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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 r eac to r for the 
purpose of producing fissile mater ia l and 
e lect r ic i ty . The fusion component is a 
D-T plasma confined by a pa i r of magnetic 
m i r r o r coils in a Yin-Yang configuration and 
is sustained by neutra l beam injection. The 
neutrons from the fusion plasma drive the 
fission assembly which is composed of 
natural uranium carbide fuel rods clad 
with s ta in less s teel and helium cooled. 
We have shown conceptually how the 
r eac to r might be built using essential ly 
present -day technology and how the 
uranium-bear ing blanket modules can be 
routinely changed to allow separat ion of 
the bred f issi le fuel. Averaged over the 
30-year lifp of the plant with an 80% duty 
factor, the plutonium production is 690 kg 
p e r y e a r and the electr ici ty production is 

It may be possible and advantageous 
to obtain f issi le fuel and /o r e lec t r ica l 
energy from the combination of fusion 
and fission. The major advantage of 
combining fusicu and fission is that the 
weaknesses of each a r e offset by the i r 
respect ive s t rengths ; that is, fusion is 
neutron r ich but power poor, while fission 
is neutron poor but power r i ch . The 
14-MeV neutrons result ing from the 
fusion react ions can be used to drive a 

480 MW -yea r s pe r yea r (610 MW ). The 
20-atm helium gas used as a coolant is 
contained by thin-walled s ta in less s teel 
p r e s s u r e vesse l s surrounding cylindrical 
bundles of fuel rods . The engineered 
safeguards that prevent r e l ea se and 
escape of radioactive mater ia l in the case 
of a loss of coolant accident a r e briefly 
addressed . The neutral beam injectors 
employ a direct energy conver te r for 
recovery of ions not converted to neut ra l s . 
The efficiency of producing the 100-keV 
D and 150-keV T is approximately 70%. 
Thtj capital cost of the plant is $1200 
million. Assuming a 14% re tu rn on capital 
and an 80% duty factor, the e lec t r ica l cost 
would be 40 mil ls per kW 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. 

subcr i t ica l fission blanket that sur rounds 
the plasma. 

Several combinations of fusion r e a c t o r s 
and fission r eac to r s have been suggested 
and a re reviewed in Ref. 1-1. This 
r epor t descr ibes our work on the con­
ceptual design of one par t i cu la r fusion-
fission hybrid r eac to r — one which 
emphasizes both fissile fuel and e l ec ­
t r i ca l production by using the 14-MeV 
fusion neutrons produced in a magnetic 

I. Introduction 
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mirror-conf ined D-T plasma as a source 
to drive a sub-critical, unmoderated 
assembly of natural uranium. This 
assembly sur rounds the p lasma and is 
called a "blanket". The 14-MeY fusion 
neutrons a re used to directly ffssion the 
abundant uranium isotope ( U), and the 
additional neutrons generated a r e captured 
. 238,, . 6 T . „ . 23SK . 
in u and Li to produce r"u and 
t r i t i um. 

It should be possible to uti l ize one or 
seve ra l of the existing or near ly developed 
fission technologies for the blanket. In a 

1-2 
previous study, we looked at a high 
energy multiplying the rma l lat t ice blanket 
based on the General Atomic graphi te -
moderated, helium-cooled r e a c t o r tech­
nology. For th is present study, we chose 

1-3 4 a fas t - spec t rum blanket ' that has a 
lower energy multiplication but higher 
f iss i le fuel production compared to the 
t he rma l blanket and is based in par t on 
the helium-cooled b reede r r eac to r tech­
nology present ly under development. 

We show conceptual engineering ap­
proaches to problems such as removal of 
uranium-bear ing blanket modules (for r e ­
covery ofbred fissile fuel, and replacement of 
radiation-damaged s t ruc tu res ) and the steady 
operation o^ high-powered, efficient, 
neutral beam injectors. The design com­
bines fuel production with e lec t r ica l power 
production. We nave succeeded in ob­
taining a blanket design that we think 
could be built with essential ly p re sen t -
day fission technology and that would 
produce la rge amounts of fuel (690 kg of 
Plutonium pe r year ) and e lec t r ic ty (600 MW ). 

This report is organized so that the 
Summary (Section 2) can be read without 
r e f e r e r cc to the res t of the repor t . For a 
more thorough understanding, the r eade r 
can refer to subsequent sect ions for in-
Hx-uth discussions and much mater ia l 
presented for the first t ime . 
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2. Summary 

The objective of this work is to concep­
tually design a reactor that uses the 14-Mi?V 
neutrons from a mirror fusion reactor tr 
release additional energy and produce plu-
tonmm 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, although prelim­
inary and not optimized. 

The high-temperature deuterium and 
tritium fuel ions are confined in a magnetic 
field whcse strength increases everywhere 
away from the center, i. e., in a magnetic 
well. The field shape is produced by the 
"Yin-Yang" coil shown in Fig. 2-1. The 

Fig. 2-1. Yin-Yang coil. 

virtue of the magnetic well configuration 
is that the plasma is stable to gross 
lateral displacements; a fact well estab­
lished by laboratory experience. The 
particle confinement transverse to the 
magnetic field is exceedingly good — almost 
pertect. Along the field, the magnetic-
mirror, or reflection principle, causes 
those particles having sufficient trans­
verse 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, T: and for our case, we 

13 -3 find tiT = 2.7X10 cm - s (where n is 
the density of deuterium and tritium ions 
inside the plasma). 

Demonstration of this nT value is the 
oniy remaining problem in scientific 
feasibility. A class of instabilities known 
as microinstabilities has been predicted 
and observed, and there is the possibility 
that such effects could decrease the value 
of nT to unacceptabty low values. Ac­
cordingly, the main thrust of the research 
program on magnetic mirror confinement 
is directed toward eliminating micro-
instabilities and obtaining higher nr values 
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; 

2-1 however, in an earlier study #e 



investigated a r eac to r sys tem with a high-
energy multiplication blanket that could 
to lera te instability losses which doubled 
or t r ipled the loss ra te . 

The plasma in our reference design is 
fueled and sustained by the steady in­
jection of neutral deuterium (100-keV) 
and t r i t ium (150-keV) a toms. Figure 2-2 
shows one of the four injectors. These 
fast a toms ar.. produced by first acce l ­
erat ing positive ions, then passing them 
through a deuterium or t r i t ium gas cell 
where about half a re neutral ised by 
electron capture . The neutral ized par t ic les 
continue into the plasma and a r e captured 
by ionization. The remaining ions a r e 
decelera ted and collected in a direct 
energy converter , v. here most of the i r energy 
is converted back into e lec t r ica l energy. 

P r o c e s s e s such as e lectron capture 
and penetrat ion into the p lasma a r e the 
s a m e for both deuterium and t r i t ium 
travel ing at the s a m e speed; that is why 

we have the t r i t ium more energetic than 
the deuterium. The efficiency of d e ­
positing energy in the plasma via the neu­
tra l a tcms is est imated to be 70"'.. The 
injected neutral beam power that is 
trapped is 225 MW, and the trapped 
cur rent is 1270 A of deuterium and 630 A 
of t r i t ium. The fraction of the neutral 
berm that is trapped is 0. .14. 

The plasma that leaks out of the con­
finement region c a r r i e s 225 MW of power 
and is recovered at 50 u ' efficiency in a 
s imple, one-stage direct energy conver ter . 
This recovered 112 MW of dc power is 
used to supply part of the 325 MW of 
power consumed by the injector. Helium 
ions produced by D-T fusion react ions 
ca r ry away 42 MW of power, which is 
converted in a thermal cycle only. The 
energy of the helium ions is not converted 
directly because they a r e born at 3. 5 MeV 
and do not thermal ize before escaping 
confinement. 

350 
cm 

W^==~.;T~ ,* -T'L--~ S3»?.#&i 

Source electronics ' 
and electrostatic shield— 

Liquid-
nitrogen-
cooled 
neutralizer 

-3^-;^-~-—\ \ v Source gate 
\ \ ^ Shielding 

''— Cryopanef assembly 
^Energy (removable through 

recovery r e c r 9 a t e f o r PW>P-°"') 
electrodes 

Ion source 

Fig. 2 -2 . Side view of neutral beam injector, 
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Fig. 2 -3 , P lasma p a r a m e t e r s for 
hybrid and puri'-fusion r e ­
ac to r s . 

The plasma pa rame te r s for the hybrid 
t.re 
• n r = 2.7 y 1 0 U c m ^ v s , 
• DeuitTtum injection energy, K. , 

100 ktrV, and 
• Q(Q is the ra t io of fusion power taking 

17.58 MeV per react ion to trapped in­
jected power) - 0. 94. 

For comparison, a pure fusion m i r r o r r e -
14 -3 ac tor needs to have nr * 1.0 >< 10 cm • s, 

K. . 200 keV, and Q * 1. 5; while the con­
ceptual m i r r o r fusion engineering r e s e a r c h 

i:. . «5 keV, and Q ~ 0. 1 1. These 
operating pa rame te r s a re shown in Fig. 2-3 
along with ea r l i e r data from the Haseball-II 
and 2XII exper iments at the Lawrence 
Livermore Laboratory <1 LL), and the 
LITK experiment at the I nited Aircraft 
Research Laboratory. The n e a r - t e r m 
goal of the present 2XIIR experiment is 
also shown. The data points for the 

exper iments and for FKRF a r e below the 
line because they have s m a l l e r m i r r o r 
ra t ios than ei ther the pure-fusion or the 
fusion-fission r eac to r . 

The blanket contains natural uranium 
fuel in the form of uranium carbide in 
s ta in less steel tubes. For breeding 
t r i t ium, the blanket contains lithium in the 
form of small par t ic les of LiAlO, in tubes 
or cans, with porous end caps to allow the 
t r i t ium resulting from neutron capture in 
lithium to diffuse into the coolant s t r eam 
from which the t r i t ium is continuously 
removed. The coolant, helium gas at 20 
atm, is contained in thin-walled 10. 5-cm) 
s ta inless steel cyl inders (30-cm diam 
y 100 cm long) having hemispher ical m d s . 
A model of the plasma, coil, and blanket 
configurations is shown in Fig. 2 - 1 . A 
composite drawing of the blanket is shown 
in Fig. 2-4. A block diagram of the major 
components is shown in Fig. 2-5 
along with the power-flow pat tern. 
Not included in the power flow diagram 
(Fig. 2-5) or elsewhere in the repor t is 
the auxiliary power requirement of 25 MW 
for the refr igerat ion sys tem for the magnets 
and cryogenic pumping sys tem. This 
25 MW represen t s only a l^ change in the 
thermal efficiency of the reac tor . A 
c r o s s section of the power plant is shown 
in Fig. 2-6 and an a r t i s t ' 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 nucleus of t" to 
fission. It is the potential use of fusion 
neutrons to directly fission this abundant 
(99.3°;.* isotope of uranium that th is 
hybrid r eac to r concept is attempting to 
exploit. Both exper iments and calculations 

5-



Superconducting coils 

Coolant plena 

Submodule 

Fig. 2-4. Uranium-bearing blanket module and submoduJes. 
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Blanket ( M 321 MW 

Auxiliaries 820 MVV 

Steam generator 

Fig. 2-5 . Major components and power- flow of the 600-MW^ 700-kg(Pu)/year , m i r r o r 
fusion, fast-fission, hybrid r eac to r . e 

have shown that, en the average, a 
14-MeV neutron causes -1 .5 fissions 
in a thick assembly of pure natural 
uranium; * 80% is V fission. Tn 
addition to the 300 MeV produced, ~4 
additional neutrons a r e produced by 
fission and other p rocesses , and these 
neutrons can be used to produce fissile 
and fusile fuel. Obviously, a pure 
uranium system is not possible because 
a blanket in a r eac to r must contain s t r u c ­
ture , a t r i t ium-breeding mater ia l , and 

other mate r ia l s that will degrade pe r ­
formance. The specific fast-f ission 
blanket and fuel management scheme 
developed for this study produces per 
14-MeV neutron an average of 160 MeV, 

239 
0. 9 atoms of Pu, and 1. 2 t r i t ium 
atoms. At a fusion power of 210 MW. 

blanket power is 2000 MW., 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 
- 7 -



fusion react ion than any other design 
known to us . Our present design is a 
factor of 10 more productive than our 

2-1 previous the rmal blanket design. Our 
previous design., by contrast , emphasized 
power generat ion and resul ted in 0 .3 atoms 
of f issi le fuel and 560 MeV pe r fusion 
react ion. That design employed a the rmal 

235 
blanket, slightly enriched in U; how­
ever, it was incomplete in that it did not 
contain the necessa ry s t ruc tu re needed to 
contain the p res su r i zed helium coolant. 

An es t imate of the cost is given in 
Table 2 - 1 . This cost es t imate is based 
on a f i rs t -cut , unoptimized design. The 
total capital cost of SI. 2 billion with 

600-MW power production and 700 kg of 
239 

Pu per yea r gives a capitalization of 
S2000/kW o r S1700/g of Pu /yea r . We 
rea l ize that this pr ice is probably too 
high to be competitive, but we a r e en­
couraged that our first cut at a complete 
design is only a factor of 2 to 3 away from 
being compet i t i /e . For the economic 
analysis , we take a charge for the use of 
capital of 14% and a plant duty factor of 
80%. To recover this capital cost, we 
consider the sa le of both e lec t r ic i ty and 
239 

Pu. Cost could be recovered , for 239 example, if Pu is sold for $20/g, and 
electr ic i ty is sold for 40 mil ls /kWh; or, 
al ternately, if electr ici ty is sold for 

Fig. 2-6. Vert ical c ross section through r eac to r . 



1 . Injectors 
2 . Coil clamps 
3. Reactor vessel * 
4 . Direct energy ^ ^ 

converter chambers ^ 
5. He circulators and 

steam generators 
6. Turbine generators 

Fig. 9-7. Artist's conception of power plant. 

0 9 0 

20 mills/kWh, and " a F u is sold 
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 (k ., < 0.5 while criticality 
occurs at k „ = 1.0), the most serious 
problem is posed by a partial blanket 
melt due to a loss of coolant flow. We 
have assumed redundancies in the coolant 
paths and emergency helium circulators 

so that the probability of a partial core 
melt will be very small. Redundant 
containment systems are also assumed. 
This is an area reeding much more 
attention. 

Table 2-2 gives some of the parameters 
of our design. To give c i r 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 
put out twice the power. The capital cost 
per kW is then much more competitive. 

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

- 9 -



hybrid with a higher-mult ipl icat ion blanket 
sti l l might be interest ing. We i l lus t ra te 
th is high-mult ipl icat ion blanket, low 
fusion-plasma performance case by the 
example p a r a m e t e r s in Table 2-5, where 
we use the p lasma components extrapolated 
from our presen t design and the neutronic 
performance of a the rmal - l a t t i ce blanket 

(see Refs. 2-2 and 2-3 for examples of 
the the rmal latt ice). 

Combining the the rmal - l a t t i ce blanket 
with c lass ica l p lasma confinement r e su l t s 
in the projected performance and cost 
p a r a m e t e r s given in Table 2-6. The only 
differences between this extrapolated 
'design' and the point design a r e the use 

Table 2 - 1 . Cost summary . 

Item Millions of $ 

Nuclear island: 
Magnet 302 
Injectors 45 
Blanket 40 
Shielding 77 
Direct energy conver te r 24 
Vacuum sys tem 27 
Tr i t ium system 70 
Diagnostics 1 
P la sma s t a r t -up equipment 2 

Total nuclear island construct ion (A) 
Engineering, 2. 5% of (A) 
Contingency, 20% of (A) _ 

Total nuclear island: 

Thermal sys t em: 
Helium cooling sys tem 16 
Steam sys tem 122 
Elec t r ica l substation 13 
Cooling wa te r sys tem 12 
Controls and instrumentat ion 3 

Total t he rma l conversion sys tem constr . (B) ] 
Engineering, 5. 6% of (B) 
Contingency, 3% of (B) _ 

Total t he rma l conversion sys tem: 

Building, facil i t ies, and s i te construction (C): 
Architect, engineering, 11% of (C) 
contingency, 5% of (C) 

Total building, facil i t ies & s i t e : 
Tempora ry facili t ies, 0.4% of (A)+(B)+(C) 
Other cos ts (taxes, insurance, training, s t a r t -up , 

administrat ion, l icensing, e tc . ) 3 . 6% of (A)+(B)+(C) 
Total (D): 

In te res t during construction, 24% of (D) 
Total plant cost: 

588 
15 

118 
720 

180 

45 

3 

29 
976 
234 

1,211 

"1975 dol la rs . 
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Present point design 

^ ^ ~ ~ ~ " Extrapolated design 
with twice the injection, 
power (Table 2 -4 ) 

Extrapolated design 
with a therm 
blanket (Tab 

150 200 250 
239, Pu value — $/g 

Fig. 2 -8 . E lec t r ic power cost v s Pu 
value. 

of the high-energy multiplying t h e r m a l -
latt ice blanket in place of the lower-
multiplying fast-f ission blanket, and an 
inc rease in the s i ze of the t h e r m a l sys tem 
needed to handle the increased blanket 
power. While we have not examined the 
implications of using the the rmal - l a t t i ce 
blanket, we expect that the uncer ta in t ies 
in such an extrapolation of our point 
design a r e l e s s than those associated 
with the doubling of the injection and 
p lasma power (Table 2-4). 

The es t imated economic per formances 
of these design extrapolations (from 
Tables 2-4 and 2-6) a r e compared with 
that of the point design in Fig. 2-8 . These 
extrapolations suggest a few of the 

direct ions we can take to improve our 
m i r r o r hybrid r eac to r design. 

We think the m i r r o r hybrid fusion-
fission r eac to r is sufficiently interesting 
that further work should be done. For 
example, handling and shielding of the 
modules and monitoring t r i t ium in high 
ambient radiat ion fields will both r equ i re 
attention. Work should be directed towards 
decreasing capital cost and maximizing the 
safety while using the least extrapolation 
from present -day technology— a tal l 
order! 
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Table 2-2 . Fusion-fission reac to r p a r a m e t e r s . 

Reactor; 
Power 

Efficiency 
Fuel production 

Material inventory 

Total cost 
Cost of electricity 
Cost of Pu produced 

Plasma: 
Length, L 
Radius, r p 

Mirror field, B m 

Peak field in the conductor, 
Bconduct or 

Vacuum central field, B v 

Vacuum mirror ratio, 
Mirror ratio, R 
Plasma pressure/field 

pressure, 8 
Density X containment time, Gyr) 
Fusion power/injected energy, Q 

Peak density, no p 
Peak power density, («•)-
Fusion power, P p 
Mean energy, W 
Ambipolar potential, < * a m b i p 0 i a r 

Injector; 
1i 
Injection energy (D), 
Injection energy (T), 
Injected D^ current, .^^ 
Injected T^ current, 1-j.o 
Trapping fraction 
Beam direct converter efficiency 
PDO + P T O 
Cost 

Direct energy converter: 
T7p! 
Effic'°ncy 
Thermal bottoming cycle 
Power out 
Cost 

Blanket: 
Average energy multiplication, 

M 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 

1 3 vac 
^vac 

, Wj 
• W L , 

IDO 

2060 MWt 

610 MWe 

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 10 6 kg of natural uranium 
4.1 kg of tritium 
1.13 X 10* kg of 6 L i 
1300 kg of helium in coolant system 
4400 kg of helium in cryogenic system 
$1.2X 10 9 or $2000/kWe 

(selling Pu at $20/g) 40 mills kWh) 
(selling electricity at 20 mills/kWh) $140/g 

25 m 
3. 5 m 
6. 8 T 

8.1 T 
1.94 T 
3.5 
7.8 

0.80 
2. 7 X 1 0 1 3 c m " 3 - s 
0.935 
9. 2 X 1 0 " 1 6 c m 3 / s 
5.85 X 1 0 1 3 cm" 3 

2.2 W/cm 3 

210 MW 
117 keV 
54 kV 

70% 
100 keV 
150 keV 
1270 A (trapped) 
630 A (trapped) 
0.94 
71% 
225 MW 
S47 million or ^210/kW (trapped power) 

one-stage 
50% 
35% 
112 MW 
S25 million or $225/kW o u t 

12 

100 W/cm 3 at startup (-300 W/cm 3 at equilibrium) 

- 5 to 1 

-10 to 1 
2000 MWt 

300°C 
600°C 
690 kg/yr (assuming an 80% duty factor) 

12-



Table 2 -3 . Advantages and disadvantages of the fusion-fission reac tor . 

Advantages Disadvantages 

Fusion-fisston r e a c t o r s in genera l : 
Large energy multiplication in blanket. r Radioactive fission products. 
F i ss i le fuel production (239p u and-'or 233-JJ^ Tr i t ium handling. 
Subcritical (cannot have a nuclear excursion). Physically very large components. 
Reduced performance required of fusion Relatively high capital cost . 

components re la t ive to pure fusion. Complex geometry. 
e. g . , reduced f irst-wall loading, 
reduced Q required, reduced injection, 
and efficient direct energy conversion. 

Low magnetic field (< 80 kG). 
F iss i le fuel not required. The blanket 

can be fueled with natural o r depleted 
uranium or spent l ight-water reac tor 
fuel. Long-lived fission r eac to r 
actinide wastes could be "burnt. " 

M i r r o r confinement for the fusion component of 
a fusion-fission reac to r : 

Nearly spher ical shape for neutron source . Low Q (Q = Pfusion/ p in iected^-
Access for removal of blanket modules. Sensitivity to enhanced fosses. 
Access for neutral beam injection. Complicated magnet. 
No known impurity problems. 
Steady-sta te operation. 

P rob lems with present reference design: 
Unit costs <S/kW and /or $/g f issi le fuel per year) 

a r e high. 
High peak- to-average blanket power density 

(- 5 to 1 at s ta r t up; - 10 to 1 at equilibrium). 
Average blanket power density too low. 
Power output inc reases with t ime 

(360 MW e at s t a r t up; 740 MW e at equilibrium). 
Blanket modules a r e la rge 

( ~ 1 0 5 k g ) . 

Table 2-4. P a r a m e t e r s for a high-power fast-fission-blanket reac tor . 

Power 1200 MW e (all powers a r e double the 
reference design) 

Blanket multiplication, M 12 
Q 0.935 
Fuel production 1380 kG/year 
Total c o s t a $1. 6 X 1 0 S or S1300/k\V 

e 
Cost of e lectr ic i ty (selling fuel L f S20/g> 26 mills k\Vh 
Cost of fuel (selling electricity at 20 mills kWh) $55 'g 

a T h e magnet was assumed to have a lower cost structure than before by $100 million, 
but otherwise the magnet scales as fusion power,VP", resulting in a magnet cost of $280 
million. The n i rror ratio must be dropped slightly to keep the peak field within the 
limits of Nb T. .hictor technology. 
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Table 2-5. P a r a m e t e r s of hybrid r eac to r with lower Q and higher M than the reference 
design. 

Depar ture from point design : 
Q 
Injected power, P . 
Blanket multiplication, IW 
Net f issi le breeding ra t io 

System per formance: 
P (net) e 
rj(net) 
F i s s i l e production (net) 
Plant cost (extrapolated) 
Cost of e lec t r ic i ty (if Pu is sold at $20/g) 
Cost of Pu (if e lectr ic i ty is sold at 20 mills/kWh) 

1 / 2 ^ c l a s s i c a l = 0 - 4 7 

2 X P'. = 450 MW in 
2 X M' =24 (thermal lattice) 
0.80 • (NFBR) = 0.7 atom/fusion 

1200 MW e 
0.30 
550 kG/year 
SI. 50 X 1 0 9 

27. 5 mil ls /kWh 
S137/g 

wfhere pr imed quantit ies a r e the re ference values . 

Table 2-6. P a r a m e t e r s of hybrid r eac to r with c lass ica l Q (0. 935) and higher M than 
the re ference design. 

Departure from point design: 
M 
Net fissile breeding ra t io 

System per formance: 
P e (net) 
n (net) 
F i s s i l e production 
Plant cost 
Cost of e lectr ic i ty (if 2 3 9 P u is sold at $20/g 
Cost of Pu (if e lectr ic i ty is sold at 20 mills/kWh) 

24 
0. 7 atom/fusion 

1375 MW 
0.34 
550 kg P u / y e a r 
1.32 X 1 0 S 

22 mil ls /kWh 
S47/g 

3. General Description of Reactor and Facilities 

The r eac to r and its associa ted facili t ies 
consis t of the following main components 
and s y s t e m s : 
• T'ie main superconducting coils that 

genera te the magnetic m i r r o r field for 
the confinement of the plasma in which 
the fusion react ions take place. 

The coil supports that r e s t r a i n the 
main coils from distort ing under the 
enormous forces generated by the 
magnetic field. 
The auxiliary superconducting coils 
that control the shape of the leakage 
flux from the p lasma. 
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• The injectors that supply the fuel 
(deuterium and tritium) to the plasma. 

• 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. This blanket also contains 
lithium for breeding tritium to feed the 
injectors. The blanket is divided into 
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 electrical 
system that collects the current from 
the direct energy converters and produces 
useful electrical power. 

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

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

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

• 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 and recharging 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 "Baseball1* design (where the 
shape of the coil is similar to the seam of 
a baseball) that has been used in a number 
of mirror devices. The Yin-Yang 
arrangement results if the conductors of 
a baseball coil are divided into two bundles, 
identical, but rotated 90c to each other. 
In fact, the halves of the reactor are 
rotated 90°. The Yin-Yang arrangement 
provides space between the coils for the 
four injectors and permits easy removal 
of the blanket. 

The individual superconductors are 
fine filaments of NbTi embedded in 1-cm 
square copper bars. Suitable spacers 
between the copper bars provide passages 
for the liquid-helium coolant. The 
windings are housed in a stout, stainless 
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 discussed in Section 7. 
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COIL SUPPORTS 

Enormous forces a r e produced by the 
coi ls . One component, which tends to 
s t ra ighten out the a rc of the coil, can be 
res i s t ed by the coil tank itself; the other 
component tends to open up the coil gap. 

Because it is impract ical to make the 
coil tank s t rong enough to contain the coils, 
mass ive clamps a re provided. These 
c lamps consist of a large number of t r u s s 
subassembl ies , fabricated from non­
magnetic s ta in less steel and laminated 
together. The coil c lamps a r e cooled to 
the s a m e t empera tu re as the coi ls . 
Therefore , these member s must be 
surrounded by the same type of thermal 
shield as the coil . If the c lamps were not 
cooled along with the coils, the re would 
be differential thermal contraction, and 
large forces would be t ransmit ted a c r o s s 
thermal b a r r i e r s . The computations for 
the c lamps a r e shown in Section 7. 

The total weight of these clamps is on 
the order of 15,000 tons, and thei r cost 
appears to be disproportionately large. 
We therefore feel that, while this is one 
possible solution, o ther ideas must be 
studied. This particular design was based 
on the requirement that the coil gee 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 ns they emerged from tht* coil gap. 
The leakage plasma would, of course, 
expand along with the magnetic flux tines 

and would then s t r ike the vacuum gatt-s for 
the blanket modules. Toavoid th i s , andto 
lead the leakage plasma into the direct energy 
conver ters , auxil iary coils must be added. 

The auxiliary coils a re superconduct ng 
coils of the same general construction as 
the main coi ls . The coils a lso must be 
surrounded with shielding. 

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

INJKCTOHS 

With a m i r r o r configuration utilizing 
Yin-Yang coils, it is possible to introduce 
high-energy neut ra l s into the reac tor via 
four separa te injectors . Each injector 
is roughly pyramidal in shape with a 
rec tangular base and apex angles of 30° 
and 60 c , and each holds 70 modified 
Berkeley sources mounted in five columns 
of 14 units each. Each injector is located 
in a l a rge pumping chamber serviced by 
four 120-em Hg ejector pumps. All of the 
beams pass through a 20- by j0 -cm 
openit.g in the blanket. 

The beams coming from each column 
of 14 sources go into a common liquid-
ni*.rogen cooled n e u t r a l i z e s about 1-m 
long, and subsequently pass between 
e lec t rodes that r ecover 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, continuous operation is possible; 
i. e . , each cryopanel can be removed from 
service (by sliding it between the columns 
of sources into the pumping chamber), 
oulgassed. and subsequently reintroduced 
into the injector. 
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URANIUM RLANKKT 

The g ross blanket geometry is defined 
by the p lasma and coil geometr ies for a 
min imum-B Yin-Yang magnetic m i r r o r . 
The blanket design, shown schematical ly 
in Fig. 2-4, is constructed from p ie -
shaped modules whose assembled geometry 
conforms to the Yin-Yang magnetic field. 
Each module, in turn, is composed of a 
collection of domed, cylindrical, p r e s s u r e 
vesse l s (submodules) mounted to the 
module base . 

The submodule, the basic component 
of the blanket, contains an inner fast-
fission zone and an outer t r i t ium-breeding 
zone. The inner contains natural uranium 
carbide contained in wire-wrapped pins in 
a hexagonal a r r ay . The outer zone con­
ta ins 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 p r e s s u r e vessel wall and then 
removes the heat from the fuel pins and 
the heat and t r i t ium from the breeding 
mate r ia l . 

A new blanket s t a r t s life with natural 
uranium fuel and has an energy mult i ­
plication (M) of 8, a net fissile breeding 
ra t io (NFBR) of 1. 2 atoms'fusion, and a 
t r i t ium breeding ra t io <T) of 1. 05. As 
the blanket is exposed, it will enrich 
i self in plutonium, thereby causing M and 
T to increase and NFBR to dec rease . With 
the refueling scheme used, the life t ime 
averageM, T, andNFBR a r e 12, 1.2, and 0.9. 

HELIUM COOLING SYSTEM 

The heat from the uranium blanket is 
t r ans fe r red to th s team genera to r s by 

helium. To ensure safety, the ent i re 
sys tem is duplicated: there a re two 
inlets and two outlets on each blanket 
module; two inlet manifolds and two outlet 
manifolds a r e provided for each side of 
the reac tor ; a helium ci rcula tor is p r o ­
vided in each circuit ; and in addition, the 
helium is everywhere enclosed by two 
wal ls . 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 ent i re r eac to r . 
All helium lines to and from the reac to r 
a r e double-walled. Likewise, within the 
s team genera to r s the helium is again 
doubly enclosed. 

