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PRELIMINARY DESIGN STUDY OF 
THE TANDEM MIRROR REACTOR (TMR) 

ABSTRACT 

The concept of tandem mirror confinement employs the positive electro­
static potential of two ordinary (standard) mirrors to plug the end losses from 
a long, power-producing solenoid. A proof-of-principle evaluation of the concept 
will be provided ty the Tandem Mirror Experiment (TMX), now under construction 
at Lawrence Livermore Laboratory (LLL). 

This report describes work done in Fiscal Year 1977 by the Fusion Reactor 
Studies Group of LLL on the conceptual design of a lOOO-MW(e) Tandem Mirror 
Reactor (TMR). The high Q (defined as the ratio of fusion power to injection 
power) predicted for the TMR (~5) reduces the recirculating power to a non-
dominant problem and results in an attractive mirror fusion power plant. 

The fusion plasma of the TMR is contained in the 100-m-long central cell 
where the magnetic field strength is a modest 2 T. The blanket for neutron 
energy recovery and tritium breeding is cylindrical and, along with the sole-
noidal magnet, is divided into 3-m-long modules to facilitate maintenance. 
The central cell is fueled (but not heated) by the injection of low-energy 
neutral beams near its ends. Thus, the central cell is simple and of low 
technology. The end-cell plasmas must be of high density and high energy in 
order to plug and heat (via the electrons) the central-cell plasma. The present 
conceptual design uses 1,2-MeV neutral-beam injection for the end plugs and a 
cryogenic-aluminum, Yin-Yang magnet that produces an incremental field of 
about 1 T over a field of 16 T produced by a pair of Nb Sn superconducting 
solenoids. Important design problems remain in both the neutral-beam injector 
and in the end-plug magnet. Also remaining are important physics questions 
such as alpha-beam particle transport and end-plug stability. These questions 
are discussed at length in the report and suggestions for future work are given. 
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The concept of the Tandem Mirror 
Reactor (TMR), as developed by Dimov 

1-1 1-2 
et at. and by Fowler and Logan, 
employs the positive electrostatic 
potential of two ordinary (standard) 
mirrors to plug the loss of plasma 
from a long solenoid. The combination 
results in Q values of 5 or so (where 
Q = fusion power/injection power), 
whereas the standard mirror Q is at 
most slightly more than 1. The con­
cept looks sufficiently interesting 
that a major experiment called the 
Tandem Mirror Experiment (TMX) has 
been initiated to check out and 
explore the underlying physics ques­
tions. 

A reactor based on this concept 
that protiices 1000 MW(e) consists of 
a solenoidal magnet about 100 m long. 
A cylindrical blanket is used for 
energy recovery and tritium breeding. 
Thus, the reactor itself is simple 
and of low technology. The end plugs, 
however, are of high technology, 
having the high magnetic fields 
needed to confine the high-pressure 
plasma and the high injection energy 
(~1.2 MeV) needed to achieve good 
magnetic confinement. The plasma 
density in the plug (~8 x i o 1 4 cm ) 
is considerably higher than that in 
the central cell (~1 x 10 cm" ) to 
provide a potential barrier at each 
end [<b = T ln(n , /n , ..)]. Be-T e plug solenoid 

cause the function of the end-plug 
plasma is to provide a potential bar­
rier and not to produce plasma, only 
deuterium (or even hydrogen) need be 
injected. Therefore, neutron produc­
tion in the end plugs is quite low. 
The end-plug magnets are very small 
[the size of the Mirror Fusion Test 
Facility (MFTF) coil] but of high 
field strength (17 T). Thus, what 
high technology is required for the 
TMR is concentrated in the end plugs. 

This report describes how a 
1000 MW(e) TMR would look based on 
our present understanding. However, 
because the design is based on physics 
and engineering ideas that are rapidly 
evolving, this report is a preliminary 
description of a TMR; several design 
problems will be addressed by us in 
a later version of the design. For 
example, 

• At the beginning of this study, 
we did not understand the problem of 
ash ( He) buildup; consequently, ash 
buildup was ignored in most of the 
design. However, on the basis of, 
much new understanding of steady-
state equilibrium concentrations of 
ash as discussed in the chapter on 
physics (Chapt. 3), we believe steady 
state may be possible from the ash 
buildup point of view. However, the 
design consequences are as yet 
unknown. 
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• Ihe high-field superconducting 
magnet, for example, is in principle 
feasible based on measured properties 
of superconductors; however, there 
is no experience with such large 
(3-m-diam), high-field (17-T) coils. 

As an example of evolving high-level 
technology, on the other hand, this 
report includes a description 
(Chapt. 7) of an invention, the arc 
snubber, that allows us to hold high 
voltages over large areas, thereby 
making feasible 1-MeV injectors for 
the end plugs. 

The report is organized into 
chapters covering each major component 
or topic area; a Summary follows this 
Introduction. 
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INTRODUCTION 

This report describes Che results 
of a 6-month study of a lOOO-MW(e) 
fusion reactor based on the tandem 
mirror confinement concept. Our 
objective was to uncover the major 
problem areas in the design of a 
Tandem Mirror Reactor (TMR) as well 
as to determine the feasibility of 
the concept. An artist's conception 
of an electric power plant based on 
TMR is shown in the Frontispiece to 
this report; general parameters {or 

the TMK analyzed in this study arc 
given in Table 2-1. 

PLASMA CONFINEMENT AND HEATING 

In the TMR conf igurat ion shown In 
Fig. 2-1, the plugs are assumed to 

Table 2-1. General parameters for 
lOOO-MW(e) Tandem Mirror 
Reactor. 

Parameter Value 

Q 
Recirculating power 
Plant efficiency 
Direct capital cost 
Length of solenoid 
Wall loading 
Fusion power density 

1000 MW(e) 
4.8 
43% 
34 X 

$1.3/W(e) 
100 m 
2 Mw-nT~ 
5 MW-m - 3 

be classical mirror machines sustained 
by the injection of high-energy neutral 
beams. Ion losses from the central 
eel] are replenished by the injection 
of low-energy neutral beams, pellets, 
or gas at the thin plasma fans In the 
inner mirror throat. The design 

Low-field solenoid 

Fig. 2-1. Tandem mirror with ambipolar barriers at the ends. 
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considerations given in Chapt. 3 lead 
to the parameters shown in Table 2-2. 
For these values, we assume that im­
purities and alpha particles do not 
accumulate; however, in Chapt. 3 we 
also present detailed calculations 
for the steady-state equilibrium alpha 
density and cross-field transport. 

MECHANICAL DESIGN' 

Table 2-3 lists some key mechanical 
design parameters for the TMR. As 
shown in the Frontispiece, the reactor 
is composed of a power-producing 
central cell, end-plug magnets, 
1.2-HeV D injectors to sustain the 

Table 2-2. TMR physics parameters. 

Parameter Value 

End Plug: 
Injection energy 
Mean ion energy 
Plasma density 
Trapped current into each plug 
Electron temperature 

P, 
plug 

Plasma radius 
B plug (midplane) 
R vac 
Potential at midplane 
Particle nT 

Central Cell: 
Current injected 
8 
Length 
Plasma radius 
Bvac ( m l dP l a n e> 
Electron temperature 
Ion temperature 
Plasma density 
Particle nx 
Potential of plasma 

1200 keV 
8E0 keV 
8.6 y 10 1 4cm~ 3 

220 A 
42 keV 

0.5 m 
16.5 T 
1.07 
350 keV 
2.5 x i o 1 4 s-cm"3 

1570 A 
0.7 
100 m 
1.2 m 
2.4 T 
42 keV 
30 keV 
1.1 x 10 1 4cm~ 3 

7.7 x 1 0 1 4 s-cm"3 

260 keV 
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Solenoidal coil 

MboSn super conductor 

Yin-Yang coils 
(cryogenic aluminuml 

100% conductor bundle 
Stress plate 

70.6% conductor bundle 
Stress plate 

49.8% conductor bundle 
Stress plate 

35.2% conductor bundle n L 
Detail A 

Fig. 2-2. Plug co i l set (16.5 T) . 
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Table 2-3. Mechanical design parameters for the central cell. 

Parameter Value 

First-wall radius 
Length 

No. of modules 
No. of parallel heat-exchange loops 

Magnetic field 
Blanket coolant 

Inlet temperature 
Exit temperature 
Inlet pressure 
Helium pressure drop 

Blanket structure 
Average power density into direct converter 

1.56 m 
100 m 
36 
6 
2.4 T 
Helium 
300 °C 
530 °C 
50 atm 
2 atm 
Inconel 718 
100 Wcm~ 2 

end-plug plasma, and direct converters 
at each end to recover the charged 
particles that leak out the ends. 
The power-producing section is a 
100-m-16ng cylinder. • The power 
production in the end plugs is low 
because they are not supplied with D-T 
ions, but rather only with D ions. 
Thus, the energy-recovery blanket is 
in the cylindrical section, and only 
shielding is provided in the plug 
region. The reactor is modular in 
construction, with sections of the 
solenoidal magnet, cylindrical blanket, 
and vacuum chamber all being of modest 
size. The blanket is helium cooled 
with a standard, high-temperature, 
gas-cooled, reactor power-conversion 
system. Waste heat is dumped to the 
atmosphere via wet cooling towers. 

MAGNET DESIGN 

The plug magnet shown in Fig. 2-2 
is a hybrid superconducting and cryo­
genic magnet; its parameters are given 
in Table 2-4. The complex-shaped 
Yin-Yang magnet is about the size of 
the magnet for the Mirror Fusion Test 
Facility (MFTF) and produces an incre­
mental field of about 1 T over the 
field of 15.5 T produced by the pair 
of Nb.Sn superconducting solenoids. 
The joule heating in the coil is 
about 0.5 MW and requires about 25 MW 
of refrigeration power. 

This hybrid magnet was initially 
thought to require a lower level of 
technology than would an all-super­
conductor approach; however, we now 
conclude the reverse for two reasons: 
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Table 2-1,. Magi 

Parameter 

Center-ce l l solenoid: 

axis 
Material 
Bore 
Length 

End-plug solenoidal pair: 
Bore 
B . axis 
conductor 

Material 
End-Plug cryogenic Yin-Yang coil: 

Length 
B . mirror 
Material 
R vac 
Resistive power 

• Our parametric analysis has shown 
that reducing the central field of 
the plug from 16.5 T to 15 T increases 
the plant unit cost by only 3 or 4%, 
and a lower field considerably im­
proves the usefulness of Nb,Sn. 

• The structural support for the 
cryogenic aluminum design was much 
more difficult than originally thought. 

Because of our desire for a compact 
design, the shielding against neutrons 
is an important aspect of the design. 
He conclude in this study that the 
shielding in the present design is 
not adequate and that the magnet must 

let parameters. 

Value 

2.4 T 
Nb-Ti 
8.4 m 
100 m (36 segments) 

5.75 m 
16.5 T 

17.3 T 
Nb 3Sn 

2 .8m (mirror to mirror) 
17.6 T 
Al 
1.07 
0.25 MW (each plug) 

be increased to allow for more 
shielding. 

NUCLEONICS 

Blanket 
In our preliminary appraisal of 

TMR nucleonics, we conclude that the 
high Q and favorable geometry of the 
central cell allow us to contemplate 
a blanket of modest performance. The 
high Q eliminates the need for energy 
multiplication to achieve a favorable 
power balance; -he very low area for 
neutron streaming (from the large 



length-to-diameter ratio of the 
cylindrical central cell) coupled 
with no requirement for energy multi­
plication leads to only a minimal 
requirement for neutron multiplication 
in the blanket. Thus, no beryllium 
is needed in the blanket. 

Our overall objective is to keep 
the blanket as simple and inexpensive 
as possible. In this light, we are 
considering a liquid-lithium (natural) 
and stainless-steel blanket cooled 
by helium. The blanket is 84 cm 
thick, its tritium breeding ratio is 
1.10, and its energy multiplication 
is 1.20. 

Shielding 
Between the blanket and the 

central-cell coils is 90-cm thick 
steel- and lead-loaded concrete 
shielding. Our appraisal indicates 
that this shielding plus the blanket 
should provide more than enough shield­
ing for the superconducting, central-
cell coils. 

Protecting the cryogenic-aluminum 
Yin-Yang coils is the major shielding 
challenge in this TMR design. The 
critical area appears to be at the 
inner mirror of the plug where D-T 
plasma leaking from the central cell 
generates 14-MeV neutrons at a signifi­
cant rate. According to preliminary 
calculations, 64-cm-thick, tungsten-
based shielding is needed in the 
inner mirror region. Because the 

present plug design allows for only 
15 cm of shielding in this region, 
the magnet must be redesigned to 
provide for more shielding. With the 
possible exception of the outer mirror 
and the injection beam lines, the rest 
of the plug can use iron- and lead-
based shielding. 

NEUTRAL-BEAM INJECTOR 

In Fig. 2-3, we show a conceptual 
design of a high-current, 1.2-MeV 1) 
injector with an anticipated operating 
efficiency of 70%. Parameters for 
the injector design are given in 
Table 2-5. All of the components in 
the proposed beam line are elaborations 
of physics experiments that have al­
ready been reported in the literature. 
However, major advances in all phases 
of neutral-beam technology are needed 
to meet the requirements of the TMR. 
These include a continuous source of 
negative ions, an efficient electron-
stripping cell, and the development 
of associated power conditioning and 
control equipment. We believe that 
the neutral-beam requirements of the 
TMR provide a realistic goal for the 
not-too-distant future. 

DIRECT ENERGY CONVERTER 

Direct converters to recover power 
from the plasma lost from the ends 

U 



Pressure vessel 
holding power 

supplies 

Ion-source 
chamber 

Shielding 

v .;,v}VT^i 

Beam exit 
aperture 

/ 

-Plasma-stripping cell 

"Roughing pump 
manifold 

Fig. 2-3. A 1.2-MeV neutral-beam injector. 

Table 2-5. Parameters for the neutral-beam injector. 

Parameter Value 

Beam energy 
Equivalent D current (per injector) 
Total injected power (4 units) 
Operating mode 
Type of beam line 
Source of negative ions 

Type of stripping cell 
System efficiency 

a System cost 

1200 keV 
122.5 A 
588 MH 
Continuous 
Negative Ions 
Ce double charge-
exchange cell 
Ce plasma 
80% 
$200/W of beam output 

^ h e values shown in this table are preliminary estimates used in the body of 
this study. Upon subsequent analyses, we estimated that the efficiency of the 
injector system would be 73% and the cost of the neutral-beam injector per 
kilowatt would be $320 divided by the efficiency. This iteration results in 
an approximate increase of 13% in the direct cost of the ejectric kilowatt 
supplied by the TMR. 
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of the TMR can be effective. The 
high ambipolar potential and the low 
ion temperature result in good effi­
ciency even with a single collector 
stage. About 60% of the total efflux 
power (carried by escaping fuel Ions, 
alpha particles, and electrons) can 
be directly recovered after allowing 
for losses due to incident electrons, 
grid interception, and secondary and 
thermionic electrons. 

The two types of regions in the 
TMR - the central cell and the end 
plugs — result in two distinct energy 
groups of ions and suggest a two-stage 
direct converter. The addition of a 
second collector stage in the direct 
converter raises its efficiency to 
about 70Z. The direct converter 
would also control the recycling of 
cold electrons from the end walls. 
Problems associated with space charge. 

voltage holding, and capacitively 
stored energy appear to be solvable. 
Figure 2-4 shows a cross section of 
the direct converter electrodes, and 
Table 2-6 gives some typical para­
meters. 

ELECTRICAL DESIGN 

The electrical aspects of the plant 
are divided into standard power plant 
equipment such as the generator and 
power-conditioning equipment for 
transmission and the aspects unique 
to this fusion reactor such as power 
supplies for the neutral-beam Injector 
and power-conditioning equipment for 
tile direct energy converter. About 
43% of the gross electrical power Is 
recirculated in the plant to power 
the injector; this aspect of the 
plant is thus very important. Over 

1032-MW input: 
438.5-A, 807-keV D 1 

1284-A, 380-keV, D f + T 1 

288-A, 731-keVHe" 
2011-A, 42-keVe-

First Second Ion 
grid grid collector 

V - 0 -170 kV +350 kV 

/777 
Ground 

connection 
152-A input 
at -170kV 

1853-A output 
at +350 kV 

Fig. 2-4 . Power and current flow in a s ing le -s tage d i r ec t converter on the TMR, 
(1853 x 350) - (152 x 170) „ , _ , 

where n = g - 0.603. 
D C 1.032 * 10 
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Table 2-6. Typical parameters for th< 
direct energy converter.' 

Mean ion energy 470 keV 
Mean electron energy 42 keV 
Power in ions 950 MW 
Power density 100 W/cm 
Efticiency (one-stage) 60% 
Cost per kilowatt of 

incident power $130 

The energies quoted are at the direct 
converter. 

three fourths of this recirculated 
power comes in the form of direct-
current power from the direct 
converter. 

The startup electrical system uses 
power-conditioning equipment to bring 
power off the line during the brief 
time (~3 s) during startup. After 
the approximately 3-s startup period, 
this equipment is gradually (during 
a 10- to 30-min period) switched over 
to use for putting power into the 
line. 

PARAMETRIC ANALYSIS 

The analytic model of the TMR used 
in the parametric study begins with 
a self-consistent description of 
tandem mirror physics. The physics 
model relates the densities, energies, 
and containment times of the ions and 
electrons in the plugs and central 
cell. We assume that the plugs are 

mirror machines with classical end 
losses sustained hy high-energy, 
neutral-beam injection. The central 
cell is fueled by low-energy neutral 
beams of deuterium and tritium. 
Electrons heated by the energetic ions 
in the plugs in turn heat the cold 
ions in tile central cell. Ln the 
parametric study, the equations of 
the physics model are solved by 
specifying the plug injection energy, 
.the plug mirror ratio, the mirror 
ratio between the plugs and the 
plugs and in the central cell, and 
the ion temperature of the central 
cell. The physics output consists 
of the various energies, containment 
parameters (ill's), density ratios, 
and CJ. 

Next, tile specification of a single 
magnetic f'eld strength (usually the 
central field of the plug) allows us 
to calculate all the plasma densities 
and the fusion power density in the 
central cell. Then, specification 
of the blanket energy multiplication 
factor M and various efficiencies 
(thermal conversion, direct conversion, 
and neutral-beam injection) allows 
calculation of power flows. At this 
point, the power quantities are only 
relative because we have not yet 
selected an absolute power level. 

Finally, specification of a single 
power quantity (usually the net elec­
tric power) allows complete design 
of the reactor. The dimensions of 
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the cy1 ind r l e a l » c e n t r a l - e e l ] plasma 

and t h e a p p r o x i m a t e l y s p h e r i c a l |> 1 uj» 

p lasmas a n - c o m p l e t e l y de te rmined by 

the c e n t r a l ee l I - t o - p l u g s volume 

r a t i o , t h e fUKion power d e n s i t y of 

t h e c e n t r a l c e l l , t h e d e s i r e d t o t a l 

fus ion power, and the requi rement Tor 

magnet Ic Mux c o n s e r v a t ion th roughou t 

the mach ine . The pluj» magnets a r e 

des igned t o p r o v i d e t h e s p e c i f i e d 

magnet ic I IeJd and t o lie 1 u r^c enough 

t o c o n t a i n the pluK p lasma . The 

c e n t r a l - c e l l d e s i g n beg in s at f. he 

c y l I n d r l e a l II ru t wa1 I ( t h r e e a l p h a 

rail I I away from the p lasma) and p r o ­

c e e d s outward th rough the b l a n k e t , 

s h i e l d , ma^nd , s u p p o r t s t n i c t u r e , 

hand I (ng and ma fntcnarice c<-[(i J pment , 

and l l n a l J y the r e a c t o r bui hi hiy,. 

There 1s an opt imum Bet of val UCM 

Tor pi IIK i n j e c t i o n e n e r g y , p l u ^ - l o -

c e n t r a i <:eJI m i r r o r ra t Jo, and c e n t r a l 

ee l J- lo-pJt iKB volume r a t i o that m i n i ­

mizes t h e c o s t oi power. I'or a 

ll)QO-MW(e) r e a c t o r w i th a p lug hav ing 

a c e n t r a l M e l d s t r e n g t h "1 lh.'> T, 

a pJuK vacuum m i r r o r r a t i o ol 1 .07, 

and p. v a l u e s of 1,0 and 0.7 In t h e 

pluf5 and c e n t r a l e e l ! , r e s p e c t I v r ] y , 

we have found t h e optimum valneH to 

be ; pluj.; i n j e c t i o n energy 

( d e u t e r i u m ) •= 1200 keV, p l u ^ - t o -

c e n t r a l c e l l m i r r o r r a t i o » 7 . 0 , and 

c e n t : r a l - c e l l Ion t e m p e r a t u r e « Mi keV. 

