since the efficiency of
neutralization of negative fons increases
with energy, the injector efficiency (see
Fig. 12-2) and the system efficiency
also increasc, However, the cost of the
magnet increases almost linearly with
ion energy, and this practically cancels
the gain from higher efficiency at high
energy. As is clear from comparing
Figs. 12-3(a) and 12-4, at lower energy
(WD, in
eration is better than negative ion accel-

< 140 keV), positive fon-accel-

eration,
The direct energy converter cannot
be varied in a continuous manner, There

are essentially three choices:

® A one-stage unit giving np = 0.50

followed by a thermal cycle with

Tppa = 0.35 (the present design),
® A simple plasma dump with pe © 0

and Nppg = MRy = 0,38, or
e A multistage unit giving perhaps "he

= 0,70 followed by Nppa © 0,35,
We compare the three cases in Table 12-1,
where Pin = 225 MW in all three,
Equations (12-1) and (12-2) give r'system
and Pe' The component costs shown in
the table were obtained from the scaling
laws presented earlier by considering
the power flow in the three cases, Since
Pin is the same 1n all three, only the
direct energy converter, the injector (its
power supplies change), and the thermal
converter are different in the three cases.

The effect of removing the direct
energy converter (compare Case 2 with
Case 1) is to reduce the total component
cost by 1% and to reduce the output power
by 11%.
the direct energy converter results in a

The net result is that removing

10% increase in cost per kWe.

In Case 3 (nDC = 0,70), we assume the
cost of the direct energyr converter is
increased by 60% over the reference case
(Case 1), With this assumption, the
increased cost is just compensated for by
the extra 29-MW output, the $1 million
saving on injector power supplies, and
the $3 million saving on the thermal con-
verter, However, the system efficiency
is then increased to 31%,

REFERENCES
12-1, A, H. Futch, Jr,, J. P. Holdren,
J. Killeen, and A, A, Mirin,
Plasma Phys, 14, 211 (1972),
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Table 12-1, Comparison of cost and efficiency with different direct energy converters,

for Pin =225 MW, Q = 0,935, M =12, and Nrpy * 0,38,

Case 1 Case 2 Case 3
Type of direct energy converter one-stage none two=-stage
Rottoming Neppa 0.35 0, 38 0,35
e 0. 50 0 0, 70
Pe (MW) 611 546 540
nsy‘:tem 0,297 L. 266 0,311
Mo ) 102 302 302
Ci (Qlﬂ ) 47 49,5 46
moe) 40 10 10
(510 ) 77 77 77
(910 ) 25 0 40
CT (810 ) 142 157.5 139
C (510 ) 138 138 138
Ctotal (310 ) 771 764 807
Ciotal (SkW) 1262 1399 1261
AC Cotal ($/kW) 0 +137 -1

13. Future Work and Cenclusions

During our present work, we have
identified several arcas for fuither work.
They can be divided into two categories:

o Improvements on the basic design, and
® New designs,

In the first category, improvements
on the basic design, the magnet stands
out as the single most costly item; we
h-ave already begun work on supercon-
ducting magnet designs having much more
efficient and lower-cost structural
members, The uranium-bearing
blanket modules turned out to be too
heavy, However, now that we have shown
one blanket module design that makes
routine removal for changing uranium
fuel and first-wall replacement at least

possible, we will work on blanket module

designs which are both lighter in weight

and easier to handle,

The cylindrical

pressure vessel concept will also be

further evaluated,

In redesigning the

modules, we will strive towards reducing
the peak-to-average 14-MeV neutron flux

so as to increase the power and thus

decrease unit costs,

The safety systems

that prevent partial blanket melt in the

case of a loss of flow of coolant have

received little attention so far and will be

worked on,

In the second category, new designs,

we plan to design blankets that will be
so safe that, should the cooling systems
fail, the fuel pins will be cooled by
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eonduction, natural convection, and rad-

iationtothe ambient surroundings, thus pre-
venting cliad melting and release of fission
products, This blunket would be passively
safe from a LOCA,
could be designed (in a practical way) to

If @ hybrid reactor

be pussively sufe, and considering that
o ¢hain reaction is not possible, then, the

hybrid would have o large potential

environmental advantage, [t is this
environmental advantage that interests
us in the pussively safe blanket,

We shall continue investigating both
fast-fission and thermal blankets, and we
shall continue studying fuel cycles and
fuel management schemes that optimize
cither fuel production or power produc-

tion.
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Appendix A. Fusion Electric Breeder

In a {fusion electric breeder, electrical
energy would be converted into fusion
neutrons that produce fissile (EBBU or
239Pu) atoms from uranium or thorium
by neutron capture but the nuclear heat
would not be converted to electricity,
This process is th n anaiogous to the
process of producing enriched fuel in a
diffusion plant with an electric-power
input, If the heat .s not converted to
electricity, the technical requirements
on the blanket become easier because
lower-temperature coolants can be used.

To assess the potential of the mirror
reactor as a fusior electric breerder, we
have modified our reference design in
the following ways,
® The fusion power was doubled by in-

creasing the magnetic field and doubling

the injected current,

® The natural uranium in the metallic
form rather than uranium carbide
giving 2 times more fissile production

(1, 8 atom/fusion).