Each of the helium c i rcu la to r s (Fig. 3-1) 
consis ts of a helium compres so r with a 
steam turbine main drive and a water 
turbine (Pelton wheel) auxiliary d r ive . 
The la t t e r supplies power to the c i r cu ­
la to r s when steam supply is not available. 
This ar rangement is s imi l a r to that «sed 
in General Atomic 's Fort 3t. Vrain, 
Colorado, helium-cooled fission reac tor . 

An auxiliary af ter-heat cooling system, 
also using helium, cools the modules 
while they a re being withdrawn and t r a n s ­
ported for process ing. A value in the 
main cooling line at each module makes 
the module gas-t ight during removal and 
t ranspor t . 

See Section 8 for calculations on the 
helium cooling sys tem. 

THERMAL POWER SYSTEM 

The thermal power sys tem conver ts 
the thermal power from the s team gen­
e r a t o r s into useful e lectr ical power. 
Because we have studied this aspect of 
the plant only very superficially, we assume 
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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 
helium-cooled fission reactor. 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 
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 6 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 to 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 

2 of about 100 W'cm . We have shown 
experimentally that, at this power aensity. 

85 m diam 

1 o O ^ H o i h i n y ^ 
,-j Qcirculotors: 
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Loading 
platform 

Y 
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Fig. 3-1. Plan view of reactor in reactor room. 
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Fig. 3-2 . Plan view of main floor of building. 

Fig. 3-3 . Plan view of building basement. 
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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 by a ribbon, 
grid. The wire grids reflect the electrons 
and allow the positively charged ions to 
continue on though; the ribbon grid acts 
as an ion trap. Thus, the particles see 
the first wire grid at zero potential, the 
second wire grid at negative potential, 
and the ribbon grid at high positive 
potential. The wires and ribbons are 
cooled by radiation to hehum-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 

ELECTRICAL SYSTEM FOR THE DTRECT 
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 :-.nd rectifiers 
is controlled by an electronic regulator 

Steam processing-' 

0 5 10 

Fig. 3-4, Sectional elevation of building. 
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system that accurately maintains the 
potential on the Venetian blind e lec t rodes . 
Because the voltage required for the ion-
s o u r c e s does not always match the output 
voltage of the direct energy converter , 
smal l ser ies- topping power supplies a re 
provided to obtain the p rec i se ion source 
voltages. 

VACUUM ENVELOPE 

The entire reac tor , including the 
d i rec t energy conver ters , is enclosed in 
a vacuum envelope, 'i .lis envelope has a 
cowent ional , welded construction, Othei 
than the flange joints provided for the 
removal of the cryopumping chambers 
and for access to the direct convert­
e r s , no joints a r e pi"(~«\ided for major 
dismantling. The tank would be 
simply welded in place and expected 
to remain the re for the life of the 
ma chine. 

The spher ical portion of the tank 
surrounding the r eac to r p roper is supported 
internally by the shielding and the magnet 
s t ruc tu re . The expander tanks, however, 
r equ i re external supports to r e s i s t the 
a tmospher ic loading. This external 
stiffening s t ruc tu re a lso supports both the 
shielding around the expander tanks and 
the t r acks for the blanket module t rucks . 
As proposed, the external s t ruc tu re con­
s i s t s of radia l member s connected at t he i r 
inner ends to the spher ica l tank. At the i r 
outer ends, each pai r of radia l member s 
is supported by a column. At the i r ends, 
these columns a r e connected together by 
a box-beam that is curved in a c i r cu la r 
a rc to conform to the shape of the 
expander tank. 

VACUUM PUMPING SYSTEMS 

The large volume of gas produced at 
the direct energy conver ters is pumped 
Dy cryopumping chambers behind the 
ribbon gr ids . These cryopumping chambers 
contain l iquid-helium-cooled panels that 
are thermally shielded with l iquid-ni trogen-
cooled panels and multiple, reflective, 
heat shields . Any o,. ^anel may be 
isolated in automatic sequence for 
"defrost ing" by means of a " Ja lous ie" 
louvred valve. The cryopumping panels 
may then be warmed up and the evolved 
gas collected through a meciianically 
pumped vacuum manifold. 

To maintain a good vacuum in the 
p lasma area, additional cryopumping 
panels may be introduced into the in ter ­
mediate volume formed by the constr ict ion 
between the coils and the entrance to the 
expander tank. See Section 8 for pumping 
calculations. 

The la rge quantity of gas also produced 
in the injectors is pumped by a com­
bination of cryopumping and conventional 
diffusion pumps. See Section G for fur ther 
detai ls . 

TRITIUM-HANDLING SYSTEM 

The tr i t ium-handling sys tem is divided 
into two p r i m a r y sys tems : a hel ium-
coolant, t r i t ium-recovery sys tem and a 
purification and isotopic-separat ion s y s ­
tem. If t r i t ium is accidentally re leased, 
the gas will be contained by secondary 
pur i f iers that will remove cr..tium from 
the room a tmospheres and by special 
design features in the containment 
s t ruc tu re . 
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Fuel Recovery System 
Helium coolant 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
lation 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 describ 2d in Section 
10. 

Tritium Containment, Inventory, and 
Storage 

Rooms containing components with 
large amounts of tritium will be sealed 
with a nitrogen atmosphere. In case of an 
accidental release within the room, a 

purifier will catalytically oxidize the 
tritium and hold it on molecular sieve 
beds. This equipment follows the PERP 
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 
• To reduce neutron heating within the 

superconducting coils, 
• To reduce neutron damage to the super­

conducting coils, and 
• 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 the product by the University 
of California or the II. S. Energy Research 
& Development Administration to the 
exclusion of others that may be suitable. " 
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of s ta inless s teel and water placed 
adjacent to the coils and immediately out­
side the uranium blanket. The layer of 
shielding immediately within the spher ical 
vacuum tank is of concrete encapsulated in 
s ta in less s tee l tanks . 

To prevent the escape of radiation 
through the injectors and through the 
direct energy conver ters , 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, d i rec t 
energy conver ters , and other e lements of 
the reac tor . 

During shutdown, the shielding shown 
(Fig. 2-6) should provide sufficient bio­
logical protection so that the r eac to r room 
may be entered as long as all pa r t s of the 
shielding a r e in place. However, because 
of the t r i t ium contamination that may 
resul t when the r eac to r has been opened 
( e . g . , for replacement of ion sources) , 
operating personnel must wear protective, 
airt ight sui ts with separa te a i r supplies. 
When any part of the shielding is removed, 
the result ing radiation level (at leas t 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 requ i res far more study. 

The general a r rangement of the 
uranium blanket modules is shown in 
F igs . 2-1 and 2-4, The wedge-shaped 
modules a re arranged in a radial a r ray , 
as in the sect ions of a pie. Each module 

is provided with stat ionary t r acks that 
support it and along which it may be rolled. 
Opposing pa i r s of modules c r o s s each 
o thers paths as they a re withdrawn. The 
vacuum envelope for each module has a 
por t 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 t emporary t r acks must be inserted 
to bridge the gap between the permanent 
t r acks and the port . 

Because a spent, withdrawn module is, 
of course , very radioactive, it must be 
placed in a lead casket . These caske ts 
a re mounted on ca r t s that run on t r acks 
placed on ei ther side of each expander 
tank. A temporary cooling sys tem removes 
the af ter-heat from the module during 
t ranspor ta t ion. 

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 t empora ry t r acks in place. 
4. Attach the temporary cooling l ines to 

the module. 
5. Close the main helium valves at the 

module 
6. Separate the joints at the module in 

the main cooling l ines. 
7. Roll the module into the casket . 
8. Run the car t to a position where the 

casket may be handled by the overhead 
c rane . 

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

To load a fresh module into the blanket, 
r e v e r s e this p rocess . Remotely operated 
means a r e provided for servicing the 
injectors, direct energy conver ters , and 
other e lements of the reac tor . 
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Shielding plug 

mm ^;mmimrM 
Fig. 3-5(a) 

Ma ina cooling 
line joint ' 

Temporary 
cooling line-

Fig. 3-5<b) 
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Uranium 
blanker 
module-

aasaaaflg ''*Bfe?:v^ 

Fig . 3-5(c) 
Fig. 3 -5 . Module removal sequence: 

(a) Tr i t ium shielding plug removed; (b) Casket in place, vacuum gate 
valve opened, t empora ry r a i l s and cooling line attached; (c) Module in 
casket . 
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BUILDING AJJD UTILITIES 

The fusion-fission hybrid reactor 
building is a highly specialized steel and 
concrete structure. *ts design is integrated 
with the design of the- reactor systems, 
the blanket module assembly, the dis­
assembly facilities, the tritium handling 
systems, and the power generation facility. 

Building Functions 
The building will provide 

• Shelter space for the reactor and allied 
equipment (including maintenance and 
operating equipment). 

• Radioactive contamination control and 
protection of personnel from excess ive 
amounts of radiation. 

• A containment vault that will retain 
released radioactive materials 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. 

• Work areas for assembly of uranium 
blanket modules and for storage. 

• Tritium recovery and storage facilities. 
• Steam turbine power generation 

facilities. 
• Utilities, office space, and shops as 

required to meet the minimum need of 
operation and maintenance. 

Description of Principal Areas 
Building plans, sections, and elevations 

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-light 

vessel for any radioactivity or particles 
released in the event of an accident. The 
vault is constructed of steel with walls and 
roof approximately 1-1 2 in. thick. In­
side, the vault is 280 ft in diameter and 
218 ft high. To assure gas-tight integrity, 
all duc'.s which penetrate the vault are 
suitably sealed to the steel vault housing. 
Also, all cables or pipes within these 
ducts are sealed or otherwise closed in :t 
positive manner to assure that the vault 
is leak-tight. The reactor vault is 
designed to withstand a positive pressure 
of 2 psi above atmospheric: however, ii 
is normally operated at a negative pressure. 

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

A 200-fon radial crane with a shielded 
control cab covers the entire vault area 
and is used to assemble and disassemble 
the reactor. 

The reactor vault is operated at a 
negative pressure and contains an inert 
gas such as nitrogen. To remove radio­
active contamination, this inert atmosphere 
is continuously circulated through high-
efficiency filters. A !e;ik test is performed 
periodically to assure that there are 
neither leaks nor penetrations in 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 tin* blanket modules. The radioaclivc 
hlankct modules are transferred from the 
reactor vault through the -shielding door 
by truek or dolly. A sliding, shielding 
door communicates with an air lock that 
provides the means for removing parts 
from tile area without compromisinj! the 
atmosphere of the assembly area. A 
personnel air lock connects the assembly 
area with the l imited-access area. 

Generator lloom 
A UO-rt wide. HO-fi long, :<0-ft high 

room hous-s two !i(M)-MVA steam turbine 
generators. This room is adjacent to the 
steam generators located in the reactor 
vault. Located under the generators is 
the steam processing equipment. 

Administration and Control Area 
The administration ami control wing, 

a single-story structure of approximately *> 
117,500 ft", contains the following: 
• Ueactor control room. Here is space 

for operati»in consoles, computt-r 
terminals, and closed-circuit television 
monitors for viewing various parts of 
the reactor system. 

• Compute? room. Computer and 
associated equipment are housed here. 

• Diagnostics room. The remote data 
collecting and counting equipment are 
housed here. 

• .Small assembly and maintenance shops. 
• Offices. 
• L ibrary. 
• Auditorium. 
• Conference rooms. 
• Electronic maintenance shop. This 

shop provides facilities for maintaining 
the computer, control, and diagnostics 
equipment. 

• Toilet facilities. 
• Lobby. 

Power Supply Areas 
(looms on tie- first floor and basement 

level house the following electrical equip­
ment *nd power supplies: 
• l.'mcrgeiicy g.-iterator. 
• -100-11/ alternator for ion source 

filaments. 
• Power supplies for the magnet. 
• Power supplies for ion sources. 
• Distribution switchgear. 

In general, alt power supplies will be 
water-cooled to minimize the ventilation 
requirements in these areas. 

Mechanical Equipment Areas 
Tin-re are two mechanical equipment 

areas: a conventional one housing equip­
ment for building heating, ventilation, and 
reactor refrigeration: and second, limited-
access area housing potentially radio­
active equipment that includes the following: 
• \lcch:uiu-:it •-ace.um pumps, 
• I'luid heat exchangers and pumps for 

coolE.ng radioactiv components. 
• Treatment facilities and pumps for the 

water coolant. 
• Heating and ventilation equipment for 

the l imited-access area. 

Limited-Access Area 
A l imited-access area on the first floor 

is provided for operations and equipment 
that are radioactive or potentially radio­
active. Entry is through two change 
areas One group of change rooms con­
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 
area is used for module maintenance, 
nitrogen filtering, and tritium recovery 
and storage. 

Cooling Tow org 
The reactor power that has been 

dissipated in the heated, low-conductivity 
cooling w/.ter is transferred to the 
atmosphere. 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 facility, each rated al 350 M\\\ The 
total installed capacity is in excess of 
2000 AIW. 

h.eetrical Substation 
The installed power capacity of the 

fusion-fission hybrid facility substation 
is 750 MVA. Four 230-kV lines come to 
the site on two rows of towers. These 
lines terminate on disconnect switches 
foi isolation and switching. Roth of the 
separate, three-phase transformer banks 
have three 125-MVA single-phase trans­
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. Circuit breakers connect each 
set of transformers to a 13. 8-kV bus. A 
normally open bus tie breaker connects 
the two 13.8-kV busses. 

Outdoor 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 480 V supply 
power 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 emergency power. Batteries are 
provided 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 

fus ion-fission hybrid facility; however, 
the cost estimate 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. 
• Easily accessible to supporting 

industry and to commerce and trans­
portation networks, 

• Access roads. 
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4. Operating Parameters and System Performance 

REACTOR POWER FLOW P c . ' P i n 1 " r x ; , ( 1 - ^ c ' 0 - 2 Q > " T h 2 

The average net e lec t r ic power output 
of the r eac to r is P = 610 MW. A one-e 
stage direct energy conver te r that r e ­
covers power from the leakage ions with 
an efficiency rjpjC = 50% is followed b 
bottoming the rmal cycle that opera tes 
with an efficiency 1 T n 2

 s 35{T"> The com­
bined efficiency is 68%, Power ca r r i ed 
by the 3. 52-MeV fusion-product helium 
is a lso recovered at n^uo = 3 5 % . The 
fast-f ission blanket multiplies the fusion 
neutron power by a factor M = 12, and 
this increased power is recovered in a 
t he rma l cycle at n T h l = 38%, 

Figure 4-1 shows the power-flow 
diagram with an injector efficiency 
n. = 70% and with Q = Q , . . = 0. 935. 
The entire flow of power is varied in 
proport ion to the injected power P. , with 
P given by: 

Here, 0. 2QP. is the power ca r r i ed by 
the helium tons. Thus, for P . = 225 MW in 
of neutral beam power injected and 
trapped, the fusion power yiuld is P „ 
* Q P j n - 210 MW. 

INJECTOR POWER FLOW 

The 71^ injector efficiency r e su l t s 
from considering each of the var ious 
p r o c e s s e s that takes place in the p r o ­
duction and trapping of the neut ra l beam. 

Figure 4-2 shows the power flr»w through 
the injector sys tem that r e s u l t s in 225 MW 
of trapped neutra l beam. The fraction 
neutral ized, J-' = 0, 55, and the fraction 
trapped, f, = 0, 94, remain the s a m e for 

1611 MW 

Fig. 4 - 1 , Power flow through the r eac to r for injector efficiency n. = 70% (see te:ct for 
definitions of symbols) . * 
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botli t!u- 100-kcV l)° and 150-keV T° 
injection because the velocities and cross 
sections are equal. The efficiencies of 
the beam direct energy converter, ' i | , , ) C -
: O.til', ami of the two thermal converters. 

''Till = 0 , 3 U a n , i ''Tlf ' 0 , < 5 , : l l S O '"''" 
main the same for both species , 'luyf-
- 0.69, results from assuming that the 
expected efficiency of 0. 78 can only apply 
to the 88"'o of the unnetitralized beam that 
is at the full 100-keV or 150-keV energy. 
The remaining 12°; is at 2 /3 , 1/2, or 1/3 
of full energy and can probably be collected 
at only a very low efficiency. The 
efficiency of the positive ion accelerator, 
r) - 95°'.., results from using 3. 8 keV to ace ° 
create each ion and then losing about IK 
in the acceleration process . 

Therefore, 320 MW is consumed in 
injecting 239 MW at 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 tin-rmni 
cycle. 

KUXTIIICAL OITlH-r AMI !••« III. 
PROM'CTION 

The net electric power output is i' 
= GOO MW _. Assuming an HO": plant 
availability, 4110 r>!W .-years of e l ec ­
tricity is produced. This output power 
results mostly from fissions in the sub-
critical blanket as a result of bombardment 
by 14-MeV neutrons from i)-T fusion 
reactions in the plasma. In addition to 
power, the neutrons in the blanket also 

**39 produce " Pu and tritium. 
Of the 11. 2 kg/yr of tritium produced, 

0.3 kg/yr is used in the neutral beam injec­
tors that maintain the plasma. The(i!>0 kg/yr 
of plutonium that is generated is salable for 
fuel used in fission reactors. The rate of 
pi oduction of plutonium can be increased at 
the expense of a decreased electrical output. 

= 0.95 435 MW F - a.ss 239 MW f - 225 MW 
'ace " r t - . . - . 

458 Ml N 196 M w 14 MW 

140 MW 

" b d c = 0 - 6 9 n t h , =0.38 

140 MW 

135 M iV 5.5 M\ N 

318 MV N 

= 225MW . 
1̂ 318 MW U - 7 ' 

Fig. 4 -2 . Power flow through the 100-keV D and 150-keV T injector system (see 
text for definitions of symbols). 
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5. Plasma Physics Design 

PLASMA CONHNKJUKNT 

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 iterations. The design 
presented iierr is based on some reason­
able hut slightly arbitrary choices and a 
few simplifying assumptions. In Section 
12, we discuss the effects of varying 
these choices and of relaxing these 
assumptions. The purpose in this section 
is to present one complete design that can 
be used as a reference point. 

The simplifying assumption having the 
most serious influence on the design is 

that the plasma behaves classically (for 
the effects of nonclassical losses , sec 
Suction 12). In particular, we assume 
that the plasma is magnctohydrodynamicalty 
(Mill)! stat ic and that microinstabilities 
are suppressed to a level .vhere they have 
a negligible effect on the containment time 
for the plasma. Containment time is a 
determining factor in the power gainQ. 
The effect of a change in containment time 
(due to microinstabilities, for example) is 
to produce £ corresponding change in Q. 

Q is defined as the ratio of the fusion 
power produced, P.„ to the power in­
jected and trapped, P. ; i . e . . 

Q = P. (5-1) 

Table 5-1. Physics parameters. 

B v ; 
R.. 

Distance between mirrors. 
Plasma radius, r 
Mirror field, R 
Vacuum central field. 
Vacuum mirror ratio. 
Mirror ratio, R 
Plasma pressure/field pressure, 3 
Density X containment time, (nr) 
Fusion powtr/injected power, Q 
Central density, n Q 

Reaction rate parameter, (av)^™ 
Fusion power, P „ 
Mean < w nergy, 
Ambipolar potential, e a m b i p o l a r 

Power injected and trapped, P. 
0 Injected D current, I_o 
0 

Injected T current, I„o 
Injection energy (D), W ; n D 

Injection energy (T), W i n T 

25 m 
3. 5 m 
6. 8 T 
1.94 T 
3 .5 
7.83 
0.80 
2 . 7 X 1 0 1 3 s / c m 3 

0.935 
5. 35 X 1 0 1 3 c m " 3 

9.2 X 1 0 " 1 6 c m 3 / s 
210 MW 
117 keV 
54 kV 
225 MW 
1270 A 
630 A 
100 keV 
150 keV 
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P . , is calculated by integrating the r e ­
action ra te over the volume of the plasma 
and multiplying the result by V.„, the 
energy re leased p e r fusion reaction 

pK a ! v / v V ^ ( * ^ I 3 T d V (S-2) 

We assume that the densi t ies of 
deuterium and of t r i t ium a re equal every­
where <n., = n— - n /2) . The react ion ra te 
p a r a m e l r r , (tfv) p f is averaged over the 
ion velocity dis t r ibut ions. Because this 
ra te pa rame te r is nearly constant over 
the plasma volume, Kq. *:*>-:>) can in-
rewri t ten 

, ' » . l n = w

U . t n I I J . 1 n = a ^ f J " " ' 1 V -

where \V. . is the injection energy for 
drutirrtum, and where we a s sume that 
n.. n / 2 . The total ion density is n 
- n. • n,„. A s imi la r expression holds 
for t r i t ium; the total injected power is 
therefore 

i> 1 / l>, in 1, in \ 12 ... 

U we define a mean (nT) by 

, n 5 > . 2 » ( i - . U - \ 
V I ) T / I) T / 

and a mean iniecHon energy W. bv 
•' " J i n -

P r . i « ? v ) l v r K r f n 2 H V . (5-3) W. - ' » • i n " , ! ) - i n J |T. 'n W T . in 

P . in the denominator of Kq. <5-l) can be in ^ 
writ ten s imilar ly by noting that the in-
je t t ed par t ic le current , I. , must just 
equal the loss current , I, , for each loss 
ton spec ies . The loss is due to scattering 
into the veloci ty-snace loss cone de te r ­
mined by the magnetic field. For example, 
the deuterium current is 

lD, in = r D , l o s s = J 7 ^ d V ' 

Here, n f . is the density and T . , is the mean 

lt), in 4 lT, in 

. W i n ' 7 Q W T , i n , 
T T ' T(> 

then Kq. (5-4) simplifies to 

P i n = 5 s - f n 2 civ . 

Q for any flux tube is given by the rat io 
of P „ to P . for that tube. Hecause in f- in 
the ra t io the volume integrals cancel, Q 
becomes 

••a 0' 
containment t ime for deuter ium. The 
produce ( n T ) n is nearly constant along a 
field l ine: therefore, for a smal l flux-
tube it can be removed from inside the 
integral . Then the injected power can be 
expressed as 

Q = 
(nr) CTUT Kp 

4 W. 
(5-5) 

If one includes the average kinetic 
energy of the reactants , then for a 100-
keV injection, Ep = 17.7 MeV (see foot­
note on p . 39). 

Losses due to bremmstrahlung and 
synchrotron radiation a r e negligible for 

5-the range of ion energy considered he re . 
Losses due to charge exchange with the 
injected neutral beam a r e discussed in 
Section 9. The analysis of the losses due 
to charge exchange of confined ions with 
background gas is left for future work: 



the calculation of this effect must be 
included in a plasma buildup calculation. 

KOKKER-PLANCK CALCULATIONS 

The veloci ty-space averages of im) 
and (o v ) . . T a r e obtained from a two-
dimensional, mult ispecies , Fokkcr-
Planck code' " that models the plasma 
on each magnetic flux surface within the 
volume. Input to the code includes the 
m i r r o r rat io, R, the var ious angles of 
injection, and the source s t rength for 
each plasma spec ies on each flux surface . 
The spat ia l ly-averaged quanti t ies (nT> 
and ( o v ) , ) T a r e obtained la te r by averaging 
the values on the var ious flux sur faces 
with a weighting factor determined by an 
assumed plasma density distribution n(r) . 

The code a lso calculates the maximum 
plasma p r e s s u r e for MHD stabili ty on 
each flux surface. 

Beta is defined as the rat io of p e r ­
pendicular par t ic le p r e s s u r e to total 
perpendicular p r e s s u r e including the 
magnetic field: 

P, 
3 * • 

Pi + B >2"o 
(5-6) 

where B is the actual magnetic field in 
the presence of the diamagnetic p lasma. 
In a m i r r o r machine, 3 can be quite high 
(•£< 3 < i l and is limited by the so-cal led 
m i r r o r o r firehose instabil i t ies . The 
most severe ly limiting instability is the 
m i r r o r mode, which is stable if 

B d p l (5-7) 

The Fokker-Planck code calculates 
p.(B) from the ion and electron d i s t r i ­

bution functions and determines the max­
imum values of p , and 3 allowed by this 
condition. Since the par t ic le density n is 
proportional t o p j , this condition a lso 
de termines the maximum fusion power, 
P r r , that the system can produce. Note 
that for a given 3 , P p " lip « B*ac 

according to Eq. (5-3) and (5-6), where 
n n is the central ion density. An optimum 
design would maximize the integral in 
Eq. (5-3) within the l imi ts set by the 
c r i t e r i a 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 pa rame te r . This optimization will 
requi re more work. The p a r a m e t e r s 
ar r ived at in the present study a r e tab­
ulated in Table 5-1 and discussed below. 

Injection energies W D . = 100 keV and 

W ™ . = 150 keV were chosen to give 
equal velocit ies of deuterium and t r i t ium 
and to t ry to maximize the r eac to r 
efficiency. Since the technology for 
posit ive ion accelerat ion appears c loser 
at hand, we chose this injection method. 
Q inc reases with mean energy W because 

3 /o 
n T a W ' , and W is roughly equal to the 
average injection energy (see Fig , 12-1). 
However, the efficiency of the neut ra l 
beam injector dec reases when the energy 
is increased (see Fig. 12-2) because 
the c ro s s section a 1 Q for neutral ization 
of the accelera ted beam of positive ions 
dec rea se s with an increase in energy. 
Figure 12-3 shows that the sys tem 
efficiency reacher a maximum value of 
30% for the injection energies chosen. 
For injection energy g rea t e r than about 
130 keV, negative ions appear to be more 
efficient than positive ions. 
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Another consideration in the choice of 
energy is the requirement that the in­
jected beams penet ra te deeply ei.ough into 
the p lasma to provide the p roper r a t e of 
trapping on each field l ine. Not only 
must the p lasma volume be filled to the 
required density, but a lso n Q = n T must 
be approximately satisfied everywhere . 
Equal penetrat ion by D and T r equ i r e s 
that the veloci t ies be equal and that the 
energ ies be in the ra t io of the m a s s e s of 
the two spec ies . 

The Fokker-Planck calculations were 
all based on the magnet design descr ibed 
in Section 7. Briefly, the magnet has a 
length L= 25 m between m i r r o r s , a field 
at the m i r r o r s B = 6. 8 T, and a vacuum m 
m i r r o r ra t io R • = 3. 5. The p lasma 
volume has a radius r = 3. 5 m at the 

P 
midplane as determined by the outermost 
field l ines within the vacuum chamber . 
F igure 2-6 shows the p lasma volume and 
two of the fcur spaces available for in­
j e c t o r s . The orientation of the injectors 
inside the available spaces is determined 
not only for p roper penetrat ion of the 
beams into the plasma, but a lso for the 
best angles with respec t to the field 
l ines . If t rapped at too steep an angle, 
the p lasma density will reach i ts r a t h e r 
low stabi l i ty- l imited value nea r the 
center without proper ly filling the volume. 

If the angle is too smal l ( i . e . , too close 
to the loss cone), the p lasma is rapidly 
lost and Q d e c r e a s e s . 

The radial density variat ion at the 
midplnne n(r) is assumed to be of the 
form 

(5-8) n(r) = n 0 ( l - r 3 / r £ > 

This radial variat ion is consistent with 
the trapping calculations below. How­
ever , the axial var ia t ion of density shows 
considerable peat'" ." n e a r the center , 
indicating that the av rage injection angle 
is too s teep. 

Because the Fokker -^ lanck code used 
has no spatial dimensions, and because 
the m i r r o r ra t io and the injection angles 
a re different cn different field l ines , the 
calculations were made for th ree 
representa t ive field l ines . For each field 
line, three injection angles represented 
the angular spread of the injector sys tem. 

The input data a r e listed in Table 5-2. 
in the table, the field l ines a rp identified 
by the i r radia l distance r from i.he axis 
at the midplane, and the angles d*. 
represen t the angles that the ions make 
with the field line at the minimum-field 
point when they a re injected at the actual 
angle 0 away from the minimum. To try 
to get equal densit ies, the injection 
par t ic le ci . r e n t wat, chosen to be (2/3)D 

Table 5-2. Input data for the Fokker-Planck calculations ( W n ~ 
I D = 2 X I T ) . U 

Field Midplane 0 #0 
line radius (m) (degrees) (degrees) 

100 keV, T.VT = 150 keV, 

0 51, 65, 80° 51,63,70° 0.80 3.50 
1.4 59, 74, 88° "9, 73, 83° 0.72 3.43 
2.8 72, 85, 83° 72, 85, 83° 0.34 3.25 
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Fig. 5 -1 . Injection angles and field 
lines used in the Fokker-Planck 
calculations. 

and (1/3)T. More deuterium than t r i t ium 
current is needed because deuterium 
sca t t e r s into the loss cone fas ter than the 
more mass ive and more energetic t r i t ium. 

The magnitudes of the cur ren t s at each 
field line a r e finally determined by the 
densi t ies that give the des i red amount of 
fusion power compatible with the maximum 
allowed 3 , as calculated by the code. 
These cur ren t s then must be compared for 
consistency with the cur ren t s on the o + her 
two field l ines and with the penetrat ion and 
trapping that the resul tant densi t ies give. 

Figure 5-1 shows the field l ines and 
injection angles used in the calculations. 
The figure shows only two of the four 
injectors located at the four equivalent 
locat ions. Azimuthal drift of the trapped 
ions will ensure uniform density on the 
flux sur faces . 

BEAM PENETRATION 

We calculate the cur ren t that penet ra tes 
to and is trapped on a field line by com­
puting f(x), the fraction of the injected 
beam that penet ra tes a distance x into the 
plasma, where f(x) is given approximately 
by 

f(x) = exp {*£-}• (5-9) 

T is the "attenuation th ickness" 
>X 10 

5-3 
(T = 3, 5 X 1 0 1 5 c m " 2 here) calculated by 

5-4 

Riviere . " " Riviere took into account 
ionization by and charge exchange with 
each of the var ious species in the plasma 
He did not include the reionization of 
charge-exchange neut ra l s . This effect 
was calculated by Carlson and Hamilton 
and i s included in Eq. (5-9) by setting 
a = 0. 65 for our energy range. 