The b l a n k e t energy m u l t i p l i c a t i o n 

f a c t o r fo r t h i s c a s e WUH 1,2 (no 

b e r y l l i u m ) , and t h e e f f i c i e n c i e s fo r 
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thermal conversion , s I n).-1 c-sta^e 
direct conversion, and Injection Were 
M U , ftOZ, and H0Z, respectively. The 
total direct capital cost of this 
reactor is predicted to he $l'i00/kW(e). 
Characteristics of the optimized point 
design are listed In 'fables 2-\ 

I [trough 2~(t. The cost est J mate break-
•k 

down is j'Jven in Table 2-7. 

Figure '/-'J shows the power flow 
dfaK^am lor the point design. 
Ki^ures '/-(> through 2-H show the 
effects on cost, im the rei i rr-u |,a in# 
power fraction, ;iui\ on I he neutron 
load J UK of Hie first wall of varfutlons 
In In jeel i on I'tivr^y f vacuum ml rror 
rat Jo, and temperature of I he Ions 
J/1 1 he central ce|I . 

At I he hcf;J unfu^. of (his study, 
we thought we could achieve an HW'l 

eJIIclent In Jectur. The In(eclor 
study, however, seems to show that 
70X In more realistic. Kurt In-r sludy 
will 1 ocuii on this ef i ic 1 ency ipu*n-
t ion. 

We have a I HO studied the direct 
heat lnj.» ol eleel runs In the TMK. 
This Is an attractive Idea for two 
reasons: 

• It amy ultimately he more effi­
cient and less expensive than neutral-
beam heat IIIKT and 

The COHL uHtimtite in noL very ac­
curate and should be interpreted In 
the context of the scope of the study. 
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Fig. 2-5. TMR power flow diagram. 

a combination of higher 8 and R 
p p vac 

so as to reduce the ambipolar cutoff 
energy (<|>e + * e)/(R p - D • (See 
arguments on minimum Injection ener­

gies In Chapt. 10.) Increasing R 
should not entail a large increase 
in reactor cost, as indicated by 
Fig. 10-8. 
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E„. - MeV 

Fig. 2-6. Effect on cost of 
1000-MeV(e) TME's of variation in 
(a) injection energy E. ., (b) vacuum 
mirror ratio between the center of 
the plug and the central cell B /B , 
and (c) temperature of the ions in 
the central cell 1^ . (Note: In 
Figs. 2-6 through 2-8, the data 
points identify the values seleated 
for the point design.) 
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Fig. 2-7. Effect on recirculating 
power fraction f in 1000-MW(e) 
TMR's of variation in the parameters 
defined in Fig. 2-6. 

Fig. 2-8. Effect on the neutron load­
ing of the first wall of 1000-MW(e) 
TMR's of variation in the parameters 
defined in Fig. 2-6. 
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" 4 E 

Fig. 2-9. Optimum neutral-beam injec-
Lion energy and predicted cost of 
optimized lOOO-MH(e) TMR's as func­
tions of fe , the fraction of the 
total heating that goes to the 
electrons. 

SUGGESTIONS FOR FURTHER WORK 

In the course of this work, the 
4 

importance of He (ash) buildup be­
came apparent. We had originally 
envisioned a periodic plasma flush; 
however, more detailed analysis (see 
discussion in Chapt. 3) indicates a 
possible steady-state mode of opera-

4 tion in which the He concentration 
is only 4%. Future work will focus 
on this question of impurity control 
and its implications to economics of 
the power cycle (i.e., a steady-state 
versus pulsed system). 

Another area for further work is 
the increased size of the magnet to 
allow for more neutron shielding. 

The most advanced component of the 
reactor is the 1.2-MeV neutral-beam 
injector. Its design rests on the 
production of negative-ion beams, 
their acceleration to high voltages, 
and their passage through a plasma 
stripping cell to make the neutral 
atoms. The neutral-beam injector 
thus has a high priority for future 
work. The design at present is not 
self-consistent in a number of signif­
icant ways. For instance, the injector 
efficiency of 80% was used in the 
puiv̂  t balance, whereas 70% comes out 
of the injector design work. The 
end-plug magnet must be enlarged 
to allow room for more shielding. 

4 The steady-state He concentration 
will increase center-cell losses and 
reduce the power density. Extra power 
is expected to maintain proper radial 
boundary conditions for stability and 
4 
He removal. Each of these effects 

will increase the coot per unit net 
power and therefore nee'.'s further 
study. 

The beneficial aspect of injecting 
energetic neutral D-T beams into the 
central cell is just beginning to be 
appreciated, and interesting reactors 
at smaller than 1 GW(e) with lower 
end-plug technology appear possible. 
Electron heating also appears promis­
ing if the efficiencies can approach 
that of the neutral-beam injector 
(~70 to 80%). 
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CONCLUSIONS 
The TMR is a great improvement 

over the "standard" mirror reactor 
in a number of respects: 

• The Q (~5) is about 5 times 
higher, thus greatly relieving the 
precarious power balance of the stand­
ard mirror. 

• In large sizes [~1 CW(e)], the 
cost per unit power (~$1/W direct 
cost) is about 5 times lower. 

• The technology of the reactor 
(the central-cell portion) is low by 
comparison to most other approaches 
to fusion in that low-field Nb~Ti 
superconducting coils in simple 
cylindrical geometry are employed. 

• The reactor is highly modular 
in construction, which allows each 
component to be produced in a factory 
and shipped to and assembled on the 
site. 

One major consequence of the modu­
lar construction is that a small 
demonstration prototype reactor would 
differ from the full-size plant only 
in the length of the central cell. 
That is, more central-cell modules 
would be added to the prototype to 
make a full-size reactoi. Of course, 
small modifications would still be 
necessary, e.g., current from the 
injectors and size of the conventional 
part of the plant. 

The biggest uncertainty in the 
technology appears to be the 1.2-MeV 
neutral injector. A number of physics 
uncertainties have been identified 
and are being addressed in the Tandem 
Mirror Experiment (TMX) and by theo­
retical analysis. 

The tandem mirror concept is quite 
new and appears promising; however, 
it needs much more study. 
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SUMMARY 

The purpose of this chapter is to 
develop a physics model for calculat­
ing plasma confinement and heating in 
the tandem mirror reactor (TMR) . 
Solutions are to be obtained from the 
physics model incorporated within the 
TMR cost-optimizer code, which in­
cludes the efficiencies and unit costs 
of the various energy-conversion 
systems external to the plasma (see 
Chapt. 10). Because there are 
numerous free parameters in the physics 
model, a wide, continuous spectrum of 
solutions for combined solenoid and 
plug parameters is always possible. 
However, only those particular solu­
tions evaluated by the yardstick of 
minimum power cost in the TMR code 
are desired. The twin basic require­
ments for low power cost per kW(e) 
net are high Q (high nt) in order to 
reduce the cost of parasitic recircu­
lating power, and high neutron flux 
at the vacuum wall (high fusion power 
density) in order to reduce the 
blanket and other costs per kW of 
fusion power. The general discussion 
of physics in the following section 
shows that the plasma confinement 
properties inherent to the TMR make 
very high Q and very high fusion 
power density mutually exclusive. 
The great value of including the 
reactor systems costs with solutions 
to the physics model in the TMR code 

•> 

is in finding the optimum trade-off 
between <) and wall loading for a 
minimum power cost at a given power 
output. 

The physics model is simplified 
as much as possible to facilitate 
application of the TMK code over the 
widest range of parameter space. 

The goals of this firr.t study are to 
determine the broad limits of econom­
ical operation of a TMR and to assess 
the basic trends and sensitivities of 
reactor cost to the various input 
parameters. While searching for the 
optimum operation regimes, the condi­
tions for validity of several simpli­
fying assumptions made in the model 
may be strained, resulting in errors 
in some quantities as large as 20%. 
This is acceptable for the present 
purpose of finding the zero-order 
operating parameters for a TMR, from 
which refinements in the physics model 
and more detailed reactor designs can 
be made in the future. 

Energetic (3.5-MeV) fusion alpha 
particles are expected to provide a 
major portion of the energy input 
required to sustain the solenoid in 
a TMR. In the section on alpha heat­
ing, we discuss the containment and 
pressure of 3.5-MeV alpha particles 
and the partition of their energy to 
the plasma ions and electrons. The 
physics model is applied in the 
section on Q scaling to determine how, 
the Q of a TMR varies with solenoid 



length and density under conditions 
in which the energy input to alpha 
particles is not sufficient to sustain 
the solenoid (subignition). Condi­
tions to achieve ignition in the 
solenoid are determined. Two of the 
most important simplifying assump­
tions made in the physics model are 
the neglect of thermalized alphas 
and the neglect of synchrotron radia­
tion. Estimates of the radial trans­
port of thermal alphas and power loss 
due to synchrotron radiation are made 
in the last two sections on radial 
alpha diffusion and synchrotron radia­
tion. 

GENERAL DESCRIPTION OF PLASMA 
CONFINEMENT, HEATING, AND STABILITY 
IN A TMR 

Confinement in Potential Wells 

In the tandem mirror configuration 
shown in Fig. 3-1, high-energy neutral 
beams sustain dense, mirror-confined 
plasmas in the minimum-B end cells. 
Neutral beams of generally larger 
current and lower energy replenish ion 
losses from the lower-density (but 
much larger-volume) central solenoid. 
The mirror plasmas in the end cells 
have the primary function of electro­
statically plugging the solenoid via 
their positive arabipolar potentials. 
We assume the solenoid plasma is of 
much larger volume and produces much 
more fusion power than the plugs, and 

28 

so we neglect the fusion power contri­
buted by the plugs. We do include 
the neutral-beam power required to 
maintain the plugs as a primary power 
input to sustain the system. 

In the solenoid as well as in the 
plugs, electrons tend to escape more 
rapidly than the ions, so that both 
the plugs and the solenoid charge up 
positive with respect to the end 
walls. Since electrons exchange 
rapidly between the plugs and solenoid 
during their lifetime, we can assume 
the electron temperature T in the e 
plugs to be the same as in the sole­
noid. To satisfy charge neutrality 
with the electron density n in the 

P 
plugs greater than the electron den­
sity n in the central solenoid, the 

c 
plugs must be more positive than the 
solenoid by an amount 

* = T Jtn(n /n ). (3-1) 
c e p c 

A larger potential drop i> + 4 from c e 
the plugs to the wall (Fig. 3-1) is 
set up to balance the electron loss 
rate with the combined ion loss rates 
from the solenoid and plugs (predom­
inantly from the solenoid). 

Since the plug ions see a larger 
outward potential drop (J) + $ than 
the inward potential drop <t> , if the 
magnetic mirrors are of equal strength 
the loss boundary in velocity space 
(see Fig. 3-2) corresponding to the 
outward direction is closer to the 



Low-field solenoid 

Fig. 3-1. Tandem mirror with ambipolar b a r r i e r s at the ends. 

/2E -\ 1 / 2 

Injection point, ( — ^ l 

Outward toward 
direct converter 

Inward toward • 
solenoid 

Fig. 3-2. Loss boundaries in velocity space for plug ions, showing asymmetric 
ambipolar cutoffs and typical ion trajectory. 
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injection point than to the loss bound­
ary for inward motion. Since ions 
diffuse in small steps in velocity 
space, virtually all of the plug ions 
will exit away from the solenoid. 
Thus, the steady-state density in the 
solenoid is controlled only by the 
neutral-beam injection current into 
the solenoid, balancing the loss rate 
of central ions that are diffusing 
upward in energy over the potential 
barrier. The neutral-beam injection 
current in the plugs controls the 
plug density n independently; n 
together with n determines the poten­
tial barrier height $ . By suitably 
controlling the injection rates in 
the solenoid and in the plugs, an arbi­
trary density ratio and potential 
barrier can be maintained in steady 
state. 

With relatively deep potential 
wells <}> > 3T., where T. is the central 
ion temperature, and with large 
central-cell mirror ratios R = (in-

c 
ternal plug field B ./internal sole­
noid field B .) > 10, the confined ion 

ci 
distribution in the solenoid can be 
nearly Maxwellian. Since the density 
and temperature are both lower in the 
solenoid than in the plugs by typically 
a factor of 10 (solenoid pressure 
= 10 plug pressure), the confining 
magnetic fields in the solenoid can 
be an order of magnitude smaller than 
the plug fields. With higher betas 
and diamagnetic field reduction inside 
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the solenoid than inside the plugs, 
central-cell mirror ratios R as large 
as 20 to 40 are possible. A typical 
loss boundary in velocity space for 
central ions with R = 20 and 4 

c Tc = 3T. is shown in Fig. 3-3. The dashed l 
lines are the magnetic loss cones with 
angle 0 = 13 degrees, and the solid 
line is the loss boundary with com­
bined magnetic mirrors and a potential 
barrier * = 3T.. The circles are 

c i 
contours of constant f . ( v , 0) at 
E, = T. , 2T., and 3T.. Close to 90% i l l I 

of the ions in the d i s t r i b u t i o n have 
energies l ess than 3T., the vertex of 
the loss hyperbolas. In addi t ion, 

1/2 because a f rac t ion (1 - 1/R ) of c 
velocity space is occupied outside 
the magnetic loss-cone angle, more 
than 97% of the ions with energy 
above the potential barrier are still 
trapped magnetically. In the original 
tandem mirror scheme proposed by 

3-1 
Kelley, the central cell was a 
mirror machine with the ambipolar 
potential removed by having the outer 
cells at equal density with the center 
cellj therefore, the dashed lines in 
Fig. 3-3 became the loss boundary. 
We propose to go one step further by 
raising the density of the outer cell 
and imposing a potential barrier. 
With ions allowed to fill the loss 
cone below the potential barrier, the 
ion distribution can become nearly 
isotropic, eliminating loss-cone insta­
bilities. In addition, the classical 



Fig. 3-3. Loss boundary in velocity space for solenoid ions for <j> = 3T. and 
R = 20. " 
c 

ion confinement time is greatly 
enhanced by the addition of the poten­
tial well. 

Depending on the ratio of potential 
barrier height <p to the central ion 
temperature T , the ion confinement 
time in the solenoid can be many col­
lision times. For confinement of a 
single species of Z = 1 ions in a 
relatively deep potential well 
(<J> > 2T.) with magnetic mirrors, an 
approximate analytic formula by 

3-2 Pastukhov can be written: 

( n T ) ± = 
/~M. T7 

l l 
3/2 

/ T I T q £nA.. 

m expl T. (3-2) 

where the quantity in brackets is the 
Spitzer self-collision time, and 
where g(R) = JTT (2R + 1) In (4R 
+ 2)/4R is a slow function of the 
central-cell mirror ratio R . For 

c 
R = 20, g(10) * 3.5. For typical 
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ratios <j> /T = 3, Eq. (3-2) shows that 
the potential barrier together with 
a large mirror ratio provides ion 
confinement for over 100 ion-ion col­
lision times. Also, the increase in 
(nx) is much stronger than with the 

3/2 collision time factor <*T . Thus, 
contrary to confinement with magnetic 
mirrors alone, confinement with a 
fixed potential barrier (ij) > 2T ) in­
creases as the ion temperature 
decreases. Using Eq. (3-1) to elimin­
ate <b , and taking M = 2.5 amu for 
DT ions and 9,nX » 22, Eq. (3-2) 
can be written 

(nx). * 8.7 x 1 0 1 0 T <l* ft) 
" \ T /T., /n \ / n \ T /T. 

(3-3) 

where T. is in units o£ keV, and (nx) 
is in cm 'S. Given a practical upper 
limit on the plug density that can be 
confined by a maximum plug field, 
Eq. (3-3) shows that to increase 
(nx). for a given T /T. ratio, one 
must decrease the solenoid density n . 
However, the fusion power density in 

2 the solenoid then decreases as n . 
c 

This fundamental tradeoff between 
confinement and power density in a 
TMR will be discussed again later. 

Ion Cooling by Charge Exchange 
At central ion temperatures 

T * 20 to 40 keV, the probability 

for charge exchange of an injected 
neutral atom in the solenoid is sever­
al times greater than for ionization. 
Therefore, associated with the ioni­
zation rate needed to replace ion 
particle losses in the solenoid there 
is a charge-exchange energy loss per 
ion created of 3 to 10 times T., de­
pending on T . Because of the scaling 
of electrostatic confinement of 
central-cell ions in a TMR, the im­
provement in (nx) from a larger value 
of T /T. can more than compensate for e i 
the lower reaction rate <ov> due to 
charge-exchange cooling. Thus, for 
ions in a deep potential well (<i> >2T.), 

c I 

charge-exchange cooling is often 
beneficial. This ion cooling mech­
anism can be realized by supplying 
the solenoid losses with very low-
energy bLams (.1 to 10 keV) injected 
into the thin plasma fans near the 
inner mirror throats. Since the 
potential barriers are co-located with 
the mirror-confined plug ions 
beyond tile inner set of mirrors (see 
Fig. 3-1), the Maxwellian ions of 
tiie solenoid freely pass through 
the inner mirror fans at constant 
pressure. Therefore, with regard to 
confinement, creating an ion in the 
fan is as good as injecting the 
middle of the solenoid. Moreover, 
not only can the low-energy beams 
penetrate into the thin fans, but 
also the charge-exchange atoms can 
escape. 
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Electron Heating 
For the same reason that ion con­

finement can be improved by ion cool­
ing, ion confinement can also be 
improved by electron heating. •* 
Electrons are heated by hot ions in 
the plugs, by ions in the solenoid if 
T t > T , by 3.5-MeV fusion alpha 
particles in the solenoid, and as 
options, either by direct auxiliary 
heating such as with electron cyclo­
tron resonance heating (ECRH) in the 
low-field solenoid or with intense 
relativistic electron beams injected 
from the ends. Increasing T /T. by 

e 1 
electron heating can increased at the 
same (nt). for a given density ratio 
n In ; alternately, the power density 
can be increased at the same (nt) 

1 
with a lower density ratio. In 
Eq. (3-3), for example, the same 
factor of enhancement in (nr). is 
obtained with T = 3T. and n /n of e l p c only 3 as with T = T. and n /n = 27. e l p c 
The power density in the solenoid with 
the former case would be nearly two 
orders of magnitude greater if T were kept constant and T were in-e 
creased by heating. Unfortunately, 
the projected tube efficiences (20%) 
and the power output/unit (200 kW) 
of high-power microwave generators 3-5 presently under development for 
ECRH heating of 10 cm" 3 density 
plasmas (f ; 100 GHz, A < 3 ram c c 
required) do not approach the capa­
bility already achieved by neutral 

beams (50% efficiency at > 1 MM per 
module on 2XI1B). 

Whether microwave tube technology 
will ever catch up with neutral-beam 
development for fusion application is 
unclear. The situation with regard 
to intense relativistic electron beams 
is more hopeful; multi-megajoule pulses 
at production efficiencies comparable 
to or greater than neutral beams can 
probably be achieved with present 
technology. Efficient absorption 
(>90% would be desired) of intense 

14 -3 
electron beams in >10 cm , fully-
ionized plasmas has yet to be demon-
si rated. However, extrapolation from 

3-7 theory as well as from experimental 
3—8 9 measurement ' of electron-beam 

absorption in short plasmas suggests 
that electron beams of 1 to 5 MeV at 

2 current densities of only 1 kA/cm 
might be ni.-.ost totally absorbed in 

14 -3 100 m of 10 cm plasma in a TMR. 
Many small pulses within the 5- to 8-s 
plasma lifetime can be used, each 
pulse supplying a small fraction of 
the plasma energy. Thus, perturbations 
of T , n , and beta are kept small, e e 
and the electron-beam heating would 
appear almost quasi-steady. 