The cost estimzte of the reference
design was then modified ar i is given in
Table A-1,

In producing 2760 kg of Pu per year,
the plant will have to buy 418 MWe of
power and will durmp 4116 MW of thermal
power at a relatively low temperature (a
few hundred °C),
80%, a capital charge of 14%, and elec-
tricity cost of 20 mills/kWh, the
plutonium could be sold for $86/g ($21/g
due to cost of electricity, $55/g due to

At an availability of

cost of the capital investment, and ~$10/g
for fuel reprocessing and fabrication),

For this electric breeder to be practical,
both electrical and capital costs would
have to go down, Already, we have im-
proved the capital cost compared to the
ceference case by raising the fuel pro-
duction rate by a factor of 4,9 while in-
creasing the capital cost by only 15%;
still, the capital cost (as measured by
$55/g) is a factor of 5 or more too high,
The electrical cost {(as measured by
$21/g) is only about a factor of 2 too
large for economical use, The system
efficiency and Q need to be improved so
that the ratio of fusion power to input

electrical power, Qf, is increased by 2

N
Q‘ = Q —
L= pet;

where Q is the ratio of fusion power to
trapped injected power, n; is the in-
jection efficiency (including the trapping
efficiency), and pe is the efficiency of
direct conversion of end losses . The
reference case takes Q = 0, 935, n; = 0,7,
pe ® 0.5, Q' = 1.007, If the following
values were achieved, then the electric
cost would be competitive and only the
capital cost would have to be improved
by a factor of 4 or more: Q = 1.1,

n = 0. 85, pe = 0,63, Q"= 2,014, We
do not now know how to obtain such an
additional large improvement over our

reference design,
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Table A-1, Cost estimate for electric breeder.

Nuclear Island: Millions of $*

Magnet 302 X 2 = 427

Injector, 2 @ 47 94

Blanket 40

Shield 77

Direct energy converter 2 @ 25 50

Vacuum system 27

Tritium sysiem 90

Diagnostic 0,75

Plasma start-up 2

‘Total nuclear island construction {4) 808

Engineering, 2.5% of (A) 20

Contingency, 20% of (A) 162
Total nuclear island: 990

Thermal System:

Helium cooling system 16

Steam system (heat exchanges) 80

Electrical substation -

Cooling water systems 12

Controls and instrumentation 2

Total thermal conversion system construction (B): 110

Engineering, 5.6% of (B) 2

Contingency, 3% of {B) 1
Total thermal conversijon system: 33
Total building facilities and site (C) 45
Tempoerary facilities, 0.4% of (4), (B), &(C) 4

Other costs
(Taxes, insurance, training start-up,
administration, licensing, etc.)

3. 6% of (A), (B), and (C) 38
Total (D): 1110

Interest during construction, 24% of (D} 266
Total plant cost: 1376

2In 1975 dollars.
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Appendix B. Comments on the Utilization of Fissile Fuel

Produced in the Hybrid Fusion-Fission Reactor

The 690 kg of plutonium produced per
year in our reference case (1380 kg in
the scaled high-power case, Table 2-4)
can be used either to refuel or as initial
loading of essentially any reactor, The
bred fuel then can te used to produce
power in addition tc the 611 MW‘3 in our
reference case, To put this extended
power yield in perspective, we note that
each atom of Pu will yield about 190 MeV/
(.l - CR) energy, Wkere CR is the con-
version ratio for the particular fission
reactor and fuel cycle considered, The
690 kg Pu/yr can produce 840 MWye/

(1 - CR) in a fissicn reactor with a 40%

thermal efficiency and an 80% duty factor.
In Fig, B-1,
produced from both the hybrid and fission

we plot the electrical power

reactors as a function of CR‘

It is also interesting to ask what the
total cost would be for a hybrid fuel pro-
ducer plus the burner fission reactors it

] e N I L
20~ E;eder
(LMFBR,
3% 15] Burner Converter | GCFR,
I l— reactor molten
(LWR) (HTGR) salt)
'y 10l HWR -
n_ﬂ)
5 ]
P e T N T R
0 0.2 0.6 1.0 1.4

Conversion ratio, CR

ng. B-1, Electrical power from both
hybrid and fission reactor,

fuels, For this example, we will take
the cost of the fission reactor to be $700/

.kWe and our reference hybrid reactor

cost to be $2000/kWe. The total cost is
then
840 ]\/lWe
$2000/kW X 611 MW + $7OOXH—TT- ,
R

611 + ;g
R

which is plotted in Fig, B-2. Note that
for converter reactors such as the high-
temperature gas-cooled reactor (HTGR)
or the heavy-water reactor {HWR) such
as the Canadian CANDU reactor, the
incremental cost for the fuel producing
hybrid is only about $100/kW, This

1400 T T T T T T T T
1200
1000
o 800
2
< I Incremental cost due to
- 600_/fue| producer -
[~ -~
- . -~ - - -
400} ~o -
" ~ ™~ -
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200 ~.
~
= N
N
bt o 1 1 LS
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Conversion ratio, CR
Fig, B-2, Capital cost of hybrid plus

fission reactor.
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incremental enst would be evenless for our {Figs. B-1 and T-2), only make-up fuel
projected optimized hybrid (sce for is considered. Initial core loading is not

example in Table 2-4), In both cuses included,
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