We calculated f'x) along each of the 
th ree injection paths. Then, the fraction 
of the beam trapped in a given region is 
given by the drop in f(x) a c r o s s that 
region. Thu appropriate average is ca l ­
culated for the th ree paths from all four 
injector a s sembl ie s . When multiplied 
by the total injection cur ren t for each 
species , this gives the source t e r m s that 
should be used in the Fokker-Planck 
calculations on each of the field l ines . 
Since the density on any field line is p r o ­
portional to the source t e r m on that field 
line, this calculation of the trapping 
determines a density that must agree with 
th. density used in the calculation. 
F igure 5-2 shows the density on. the three 
field l ines at the midplane as determined 
from trapping and also, for comparison, 
shows a plot of the assumed density 
variat ion [Eq. (5-8)] . The values were 
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normal ized to a maximum value of 
n = 5. 85 X 1 0 1 3 c m " 3 in both *ases to 
yield a peak fusion power dent i ty of 
2 .2 W / c m . 

Fu r the r work i s necessa ry to de termine 
the p rope r angles and locations of the in­
j ec to r s in o rde r to avoid the hollow center . 
P l a sma buildup calculations, including 
the eros ion of the p lasma surface by the 
influx of gas , should be done. When 
these calculations were made for the 
FERF design, it was found that the 
hollow center can be avoided without 
excess ive penetration of the beam to (he 
wal l s . 

Figure 5-3 shows the variat ion of the 
ion density with distance along the axis 
out to the d i rec t energy conver te r . To 
maintain charge neutrali ty, the electron 
density is near ly equal to the ion density 
over the ent i re dis tance. At the direct 
energy converter , where the e lec t rons 
a r e repelled by the negative grid, the 

R —3 
density i s 4 X 10 cm . E lec t ron 
energy is only a few 100 eV here because, 
to maintain charge neutrali ty, the mean 
axial velocity of the e lec t rons must near ly 

0 !0 20 30 
Distance along field I in* — m 

Fig. 5-3 . Variat ion of ion density along 
the centra l field l ine. 

match that of the ions. For these con­
ditions, the Debye shielding distance is 
only a few cent imet res , and this de te rmines 
the grid spacing and potential at the en­
t r ance to the direct energy conver te r . 
The direct energy conver ter is d iscussed 
in Section 8. 

CONFINEMENT PARAMETERS 

7 5f-
E u 

2 41 

i: 
01 

13y-

— -c- — n resulting from 
trapping calculation 

1.0 2.0 3.0 

Radial distance, r —- m 

Fig. 5-2. Radial density distribution. 

The fusion power produced is p r o ­
portional to the Q Of the sys tem. [See 
Eq. (5-1) and Fig. 4-1.1 The FG-kker-
Planck calculations yield Q [see Eq. (5-5)) 
on each field line that is calculated. The 
r e su l t s a r e l is ted in Table 5-3 . 

By calculating P p for the volumes 
represented by each field line, Q for the 
ent i re volume is obtained from the values 
l isted in Table 5 -3 . To do this , the in­
tegra l f n 2 dV must be evaluated for each 
of the th ree volumes. We numerical ly 
evaluated these integrals using the radial 
density variat ion from Eq. (5-8) and the 
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X Table 5-3 . P a r a m e t e r s obtained from the Fokker--Planck cal Iculations. 

Field 
line 

Midplane 
radius (m) 

( o v ) D T 

(X 1 0 1 6 c m 3 / s ) n D / n T Q (keV) 
w 

(keV) 

1 
2 
3 

0 
1.4 
2 .8 

9.29 
9.23 
9.13 

0 .95 
0.935 
0.87 

1.035 
0.997 
0.827 

113 
116 
120 

138 
143 
149 

longitudinal var ia t ion calculated by Moir 
and Taylor . 

Table 5-4 gives the values of the 
var ious p a r a m e t e r s used to evaluate the 
in tegrals , including the ranges in radius 
represen ted by each of the th ree field 
l ines . Notice that by using the Moir -
Taylor calculations and Eq. (5-8), we a r e 
assuming a nea r -cp t imum density d i s t r i ­
bution. Actually, the presen t injector 
design produces a rad ia l variat ion that is 
low in the center (Fig. 5-2) and a var ia t ion 
along the field l ines that is sharply peaked 
at the center (Fig. 5-3). Experience with 
the F E R F design indicates that the in­
j ec to r s can be adjusted to produce the 
assumed distr ibution. 

(crvljyp is obtained from the calculated 
Fokker -P lanck energy dis t r ibut ions . Then 

the tota l fusion power is given by 

P F ^ ^ F I ^ D T / " 2 ^ 
= 16. 7 + 124. 0 + 70. 2 = 210 MW 

F r o m Table 5-3, the Q values corresponding 
to these volumes a re 1.035, 0.997, and 
0 .827 . 
for the th ree volumes gives 

Summing the ra t ios P ^ = P p / Q 

P . = 16.1 + 124.4 + 84.9 = 225 MW . in 

Thus, the overal l Q for the sys tem is 
Q = P p / P j , , = 0. 935. The value of the 
confinement p a r a m e t e r (nr) can now be 
obtained from Eq. (5-5). Table 5-3 shows 
that (o^ ." ; D T = 9. 2 X 1 0 1 6 c m 3 / s for all 
three volumes. Substituting values into 
Eqs . (5-4) through (5-5) gives W. = 116.7 

Table 5-4. P a r a m e t e r s used to evaluate the integral V 1 f 2 
n. J 

dV. 

Field Radii at midplane 7 / 2 \ a A (m ) C b n / n n

c 

V ( m 3 ) d l ine Inner (raS Outer (m> 7 / 2 \ a A (m ) C b n / n n

c 

V ( m 3 ) d 

0 
0 .7 
2 .1 

0 .7 
2 .1 
3.5 

1,54 0.194 0.999 7.45 
12.3 0.207 0.936 55.77 
24.6 0.218 0.488 31,93 

, A " " ^ I n n e r " ' 'outer*' , 
C was calculated in Ref. 5-6 by integrating (n/ng) along a field line and assuming 

a normal mode distribution. C is a function of the m i r r o r ra t io on that field l ine. 
°We as sume n = n„(l - r / r ), with r = 3. 5 m. 
A — o P P 

V = A C L ( n / n . ) 2 , where L = 25 m for each field l ine. 
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keV and 

fir7>=.55 = 2. 7X 10 1 3 s/cm' 
( ? 5 ) D T E F 

Since P „ and P. both depend on ion 
density in the same way, Q is independent 
of ion density. Also, because the fission 
pi-wer 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 
choose n to give any desired electric 
power output, P , by setting the magnetic 
field strength high enough to satisfy the 
conditions for stability. Therefore 

2 4 P a n &B , and the output power is e vac' * r 

seen to increase rapidly with an increase 
in magnetic field. 

ADIABATICITY 

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 SI is expressed 
in terms of a smoothly varying ap: rox-
imation to the actual magnetic fie d. We 
approximate the magnetic field by 

B = B v a c [ l + ( R - l ) Z 2 / i 2 | 

1/2 X ( 1 - 8 ) 

whereS= 3 Q [ : - ( r / r f), 8Q = 0.8, 
r = 3. 5 m, and I is the value of z at P B = B . Since the magnetic field is 
constant in time, Eq. (5-10) is equivalent 
to the two conditions 

v l 8B < r _1 i. 3B ,. 1 

Magnetic field strength is also the 
determining factor for the adiabatic be­
havior of the various ions. The condition 

5-7 for adiabatic confinement is usually 
assumed to be 

i an 
TS at < t - (5-10) 

for transverse and longitudinal motion, 
respectively, v, and vi are corresponding 
velocity components. Because 3 is large 
(S = 0. 8), the radial variation dominates 
and the condition becomes 

Mv 
4§ = = 9 cm . (5-11) 

where H ~ 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 

5-7 plasma density. In our case, the 
plasma is dense enough (3 = 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 

Here, M/Ze is the mass-to-charge ratio, 
v is the ion velocity, B is the central vac 
vacuum field, and r is the plasma radius P at the midplane. This gives W D + < 700 keV, 
W„+ < 500 keV, and W„ ++ < 1500 keV. 1 He 
Therefore, the 3. 52-MeV He that result 
from the D-T fusion reactions will not be 
adiabatically confined. Since their energy 
per charge is much greater than the 
potentials used for direct conversion, the 
fraction of their energy that is directly 
converted is negligible. The thermal 
bottoming cycle to the direct energy con­
verter receives most of the He energy. 
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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 ca l ­
culations. The adiabatic l imits a r e safely 
beyond even the ta i l s of the dis t r ibut ions. 

Equation (5-11) shows that the energy 
l imit for adiabaticity inc reases as the 

0.45 0.80 1.20 1.57 
Angle with respect J> 

to field lines, 6 — radians ^©* 

Fig. 5-4. Velocity distribution of con­
fined D + ions. 

0.45 0.80 1.20 1.57 , A 

Angle with respect ô * 
to field lines, 8 — radians *\* 

Fig. 5-5. Velocity distribution of con­
fined T* ions. 

square of the centra l field strength for a 
given S and m i r r o r ra t io . Therefore , to 
confine the a par t ic les the centra l field 
would have to he increased from 1. 94 T 
to 3. 0 T. If the m i r r o r ra t io were main­
tained, the m i r r o r field would increase to 
10 T . Such a 50% increase in field could 
yield a five-fold increase in fusion power 
if the injectors and other components a r e 
scaled up accordingly. In addition, the 
confined o ' s would thermal ize in the 
plasma, rais ing its mean energy and in­
creasing nT and Q. The Fokker -P lanck 
calculations indicate that this would 
decrease the required injection power by 
about 10%. The best choice of magnetic 
field strength will be determined by 
economic considerations and is discussed 
in Section 12. 

FUSION REACTION PRODUCTS 

Each D-T fusion react ion r e s u l t s in a 
14. 06-MeV neutron" and a 3 . 52-MeV 
a -pa r t i c l e for a total of 17. 58 MeV. 
Therefore, the r a t e of production, S, of 
neutrons is given directly by P „ divided 
by 17. 58 MeV. Since P „ = 210 MW here , 

19 S = 7. 5 X 10 neu t rons / s . This is also 
the ra te of production of a pa r t i c les and 
the r a t e of consumption of t r i t ium. Or, 
stated another way, the t r i t ium con­
sumption r a t e is 12 kg /y r . The neutrons 
enter the uranium blanket and r e l e a s e 

"Leonard and Wolkenhauer have shown 
that the kinetic energy of the reactant ions 
resu l t s 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 essential ly the same ion energy d i s ­
tribution as considered he re . The product 
H e + + will also have a 1. 70-MeV spread and 
a shift that is four t imes g r e a t e r than for 
neutrons, giving a mean a -ene rgy of about 
4 .0 MeV. 
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more power through the result ing fissions. 
The neutronics a r e discussed in Section 6, 
where the production of plutonium through 
(n,T> react ions and the breeding of 
t r i t ium a r e a lso discussed. 

WALL LOADING DUE TO REAM 
PENETRATION 

We have already discussed the in ter ­
action of the neutral beam and the plasma 
from the vie . oints of injector design and 
p lasma maintenance agr.inst end l o s s e s . 
We must a l so consider the f i rs t -wal l 
power flux due to the penetrat ion and 
charge exchange of injected energet ic 
neu t r a l s . 

The average trapping fraction for the 
injected power is 94%; therefore , the 
total power to the first wall due to the 
injected b e a m s is (1 - 0.94) 239 = 14 MW. 
The power density on the first wall va r i e s 
from essential ly z e r o to a maximum which 
is many t imes the average . Figur 2 5-6 
shows the geometry of one injector s y s ­
tem and th° blanket module opposite the 
injection port . The individual beams of 
the injector sys tem converge to pass 
through the injection port ar.'l diverge as 
they pass through the reac to r and en­
counter the f irs t wall . The diverging 
beam shape is that of a rec tangular -based 
pyramid (apex angles 30 c and 60°). Th<> 
maximum power flux on the f irs t wall 
occurs at point A for two reasons — 

• Point A i s the location of the f irs t con­
tact of the wall by the diverging beam, an.! 

• 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 

Fig. 5-6. Geometry of injection. 

can be calculated from the geometry of 
Fig. 5-G. The resu l t s a r e 

Point A; 180 W cm" 

Point 13: 94 \V cm" 

In the p resence of the plasma, the trapping 
fractions along the rays leading to points 
A and H a r e 0.846 and 0. 968. We es t imate 
the power density on the wall in the 
presence of p lasma by multiplying the 
no-attenuation values by 1 minus the trapping 
fraction. The resul t s a r e 

Point A: 28 W / c m 2 

Point B: 3 W/cm 

These estimated values a r e somewhat 
higher than the actual power flux because 
the charge-exchange neu t ra l s a r e actually 
distributed over a l a r g e r a r ea about the 
beam ray. 
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Design 

fission zone and an outer t r i t ium-breeding 
zOiie. These zones a r e composed of 
natural uranium carbide and lithium 
aluminate contained in wire-wrapped pins 
in a hexagonal a r r a y . 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 p r e s s u r e vessel wall and then 
removes the heat from the fuel pins and 
the heat and t r i t ium from the breeding 
pins . 

A new blanket s t a r t s life with natural 
uranium fuel and has an energy mul t i ­
plication, M, of 8.1 and a net f issi le 
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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. 

• Operate at a high enough power density 
to be economically interesting, and 

• 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 fuel 
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, the 

Table 6-1. 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 
Structural 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 Description Produced per DT neutron a ,b 

Fertile blanket 

Fast-fission 
blanket 

Thermal fission 
lattice blanket 

Only breeding of tritium to fuel ~0. 3 to 0. 6 fissile atoms; 
the D-T reactor and breeding of ~ 20 MeV. 
fissile material ( 2 3 3 U and/or 
239p u) to fuel separate critical 
fission reactors takes place. To 
minimize fission in the blanket, 
the fertile material must be con­
tinuously reprocessed. 

High-energy DT neutrons are used ~ 1,0 to 2,0 fissile atoms (net); 
to directly fission a fertile "100 to 200 MeV, 
material. Both fission energy and 
neutrons ar-3 produced; the neutrons 
are used to breed both fusion and 
fissile fuels. 

A fast-fission inner zone drives a ""0 to 1,0 fissile atoms (net); 
heterogeneous thermal fission 
lattice that is fueled with natural 
or slightly enriched uranium or 
thorium seeded with 235u or 2 3 3 U . 

300 to 500 MeV. 

References 6-1 through 6-8. 
The expected effects of tritium 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 ' 1 0 

• 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 carbide fuel is being developed 
for the liquid-metal fast breeder reactor 
(LMFBR). 

• Structural material: Stainless steel. 
• Coolant: Helium. 
• Tritium breeding material: Lithium 

aluminate (LiA10„), 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 t raded for the be t t e r neutronic pe r ­
formance of uranium metal . 

• Depleted uranium might be economically 
more a t t rac t ive than natural uranium. 

• Bet ter neutron economy mighv e 
achieved by using ma te r i a l s with low 
absorption c r o s s sect ions for the 
s t ruc ture ma te r i a l s , e.g., alloys of 
zirconium o r aluminum. 

• Different ti*itium breeding mater ia l s , 
such as LiAl, might simplify the 
t r i t i um- recove ry task. 

• Natural lithium can be used to el iminate 
any requirement for isotope separat ion. 

MODULARIZATION AND ACCESSIBILITY 

One of the central objectives n," this 
study has been to develop a r eac to r design 
in which the blanket could be maintained 
and replaced. To facilitate the removal 

of blanket modules with minimum d i s ­
turbance of e i ther the r ema inde r of the 
blanket or the other r eac to r sys tems 
(coil winding, coil support s t ruc tu re , o r 
injectors), we developed the modular 
blanket geometry i l lustrated in Fig. 6 - 1 . 
In this design, the blanket is constructed 
from pie -shaped modules whose assembled 
topology r e semble s the Yin-Yang field 
geometry . A blanket module is removed 
by moving it l inearly and radially outward 
through the space between the upper and 
lower winding of each m i r r o r coil until 
it is c lear of the coil and radiat ion 
shielding (see Fig. 3-2). After a module 
is c l ea r of the coil s t ruc tu re , it may be 
t ranspor ted circumferent ial ly around the 
outer pe r ime te r of the coil to a containment 
ee l 1 . 

Any module may be removed without 
disturbing any other modules. The design 

Table 6-3 . Material choices for the hybrid blanket. 

F iss i le and 
fert i le fuels 

Tr i t ium-breeding 
ma te r i a l s Moderators Coolants St ructura l mate r ia l s 

U alloys Li 
LiAl 

None He i-'e (alloy) 

U 0 2 LiAlOg C Li Z r (alloy) 
I 'C Molten salt LiH Na 
UN Molten 

salt 
Al (alloy) 

Molten 
salt 

ZrH C 

U cycle: 
U depleted 
V natural 

(Where the Li 
can be natural , 
enriched or de ­
pleted in 6 L i ) 

H a O 
Be 
BeO 

H 2° 

U enriched 
Spent LWR fuel 
U + Pu 

Th-cyc le : 
~ h +

2 3 5 U 
Th + 2 3 3 U 
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rSuperconducting coils 
Injector port 

Coolant di'Cts 

Fig. 6 - 1 . 

Modules 

Schematic a r rangement of 
blanket modules . 

of the coil support s t ruc tu re allows the 
removal of any blanket module without 
e i ther the coil winding o r the coil support 
s t ruc tu re being disturbed. Also, the 
l inear , radial ly outward motion of blanket 
modules during removal does not dis turb 
the injector sys tem or i ts associated 
pumping ducts . 

The small total number of blanket 
modules in this design (20) and the 
seve ra l different geomet r ies (5) l imit the 
potential economic advantages accompanying 
m a s s production of identical modules. 
However, the constant, s tandardized 
thickness of all the modules allows the 
l a rge number of individual submodules 
(coolant passage/fuel assemblies) to be 
geometr ical ly identical, and great ly 
facil i tates 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 p lasma 

Base plate 

Cover plate 

-Submodule 
Fig. 6-2. Blanket module layout. 

Module cover 
plate 
Coolant plena 

Module base 
plate 

Tritium breed­
ing zone 
( L i A I 0 2 + C 
canned in SS) 

Fission zone 
(UC in SS tubes) 

Pressure vessel 

Fig. 6 -3 . Fast - f iss ion blanket submodule. 

(Fig. 6-1). Each module consis ts of a 
collection of domes, i . e . , of cyl indrical 
p r e s s u r e vesse l s (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 a r e - 3 0 em 
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in diameter , except for some s m a l l e r ones 
needed to fill in gaps at the module edges. 
There a r e approximately 400 submodu^cs 
pe r module and 20 main mo lules per 
blanket. Submodules occupy -80"' of th 
module surface a r e a . 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 consis ts of two 
zones, an inner fast-fission zone and an 
outer t r i t ium-breeding zone (Kig. 6-3). 
Helium (at -20 atm and -300 C 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 p r e s s u r e vesse l and the 
outer radius of the subassembly. This 
flow configuration keeps the t empera tu re 
of the p r e s s u r e vessel close to that of the 
inlet helium. Stainless s teel was chosen 
as the blanket s t ruc tura l mate r ia l : how­
ever, e i ther zirconium or an aluminum 
alloy could a lso be used for the p r e s s u r e 
ve s se l . If a low- tempera ture t r i t i u m -
breeding mater ia l such as LiAl siloy is 
used, the inlet helium would a lso cool it. 

At the domed end of the p r e s s u r e 
vesse l , the helium flow r e v e r s e s 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 r evers ing direct ion. 
J the eddying or swirling of the helium as 
it r e v e r s e s ooes not provide a sufficient 
heat t r ans fe r r a t e to cool the first wall, 
internal baffles and or fins could be added 
to increase the heat t ransfer r a t e . 

Since major f i rs t -wall heating is a 
localized problem caused by the neutral 

beams, it might be a t t ract ive to place 
thin .shields in front of the first wall to 
radiatively dis tr ibute the heat over a 
l a r g e r a rea of the blanket. Such a shield 
would also protect the p r e s s u r e vessels from 
bombardmentbyneut ra i a toms. This shield 
could also protect the plasma from sputtered 
blanket mater ia l and small gas leaks. 

After cooling the first wall, the helium 
flows up through the fast-fission zone where 
- 90°i. of the blanket heat is generated. 
The fission zone consis ts of a cylindrical 
bundle of wire-wrapped, s t a in le s s - s t ee l 
clad natural uranium carbide fuel pins 
~20 cm long. The pin bundle is 
tightly packed, and the pins a re in an 
hexagonal a r r a y . 

If a low- tempera ture t r i t ium b reede r 
were used, the hot helium leaving the 
fission zone would be ducted directly to 
the re turn manifold. With the high-
t empera tu re t r i t ium b-reeding mater ia l , 
LiAlOg, some or all of the hot helium 
flows through the t r i t ium breeding zone 
before being ducted to the r e tu rn mani ­
fold. The t r i t ium breeding region is kept 
hot to promote t r i t ium diffusion out of the 
50-(um-diam LiA10„ pa r t i c l e s and into 
the helium coolant s t r eam from which it 
is removed. Tr i t ium recovery is d i s ­
cussed in Section 10. Alternately, the t r i t ium 
could be collected in a sepa ra te manifold. 

The helium now leaves the submodule 
and en te rs the r e tu rn side of the mani ­
fold. The hot and cold s ides of the mani ­
fold a re separated by an insulating pla te . 

A possible refueling sequence for the 
module-submodule blanket design is a s 
follows: 
• Shut down the r eac to r and allow the 

a rU-rheat to drop to a smal l 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 exposure is estimated 

2 to be 5 MWY/m (energy fluence of 
14-MeV neutrons). 6 " 1 2 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. 

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

• Coolant temperatures that would yield 
good efficiency for the thermal energy-
conversion system (T. - 300°C, T o u t 

= 600°C). 
The engineering constraints on the 

design were fixed at: 
• Maximum clad temperature ~700°C, 
• Maximum fuel temperature ~2200°C, 

• Maximum pressure vessel temperature 
= 550ftC, 

4 
• Pressure vessel working stress = 10 psi. 
The material used for the clad is stainless 
steel, and the maximum clad temperature 
was selected to be that value used in the 
proposed gas-cooled fast breeder 
reactor. The fuel is uranium carbide, 
and its maximum temperature was set a 
few hundred 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. " Also, the plasma 
conditions fixed the (peak) first-wall 
thermal loading from the injectors at 
28 W/cm and the peak heat generation 
rate in the urunium. carbide and structural 

3 ° 
materials at 100 W/cm 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), 

• First-wall coolant passage geometry, 
• Coolant pressure. 
Also, the heat-generation rate was varied 
to determine the economic tradeoffs 
resulting from varying the fusion 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 thai 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 subtnodule, 
the outlet fluit conditions from each node 
and the material temperatures in the node 
can be determined as a function of the 
geometry and leat-generation rate. 

The geometry in the code was con­
strained only by the requirements for 
downflow in an outer annulus and return 
upflow through the center of the cylindrical 
submodule. The location of the various 
components within the submodule and all 
dimensions are specified as input. 

to scale) 

i ig. 6-4. Numerical rnodulization 
scheme. 

The fuel and breeding mate Sal were 
modeled as a wire-wrapped pin design 
in a hexagonal array. First-wall cooling 
was provided by extending the fl^w baffle 
around the inside of the first wall to form 
a first-wt \l flow am*ulus. 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 the required cooling while minimizing 
the pressure drop in this region. 

Thermal energy is assumed to be 
generated in all solid materials, and the 
first waii is subjected to a heat flux from 
the neutral beam injectors. Heat flow is 
assumed to occur in the radial direction 
by conduction and convection from the 
solid materials into the coolant, and it 
is transported axially by the fluid flow. 
Axial conduction is neglected. The radial 
energy transport includes heat trans/er 
across the flow baffle between the cold 
downflow and hot upflow. 

The coolant was treated as a one-
dimensional compressible flow, and the 
effects of friction, heat transfer, and area 
change w^re included. The friction factors 
?nd heat-transfer coefficients were cal­
culated from standard turbulent-flow cor­
relations for the particular flow 
geometries occurring in the submodule 
(i.e , the annulus, hexagonal pin array, 
and circular cylinder). The model for the 
pressure drop in the hexagonal pin arrays 
included the effect of wire wraps, but the 
increase in heat transfer due to the wire 
•vraps was not accounted for. Thus, the 
values for the heat-transfer coefficients 
are conservative, and the resulting clad 
temperatures are somewhat b?gh. 
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Calculating the flow in the first-wall 
annulus required some approximations 
due to the unusual geometry in this region. 
The friction factors and heat-transfer 
coefficients evaluated from straight-flow 
correlations were corrected for flow in a 

6-14 curved duct, and the flow as it turned 
and exited from the annulus through the 
baffle was assumed !•"> suffer a pressure 
drop due to turnin" and orificing. 

The temperati 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 matjrill (average and centerline 
temperatures). A gap heat-transfer 
coefficient between the fuel and the clad 
was used, and constant material pro­
perties were assumed. The heat-generation 
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 submodule 
was evaluated from the mass flow rate, 

density, and pressure drop calculated 
in the thermal hydraulic analysis. 

Results for the Reference Design 

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 b-4 and 6-b, 7'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 on p. 51. The 
primary significance of the reference 
design is that it uses established engineering 
technology to demonstrate the i'easibility 
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. 

Table 6-4, Geometry of reference design submodule. 

Pressure vessel: 
Diameter 
Wall thickness 

Fuel pin: 
Diameter 
Pitch-to-diameter ratio 
Clad thickness 
Length 

Width of downflow annulus 
Thickness of flow baffle 
Fuel volume fraction 
Fuel volume/structure volume } in the fission 

zone 

30 cm 
0. .44 cm 

1. , 5 cm 
1. 05 
0. 02 cm 

20 cm 
0. 3 cm 
0. 1 cm 
0. 675 
6. 29 
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We found that the majori ty of the 
p r e s s u r e drop (- 80%) occurs in providing 
the f i rs t -wal l cooling, where the flow must 
be acce lera ted to high veloci t ies (~ 250 m/s ) 
to maintain the first wall at an acceptable 
t empera tu re . The p r e s s u r e loss occurs 
when this high-velocity flow must be 
turned and rapidly decelerated at the 
module center l ine . Although the required 
f i r s t -wal l cooling can be provided in the 
presen t design .vith an acceptable p r e s s u r e 
drop, we a r e considering severa l a l ternate 
cooling schemes that should significantly 
dec rease the pumping requ i rements for 
the f i rs t -wal l cooling and thus inc rease 
the economic performance of the sub-
module. Approximately 90% of the the rmal 
power generated in the submodule occurs 
in the fission core, indicating that, for 
an efficient design, most of the total 

p r e s s u r e drop should a lso occur in this 
region. 

The flow baffle maintains the p r e s s u r e 
vesse l as near the coolant inlet t e m ­
p e r a t u r e as possible, because this com­
ponent of the submodule is highly s t r e s s e d . 
Thus, the baffle must se rve as a flow 
divider and the rmal insulator between the 
cold downflow and hot upflow. We found 
that the baffle itself need not be a good 
the rma l insulator because the fluid boundary 
l aye r s on ei ther side of the baffle provide 
sufficient the rmal r es i s t ance to el iminate 
significant heating of the downflow. In 
the reference design, the baffle was con­
structed from 0 .1 -cm- th ick s ta in less 
s teel , and the t empera tu re r i s e of the 
coolant in the downflow annulus, due to 
heat t r ans fe r from the hot upflow, was 
~ 25°C. 

Table 6-5 . Per fo rmance of reference design s teady-s ta te submodule. 

Thermal power 

Maximum mater ia l t empera tu re s occurr ing in the submodule: 
Clad 
Fuel 
P r e s s u r e vessel 
LiAlOg 

Coolant: 
Mass flow ra te 
Inlet p r e s s u r e 
P r e s s u r e drop, A P / P 
Pumping power / the rma l power 
Fiss ion core velocity 
Inlet t empera tu re 
Outlet t empera tu re 
Tempera tu re r i s e in downcomer 
Tempera tu re r i s e along the first wall 

Maximum power density: 
Fuel 
S t ruc ture 

Maximum heat flux: 
Fuel 
F i r s t wall 
Flow baffle 

a A t s t a r t of life. 

662 kW 

730°C 
800°C 
430°C 
615°C 

0.424 kg / s 
20 atm 
0.042 
0.037 
- 3 5 m / s 
300°C 
600°C 

29°C 
24°C 

100 W/cm? 
10 W / c m a 

36 W/ctn? 
28 W / c m , 
27 W/crn 
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Table 6-6. Performance of reference design submodule when depressurized. 

Thermal power 
Maximum material temperatures: 

Clad 
Fuel 
Pressure vessel 
LiA102 

Coolant: 
Mass flow rate 
Inlet pressure 
Pressure drop, <\P/P 
Pumping power 
Fission core velocity 
Inlet temperature 
Outlet temperature 

Maximum, power density: 
Fuel 
Structure 

Maximum heat flux: 
Fuel 
First wall 
Flow baffle 

In the present submodule -lesign, we 
did not explicitly include the core support 
structure. We realize tha- this structure 
will cause some degradation of the per­
formance (dec- :ised energy multiplication 
and increase oressure drop)* however, 
the effect should be minor. 

Depressurized 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 1-atm coolant pressure and an after-
heat power level (which was taken to be 
5% of the normal operating power). 
The suDmodule performance was evaluated 
unde'" these circumstances, and the re-
suits are presented in Table 6-6. The 
afterheat can be removed and the blanket 

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 

5 W/cm 3 „ 
0.5 W/cm 

1.8 W/cm 2 

2. 6 W/cm 2 

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 as 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 (Tp,), 

maximum clad temperature (T . .), the 
ratio of pumping power to thermal power 

U 
o 
I 600 

£.500 
E 

400 1 _ L 

- 0 . 1 0 

0.05 

0 0.2 0.4 0.6 0.8 
Width of firsNwall flow annulus -

1.00 1.05 1.10 1.15 1.20 
Pitch-to-diameter ratio of fuel pin — P/D 

Fig. 6-5, 

0.2 0.4 0.6 0.8 
Clad thickness of fuel pin — mm 

1000 

Pressure of inlet coolant — ami 

O. > 
-10.07 ~fi 

50 100 150 200 
Fission power density — W/cm 

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; (c) Variation in fuel 
pin pitch-to-d:.ameter ratio; (d) Variation in fuel pin clad thickness; 
(e) Decrease in fuel radius with increase in clad thickness; (f) Inlet coolant 
pressure. 

-52-



( P p / P T H ) and the fue l - to - s t ruc tu re -
volume ra t io ( V p / V „ ) in the fission zone. 