The benefits of auxiliary electron 
heating in a TMR are assessed in Chapt.10. 
However, since a detailed physics and 
engineering study of an electron-beam 
heating system has yet to be made for 
the TMR, such auxiliary electron heat­
ing is now considered only as an option. 
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Alpha-Particle Heating 

Fusion alpha particles can supply 
a substantial fraction of the energy 
input needed to sustain tile solenoid 
plasma in a TMJi. Since the magnetic 
loss-cone angle is so small (< 18°) 
in the solenoid, more than ')5Z of the 
alpha particles horn isotropicully at 
3.15 MeV have velocity vectors audi 
that they are magnetically trapped by 
the central mirrors. Depending on the 
design of tlie field gradient length 
at the ends of the solenoid, a frac­
tion 0.2 J f < 1 of the alphas can 

a ~ 

be adiabatically confined between the 
mirrors of the central cell for a 
sufficient time to thermalize, giving 
up their energy to the central ions 
and electrons (see "Heating by 3-5-MeV 
Alpha Particles"). 

With T near unity and with suffi-u 
cient confinement (ivi) , alpha par­
ticles alone can energetically .sustain 
the central solenoid (ignition). An 
example of ignition is discussed under 
"() Scaling in a i'MK". Unfortunately, 
as the alphas slow down, they heat the 
central ions as well as the electrons, 
giving a larger fraction of their 
energy to the ions for T > 33 keV. 
Thus at high 'i' , alpha heating tends 
to lower tfie ratio of T JT. , increas­
ing the density ratio n /n required 
for a given (nr) . if efficient 
methods of heating electrons alone 
are available, such as via hot ions 
in the plugs or by auxiliary electron 

heating, it l<, in fact desirable to 
reduce alpha heating (by using non-
adiabaticity, so that f << 1), and v. " 
thereby to operate at smaller n /n 

p c 
and higher power density. However, 
reduced alpha input is an advantage 
only if the efficiency of direct 
electron heating is greater than 
about 50%; otherwise, the advantage 
of electron hunting is wiped out be­
cause energy balance is recovered only at higher (nl), und n /n . t p c 

The alphas which do survive to slow 
down below 2<\> energy become electro­
statically trapped and quickly tlierm-
allzc to the temperature of the sole­
noid ions. Their subsequent lifetime 
in a potential well of 2<\i is quite 
long; Inspection of Kq. (3-2) shows 
that the lifetime of thermal alpha 
particles scattering on l)T ions with 
T = T., ,), - 2 .J, , and q* > 7.V q* u i c 'c u |)T » 
is longer than the IJT ion lifetime by 
a factor of A'/'I^5 Z~ 2 2 exp(,j, /T ) . 
When (in) is large due to <|< ;•> •[ 

(nl) is very much larger still; 
therefore, the thermal alphas accumu­
late to a large equilibrium fraction 
(n In, - 1) even though their source 
strer.gth due to DT burnup is small 
compared to the DT injection strength. 
Such large thermal alpha fractions 
would have a disastrous effect in 
reducing both (nl), (enhanced scatter­
ing of DT ions by a factqr of 

2 (1 + Z n /n ) and power density (DT 
fuel density lower than the solenoid 



electron density by n factor of 
(1 + 7. n In,). Fortunately, it appears 
that the classical radial diffusion 
of thermal alphas can greatly reduce 
their equilibrium fractions (n In. •-.-

H 1 

0.1), as suggested by Dlmov. The 
equilibrium thermal alpha fractions 
can be reduced still further il" f < 1 

a 

due to nonadiabuticity; the source 
strength of thermal alphas is propor­
tional to f . However, the alpha 
energy input to the solenoid is cor­
respondingly reduced, Iavorably or 
unfavorably, depending on wlictlier 
there is efficient elecLron heating 
to make up for the loss of alpha input. 
I'lug In ject ion_F.n_crj;les 

for a TMK operating with high 'I' , 
very high neutral injection energies 
li , are required to minimize tiie 
neutral-beam power required to main­
tain tlie plugs. In i'ig. i-2, the 
minimum ion energy F (min) that can 
be contained by the mirrors in the 
plugs is given by 0|- + <f )/(!< - *) . 1 " J c e p 
where <|. + <|i is the total expelling 
potential as seen by the plug ions, 
and It is the effective plug mirror 
ratio enhanced by the diamagnetism 
of the plug. High-vacuum mirror 
ratios are impractical due to the 
engineering difficulties associated 
with producing high magnetic fields 
in thp mirrors; also, the very large 
factors of reduction in the internal 
field of the plug caused by high beta 

are counterproductive because the 
small magnetic flux linking the plug 
gives small cross-section solenoids 
by conservation of flux. Thus, K 

P 
must always be modest: It -- 2-3. We 
shall find that usually <J. > 6T and 

' e - e 
* > 2T us wel l . if T •> T. , such 1 c ~ e e ~ l 
as witli e lectron heat ing, V must be 

a minimum of 40 to 00 keV if T. i s 

to be high enough for a p r ac t i ca l 

f'usiun reaction r a t e . Thus, we are 

Jed lo minimum plug ion energies 
F (mill) > KT > '100 to ')()() keV lor p" ~ e -
It •-- 2, and F (miu) > 1M) to 2SO keV 

Tor It = 3. 01 course, a plug ion 

injected with only the energy K. . 
•' J inj 

= K (min) would be los t immediately. 
I> 

To have a usel ul. plug ion l i f e t ime , 

the injection energy should be three 

to iour times the ambipolar cutoff. 

Tills will typical ly require K. . 
LII.I 

• 1 MeV in a TMlt. 

A second reason lor high inject ion 

energies in a TMK is to heat e lec t rons . 
For r a t io s F. . /'[' > 15, plug ions 

inj e ~ ' 
t ransfer more energy to e lec t rons 

than is carried out by the e lec t rons 

accompanying those ions over the 

ba r r i e r i|< + ^ . in th i s way, a 

portion of the jieutral-beam power 

required to maintain the plugs can be 

"reused" to iteat the solenoid via 

e lec t rons . The efficiency of heating 

e lect rons by the plugs increases with 
K. ,/T , exceeding 50£ at E. /T = 40. 

lilj e in | e 
As a reference case for the TMlt, 

we assume that the solenoid is 

3r> 
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temperatures in the 2XIIB experi-
3-15 ment. An important parameter for 

the DCLC mode is the scale length of 
the radial density gradient relative 
to the ion gyroradius Ar /p.. At 
small Ar /p. * 3 as in 2XIIB, marginal 
stability required that the loss cones 
be partially filled by low-energy ions 
streaming through the trapped ions, 
resulting in lower T e and lower (nx) 
by electron drag. 3 --"' 1 6 As Ar /p. 
is increased, the drive for the DCLC 
mode is weakened so that the streaming 
plasma required for marginal stability 
diminishes to insignificance for scale 
lengths Ar /p. = 40. Such a scale 
length is comparable to the radial 
size of the plugs in a typical TMR of 
1000 MW(e) output. 

Precise conditions for DCLC sta­
bility in the TMR plugs must be deter­
mined by further theoretical and 
experimental investigation in the up­
coming TMX experiments (plug-solenoid 
ion overlap effects) and in the MFTF 
experiments (scaling to larger Ar /p.). 
For the present study, we assume 
classical loss as a reference case 
for the reactor. Should micro-
instabilities enhance loss rates in 
the plugs, the overall TMR Q can be 
recovered by increasing the length of 
the solenoid (volume ratio) according 
to Eq. (3-4). The penalty is then an 
increase in reactor size for the 
same Q. However, practical reactor 
sizes will require that plug confine­

ment not be degraded by large factors 
below classical. 

Gradient Instabilities in the Solenoid 

Although the uniform temperature 
and density region of the solenoid 
should be stable, a solenoid boundary 
layer of 2 to 4p. scale length is 
subject to instabilities driven by 
density and temperature gradient. 
At present, little research has been 
done on such instabilities and the 
enhanced radial transport they may 
cause. However, a few comments can 

3—17 18 be made in light of recent work ' 
on finite-beta effects in temperature 
and density gradient instabilities. 
With regard to low-frequency 
(oo << u) .) drift waves, a fully 
electromagnetic treatment by Berk and 

3-17 Domingues shows stability above 
modest critical beta values 3 > 0.15, 

c ~ 
depending on the gradients in temper­
ature relative to gradients in den­
sity. Also for the higher frequency, 
lower-hybrid-drift instability 3—18 (uj»u) .) Davidson et at., find 
that finite-beta effects are stabiliz­
ing above critical beta values 
S i 0.5, depending on T /T. and 
Ar /p.. Of course, there will always 
be low-beta regions in the outer edges 
of the boundary layer which may be 
unstable. What result such insta­
bility in the outer fringes may have 
on bulk radial diffusion is unclear. 
We note that the hot-ion confinement 
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near the boundary need only be one 
electron drag time. On time scales 
of the same order, there is no observ­
able radial diffusion in the 2XIIB 
experiment. 

PHYSICS MODEL 

In the following model of plasma 
confinement and heating in a M R , we 
assume that the solenoid is energeti­
cally sustained primarily by 3.5-MeV 
alpha-particle heating in the sole­
noid and by electron heating from 
hot ions in the plugs. As an option, 
we shall also consider direct auxil­
iary electron heating by including a 
general electron energy input term 
energy-balance equation. We assume 
that the neutral beams supplying the 
ion particle losses from the solenoid 
are of negligible energy, and include 
the effects of charge-exchange cooling 
of the solenoid ions off the low-
energy beam or gas neutrals supplying 
the solenoid. In the reference case, 
the neutral-beam power to the plugs 
is the only external power input to 
the system. 

In taking credit for ion and 
electron heating by the fast alphas, 
we include their partial pressure in 
the solenoid when calculating the 
required confining field for the 
solenoid. However, since the equili­
brium density of the hot alpha 
particles that are doing the heating 

is typically only 1% of n , their 
density is neglected. Also, in this 

3-3 model we assume (following Dimov ) 
that the radial diffusion of thermal-
ized alphas will keep their density 
small compared to the density of the 
fuel ion. Thus, we set 

in the central solenoid and use 
Eq. (3-1) for the ion potential 
barrier (p and Eq. (3-3) for the DT 
ion confinement product (nf) . We 
assume that the fractional burnup in 
the solenoid is small and ignore the 
fact that the small portion of the 
injected fuel burned in the solenoid 
will exit radially in the form of 
Z = 2 alphas rather than as DT ions 
over the potential barrier. As it 
happens, the neglect of energy carried 
out by the thermal alphas 
(̂ 3/2T = 3/2T.) is pessimistic since 
ion cooling by alpha loss would 
improve confinement just as does 
charge-exchange cooling. Also burnup 
itself cools the ions, since the 
average energy of reacting ions is 
several times T . However, the 
neglect of the alpha density is an 
optimistic assumption that offsets the 
neglect of beneficial ion cooling by 
burnup and alpha loss. 

The two ion species used for fuel 
in the solenoid, deuterium and tri­
tium, are treated as one ion species 



with an effective mass = 2,5 amu. To 
ease shielding requirements for the 
end cells, we assume that the plugs 
consist ot a single injected species 
- either protons, deuterons, or tri-
tons. Thus, contributions of fusion 
power from the plugs are neglected, 
whereas the plug injection power is 
included in determining Q for the 
system. We take all mirror fields to 
be equal, so that few of the plug ions 
will exit into the center cell. The 
model then simplifies to one ion 
species in the center cell and one in 
the plugs, and one election species 
throughout. The alphas then appear 
only as heating terms in the ion and 
electron energy-balance equations. 

Ion Energy Balance 

We assume that the low-energy 
neutral beams or gas feed maintain a 
constant average neutral density n 
within the solenoid plasma. The 

_3 ionization rate per cm J. required 
to replenish the DT-ion loss rate in 
steady state is given by 

J i = n 0 n c < a v > i = n
c

/ ( n T ) i ' ( 3 - 6 ) 

where <av> is the sum of <ov> (T ) , i e e 
which is the rate coefficient for 
ionization by electron impact, and 
<Ov>.(T.), which is the rate coeffi-1 x 
cient for ionization by ion impact. 
These coefficients are given by the 
dotted and dashed curves, respectively, 
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Fig. 3-4. Rate coefficients for elec­
tron ionization as a function of T e 

and for charge exchange and ioniza­
tion by DT ions as a function of T.. 

in Fig. 3-4. The rate of charge­
's exchange events per cm 

correspondingly given by 
J is ex 

J = n„n <ov> , (3-7) ex 0 c ex 

where <av> (T.) is the rate ex l 
coefficient for charge exchange given 
by the solid curve in Fig. 3-4. 
Solving Eq. (3-6) for n and substi­
tuting into Eq. (3-7), we can write 

2 <ov> 
n-8) ex (nx). <av>. 

Pastukhov's calculation, -.id recent 
l—l o ?f> Fokker-Planck calculations ' 

show that the average energy carried 
out by ions escaping over the poten­
tial barrier is (p + T. per ion lost. 
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Assuming the injected neutral energy 
is small compared to the average ion 
energy, each charge-exchange event 
will result in approximately 3/2T 
loss of energy, with no corresponding 
loss of ion particles (charge exchange 
merely replaces a hot ion with a cold 
one). Thus, th» total energy lost 
per ion lost is given approximately 
by 

/ < J V > \ 
r. 1 + 3/2 - — — 
1 \ <?V>. I 

* 110 T 1/5 i 
(3-9) 

for T. in keV, +5% in the range 
10 < T. < 50 keV. We have used I 
Fig. 3-4 in obtaining the fit given 
by Eq. (3-9), setting T = T . Since 
ionization by electrons is signifi­
cantly less than ionization by ion 
impact, the errors incurred in T 
j* T. are small, permitting Eq. (3-9) 
to be given as a function only of T.. 

We can now express the ion energy 
balance in the solenoid as 

(nx^ + T. 

n2Ul -I.) c 2 V e i/ 

<OV> 
2 <av> f) 

(nT) 

+ ) - n 2 <av> E f f.. U c DT aO a l (3-10) 

In the right-hand side of Eq. (3-10), 
the first terra is the energy transfer 
between ions and electrons by class­
ical equilibration. The equilibra­

tion time multiplied by the electron 
density (n;) . is given by 

(nt) . = 1.25 • 10 T ' cm .s. ei e 
(3-11) 

for DT ions of average mass =2.5 amu, 
for ...'. . = 20, and for T in keV. ei e 
The second term in the right-hand 
side of Eq. (3-10) is the energy 

-3 input per cm given to ions by the 
fusion alphas: <ov> is the DT 
fusion-reaction rate, E „ = 3520 keV ' a.0 

is the initial alpha energy, f is 
•-.he fraction of alphas that are con­
tained and thermalized, and f is 
the fraction of E energy given to 
ions by each alpha that thermalizes. 
According to subsequent discussion, 
f can be considered a parameter 
controlled by the design of the sole­
noid transition regions (adiabaticity 
control). The fraction f. is a func­
tion of T = as given in Fig. 3-5. An 
app 
by 
approximate formula for f. is given 

ft * 0.29 Jtn(Te) - 0.5, (3-12) 

for T g in keV, ±5% in the range 
20 < T g < 60 keV. An approximate 
formula for <ov> is given by 

<av> D T * 5.1 x 10 • l 6[Jta(T ±) - 2.ll 
(3-13) 

for T in keV, +5% in the range 
10 < T ± < 50 keV. 
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Fig. 3-5. Fraction of alpha energy 
transferred to electrons f e and to 
DT ions f^ as a function of electron 
temperature. 

Plug Heating of Electrons 
Since electron heating beneficial 

in a TMR, the injection energy in the 
plugs is made as high as practical to 
allow a maximum fraction of the in­
jected plug ion energy to be trans­
ferred to solenoid electrons by drag. 
For plug ion confinement dominated by 
electron drag, we use the approximate 
formula 

(nr) 1.5 x 1 0 1 0 M E 3 / 2 log i nR P P 10 P 

(cm 's), 

energies E. . * 30 to 40 I and modest m j e 
plug mirror ratios R - 2 to 3. We 
assume either protons, deuterons, or 
tritons, for the plug ions, for which 
M is the appropriate mass number. 
P 

The average plug ion energy in keV E 
is given by 

E = 3.9 P (Vinj) 1/2 (keV) , (3-15) 

where T and E. . are in keV. For e inj 
T * E. ./15 as in a conventional e inj 
mirror machine, Eq. (3-15) gives 
E - E. .. However, because for more 
P ">J 

drag-dominated plugs with lower 
T /E. . the average plug ion energy e inj 2*2 
is less than E. ., E gives a inj p 
better fit to (nt) p in Eq. (3-14) 
than the usual E?'T. For the 

inj 
effective mirror ratio of short, 
2XIIB-shaped plugs at high beta, we 
use an approximate empirical formula 
for R given by P 

R = R / [1 - (g (2)]. p p-vac p ' (3-16) 

which is derived from Fokker-Planck 

Data* 3" 1 8' from 2XIIB indicate that 
the diamagnetic reduction in plasma 
internal field AB is roughly linear 
with beta up to B * 2, hence the 
mirror ratio enhancement factor 
[1 - (3 ID] in Eq. (3-16) rather 

P ij2 
than the usual (1 - g ) factor for 

(3-14) long, thin plasmas. For lower ratios 
of E. ./T and lower mirror ratios, inj e 
Eq. (3-14) will tend to overestimate 
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(nl) ; at the lowest E. .11 = 30 and p inj e 
R = 2 , the error is 20%. For most 
P 

of the intended range of plug opera­
tion, however, Eq. (3-14) should give 
smaller errors. The rate at which 
hot plug ions of energy E >> T 

P e 3 
transfer energy to electrons per cm 

2 of plug volume is given by n E /(nf) , 
where the product of plug density and 
equilibration time in the plugs is 
given by 

(m) ep 5 * 1 0 1 1 M T 3 / 2 (cm - 3, s). P e 

In Eq. (3-17), M is the mass number 
P 

for either protons, deuteron, or tri-
ton plug ions, I is in keV, and we e 
have assumed that 9,nA = 20. Each ep 
cold electron deposited with each 
neutral atom injected and ionized in 
the plugs escapes with an energy 
equal to the total plug potential 
<S> + $ (see Fig. 3-1) plus a trans­
verse kinetic energy T . The fraction 
of plug ion energy available to beat 
the solenoid electrons is therefore 
given by 

2 n 2E P P 
(nr) 

(<j> + * + T ) p e c e 
ep 

n 2 E . . P m j 

(*T>p 

-i; 

(ni) 

f = 
P 

(nr) 
(nr) ep •%< 

The fraction f can be considered as 
P 

the efficiency by which high-energy 
neutral injection in the plugs heats 
the solenoid ions via electrons. 
Typically, •;• * 6T and <!• = 2T are ' r J * e e c e 
required for adequate electron and 
ion confinement, respectively, in the 
solenoid. Using (f + i/ + T ) = 9 T , e c e e 
M = 2 R = 2 , and using Eqs. (3-14), p , p 
(3-15), and (3-17), 

f = 0.27 P 
E. .\l/4 inj 

inj 

(3-17) For a typical T = 40 keV, f = 0 at e p 
E. . = 660 keV, 332 at 1.2 MeV, and inj 
60% at 2.4 MeV. 

Electron Confining Potential 
We assume that the solenoid volume 

V is sufficiently large that the 
total ion loss current from the sole­
noid is much larger than the ion loss 
current from the plugs, even though 
the solenoid ion confinement is better 
than ion confinement in the plug. In 
steady state, quasi-charge neutrality 
requires the electron loss current 
I from the solenoid to equal the 
ion loss current lie from the sole­
noid: I = I , or approximately, 

n 2V e c 
(nx) 

n 2V c c 
(nt). (3-19) 

inj 

(3-18) 
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where (nx) is the product of electron 
density and electron confinement time 
for those electrons in the solenoid 



that see a confining potential of 
magnitude fy (see Fig, 3-1), The 
electron confinement product (nt) is 
given by a formula similar to Eq, (3-2) 
for ions, with M, -• m , T •• T , * i e I e 
K •* R > and <* •>• <h . The electron c c rc e 
collision time is reduced by a factor 
of 2 due to collisions of electrons 
with plasma ions as well as self-
collisions. Using AirA = 20, and 
g(R) = 4, we can write Kq. (3-2) for 
electrons as 

(nt) = 9 * 10 

•' exp!~) (cm~3.s) , (3-20) 

where T Is in keV. liquation (3-19) Is 
only very roughly satisfied when the 
plug current is comparable to the 
solenoid current', as sometimes occurs 
for small TMK's. The Inexactness of 
Eq. (3-20) Is because the plug elec­
trons see a larger confining potential 
it) + <\i and become part of the sole-
"e c 
noid electron density (passing elec­
trons between the plugs and solenoid) 
before escaping to the ends. Thus, 
the appropriate (nt) Lo insure that 
the total electron loss equals the 
sum of. plug and solenoid ion currents 
is somewhat different from Kq. (3-20). 
However, the magnitude of </> that 
adjusts to ensure quasi-charge neutral­
ity can be determined to sufficient 
accuracy (within 5% by substituting 
Eq. (3-20) into Eq. (3-19) and using 

£ ) - > • 
(m), 

9 •'• 1 0 
8 .,,3/2 <"m (3-21) 

For all cases of Interest, <(• II will 
e e 

be between 5 and 7; therefore, setting 
(I, /T = 6 within brackets of Eq. (3-21) u e 
will suffice to give an accurate 
value of <l> I'Y as a function ot T e e e 
and (nt).. 