F igure 6-5(a) shows the r e su l t s of 
varying the design of the f i rs t -wal l 
flow passage, where the objective 
was to obtain an acceptable f i rs t -wal l 
t empera tu re (< 550°C) within the con­
s t ra int of a maximum value of 4% for the 
ra t io of pumping to the rmal power. We 
found thst a f low-passage width of 0 .3 cm 
satisfied these two c r i t e r i a . Note that 
s ince P p is the total pumping power for 
the submodule. the very s t rong dependence 
of P p / P _ H oi ••* 'he '••-st-wall 
flow passage ' .f --ssure 
drop in the • by 
the coolin ements of the i r s t wall. 

Figui s 6-5(b, c, d) show the effects of 
varying the geometry of the fission co re . 
These calculations were performed while 
holding a coolant t empera tu re r i s e of 
300°C through the submodule, a constant 
the rmal output of 662 kW pe r submodule 
(by varying the fuel pin length), and thus 
a constant mass-flow r a t e . To provide 
high energy multiplication, the fuel- to-
s t ruc tu re -vo lume ra t io should be la rge , 
a requi rement which dictates a l a rge -rt'.n 
diameter , smal l p i tch- to-d iameter : " • ' 
(P /D) , and smal l clad th ickness . To 
yield a sat isfactory design, t he re must be 
a t r ad t j f f between the neutronic p e r ­
formance and the engineering cons t ra in t s . 

The limiting mater ia l constraint in the 
core of the re ference design is the clad 
t empera tu re , which is determined by the 
t empera tu re of the bulk coolant (T M l „ t ) 
and the coolant film t empera tu re drop 
(AT, film ), 

Since the coolant t empera tu re is fixed 
between 300°C and eOO'C by the t he rma l 
energy conversion systeu. , AT. , , must 
be maintained at a low enough value to 
meet the c r i t e r i a for the maximum clad 
t empera tu re . The film drop is determined 
by the fuel pin heat flux q" and the 
coolant t r ans fe r coefficient heat, h , 

h 

1 clad ' 

F igure 6-5(b) shows the var ia t ion in 
clad t empera tu re as a function of the fuel-
pin d iameter at constant P / D . The heat 
flux inc reases in proportion to the pin 
d iameter , and the hea t - t rans fe r coefficient 
dec reases slightly, resul t ing in l a r g e r 
film t empera tu re drops at l a rge r pin 
d iamete r s . Figure 6-5(c) shows the clad 
t empera tu re as a function of p i tch- to-
d iameter ra t io at constant pin d iamete r . 
For this p a r a m e t e r variat ion, the heat 
flux r ema ins constant. However, increasing 
P / D inc reases the flow a r e a and d e c r e a s e s 
the coolant velocity, resul t ing i i lower 
heat t ransfer coefficients and . . rger 
values of A T f U m . 

Thus, the neutronics requi rement of 
high V./V and the mater ia l constraint of 
low T , , can be simultaneously accomo­
dated by using a core with l a r g e pin 
d iameters and smal l p i t ch- to -d iamete r 
ra t ios . The lower l imit on the p i t cn- to -
diameter r a t io is determined by the 
s t ruc tura l requi rements of the wi re wrap 
and c i rcumferent ia l t empera ture var ia t ions 
in the fuel pin. which become s e v e r e at 
low P / D . The determination of a 
minimum P / D has not been addressed in 
the presen t study. 
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As staled previously, most of the 
pressure drop occurs in the first-wall 
coolant passage, anu 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/P-TH < ^ ' ' 

In Pig. 6-5(d) the pin diameter was 
h"' i ciS'Stant 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) " was considered to be 
a probable lower limit f 5r this dimension. 
Future work should evaluate the specific 
structural requirements of the clad to 
arrive at a value for the clad thickness. 

Figure 6-5(e) 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 V_/V_ (i. e., high energy multi­
plication). The decrease in fuel-to-

structure ratio with increasing pressure 
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 multiplication, this optimum 
pressure being a function of 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 P_/P,__T 

S 4% and M > 8. 
In the present point design study, the 

fission energy density wrs fixed at 
100 W/cm . 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
pers, are rise of 300°C through the sub-
module and the width of the first-wall 
flo*,. annulus was varied with the mass 
flow i-- yield a constant first-wall tem­
perature and, therefore, a constant first-
wall pressure drop. The first-wall heat 

2 
flux was held constant at 28 W/cm , al­
though the value of this quantity may be 
expected to vary somewhat with the 
plasma conditions and, therefore, with 
the fission power density. The clad tem­
perature (the limiting material constraint) 
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 P p / P „ H 

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. 

Wa also evaluated the submodule per­
formance as a function of pressure vessel 
radius. These calculations indicated 
improved economics (larger v p / v c a n d 

smaller Pp/P-Pti) f ° r t n e 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 c > of the module decreases, 
result Jng in moi e void area between the 
submodules and therefore decreased 
neuti'onics 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 
increase in first-wall thickness. The 
increased first-wall thickness causes 
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 characteristics 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 
pressure drops. The required pumping 
power was acceptable, but preliminary 
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 
thickness should be evaluated. Also, 
the core support structure requires 
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. 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 66% 
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, UO„, 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, VO„ -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: 
• 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 

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 Model and Calculati lal 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. The spherical source 
has a radius of 3. 2 m and the inner 
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 rtiacerial (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 

6-19 (TART) and cross-section library 
(ENDL) 6 " 2 0 that were used in the blanket 
study quoted earlier. 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 
neutron. Leakage of DT neutrons out 
injection and direct enprgy converter 

- 5 6 -



Table 6-7. Nuclear p a r a m e t e r s used in the rma l hydraulic and s t ruc tu ra l analysis of 
submodule. 

Blanket energy multiplication 
Net f issi le atom production 
Product of UC volume fraction (V„) t imes 

thickness (t) 
Power profile P (t) 
Peak to average power density 
Maximum power density in UC 

Power density in s t ruc tu re 
Neutron multiplication of blanket without fusion 

source (K) 

9.2 (130/14. 1-MeV neutron) 
1.4 a toms/14-MeV neutron 

13. 8 cm 

~ P M A X 
V f - t 

"ICS" 

- 1. 1 (m ) X WL, where 
WL = wall loading (energy 
cur rent (MW/m 2 ) of D-T 
neutrons through f irst wall 
(14. 1 MeV pe r neutron)) 
•5 to 10<?o of UC power density. 

0.28 

Table 6-8. Mater ia l s in reference blanket zones (vol%). 

Mater ia l F i r s t -wa l l zone Fission zone Tr i t ium-breed ing zone 

Stainless s tee l 
UC 
C 
6 LiA10„ 

100 8 . 6 

54 

45 
10 

Table 6-9. Atom (or molecular) densi t ies for each mater ia l (at a volume fraction of 
1.0) ( c m " 3 ) . 

SS UC C and 6 LiA10, 

N(Fe) = 6. 04 X 10 
N(Ni) = 0.081 
N(Cr) = 1. 76 

22 N ( 2 3 5 U ) = 0.0202 X 1 0 2 2 

N ( 2 3 8 U ) = 2. 79 
N(C) = 2 .81 

NIC) = 8 .02X 1 0 2 2 

N( 6 LiA10 2 ) = 2.33 

por t s i s est imated to be 5%; therefore , 
the t r i t ium-breeding ra t io drops to 1.05. 
This t r i t ium-breeding rat io is achieved 
with a f ission-zone thickness of 20 cm and 
a t r i t ium-breeding zone thickness of 60 cm. 
The neutronic p a r a m e t e r s for this blanket 
a r e given in Table 6-10. 

The local nuclear performance of the 
blanket, namely, energy multiplication of 
the DT neutron energy (M), t r i t ium 
breeding (T) and net fissile breeding (Pu) 
reactions per DT neutron, is quite sen­
sitive to both the thickness of the fission 
zone and the rat io of fuel to s t ruc tura l 
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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 U fission to total fission 
Peak to average fuel power density 
Fission neutron multiplication with no 

source (k) 

material (V./V ). 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 
tHckness of the fission zone must also be 
varied to maintain the desired tritium-
breeding ratio. This optimization was 
only done for the reference case (Vp,/V„ 
= 6. 29), and resulted in requiring a 
fission-zone thickness of 20 cm. 

Operating Parameters of Reference 
Blanket 

The maximum energy current of fusion 
neutrons crossing the first wall (referred 
to as a wall loading) is estimated to be 

2 84 W/cm . 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 

2 84 W/cm , the operating parameters of 
the reference blanket are listed in 
Table 6-11. 

The average blanket wall loading is 
o - 21 W/cm . Therefore, the blanket 

average operating parameters for the 
blanket are one-fourth those listed above. 

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

year 
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8. 51 (120 MeV per 14. 1-MeV neutron) 
1. 11 tritons per 14. 1-MeV neutron 
1.29 l 2 3 8U(n,-c) - 2 3 5 U(n,f) - 2 3 S U(n,v)) 
per 14.1-MeV neutron 
0.857 
- 1 . 5 
- 0 . 2 8 

Exposure Effects 
The nuclear and operating parameters 

of the reference blanket just discussed 
are for a new blanket. While no exposure-
dependent calculations were made for this 
reference blanket, the analysis of its 
predecessor 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! tl(n,7)! to fissile-con­
sumption [ U (n, f + n,7H is 14 to 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) and tritium 
breeding (T) increase while net fissile 
breeding declines. If the fuel is left in 
place, both M and T peak at an integrated 

2 wall loading of ~ 20 MW-years/m , with 
M at about 4 times its initial value and T 
at about 2 times its initial value. At this 
point, net fissile fuel production has 
dropped to nearly zero (a fissile breeding 
ratio near 1.0). The ratio of plutonium 
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, 



1.8 

1.6 

1.4 

1.2 

1.15 

1.10 

1 . 0 5 -

1.00 

0.95 
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(o) 

18 20 22 24 26 28 

Fission zone thickness — cm 
30 

1.4 

1.3 

1.2 

1.1 

Fig. 6-6. 

3 4 5 6 7 
Volume ratio of fuel to structure, V / V 

Blanket nuclear performance vs (a) fission zone thickness (Vp/V s 

(b) volume rat io of fuel to s t ruc tu re (20-cm fission-zone thicknes; 
= 6.29) •. 

The equilibrium average enrichment 
and initial zone enr ichments that a r e 
best for a fast-fission blanket a r e st i l l 
open quest ions. Before such questions 
can be answered, we must make detailed 

analyses of the fuel cycle. The costs of 
reprocess ing and refabrication as well a s 
the values of e lect r ic power and fissile 
fuel will affect how best to manage the 
blanket. 
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Table 6-11, Operating p a r a m e t e r s for reference blanket (wall loading = 84 VV/cm ). 

UC zone average power density 
UC fuel average power density 
UC fuel peak power density 
Average fractional fission r a t e 
Peak fractional fission ra*e 
Average fractional buildup ra te of 

f issi le a toms 
F i r s t -wa l l 14-MeV neutron cur rent 
F i r s t -wa l l neutron flux 

3 34 W/cm' 
64 W / c m 3 

96 W/cm 
0.0022 fissions per U atom per year 
0.0032 fissions per U atom pe r y e a r 
0.0049 ( 2 3 8 l H n , 7 ) - 2 3 5 U ( n , fission) + n-y) 
react ions pe r U atom per y e a r 
3. 7 X 1 0 1 3 n / c m 2 - s 
7. 9 X 1 0 1 4 n / c m 2 . s (2. 1 X 1 0 1 4 > 1 MeV) 

This blanket is by no means optimized. 
For example, the thickness of the fission 
zone was fixed by the requi rement to 
breed 1. 1 t r i tons pe r fusion at s t a r t of 
life. However, a s shown in Fig. 6-7, the 
t r i t ium breeding ra t io inc reases with 
exposure . We can t rade excess t r i t ium 

Fig. 

nragrated wall loading — MWyAn 

6-7. Blanket performance vs ex­
posure . 

breeding for higher fissile breeding and 
energy multiplication by making the 
fission zone thicker . Referring to Fig. 
6-6, we see that increasing the fission-
zone thickness from 20 cm to 26 cm in­
c r e a s e s energy multiplication by 12% and 
fissile breeding by about 30%, while 
reducing tr i t ium breeding by about 12%. 

More neutronic analyses of this blanket 
a re needed to optimize its performance 
and to examine the effects of the reduction 

238 of effective U capture c ro s s section 
due to resonance effects, nonspherical 
geometry, source neutron energy spread, 
DD fusion neutrons, and uncertainty in 
nuclear data. None of these is expected 
to have a large effect, but they should be 
checked. New and more detailed exposure 
analyses a r e a lso needed. Shielding ca l ­
culations must be performed so that 
optimum shield designs can be developed. 
Accident analysis must also be performed 
to determine if accidental reconfiguration 
is eve r a potential problem. 

BLANKET AND FUEL MANAGEMENT 

The blanket consis ts of four identical 
quadrants , each quadrant being composed 
of a group of individual modules . The 
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blanket management scheme selected in 
the presen t study is based on the use of 
five quadrants of modules, where at any 
given t ime four quadrants would be in the 
blanket, and the fifth quadrant -would be 
out of the blanket for servicing and r e ­
fueling. A 1-year interval was selected 
as the blanket cycle t ime; that is , once 
every y e a r 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 
y e a r . In this fashion, each quadrant of 
modules would undergo a cycle consisting 
of 4 y e a r s in and 1 y e a r out of the blanket. 

Another important consideration in the 
blanket analysis is the fact that the 
neutron cur ren t from the p lasma v a r i e s 
along the length of the module because of 
the varying distance from the blanket to 
the p lasma. Thus, the exposure (in­
tegrated 14-MeV neutron current) of any 
given module is not only a function of the 
t ime it has been in the r eac to r but also 
va r i e s spatially within the module. The 
exposure effect has important con­
sequences, in that the energy mult i ­
plication, burnup, and enrichment (which 
a r e functions of exposure, a s explained 
previously) become spatially dependent 
quanti t ies . It is therefore possible to 
conceive of var ious fuel management 
schemes (moving of fuel bundles within 
the module during the t ime that the 
module is out of the blanket) that achieve 
different types of exposure-dependent 
per formance from the blanket. 

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

removed and reprocessed . The r e m a i n ­
ing bundles are repositioned in tn - module 
so that those with the highest exposure 
a r e in the region of la rges t neutron 
cur ren t . The fuel load is then completed 
by adding new, unexposed bundles to r e ­
place those that were removed. This 
par t i cu la r scheme minimizes the t ime 
required to extract plutonium from the 
blanket because the highest-exposure 
(highest-enrichment) bundles a r e always 
placed in the position where they will 
r each maximum exposure in a minimum 
length of t ime . The penalty paid in this 
scheme is that a power gradient is 
present along the length of the module 
(peak to average power -6), a c i r cum­
stance which could be avoided with other 
management schemes . 

For the blanket and fuel management 
analysis , the p lasma was assumed to be 
a point neutron source , and each blanket 
quadrant a half cone. The geometry is 
shown in Fig. 6-8. The 14-MeV neutron 
current perpendicular to the blanket ( J ± ) 
then va r i e s inversely a s the cube of the 
distance from the source (see Fig. 6-8), 

0 5 10 15 
Radial distance — m 

Fig. 6-8. P lasma blanket geometry for 
the fuel-management model. 



i 1 1 r-
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Radial distance — m 

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 characterize 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 

TEftt) 
• ; 

M(r,t) [ J x ( r ) / J j d A B L 

ABL 

such that P B L - M . P ^ , g . 

where P „ . J S is the fusion neutron power, 
P BL i s t h e b l a n k e t P o w r> M(r, *' i s t h e 

time (t> and spatially (r) dependent energy 
multiplication, ~5 is the average neutron 
current, and A_T 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-neutron 
current of 4.4 X 10 1 3 n/cm 2 /s (1 MW/m2). 
The resulting history of the blanket multi­
plication ror 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 8. 5 as stated previously. The blanket 
multiplication of 8.1 at start of life results 

Fig. 6-10. Blanket energy multiple 
cation. 

from source neutron loss-.s through the 
mirrors and injector ports. The multi­
plication increases monotonically for about 
1Q years as the blanket enriches in 
Plutonium, and then comes to an approx­
imate steady state as exposed bundles are 
removed from the blanket and new bundles 
are introduced. The blanket has a tir.ie-
averaged multiplication of 11. 6 over the 
40-year plant lifetime. 

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

•= 1 

0 10 20 30 40 

Time — years 

Fig. 6-11. Plutonium production rate 
(peak first-wall loading 
= 1 MW/m2. 
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the modulo for r ep rocess ing . During 
the plant lifetime, the blanket produces an 
average of - 1200 kg of plutonium per 
yea r . Over the 40-year plant lifetime, 

4 
the net production is 4. 7 X 10 kg of 
plutonium, a quantity that includes all of 
the plutonium in the blanket at the end of 
the plant life. 

The blanket reprocess ing schedule is 
shown in Fig. 6-12. The first bundles 
a r e removed after 4 y e a r s of plant 
operation. After the initial enrichment 
period, approximately 5% of the blanket 
fuel bundles a r e r ep roces sed each year , 
with the resul t being an average bundle 
lifetime of about 20 y e a r s . 

The final plasma calculations resul ted 
in a peak fusion-neutron wall loading of 

2 0. 84 MW/m . By combining this wall 
loading with a 0. 8 plant duty factor and 
a recommended plant lifetime of 30 y e a r s , 
we found that the t ime-ave rage blanket 
multiplication of 12 would be obtainable 
with a 5% burnup and a 1-year blanket 
cycle t ime . The plutonium production 

4 
was calculated to be 2. 09 X 10 kg in the 
30-year plant l ifetime, or an average of 
690 k g / y r . 

The peak bundles reach maximum 
exposure after 15 yea r s , and 17. 5% of 
the blanket r equ i r e s reprocess ing before 
the end of the plant life. The average VC 
b.T^nup when removed for reprocess ing 
was calculated to be 4. 0%. Although the 
maximum burnup was set at 5%, a lower 
attained value resu l t s because a bundle 
must be removed from the module if its 
burnup will be g r e a t e r than 5% at the next 
t ime the module is removed from the 
blanket. The average attained burnup can 
be increased by decreasing the blanket 
cycle t ime ; however, decreasing the 

Si o 
-r> 
S o 

. a 

m 4 
D 

4_ H 11 

-* fe 2 
-O 1 1 
a* 0 a* 

0 
Time — years 

Fig. 6-12. Reprocessing schedule for 
blanket fuel bundles. 

blanket cycle t ime resu l t s in a lower duty 
factor for the power plant. The trade-off 
between attained burnup and blanket cycle 
t ime has not been evaluated. A cycle 
t ime of 1.0 y e a r s was chosen as being an 
(apparently) reasonable value. 

Cost Analysis of Fuel Cycle 
The fuel cycle analysis was conducted 

using the methodology presented in 
Pef. 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 l isted in Table 6-12. These ' ' om-
ponents a r e classified as 
• Direct costs (expenses for mate r ia l s 

and se rv ices to put the fuel into a form 
from which energy can be extracted from 
it), and 

• Indirect cos ts , (the t ime value of money, 
i. e . , in teres t , taxes, profi ts) . 
The direct costs . Components 1-7 ai 

Table 6-12, a r e evaluated in t e r m s of 
cost pe r kg of mater ia l for component j 
from the equation 

($/kg of mat ' l ) , = f.-w.c., j = 1, 7, 

where f. is the p rocess loss factor, w. is 
the nuclear weight factor which r e p r e s e n t s 
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the net consumption or production of 
nuclear mater ia l , and c. is the cost 
factor in dol lars pe r kg of mate r ia l . 

The indirect costs . Components 8-11 
in Table 6-12, a r e evaluated from the 
equation 

V' 8,11 , 

where J . is the indirect cost of component 
j , Y. is the debt of component j , i is the 
in teres t r a te , and t i s the t ime interval . 

The p a r a m e t e r s that charac te r ize the 
present blanket, and that a r e needed for 

the fuel cycle analysis , a r e shown in 
Table 6-13. The uranium load is 8.2 
X 1 0 5 kg in the r eac to r plus 2.05 X 1 0 5 kg 
for the blanket quadrant that is out of the 
r eac to r for servicing. The peak fufiOii 
neutron wall loading or ,34 1VfW/m and 
a 0. 8 plant duty factor for 30 y e a r s r e su l t s 
in a net energy output of I . 29 X 10 kWh. 
The plutonium production and average 
uranium c&rbide burnup values were ob-
ta i r ad from the fuel management ca l ­
culation descr ibed ea r l i e r . 

The fuel cycle costs , by component, 
a r e presented in Table 6-14. The 

Table 6-12. Components of fuel cost . 

Component Direct costs Indirect cos t s 
/"Natural XI"] 

•\L?6A102 J 

("Depleted V ~\ 

\ D e p l e t e d Li^AlO-J 

•ft} <-2 

4. Pu 

fT2 \ 
<.< UC > 

l^LiGAloJ 

Initial 2 3 5 U , 2 3 8 U , D„, Li 

Recovered "iSV. 2 3 8 U , Dg, Li 

Initial Pu, T„ 

Recovered Pu, T„ 

Fabr icat ion cos ts 

6. UC 

7. Depleted UC 

rue î 
8A D 2 > 

Ui 6 A10j 
9. T 2 (initial) 

"•{LW 
1 1 . Depleted UC 

Reprocess ing cos ts 

Shipping costs 

Those associated with 
2 3 5 U , 2 3 8 U , D 2 , Li 

Those associated with 
Pu, T 2 

Those associated with 
fabrication cos ts 

Those associated with 
reprocess ing and 
shipping 
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Table 6-13. Power plant parameters for the fuel cycle analysis. 

Uranium load 
6 L i load 
D„ consumption 
Excess T„ breeding 
Average UC burnup 
Average Li burnup 
Blanket lifetime 
Average Pu enrichment at end of blanket life 

1.03 X 10" kg initial 
1.13 X 10 4 kg 
6. 23 kg/yr 
1 . 9 k g / y r 
1.2% 
4.6% 
30 years 
0.0203 atom Pu/atom U initial 

Plant electrical output: 
30 years; 0. 8 duty factor 1.29X 1 0 1 1 kWh 

Table 6-14. Fuel cycle costs . 

Component 
Cost 

(mills/kWh) 

("Natural l A 

'1L(*AIO 2 / 

f Depleted V 

^Depleted L i 6 A 1 0 2 

5 - { L P 6 A 1 0 2 } 

6. UC 

7. Depleted UC 

S ( D C ) 

'\uhM02J 
9. T 2 (initiaUy) 

11. Depleted UC 

} 

0.213 

-0 .098 

0.105 

-3 .740 

0.400 

0.310 

0.039 

0.891 

0.002 

1.258 

0 

Total: - 0 . 6 2 
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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 multiplication 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 nuclear power plant that must be 
evaluated is the environmental/safety 
question associated with the possible 
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. Breakdown of unit fuel cycle costs and nuclear parameters. 

loss 
; act or. 

Nuclear 
weight 
factor. 

Cost 
factor. 

Debt of 
component, 

Y, 
Interest 

rate. 
Time 

interval. 

CcMpome* 'i WJ (S/fcgl <SX10"6) i <yrs> Comments 

1. fStun*. V 1.015 J.Q 23.46 1,5":. for fabrication 

-k 1.0 1.0 60 I>„ consumption of 6.23 kg.'yr. 

I U*A102 1,015 1.000 1000 1.5T for fabrication 

a. f Depleted U 0.99 
1.0 

0.9B8 
0 

9.86 C I' is 0.51"- in 2 3 5 t when re-
( moved at 1.8°", burnup 

f Depleted U 0.99 
1.0 

0.9B8 
0 

^ l"n reprocessing loss 
L Depleted Li°A102 0,99 0.954 1000 

Depleted UC 
fVC 

V.Ll*«Oa 

T2(lnttl»!> 

(vc 
*^LieA102 

Depleted UC 

1.87lcg/yr 

1.0 

0.982 
0.10 

1.20 

0,20 

UOfkg 

$5/kg 

13, SO 

2.78 
52.02 

1.S8 

0.10 
0.10 
0,10 

No in i t ia l P enrichment 

In i t ia l T j load of ?.32 kg 

(Value chosen as typical of a 
power reactor economy where 
P 0 used to fuel light-water 
reactors (LWR's) 
Excess Tj production at 
breeding ratio of 1.2 
Typical of gas-cooled fast 
reactor (GCFRt carbide blanket 
Assumed cost 

Paid out of current revenues 

Assume 1 yr to retire debt 

Includes 3.5X105kgC ® S5/kg 
Paid out of current Pu revenues 
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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 
..ie hj brid blanket during an abnormal 
operating situation may be a less severe 
problem than in a pure-fission reactor 
because 
• 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 overload 
due to a criticality accident. Therefore, 
the primary safety consideration is the 
loss of coolant accident (LOCA). 

The design basis accident (DBA) 
selected for '.he hybrid blanket was a 
helium depressurization of 1 atm 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 
a.5 an LOCA, will or can be made to 
quench 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. 49ff.) 
that the 5-W/cm afterheat power in the 
fuel can be removed and acceptable tem­
peratures can be maintained in the blanket 
by circulating helium at 1 atm inrough 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 auxiliary 
cooling equipment, although a specific 
hardware configuration has not been pro­
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 delivery to the 
blanket within 5 min following loss of 
coolant does not place stringent per­
formance charact. .ristics on the emergency 
cooling system. 

While our preliminary 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 future 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 
conduction, 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 s 
radioactive release. The result would be 
a much more environmentally attractive 
power plant 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 study should be 
towards examining the performance of 
pas. ively cooled blanket designs. This 
may well mean a major reconfiguration 
of the presently proposed submodule 
design; inevitably, some 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. The feasibility of passive cooling 
will depend on the economic and environ­
mental tradeoffs involved. 

CONCLUSIONS 

The conceptual blanket developed for 
this ruirror hybrid reactor study appears 
capable of meeting the thermon hanical 
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 LiAlO-) 
• Natural uranium fuel 
• Helium cooling 
• Stainless steel structure and cladding 
• Maximum of 13 fission. 

While we believe this blanket to be 
viable, it is by no means a complete 
design, nor has it been optimized. 

6-3 

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-
metal coolant instead of helium. The 
module-submodule blanket arrangement 
can also be applied to a thermal fission 
blanket. Figure 6-13 depicts one such 
application — the hydride-moderated, 
fission-lattice concept developed V* 

6-5 Maniscalcu. The graphite-rn&.lerated 
lattice developed by Leonard and 
Wolkenhauer could also be used. 
Fissile and/or fertile molten salt blankets 
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 

Coolant 
f plena 

Reflector and 
outer tritium 
breeding zone 

Hererogeneous 
thermal fission 
lattice (LiH or 
ZrH moderator) 
(U or Th cycle) 

y Inner tritium 
breeding zone 

Fast-fission zone 
( U ) 

Fig. 6-13. Thermal fission blanket 
submodule. 
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Molten salt 
plena 

Moderator and 
flowing fissile and 
or fertile mr.|ten 

It (U or Th cycle) 

Fast-fission zone 
(U) 

Fig. 6-14, Molten salt blanket module. 

p lasma, could make on-line refueling 
possible . F igures 6-15 and 6-16 show 
two possible tubular-blanket a r r angemen t s . 
The first (Fig. 6-15) shows schematical ly 
how a tubular blanket might conform to the 
Yin-Yang minimum-B coil geometry . By 
comparison, the second (Fig. 6-16) shows 
how a much s impler tubular-blanket 
a r rangement could be achieved by using 

Fuel out [^ i 

Magnet coils-^""""""^ 4 7 

Fig. 6-15. Tubular hybrid blanket 
surrounding a minimum-B 
m i r r o r p lasma. 

the s imple m i r r o r geometry. Un­
fortunately, a p lasma confined in a s imple 
m i r r o r is MHD unstable; therefore , a 
stablizing mechanism must be invented 
before the s imple m i r r o r could be used. 

We plan to continue our work on these 
and other conceptual hybrid blanket 
designs so we may develop a be t t e r 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 
r e a c t o r is that it product a minimum- |B | 
field configuration throughout the plasma 
volume. It must a lso provide vacuum 
m i r r o r ra t io R = 3. 5 and a nearly 
c i r cu la r plasma c r o s s section at the mid-
plane with a rad ius r = 3. 5 m. A Yin-
Yang coil configuration (see Fig. 2-1) 
was chosen over a Baseball coil for two 
r easons : it affords super ior access to 
the p lasma region for fuel injection, and 
it produces the m i r r o r field with much 
l e s s wasted magnetic field. The coil is 
s i m i l a r to the design of Moir and 

7-1 Taylor . 
Since the re la t ive separat ion between 

a r c s at the m i r r o r s is nearly the same 
7-2 he re as in the FERF coil, we use the 

s a m e factor a s in that design to es t imate 
the ra t io of the maximum field strength 
at the conductor to that at the m i r r o r . 
Thus, because the field at the m i r r o r in 
the present design is B = 6. 8 T, we 
expect a maximum of B . = 8.1 T at 
the conductor. This maximum field is 
well within the range where niobium-
ti tanium superconductor can be used. 
However, to insure complete coil safety, 
the superconductor cur ren t density must 
be limited to allow operation within the 

cryostat ic stability reg ime. The super ­
conductor must a lso be high current , 
perhaps 20,000 A or more , to reduce 
inductance and thereby limit coil voltage 
and s tored energy. A high-current con­
ductor will also simplify coil construction. 
An effort is now underway at LLL to p r o ­
duce a fully stabilized superconductor 
s i m i l a r to that needed for the hybrid 
magnet sys tem. 

The coil conductor is made up entirely 
of a r c s of c i rc les , all lying in ei ther a 
ver t ica l or a horizontal plane, and each 
with an included angle of 180 c . The c ro s s 
section of the coil is tai lored to allow 
extract ion of the blanket modules. At 
the turnarounds, the c r o s s section is 
elongated to avoid an unnecessar i ly high 
field at the conductor. 

The magnetic induction, B, was ca l ­
culated using the computer code MAFCO. 
Each of the Yin-Yang pa i r of coils was 
simulated by 50 filaments in the main coil 
and 14 filaments in the auxiliary coils , 
[.The auxiliary coils guide the field l ines 
(and the escaping plasma) out through the 
narrow slot in the shielding and into the 
direct energy conver te r . ] Figure 7-1 
shows the filaments and a c ro s s section 
of the main coil. The maximum B at the 
conductor, B . = 8 .1 T, occurs at the 
conductors on the face of the coil neares t 
the plusma at the m i r r o r . When B = 6, 8 T 

7-3 
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at the mirror, and B = 1. 94 T at the 
center, the total current in each half 

7 
coil is 6.41 X 10 A-turns, The average 
length per turn is 84. 1 m; therefore, the 
product of current times length is 
1. 08 X 10 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. By symrr. *ry, the right-hand 
half of the figure gives the top view of the 
left-hand half, and vice versa. The 
mirror ratio in the field direction, Rf), 
varies from Rt. = 3. 50 on the central 
line to R»i = 3.15 on the outermost line 
through the plasma. The radial well 
depth is Rj_ = 1.09. 

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 
mirror fusion design studies. The hybrid 
reactor concept permits much lower 

r Maxima 

Scale — 

-14 -13 -12 -11 

Fig. 7-2. Maximum and minimum B-
values on the magnetic field 
lines. 

(~l/2 to 1/3) magnetic field strengths 
because the fusion power density in the 

4 plasm?., which is proportional to B , is 
much less 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 (~l/4 to 1/9) the 
magnitude of the forces that :he coil 
support structure must contain. 

The use of selective leakage could 
further simplify design of the coil 
structure. In the present design, the 
entire volume — defined 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 
of any structural members. This "open 
mirror" design reduces plasma physics 

Fig, 7-1, Section through main coil, 
showing the conductors used in 
calculating the magnetic 
field, for B c o n d = 8.1 T, B m 

= 6. 8 T. 

^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". 



12.51 m 1 

Largesf truss subassembly 

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 
that 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 —j (10 psi) was used, 

m 
and buckling design was based on two-
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 resulted in a total structural 

3 3 volume of 1. 75 X 10 m and a total 7 
structural mass of 1. 4 X IP kg. 

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 refrigerators must remove 
heat at a sufficient rate to balance the 
total heat lo?d on the system when 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 wpre scaled from the FERF design 

7-2 study 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 tne 
refrigeration equipment. 

Large refrigeration machines operating 
between room temperature and liquid-
helium temperature and utilizing both 
liquid-nitrogen precooling and expansion 
engines at several temperature levels 
generally consume about 500 W jx .- watt 
of refrigeration at 4. 5 K. The calculated 

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 
normal operation. A fifth unit and its 
compressor module would provide the 
redundancy for maintenance down-time. 
Additional refrigerntion capacity in the 
form of liquid-helium storage would 
serve as a thermal flywheel 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-
storage volumes, the circulating gas in 
the refrigeration circuits, and the volume 
of liquid in the superconducting magnet 
cases and associated Dewars. An 
estimate of the total -equired for con­
tinuous operation w jld be 350,000 S. or 
about 9 X 10 6 stanc ard ft 3. 

Cool-down time from room temperature 
to 4. 5 K for the magnet and cold structure 
will be approximately 42 days. This 

Table 7-1. Mirror hybrid heat loads at ±. 5 K. 

Heat 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 

Total heat load: 

20, ,000 
8, 400 
2, 250 

10, 000 
100 
550 
250 

41, 550 W' 
vie 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 
refr igerat ion equipment in operation. It 
a lso a s sumes that the low- tempera ture 
expanders a re turbines and that the re is 
no limitation on liquid-nitrogen consump­
tion. The resu l t s of a detailed analysis 
of the the rmal s t r e s s problem could 
substantial ly increase the cool-down t ime 
requi red . 
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8. Direct Energy Converter 

Most of the trapped, injected neutral 
beam is sca t te red into the loss cone 
(defined by the magnetic field) and lost 
before it can reac t . ' r.e fraction of the 
injected cur ren t that is consumed in 
fusion react ions is given by 

A Iir„ . 2 V E F 
1 l n P . /W. 

i n ' i n 

= 2 Q W . n / E F = 0.013 (8-1) 

The unburned 98. 7% of the current , plus 
the ft-particle current , is sca t te red into 
the veloci ty-space loss cone and escapes 
through th> lagnetic m i r r o r s . This loss 
cur ren t must be disposed of, and a direct 
energy conver te r offers a prac t ica l way 
to do that bes ides direct ly recover ing 
the energy of the escaping pa r t i c l e s . 

MAGNETIC EXPANDER 

The total cur ren t into the direct energy 
conver ters U I D C = 1900 A ( I D + = 1270 A; 

P D C = 264 MW, of which 24 A and 40 MW 
is ca r r ied by the a pa r t i c l e s . All of P n r 

is ca r r ied by ions which a r e guided by the 
magnetic field. The average power per 
unit a rea va r i e s inversely with c r o s s -
sectional a r ea along a flux tube - just as 
field strength B does. Therefore , the 
power pe r unit a r ea is proport ional to B. 
At the midplane, B = 0. 87 T, and the 

2 2 
c ross - sec t iona l a rea is A = jrr = 38. 5 m ; 

P 
therefore, at a m i r r o r where B = 6. 8 T, 
the a r ea is A = 2. 5 m ( 0 . 1 m thick) at 
each end. The power flux at each m i r r o r 
is then P D C / 2 A = 5370 W / c m 2 . To p r e ­
vent the grid wires from being heated *o 
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temperatures where thermionic emission 
is important, this average power flux 

2 
must be reduced to about 50 W/cm be­
fore it enters the direct energy converter. 

2 A power flux value of 50 W/cm is 
conservative and allows for some non-
uniformity in the flux distribution. There­
fore, the field at the direct energy con­
verter is 0.063 T, giving a required area 

2 
of 270 m 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 design 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° bend " or an 
S-bend ' for the escaping ions in order 
to minimize neutron activation of the 
direct energy converter. The absence 
of a neutron trap in the 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 

Liquid-nirroaen-cooled chevrons -

Water-cooled chevrons 
Collector ribbons 

V = + 62 kV-

0 5 1 0 
cm I I I 

L 
\ 

\ 

7 

Liquid-helium 
cooled cryopanel 
- 5 k V 

y 
Negative grid V = 

I—Grounded grid 

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 
8-4 energy converter 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 second 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 througl: 
a mirror to a direct energy converter 
again. On the average, these electrons will 
be reflected JJO times by the negative grid 
before being collected on the grounded 
grid through which they pass twice for 
each reflection. The reflecting grid 
must be held at a high enough negative 
potential to prevent any appreciable 
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electron current from reaching tile 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 X in cm is 
given by 

X = 7 4 3 ( T j n ) 1 ' 2 , e' e 

where T is the electron temperature in 
e _3 

eV and n is the electron density in cm 
at the entrance to the direct energy con­
verter. Electron density is equal to ion 

6 -3 density, which is about 4 X 10 cm here. 
The electron temperature is more difficult 
to estimate. In the contained plasma, the 
Fokker-Planck calculations indicate 
T = 10 'keV. However, hecause the arribi-

e * 
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 
. VeV, 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 > 300 eV; 
therefore, X. > 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. 

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 
held at a positive potential V coy T n e 

output from this collector provides a 
source of positive current at a positive 
voltage, and so constitutes a source of 
power. The value of V c o l = 62 kV is 
chosen to maximize the recovered power. 

Optimizing V j depends on the energy 
distribution of the D and T ions entering 
the direct energy converter. The energy 
distribution of these ions is not calculated 
in the version of the Fokker-Planck code 
that was used here. However, we know 
enough about the distribution to set V C Q l 

and even to make a good approximation 
to the efficiency of energy recovery. 

In steady state, the current I j o s s

 o f 

ions escaping from the plasma is just 
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equal to the cur ren t I. injected, minus 
that par t AI. that is used up in the fusion 
reac t ions . 

loss ' l n - 2 V E F 

that the directed motion match the mean 
velocity of the ions to p r e se rve charge 
neutrali ty everywhere in the expander. 
Then W. (e) = 300 eV and can be 

loss 
neglected in Kq. (8-2); therefore, to a 
good approximation 

W V ' - ^ I n / V ' w. {a. T) = W. 
loss ' in 

(8-3) 

Here, &I- = 2P . , / I " = 24 A as compared in !•' F 
to the total I. = i ?iU0 A. The total power in 
leaving the p lasma in all forms is 

out P „ ^ P . . 
!• in 

Since the a par t ic les a r e not adia-
baticaliy confined, they escape without 
sharing the i r 3. 52 MeV pe r a with the 
confined D + and T + . Therefore , Pj,. is 
c a r r i ed away entirely by the pr imary 
neutrons and o*s, so that the power P o u t 

(D, T) ca r r i ed away by the escaping D + , 
T , and P Ae) ca r r i ed by the e lectrons 

' out ' 
is just equal to that par t of the injected 
power not contributing to P „ . That i s ; 

P „ , „ < D , T M P „ I t ( e ) - P 1 n - W\ M . 

' W t a ' t a ^ - ^ ^ t a / V 

Equation (8-3) gives W \ o s s = W\ 
= 117 keV. The distribution function for 
the loss energy will have a form s imi l a r 
to that calculated for FERF: that d i s ­
tribution decreased almost l inearly to 
ze ro above a cer ta in minimum energy. 
The minimum is calculated using the 
conservat ion of total energy \V: 

W = W + W + qV ; (8-4) 

where W and W. a re the energies due to 
motion para l le l to and perpendicular to 
the magnetic field, and qV is the potential 
energy of the ion of charge q. The con­
servat ion of magnetic moment u r equ i r e s 
that W = uB, so for those ions that just 
barely get past the magnetic m i r r o r 
(W, „ * 0 there) , 

1 . m 

or 

W, (D, T) I 
loss ' loss + W l o s s ( e ) lin 

in loss (8-2) 

Equation (8-2) s ta tes a genera l and useful 
fact that is t rue whenever the fusion a 
par t ic les do not the rmal ize in the confined 
p lasma. Equation (8-2) becomes even 
more s imple when we requ i re that the 
electron energy be converted to directed 
motion by the magnetic expansion and 

where subscr ipt m r e f e r s to the m i r r o r . 
Using this to evaluate /u, we can wr i te 

W = IUB = W, B /B 
J. 1, m ' m 

= (W - q V ) B / B . m ' m 

When substituted into Eq. (8-4) and r e ­
arranged, th is gives 

W U - B / B )=W,, + q V - q V B/B . ' m I; m ' m 
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At the center of the plasma, this becomes 

W(1-1/R)=W, 0 + qV 0 -qV m /R , 
(8-5) 

where subscript 0 refers to the center, 
and R = B _/B„. From l!q. (8-5), we see tn 0 
that the minimum energy that an escaping 
ion can have is when W, n = 0. Then 

W 
R - r 

The Fokker-Planck calculations 
yielded V„ - V = 54 kV; we have R = 7. 83. 0 m 
Therefore, 

w ™ i n

 = < 3 V ^ + 62keV. min m 

For lack of a better estimate, we assume 
the plasma potential is zero at the mirror 
(although as noted earlier, V should be 
of order kT ), V_ = 0, and set the e m 
voltage of the ion collector V , = 62 kV. 
Choosing V , > W . /q would lose more " col min'^ 
power by reflecting low-energy ions than 
would be gained by collecting the remain­
ing ions at higher potential. Since V 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 
to the directed ions but only slight impedence 
to the gas. These ribbons will be heated 
by the excess power from the ions that is 
not directly converted. Since the mean 

input power flux is 50 W/cm" (about 
2 

100 W/cm on central flux lines), and 
o 

r ) D C = 50%, the mean heat load is 25W/em 
The 45° angle of the ribbons reduces this 

2 
to 18 W/cm on the faces of the ribbons. 

The heat deposited on the ribbon grids 
is radiatively transferred to high-tem­
perature (=6t".'C), water-cooled surfaces 
behind the ri: I in grid and also 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 .it least a few 
times larger than the 2-cm spacing 
between the wires in either grid. It was 
therefore set at 10 cm. 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). For our average 

2 
current density, J = 3. 5 A/m , the max­
imum spacing is 2.0 m. We chose a 
0.40-m spacing to be well within the 
space-charge limit but sufficiently greater 
than the 10-cm ribbon spacing. 



VACUUM SYSTEM 

The gas load result ing from the m i r r o r 
leakage c* energet ic D and T ions must 
be vacuum-pumper!, both to limit the back 
flow of cold gas into the r eac to r and to 
l imit charge-exchange l o s s e s in the 
expander region. (An energet ic ion which 
charge exchanger? in the expander flies to 
the wall on the tangent of i ts original 
helical t ra jec tory . The energy of such an 
i JP is not direct ly converted.) The ion 
cur ren t escaping from each m i r r o r is 
approximately 640 A of D and 320 A of 
T . These ions pass through the expander 
region, a r e decelerated in the direct 
energy conver ter region, and impact the 
ribbon grid of the collector with some 
res idual energy. The deuterium and 
i.ritium refluxes from the col lector su r ­
faces as molecular gas . The gas load in 
each direct energy conver ter region is 
91 Tor r - j f / s . 

The ribbon grid of the col lector is 
opaque to the ion leakage cur ren t but 
p r e sen t s only a modest impedance to the 
molecular flow of the refluxed gas . B e ­
hind the ribbon grid is a l a rge a rea of 
l iquid-hel ium-coele J cryopanel, thermally 
shielded by an a r r a y of liquid-r-itrogen-
cooled chevrons and an a r r a y of high 
t empera tu re <~600°C) water-cooled 
chevrons (see Fig. 8-1). 

The available area for cryopanel on 
the end wall behind the ribbon gr id i s 

o about 550 m . The stacked combination 
of ribbon grid, water-cooled chevrons, 
nitrogen-cooied chevrons, and cryopanel 
was assumed to have 1/11 the pumping 
speed of a "black hole" of equal a rea , 
(A discussion of the factor 1/11 is given 
in a la te r paragraph . ) The impedance to 

gas flow from the expander-col lec tor 
region back into the r eac to r consis ts of 
two s l i t - l ike ducts in s e r i e s , one at the 
entrance to the expander and one at the 
m i r r o r region. 

A first design utilizing just the cryopanel 
pumping behind the ribbon grid resul ted 
in a 4 . 5% loss of ions due to charge 
exchange and a back flow into the r eac to r 
of 4.4% of the refluxed gas , A second 

2 
design which added 25 m of cryopanel 
pumping in the volume between the two 
£>is flow impedances reduced the cha rge -
exchange loss to 4 . 0 ^ and the back flow 
to 2. 9%. The calculated chamber p r e s ­
su res for the second design were 
6.1 X 10 T o r r in the expander and 
2. 8 X 10 T o r r in the volume between 
the two gas flow impedances. Ei ther of 
these designs is probably adequate. How­
ever, verification wUl require a complete, 
self-consistent analysis of the gas problem 
that includes all gas sources and sinks 
and the dynamics of gas -p la sma in te r ­
action. 

The 1/11 factor used above to re la te 
the pumping speed of the ribbon-grid, 
water-chevron, ni t rogen-chevron, 
cryopanel combination to a "black hole" 
was derived by assuming that the four 
components were separated by volumes 
containing isotropic distr ibutions of gas 
in the free molecular flow r eg ime . Then, 
the pumping speed of the combination 
(normalized to the "black hole" speed) 
may be calculated as the rec iproca l of 
the sum o* t h t rec iproca l s of the nor ­
malized speeds of the four components; 
i. e . , 

S _ 1 
S b lack J - + J - + * _ + - ! _ 

hole C S °N a W a R G 

- 8 1 -



where C~ is the sticking coefficient of 
the cryopanel, S-, is the normal ized 
speed of the nitrogen chevrons, S w is 
the normal ized speed of the water 
chevrons, and S „ ~ is ihe normal ized 
speed of the ribbon gr id . For the e s ­
t imated values C s » 1, 3 ^ = S w = 0. 25, 
and S R G - 0. 5. the resul t for S / S b l a c k h o l e 

is 1/11. This value is somewhat con­
servat ive because for C„ nea r unity, the 
ga-7 in the chamber between the chevron 
and the ni trogen cryopanel is c lear ly non-
isotropic . In the l imit where C„ is 
exactly unity and the final "chamber ' ' is 
completely lined by cryopanel, evei'y gas 
molecule which p a s s e s through the 
chevrons i s pumped on first impact . 
Therefore , the norma.'ized speed of the 
combination becomes 

l/<4 + 4 + 2) = 1/10. 

The cryopanels will r equ i re per iodic 
"defrost ing" so that the condensed gas may 
be collected through a mechanical pumping 
s y s t e m . Two possible designs have been 
proposed that would allow cryopanel 
sect ions to be sequentially isolated and 
"defrosted" during r eac to r operation. The 
f irst would use a " ja lousie" type valve in 
front of the cryopanel as in the FERF 
design. " A disadvantage of this design 
is the introduction of another impedance 
to gas flow. The second design would 
use rec tangular cryopanel sect ions of 
l a rge aspect ra t io which would .? rotated 
180° about the i r long axes of symmet ry 
to expose the loaded cryosurface to the 
mechanical pumping sys tem. This design 
does not introduce another impedance to 
gas flow and does not appear to involve 
any more sealing edges than the first 
design. However, the plumbing for the 

l iquid-helium coolant is more complex 
than in the first design. Nei ther design 
has received m o r e than cu r so ry con­
siderat ion. It is assumed that each 
cryopanel will be cycled through its 
"defrost" condition every hour, o r at 
leas t every few hours . The total mass 
of t r i t ium condensed on the cryopanels is 
72 g/h. 

Modifications to the vacuum sys tem 
just descr ibed will be required in o rde r 
to handle the helium gas load in each 
direct energy conver ter that r e su l t s from 
the reflux if the or pa r t i c les (1 .1 Torr -J f / s 
in each direct energy conver ter ) . Because 
the l iquid-helium-cooled cryopanels will 
not pump helium, auxiliary pumps (dif­
fusion type or perhaps cryosorption) will 
be required to handle the helium. The 
design speed for the auxiliary pumps will 
depend on the pe rmiss ib l e helium p r e s ­
su re in the direct energy conver ter . If 
we a s sume that hydrogen and helium will 
compete equally for the auxil iary pumping, 
but that the ~**vopanels pump only hydrogen, 
then 

He 
*H 

Qt , / s 
He' aux 

^ H ^ ^"S 7 
cryo aux 

0.012 (1 + fef) 
PERFORMANCE 

The efficiency of d i rec t energy con­
vers ion n „ £ is just the ra t io cf the power 
recovered to the power available for r e ­
covery. Since V - is set low enough that 
all 1900 A of the ion cur ren t 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. 90 kA X 117 kV = 222 MW, so 
that the efficiency is 

n D C = 118/222 * 0 . 5 3 2 . 

This efficiency is reduced by two . . l .ects . 
F i rs t , 20 A of thermionic e lectrons 
<T . , = 1900 K) flow from the negative gr id 
gr ids at -5 kV to the collector at +62 kV, 
result ing 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 gr ids and 2. 3 MW to the 
negative g r ids . The combined losses due 
to gr ids is 5. 86 MW, and this reduces 
the efficiency to n. c = 0 .505. Th^ rcond 
effect is the l e s s of ion cur ren t by cuurge 
exchange with background gas . Charge 
exchange resu l t s in the e lec t r ica l 
neutral ization of an ion, with the resul t 
that the ion energy is lost from the direct 
energy converter , but is still recovered 
thermally with an efficiency n ~ h 2 = 0.35.. 
With the design gas p r e s s u r e of G X 10 
T o r r in the expander, charge exchange 
resu l t s in a loss of 76 A or 8. 5 MW of 
ions from the direct energy conver ter . 
This effect further reduces the efficiency 
to n D C = 0 .467. 

These a re the only se r ious losses to 
this s imple, direct energy conver te r . 
Since all .iagnetic flux lines from the 
p lasma lear 1 to a direct energy conver ter 
with no obstructions, the re is no in te r ­
ception by support s t ruc tu re s o r loss due 
to imperfect coupling to the plasma. There 
is a slight gain from the a -pa r t i c l e 
cu r ren t . The 24 A of a -pa r t i c l e s con­
tr ibute 1. 5 MW of e lec t r ic pow':* at the 
62-kV col lector . The remaining 40 MW 
of o--particles is converted to heat and 
recovered thermal ly , A l a rge r gain can 
probably be made by determining more 

accurately the minimum energy of the 
ions entering the direct energy conver ter . 
.Since the plasma potential nt the m i r r o r 
is probably abo-.it 10 kV or so positive, 
the minimum energy and therefore the 
collector potential will also be g r e a t e r 
by the same amount. The efficiency n.w-
will increase in | ro ior t ion to the collector 
potential. We therefore assume that r j n r 

will be g r e a t e r than the calculated 4 7 ^ , 
and for this study we shall a ssume n n r = 50^'.. 
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9. Neutral 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 
current should be made up of approximately 
two p a r t s deuterium atoms and one part 
t r i t ium atoms in o r d e r to resul t in nearly 
equal densi t ies of trapped D and T ions. 
Fur the rmore , to obtain equal penetration 
depth {and consequently equal densities) 
of both species., they must be injected with 
equal velocit ies and hence unequal energ ies . 
The overal l sys tem efficiency is found to 
maximize for a deuterium injection energy 
of 100 keV with a corresponding t r i t ium 
energy of 150 keV. This resu l t s p r imar i ly 
because the efficiency of neutralizing the 
beam dec reases with an increase in energy 
in this range while the fractional burnup 
of the injected beam goes down (see 
Section 13). Also, the depth of pene­
trat ion of the beam into the p lasma in­
c r e a s e s with energy, whereby the chosen 
energy is capable of proper ly filling the 
volume. 

To allow for a trapping efficiency of 
94%, the injector sys tem is designed to 
produce 1500 A of atomic deuterium at 
100 keV and 550 A of aior.:ic t r i t ium at 
150 keV. Actually, the prefer red ra t io 
of cu r ren t s required to ...ivc- equal densi t ies 
is c loser to 2 to 1 r a the r than the 2. 7 to 1 
used he re . 

Although injectors of such magnitudes 
a re beyond the cur ren t state of the ar t , 
they do not necessar i ly constitute an un­
rea l i s t ic objective. In the following 
discussion, we present specific r e com­
mendations <\>r design approaches to the 

more cr i t ica l problems encountered in 
any neutral beam sys tem: i . e . , provision 
for a iong-lived a r c cathode for a rel iable 
grid accelerat ion sys tem, 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 
from the plasma-confining magnetic 
fields. These features a re applicable to 
sma l l e r units and to other types of 
r e a c t o r s as well. 

LAYOUT OF INJECTION SYSTEMS 

Figure 2 -6 , an overal l view of the 
m i r r o r fusion-fission hybrid r eac to r in 
vertical c ross -sec t ion , shows two in­
jec tor assembl ies . Neutral beams will 
be introduced into the fusion-fission 
reac to r via four sepa ra te injectors of two 
types (see Fig. 2-2). Each injector will 
consist of 70 ion sources mounted in 
five rows of 14 units each. The two Type A 
injectors will have th ree rows of 100-keV 
deuterium sources (42 units) along with 
two rows of 150-keV tr i t ium sources 
(28 unitr) , while the Type B injectors a r e 
composed of two rows of deuterium 
sources (28 units) and th ree rows of 
t r i t ium sources (42 units). In all, the re 
will be 140 ion sources of each type. The 
desired total of 1500 A of neutral atomic 
deuterium, will r equ i re each deut&rium 
source to deliver 10. 8 A, while the 
desired 550 A of t r i t ium will r equ i re 
3. 9 A from each t r i t ium source . 

Because the atomic spec ies of ions 
emitted from each source will be about 
75% of the total ion current , and the 
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neutralizing efficiencies of the deuterium 
and t r i t ium beams at the respective 
desired energies will be about 49%, each 
deuterium source must del iver a total ion 
cur ren t of 29.4 A and each t r i t ium source 
10.5 A. Meanwhile, the molecular 
species D„ and T„ represen t about 15% 
of the beam with cu r ren t s of 4 .4 A and 
1.6 A, while tiie D„ and T compr ise the 
remaining 10°̂ , at cu r ren t s of 2. 9 A and 
1.0 A, respect ively. The emitting area 
(exposed plasma surface) of a Berkeley-
type source is about 140 cm ; hence, the 
extracted cur ren t density of deuterium 

2 
and t r i t ium ions must be 0.21 A/cm and 
0.075 A / c m 2 . 

The neutral gas efficiency n . should be 
at least 30°'<.; and if X + , X^ and X* 
represen t the atomic and molecular 
components of :i deuterium or t r i t ium 
ion beam, Q: n* the total gas flow of X« 
molecules into each source must be: 

Q . n = (0. 19/i? ) (1/2X + 4 X* 

+ 3/2x1) T o r r - f / s , 

while the low-energy neutral gas flowing 
out of the source is 

Q S = ( 1 " T ' s

J Q i i i T o r r , j e / s • 

ION SOURCE DESIGN 

Arc Cathode 
To provide a long-t ime, continuously 

operative a rc cathode for the ion source , 
we propose to build a gas ";ube filament 

9-1 of the "Hull" type. This entails three 
important design features: a la rge a rea 
source operating at a conservative 
emiss ion cur rent density to a s s u r e a 
potentially long active life; para l le l 

emitting surfaces mounted close to each 
other so that any active emission mater ia l 
sputtered away from one cathode face will 
have a high probability of landing on 
another; and a p lasma potential low 
enough Uess 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 matr ix of bar ium and s t ront ium 
oxide mixed with a fine, manganese-f ree , 
nickel powder. When operated at about 
1100 K such cathodes can easily del iver 
0,4 A - c m " 2 for over 5000 h . 9 - 2 In 
addition, they can be opened to a i r with­
out the i r emiss ive proper t ies being 
destroyed. 

The spacing between the paral le l 
emitting surfaces , the second important 
design feature, must be at leas t seve ra l 
t imes l a rge r ihen the Debye length of 
the surrounding plasma. Gas I'ibe cathodes 
have been made of s t a r - shaped s t ruc tu re s 

o r by folding an emitting rfrbon back and 
9-3 forth, many t i m e s . However, in the 

ion source we propose to u.;e s ix para l le l , 
c.osely spaced ribbons, mounted along the 
pe r ime te r of the back side of the ion 
source . Each adjacent pa i r of ribbons -will 
be heated by cur ren t s flowing in opposite 
direct ions from one phase of a t h r e e -
phase, 400-Hz t r ans fo rmer . The lar , 1 ~ 
thermal mass of the emi t t e r s will e l im­
inate the need for filamentary rec t i f i e r s , 
viiile tiie opposing cu r ren t s will cancel 

any undesirable magnetic f ields. 
The third important design feature, a 

low plasma potential, is not difficult to 
achieve, providing the p r e s s u r e is ade­
quate. However, because the ion source 
requ i res an a rc voltage of approximately 



40 V, 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 electrons 
from one region to another. For thermal 
efficiency, a heat shield can be used for 
this purpose (see Fig. 9-1). 

Typfcally, 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 behind each source, it 
is possible to control each unit individ­
ually at a remote location, via the primary 
cii-cuii, with a minimum of I 'R power loss. 
The total filament power is 13. 2 kW with 
an arc power of 0.1 MW. 

3-phase 
bridge rectifier | _ 

(4% ripple) a r c -

+ 2500 A 

Arc 
control: 

3-phase, I 
400 Hz 

Filament 
control: j ~J 

3-phase, 
400 Hz 

'Anode 

Six filaments rated 
a t 4 0 0 A , 5 . 5 V -

Fig. 9-2. Ion source filament and arc 
power supplies. 

Ion Extraction and Acceleration 

Floating extraction grid 

Anode 

rElection accelerating 
sheath 

m%m\ &\ k>\ ho^ M M 

Neutral gas 
inlet 

Fig. 9-*. Ion source schematic. 

General Discussion 
The critical features of a high-power, 

high-current, continuously operating ion 
extractor are ths accelerating grids. 
Whether they melt in a high-voltage arc, 
sputter away from ion bombardment, or 
deform by therm; expansion, their 
flimsy structure permits damage that can 
interfere with the operation of the entire 
source. Therefore, a successful ex­
tractor design minimizes the probability 
of arcing and keeps the grids out of the 
paths of the charged particles. 

To permit high-temperature operation, 
we consider here orxy 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 only one direction. In this way, 
allowance for longitudinal expansion of 

-as-



Grid 
laterals 

to a 100-kV beam or a 150-kV beam should 
encompass over 99. 8% of the total beam 
cur ren t (see Fig. 9-3). Accordingly, 
these values have been used in the sub­
sequent calculat ions. 

As shown in Fig. 9-4, the la te ra l 
wi res of the source g r ids will be d i s ­
placed so as to establ ish a focus, in the 
plane t r a n s v e r s e to the gr ids , at the 
blanket w a v 700 cm away from the gr id 
face. Me. nwhile, no effort will be made 
to focus the beam in the plane para l le l to 
the l a t e r a l s . While such a focus could be 
accomplished by bowing the l a t e ra l s , in 
th i s geometry the consequent reduction 
in the beam aper ture would not war ran t 
the difficulties of fabrication. Pa r t i cu la r ly 

Fig. 9- Charac te r i s t ic dimensions of 
a Berkeley-type ion source . Top view: ParHcle dispersion parallel to 

lateral wires with no focusing 

the l a te ra l s can be made i r respec t ive of 
the operating t empera tu re . Never theless , 
it is not certain if this configuration 
pe rmi t s a g rea t e r overall heat dissipation 

9-5 than a mul t iaper ture gr id . 

Beam Contours 
Studies of the 15-keV Berkeley source 

have shov n that when sli t gr ids a r e suitably 
curved and properly displaced to obtain 
j reasonable focus, the beam divergence 
corresponding to 1/e value of cur ren t 
density is approvimateJy 0. 5 degrees 
para l le l and 2 degrees perpendicular to 

9-4 the grid l a t e r a l s . Theoretically, 
because these angles a re inversely p r o -
por t i jna l to the square root of the beam 
voltage, at 100 keV they should be about 
2 . 5 t imes smaller,. Therefore , a beam 
spread equal to the original values of 
0. 5 degrees and 2 degrees , when applied 

rion source 

7 cm 

Side view: Particle dispersion across the 
lateral wires 

50 cm 

Fig. 9-4. Beam spread d iagrams (not 
to scale) . 
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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 incluo. d along 
the injector walls, near the focus, to 
accommodate the small percentage af the 
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 'lown 
many times to b e the consequence of the 
assumption that the critical voltage, o.-ior 
to breakdown across a jap, is proportional 
to the square root of the gap spacing"" 6; 
i. e., 

112 V = C x 1 ' ' ! , (9-1) 

where the proportionally constant C is a 
function of the electrode material and 
finish as well as the ambient conditions 
of temperature, pressure, etc. 