Electron Energy Balance 

Each electron escaping from the 
solenoid carries out an energy equal 
to I(I plus a transverse kinetic energy 
T . Correspondingly, each electron 

Injected with a plug Ion escapes with 
A + I|I + T energy. The electron e c e 
temperature is determined by this 
electron energy loss out tne ends by 
equilibration with ions, by the 
electron heating from hot plug ions 
and fusion alphas, and by external 
auxiliary beating (if any). We neg­
lect bremsstrahlung and synchrotron 
radiation loss as small (see esti­
mates at the end of tills chapter). 
Using Eqs. (3-13) and (3-19), the 
electron energy balance can be ex­
pressed as 

n 

TnTT 
2 

(i|) + T ) + 'e e 
(3/2) (T V 

(nr) ei 

(nt) ft) 
n from Eq. (3-5) to obtain + 7- n <av>E f f + P 

4 c ao a e e-aux 
(3-22) 
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The first term on the left-hand wide 
of Eq. (3-22) is the electron power 
loss/cm carried out by electrons 
accompanying the ions lost from the 
solenoid; the second term on the left-
hand side is the energy transfer 
rate/cm to ions by equilibration 
when T > T,. The first term on the e 1 
right-hand side of Eq. (3-22) is the 
energy input to the solenoid via 
electrons heated by the plug ions. 
The volume ratio factor V /V in this 

P c 
term normalizes the heating of elec­
trons in the plugs per unit of volume 
in the solenoid. Note that the elec­
tron energy carried out by the elec­
trons accompanying the plue Ions In 
included in the definition of T , 

P 
Eq. (3-18). The second term on the 
right-hand side of Eq. (22) is the 
power density of electron heating by 
fusion alphas. The fraction of alphas 
adiabatically contained and thermal-
ized is f , and f is the fraction of ix e 
3.5-MeV energy given to electrons hy 
each alpha that thermalizes. The 
fraction f is a function of T as e e 
given in Fig. 3-5. An approximate 
formula for f is given by 

slow down on electrons and then scat­
ter into the lo'is cone before giving 
the remainder oT their energy to ions. 
Therefore, electron heating by alphas 
is underestimated in Eq. (3-22) using 
Eq. (3-23), while ion heating in 
Eq. (3-10) is overestimated. Since 
confinement is sensitive to the ratio 
T^/'I^, the approximation that alphas 
are either lost with no energy trans­
fer or else completely thermalizo is 
a pessimistic approximation with 
regard to the effects of alpha heat­
ing on confinement. The last term on 
the right-hand side of Eq. (3-22) 
represents the power input to the 
electrons by external auxiliary heat­
ing per cm of solenoid volume. For 

a given value of E. ., M , R , n /n 
m j p p / c' 

W f.< a"" 'e-aux' a n d u s i n > 5 

Eq. (3-3) for (in), in the solenoid, 
Eq. (3-14) for (nl) in the plugs, 
Eq. (3-1) for .p̂ , and Eq. (3-21) for 
i(i , the ion energy balance Eq. (3-10) 
and the electron energy balance 
Eq. (3-22) can be solved together to 
obtain the ion temperature T and 
the electron temperature T , 

f * 1.5 - 0.29 J.n(TJ, (3-23) Pressure^Balance 

for T in keV, +5% in the range e — 

20 < T < 60 keV. Recall that, by e 
definition, f + f. = 1, for alphas e l r 

which completely thermalize. As dis­
cussed later, some alphas initially 

To relate the densities n and n 
p c 

to the fields B and B in the plugs 
P C I o 

and In the solenoid, respectively, we 
require pressure balance with the 
respective betas ft and ft as para-p c 
meters. By definition, the plug beta 
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is given by 
n (E + T ) 

(Bp/8rr) 
(3-24) 

where E is the average perpendicular 
Pi 

energy of the plug ions, and B is 
the vacuum field in the centers of the 
plugs. The plug mirror field is then 
B = R B . Fokker-Planck calcu-p-max vac p 
lations show that for drag-dominated 
plugs (E. . » T ) and injection per­
pendicular to the field lines as in 
2XIIB, E * 0.9 E . That is, the 

Pi P 
plug pressure is anisotropic, peaked 
in the perpendicular direction. Then, 
neglecting T compared to E , the 
plug density can be expressed as 

n = 2.8 x 1 0 1 5 g p V m a x cm - 3, (3-25) 
P R 2 E 

vac p 
where B is in teslas and E is in p-max p 
keV. By definition, the central sole­
noid beta is given by 

n (T + T. + p /n ) 
0 _ c e x *q c 

C (IT/870 
where p /n is the perpendicular 
alpha pressure per unit central den­
sity given by Eq. (3-58), and where 
B is the external (vacuum) field in c 
the central solenoid. Using Eq. (3-58) 
for p In , the solenoid density can a c 

(3-26) 

be expressed as 

n = 2.5 x 1 0 1 5 $ B 2. c c c 

(T + T. + 1 0 1 1 T 3 / 2 <av>E -f f Y 1 , V e x e aO a ej » 
(3-27) 

where E is in teslas and T , T., and c e x 
E „ are in keV. Given the density 
ratio n /n , the betas 6 and E , and p c* p c* 
either one of the fields B or B , P c 
Eqs. (3-25) and (3-27) can be used to 
obtain the other field. Alternatively, 
Siven both fields, Eqs. (3-25) and 
(3-27) can be used to obtain the 
densities n and n and the density 

P c 
ratio n /n . 

P c 

Plasma Dimensions 

The dimensions of the plugs and 
the solenoid in a TMR are related by 
conservation of magnetic flux through 
the plugs and solenoid and by the 
volume ratio V /V . If we assume c p 
uniform plasma pressure across the 
cross sections of the plug midplanes 
and the solenoid, the condition for 
flux conservation can be written as 

Trr B . = irr B ., c ex P px (3-28) 

where B . and B . are the fields in-cx px 
side the solenoid and plug plasmas, 
respectively, given by 

B . = B (1 - 0 ) ex c c' 
1/2 

(3-29) 
(the long, thin approximation for the 
solenoid) and 

V • B

PI> - V 2 ) ] ( 3 - 3 0 ) 

(the short, fat approximation for 
2XIIB-like plugs). 
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Using Eqs. (3-29) and (3-30) for 
B . and B ., and solving Eqs. (3-27) 
ci pi 

and (3-25) for the external fields 
B and B , respectively, Eq. (3-28) c p 
can be written 

1 - (3 p / 2 ) 

*c> 
1/2 

1/2 

1/4 
0.9E_ 

T + T, 
e J 

+ 1 0 1 1 T 3 / 2 <ov>E „f f e ctO a e 

(3-31) 

Equation (31) relates the radii of the 
plugs and the solenoid when the den­
sities and temperatures are known and 
when the plug and solenoid betas are 
specified. 

We assume that the equivalent 
volume of each plug corresponds to a 
uniform sphere of radius r at den-

P 
sity n at density n and that the 

P P 
solenoid volume is that of a cylinder 
of radius r and length L : c c 

V = 2 ( T 4 r^)(both plugs)(3-32) p \ J p/ 

and 

V \ / 8r m^ 
-ft) (!'•)£)' • '»« 

The radius r will be usually be 
determined by the economic require­
ment for sufficient solenoid fusion 
power per square metre of blanket 
(which scales with r ) , balanced with c 
the requirement for sufficient Q and 
a given total power output. Altern­
atively, depending on the injection 
energy E. , and plug field B , the 
radius of the plug r might be deter­
mined by the requirement for having 
a reasonable fraction of the plug 
neutral beams trapped in the plugs. 
The trapping function f for the 
plug beam is given by 

-Y 
1 - e , (3-35) 

where the attenuation ratio y for a 
uniform density plug, using cross-
section and energy distribution func-

3-21 tions by Riviere, is given by 

V = irr L (solenoid). (3-33) c c c 

Given the volume ratio V /V , the 
P c' 

solenoid length can be determined 
from Eqs. (3-31) through (3-33) when 
either the radius of the flux tube in 
the plugs (r ) or the radius in the 
solenoid (r ) is specified: 

(M — E -E. . inj 

0.91 

(3-36) 

-3 with n in cm r in cm, and E. . P P u ] 
in keV. The competition between the 
need for high E. . and small plugs in] v 5 

may sometimes lead to f substantially 
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less than unity. In all cases, the 
untrapped portion of the beam is 
assumed to be disposed of with no 
energy recovery, a circumstance which 
increases the recirculating power 
fraction and $/kW(e) net for a given 
Q. (Q is by definition the fusion 
power over injection power actually 
trapped in the plasma.) Nonrecovery 
of the untrapped beam is a pessimistic 
assumption, since it may be cost-
effective to directly convert, or at 
least thermally convert, the unused 
portion of the beam. However, a 
design for such a beam direct con­
verter has not yet been made. For 
the reference case (Table 10-2), 90% 

of the beam is trapped; therefore, 
whatever is done with the untrapped 
portion of the beam will not affect 
the energy balance more than 10%. 
For the case of electron heating, 
the absorbed power P in fclq. (3-22) 
is assumed to be the same percentage 
of the injected electron power input 
as the trapped portion of the plug 
neutral beams is of the incident 
neutral beam. 

HEATING BY 3.5-MeV ALPHA PARTICLES 

Adiabatic Containment of 
Alpha Particles 

Since nearly all the 3.5-MeV alpha 
particles are born with pitch angles 
greater than the magnetic loss-cone 
angle in the solenoid, the fraction 
f of contained 3.5-MeV alpha parti­

cles available to heat the plasma is 
determined mainly by adiabaticity. 
Adiabaticity is a function both of 
the particle energy and pitch angle, 
with alphas of greater pitch angle 
and lower energy being more adiabatic. 
The relative jumps in magnetic moment 
k\i/\i that occur when the alphas reflect 
at the ends of the solenoid can be 

3-22 expressed as 

> M /rms 
'0 V exp(-</e) (3-37) 

where the amplitude A ^ 4 for the 
majority of off-axis alphas (A„ is 
less for axis-encircling alphas). 
Assuming a quadratic field variation 
of the transition regions in the ends 
of solenoid, 

,2 

2A 
1 + A 
2A 

(3-38) 
where A = v /v in the uniform field 
region of the center of the solenoid. 
K is an increasing function of A 
(pitch angle); K * 0.70 for the more 
nonadiabatic alphas near the loss-
cone angle 9 = 20° (A = 0.342), and 
k * 2.0 for alphas with 6 = 80° 
(A = 0.985). The quantity e is given 
by 

£ = SETT ' < 3" 3 9> 
0 || 

where v is the alpha velocity. 

2qB„ fl„ ci (3-40) 
M. 
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is the alpha cyclotron frequency at 
the field B . = B ( 1 - 6 ) 1 ' * : inside ci c c 
the solenoid plasma, and where L is 
the field gradient scale length in 
the transition (mirror) regions at 
the solenoid ends. 

Since adiabaticity is strongly 
energy dependent through £ in 
Eq. (3-37), the condition for alpha 
containment can be approximately ex­
pressed as 

(f)Mf)p7 r N 
(3-44) 

where N i l /t, is the number o.e bounce 
of longitudinal bounces an alpha makes 
in the solenoid in one slowing down 
time. Using Eq. (3-37) for (Ap/u) 

rms 
in Eq. (3-44), we obtain 

K/€ > in 
/5N (3-45) 

Ta6 ~ Tae* (3-41) for adiabaticity. Using Eq. (3-39) 
and (3-40), this can be written 

where T „ is the time for an alpha to 
a9 

diffuse in pitch angle by nonadiabati-
city from its initial angle 0 to the 
loss-cone angle 'J , and where T is c ae 
the slowing-down time for an alpha by 
electron drag. Assuming an alpha 
makes a random (uncorrelated) pitch 
angle step of average magnitude 

AO A(v, /v) = (i) (&) (3-42) 
1 \21 \ u / rms 

in each bounce time T, = L /v , bounce c ]! 
Eq. (3-41) can be expressed as 

( 9 a " 9 c ) 2 11 3/2 %. > 5 x 1 0 1 1 T J / 2/n , 
<A0 > /T, e c 

a bounce 
(3-43) 

where we have written the alpha drag 
time T in terms of T in keV and ae e 
electron density n = n . Using e c 
Eq. (3-42) then, the condition for 
adiabaticity is 

\h >~ M) ft) - ( ^ ) • 

B L (1-3 ) 1 / 2 > S i " 1./ ^ 
Bc L,| ( 1 V - K(9) * n(e a - icJ 

(3-46) 
for 3.5-MeV alphas (v = 1.3 x lo 9 cm/s), 
and where B is in teslas, and L„ is c II 
in metres. Consider the two cases 
6 a = 20° and 6^ = 80°, for which < 
=0.7 and 2.0, respectively. For 
the reference case parameters, 
N * 1.7 x 10 bounces at 9 = 20° an' 4 a 

3.2 x i(T bounces for 9 =80°. If a 
we take a typical value for the loss-
cone angle 9 C = 13°, Eq. (3-46) gives 
B cL CJ- - S c ) 1 / 2 > 3,2 I«m for contain­
ment of 20° alphas, and B L„(.l - 3 ) 1 / 2 

c II c 
> 0.7 T'm for containment of 80° alphas. 
If we assume the reference case B 

c 
= 2.2 T and 6 = 0.7, the required 
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field gradient scale length L is 2.7 m 
for 0 = 20° and 0.6 m for 0 = 80°. 

01 'J. 

Since either field gradient length 
could probably be designed for the 
solenoid transition regions, the 
minimum alpha pitch angle 0 . for 
adiabatic confinement could be chosen 
anywhere between these limits, giving 
a fraction of contained alphas f 
= cosO . ranging from 94% to 17%. amin ° 
In the absence of nonadiabatic effects, 

3-20 
Fokker-Planck calculations indi­
cate that 70% of the alphas thermalize 
for a mirror ratio R = 10(0 = 18°). c c 
The 30% alpha particle loss is due to 
Coulomb scattering on plasma ions 
after most of the alpha energy has 
been lost to electrons and ions by 
drag. Most of those alphas lost would 
have been those born near the loss-
cone angle. For f < 1 due to non-
adiabaticity, alpha loss by Coulomb 
scattering will be less important. 
For the present physics model, we 
assume that all adiabatically con­
tained 3.5-MeV alphas (0 a > 6 ± n ) 
completely thermalize; i.e., we 
neglect Coulomb loss during thermali-
zation of those alphas. Since the 
ion heating will thereby be over­
estimated compared to electron heat­
ing (an unfavorable effect), we may 
sometimes try to offset some of the 
disadvantage of this simplifying 
assumption by taking f = 1 even 
though f a < 0.95. 

Alpha Heating of Ions and Electrons 
Assuming that those alpha particles 

that are adiabatically contained 
survive to thermalize completely, we 
wish to determine the fractions f 

e 
and f of the initial alpha energy 
E „ that are transferred to electrons 
and DT ions, respectively. By defini­
tion, then, 

f + f. = 1 (3-47) 

Following a treatment by Rose, we 
can determine the functions f and 

e 
E^ from the drag rates of alphas on 
electrons and ions. If we assume 
that \ » T e, T ± > the decay of alpha 
energy is given by 

dE 
a 

dt 

where 

T - 5 * 1 0 1 1 T 3' 2/n ae e c 

(3-48) 

(3-49) 

is the drag time on electrons and where 

T . = 1.7 x 10 9 E 3 / 2 / n (3-50) ax a / c 

is the drag time on DT ions in the 
solenoid. (All energies are in keV; 
InA ae JlnA.. = 20.) Equation (3-48) 
can be expressed as 

dE 
a 

dt "f? 3/2 
, (3-51) 
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where 

k = 1.43 lO" 3 T 3 / 2 , (3-52) 

and where E . = 3500 keV is the inl­et u 
tial alpha energy. Note that as long 
as E » T , T., the rate of alpha a e x r 

energy loss depends only on T and 
E... The ion temperature T does not 
matter until the alpha velocity 
approaches the ion velocity, by which 
time the alpha has lost nearly all its 
energy. The alpha energy decay is 
initially exponential with a time 
constant x , but when E < 30 T , 

ae a ~ e 
the ion drag term [the second term 
in brackets in Eq. (3--51)] becomes 
dominant, and the alpha rapidly loses 
its remaining energy to the ions. 

The solution to Eq. (3-51) for the 
alpha energy is given by 
E (t) = E n [(k + 1) e " t ' - k ] 2 / 3 , 

where 

3t 
2T 

(3-53) 

(3-54) 

The fraction of alpha energy trans­
ferred to ions is correspondingly 
given by 

Note that the alpha completely therm-
alizes (E •* 0) when t' = £n[(k + l)/k] 
The fraction of alpha energy trans­
ferred to electrons is then given by 

ae J \ ae/ •' 

«,n[(k+l)/k] 

•[' 
n2/3 

• (k + l)e J dt" . (3-55) 
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If 

dt 

n[(k+l)/k] 
kdt 

t(k + l)e _ t - k j 1 / 3 

(3-56) 

A plot of f and f. as a function of e i 
T is shown in Fig. 3-5. Note that e 
alphas transfer more energy to ions 
than to electrons for T > 33 keV. e ~ 
Ratios of I /I. > 1 improve electro-e l 
static confinement in a TMR, a process 
'lich requires more energy into elec­

trons than ions. However, because 
alphas heat the electrons less than 
ions for T i 33 keV, ignition at such e 
temperatures occurs only with T / 
T. < 1 and requires fairly large 
density ratios (see "Q Scaling in a 
TMR"). Additional electron energy 
input, either by plug ions or other 
external sources, is required to 
obtain T /T. > 1. e l 

Hot-Alpha Pressure 
Associated with the instantaneous 

3 
power input per cm to electrons from 
fast alphas is a required alpha pres­
sure p giving a stored energy den­
sity * 3/2 p in the form of hot 



alphas slowing down. Assuming that 
the average energy of the slowing-
down alphas is much greater than T , 
one can express power balance between 
fusion production of alpha energy and 
a'pha energy loss by drag from the 
electron component as 

1 2 7- n <Ov> E . f f 1 4 c aO a e. (3-57) 

Q given by Eq. (3-4) can be general­
ized to include the electron heating 
power: 

Q = 7 (nt) <av> 4 p 

where 

& ) ( ' 

(1 - F ). (3-59) 

where T is given by Eq. (3-49), and 
f is given either by Eq. (3-55) or e 
more conveniently by Eq. (3-23). 
Using Eq. (3-49), 2q. (3-57) can be 
solved for the hot-alpha pressure per 
unit density in the solenoid : 

P V e-aux c 

11 3/2 = 1 0 i x T ' <av> E „ f f . e au a e (3-58) 

For the reference case parameters 
(Table 10-2), the ratio of alpha 
pressure to electron plus ion pressure 
p / [n (T + T.)] a 36%. r a c e x 

Q SCALING IN A TMR 

The Q in a TMR depends on a number 

inj of independent plasma parameters — E 
M , n /n , V /V , and f -and also p' p c c p a 
depends weakly on the plasma betas 
f$ and g insofar as they affect the 
mirror ratios R and R seen by the 

P c 
plug and solenoid ions. For the case 
with auxiliary electron heating, the 

a E, . V \ P in.] P ' 
(3-60) 

(nt) r P V e-aux c 

is the ratio of direct electron heat­
ing power to the total power (neutral 
beam plus electron) injected into the 
plasma. In the limit F e •+ 1 (dominant 1 2 electron heating), Q ->• j n <<Jv> E 
P , so that Q no longer depends e-aux 
on the plug parameters or V /V . 

c p 
For an economic TMR, the goal is 

not just to maximize Q, but to mini­
mize capital cost per kilowatt. If 
there were no restrictions on n /n 

P c 
or V V , Q could be made arbitrarily 

c p' ' 
large according to Eq. (3-59). How­
ever, increasing n /n generally in­
creases blanket cost per kW; higher 
V /V generally requires larger re­
actor size and power. Nevertheless, 
a high Q is necessary also to keep 
the recirculating power small. One 
of the most uncertain reactor cost 
estimates at the time of this study 52 



is the cost of the MeV neutral-beam 
injectors for the plugs. Depending 
en how large the S/kW of recirculat­
ing power by those beams is in the 
final analysis, Q may possibly need 
to be increased to ten or more for 
economic operation. In that event, 
it is desirable to know the various 
ways tc scale up Q in a TMR. 