Introducing this relationship into the 
Child-Langmuir Equation for beam 
current density; i .e . , 

J = q V 3 / 2 / x

2 A/cm 2 , (9-2) 

there results, 

J = qC 4 V ~ 5 / 2 A/cm 2 , (9-3) 

whe; e for a planar structure, 

q = He 0 /9 ) (2e /m) 1 / ' 2 . (9-3a) 

Thus, the highest extraction voltage, 
when applied to a conservative design. 

will result in the lowest current density. 
9 If a Berkeley source delivering 0.5 A/cm 

at 20 kV is considered typical, the cor­
responding current density »s only 0.01 

2 
A/cm at 100 kV if a single accelerator 
stage is used to extract the beam. 

Ream space charge introduces other 
design restrictions, Whrrpetis an ac­
celerating grid acts as a divergent lens 
to the Individual beamlecs passing between 
the laterals, these beamlets must be 
initially convergent in ordtjr to achieve 
nearly parallel paths on th e far side of the 

9-8 grid. To form initial beamlet con­
vergence, the most critical factor is the 
bevel angle of the laterals constituting 

9--Q the first extracting grid. 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. 9 " 1 0 

To obtain high-energy beams of 
relatively high current density, it is 
necessary to introduce post-acceleration 

9-8 stages. There are several ways to do 
this. For convenience, conside r the current 
density to be constant, neglecting the 
initial convergence previously discussed 
and noting that the 4/3 pott csr of the 
spacing varies with the voltage in ac­
cordance with Child's T.aw. 

Under these conditions, let V , x and 
V 3 ' x 3 b e t n e Potential add spacing of grids 
two and three with respect to the first 
extractor grid at the plapma surface (see 
Fig. 9-5). Then, for the case where the 
grids do not disturb the potQnti_' -:1s-
tribution along the beam. 
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v 3 / 2 / . 73 /2 , V-'-Vx^V^/x^ ( 9 - 4 ) 
w h e r e , 

If Y „ „ a n d x ? . , r e p r e s e n t t h e v o l t a g e 

^nd s p a c i n g b e t w e e n t h e s e c o n d and t h i r d 

g r i d s , t h e n , in a c c o r d a n c e w i t h t h e c o n ­

d i t i o n of v o l t a g e b r e a k d o w n , 

r , M V 2 3 / V 2 ) . 

E x p a n d i n g t e r m s , 

V 

1/2 

V = C v 1 / 2 

* 23 ^ S 23 ' 

( 9 - 5 ) 

( 9 - 6 ) 

x 3 = x 2 < 1 + x 2 3 / x 2 ' ' 

(9-8) 

( 9 - 9 ) 

( 9 - 1 0 ) 

3 / 2 2 3 / 2 2 r *•! /4 
w h e r e C j „ i s t h e b r e a k d o w n p r o p o r t i o n a l i t y V g ' fx^ = V ' / x „ [(1 + n) ' / ( l 
c o n s t a n t b e i w p « n g r i d s o n e a n d t w o , and 

C „ „ i s t h e c o r r e s p o n d i n g c o n s t a n t b e t w e e n 

g r i d s t w o and t h r e e . T h u s , it i s found 

t l i a t : 

K 2 3 / X 2 = r i 2 ( C 1 2 / C 2 3 ) 2 , 

-Arc plasma 

-First extraction grid 

- G 2 3 

( 9 - 7 ) 

Becm 

,2/3 4/3 

F i g . 9 - 5 . B e a m e x t r a c t i o n w i t h g r i d s 
l o c a t e d p e r C h i l d ' s L a w . 

+ "»1S 2/C23l J • 
( 9 - 1 1 ) 

w h e r e b y . 

< C 2 3 / C 1 2 > = iu + > ? y , / 4 - i ] 1 / * ' 
( 9 - 1 2 ) 

F o r C 12 C 23- " : 0.7, 
T h u s , f o r a f i r s t e x t r a c t o r s t a g e of t h e 

B e r k e l e y t y p e , t h e c u r r e n t d e n s i t y w o u l d 
_2 

b e 0 . 5 A / c m , w i t h V „ e q u a l t o 20 k V , 

w h e r e a s t h e c o r r e s p o n d i n g f ina l b e a m 

v o l t a g e of a s i n g l e p o s t - a c c e l e r a t i o n 

s t a g e w o u l d b e on ly 34 k V . 

It i s p o s s i b l e t o add s u c c e s s i v e = t a g e s , 

r e q u i r i n g f ive g r i d s t o o b t a i n 100 k e V . 

H o w e v e r , w e e x p e c t t h a i t h e v o l t a g e -

h o l d i n g p r o p e r t i e s in t h e p o s t - a c c e l e r a t i o n 

g a p w i l l b e b e t t e r t h a n t h o s e in t h e i n i t i a l 

e x t r a c t i o n r e g i o n . T h u s , i t i s r e a s o n a b l e 

1. 5, a n d to allow C „ , = 1 
\ ' 3 = 50 kV, e tc . 

5 C 1 2 , 

Proposed Extraction 
An i m p o r t a n t f e a t u r e of t h e f o l l o w i n g 

e x t r a c t i o n d e s i g n i s t h e c o n s i d e r a t i o n 

g i v e n t o t h e s h a p e of t h e f i e ld l i n e s a n d 

t o t h e t r a j e c t o r i e s of t a e n e w - f o r m e d . 



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 
subjected to a decel grid at a somewhat 
more positive potential. In this way, 
secondary electrons emitted from the 
decel grid can be prevented from being 
accelerated toward the ion source, al­
though those coming from the accel grid 
are Rot 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 ch .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 befort: 

/gvf 
a 
>x \dx) 

vV2 rV 

(9-15) 
The limits of integration are determined 

by the boundary conditions. Thus, for a 
simple space cnarge limited beam as 
before, 

/av\ _ 4V 
\ax I - 3x • (9-16) 

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

: 0 . (9-17) 

J = q v 3 / 2 / x 2 , (9-13) Assuming V„ • 
from Eq. {9-15) 

V«, there results 

where V and x„ are the potential and 
spacing of the first accel grid, G2. 

In the post-acceleration region beyond 
x,, the potential no longer builds up in 

4/3 accordance with x ' because of the 
initial ion velocity. Therefore, a dif­
ferent solution of Poisson's equation i? 
required. Thus, in general, 

3 2V * J/e, (m.v x i / a 
-1/2 (9-14) 

,-,p V2 + zv\t\, -4V 3 / 2 

34 

If we allow 

5 = (V 3 /V 4 ) , 

(9-18) 

(9-19) 

and solve for the value of 5 which results 
in a maximum J for any given spacing x„ 4 , 
we find at maximum J 

€ = 1/4, (9-20) 

which can be rearranged to give. V, = 4V, . 4 3 (9-21) 
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"Arc plasma 

rFirst extraction grid 

S * 

Beam 

Fig. 9-6. Grid layout and potential p r o ­
file for a proposed two-s tage, 
five-grid (accel-decel , acce l -
decel) ex t rac tor . 

Introducing this into Eq, (9-18), 

iev3'2 

Maximum J = q ^ - . (9-22) 
( x 34> 

To inhibit breakdown as before, let 

( V 4 " V • C 3 4 X S 4 2 ' ( 9 " 2 3 ) 

v = 0 (V /C ) A34 3 ' 34 ; * (9-24) 

Maximum J = q(-^y) C* 4 V ~ 5 / 2 . (9-25) 

But, in th<> initial extraction gap. 

J = q C j 2 V ^ 5 / 2 . (9-26) 

Therefore, equating J with the maximum 
.1 in the post accelerat ion gap, and 
assuming V . - V„, we finu that 

( C 3 4 / C j 9 ) = 1.5, (9-27) 

a c i rcumstance that, a s noted before, may 
not be too unfavorable. The potential 
distribution along the accelerat ing beam 
is shown in Fig. 9-6. 

Values est imated from these e lementary 
relat ionships were introduced into the 

9-11 DART computer code to calculate 
the ion beam t ra j ec to r i e s . While ' he 
r e su l t s were not perfect, they were close 
enough to show th-t sat isfactory r e su l t s 
could be had with a few more i te ra t ions . 
Typical dimensions a r e shown in Table 9 - 1 . 
In this table, the finite th icknesses of 
e lect rodes a re neglected in the definition 
of the effective gaps x 1 2 , . . . , x , 

Gas Flow Through Grids 
Neutral gas flowing out of the ion , 

source pas se s through the var ious gr ids , 
establishing some ambient background 
density. As a resul t , some percentage 
of the accelerat ing ions suffer charge 
exchange. While the newly formed 
neutra ls continue with the momentum 
they had as ions, the new low-energy 
ions follow field gradients that may be 
too weak to per turb the original ion beam. 
Thus, a new ion can be drawn out of the 
beam to collide with a grid, thereby 
creat ing secondary e lectrons that bom­
bard other more positive g r i d s . Un­
fortunately, t he re is always a significant 
background gas density because most 
ion sources have inherently poor gas 
efficiencies. For example, the Berkeley 
source , with a 50% grid t ransparency, has 
a gas efficiency of about 38%. 



To min imize gr id damage , the back­
ground gas density must be reduced . 
Hmvever, the g r i d s act as flow impedances 
which e s t ab l i sh p r e s s u r e g rad i en t s much 
as a r e s i s t o r d iv ider s t r ing d iv ides the 
vol tage a c r o s s it. Provided the p r e s s u r e 
beyond the g r i d s is low enough, the 
p r e s s u r e between them is predominant ly 
a function of the g a s ilow from the s o u r c i , 
Thus , at h igher ex t rac t ion vol tages , where 
gr id damage due to ion bombardmen t is 
likely to be m o r e s e v e r e , the ion beam 
densi ty must be reduced so that, a s suming 

; constant, gas efficiency, the background 
s,;.^ densi ty and the incidence of charge 
exchange a r e a l so reduced . 

In 'J^ese cons ide ra t ions , we have 
a s sumed the p r e s s u r e beyond the g r i d s to be 

-3 2 X 10 T o r r . W h e r e a s the Berke ley 
2 

s o u r c e de l i ve r s 0. 5 A / c m at 20 kV with 
a gas flow of 21 T o r r - £ / s , opera t ing at 

_2 
about 2 X 10 T o r r , the 100-kV deu te r ium 

2 
s o u r c e i s p r e s u m e d to de l ive r 0. 2 A/r-m 
with a g a s flow of 12. 6 T o r r - C / s , 

-2 opera t ing at a p r e s s u r e of 10 T o r r . 
The 150-keV t r i t ium s o u r c e meanwhile 

Table 9 - 1 , Var ious e x t r a c t o r de s igns . 

Bvrkeley 
Source L L L Design 

lens 
F i r s t acce l s t age : 
\ \ (kV) 
V 9 (kV) 

" 2 
J (A /cm ) 
•M2 

*12 

(cm) 

•i xi , v : 3 / 2 
( A - V -3 /2 , 

' / ' ( V c m " 1 " ) 

d„ (cm) 

C - V x ^12 2 12 
F i r s t clecel stag-:. 
G2 d i a m . , ;i„ (cm) 
G3 d iam. 
x 2 3 < c m ) 

V 3 (kV) 
Second accel s tage : 

kV) 
(kV) 

V 4 (kV) 

V 34 
"34 (cm) 

C 3 4 = V 3 4 x 3 4 / 2 ( V - c m " 1 / 2 ) 

Second decel s t age : 
G4 d i a m . , d 4 (cm) 
G5 d i a m . , d 5 (cm) 
x 4 5 (cm) 
V 5 (kV) 

20 100 150 
-1 75 112.5 
C. 50 0.20 0 .075 
0 .39 
2.7 X 1 0 " 8 

0.60 
1.8 X 1 0 " 8 

1.2 
1 .5X 10 

3 . 2 X JO 4 3 . 2 X 1 0 4 3.4 X 10' 

0. 20 0 .05 0 . 0 5 
0 .20 0.20 0 .20 

0 .20 0 .20 
0 83.0 120 .5 

75 
2 .3 
4. 9 X 1 0 4 

0.05 
0.20 
0.20 
0 

i : 12.5 
4. ,6 
5. .2 X 10 

0. 05 
0. 20 
0. 20 
0 



operates at 0.075 A/cm with 4. 5 Tor r -4 / s 
flow of gas, operating at 5 X 10 ' Torr. 
Various pressures as ealculated for the 
regions between the grids are shown in 
Fig. 9-7. 

Charge Exchange and Ionization in the 
Extractor 

The important advantage of the design 
of the proposed extractor is the prospect 
of controlling the trajectories 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 

/Gas inlet 

[First extraction grid 

F„ = 1 0 1 6 P a. Ax, 0 x i ' (9-28) 

where P is the neutral gas pressure in 
Torr, and a . is the cross section for 

' l 

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 ar.y 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 

Fig. 

*1 *2 3 

9-7. Pressure profile in t.:- 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 
neutralized 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 (10 P cm ~J). 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 s%rious 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 

markedly reduced as indicated in the 
table by G5a. 

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

G2 G3 

20-kV Berkeley extractor 

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 

F 0 . l o " / P T o r r ff10 d x " 
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Table 9-2. Grid bombardment by ions producedby charge exchange and by the secondary 
electrons produced on the grid surfaces. 
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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 
where they do the least damage. Only 
the most cursory attempt to optimize 
these designs has been made to date, ana 
much work is yet to be done to analyze 
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 

shield of which the final decel grid forms 
a part. Through this grid, the high 
energy ions travel toward the neutralization 
cell along with the low-energy neutral 
gas Q„ which flows from the ion source. 
Actually, only a limited quantity of low-
energy gas Q.., will proceed into the 
neutralizer. The remainder (Q~ - Q N ) 
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 
Q_N can be evaluated by assuming that the 
pressure PQ between the ion source and 
the neutralizer cell is maintained by the 

_3 
pumps at 2 X 10 Torr. 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„ is kept at less 

-4 than 2 X 10 Torr by cryopanels mounted 
on each side of the beam. 

From a calculation of the conductance 
of the neutralizer cell, the flow of gas 
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Q N is determined to be 3.0 and 2.4 
To r r - f / s for deuterium and tritium. 
These data are arranged in Table 9-3 to 
allow evaluation of the total gas flow in 
both the Type A and Type B injectors. 

Because a 120-cm mercury ejector 
pump is capable of pumping 5 X 10 J / s 
of hydrogen, four fully baffled pumps 
should be more than capable of handling 
the 1.33 X 10 J l/s required for a Type A 
injector and the 0. 98 X 10 l/s required 
for a Type B injector. 

NEUTRALIZER CELL 

The neutralizer thickness it is defined 

• / 
ndx c m (9-29) 

where x is the neutralizer length, and n, 
the background gas density, can be 
expressed by 

n = P /kT cm •3 
( 9 -30 ) 

,-Neutralizer cell 
\with liquid-nitrogen-
\cooled walls 

Cryopanels with chevron heat shields 

flow to . Q _ Q 

injector ( s N 

Neutral beam 

Ion beam direct converter 
for 12 A of 100-keV 

+ 0 
D in a neutra I D beam 
(showing ion trajectories) 

0 15 

Fig. 9-9. Beam line schematic and pressure profile through the neutralizer cell, 
including the beam direct-energy recovery system. 
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Table 9 - 3 . Gas pumping r e q u i r e m e n t s . 

Type A 
in jec tor 

Type B 
in jec tor 

Deute r ium Tr i t i um Deuter ium T r i t i u m 

No. of s o u r c e s , N 42 28 28 42 
Gas jfficiency, r) 0 . 3 0 .3 0 . 3 0 . 3 
Gas flow p e r sou rce ( T o r r . • J f / s > 

« i n 12.6 4 . 5 12.6 4 . 5 

% * » " * s » l n 8 .8 3 .2 8.8 3 .2 

« N 3.0 2.4 3 .0 2.4 

<Q= " Q N » 5.8 0 .8 5.8 0 . 8 

Tot;il flow, ( T o r r . I / s) 
N ( Q S - Q N > 

Tota l £ Q 
P u m p p r e s s u r e , P„ ( T o r r ) 

Pumping speed, S = ^ - ^ ( i / s ) 
*0 

244 

26S 
2 X 10" 

22 

1.33 X 10 + 5 

162 34 

196 
2 X 10" 

0 .98 X 10 

In Eq. (9-30), P i s the background p r e s s u r e 
in T o r r , T the g a s t e m p e r a t u r e in K, and 
k the Bol tzman constant in t h e s e un i t s , 
i . e . , 1.04 X 1 0 " 1 9 T o r r . c m 3 / K . 

P e r F ig . 9-9, the n e u t r a l i z e r th ick­
n e s s can be ca lcula ted f rom: 

it = ( P 0 / k T ) X l + ( l / 2 P 0 / k T ) x 2 c m 2 . (9-31) 

In Eq. (9-31), i1: is a s s u m e d that the 
n e u t r a l i z e r wa l l t a r e l iqu id -n i t rogen 
cooled, thus the g a s t e m p e r a t u r e T is 
about 77 K. Allowing for the space 
be tween the ion s o u r c e and the n e u t r a l i z e r . 

x, i s 15 c m and P Q is 2 X 10 -3 T o r r . 
Meanwhile, the ave rage p r e s s u r e in the 
n e u t r a l i z e r ce l l i s about 1/2 P . and i t s 
length x„ is 100 cm. Thus , it equals 
1 . 5 X 1016 c m 2 . 

The n e u t r a l i z e r efficiency i s 

F ^ O o o f r - ^ P l - ^ i o ^ O l ' O ' < 9 _ 3 2 ) 

w h e r e F _ M is the efficiency of an ideal 
n e u t r a l i z e r of infinite length, and a. n and 

"01 a r e the ion-neu t ra l i za t ion and the 
neu t r a l - ion iza t ion c r o s s s ec t i ons at the 
b e a m energy under cons ide ra t ion . 

Both the 100-keV deu te r ium and the 
150-keV t r i t i u m b e a m s t r a v e l at the 
s a m e speed; t he r e fo re , t h e i r neu t r a l i za t i on 
eff ic iencies and c r o s s sec t ions a r e equal, 
a lbei t 

P n = 0 . 5 3 , 0M ' (9-33) 

and 

(<J 1 0 + <r 0 1 ) = 1 .68X 1 0 " 1 6 c m 2 (9-34) 
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for the n e u t r a t i z e r cel l desc r ibed 
h e r e . 

Then, 

r ( o i o + t I o i ) = 2 - 5 . 

and 

F = 49%. 

(9-35) 

(9-36) 

S i m i l a r l y , for D* and T* F i s 72%; 
and for D^ and T* F is 78%. 

ION ENERGY RECOVERY 

Exiting from the n e u t r a l i z e r cell i s a 
flow of low-energy neu t ra l g a s (Q p e r 
sou rce ) , a b e a m of h igh -ene rgy n e u t r a l s 
•with components of e i t he r 100-, 50- , and 
33-keV D° o r 150-, 7 5 - , and 50-keV T ° , 
and the r e m a i n d e r of the h igh -ene rgy ion 
b e a m which did not become neu t r a l i zed . 
This mix tu re e n t e r s the ion energy r e ­
covery s y s t e m w h e r e negat ively b iased 
e l e c t r o d e s , located on both s i d e s of the 
beam, hold back any e l e c t r o n s which 
would o the rwi se be ex t rac ted f rom the 
n e u t r a l i z e r by the posi t ive potent ia l of the 
ion -co l l ec to r e l e c t r o d e s . F igu re 9-10 

+ 80kV 
Neutralizer, 

OkV -30 kV 

shows the e lec t rode configuration in the 
d i rec t c o n v e r t e r for a deu te r ium s o u r c e . 

This e l ec t rode configuration was d e ­
veloped using the DART code. However, 
the s p a c e - c h a r g e blowup of the beam 
beyond the negative s t age (where the 
neut ra l iz ing e l ec t rons ; r e stopped) can be 
approximated by making a few simplifying 
a s s u m p t i o n s . The analyt ic solut ion g ives 
the dependence on the v a r i o u s p a r a m e t e r s , 
and in p a r t i c u l a r , shows how to adapt the 
deu te r ium energy c o n v e r t e r des ign to 
t r i t i um b e a m s . 

Cons ide r a shee t beam of ions of 
th ickness h flowing in the x d i rec t ion 
( see Fig. 9-10). The ion c h a r g e densi ty 
P is approx imate ly uniform a c r o s s the 
b e a m and is p ropor t iona l to the cu r r en t 
densi ty j divided by the d i r ec t ed ion 
veloci ty v x . The velocity V ) [ depends on 
ini t ial energy VVQ and on the potent ial o, 
which is a s sumed to i n c r e a s e l i nea r ly 
with x. That is , for motion in the x-
d i rec t ion we ignore space cha rge and 
a s s u m e a uniform applied field E in the 
negat ive x d i rec t ion . We define d i s t ance 
L by se t t ing E x = - W n / e L , where e is the 
c h a r g e on the ion. E l e c t r o n s a r e stopped 
at x = 0 with the r e su l t that the space 
cha rge of the ions will c a u s e the beam to 
expand beyond th i s point. Ey G a u s s ' Law, 
the s p a c e - c h a r g e field ou ts ide the beam 
i s gi ' en by (neglecting the x-component 
of s p a c e - c h a r g e field) 

E y = p h / 2 e n . 

10 

Fig . 9 -10 . B e a m d i rec t c o n v e r t e r for 
12 A of 100-keV D + in the 
p r e s e n c e of a n e u t r a l D " 
b e a m . 

w h e r e c n = 8 .85 X 1 0 - 1 2 f /m. We e x p r e s s 
P in t e r m s of the tota l ion c u r r e n t I which 
is a s s u m e d to be cons tan t . 

= 1/lhv 
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where C is the width of the beam (measured Eq. (9-38) is not exact, but it does give 
into the paper in Fig. 9-10). Then, the 
outward acceleration of the ions at the 
edge of the beam is 

dv 
- g f = eE / M . e I / 2 f 0 M « v x . 

the functional dependence of the s p a c e -
charge limited current I on ionic charge 
e, ionic mass M, initial ion energy W n , 
scale- length L, and on the approximate 
efficiency of energy recovery 

Divide this by the longitudinal acceleration, 'BDC 

- ^ = . - K x / M = - W 0 / M L , 

to obtain 

dv 

a v T - C , L ' 2 W V X 

This can be integrated to give 

v = (e l l . 2 t ( ) ( \ \ 0 ) l n ( v 0 / v ! £ ) , (9-37) 

where v . = (2W M) •'" is the initial 
value of v .. The conservation of energy 
requires that 

I 4 ! , v » ) , c * e v 
1 0 

We assume v~ = v" when the ions contact 
y x 

the walls , so that 

V y * V x = < W 0 ' ' M ) ( I " e * / W o ) -

Finally, we can solve Eq. (9-37) for I/f 
and substitute in for v . and v to get 

I . 2 € 0 feW0 [<n v0/v J (9-38) 

1/2 
where v x / v n = [ ± (1 - e « / W Q ) ] . 

For example, Eq. (fl-38) indicates thai 
to collect 100-keV l / at 80 kV, (if all of 
the ion current were collected, this 
operation would be ideally 80°; efficient) 
v ,'v = 0. 32, and (with ( - 35 cm, 
L - 10 cm) I = 5. 3 A. With ths recovery 
electrode at 70 kV, I = 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, Eq. (9-38) is useful to show the 
functional dependence of current on the 
other parameters . 

Detailed 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 D + 

is col lected on the 90-kV e lectrodes . 
The central 0 . 3 A of the beam is either 
reflected back into the neutrai izer or 
p a s s e s on through the direct converter 
toward confined plasma. Whether the 
central part is reflected or transmitted, 
and just what fraction of the beam does 
one or the other, depends crit ical ly on 
the current I. Equation (9-38) shows that 
if the col lector voltage is decreased from 
90 to 83 kV, the current can be increased 
to 12 A wiih an efficiency of 78% for 
collection of the full energy D . 

However, the 10 .8 A of 100-keV D° 
are accompanied by not only 12 .0 A of 



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 
currents of D0, D 9 , and D„. The power 
carried by the fractional energy ions is 
only 12°i 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 a low-voltage 
electrode, to intercept low-energy ions as 
they leave the beam, does not work if it 
requires an increase in the length. It 
may be possible to insert scraper elec­
trodes along some existing cquipotenttal 
surface to recover some low-energy 
power without sacrificing many of the 
full-energy ions as indicated in Ref. 0-12. 
I*or the present, we assume that the 
fractional-energy ions are recovered 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 88"'r of the beam power that is carried 
by full-energy ions, and they are collected 
with 78°;, efficiency. The net efficiency 
of the beam direct converter is then 

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 n B r j C = 0.80. A more 
satisfactory solution would be to avoid the 
molecular ions and prevent the fractional 
energy ions and neutrals from being pro­

duced. In fact, the fractional energy 
neutrals may present an even more 
serious problem than the fractional-
energy ions do, 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 higher 
energy (4. 3 A of IbO-keV T* instead of 
12 A of 100-keV l / ) more than offsets the 
effect of the increased mass of the ions. 
We again use Kq. (38) to scale the com­
puter results and find that the collector 
voltage should be set at 143 kV to collect 
95"; of the full-energy tritons al P5"; of 
full voltage. This would give 1. , . .^ * 0.91 
if no fractional-energy T were present. 
Including them reduces the efficiency to 
r)j , „ = 0.81, with the same assumptions 
as for deuterium. 

The collected ions become a gas load 
in the direct converter, :>nd result (see 

-4 below) in a gas pressure of 2 X 10 Torr. 
To hold the voltages at this pressure, the 
Paschen curve for hy<irogen shows that 
the interelectrode spacing must be less 
than about 0. 5 m. Since the overall 
length of the direct converter is 0. 5 m, 
the condition is satisfied. 

The collected ions constitute ;i gas load 
(Q„ per source) that must be pumped away 
along with the gas Q^. that flows out of the 
neutralizes The gas flow Q,, can be 
calculated as 

*B 

+ 3/2Xj) Torr . i / s * ( 9 " 3 9 ) 
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where X-, X„, X,, represent the atomic 
;iti(i molecular ion components of the 
beam. 

Thus, it is determined that Q R is 
1. 5 Torr« f ,'s ami 0. 5 Torr- f ' s for the 
deuterium and tritium beams, whereas 
the sum <Q * Q ) is 4. 5 and 2. 9 Torr- (,'s 
respectively. To maintain a pressure V 
of 2 y 10 Torr in this region, the 
pumping speed S must be such that 

n 

P PH 
(!>-)0) 

from which it is determined to be 
4 2.3 y 10 f s for :< deuterium beam and 

1. a y 10 f s for tritium. 
Keeause ;i baffled crvopanel can cope •> 

with 7 f /s per cm", approximately 
3300 cm" and 2100 em" of cryopanel 
surface are needed 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 about 50 cm of beam line with an 
average height of 60 cm reserved for the 
output of each ion source. Thus, allowing 
for two cryopanel surfaces, one on each 
side of the beam, there will be approx­
imately 6000 cm" of cryopanel surface 
available. 

PRK-INJECTION PIMPING 

Beyond the energy recovery unit, 
another 100 cm length of ~ryopanel is 
planned. This far down a. ong the beam, 
these panels must be separated 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 
9-13 study, a corresponding ratio of length 

to radius of a cylindrical pumping system 
results in a pressure drop to about one 
two-hundreth of the original value. If 
this value is applied to this planar parallel 
case, the pressure at the blanket window 
should be of the order of 4 X 10 Torr. 

MAGNKTIC SHIKLUING 

The injectors, neutralizing cells, and 
beam energy recovery systems must be 
shielded from the fringing portion of the 
reactor magnetic field. The volume to 
be shieldc d, indicated by Fig. 9-11 is a 
truncated pyramid for each injector 
assembly, with a base of dimensions 
7 y 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 
roughly 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 Bn and B. are the field components 
parallel to and perpendicular to the beam-
line axis. The portion of the injector 

-101-



assemblies requiring magnetic shielding 
extends for about 3 m. Note that this 
region includes the points of field re-

The maximum fringing fields to be 
excluded are B. _ = 2. 3 kG and B, ; max irr 
= 4. 2 kG. Magnetic shields for such 

" l 1 1 r 
• Acce l -dace l region 
-Neurra l izer 

- Energy recovery 
-Cryopumping 

-

2 4 6 8 : 0 12 14 

Plane of the f inal decel gr id of the 
ion source x -m I 

Cryopanels 

Neutral beam focus 

Plasma 
-Ton sources and center 
associated power 
supplies 

-Beam in ject ion l ine 

Fig. 3-11. Peam convergence and pro­
files of pressure and fring­
ing magnetic fields, where 
Bi and B|| are the com­
ponents of the field perpen­
dicular and parallel to the 
beam axis. 

f ield intensities arc feasible but are not 
t r i v i a l for large volumes. In this design, 
we shall take advantage of experience and 
computations arising f rom design and 
operation of the injection systems for 
Baseball and for 2XII . 9 " 1 4 

Kxpericnce is available o , operation 
of ;i superconducting magnetic f ield which 
successfully excluded a kilogauss mag­
netic f ield f rom a volume comparable to the 
size of one injector module. An i ron shield 
was also required 1o reduce the field 
below 10 CJ because of openings in the 
superconductor. It can be slated with a 
high level of ns.iiir incc that s im i l a r 
techniques wi l l fu l f i l l the shielding re­
quirements of the fusion-f ission reactor. 
Kngineering development is required to 
determine the best design for the purpose, 
but is not required to demonstrate 
feasibi l i ty . A superconducting shield for 
each module can be installed in thermal 
contact with the cryogenic g is-pumping 
surfaces required for each module. 

IN.JECTOR Krt-TCIKNCV 

The overall efficiency of the injector 
system irf 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 t ie 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 beam 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.'ble 9-4 . Injector p e r f o r m a n c e . 