Subignition Case 
Let us consider first the situation 

where alpha heating alone is not 
sufficient to energetically sustain 
the solenoid. The solenoid requires 
additional energy input in steady 
state, preferably in electron heating 
of some form rather than in ion heat­
ing. In the reference case, the 
extra energy comes from plug ions 
heating the electrons, parameterized 
by the fraction f of neutral-beam 
power that is available to the sole­
noid electrons. Auxiliary direct 
heating of electrons is parametrized 
by the fraction F of total injection 
power that is direct election heating. 
The plug parameters are coupled to 
solenoid parameters though the elec­
tron energy balance Eq. (3-22). 
Equation (3-22) can be solved for the 
volume ratio, giving 

V

P \ n J (nT)

P l" 1 

(nT). 3 , 
- + T • 7—T" (|XT - V " •?K f- f« E-n Le e (nl) . 2 e 1 2 b J e 10. ei 

2 (in). <Jv> 
where f = r — — 

b i , I 

(3-61) 

(3-62) 
1 + I ( n T ) i < a v > 

is the burnup fraction. Substitution 
of Eq. (3-61) into Eq. (3-59) then 
gives 

(nt) 
l I M(T - T ) - if f f 

(nl) e l >2/ Ue 1J z V a e 

(3-63) 

Note that Q is directly proportional 
to the burnup (f./l - f, ) , hence b b 
proportional to (nt)., a dependence 
not apparent in Eq. (3-59). When 
there is no auxiliary electron heat­
ing (F = 0), Q is directly propor­
tional to the plug heating fraction 
f • The way to increase Q with f is 
P P 
to raise the injection energy E. . 
according to Eq. (3-18). However, 
raising E. .at fixed 6 and B «ij p p 
decreases plug density and solenoid 
fusion power density. When E ./T 
is such that f = 0 by Eq. (3-18), Q 
is directly proportional to F . 
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Compared to the reference case with 
f ~ 1/3, a case with electron heat-
P 
ing and f = 0 would need K > 1/3 to 
do as well, assuming the generating 
and injection efficiency for electron 
heating were the same as the neutral-
beam efficiency. 

For the case of no electron heating 
(F = 0), Fig. 3-6 shows the variation 
of 0, T , and T. with volume ratio -t» e l 
V V (i.e., solenoid length) for a c p 
fixed plug injection power, a fixed 
in.ection energy E. . = 1 MeV, and a inj 
fixed density ratio n /n = 10. p c 
Deuterium plugs, R =2.5, and an 
alpha containment fraction f = 1 are 
assumed. As the volume ratio is in­
creased, the power input per unit 
volume oC solenoid from the plugs is 
decreased, so that the equilibrium 
electron and ion temperatures decrease 
monotonically with V /V . However, c p 

the total solenoid fusion power is 
increasing faster due to the volume 
increase than it is decreasing due to 
the decrease in T. and <J'V>. Beyond 
a certain volume ratio, however, the 
rate of decline In <'jv with T. cannot 

l 

be compensated for by increases in 
volume, and q decreases. 

Condition for Ignition 
The conditions for alpha heating 

alone to sustain the solenoid (igni­
tion) can be expressed as 

1 2 
7 n <ov> E.If = -j-V 
4 c u0 u. e (nT) 

(nT) © a. 

("L + TJ 

T.) (3-64) 

and 

500 1000 1500 1900 
Volume ratio, V„ /V„ 

F i g . 3 - 6 . V a r i a t i o n of Q, ^ , and T. 
w i t h volume r a t i o V c V p ( s u b i g n i t i o n ) 
f o r n p / n c = 10 , E i n j = 1 MeV, f a 

1 2 
y n <av> E . f J , = , c . - (* + T ) 4 c a0 a i ( n T ) . v + c i 

= (*) (nrTT (f) < T e - V - <3"65> 

Adding Eq. (3 -64 ) and (3 -65 ) and u s i n g 

f + f = 1 and (nT) . = ( n i ) , we 

o b t a i n 

1 2 -r n <av>E . f 4 c aO a 

1 . 0 , and F e = 0 . ( n T ) , (4> + * + T + T , ) , (3 -66) 
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4(; + ; + T + T.) p r t1 1 (ni). = — (3-67) 
1 ^ ^ o 1 " . 

For ignition, (ni). has a minimum 
14 -3 X 

- 7 •< 10 cm at n /n * 17. P = T ^ T. * 40 keV, f = 1. The required e l u 
(ni). for ignition in a TMR is higher 
than in tokamaks because the energy 
carried out per ion-electron pair is 

3 greater than y (T + T.) due to the 
potentials. On the other hand, the 
ions fall through the combined poten­
tial <h + 1 on escape, making effi-

e c 
cient direct conversion possible in 
a simple one-stage direct converter 
with a collector potential at <£ 
+ v 

Ideally, the plugs should not in­
put any net electron energy to the 
solenoid under conditions of ignition; 
i.e., f = 0. The solenoid parameters 

P 
can then become uncoupled from those 
plugs; T and T. become independent 
of V V . In Eqs. (3-61) and (3-62), 
this means that the denominators of 
the energy ratios in brackets go to 
zero, in accordance with Eq. (3-64). 
V V and Q can then assume any value. 
Although the effective Q of the sole­
noid alone is infinite at ignition, 
a fixed neutral-beam power must always 
be injected to maintain the plugs. 
The tandem mirror system Q according 
to Eq. (3-59) then scales up linearly 
with V /V , or solenoid length, c p 
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Development of such a reactor would 
have the attractive possibility of 
starting out at small power levels 
with a short solenoid, which could 
later be lengthened by simply adding 
solenoid modules to increase both Q 
and power output without changing 
plug or solenoid parameters. As an 
example, Fig. (3-7) shows Q as a 
function of volume ratio at a density 
ratio sufficient for ignition, 
n In =16.5. All other parameters p c 
are the same as in Fig. 3-6. Q is 
seen to increase indefinitely with 
volume ratio. T and T. approach e I 
constant asymptotic values = 40 keV 
at large volume ratios, so fusion 
power is also increasing proportional 
to volume. T and T. actually vary 
slowly with the smaller values of 
V /V because the assumed injection c p J 

10 5 10 6 

Volume ratio, V c/V 

Fig. 3-7. Variation of q, T e and Ti 
with volume ratio V c/V p (ignition) 
for n p/n c = 16.5, E i n j = 1 MeV, 
f a = 1.0, and F e = 0. 



energy E. . = 1 HeV is too high for inj 
£ to be exactly zero at the asymptotic 
ignition temperatures of 40 keV. 
Some unnecessary energy is being in­
put by the plugs. The energy input 
is significant only at small solenoid 
volumes, at which T heats up to ap­
proximately satisfy f " 0 . An in-

P iectton energy E. . ^ 660 keV would 
inj 

allow the plugs to completely decouple. 
Unfortunately, the constraint of 

a maximum plug density at practical 
plug magnetic fields makes the fusion 
power density in the solenoid uneco-
nomically low at the density ratio 
n /n =17 required for ignition and 
at a total net power output of 
1000 MW(ej. Ine plasma radius in the 
plugs and solenoid can be scaled up 
to achieve any desired wall loading 
on the blanket, but only at an in­
crease in total power. The parametric 
analysis in Chapt. 10 shows that mini­
mum reactor cost at a power level of 
1000 MW(e) occurs at n /n * 9, at 

P c 
which the power input to the solenoid 
from the plugs is comparable to the 
input by alpha particles. The per­
centage of alpha heating increases 
asymptotically to 100% (ignition) as 
the reactor power is increased. 

RADIAL DIFFUSION OF THERMAL ALPHA 
PARTICLES AND IMPURITIES 

H"re we consider the removal of 
thermal alpha particles and higher-Z 

impurities in a TMR by classical 
radial diffusion across the solenoid 

3-3 field, as suggested by Dimov. 
Such diffusion can occur by collisions 
between the higher-Z ions and the 
majority species of DT ions much more 
rapidly than the usual diffusion of 
ions by momentum-transfer collisions 
with electrons. For the moment, let 
us consider only thermal alphas as 
impurities. We assume flat radi.il 
density and temperature profiles in 
both the plugs and in the solenoid, 
as shown in Fig. 3-8. Thermal alphas 
generated by fusion reactions and 
cooling down within the interior 
diffuse to the boundary, sustaining 
a negative radial density gradient of 
alphas dn /dr < 0. Let us assume 
there is some mechanism of removing 
thermal alphas preferentially from 
the boundary layer, so that the alpha 
density at the boundary is small, 
n (r ) * 0. One such mechanism a c 
is to inject high-energy neutral beams 
tangentially into the boundary layer, 
heating the ions T., T >•)>., where 1 a b 
$ is a small boundary layer potential 
barrier reduced by a lower T in the 

e 
layer. The DT ions in the layer are 
contained for a collision time as in 
a high-temperature, Q = 1 conventional 
mirror machine. Alphas with Z = 2 and 
higher-Z impurities are then prefer­
entially expelled from the layer 
because o? their higher scattering 
rate. 
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High-energy 
neutral beams 

Low-energv 
neutral beams P„ (total) 

Fig. 3-8. 

Plug radius, r 

Radial profiles of solenoid and plug. 

For the case where there are no 
thermal gradients (3T/3r = 0), Long-
mire and Rosenbluth 3-24 derive the 
flux T _ of Species 1 due to the col­
lisions with Species 2, which can be 
written for T, = T, as 

'12 
2TTM 1 2C 

3n 2 

"l 3T 

1/2 2 

B~ 
JlnA 

3n. 
n2 37 

12 

(3-68) 
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where M is the reduced mass. 
Equation 68 predicts that the net 
charge flux is zero 

Vl2 + V21 = ° (3"69) 

3-25 Rose shows this to be a direct 
consequence of momentum conservation 
for guiding-center displacements due 
to individual collisions. Thus, no 
radial electron transport is required 
for charge neutralization of alphas 
diffusion outward on DT ions, since 

there is a flux of DT ions diffusing 
inward that is twice as large. This 
also means that in steady state, the 
diffusion of DT fuel into a local 
volume exactly balances the radial 
loss of thermal alpha from that volume. 
Thus, if most alphas thermalize, a 
local injection strength equal only 
to the unburned DT fuel loss is 
required. Of course, the extra fuel 
diffusing inward must be supplied by 
injection in the plasma boundary to 
compensate for fuel loss by burnup in 
the plasma interior. 

Letting Species 1 be thermal alphas 
and Species 2 be DT ions with an ef­
fective mass of 2.5 amu, the flux of 
alphas by Eq. (3-69), with UnA . * 22, 
becomes 

r . = 6.1 x 10' 
-12 

where T = T̂  is the ion temperature 
in keV, and & is the field inside 
the plasma of the solenoid in teslas. 
Note that if the majority species of 
DT ions had a sufficient negative 
radial gradient, the flux of alphas 
could be inward I' . <0 even though 
the alpha gradient were negative 
dn^/dr < 0. Thus, it is important to 
keep dn../dr zero or positive, as in 
the central zone in Kig. 3-8. 

If there were no axial loss of the 
majority DT fuel ion species, cross-
field diffusion of DT ions diffusing 
on electrons and on the alphas would 
proceed irreversibly to a negative 
DT ion density gradient dn,/dr < 0. 
The outward diffusion of alphas would 
then be shut off until the alphas 
built up in the center to a point 
where the alpha density gradient term 
n i 3 l V a r l n E q - (J""7°) exceeded 
Za nu 3 n j / 3 r - F o r small burnup frac­
tions f * 0, the net alpha flux 
would be small, so that in steady 
state 

3n. 
E n ^ 
a a dr 

3n 
x 3r * 0 . (3-71) 

Equa t ion (3 -71 ) can be i n t e g r a t e d t o 
g i v e 

/F7s\ 
1 CI 

dn. 
Z n - r - i 

a a d r 

dn . 

" n i d T (3 -70) 
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where n „, n are the alpha and DT 
ion densities at r = 0, and n , n., 

tb lb 
are the corresponding densities at 
the plasma boundary r = r . If the c 
DT ion density decreased by a ratio 
of 10 from the center to the boundary, 
and the alpha fraction was 1% at the 
boundary, the resulting alpha fraction 
in the center would be unity by 
Eq. (3-72). Highcr-Z impurities would 
concentrate even more. Only because 
the dominant loss of DT ions is axial 
is it possible to preserve dn./dr £ 0 
by an appropriate distribution of 
neutral injection in the solenoid, 
giving rapid outward diffusion of 
alphas and impurities. 

We now wish to calculate the steady-
state alpha fraction C s n In. at 

a M I 
r = 0 using Eq. (3-70) under condi­
tions /f a constant radial pressure 
profile as in Fig. (3-8), such that 
the internal field B . = B ( 1 - 3 i 1' 2 

Cl C C 
is uniform in radius. The condition 
that the total solenoid pressure p 

c 
be constant can be written 

witli radius. Assuming T = 40 keV 
and T. = 30 keV (reference case) and 

i 
using Eq. (3-58) for p /n , we can 

j . e 
write Eq. (3-7.0 

n, + n + (n. + 2n ) (1.33) 

0.58nT 
1 + 

(n. + 2n ) 
constant. 

(3-74) 

Taking the derivative of Eq. (3-74) 
with respect to r and assuming 
C •'•' 1, we obtain 

dn. l 
dr 0.68 

dn 
A 

dr (3-75) 

to first order in C . By substituting 
Eq. (3-75) into Eq. (3-70), the alpha 
flux can be written 

dn , , ,. „ ci alphas i . - -\i — — — j ; » on a dr 2 cm -s 

(r < r ) , (3-76) 

n.T. + n T + n T (1 + ~ ~ ) 1 1 a ci e e \ n T I \ e e / 

constant (r < r ) , 

where the diffusion coefficient D is 
a 

given by 

T e e ' 

(3-73) 6.1 x io" 1 2 n. (1 + 1.36C ) 
= i a 2, 

cm /s. where p is defined in Eq. (3-57). 
Since equilibration between thermal 
alphas and DT ions is rapid, we can 
take T = T. = constant. We assume 

a i 
nearly uniform (nx). in radius, so we 
can also approximate T * constant, 

/T. B 2 (1 - $ ) l c c 
(3-77) 

2 2 In Eq. (3-77) we have used B' = B ci c 
(1 - 3 ). Anticipating small alpha 
fractions C « 1 over r < r , and a c 
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because the radial profile is kept at 
constant pressure by appropriate 
neutral-beam injection, we note that 
D is approximately constant with 
radius. Me obtain the steady state 
alpha density profile from the 
diffusion equation 

1) 
d 2n 

a -f + \ dr 
0 , 

whe re 

J = f fy n2. <0v>) 

(3-78) 

(3-79) 

is the source strength of the thermal 
alphas. For the same reasons noted 
above, J is nearly constant with 

a 2 2 radius, so d a /dr » const. The a 
solution to Eq. (3-78) is then 

c > = -uy < (3-82) 

Thus the density profile of the ther­
mal alpha is 

2 J r 
n, (r) 1 - - A . (3-83) ft1 ' 4D 

We are interested in the average alpha 
fraction over 0 < r < r : 

C * 
J r a c 

a 8D n. 
a I 

(3-84) 

Using Eq. (3-77) for D , assuming C 
in the range of 10%, and using 
Eq. (3-79) for J , we obtain 

(r) = C, + C 2, (3-80) 

whore the constants C and C are 
determined by the boundary condition 
at r = r on the total alpha flux; 

dn 
a dr • 2itr S, = J itr I , r=r c a c 

a 
4D_. 

(3-81) 

and by the boundary condition that 
the alpha density go to zero at r = r ; 

n « ( r ) | r=r " °> 

C * 4.5 * 10 E <av> 
a a 

/ Ti ( r c V ( 1 " B c ) - ( 3 _ 8 5 ) 

For the reference case parameters at 
B = 0 . 7 and taking f = 0 . 7 for the 
c ° a 

actual thermalization fraction (see 
"Alpha Heating of Ions and Electrons"), 
Eq. (3-85) gives C = 2 0 % . However, 
with the same parameters except for 
8 = 0.95, £ = 3%. Thus, high beta 
in the solenoid is important for ef­
ficient alpha removal. At any beta, 
a re-optimization of power cost with 
a self-consistent alpha fraction would 
probably result in lower values of 
C by compromising f , T., and r . 
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Probable values of c in the neighbor­ly 
hood of 5%, depending on f? , would 
result in lower (ni) . by a factor of 
Z C * 20% due to enhanced DT ion 
a a 
scattering on the alphas. However, 
as noted in previous discussion, 
favorable ion cooling effects by 
burnup and alpha loss have also been 
neglected as well as the thermal 
alpha fraction in this study. 

Should higher-Z impurities somehow 
manage to get into the solenoid, 
Eq. (3-68) shows that the radial 
diffusion flux J* and diffusion co­
efficient D for impurities increase 
proportionally to Z. In addition, the 
source strength of high-Z impurities 
will likely be very much smaller than 
the DT fuel burnup rate (20%), there­
fore, we may conclude that under con­
ditions in which thermal alphas can 
diffuse out, higher-Z ions will do 
so also, at concentrations that will 
always be much smaller than alpha 
concentrations. 

SYNCHROTRON RADIATION LOSSES 

Since high electron temperatures 
are desirable in a TMR, synchrotron 
radiation losses would appear, at 
first sight, to be important. How­
ever, the plasma beta in the solenoid 
is also expected to be high, reducing 
the magnetic field in the plasma. 
Radiation in the plugs should not be 
dominant because although the density 

and field are higher there, the 
volume of the plugs is sufficiently 
small compared to the solenoid volume. 
Bremsstrahlung is negligible compared 
to the fusion power since the ion 
temperature in a TMR is always well 
above the bremsstrahlung ignition 
temperature of 4.5 keV for DT. 

To evaluate synchrotron radiation 
loss, we make use of formulas by 
Trubnikov, using an effective 
plasma radius r /(1 - R ) in the p w 
presence of conducting walls having 
reflectivity R , as suggested by 

W 3-27 Drummond and Rosenbluth. The 
3 synchrotron radiation loss per cm 

of plasma is 

P = 6.2 * 10" 1 7 B 2 n T sync l e e 

. -i - S - K w ™ J ) , (3-86) 
K 2 (mc2/Te) L V ' 

-3 where B. is in teslas, n is in cm , l c 
and T is in keV. K and K„ are 

e 3 2 
modified Bessel functions with argu-

2 ments mc /T , the electron rest mass e 
energy over the electron temperature. 
The ratio K-/K can be expanded for 
large argument to give 

K,(mc'/T ) T 
3 e = i + _ £ _ . . . K,, 2.„ . 204 
2(mc /T_) 

(3-87) 

for T in keV. The dimensionless e 
coefficient IC for plasma reabsorp-
tion of radiation can be expressed by 
an approximate formula given by Rose, 3-23 
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which fits Trubnikov's exact calcula­
tions within 10% up to T = 150 keV: 

\ = 2.1 x 10 •P»/r*. (3-88) 

for T in keV. Equation (3-88) is e 
valid only for IC « 1, or strong 
reabsorption, as is usually the case. 
The dimensionless plasma length S£ with 
reflecting walls can be approximated 
by 

( 2 
*?* I. V \( ^ - 1 . (3-89) "(A:) 

The internal field B. is determined 
l 

by the plasma beta (3 and pressure 
balance: 

B7 

1-6 \8TT 
= n T + n.T. e e i i (3-90) 

Assuming n = n. and T = T., Eq. (86) 
can be written, using Eqs. (87) 
through (90): 

P % 3.8 x 1 0 - 3 7 n 2 T 1 7 / 4 

e e sync 

p 

3/2 

where <r B> P 

(3-91) 

(r) dr (3-92) 

is a quantity proportional to the 
number of ion gyroradii across the 

plasma (which may have some minimum 
value). For the solenoid, the effec­
tive wall reflection coefficient with 
holes at the ends for the low-energy 
neutral beams and connection to the 
plugs averages out to E i 0.99. In 
the plugs, the end holes have rela­
tively more area, so R * 0.90. The 

' w 
product <r B> - 1 T«m in the solenoid 
and 4 T -m in the plugs. For the 
reference TM" reactor parameters at 
T = 43 keV, T. = 30 keV, the ratio e l 
of fusion power to synchrotron radia-3 tion power P, . /? > 5 /• 10 at 

r fusion sync ~ 2 = 0.7 in the solenoid. Thus, c 
synchrotron radiation would be small 
even if T were higher. In the plugs, 
the ratio of the neutral-beam power 
in the plug to synchrotron radiation 
Tn E. ./(TIT) 1/P > 40, so radiation L p inj p J sync 
is small there also. 
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SUMMARY 

Tie new concept for a mirror 
fmion power plant, the tandem mirror 
reacL-ir (TMR) , nails for two plugs of 
dense plasma at either end of a 
central solenoid cell. A blanket 
design for the central cell is pre­
sented. Because of their linear, 
axisymmetric geometry, blanket mod­
ules can be permanently mounted on 
crawler tracks and serviced by remote 
welding and handling machines of very 
simple design. Three blanket designs 
are considered; the best, presented 
in some detail, has lithium as the 
breeder material and is helium-
cooled. 

The plug magnet must have high 
field strengths. A novel magnet com­
posed of a simple mirror pair sur­
rounding a small Yin-Yang pair satis­
fies the physics of the end plugs. 
Because 1,200-keV beam sources pre­
sent special problems, methods of 
voltage standoff, arc damage control, 
and neutralisation are discussed. 
New secondary containment ideas are 
presented that allow removable roof 
sections of balanced design. 

INTRODUCTION 

In a new concept for a mirror 
fusion reactor proposed by Fowler and 

4-1 4-2 
Logan and Dimov et at., the 
power output comes from a central, 

axisvmmetric solenoidal cell of 
length appropriate to the desired 
total electricaj power of the 
reactor. Losses from the ends of the 
central cell are prevented by a dense 
plasma plug at each end. 

Each plug requires a Yin-Yang or 
Baseball coil having a low mirror 
ratio but a field strength in the 
16-T to 20-T range. Neutral-beam 
injection is required to maintain the 
plug plasma; our calculations 
indicate that the best injection 
energy is 1,200 keV. The ambipolar 
potential of each plug provides 
electrostatic stoppering for central-
cell ions and allows reactor designs 
with large values of Q (fusion power/ 
injected power). The field strength 
of the central-cell solenoid is about 
one-tenth that of the plugs, well 
within today's superconducting-magnet 
technology. 

Fusion reactor designs abound. 
The fusion community appears to agree 
that a demonstration reactor must be 
presented in about two decades. Any 
new approach to plasma containment 
must stand firm before the question, 
"Can a mechanically and operationally 
reasonable power reactor be designed 
using this physics concept?" 

The Tandem Mirror Reactor stands 
up well to this engineering critique. 
The central-cell technology is 
largely state-of-the-art. Only in 
the consideration of first-wall life 



are we forced Co admit that our pro­
jections are uncertain; however, we 

2 note that the wall loading of 2 MW/m 
is about the same as that in other 
fusion reactor designs. Only the 
construction of a reactor will allow 
design data to be obtained. In all 
other areas of design, the construc­
tion and successful operation of 
similar equipment have been accom­
plished by others and/or ourselves. 
General Atomics has operated a reac­
tor cooled by helium gas. Lawrence 
Livermore Laboratory (LLL) and other 
laboratories have operated large 
superconducting coils in the 2-T 
regime. The Apollo space capsules 
were welded automatically by the same 
methods proposed here. Remote 
assembly tools of greater complexity 
than needed here have seen service in 
several fission-power plants. 

CENTRAL-CELL BLANKET MODULE 

Design, Installation, and Replacement 

This solenoidal, axisymmetric 
portion of the reactor is probably 
the simplest to construct and service 
of any fusion reactor design yet 
proposed. The total length is 100 m, 
and that is composed of 36 blanket 
modules, each 2.78 m thick and weigh­
ing ~620 tonne. 

Each blanket module has the 
following components: 

• Vacuum wall cylinder with weld 
flanges, 

• Superconducting solenoid coil 
in its vacuum jacket, 

• Support frame, 
• Main helium supply and return 

ring-manifolds and distribution pipes, 
and 

• Blanket/shield segments (24 per 
assembly). 
All items except the blanket/shield 
segments can be assembled outside the 
main access door and conveyed into 
location on air pallets. The weight 
prior to blanket/shield installation 
is approximately 313 tonne. The 
assembly can then be completed inside 
the central-cell bay using the 
automatic tools described below. 

Each module (see Fig. 4-1) is 
permanently mounted on a "crawler" 
transporter of the type now used to 
transport reactor pressure vessels 
and other heavy items. The motor-
driven crawler can move the blanket 
module about 12 m perpendicular to 
the cell axis after two circumferen­
tial welds joining the module to its 
neighbors have been ground off and 
the two helium maoitolds disconnected. 
A guide I-beam (part of the building 
structure) prevents the module from 
toppling while in the service posi­
tion. The weld is removed and re­
joined by a "skate" that is remotely 
and automatically driven around the 
cell circumference. A very similar 
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Fig. 4-1. Blanket module for the TMR. 

system was used by Skiaky Bros. 
4-3 

Inc. in welding the Apollo re­
entry capsule. 

After being withdrawn from the 
solenoid, the blanket module is 
approached from each side by remote 
servicing machines. On one side, a 
machine removes helium manifold welds 
(and re-welds during re-assembly). 
On the other side, a rotating fork 
indexes to the particular blanket 
section being removed and withdraws 
it from the mounting slots fixed to 
the cylindrical vacuum wall. 

The blanket module is divided 
into 24 identical, wedge-shaped 

blanket/shield segments. Removed 
blanket/shield segments are delivered 
by the fork assembly machine to a 
conveyor for transport to a hot-parts 
storage and processing area where 
blanket and shield can, in due time, 
be separated. The shield can be 
reused. Old blanket components are 
removed in special railroad cars for 
appropriate disposal. 

An alternate method for replacing 
the blanket module, which will 
be considered in future refinements 
of this reactor, is replacement of a 
complete 620-tonne module. At this 
time, maneuvering such an unstable 
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mass to an exit door and then revers­
ing the process vith a new module 
seems unnecessary and fraught with 
difficult design problems affecting 
what now is a simple building 
structure. 

Energy Conversion in the 
Blanket/Shield Segments 

There are many ways to build a 
blanket/shield for use in fusion-
neutron energy-conversion. The 
following simple and most obvious 
were selected for comparison: 

• Liquid lithium circulated to a 
heat exchanger. 

• Quasi-static liquid lithium slowly 
circulated only to remove bred tritium 
and cooled by helium carried in 
buried pipes, 

• A static breeder — such as 
lithium aluminate, lithium beryllate, 
or liquid lithium — cooled by high-
pressure helium gas. 

Circulated Liquid Lithium. We 
considered using liquid lithium circu­
lated to a heat exchanger as one 
technique for converting fusion-neutron 
energy. Figure 4-2 shows a possible 
design. We found two major drawbacks 
to this technique: 

• The electrical power required 
to drive the lithium-circulating pumps, 
and 

• The required purging, special 
valves, and auxiliary heating systems. 
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The chief obstacle to flowing 
lithium results from the magnetohy-
drodynamic (MHD) pressure drop 
required to force the conducting 
fluid across magnetic field lines, 
livery gram of lithium must flow twice 
across the solenoid flux. The space 
occupied by the coil is two-thirds of 
the module length; the weld flanges 
and welding skate take much of the 
remaining space. The resulting 
diameter of the channel in which the 
lithium flows from the manifold ring 
to the blanket segment is 15 cm, and 
the resulting flow velocity is 0.24 
m/a. Using this value, we evaluated 
the lithium circuit for MHD pressure 
drop: 

APMHD = V V B c r f r 2 3 5 p s i -
where 

",, = 3.05(10)6 mhos/m conductivity 
of l i thium 

h = flow length, 
V = flow ve loc i ty , 

B = magnetic f ield s trength 
perpendicular to flow, 

C = ' °wal l * ( w a 1 1 t n i c l ™ e s s ) ] / 

' " l i th ium X ( r a d i u s o f f l o w 

channel)] 

When the MHD and hydraulic pressure 
drops are summed, 

MHD AP 235 psi 
Hydraulic AP 50 psi 

Total circuit AP 285 psi 



B,C Sym 

Vacuum 

Fig. 4-2. Possible design for a circulating-lithium blanket/shield segment. 
Arrows show lithium flow. 

the total is equivalent to about 15 
MW of electrical power needed to 
drive the lithium circulating pumps, 
or 1.5Z of the net electricity output 
of the plant. 

Although large, that amount of 
power is not what caused us to choose 
another system. The main factor 
influencing the decision was the 
requirement for elaborate purging and 
valve systems and large auxiliary 
heater systems. These systems would 
be necessary for valving-off and 
subsequent decoupling of large 
lithium supply and return ducts, re­
moving blanket segments, and prepar­

ing for lithium circulation after 
reassembly, all procedures that re­
quire opening internal piping in the 
blanket module assembly. 

Quasi-Static, Helium-Cooled Lithium. 
The second system considered was one 
in which slowly circulated, helium-
cooled lithium would remove only bred 
tritium. It was reasoned that the 
plumbing problems could be greatly-
reduced by reducing line size and 
circulation rate to those necessary 
to hold the tritium inventory of the 
blanket to about 1 kg. In this 
technique, a separate cooling circuit 
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would be used to extract blanket 
energy. After considering a number 
of coolants such as Princeton's flibe 
(a molten salt mixture of F, Li, and 

4-4 Be), a separate lithium circuit, 
and various gases, we concluded that 
the most reasonable method would be 
helium gas at about 50 atm. 

We studied several mechanical 
blanket configurations. The most 
difficult thing to achieve was first-
wall cooling with the coldest gas, 
then subsequent circulation of that 
gas to the rest of the blanket. 
Since energy deposition in the space 
behind the first wall varies with 
distance from the first wall, the 
spacing of coolant tubes (or their 
size) can be varied with distance 
from the first wall. An example of 
our calculated results is shown in 
Table 4-1. These results apply for 
"hot-spot" lithium temperature of 
613°C, a 15°C temperature drop across 
the tube wall, and a 48°C film 
temperature drop in the helium film. 

Table 4-1. Variation of tube spacing 
with distance from first wall (2-in. 
o. d. x 0.040-in.-wall-thickness 
stainless-steel tubes). 

Eadial distance Cooling tube 
from first wall spacing 

(cm) (cm) 

10 9 
25 10.5 
40 11.5 

Constructing blanket segments 
using gas-cooled lithium becomes a 
difficult and costly fabrication 
problem. Flow patterns are complex, 
and tube-support bulkheads almost 
eliminate access for welding. We 
sought a better solution. 

Static, Gas-Cooled Breeder. J. D. 
4-5 Lee el al., proposed the third 

approach to an energy-conversion 
blanket — use of a solid, tritium-
breeding material such as lithium 
aluminate or lithium beryllate con­
tained in an envelope of thin alloy 
that would limit tritium permeation. 
In this design (Figs. 4-3 and 4-4), 
coolant gas is circulated past the 
envelope so that it contacts both the 
outer wall and the alloy tubes that 
run through the envelope at a spacing 
appropriate to good heat transfer. 
A blanket of this design appears 
reasonable to fabricate and easy to 
assemble and take apart, and permits 
simple extraction of the bred tritium. 

However, an attempt to use pure 
lithium aluminate showed that a suf­
ficient breeding ratio could not be 
obtained. Even addition of a neutron 
multiplier such as lead did not make 
lithium aluminate acceptable. Al­
though lithium beryllate would make 
a good blanket, we did not want 
beryllium in the design at this time 
because of limited availability and 
cost. Lithium alone, encapsulated in 
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Fig. 4-3. Blanket/shield segment. 
Arrows show helium flow. 

stainless-steel cans, provides an 
adequate breeding ratio. 

Of course, when the neutronics 
of lithium aluminate were proven poor 
and pure lithium was selected, the 
blanket was no longer "solid." How­
ever, the concept of a static blanket 
was retained with helium gas as the 
coolant for the envelopes in the 
breeding blanket. Tritium could be 

removed from such metal envelopes in 
several ways: 

• By allowing tritium inventory 
to build up in the envelope until 
blanket replacement time and then 
processing the extracted breeder 
envelopes to remove accumulated 
tritium. 

• By slowly circulating helium 
through capillary tubes contained 
within the breeding envelope. The 
capillary tubes would be made of 
material that permits tritium permea­
tion. As bred tritium permeates into 
the tubes, the separate helium flush­
ing circuit sweeps it away. 

Fig. 4-4. Static lithium container 
in blanket for TMR. Arrows show 
flow path of helium coolant. 

: Helium coolant 
flow path 

Permeation-resistant, — ; f II | 
Li-alloy envelope 

Vacuum tub 



• By using the permeable capillary 
tubes suggested above, but merely 
evacuating the tubes and processing 
the collected tritium from the auxil­
iary vacuum system. 

The last method appears most 
attractive economically, but the 
vacuum conductance of small tubes may 
be so low that a penalty is paid in 
higher tritium blanket inventory than 
the helium flushing method. 

Structure of the 
Blanket/Shield Segments 

Our paramount objectives were 
simplicity of structure, ease of dis­
assembly and change-over, and as a 
result, low cost of blanket/shield 
segments. 

We plan'a vacuum-cast structure 
with an egg-crate cross section; to 
it will be welded a curved first-wall 
of 0.5-cm-thick Inconel 718 sheet and 
a shield structure enclosing 
Hastelloy-X plate and lead-cement. 
The whole assembly will be a pressure 
vessel for helium at 50-atm, and as 
such would be exhaustively radio­
graphed around all perimeter walls 
and welds. Each unit will be sub­
jected to high-temperature pressuri-
zation tests at 150% design pressure 
before installation in a blanket 
module. Thus, the assembly of the 
segments to make a full circle does 
not imply that we would rely on side 
support from adjacent segments while 
under pressure. 

PLUG DESIGN 

The magnet used to contain the 
plug plasma is a more challenging 
design problem than the basic, low-
field solenoid employed by the cen­
tral cell. The vacuum field required 
at the center of the plug is 16.5 T, 
but the vacuum mirror ratio is a 
modest 1.07. Superconducting mite-
rials have been found which, in 
laboratory samples, show promise of 
satisfactory performance at the re­
quired field strength. A small, 
17.5-T coil has already been built. 

Figure 4-5 shows the plug coil, 
a simple mirror pair surrounding a 
small Yin-Yang coil pair. The total 
amount of superconducting material 
required is 5000 tonnes at each end 
of the TMR. It is not known at this 
time whether the small Yin-Yang 
should be superconducting or be made 
of cryogenic aluminum. Detailed 
field calculations will determine 
whether Nb,Sn wire could be safely 
operated here or whether the price of 
normal coil refrigeration should be 
paid to operate conventional conduc­
tors in very high-field regions of 
the Yin-Yang pair. This geometry 
looks comparatively attractive from 
the standpoint of fabrication cost. 

In conjunction with this plug 
magnet, a transition coil will 
probably be needed to smooth the flux 
path between the solenoid and the 
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Stress plate 
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Stress plate 
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Fig. 4-5. Plug co i l set (16.5 T). 
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plug. The flux bundle emerging from 
the plug is elliptical in cross 
section with an aspect ratio of 2.0. 
The shape of this transition magnet 
has only been estimated. The flux 
leaving the plug and entering the 
direct convertor has this same 
elliptical aspect ratio (2.0). The 
orientation of the Yin-Yang pair 
about the long axis of the machine 
will be such as to make the long 
dimension of the exit fan parallel to 
the building floor at both ends. 
This has a dramatic effect on the 
design and cost of the direct conver­
tor. 

NEUTRAL-BEAM INJECTORS 

by 35 cm at a few tens of kilovolts. 
When the extractor grid cooling problem 
is solved, we shall be left with only 
the voltage isolation and spark 
damage suppression problems. A 
design for progressive shielding in 
steps of 200 kV is being developed. 
Figure 4-6 shows tlu- beam 1 ine 
arrangement with nested shields. Two 
of these source arrays are planned 
for each plug. Three of the above 
described 50-A sources supply the 
current lor each injector. 

Spark-down during initial opera­
tion of such high-voltage equipment-
is inevitable. By com rolling the 
energy In the spark it c;in be advan­
tageous, smoothing out sharp points 
or edges, minimizing subsequent arcs. 
To control the spark energy to about 
10 ,1, the shield must be subdivided 
into areas of a few square meters 
that must be eltctrically separated 
by large lossy elements such as 
transformer cores or resistors. 
Careful design will allow a small arc 
to occur and extinguish before 
current from adjacent panels can make 
it through the "choke" to compound 
the damage at the original arc site. 
Constant potential during normal 
operation is assured by electrical 
continuity. 

To accomplish the 1,200-keV ion 
acceleration, the positive-ion source 
is held at -600 kV and the ions are 

The plasma density of the plugs 
must be maintained by the continuous 

4-6 
injection of deuterium ions. Mag­
net shielding requirements will be 
less severe if no tritium ions are 
injected into the plug. (There will 
be tritium present in the plugs, 
fugitive from the central cell.) The 
ambipolar property of the plug plasma 
can be achieved with 1,200-keV 
deuterium injectors supplying 490 A 
total into both plugs. 

Lawrence Berkeley Laboratory 
(LBL) is developing sources for 
neutral-beam Injectors for continuous 
operation at 120 keV. Fifty amperes 
of pulsed current has been obtained 
from an extract'.on grid area 10 cm 
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Double charge-exchange Ce 
ionization cell 

Fig. 4-6. 1,200-keV leutral-beam source. 

neutralized in a stripping cell at 
+600 kV (see Fig. 4-6). 

A cesium cell will be used tr 
double charge exchange the positive 
ions from the source. The D ions 
thus formed can be further accelerat­
ed and then neutralized by one of 
several techniques: 

• By laser photodetachment with 
estimated efficiency about 95%, 

• By a metal vapor stripping cell 
with efficiency approximately 62%, or 

• By a high-density plasma-stripping 
cell using cesium ions with estimated 
efficiency of 82%. 

The laser-photodetachment tech­
nique has a serious drawback for this 
application: the length of a beam 
source. The cross section of the 
beam is such that a very large array 
of lasers and focusing lenses and 
also a lengthy (thick) photon-
reflection region would be required. 
The total length of a beam source 
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thus becomes about 25 m, and this has 
an undesirable effect on reactor and 
building size and cost. We are 
evaluating the other two methods, both 
of which occupy about the s ime space 
and reduce the neutralizer length 
from 10 m to 2 m. 

The large pumping loads for a 
125-A steady-state beam line can be 
met by cryopanels on both sides of 
and parallel to the beam line. 
Periodically, the panels must be 
warmed and evolved gas must be pumped 
out of the system. A bank of tubes, 
whose centerlines lie in the plane of 
a wall, is allowed to protrude half 
into the beam line and half into the 
vacuum space on the far side of the 
bulkhead. When loaded with frozen 
deuterium, the tubes are rotated 180 
degrees on their cencerlines and arc 
heated. The gas load represented by 
the frozen deuterium is released into 
the vacuum space, and the tube is 
then rotated back to its original 
position and cryogenically cooled. 
Conventional diffusion pumps evacuate 
the volume behind the pumping wall. 
The source extraction grid imposes a 
large gas load at the grid end of the 
beam line. Cryopumps are not used 
there because of space limitations. 
Through careful design of the insulat­
or and shield, two large pumping 
apertures will be provided near the 
origin of the heaviest gas load, one 

opening above and one below the ver­
tical column of beam sources. 

DIRECT CONVERTER 

Not all of the injected beam 
will be trapped by the plasma plug. 
It appears that a direct convertor on 
the far side of each beam line would 
substantially improve the overall 
efficiency of the power plant. This 
convertor will be a single-stage 
device similar to the venetian-blind 

4-7 convertor proposed by Moir et al., 

and the housing will include cryopump 
panels sufficient to continuously 
pump the expected residual beam. The 
plug plasma will thus have better 
vacuum environment, and the unavoid­
able need for a beam dump can be met 
by proper design of the thermal con­
version elements in the direct con­
verter. 