Berkeley 
design 

L L L Kusion-f iss ion 
design 

Gas 
Ream energy (keVl 
Operat ion 
[•"ilament p o w e r / s o u r c e (kW) 
Are powi-r s o u r c e (M\V) 
Kxt rac tor power .source (IIIWI 
Source pressure n 'o r r ) 
G a s efficiency l" ) : ' 
Total gas flow s o u r c e (Torr* f >) 
Amission cur ren t density (A-cm") 
Total ion current source (A) 
IU';im components (A) 

X" (7 5" > 
V.', (IS"') 
\ . j (10 ' ) 

Neutra l beam output sou rce (A) 1 

•0 (i.- ^ o"-) 
72") 

X » ( l 
X° 11 

i l l "-) xv; t !•• 
o 

I nnetitrali / .ed out s o u r c e (A) 
\" 
X 3 

Kquivalent gas flow of unneutral i / .ed 
output s o u r c e ( T o r r . ( ,s)<' 

Total number of s o u r c e s 
Total x° (A) 
Injected neut ra l beam power (1HV) 

At full energy 
At h a " energy 
At t h i rd energy 

DeUte r ium Deuter ium T r i t i u m 
20 100 150 
H i l s c rl Continuous Continuous 
34 13.2 13 .2 
0 .20 0. 10 0. 10 
1.4 
2> 10 -2 

2.04 
1 >• I O " ^ 

1.6 
0. 5 * 1 0 " 2 

3!! ;JO 30 
21.0 12 .0 4 . 5 
0. aO 0.21 0 .075 
70 .0 2n. 4 10 .5 

52. a 
10. a 

22.1 
4 .4 

7.ft 
1.6 

7.0 2. !> 1.0 

10. 8 
3 .2 

3 .P 
1.2 

2.3 

11.3 
1.2 
0. C 

1. 5 
140 
1500 

150 
4 4 . 4 
3 1 . 9 

o.a 

4.0 
0.4 
0.2 

0 . 5 
140 
550 

8 2 . 5 
25.4 
16. 9 

Gas efficiency = equivalent gas flow, total gas flow. 
J X*, X, , X., r e p r e s e n t the a tomic and mo lecu l a r flow in a m p e r e s . 

c M o l e c u l a r ions X* and X, will be d i ssoc ia ted by co l l i s ions in the n e u t r a l i z e r , but in 
th is table they a r e computed as if they w e r e not d i s soc ia t ed . 

^equ iva len t gas flow = 0 .19 (1/2X" 1 4 Xg + 3/2Xg) T o r r - £ s . 

p a r a m e t e r s a r e s u m m a r i z e d in Table 9 -4 . 
In the d i a g r a m (Fig . 4-2) of the flow of 
power through the in jec tor s y s t e m , n 
is the efficiency of producing and a c ­

ce l e r a t i ng the ions , Ka r l i e r in th i s 
sec t ion , we de t e rmined that 13. 2 kW 
a r e used by the f i laments and 100 kVV by 
the a r c in one 29 .4 -A deu te r ium s o u r c e 
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(see Table 9-4). This amounts to 3. 8 keV 
per deuteron and a 3. 6% loss of energy for 
100-keV ions. Less arc power is required 
in a 10. 5-A tritium source, but will 
probably amount to slightly more than 
3. 8 keV per triton. We assume a 3. 8% 
loss for 150-keV tritons, the same a? 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 
electrons. These processes are discussed 
on p. 93 , and the results are tab­
ulated in Table 9-2. The total loss due 
to grid bombardment is 16 kW for the case 
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 tritium. When 
combined with the 3. 6% loss in creating 
the ions, the total loss is about 4. 6%. 
Therefore, n = 95% for both deuterium ac 
and tritium. 

The neutralizer efficiency F was shown 
above to be F = 0.49 for D + and T + , 
F = 0. 72 for D* and T*. and F = 0. 78 for 
D, and T For the entire beam (which 
was measured in a Berkeley source to 
consist of 75% D + , 15% Dg, and 10%, D*). 
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 n R n ( ~, = 0. 69 for 
deuterium and f 7 R D r = 0.81 for tritium, 
assuming the fractional-energy ions are 

caught at zero efficiency. A thermal 
bottoming cyclr could increase this to 
0. 80 and 0. 68, respectively. If the 
fractional-energy ions are eliminated, 
the direct converter efficiencies without 
a thermal cycle increase to 0. 78 for the 
12 A of 100-keV D + and 0.91 for the 4.3 A 
of 150-keV T + . 

Overall injector efficiency is defined 
here as the ratio of the neutral beam 
power that is injected and trapped (P. 
= 225 MW) to the total power consumed 
by the injector system. Figure 4-2 shows 
the power flow through the injector sys-
t*. n for the case where fractional-energy 
ions are present and taking i ) „ n r = 0. 69 
and F = 0. 55. No thermal cycle is 
assumed for the injector, but that part of 
the neutral beam power that is not trapped 
in the plasma is assumed to be recovered 
in a thermal cycle with efficiency rj™, . 
= 0.38. The calculations of the beam 
penetration were described in Section 5. 
It appears that 94 to 96% of the beam 
power is trapped. We assume here that 
f„ = 0.94. The result is (see Fig. 4-1) 
that the injector system consumes 318 MW 
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. " 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 
• 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 

Blanket Characteristics 
As described in Section 6, luhium 

aluminate (LiAlO.) was~chosen is the 
blanket material for breeding tritium. 

5 
The blanket contains 1.23 . 10 kg of 
LiAlO, with the lithium V ?ing enriched in 

Li. Thi; *• reoJing ratio varies from 1.05 
at start-up to 1.30 after SO 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 fc r cooling and low-
velocity helium flovv through the powder 
to pick up and carry away tritium. In 
the present design, 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 
,. . 10-2 diameter. 

The 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 

1/2 (P) 

where N = atom fraction of T in l.iAlO 
P = partial pressure of Tt>, Torr. 

Estimates of the partial pressure and 
inventory of the blanket tritium for one 

10-3 reactor design, UWMAK-H, are 
13.3 mPa (10~4 Torr) and 42.0 g, re­
spectively. These values yield a Sievcrt's 

-4 constant, k = 1.07 X 10 atom fraction 
1/2 Torr ' on a lithium basis. 

Because oxygen is available from 
A10„ radicals remaining after lithium 
transmutation, i . e . , part of the tritium 
will be released as T„0 . 

LiA10 2 + n- - 3 H + + 4 He + A!Or 

2 A10„ •Al 2 O 3 + 0 

10-4 Wittenberg has estimated that about 
10% of the tritium will be present as T„0. 
Tritium must be recovered at a rate of 81 
^mol/s (the breeding rate). Hence, 73 
/nmol/s of T„ and 8 ^mol/s of T„0 will 
constitute the steady-state recovery 
rates. 

We will design our recovery r stem to 
extract 22% of the T„ gas and nearly all 
of the T„0 passing through it. We will 
process ~0 . 5% (6 kg/s) of the total helium 
flow, and we will allow the blanket in­
ventory to increase until the T„ partial 
pressure becomes 0.45 Pa. Because 
water will inhibit the diffusion of T„ into 
our vanadium diffusion membrane, we 
must first remove nearly all of the T„0. 

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 

-106-



as T„0, the T_ pressure is taken as 
0. 51 Pa. Using the Sievert's constant 
given above, the blanket contains an 
atom fraction of 6. 6 X 10 T in lithium, 
giving a blanket inventory of 37 g, which 
in turn reflects a hold-up time in the blanket 

10-2 of -24 hours. The tritium inventory in 
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 low 
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. s follows, 
helium taken downstream of the power 
cycle heat exchanger at ~300CC: 

• The gas is cooled to - 20°C by a regener­
ative heat exchanger and refrigerator. 

• Essentially all T„0 is removed by a 
molecular sieve bed. 

• The gas is then reheated to 600°C. 
• Part of the T„ diffuses through a bank 

of permeable vanadium tubes. 
• The final effluent is returned to the 

main helium stream. 
To prevent fluidization and attrition of 

ar 
2 

10-5 the sieve material, the molecular 

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 T.O loading 
equivalent to 0. 5 wt% H„0, the bed will 
dry to an exit partial pressure of - 0 . 2 mPa 
of T 2 0 . Recovering 8 umol/s of TgO 
requires an inlet partial pressure of 
- 1 1 mPa of T„0. 

The bed can be regenerated to a 
residual loading that is equivalent to ~0 . 2 

Main He 
coolant flow 

Reactor 

| 600 + °C Power cycle 
heat exchanger 

~ 3 0 0 o C 

Make-up 
heat 

exchanger -

Main 
regenerative 

heat exchanger-

6kg /s 
of He 

Refrigerator 
heat exchanger 

-20°C - Molecular 
sieve 
bed 

~w 
Electrolytic 

cell 

sieve bed requires an area of 5.2 m Fig. 10-1. Fuel recovery system. 
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wt% HgO. The bed will have a total T , 0 
inventory equivalent to 1200 g of T„, 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 T 2 0 . 

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 T„0. When the auxiliary bed is not 
in use, its residual T„ content will be 
33 g. 

Finally, the T„0 is decomposed, and 
T„ gas is recovered for use. The T„0 
recovered from the auxiliary molecular 
sieve bed is either sent to an electrolytic 
cell for electrolysis or reacted with a 
metal to release T„. 

A vanadium diffuser operating at 600°C 
separates T„ gas from the reheated 
helium process stream. The diffuser 
contains a bank of vanadium tubes through 
which the helium passes. Tritium that 
diffuses through the tube walls is collected 
by pumps. 

Vanadium was chosen over niobium for 
the diffusion medium because it is less sub­
ject tosurface degradation byoxides. 
The vanadium surfaces can be also pro­
tected by a thin coating of palladium, 
which is both very permeable to tritium 
and relatively insensitive to the presence 
of oxygen. Solid palladium tubes are 
prohibitively expensive in the sizes 
required. 

The diffusion coefficient of tritium in 
vanadium was taken from Steward 
for deuterium in vanadium: 

D = D 0 e x p R T 

vhere: D. = 3.3 X 10" 4 c m 2 / s 

E = 7.1 kJ/mol 

R = 8.314 J/mol K 

At 600°C, D equals 1. 25 X 10~ 4 c m 2 / s . 
The solubility of tritium in vanadium 

10-9 was taken as the same as for hydrogen. 
These data were extrapolated to 600°C 
and converted to a value for Sievert's 

_3 
constant k of 1.37X10 atom fraction/ 

1/2 s 

Torr ' . 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 
Edwards are slightly higher than 
those given above. Thus, the values 
arrived at here will be the more con­
servative. 

Wi'h 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 T„. This gives an average 
tritium pressure F . in the diffuser of 
0.40 Pa. Tritium passing through the 
vanadium tubes is pumped away at a 
pressure P„ of 0.13 Pa. The corresponding 
concentrations, C. and C~, in the metal, 
as in Fig. 10-2, are 0.098 and 0.056 

3 3 
cm atm T /cm V, respectively. Em-
brittlement of vanadium does not occur 
until the hydrogen concentration is at least 18 times that experienced here 10-11 
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Helium f l o w — 

^ > T „ 

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-eighth of the rupture s t ress of 
vanadium at 6 0 0 ° C , 1 0 " 1 2 SI MPa, the 
wall thickness, t, becomes 2 mm. The 
diffusion flow was approximated by the 
solution for a flat plate: 

D(Cj - C 2)A 

where n = 1. 63 cm • atm/s of T g (73 
nmol/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, P 2 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. JO-3, the pumps 
need a speed of about 1000 H/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. However, its final form 
is remarkably similar to that described 
by Watson, ~ and its performance 
principle is that suggested by Werner. 

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 

' Cold traps and 
* Hg diffusion pumpp* 

Hg 
ejector 
pump 

Fig. 10-3. Vanadium diffuser cross 
section. 
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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. These 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, 
much of the cost is for certification. The 
25-mm-diam. stainless steel tubes cost 
-$100/m of length. We estimate that 
60-mm-diam. vanadium tubes will cost 
~$330/m; when they have a palladium 
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 ymol/s) '•.ill be recovered in 
a continuous process as T„ gas. The 
remainder (6 pimol/s) w m be recovered 
as T„0 in a cyclical process which will 
take 210 days at this breeding ratio. 
Since the reactor will burn 62 iumol/s, an 
external supply of tritium equivalent to 
-3 umol/s (1.8 g/day) must be provided 
until the first T„0 is recovered from the 
molecular sieve beds. 

We noted earl ier that the molecular 
sieve beds always have a residual loading 
of 0. 2 wt% water, and that they will be 

loaded to 0. 5 w '.. water equivalent as 
T.O. During the first T„0 desorption 
cycle, we will get roughly proportional 
amounts of T„0 and of the residual water 
loading. This means that the first cycle 
will recover only 430 g of T , although 
720 g of T„ were absorbed (all as T„0>; 
the remaining tritium builds up the 
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 D„0. Then 
the mixtures of (D, T)„ recovered [as 
(D, T)„01 from early desorption cycles 
can be fed directly to the isotopic 
separator, without contamination from 
H 2 . 

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. 

• No significant excess T„ will be avail­
able du.-ing the first 2 years . After 2 
years, the reactor will produce about 
410 g/year of excess T„. 

• 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 

-110-



blanket. Two primary alternates can be 
considered: 
• Addition of oxygen with lithium 

aluminate to collect all tritium as 
T a O, or 

• A lithium aluminum (LiAl) blanket to 
produce all tritium as T„. 
For the L'WMAK-II reactor, it is pro­

posed that 1. 3 kPa of oxygen be used in 
10-3 the coolant to form T„0. The T , 

pressure then becomes vunishingly small, 
and very little tritium will diffuse through 
heat-exchanger tube walls into the steam 
powersystem. However, T„Ois many times 
more hazardous to personnel 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 
could operate with added oxygen, using 
the molecular sieve bed as described for 
all tritium as T„0. The bed would Ihen 
be regenerated on 17-day cycles, with 
inventories as described earlier. The 
vanadium diffuser and the make-up heat 
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
imum-activity blanket. Here, all 
tritium is present as T„, 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 lower 
than lithium aluminate. The disadvantages 
of a T„0 system are avoided; however, 
as with our proposed fuel recovery system, 
T„ in the helium could diffuse into th 
steam power system. 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 Ihe bed would 
have required inventories of at least many 
lens of kilograms of tritium, 

PURIFICATION AND ISOTOPIC 
SEPARATION 

A schematic of the hybrid fusion-
fission reactor fuel system is shown in 
Fig. 10-4. The major components in the 
purification and isotopic separation system 
are the palladium diffusers and the iso­
topic separator. These components are 
closely patterned after those in the FERF 

10-1 reactor. 
This system is sized to handle the 

entire flow returning from the reactor 
[140 m mol (D, T)„/s | , and to separate 
it into streams of T , (37 m mol/s) and 
D„ (103 m mol/s). Each stream must 
have a minimum isotopic purity of 90wc. 
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 He from radioactive decay of tritium 
(~1 jjmol/s) and He from the D-T ' 'jrn 
(125/imol/s). Traces of oxygen, .litrogen, 
and water can come from minoi- vacuum 
leaks and normal outgassing. Some 
methane production is expected also from 
radiolytic reaction between tritium and 
carbon compounds. 

The D-T gas is purified by diffusing 
it through hot (400°C) palladium-silver 
membranes. The process has been cal-

. . J * _, 10-18 . 
culated using ;i computer code and 
our design is simply scaled up in size 
from that Tor K E R F . 1 0 " 1 ' 1 9 Figure 
10-5 shows a schematic diagram of the 
process. 

Vacuum system 

I I • Organic 

Isotopic separation 1 I T j v a P ° ' 
i ' troo 

trap 

186 kPo 
Pumps 

1.3 kPa Purifica­
tion 

diffustrs 

Helium wast* 
69kPa 

Fig. 10-4. Fuel system. 
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10-5. Fuel purification system. 



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)„ 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 remaining 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. Gas exiting these 
tubes is 99. 9998% helium and other non-
permeable gases. A small 
mercury ejector pump (5 £/s) will 
boost the (D, T)„ 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 t racer Is added as an 
impurity at the inlet. Argon detec­
tors placed in the (D, T)„ 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 $677,500 
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, T)„ 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 T, , 0.40 DT, and 0. 52 O 
at a total rate of 140 mmol/s. 

The design for the cryogenic distillation 
columns is patterned after that of 
Wilkes. A schematic diagram of the 
components, indicating mass flows and 
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 combiner! height of 1.5 m. 
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 T„ and D, 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 

3 
quantities of He build up. 

The isotopic separator contains about 
1182 g (196 g moles) of liquid T„ inven­
tory, in a total inventory of 472 g mol of 
(D, T)„ liquid. Loss of liquid helium in 
the cryostate would permit all of this to 
vaporize. Hence, adequate pressure 
relief devices must be provided for a 
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91 mmol/s 
0.25 T 2 , 0.50 DT, 0.25 D 2 

Diffuser exhaust 
0.08 T 2 , 0.40 DT, 0.52 T 

140 mmol/s 
186 kPo 

Catalytic 
equili-
brator 

91 mmol/s 
0.05 T 2 , 0.90 DT, 0.05 D 2 

-«»-lniector feed 37 mmol/s 
0.90 T 2 , 0.10DT 

"-Injector feed 103 mmol/s 
0.96 D 2 , 0.04 DT 

2960-W refrigerator at 25 K 

Regenerative heat exchanger' r 11 1--H 

Cryostat .A 

T T T 

Column 2 ^ , 

159kPa-\ 

—mi \ 

194 mmol/s 
0.06T 2 

0.37 DT 
0.57 D„ 

Column 1 • 

^186kPa n4 
L _J 

Pig. 10-6. Fuel isotopic separation sys tem. 

I.OCA. Should a LOTA occur, the resulting 
gas would be vented into \60t s torage bottles. 

Cryogenic s t i l l s are estimated to cost 
$297,500 each. The cryogenic refr ig­
erators are estimated to cost $500,000 
each. Because this installation is re la ­
tively simple, certif ied installation and 
checkout are estimated at $932,000; this 
i s 0. 6 t imes equipment cos t s (including 
auxiliary equipment costing $59,000). 

Pumps 
All of the fuel-handling p r o c e s s e s r e ­

quire pumping of the (D, T)„ gas, frequently 
starting at vacuum conditions. Primary 
requirements for all pumps are that they 
must not leak to the environment and 
must not contaminate the fuel. We have 
se lected pumps that C J not have moving 
shaft s e a l s . All e las tomer sea l s will be 
replaced with metal s e a l s . 
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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. The gas must also pass a 
cryogenic trap to remove all traces of 
mercury. At a flow of 140 mmol/s and 
ambient temperature, the pumping rate 
is 26 i / s . 

A new "wabble" movement pump has 
high pumping speeds in this pressure 
range. Compression is achieved bv 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 

3 + displacement of 167 1 / 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 
with a mercury ejector pump. Two SRTi 
wabble pumps, as described above, will 
give 69 kPa. A diaphram compressor 
with a nominal displacement of 6 I / s ' ' 
will provide final compression to 186 kPa 
for the isotopic separator. 

All tritium pumping requirements can 
be met by combinations of these pumps. 
Hickman 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). 

This would be 2. 5 times the volume 
of the largest current model PR 20. 

Similar to, but 12 times the size of, 
Edwards Vacuum Components Model XME3. 

' 'Similar to Pressure Products In­
dustries Model 3235. 

kPa. However, it has slow pumping 
speeds at very low pressures. 

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, or $40,000 each. A mercury 
ejector pump 12 times the capacity of the 
Edwards Model XME3 is estimated at 
3.5 times the XME3 cost, or $87,500 each. 
Computer controls, certified installation, 
and checkout costs range from $15,000 to 
$20,000 per pump. 

TRITIUM INVENTORY AND STORAGE 

Estimated tritium inventories are 
given in Table 10-1. We have assumed 
a 10-day reserve of tritium for normal 
operations. The total inventory of tritium 
becomes -4092 g. Note that 1746 g is 
tightly bound as TO on molecular sieve 
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 ) 0 mixtures, and requires 

3 -23 m at atmospheric pressure. Tritium 
from the molecular sieve bed (batch pro­
cess) and the reserve require another 

3 
4. 5 m of storage. To allow for flex-

3 
ibility, a total storage of 40 m would be 
in the form of 250 tanks, each with a 
160-4 volume. These tanks would be in­
stalled 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. Estimated tritium inventories. 

Location Amount (g) 

Lithium aluminate blanket 
Helium coolant 
Worki :g molecular sieve bed (maximum) 
Stand-by molecular sieve bed (residual) 
Auxiliary molecular sieve beds (residual, 
2 beds) 
Cryopanels' 
Isocopic separator 
10-day tritium reserve 

37 
<0.1 

1200 
480 

66 
803 
11R2 
324 

Total Inventory: 4092 g 

This assumes that all cryupaneli are taken through a "defrost" condition every 2 
hours by processing one-fourth of the cryopanelr every 30 minutes. 

We are currently buying &0-1 bottles 
certified for tritium storage for $1000 
each. In quantity, 160-f 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 ' 
are directly app. .cable here. We will 
concern ourselves here primarily with 
new or modified concepts that affect 
permeation through hot walls, and with 
secondary containment as applied to the 
use of tritium recovery syste . is . 

Those subjects covered by Hickman ' * 
for the FERF reactor that can be 
applied here without further elaboration 
include: 
• Calculations for off-site ' \posures 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 ' has 
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-rr '. jvery rooms. 
In addition, the reactor room and the fuel-
proce.--sing and storage rooms will be 
filled with nitrogen or argon. With either 
of these atmospheres, explosive mixtures 
can not occur in case of leakage into the 
tritium systems and, should there be a tritium 
leak, T„0 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 bod to convert T„ to 
T 9 0 , molecular sieve beds to trap the 
T ,0 , and provision for isotopic swamping 
with FI„0. ' ' This equipment should 

" 3 
reduce the tritium content to -500 uCi, m . 
For flexibility, the main ERS is divided 
into several in-parallel ERS units. Only 
two of the ERS units need preheaters for 
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 ~S50,000 m , and simple 
dilution calculations indicate that 12 to 16 
volume changes are needed to get down 
to a level of 500 mCi/m" . However, our 
experience sugg' s;s that as many as 40 
volume changes arc? necessary at low 
levels, especially where surfaces may 
adsorb and desorb T 9 or T O readily. 
Thus, if entry is planned within 24 hours 
of a tritium spill, the system must be 

3 
able to handle-160 m / s . Even then, 

Tritium-
contaminated 

nitrogen 

Organic 
vapor trap Preheater 

Blower 

To regeneration systems 

Heater 

AAA-
r W V i 

A / W 
rVWi 

Catalyst 
bed 

600 K o 

Cooler 

lAAA-
r V W (>T<h 

Molecular 
sieve 
dryer 

Molecular 
sieve 
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 
contaminated with tritium poses problems 
of additional release, even if inside the 
metal rooms. Hickman described out-
gassing procedures to reduce this pro­
blem. ' 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 

10-22 method of tritium control. 
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)„ 
on the injector cryopanels into large 
amounts of helium; the emergency tritium 
storage tanks would be inadequate. In 
this case, the (D, T)„ would be recovered 
from the helium by converting it into 
(D, T)„0 using controlled amounts of 
oxygen while passing the contaminated 
helium through one of the ERS catalyst 
beds. The helium and (D, T)„0 stream 
would then be diverted to one of the 
molecular sieve beds in the fuel-recovery 
system to remove the (D, T)„0. Later, 
the (D, T)„0 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)„ concen­
trations could lead to embrittlement. 

3 
A 0. 08-m / s capacity system being 

constructed at Sandia Laboratories 

Livermore will have a cost equivalent 
3 

to $5,000,000 per m / s capacity. The 
3 

FERP design had a capacity of 50 m / s , 
3 

at a cost equivalent to $374,000 per m / s 
capacity. Construction of this main ERS 

3 
(160 m /s) might permit further r e ­
ductions to an estimated cost of $330,000 3 , per m / 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 

3 
hours by treating ~4 . 6 m / 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. i> n.?w 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 helium lines would require a vacuum 
gap or some other thermal barr ier . 
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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 de­
tailed study wh'ch 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. 

operation and maintenance costs are 
listed in Table 11-5. Power costs are 
summarized in Table 11-6. 

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. 
This may be reduced a factor of about 

11-2 2. The cost of the insulation, winding 
fixtures, winding, and assembly and in­
stallation is based on recent experience 
at LLL in building superconducting coils. 

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 

11-3 

Coil Structure qnd 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, ' 
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 Rerkeley-
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 capitnl 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 oxide 
unde,r capital costs. Instead, we have 
allowed for these under operating costs. 

Other parts associated with the 
blanket are based on current unit costs. 

Helium Cooiing 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 LHL experience, ami (it must be 
admitted) plain guesses. 

Tritium System 
Costs for commercially available 

equipment are based on current prices 
with allowances for larger sizes as re­
quired. These items include molecular 
sieve beds, pumps, storage tanks, and 
cryogenic refrigerators. Costs for oilier 
equipment such as diffusers are es­
timated from costs for the closest com­
parable equipment certified for tritium 
service at LLL. Installation costs are 
estimated from the relative complexity 
of the various systems, and also reflect 
our current experiences forhandlingtritium. 

Site Costs 
In regard to site costs, Ref. 11 -1 

suggests "When other information is not 
available, use a cost of $500,000 for 
plants larger than 750 MW. For smaller 
plants between 500 and 750 MW, assume 
that the cost varies linearly between 
$250,000 and $300,000 ." This reference 
is, however, dated 1969; therefore, we 
have assumed a site cost of $1 million. 

Building, Ancilliary Equipment, and 
Utilities 

Cost for these items arc based on 
current unit costs, LLL experience, and 
informal inquiries to industry. 

Escalation 
In accordance with Ref. 11-1, es­

calation is not included. 

Engineering 
Engineering is included using the 

graphs shown in Ref. 11-1. Percentages 
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for engineering on tin- thermal conversion 
sys t em :<n<l buildings and faci l i t ies are 
taken from Fig. C - i . {engineering cos t s 
for the Nuclear Island are extrapolated 
from Kit;. C-2 using 'he curve for "Novel 
and Kxtrapolalcd Designs. " The engine­
ering cos t s taken from ibis latter curve 
s e e m to be very low indeed. This may 
be at l eas ! partially explained by the fact 
that under tile Itcf. 12- I rules , page 3-2 , 

" il should !»• assumed thai the 
plant is mil a fij-si-of-a-kind unit" and, 
"The <osi est imate does no) include On­
cos t s of tin- l{*tl> programs which ;>r>-
necessary to establish she technical 

f e a s i b i l i t y of S p e c i f i c d e s i g n f e a t u r e s . . . " 

Coming ency 
Contingency is included using ilu-

faciors recommended in 'I -aide C-3 of 
Kef. I l - I . A contingcsicy of 20'' is used 
for she nuclear island on the basis of 
"Novel Design. " A contingency of :r' is 
used for the thermal conversion sys tem 
on the bas i s of "t'roven Des ign ." A con­
tingency of fr' is used for building and 
fac i l i t ies . 

Interest During Consiruciion 
Interest during construction is in­

cluded based on Kin. C-3 on p:>|jc C-fi of 
Hef. 11-1 . Figure C-3 shows curves for 
interest rates of-I*', 6*;, and 7. 2°<. P r e ­
sumably, these rates were based on con­
ditions in 1960. To be more real is t ic 
for today's conditions, we assume an 
interest rate of 8°:.. The length of the 
construction period i s taken as 73 months 
based on a plant rating of 600 MW and 
"Novel Design" as per table on page 3-40 
of Rcf. 1 1 - 1 . The overall interest for 

the 73-month period is then 2i% extrap­
olating from Fig. C - 3 . This overall 
interest figure a s s u m e s the S-curv«; 
Kspendinire versus T ime curve shown in 
Fig. C - 1 . 

Ham Oncratjon and Maintenance 
The operating and maintenance <f)& M) 

costs tire es i imated using the methods 
and data gi.-cm in Section •! of Hef. 1 l - l . 

The O & M cos t s are those associated 
with: 
• Staffing: 
• Consumable su-iplic* and equipment; 
• Coolanl makeup; 
• Outside suppnr: s erv ices ; 
• Nui lear liability insurance; and 
• Miscel laneous. 
The miscel laneous costs include such 
i lems as trainint!, annual operating fees , 
travel, an i office supplies. 

The total est imate i OfcM cos t s arc 
$2. 5 million per year . \t a plant duty 
factor of 0.1!, 4 . 2!l y 10" k\Vh of net 
e lectrical pO"er are produced in an 
average year . Therefore, the unit O & M 
cos t s are 0. '<7 mil ls /kWh. 

Other Costs 
Other cos t s such as taxes, insurance, 

staff training, startup, general office and 
administrative cos t s , l icensing, e t c . , are 
included as indicated in Hef. 11-1 on 
page 3-G and Fig. C-1 (curve for "Account 
93"). 

Temporary Faci l i t ies 
The cost of temporary facil it ies used 

during construction are included as indi­
cated in Ref. 11-1, page 3-6 and Fig. C-1 
(curve for "Account 91"), 



FUEL-CYCLE COST ANALYSIS 

This portion of the cost analysis 
is presented in Section 6 as part of 

the blanket and fuel management 
calculations. A fuel-cycle cost of 
-0.62 mills/kWh resulted from this 
analysis. 
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Tab le 1 1 - 1 . Cost e s t i m a t e de ta i l s for n u c l e a r island for hybrid fusion-fission r e a c t o r . 