When the TMR was first envision­
ed, we considered using another mag­
net outside the plug magnet set to 
recircularize the flux fan. We were 
motivated by the desirability of an 
economical cylindrical vacuum tank 
for the main direct converters. 
However, as the design for the plugs 
developed (particularly the 1,200-keV 
beam sources), another problem 
appeared that caused a different 
design to be considered. As mention­
ed previously, the spark-down damage 
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problem related to the capacitance of 
large electrostatic shield surfaces 
became a great concern. If the 
direct-convertor grids were subdivid­
ed into regions of acceptable capaci­
tance (a few square metres) severe 
blockage of flux would occur. The 
structural frame supporting the grid 
would have to be convectively cooled, 
and any transformer or choke assembly 
used to electrically separate such 
regions would itself block much ion 
flux. This would further degrade 
convertor efficiency and create 
another severe cooling problem. 

It seemed best to eliminate all 
blockage except the grid itself by 
confining all tensioners and chokes 
to the annular space around the flux 
bundle. One could design a circular 
direct converter to meet this objec­
tive, but the maximum length of a 
grid or vane is less if the flux 
bundle is elliptical and the length 
of the vane is parallel to the minor 
axis. Simply eliminating the outside 
circularizing magnet allows a flux 
bundle of elliptical cross section 
with an aspect ratio of about 2:1 to 
enter the direct converter. If the 
minor axis of the ellipse is verti­
cal, and all vanes or grids run in 
the vertical direction, we can have 
the shortest, straightest grid struc­
ture (see Fig. 4-7). 

One must design a vacuum tank to 
encompass such an elliptical grid 

arrangement. A membrane of stainless 
steel periodically anchored to the 
heavy post-tenrioned concrete secon­
dary containment structure can serve 
as the vacuum vessel. This membrane 
can also serve as the "form" for the 
concrete of the containment shell. 

CONTAINMENT BUILDING 

This TMR is long and relatively 
slim. The configuration of the con­
tainment building differs greatly 
from any previous power reactor con­
cepts. In size, it approximates a 
drydock for a large passenger ship. 
The reactor fits its enclosure more 
efficiently than competitive designs. 
Roof spans are limited to about 40 m, 
and portions of the secondary con­
tainment structure can be moved by a 
large gantry crane. (The same crane 
is used to install the plug magnets.) 
No large crane inside the building is 
required, hence, no lift-space and 
crane clearance. This is a blessing 
in reducing the building cost, but 
the smaller volume exacts a penalty: 
accident pressures in the building 
can be higher than designs with large 
containment shells. We propose pres­
sure relief diaphragms on the direct-
converter portion of the vacuum 
system. They must relieve inward to 
prevent excess pressurization result­
ing from a primary heat exchange loop 
accident. The entire reactor vacuum 
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Fig. 4-7. Cross section of TMR at the direct converter. Detail A shows varia­
tion of conductor percentage through thickness of coil. 

tank then forms part of the contain­
ment volume, and the pressure 
increase can be maintained below 2 
atm. These relief diaphragms should 
be located on the ellipso-conical 
transitions between the plugs and the 
direct converters at both ends of the 
machine. 

Any accidental releases of pri­
mary coolant must be confined within 
a secondary containment shell. It 
has been proposed by ORNL and by 
researchers in Europe that evacuation 
of the containment building offers 

some safety advantages at a negli­
gible increase in cost. Plumbrook 

4-8 Station, near Lake Erie, which has 
been operated successfully by NASA as 
a test station for space power 
reactors, is an evacuated building of 
dimensions quite similar to those 
proposed for an Experimental Fusion 
Power Reactor. 

An evacuated secondary contain­
ment shell presents one significant 
structural advantage. The side walls 
and roof of the TMR building are all 
basically flat plates (with the 
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possible exception of a slightly 
arched roof). They can be more 
economically designed if the pressure 
differential varies from 1 atm 
"inward" to 1 atm "outward" rather 
than from zero to 2 atm in one direc­
tion. We plan to size the evacuated 
containment building so the pressure 
increase will in no accident circum­
stance exceed 2 atm. In the case of 
a 2-atm pressure change, the wall 
will experience a stress reversal. 
A reinforced concrete wall can be 
considerably thinner if designed to 
meet the reversed load condition. 
Calculations show that for the same 
weight of reinforcing steel, only 60% 
as much wall thickness is required in 
the case of l-atm pressure difference 
in either direction. On a concrete 
structure of this size, that repre­
sents an estimated 20% of the cost of 
the containment shell. 
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SUMMARY 

Each plug coil in the Tandem 
Mirror Reactor (TMR) is a hybrid 
superconducting and cryogenic magnet 
set consisting of a cryogenic-aluminum 
Yin-Yang magnet placed within a niobium-
tin solenoidal pair. The strength 
of the central vacuum magnetic field 
of the plug coil is 16.5 T, and its 
vacuum mirror ratio is 1.07. The 
niobium-tin superconducting solenoids 
have an inside diameter of 5.8 m and 
an outside diameter of 11 m. The 
magnetic forces of these coils are 
restrained by periodic bands of stain­
less steel. The cryogenic-aluminum 
Yin-Yang magnet is about the size of 
the magnet for the Mirror Fusion Test 
facility (MFTF) and produces a field 
of about 1 T which adds to the field 
produced by the solenoids. The 
resistive heating in the Yin-Yang 
magnet is 0.25 MW, which requires 
about 12 MW of refrigeration power. 
Structural integrity of the Yin-Yang 
magnet requires a layered construction 
of pure-aluminum conductor plus 
aluminum-alloy columns and stress 
plates to transfer the magnetic forces 
to an external clamping structure. 

INTRODUCTION 

General Description of 
the Plug Coil Design 

Figure 5-1 shows the preliminary 
design of the TMR plug coil. In add-
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ition to the high-field design [Bn| 
= 18 , design (|B | = 18-T) shown 
in Fig. 5-1, two lower-field cases 
(|B0| = 16.5 T and |B Q| = 15 T) were 
developed from the high-field case 
by suitably scaling down the winding 
current. Although the intermediate 
- field strength (|BQ| = 16.5 T) was 
eventually selected as the point value 
for the TMR reactor study, primary 
emphasis throughout the development 
of the preliminary plug coil design 
was placed on the high-field case 
(|B„| = 18 T) in order to define and 
explore the design problems that limit 
the attainable field strength in the 
plug coil system. 

The plug coil system uses a 
relatively small Yin-Yang coil pair 
with a square conductor cross section 
located inside two solenoid coils to 
generate a shallow minimum-|B| well 
(mirror ratio R = 1.07). The solenoid 
coils are superconducting; the Yin-
Yang coil set carries about 12% of 
the total current in the plug coil 
system, while the superconducting 
solenoid windings carry the remaining 
88% of the total current. The sole­
noid coil is separated into two wind­
ing layers, each with its own external, 
structurally independent support 
structure. This support structure 
carries the principal component of 
the magnetic force, which is directed 
radially outward, in tension. 
Depending on the stress and/or strain 
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limits of the copper-stab i 1 ixeJ , Nb.sr. 
superconductor, the inner support 
structure may have to be pre si ressed. 
The maximum allowab It.* current dens ity 
in the wind in); of the superconducting 
solenoid is determined by requiring; 
that cryostatic stability be maintained 
locally throughout the winding. The 
detailed conductor con figurat ion used 
in the. cryostatic stability analysis 
is based upon the coudr.c tor des i gn 
propused fur the. MF'J F. 

The Yin-Yang coi] (Fig. T>-\ ) incor­
porates an internal support structure 
that transmits to an external structure 
the magnetic forces distributed over 
the conductors. The in. aal structure 
is necessary to limit the compressive 
stress on the relatively weak, high-
purity aluminum conductors. As dis­
cussed Later in this chapter, in this 
report we do not consider the external 
structure supporting the Yin-Yang 
coil pair. 

The cryogenic, high-purity-aluminum 
conductor is convectively cooled by 
gaseous helium pressurized to about 
4 atm. Although it appears to present 
a formidable design challenge, the 
design of a manifolding system for 
the helium coolant has not been 
considered thus far in this prelimi­
nary study. 

Design Considerations 
Before beginning a detailed discus­

sion of the design of the TMR coil 

ŷ.sti-:\, we shall review several impor­
tant con. lusi-! that er.eryed from 
the iterative search for a roil design. 

If vt r> high magnetic lield 
strengths are desired (.-20 ']") , coil 
syst ems i ncorpor.i ti ng ncth Miper-
cotvluc i i nj', and cryogeni c-a 1 umi nun 
conductors appear ncccssarv lor the 
lollowing reasons: 

e Ihe critical current density ol 
avai lab] e super conduct ing .̂il er ia ] s 
is (|u i t e low at h igli 1 1 ux • u -a:-, i t i es , 
and 

• 'I he refrigeration power for a 
coil system composed enti re 1y of 
cryogenic aluminum is prohibitive, 

Tims, if field strength ibuve 
about 2D T are specified, '.lie coil 
winding would probably incorporate 
cryogenic aluminum in the portion of 
the winding where the iield strength 
was very high (! is j ,• 20 I ) , whereas 
the remainder uf the winding would 
be superconducting in order to mini­
mize the refrigeration power required. 
Because of the extremely large magnetic 
forces generated by the high field 
strengths and the relatively low yield 
stresses of the conductor materials — 
especially the high-purity aluminum 
used in the cryogenic-aluminum 

Q J 
conductor (a = 1 x 10 N/m , yp 
14.5 ksi) an internal structural system 
is required to transmit the magnetic 
forces through the winding itself to 
an external structure supporting the 
Yin-Yang coils. The choice of 



materials for the internal support 
structure is severely limited by the 
wide temperature range from the room-
temperature environment in which it 
is assembled to its cryogenic operat­
ing temperature. Thus, the material 
from which the internal coil structure 
is constructed must be selected on 
the basis of having a thermal ex­
pansion coefficient compatible with 
the conductor material rather than 
for maximum strength. As with the 
conductor yield stress previously 
mentioned, this limitation on the 
material used in the internal struc­
ture is much more serious for cyyo-

genic aluminum windings (aluminum-
o 2 alloy structure (a * 3.4 x 10 N/m , yp 

~ 49,2 ksi) than for the copper-
stabilized superconducting windings 
(stainless-steel structure, 0 ~ 6.9 
* 10 N/m * 100 ksi). 

Mien we sized the internal structure 
by the analysis described later in 
this chapter, and when we assumed 
reasonable current density values 
within the conductor itself, it became 
ap.'.'.rent that the large amount of 
conductor displaced by the internal 
structure severely limited the average 
crrrent density [current density 
averaged over the cross section of 
the entire winding (conductor and 
internal structure)] that could be 
realized. 

An economic analysis of the entire 
5-2 TMR reactor system indicates that 
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the central field strength must be 
maintained as high as possible if the 
relative cost [$/kW(e)] of the TMR 
system is to be reasonable. There 
is a clear economic incentive towards 
high central field strength and low 
mirror ratio in the plugs. Experi­
ments in 2XI1B suggest that a plasma 
can be confined by a mirror-ratio of 
a few percent. 

Although the preliminary design 
described in this report (R ~ 1.07) 
certainly does not represent the 
highest possible mirror ratio design 
with adequate central field strength 
(|B | > 15 T ) , it should be emphasized 
that the increased conductor field 
strengths resulting from even rela­
tively small increases in the mirror 
ratio will render the design of a 
viable coil system much more difficult. 

The configuration of the internal 
structure and the local current den­
sity in each layer of the winding 
depend upon the magnetic field strength 
throughout the winding volume and 
upon the winding geometry. Since the 
magnetic field is itself dependent 
upon the geometry of the coil system, 
the configuration of the internal 
structure, and the local current 
densities within the winding, the 
development of a coil system design 
in which the average current densities 
used in the magnetic calculations are 
consistent with the local maximum 
current densities limitations in the 



conductor is an iterative process. 
To develop the coil system design 
presented in this chapter, we first 
developed a "first-cut" coil geometry 
with suitable magnetic parameters 
based upon an assumed value of the 
average current density. Then, with 
the coil geometry and field strengths 
determined from the first-cut design, 
we calculated the actual value of the 
average current density from the 
local maximum allowable current density 
values in the conductor. If the 
assumed values of the average current 
densities were significantly different 
than the calculated achievable values 
based on local conductor limits, 
another iteration was made by altering 
the initial first-cut coil geometry. 

The coil design presented in this 
chapter represents a preliminary 
design whose magnetic parameters fall 
within the magnetic design goals and 
whose bulk current densities closely 
approximate the maximum allowable 
current density values calculated 
from the preliminary analyses also 
described in this chapter. Thus, 
while further changes will probably 
be required when a more detailed 
analysis is made, the coil design 
presented here should provide a 
reasonably self-consistent picture 
of a viable TMR coil system. 

In the remaining portion of this 
Introduction, we shall briefly discuss 
several key aspects of this preliminary 

THR coil design that requires more 
investigation. 

Unfinished Business 
Although the solenoid coil must 

be superconducting in order to limit 
the refrigeration power required, the 
relatively small share of the current 
carried by the Yin-Yang coil winding 
permits the use of cryogenic-aluminum 
conductors. Although cryogenic-
aluminum Yin-Yang conductors were 
initially chosen because of their 
capability for relatively high current 
densities at high field strengths, 
it may be feasible to use super­
conductors for both the Yin-Yang and 
solenoid ceils. However, the very 
strong, spatially uniform, magnetic 
fields present throughout the volume 
of the Yin-Yang coil windings limit 
the average current density achievable 
in a coil that incorporates super­
conducting conductors. Although 
achieving the desired current densities 
may be difficult with superconducting 
windings, their potential advantages 
— reduced refrigeration power require­
ments, reduction in the relative size 
of the internal structure (stronger 
conductor and structural material), 
and a potentially simpler cooling 
system — provide a strong incentive 
for investigating their feasibility. 

If further investigation eliminates 
the superconducting Yin-Yang option, 
a substantial design effort would be 
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required to verify the feasibility 
of a cryogenic-aluminum, Yin-Yang 
coil system. Because of the limited 
time available, only the magnetic, 
structural, and internal thermal 
design of the aluminum Yin-Yang coil 
have been considered here. Since 

the thermal analysis (see subsequent 
discussion under "Thermal Analysis 
of the Cryogenic Yin-Yang Coil") 
indicated that many relatively short 
coolant passages would be required, 
the development of a coolant manifold 
design that is compatible with 
structural, electrical, and construc­
tional requirements may be quite 
difficult. To fully validate the 
feasibility of a cryogenic-aluminum, 
Yin-Yang coil option, we must develop 
a coil winding design, including 
electrical connections and coolant 
manifolds, that is compatible with the 
internal structure and coolant passage 
configurations described later in this 
chapter. Since the design of the 
electrical and coolant passages in­
volves consideration of fine-scale, 
local aspects of the winding design, 
a fully feasible aluminum Yin-Yang 
coil design must be rather detailed, 
and thus requires a substantial design 
effort. 

Thus far in this design study, we 
have not considered the external 
structure required to support the Yin-
Yang coil winding because, in contrast 
with past reactor coil systems, it 
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does not appear to present a particu­
larly difficult design challenge. 
Several different factors have con­
tributed to the simplification of the 
coil support structure for the TMR 
reactor concept relative to past 
reactor designs. Because of the low 
TMR mirror ratio (R = 1.07), the nearly 
cylindrical plasma volume (approxi­
mately defined by the mirror-to-mirror 
extension of all the field lines pass­
ing through the last closed surface 
of constant |fl|) fills only a rela­
tively small central portion of the 
mirror region of each Yin-Yang coil. 
Thus, a large portion of the major 
arcs (Fig. 5-1) of each Yin-Yang coil 
can be locally supported by a tension 
structure connecting the upper and 
lower coil winding. This contrasts 
with previous Yin-Yang designs in 
which structural material was excluded 
from a large portion of the mirror 
by the fan regions of the plasma 
volume. In addition to the large 
portion of the mirror region available 
r.i structure, the small size of the 
Yin-Yang coil winding relative to the 
solenoid winding surrounding it appears 
to allow ample space external to the 
Yin-Yang coil set for a supporting 
structure. 

In any further design work on the 
TMR plug coil system, considerable 
emphasis should be placed on deter­
mining whether the solenoid coil 
structure requires prestressing, and 



if so, how to do it. To determine 
the need for prestressing the solenoid 
coil structure, its stress state must 
be more precisely defined through a 
more detailed structural analysis, 
and the maximum allowable conductor 
strain limits must be clarified from 
a wider range of experimental data. 
If prestressing is required, a pre­
liminary structure design incorporating 
the desired amount of prestressing 
should be developed. 

In the remaining sections of this 
chapter, the assumptions, design models, 
and calculations upon which this 
preliminary design is based are 
discussed in greater detail. First, 
we discuss the magnetic design of the 
TMR plug coil system shown in Fig. 5-1. 
Then we review the design of the super­
conducting solenoid winding conductor 
and its supporting structure. Finally, 
we discuss the design of the conductor 
and the internal support structure 
for the cryogenic-aluminum, Yin-Yang 
coil pair. 

MAGNETIC DESIGN 

The preliminary plug coil design 
developed to meet TMR magnetic design 
goals (1.05 < R < 1.10;. JBQ[> 15 T) 
is shown in Fig. 5-1. This system 
utilizes a relatively small Yin-Yang 
coil set with a square conductor cross 
section located inside two solenoid 
coils to generate a shallow minimum-
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|BJ well. Tile solenoid coils are 
superconducting; the Yin-Yang coil 
sets uses cryogenic-aluminum conductors. 
The Yin-Yang coil set carries about 
12% of the total current in the plug 
coil system, and the superconducting 
solenoid windings carry the remaining 
88% of the total current. 

The solenoid coils are separated 
into two layers of windings, each 
with its own external support struc­
ture. 

Although it is not shown in Fig. 5-1, 
the solenoid windings are subdivided 
into five layers of conductor, each 
with a different current density and 
superconductor-stabilizer ratio (see 
Fig. 5-4, Table 5-2). The Yin-Yang 
coil (detail, Fig. 5-1) incorporates 
an internal support structure that 
transmits the magnetic forces dis­
tributed over the conductors to an 
external structure. The internal 
structure is necessary to limit the 
compressive stress on the relatively 
weak pure-aluminum conductors. As 
discussed later in this chapter, in 
this report we have not considered 
the external structure supporting the 
Yin-Yang coil pair. 

The geometry and magnitude of the 
magnetic fields generated by the plug 
coil design were evaluated with the 
computer code EFFI. To simplify the 
magnetic calculations, the Yin-Yang 
conductors shown in Fig. 5-1 were 
simulated by a number of circular arc 



conductors with the same external 
dimensions, but with the complex in­
ternal structure and coil bundles 
replaced by a homogeneously distri­
buted, average current density. Be­
cause the local value of the current 
density within the cryogenic-aluminum 
conductor is constant, and because 
the inner conductor layers (those 
nearest the mirror region) of the 
Yin-Yang winding have less conductor 
displaced by the internal structure, 
the constant current density approxi­
mation should tend to slightly under­
estimate both the mirror field strength 
and the mirror ratio. 

The solenoid coils were modeled 
by constant current density conductors 
with the dimensions given in Fig. 5-1 
for each conductor layer. Since in 
the actual solenoid winding the current 
density increases radially outward 
through the winding (lower field 
strength, higher critical current 
density) the constant current density 
approximation over-predicts the 
strengths of the mirror and central 
fields. This was confirmed, and we 
used a magnetic calculation performed 
with the correct current density 
distribution in the solenoid winding 
to determine that the error was less 
than 2%. We found that the average 

current density values initially 
2 chosen for the solenoid (J = 3000 A/cm ) 

and for the Yin-Yang coil (J = 2337 
2 A/cm ) were in reasonable accord with 
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the maximum allowable current density 
value determinations described later 
in this chapter. Thus, at least for 
a preliminary design study, no further 
iterations are necessary on the plug 
coil system design shown in Fig. 5-1. 
Table 5-1 lists the EFFI-compatible 
input data required to specify the 
geometrical configuration of the four 
circular Loop conductors and the eight 
circular arc conductors used to 
simulate the plug coil system. 

The magnitude of the.axial magnetic 
field strength along the z-axis of 
the coil system as calculated by EFFI 
is displayed in Fig. 5-2 superimposed 
on the outline of the conductor cross 
sections in the xz-plane (from 
Fig. 5-1). From this plot, it may 
be seen that the central field 
strength is very close to 18 T and 
the mirror ratio is about 1.07. 