I tem Thousands of S a 

Magnet 
Windings (Inch auxi l ia ry coi ls) 
Superconductor , NbTi, 1.08 X I 0 1 0 A- m <<? $2 X 1 0 * 3 A« m J 22,000 
Insulat ion 2,200 
Winding f ix tures 1,000 
Winding 20,000 
Assembly & ins ta l la t ion 2,000 

Tota l coil windings: $ 47,200 
S t r u c t u r e 
Coil t anks , 1.1 X 1 0 7 lb <» $5 . 20 / lb Unci . Fab . ) S 57,000 
Coil c l a m p s , 3 .2 X 1 0 7 lb <© $ 3 . 7 0 / l b Unci . Fab . ) 118,000 
Bol ts , f i t t ings, s m a l l p a r t s 7,000 
Assembly & ins ta l la t ion 18,000 

Total coil s t r u c t u r e : S200.000 
T h e r m a l shie ld 
Ni t rogen-coo led pane l s , 4 X 1 0 4 f t 2 @ S20 / f t 2 S 800 
Reflect ive heat sh ie lds , 1. 2 X 1 0 5 ft i® S4/ f t 2 500 
F i t t ings & s m a l l p a r t s 200 
Ins ta l la t ion 500 

To ta l coil t h e r m a l shie ld : $ 2,000 
Refr igera t ion s y s t e m (incl . cryopumping) 
Helium r e f r i g e r a t o r / l i q u i f i e r (34,000 hp (S> SlOOO/hp) S 34,000 
Liqu id-he l ium s t o r a g e Dewar 1,300 
Helium r e c o v e r y s y s t e m 10,500 
L iqu id-n i t rogen s t o r a g e Dewar 2,000 
Ins ta l la t ion c o s t s 4,200 

To ta l coil r e f r i g e r a t i o n s y s t e m : $ 52,000 
P o w e r suppl ies 
900-kW power supply module 

P o w e r supply $ 90 
SCR switching & r e s i s t e r 25 
F i r i n g c i r c u i t s 15 

Tota l : $130 
Modules, 8 @ $130 X 1 0 3 $ 1,040 
SCR contac tor 90 

Tota l power suppl ies : $ 1,130 
Tota l superconduct ing magnet : $302,330 



Table 11-1 (continued) 

Item TJIOUSHIICI.S of *'1 

Injectors 
(on sources , 2IS0 <« $G0,000 J I6.H00 
ton source power supplier 

Filament GO Hz to -100 Hz converters 
42 M\V IF $75 ktt * 3.1 SO 

26 k\V. 140 i? $0X 10* 1.2G0 

Filament transformers , 2H0 "~: $1500 Ka, 420 
Arc supplies, 136 k\V, 280 <« $27 X I 0 3 7.5G0 
Deuterium source , topping acce l , I'. S. 

250 k\V, 140 .« $25 X 10'* 3,500 
Deuterium source , denel, P.S, 

26 k\V, 140 i? $0 X 1 0 J 

Tritium source , topping P . S , 
250 k\V, 140 (« $25 X 1 0 3 3,500 

Tritium source , ciecel, P . S . H O * $11X10 1,540 
Total power supplies: 

Flapper valves & drives , 4 * $25,000 
Base plate a s sembl i e s , 4 '= $100,000 
Internal shielding 
Cryopumping panels, 2000 fi" ig $100/ft" 
Cryopumping panel removal mechanism 
Cooling water piping 
Assembly & installation 
Spares: 

Ion sources , 70 (25%) 
Ion source power supplies (10%) 

Total injectors: 

Blanket 
Uranium blanket (Excl . handling gear, shielding and fuel) 
Carbon, 7 . 4 X 1 0 5 lb @ S2 .30 / lb 
Stainless s tee l structure, 2 .4 X 1 0 6 lb @ S5. 20 / lb 
Tracks & ro l l ers 
Helium piping & valve a s s e m b l i e s 
Assembly & installation 

Total uranium blanket: 
Spare blanket modules, 25%: 

$ 20,930 
100 
400 
50 
200 
100 
50 
250 

$ 3K,8H0 
4,200 
2,090 

$ 45,170 

S 1,700 
12,480 
2,400 
1,200 

10,000 
$ 27,700 

7.000 
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Table 11-1 (continued) 

Hum Thousands of S 

Module-handling sys tem 
Module carts (Incl. drives), 4 '« $300,000 
Caskets (4). lead, H.O X 10 : > lb -c $ 2 . 0 0 / l b l lncl. Tab.) 
After-heal cooling s y s t e m s , 4 '• *50,000 
.Shielding plug handling device, 1 '« $50,000 
Tracks 
Assembly & installation 

Total module-handling sys tem: 
Total blanket: 

1,200 
1,600 

200 
200 

1,000 
1.000 

Shielding 
Magnet shielding 
Main magnet (coil and structure) 

Iron1', 7 X 1 0 ° lb <: 3 .0 S.'lb 
Lead, 2. fi X 1 0 3 lb «: 2 .00 .*/lb 
Horal, 8 .6 X 1 0 J f t 2 <c 30 *,'ft 2 

Auxiliary magnet (coil and structure) 
l r o n b , 1.2 X 1 0 6 lb IP 3 . 0 .«/lb 
LeatI, 2 .3 X 10° lb <P 2 * / lb 
Boral, 7. 5 X 10'3 f t 2 <a 30 S / f t 2 

Biological shielding 
Internal concrete (encapsulated) concrete, 

1. 2 X 1 0 4 y d 3 <P 1000 S /yd 3 12,000 
Injector chambers (4) 

Inline, Iron b , 1 . 2 5 X 1 0 6 lb <S> 3 S/lb 3,750 
External, concrete 4 . 8 X 1 0 3 y d 3 @ 1000 S /yd 3 4,800 

8,550 
Direct converter chambers (2) 

External, concrete, 1.05 X 1 0 4 y d 3 <§> 1000 S / y d 3 10,500 
Bolts , fittings, piping 10,000 
Assembly & installation 10,000 

Total shielding cost: 
Direct energy converter 

Direct energy converters (mechanical, excl . vacuum envelope) 
Ribbons (incl. s e a l s , spools , drives) 2800 @ $3000 S 8,400 
Wires (incl. sea l s , spools, drives) 5600 @ $2000 11,200 
Insulators, shields 1,300 

S 5,200 
39.980 

$ 77,130 
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Table 11*1 (continued) 

Item Thousands of •fil 

Water-cooled l iner 1,500 
Heat sh ie lds 500 

Total direct energy converters (mech .): $ 22,900 
Direct energy converter e lec tr ica l sys tem 
Power supplies $ 3 00 
F i s h i n g s 70 
Cable 100 
Swit^hgear 70 

Total direct energy converter electrical 
sys tem: $ 800 

Total direct energy converter: $ 23,500 

V icuum sys tem 
Vacuum envelope 
Main spherical tank, 5 .7 X 10° lb (o *5 .00 / lb $ 2,1150 
Injector tanks (4), 3 . 2 X 10° lb <« S5 .00 / lb 1,600 
Expander tanks 7 .7 X 1 0 5 lb @ $ 5 . 0 0 / l b 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 sys tem (Refrigeration incl. in 

coil refrigeration) 
Mechanical pumps $ 720 
Valves 3,900 
Piping 430 
Cryopumping panels, 11,500 ft <s> SlOO/ft 1,150 
Nitrogen-cooled panels, 11,500 ft © £50/ft 580 
Reflective heat shie lds . 11,500 f t 2 <§> S25 / f t 2 290 
Miscel laneous parts 1,450 
Installation 2.170 

Total vacuum pumping sys tem: $ 10,690 
Total vacuum system: $ 27,290 

Tritium sys tem 
Purification & isotopic separation sys tem $ 5,080 
Fuel -recovery sys t em 6,310 
Storage 1,880 
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Table 11-1 (continued) 

Item Thousand s of $ a 

Containment 
Monitoring & personnel protection 
TrL turn-associated shielding coats 

Total tritium system: 

55.230 
990 
200 

? 750 

$ 2.000 

S 69,690 

Diagnostics 

55.230 
990 
200 

? 750 

$ 2.000 

$ 750 

Plasma start-up equipment 

55.230 
990 
200 

? 750 

$ 2.000 
$ 2,000 

Total nuclear island construction: 

55.230 
990 
200 

? 750 

$ 2.000 

$587,840 

"In 1975 dollars. 
A 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 $ a 

Helium cooling system 
Helium circulators, 4 @ $3. 5 X 10 6 $14,000 
Helium manifolds, 4,200 ft ® $300/ft 1,260 
Helium leads to modules, 3,800 ft @ $100/ft 380 
Remotely operable joints, 4/mod. X 24 mod = 96 @ $5,000 480 
Installation 100 

Total helium cooling system 
Steam system 

4 steam generators @ $12 X 10 (Installed) 
Turbo-generators, 2 @ $22 X 10 
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 cooling water system: $ 12,000 
Controls and instrumentation $ 2,800 

$ 16,320 

$48,000 
44,000 
9,500 

20,000 
$121,500 

$ 800 
2,500 
1,500 
8,000 

$ 12,800 

$ 9,600 
800 
600 

1,000 

Total thermal conversion system: $165,420 
a In 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 
Piling 
Containment vessel 

2 
Hot assembly & disassembly, 7,040 ft 

o 
Generator room, 11,900 ft 
Penetrations (400) 
Low-bay areas, 110,360 ft 
Hydraulic shielding doors (2) 

Total building: $26,980 
Auxiliary equipment 

200-ton crane 
Remote manipulators (incl. tooling) 
Radiation monitoring &. control 
Shop equipment 
Viewing equipment (incl. windows) 

Total auxiliary equipment: $ 9,450 
Site 

Aquisition 
Utilities 
Improvements (landscaping, roads, etc.) 

Total site: $ 2,400 
Total building, facilities, & site: $38,830 

S 200 
1,000 
15,000 
1,060 
1,190 
160 

7,170 
1,200 

$ 850 
6,000 
200 
400 

2,000 

$ 1,000 
800 
600 

"In 1975 dollars. 
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Table 11-4. Cot t summary for hybrid fusion-fission reactor. 

Item Thousands of $ a 

Nuclear island 
Magnet 302,330 
Injectors 45,170 
Blanket 39,980 
Shielding 77,130 
Direct energy converter 23,500 
Vacuum s y s t e m 27,290 
Tritium sys tem 69,690 
Diagnostics 750 
Plasma start-up equipment 2,000 

Total nuclear island construction (A): 
Engineering, 2. 5% of (A): 
Contingency, 20% of (A): 

587,840 
14,700 

117,570 
Total nuclear island: 720,110 

Thermal conversion sys tem 
Helium cooling sys t em 16,320 
Steam sys tem 121,500 
Electrical substation 12,800 
Cooling water sys t em 12,000 
Controls and instrumentation 2,800 

Total thermal conversion s y s t e m constr . (B): 
Engineering, 5. 6% of (B): 
Contingency, 3% of (B): 

165,420 
9,260 
4,960 

Total thermal conversion sys tem: 179,640 
Building, faci l i t ies , and s i te construction (C) 38,830 

4,270 
1,940 

Architect, engineering, l l % o f ( C ) 
Contingency, 5% of (C) 

38,830 
4,270 
1,940 

Total building, faci l i t ies . & si te: 45,040 
Temporary faci l i t ies , 0.4% of (A)+(B)+(C) 3,170 
Other costs (taxes, insurance, training, start-up, 

administration, l icensing, e t c . ) 3 . 6%, of (A)+(B)+(C) 28,520 
Total (D): 976,480 

Tnterest during construction, 24';" of (D) 234.360 
Total plant cost: 1,210,480 

"In 1975 dollars. 
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Table 11-5. Summary of annual costs for plant operation and maintenance. 

Item Thousands of $ 

Staff payroll"* 
Fringe benefits, 10% a 

Blanket submodule replacement 
Consumable supplies and equipment 
Outside support services 
Miscellaneous O & M costs 

General and administrative 
Coolant makeup 

f 
Nuclear liability insurance 

Interest at 10% on O & M working capital 5 

1,090 
109 

Subtotal 1,199 
190 
510 
180 

Subtotal: 
105 
985 
148 

7 
300 

Subtotal: 455 
Total annual direct costs 

(excluding fuel): 2,639 

Total annual O & M cost 
(excluding fuel): 

39 

2,678 

Staffing costs taken from Tables 4-2 and 4-4, Ref. 11-1, (for a 750-MW plant) and 
increased 50% to account for escalation. e 

Replacement of blanket submodules (structure) after an integrated 14-MeV neutron 
wall loading of 5 MWy/m 2 (a first-wall 14-MeV neutron fluence of ~8 X 1021 n/cm2). 

c Cost taken from Table 4-5, Ref. 11-1, (for a 750-MW plant) and escalated 50%. 
H e 

15% of preceding subtotal per Table 4-1 , Ref. 11-1. 
e20% loss of He inventory at 0.12 S/ft 3 STP. Reference page 4-17 and Table 0-2, 

Ref. 11-1. A 50% escalation is included. 
Insurance cost taken from Table 4-6, Ref. 11-1, for a 750-MW plant. 

g A s outlined in Table 4-7, Ref. 11-1. 
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Table 11-6. Summary of electric energy generation costs. 

Cost component 

Capital 
Cost „ 

(SX 1(T> 

Fixed 
Charge 

Rate 
<%) 

Annual 
cost „ 

($X 10 ) 

Unit energy 
cost 

(mills/kWh) 

Plant investment: 
Depreciating assets 1,217,000 1 4 a 170,380 39.7 

Fuel: 
unit direct cost - - -11,900 -2.77 
Unit indirect cost 92,000 10 9,200 ?. 15 

Subtotal: •_\63_ 
Operation & maintenance: 

Direct cost - - 2,640 
WorKing capital 390 10 39 0.63 

Subtotal: 2,679 
Total electric energy generat ion cost: 39.7 ion cost: 

From Table 2-1 of Ref. 11-1. 
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12. Parametric Analysis 

The mirror hybrid fusion-fission reactor we have chosen two quantities to use as 
described here resulted from reasonable figures of merit: 
estimates of some parameters and rather • The overall system efficiency, and 
arbitrary choices of others. To analyze • The capital cost of the various com-
the results of varying these parameters, ponents per kilowatt of electricityproduced. 
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The value of the fuel produced is con­
s i d e r e d s e p a r a t e l y . 

Sys tem efficiency, 77 , , is defined 
as the r a t i o of the net power output to the 
tota l power produced both by fusion and by 
neu t ron- induced r e a c t i o n s in the b lanke t . 
F r o m the power-f low d iag ram shown in 
Fig. 4 - 1 , it is s een that n _ t is given 

by 

r, . = P / ( 0 . 2 Q P . + 0 . 8 Q P . M> (12-1) ' s y s t e m e ' in in 

w h e r e the va r ious quant i t i es w e r e defined 
in Sect ion 5 and l i s ted in Table 5-1 for 
the r e f e r ence des ign . P i s e x p r e s s e d in 
t e r m s of P. and the o the r p a r a m e t e r s in 
Sect ion 4 (Eq. (4-1)) . 

One impor tant v a r i a b l e that does not 
a p p e a r explici t ly in P g o r 1 s v s t e m is the 
inject ion energy . Since W_ . = (3/2)W . 
and the mean energy of the t rapped p l a sma 
ions is a l s o roughly p ropor t iona l to W.-, . , 
we c o n s i d e r the va r i a t i on of W „ . 

D, in 
a s s u m i n g that a l l e n e r g i e s v a r y p r o p o r ­
t ional ly . 

F igu re 12-1 shows Q plotted as a 
function of W_ . . We n o r m a l i z e d the D, in 

cu rve to give our r e f e r e n c e value of 
Q = 0 . 9 3 5 at W „ . = 100 keV and we D, in 1/2 

U, in a s s u m e that Q is p ropor t iona l to W 
and to (crv) „ , a s indicated by Eq. (5-5) , 

D T , 3 / 2 and that n n r W . The cu rve r i s e s D, in ' 
rapidly with energy below \\' . ~ 150 keV, 
and is flat above that e n e r g y . The F o k k e r -

12-1 P lanck ca lcula t ions of Futch et a l . 
show that th i s sca l ing of Q with energy is 
a c c u r a t e when the a p a r t i c l e s do not 
t h e r m a l i z e in the p l a sma , as i s the c a s e 
h e r e . When the o's a r e confined, Q peaks 
around 150 to 200 keV and then dec l ines 
at h igher ene rgy . 

Taken alone, Q would sugges t W D,in 

100 200 300 400 
Energy, W — keV 

F ig . 1 2 - 1 . Var ia t ion of Q wi;h energy . 
Line is d rawn through the 
calculated design point, 
a s s u m i n g Q oc ( I T V ) Q X V W , 

>150 keV. However , economics fo rces 
the use of W_ . <150 keV because : 1). in 

• The cost of the magnet i n c r e a s e s a lmos t 
l inea r ly with the energy of the ions to be 
confined, and 

• Our decis ion to use posi t ive ion a c c e l ­
e r a t o r s in our in jec tors n e c e s s i t a t e s 
the use of lower energy 

The efficiency F of neu t ra l i z ing e n e r ­
get ic posi t ive ions d e c r e a s e s rapidly with 
i n c r e a s i n g energy . F i g u r e 12-2 shows 
the in jec tor efficiency, n., for the c o m ­
ple te injection p r o c e s s : c rea t ion , a c ­
ce le ra t ion , neu t ra l i za t ion , and t rapping; 
and including the d i r ec t convers ion of 
unneu t ra l i zed ions . The in jec tor is 
d i s c u s s e d in Sect ion 9, and the p o w e r -
flow d i a g r a m for it is shown in F ig . 4 - 2 . 
F o r compar i son , the f igure a l so inc ludes 
the s i m i l a r cu rve for negat ive ion a c ­
ce l e ra t ion , for which the efficiency of 
neu t r a l i za t ion i m p r o v e s with i nc r ea sed 
energy . 

The dashed curve in F i g . 12-3(a) shows 
the va r i a t i on of the ove ra l l s y s t e m ef-
ficiency, n s y s t e m , with W D > J n . Since 
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100 200 300 
Energy, W — keV 

Fig. 12-2. Injector efficiency, in­
cluding creation, accel­
eration, neutralization, and 
tripping. 

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-scaftVng ITOS use o are Tine toltowtag: 
• Magnet cost, C Mag $302 X 10 in the 

present design, is assumed to vary as 
B because most of the cost is in the 
support structure. It was shown in 
Section 5 that 3 " pj./R 
therefore, foraf ixedf l , B 
Also, because Pp. ° " 

nW/B ; 
2 a nW. 

and P„ 
= Q P i r 

then. 

(CTv)f)T ana r-p, 

V« P I n / ( o v ) D ' r Finally 

"Mag $302 X 10 

./WD,in\ P ^ 9. 2 X 10 
(a v 

•16 

DT 

P e / P i n = nDC + ( 1 - " D C + 0 - 2 Q ) , 1 T h 2 

+ 0 . 8 Q M n T h l - l / n i , (12-2) 

and we assume that the efficiency, n ^ , 
ofthe direct energy converter is independent 
of energy, Eq. (12-1) shows that W D i n 

affects r? t _ only through Q and n.. system i 
The injection energy \ \ ' D i n = 100 keV 
(and W T . =150 keV) was chosen because 
it gives the maximum value of l s y s t e m 

= 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 

• Injector cost, C j n j = $47 X 10 6 in the 
present design, is assumed to vary 
directly as P. because most of the cost 
is in the po-Mev suppUes. We therefore 
take 

Cj . = $47 X 10 6 X (P. n /225). 

Blanket cost, C R l = $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. C ^ is 
therefore taken to be independent of the 
choice of physics parameters: 

6 
' B l $40 X 10 

,6 .._ • Shielding cost, C s h = $77 X 10 in the 
present design, scales similarly to C B 1 : 

,6 
' s h $77 X 10 



• Direct energy converter cost, C. l f -
= S25 y 10 in the present design, scales 
directly with the power into the direct 
energy converter because the necessary 
surface area of collectors and the 
electrical equipment both scale that 
way: 

C , ) C = $25 X 10 6 X ( l J

i n /225) . 

• Thermal system cost, C— = $142 
X 10 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 arid for the beam direct con­
verter in the injector system. Then, 

C T h = $142 X 10° X <M/12NQP.n/210). 

• "Other cost", C . . , includes the vacuum 
system, tritium system, diagnostics, 
startup equipment, building site, and 
facilities. We assume C t . is in­
dependent of the physics parameters 
and use the value given in Section 11: 

C oth = S 1 3 8 X 1 0 

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 ° in e 
Fig. 12-3(a), the injection energy is 
varied and P is held fixed. Varying W 
changes Q and n. and, through Eq. (12-2), 
it also changes P. . Total component cost 
appears to minimize for W„ . = 65 keV, D, in 
but this is probably misleading. At such 
a low energy, the beam probably could 

not be made to 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\V_ varies with Q when \\ . and 
P. are held fixed. P therefore changes 
in e n 

as Q is varied and is shown on a separate 
scale. In the present design, Q = 0. 935, 
and the total component cost is S1270/kW . 
The cost would become prohibitive if Q 
were significantly decreased, as might 
result from microinstabilities in the 
plasma. System efficiency, n_„_ t _ , is 

sy sic in 
also shown in the figure and is seen to 
decrease rapidly with a decrease in Q, 
going negative below Q 0.2. 

Figure 12-3(c) shows how the cost 
varies when P is varied by changing P. 
with Q and W.. . held fixed. It is clear 
that the cost/kW 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 P. ) can be increased, in 

Figure 12-3(d) shows the variation in 
cost/kW when the magnetic field 
strength B is varied. Since the power 

4 
generated increases as B while the 
dominating magnet cost increases as 
B , there is a saving in $/kW by going to 
higher fields. However, the assumed Nb-
Ti superconductor can only be used up to 
B . .. = 9.0 T. Higher fields r e -conductor B 

quire the use of Nb„Sn, for which the 
technology has not yet been developed. 
Also, the present design of the support 
structure for thn coil cannot be scaled 
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Fig. 12-3. Variation of system efficiency and component costs per kWe output with 
various parameters (arrow indicates design point): (a) Varying Wrj j n 

with fixed P e ; (b) Varying Q with fixed W D i n and P i n ; (c) Varying I*e via 
P m with fixed M, Q, W; (d) Varying B witfi fixed Q, M; (e) Varying M 
with fixed P. ; (f) Varying M with fixed P m . 
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up indefinitely (see Section 7). Since 
P « B 4 , 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(0 show the 
effect of changing the blanket multiplication, 
M. In Fig. 12-3(e), P , is held fixed so that 
as M is increased P. is decreased to in 
maintain the same output power. In 
Fig. 12-3(f), P. is held fixed and P is in e 
allowed to increase as M is increased. 
Thus, the cost/kW. of most components 
decreases nearly as P , much faster e 
than in Fig. 12-3(e) where P was fixed. 
Clearly, there is a strong economic 
incentive to increase M and hence P . 

e 
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/kW and on system efficiency of 
using neutral beams produced from 
negative ions. Since the efficiency of 
neutralization of negative ions increases 
with energy, the injector efficiency (see 
Fig. 12-2) and the system efficiency 
also increase. 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 
(W_ . < 140 keV), positive ion-accel­
eration is better than negative ion accel­
eration. 

The direct energy converter cannot 
be varied in a continuous manner. There 
are essentially three choices: 
• A one-stage unit giving rip.,, = 0. 50 

followed by a thermal cycle with 
r ,Th2 = ° ' ^ 5 * t n e P r e s e n t design), 

• A simple plasma dump with n D r ; = 0 
and n T h 2 = n T h l =0.38, or 

• A multistage unit giving perhaps Irvp 
= 0. 70 followed by n T _ 2 = 0.35. 

We compare the three cases in Table 12-1, 
where P ( n = 225 MW in all three. 
Equations (12-1) and (12-2) give n . 

system 
and P . 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 
P, is the same in 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 net result is that removing 
the direct energy converter results in a 
10% increase in cost per kW . 

In Case 3 ( l D r - 0.70), we assume the 
cost of the direct energv 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 
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Tab le 1 2 - 1 . C o m p a r i s o n of cost and efficiency with different d i rec t energy conver te r s 
for P. = 2 2 5 MVV, Q in 0 . 9 3 5 , M = 12, and n, T h l * 0.38. 

C a s e 1 Case 2 Case 3 

Type of d i rec t energy c o n v e r t e r 
Rottoming n T h , 

"IX 
P <MW) e 
' ' s y i t e m 

C M (S10 6 ) 

c B 1 <sio6) 
C s h < S 1 0 » 
C D C ( S 1 ° > 
C T h ( * 1 0 > 
C o t h < S 1 ° > 
C t o t a l ( S 1 ° 6 > 
C t o t a l ( S k W ) 

* S o t a l ( S / k W > 

o n e - s t a g e none t w o - s t a g e 
0 . 3 5 0 . 3B 0 . 3 5 
0 .50 0 0 .70 

611 546 640 
0 .297 1.266 0 . 311 

302 302 302 
47 4 9 . 5 46 
40 40 40 
77 77 77 
25 0 40 

142 157 .5 139 
138 138 138 

771 764 807 
1262 1399 1261 

0 + 137 -1 

13. Future Work and Ccnclusions 

During our p re sen t work, we have 
identified s e v e r a l a r e a s for fur ther work . 
They can be divided into two c a t e g o r i e s : 
• Improvemen t s on the bas ic design, and 
• New d e s i g n s . 

In the f i rs t ca tegory , i m p r o v e m e n t s 
on the bas ic des ign, the magnet s t ands 
out a s the s ingle most cos t ly i tem; we 
h i v e a l ready begun work on s u p e r c o n ­
ducting magnet des igns having much m o r e 
efficient and l o w e r - c o s t s t r u c t u r a l 
m e m b e r s . The u r a n i u m - b e a r i n g 
blanket modules tu rned out to be too 
heavy. However, now that we have shown 
one blanket module des ign that m a k e s 
rout ine r emova l for changing u r a n i u m 
fuel and f i r s t -wa l l r ep l acemen t at l eas t 

poss ib le , we will work on blanket module 
des igns which a r e both l i gh te r in weight 
and e a s i e r to handle . The cy l indr ica l 
p r e s s u r e ves se l concept will a l s o be 
fu r the r evaluated. In redes ign ing the 
modules , we will s t r i v e towards reducing 
the p e a k - t o - a v e r a g e 14-MeV neu t ron flux 
so as to i n c r e a s e the power and thus 
d e c r e a s e unit c o s t s . The safety s y s t e m s 
that p reven t p a r t i a l blanket mel t in the 
c a s e of a l o s s of flow of coolant have 
rece ived l i t t le a t tent ion s o far and will be 
worked on. 

In the second ca tegory , new des igns , 
we plan to des ign b lankets that wi l l be 
so safe that , should the cooling s y s t e m s 
fail, the fuel p ins wil l b e cooled by 
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conduction, natural convection, and rad­
iation to the ambient surroundings, thus pre­
venting rlad melting and release of fission 
products. This blanket would he passively 
safe from a [.OCA. [f a hybrid reactor 
could be designed tin a p rac t i ca l way) to 
be passively safe, ant] considering that 
a chain reaction is not possible, then, the 
hybrid would have a large potential 

environmental advantage, [t is this 
environmental advantage that interests 
us in the passively safe blanket. 

We shall continue investigating both 
fast-fission and thermal blankets, and w< 
shall continue studying fuel cycles and 
fuel management schemes that optimize 
either 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 

233 neutrons that produce fissile ( U or 
939 

Pu) atoms from uranium or thorium 
by neutron capture but the nuclear heat 
would not be converted to electricity. 
This process is th n analogous to the 
process of producing enriched fuel in a 
diffusion plant with an electric-power 
input. If the heat .3 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 fusion electric breeder, 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 estimate of the reference 

design was then modified ar. j is given in 
Table A- l . 

In producing 2760 kg of Pu per year, 
the plant will have to buy 418 MW of 
power and will dunp 4116 MW of thermal 
power at a relatively low temperature (a 
few hundred °C). At an availability of 
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 

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 
reference case by raising the fuel pro­
duction rate by a factor of 4.0 while in­
creasing the capital cost by only 15%; 
still, the capital cost (as measured by 
S55/g) is a factor of 5 or more too high. 
The electrical cost (.is 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, Q', is increased by 2 

n i 
Q' = Q 1 1 , 

where Q is the ratio of fusion power to 
trapped injected power, n. is the in­
jection efficiency (including the trapping 
efficiency), and r? n „ is the efficiency of 
direct conversion of end losses . The 
reference case takes Q = 0. 935. n. = 0. 7, 

' 1 

n D C = 0.S, 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, n D C = 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 J a 

Magnet 302X>/2 - 427 
Injector, 2 @ 47 94 
Blanket 40 
Shield 77 
Direct energy converter 2 @ 25 50 
Vacuum system 27 
Tritium system 90 
Diagnostic 0.75 
Plasma start-up 

construction (A) 

2 

Total nuclear island construction (A) 808 
Engineering, 2. 5% of (A) 20 
Contingency, 20% of (A) 162 

Total nuclear island: 990 
Thermal System: 

Helium cooling system 
Steam system (heat exchanges) 
Electrical substation 
Cooling water systems 
Controls and instrumentation 

16 
80 

12 
2 

Total thermal conversion system construction (B): 
Engineering, 5. 6% of (B) 2 
Contingency, 3% of (B) 1 

Total thermal conversion system: 
Total building facilities and site (C) 
Temporary facilities, 0.4% of (A), (B), & (C) 
Other costs 

(Taxes, insurance, training start-up, 
administration, licensing, etc.) 
3. 6% of (A), (B), and (C) 

Interest during construction, 24% of (D) 
Total (D): 

Total plant cost: 

110 

33 
45 
4 

38 

1110 
266 

1376 

"In 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 be used to produce 
power in addition tc th^ 611 MW in our 
reference case. To put this extended 
power yield in perspective, we note that 
each atom of Pu will yield about 190 MeV/ 
(1 - C_) energy, where C„ is the con-
version ratio for the particular fission 
reactor and fuel cycle considered. The 
690 kg Pu/yr can produce 840 MWy / 
(1 - C R ) in a fissiO'i reactor with a 40mo 
thermal efficiency and an 80% duty factor. 
In Fig. B-1, we plot the electrical power 
produced from both the hybrid and fission 
reactors as a function of C p . 

It is also interesting to ask what the 
total cost would be for a hybrid fuel pro­
ducer plus the burner fission reactors it 

0 0.2 0.6 1.0 
Conversion ratio, C . 

Fig. B - l . Electrical power from both 
hybrid and fission reactor. 

fuels. For this example, we will take 
the cost of the fission reactor to be $700/ 
kW and our reference hybrid reactor 
cost to be $2000/kW . The total cost is 
then 

840 MW 
$2000/kW X611MW-t-$700X ( 1 . c *) ' 

611 ~mr 
1 - C 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 

5 

IfUU 1 1 1 ! ' 1 ' 1 _ 
1200 ̂ ^ ^ ^ -

1000 -

800 - x -
r Incremental cost due to ^ 

600 -J fuel producer -
-

400 — 
X 

200 - -

n • 1 
N 

, 1 , 1 , 1 
S 

0 0.2 0.4 0.6 0.8 1.0 
Conversion ratio, C„ 

Fig. B-2. Capital cost of hybrid plus 
fission reactor. 
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incremental cost would be even less for our 
projected optimizer) hybrid (see for 
example in Table 2-4). In both cases 

(Kips. 1-i-l and B-2), only make-up fuel 
is considered. Initial core loading is not 
included. 
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