Since past experience with similiar 
geometries has shown that for such 
small mirror ratios the existence of 
a minimum-|B| well cannot be taken 
for granted, we used EFFI to obtain 
a plot of contours of constant field 
strength in the central plasma region. 
From the contour plot Jhown in 
Fig. 5-3, it appears that a closed, 
minimum-|B| well does exist, although 
it is very small (radial mirror ratio 
< 1.002). Since the solenoid coil 
is superconducting, the magnitude of 
the field within the winding is of 
considerable interest. Since (unlike 
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Fig. 5-2. Plot of on-axis magnetic field strength |B|. Items (a) are cross 
sections through the solenoid winding; items (b) are cross sections through 
the Yin-Yang winding. 
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the fields in the central plasma 
region) the field strength within the 
solenoid winding itself is sensitive 
to the actual details of the current 
density distribution, we calculated 
the field using the actual current 
density distribution determined later 
in this chapter. 

The plot of constant field strength 
contours across the solenoid winding 
obtained with the actual current 
density distribution is shown in 
Fig. 5-4. From the values of the 

contours in Fig. 5-4, it can be seen 
that the peak field strength within 
the solenoid winding is actually less 
than the mirror field strength (17.8 T 
vs ' IJ ! = 19.2 T) because the mag-

•' mp 
netic flux vector components gener­
ated by the solenoid and by the Yin-
Yang coil are oppositely directed in 
the region of the solenoid. 

To investigate the effects of 
lowering the central field strength 
while maintaining an approximately 
constant mirror ratio, we developed 

1.5 

0.5 

No. 1 

Mi ik •w^ 

Mi LL 

rm wrn^m 
«**5& 

-1.5 -1 -0.5 0 0.5 
z — m 

1.5 

Contour No. IB| value 

IB Q | 1&.036 
1 18.054 
2 18.072 
3 18.090 
4 18.108 
5 18.126 
6 18.144 
7 18.162 
8 18.180 
9 18.198 

10 18.216 
11 18.396 
12 18.577 
13 18.757 
14 18.937 
15 19.118 
16 19.298 
17 19.473 
18 19.659 
19 19.836 

Fig. 5-3. Constant field strength contours of the minimum-|B|well. 

94 



two additional design cases based 
upon the coil system shown in 
Fig. 5-1. In these two design cases, 
all the field strengths were reduced 
by scaling down the total current in 
the solenoids and in the Yin-Yang 
coil set. In the first case, the 
currents were reduced by 20% to yield 
a central field strength of 16 T; in 
the second case, a 10% reduction in 
the currents and fields yielded a 
central field strength of 16.5 T. 

Although this linear scaling of 
the field with the winding currents 
is strictly correct only if the geo­
metry of the coil system is unaltered, 
the reduced currents in the solenoids 
were obtained by leducing the radial 
thickness of the solenoid winding 
rather than the current density. Thus, 
the magnetic parameters of these two 
additional cases as determined by 
linear scaling from the original high 
field strength case are not exactly 

/
Outer 
winding 
layer 

No. 18 -(a) 

4.5 

•' S/2± 

7/ 

:-t \ -I / I /- / I /<•->••-• 

^ 

- Inner 
winding 
layer 

Contour No. IB| value 
(T) 

1 19.961 
2 19.100 
3 18.060 
4 17.109 
5 16.159 
6 14.258 
7 12.357 
8 11.406 
9 18.456 
10 95.050 
11 85.550 
12 76.040 
13 66.540 
14 57.030 
15 47.530 
16 28.520 
17 19.010 
18 95.000 

Fig. 5-4. Constant field-strength contours across the solenoid winding fci the 
actual current-density distribution. Item (a) is the conductor layer at j , 
item (b) the conductor layer at jj, item (c) the conductor layer at J2» 
and item (d) the conductor layer at j.. 
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correct. However, the small relative 
magnitude of the cross-sectional 
changes and the distant location of 
the solenoid winding from the central 
plasma region should cause the error 
resulting from the altered radial 
thickness of the solenoid winding to 
be insignificant. 

SUPERCONDUCTOR DESIGN 

In the initial design of the two 
identical solenoid coils used in each 
plug coil system (Fig. 5-1), we assumed 
that we could achieve a bulk average 
current density J (averaged over the 
superconductor and copper stabilizing 
material for the entire cross sectional 
area of the winding) of approximately 

2 3000 A/cm . This value was not based 
directly on any particular calcula­
tions, but rather represented a first 
guess of what should be possible using 
Nb.Sn superconductor at the contem­
plated field strengths. 

For a particular desired value of 
the central field strength and a given 
superconductor, the bulk average 
current density that can actually be 
achieved depends upon the strength 
of the magnetic field throughout the 
entire conductor. Since the magnetic 
field strength can not be determined 
without specifying the geometrical 
configuration of the entire coil 
system and an assumed current density, 
an iterative process is necessary if 
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the bulk average current density 
value initially assumed is much 
different than the actual allowable 
value. In addition, since the struc­
tural analysis of the solenoid coil 
is based on the initially assumed 
value of the average current density, 
a substantial change in that value 
would also render the structural 
analysis inconsistent. However, if 
the initially assumed current-density 
value can actually be achieved, the 

plug coil system shown in Fig. 5-1 
will be capable of generating the cal­
culated central field strength of 18 T. 

Since the two lower field strengths 
cases considered in the magnetic 
design section (| B | = 15 T and |B | 
= 16.5 T) were developed by reducing 
the radial thickness of the solenoid 
winding while maintaining the current 
density used in the high-field case 
(|B| = 18 T, J = 3000 A/cm 2), their 
viability will also be assured if the 
initially assumed current density can 
actually be achieved. Since the 
following analysis will indicate that 
the bulk current density value ini­
tially assumed is indeed viable, an 
iterative redesign is not required, 
and the plug coil design shown in 
Fig. 5-1 is an acceptable preliminary 
design. 

In this analysis, we assume that 
the bulk average current density of 
the superconducting solenoid is deter­
mined by the requirement that all the 



conductors in the winding be cryo-
statically stable. The cryostatic 
stability criterion requires that at 
any point along the conductor the 
natura] convective heat-transfer rate 
to the helium coolant must be suffi­
cient to transfer the Joule dissipa­
tion power resulting from having 
current locally flow in the copper 
stabilizing material. Since this 
criterion applies locally at each 
point along the entire length of 
every conductor, we must begin the 
determination of its effect on the 
bulk average current density by 
locally examining a single conductor. 

The cryostatic stability criterion 
can be formulated analytically in 
terms of a generalized conductor 
design (rectangular cross section 
defined by d and b, Fig. 5-5) by 
imposing the requirement that the 
Joule dissipation (<SP) in an incre­
mental length (6S.) of conductor be 
equivalent to the thermal power 
(6P ) removed from the conductor c 
surface [2d(l + b) &l] by the helium 
coolant. With the conductor geometry 
specified by the dimension of its 
largest side d, its aspect ratio h, 
and the fraction of its cross-sectional 
area occupied by each conductor compo­
nent (copper stabilizer f , super­
conductor f , coolant f, and insula-

sc he 
tion f , Fig. 5-5), the Joule dissi­
pation induced by the entire conductor 

Fig. 5-5. Generalized conductor 
design, where 

b = aspect ratio of cross section 
= t/d, 

d = dimension of largest side, 
a = fraction of conductor surface 

area interfacing with coolant, 
f = fractional cross sectional area 

of supercondtutor = Asc/Ato^. 
f = fractional cr- ss sectional area 

of copper stabilizer = A c u/A t , 
fractional cross sectional f. = in 

f, = he 
area of insulator = A^ n/A t ot, 
fractional cross sectional area 
of He coolant = Ahe/Atot' 
P()BJ, T) = resistivity of 
copper stabilizer 
j (|B'| , T) = critical current 
density in super conductor, 
average heat transfer rate 
per unit of coolant passage^ 
conductor contact area, 

sc cu in ' A = A^ + A + A +A. tot he 
and 
I = f. + f + f + f. he sc cu in 

current flowing in the copper stabil­
izer is given by the following expres­
sion: 
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6 p = I 2 6 R = j s2(^j(^j 
A ' v cu ' 

= J " ( i j P c " < b d 2 ) a • (5_1) 

The power 6P removed from the same c 
incremental conductor by the coolant 
is given by the following relationship 
in terms of q, the average heat trans­
fer rate per unit of coolant passage-
conductor contact area and a, the 
fraction of the conductor surface 
that interfaces with the coolant 
passage: 

6P c = qa |(2d + 2T) 62 

= qa2d (1 + b)64 . (5-2) 

Since the thermal power removed 
by the coolant is proportional to the 
conductor surface area and the Joule 
dissipation power is proportional to 
the conductor volume, cryostatic sta­
bility can in principle be achieved 
by reducing the conductor size d. 
However, pragmatic considerations 
associated with conductor fabrication 
and coil winding limit the conductor 
size to reasonable levels (d > 1 cm). 
When the cryostatic criterion is en­
forced by equating the dissipated 
power 6P, Eq. (5-1) to the thermal 
power removed by the coolant 6P , 
Eq. (5-2), the following relationship 
is obtained: 

q *AH±) .2 
P J 

cu sc . 

*AH±) (5-3) 

The terms inside the first brackets 
on the right-hand side of Eq. (5-3) 
are determined by physical properties 
of the helium coolant, the copper 
stabilizing material, and the super­
conducting material for a particular 
magnetic field strength and tempera­
ture. The geometrical terms inside 
the second set of brackets are deter­
mined by the detailed design configura­
tion of the actual conductor. Thus, 
when we have chosen a particular 
conductor design (a, d, b) and deter­
mined the appropriate set of material 
properties (q, ^ c u > j g ) , the fractional 

area of the superconductor f and 
sc 

the fractional area of the copper 
stabilizer f must satisfy Eq. (5-3) 
if the cryostatic stability criterion 
is to be observed. 

From the definitions of the frac­
tional areas (Fig. 5-5) we may use 
the following relationship to express 
the fractional area of the copper 
stabilizing material f in terms of 
the fractional areas of the helium 
coolant f, and insulation f. : he in 

fcu = ! - <fin + fhe> " fsc" (5-4) 

If we assume that the fractional 
areas required by the helium coolant 
and the insulation are fixed for a 
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particular conductor and winding 
design, we may use Eq. (5-4) to elim­
inate the fractional area of the 
copper stabilizing material from the 
cryostatic stability criterion 
[Eq. (5-3)]. Thus, for a set of 
material properties at a particular 
temperature and field strength and 
a particular conductor design, the 
maximum allowable fractional area 
of the superconductor F is locally 

sc ' 
set by the cryostatic stability cri­
terion. 

When Eq. (5-3) and (5-4) are 
combined and the quadratic rule in­
voked, the maximum allowable value 
of the fraction of conductor cross-
sectional area devoted to the super­
conductor is given by the following 
relationship: 

F sc 

x -1 + 

.2 
P J cu sc 

a (1 + b) 
bd 

1 + 2 
.2 

cuJsc bd 
a(l + b) 

(1 - f. - f. ) in he 
1/2 

(5-5) 

The local value of the conductor 
current density j at any point 
along the conductor is given by the 
product of the superconductor current 
density and the K'Ximum allowable 

superconductor fractional area F 
sc 

as set by the cryostatic criterion 
Eq. (5-5): 

j = j F sc sc (5-6) 

Having determined the allowable 
local current density in the conductor, 
we must consider the relationship of 
the conductor to the winding in order 
to determine the maximum achievable 
bulk current density j. 

Although the absolute maximum bulk 
current density would occur when the 
superconductor fractional area f is 

sc 
continuously varied to maintain all 
the conductors at the local maximum 
allowable current density value, the 
obvious constructional difficulties 
of such a design suggest that a dis­
crete approximation to the continuously 
varying case provides a more realistic 
estimate of maximum achievable bulk 
current density. We develop this 
approximation by dividing the sole­
noid winding into a number of layers 
of conductors N in which the conductor 
current density j is fixed throughout 
each layer at the lowest value of the 
allowable current density in the 
entire layer. 

To apply this approximation to the 
solenoid winding design previously 
developed (Fig. 5-1), the total thick­
ness in the radial direction of both 
the inner and outer windings of each 
solenoid (T = 0.987 m) is divided 
into four layers of equal thickness. 
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[The second layer of constant current 
density conductors is split between 
the inner and outer winding layers 
(Fig. 5-4 and 5-9).] We assume that 
the magnetic field strength varies 
through the winding in a linear manner 
from the peak strength at the inner 
radial surface (the surface normal 
to the inside radius of the solenoid) 
to zero field strength at the outer 
radial surface of the winding. From 
the following relationship, it may 
be seen that this linear variation 
of |B| is based upon the distance 0 
through the winding from the inner 
radial surface, with the region oc­
cupied by the inner support structure 
(Fig. 5-1) being neglected: 

l»l " I " J II " S/Tt], (5-7) 

where 

g = the distance through the 
winding from the inner surface 
(neglecting the inner coil-
support structure), and 

T = the total winding thick­
ness (neglecting the inner 
coil-support structure). 

Since the assumed linear variation 
of the magnetic field inside the 
winding is correct only for a 
solenoid of infinite axial length and 
uniform current density, it provides 

only a first-order approximation to 
the more complex spatial variation 
of the field within the finite-length, 
variable-current-density solenoids 
in the plug coil. Because the maximum 
allowable current density decreases 
with increasing field strength, the 
lowest value of the maximum allowable 
current density in a particular layer 
of conductor occurs at the location 
of maximum field strength within that 
layer of conductor. 

Thus, with the assumed field 
variation [Eq. (5-7)], the limiting 
value of the maximum allowable current 
density for a given layer of conductor 
occurs at the inner radial surface 
of the conductor layer where -he 
magnetic field strength is highest. 
Since the current density within a 
conductor layer is less than the 
maximum allowable value everywhere 
within that layer except at its inner­
most surface, the layered approxima­
tion tends to underestimate the value 
of maximum allowable bulk current 
density J. However, with a reasonable 
number of layers (N ^ 3 ) , it provides 
an adequate estimate of the maximum 
achievable bulk current density, 
considering the preliminary nature 
of this analysis and the obvious 
constructional problems associated 
with a large number of conductor 
layers. 

To estimate the maximum allowable 
bulk current density J with the 



computational model discussed in the 
preceding test, we need a conductor 
design configuration. For the pur­
poses of this analysis, we adopted 
the conductor design developed for 
the Mirror Fusion Test Facility (MFrF) 
experiment 5-1 (Fig. 5-6). To allow 
the relatively large superconductor 
fractional areas required by the high 
field strength levels inherent in 
the TMR concept, we modified MFTF 
conductor design by removing the 
restriction that the superconductor 
be confined to only one quadrant of 
the conductor (Fig. 5-6). We then 
evaluated the values of the para­
meters d, b, a, and f, describing 
the generalized conductor about which 
the preceding analysis was formulated 
for the MFTF conductor geometry 
(Fig. 5-6). 

In addition to a conductor design, 
we must evaluate the material property 
values p , j and q for the appro-cu Jsc n " 
priate temperature (~4 K) over the 
relevent range of magnetic field 
strengths (0 <_ |B| S 19 T) in order 
to calculate the maximum allowable 
bulk current density from the model 
previously developed. For this anal­
ysis, we took the value of the average 
heat-transfer rate per unit of coolant-
passage contact area used in Ref. 5-1: 
_ 2 
q = 0.36 W/cm . Although the 
relatively low field strengths asso­
ciated with the MFTF experiment 
allowed the utilization of a NbTi 

v Stabilizing Cu 

0.5 mm—if—-

1.0 mm 

• Insulation envelope 

L Cooling 
channels 

Fig. 5-6. Design of the MFTF con­
ductor, where the var iab les de­
fined in the caption to Fig. 5-5 
have the following va lues : 
q" = 0.36 W/cm2, 
Coolant passage-conductor interface 
area/unit length = 53 mm /mm, 
d = 12 + 1.0 + 1.0 = 14 mm 

b = U + »; 5 + °- 5 - - 0.93, 
14 mm 

a = 53 mm 2/mm = Q ^ 
2(12 + 2) + 2(12 + 1) mm /mm 

and 
f. = 0.15 in 

f. = 0.005 he 

assumed values. 

superconductor, the high field 
strengths required in the TMR concept 
necessitate the use of Nb Sn super­
conductor. In estimating the allow­
able current density in the Nb Sn 
superconductor, we used a plot of the 
critical current density for pure 
Nb_Sn as a function of magnetic field 
strength (Fig. 5-7) to provide the 
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Fig. 5-7. Critical current density lor pure Nb Sn superconductor as a function 
of magnetic field strength. The shaded area represents critical curvent 
density data from Ref. 5-3 for Nb.Sn multifilimentary conductors with 
different heat treatments. The solid line is the normalized critical current 
density j s c . The normalization point, 
at 12 T. Insert (taken from Ref. 5-5) 

from Ref. 5-4, is j s c = 1 x 10 4 A/cm' 
shows un-normalized critical current 

density for three ductile alloys of Mb and Ti as well as for the Nb Sn. 
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scaling of the critical current den­
sity with field strength. To include 
the various deleterious effects that 
reduce the critical current density 
of actual fabricated Nb.Sn supercon­
ductors, the critical field plot for 

at cryogenic temperatures. The re­
sistivity of copper immersed in a 
magnetic field |B| at a particular 
temperature P(|B|, T) may be related 
to its resistivity in the absence of 
a magnetic field p(0,T) by Kohler's 

pure Nb 3Sn was normalized to a critical law [Eq. (5-8)], which copper closely 
current density value representative 
of actual fabricated Nb.Sn supercon­
ductor (i = 1 x 10 A/cm at 12 T. 

Jsc 
The substantial reduction in the 

critical current density for fabri­
cated Nb Sn superconductor relative 
to pure Nb,Sn (about an order of 
magnitude) results from several dif­
ferent factors associated with the 
diffusion process used to fabricate 
the Nb Sn superconductor. This 
deterioration in critical current 
density for the Nb,Sn superconductor 
is not related to the current density 
limitations imposed on the complete 
conductor (Nb,Sn conductor and copper-
stabilizing material) by the cryostatic 
stability criterion [Eq. (5-5)]. 

The resulting curve of the critical 
current density for a Nb Sn conductor 
that was utilized throughout the 
remainder of this analysis is also 
given in Fig. 5-7. In addition, some 

5-3 more recent experimental data for 
Nb.Sn filamentary conductors are in­
cluded in Fig. 5-7. 

The electrical resistivity of 
copper is a function of both the 

follows over a wide range of condi-
5-6 

A R p(|B|, T) - p(0,T) 
P(0,T) 

P(0,T) / 
(5-8) 

From the definition of the magneto-
resistance parameter AR used in 
Kohler's law we can develop the fol­
lowing relationship for the resistiv­
ity: 

p(|B|, T) = p(0,273)[AR + 1]/R 

where R is the resistance ratio, 

R H p(0,273/p(0,T) (5-9) 

With the magnetoresistance para­
meter evaluated from the appropriate 
plot for copper, we calculated 
the resistivity of copper [P(|B|, 
'.) i as a function of the magnetic 
field strength [B| for several differ­
ent resistance ratios R and plotted 
it in Fig. 5-8. Although the resis­
tance ratio for copper may be as high 
as 1400 under ideal laboratory condi-

temperature and magnetic field strength tions, large quantities of copper 
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I 
DC 

287.5 440 460 
Radial distance from z-axis - cm 

Fig. 5-9. Variation in the magnetic field across the winding of the soLenold 
coils in the plug coil system, where (a) is the first layer of conductors, 
Jl = 1640 A/cm 2; (b) is ":he second layer, ,J2

 = 2 4 2 ° A/cm2; (c) la the third 
layer, Jj = 3390 A/cm2; and (d) Ls the fourth layer .1̂  = 4450 A/cm2. The 
so l id l ines are for calculated jli| with variable 
loca t ions 
marks the discontinuity resulting from the omission of the region occupied 
by the structure. 

I. at three different axial 
The dashed line is the linear approximation from Eq. 5-7. Line (e) 
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generated by the solenoid rails, I In- Since Lin.' Me ld fun l i guru I ion 

liwiHiictic f i e l d may lit.' reasonably assumed I'm- I b i s ana l ys i s | Id | . ('>-1 1 ) | 

approximated as axisymmct r ic (no is only correct I'or .1 so lenoid of 

t a n g e n t i a l component, F i g . ' i -1) i n f i n i t e ax i a l length and constant 

about the / . - ax i s . In a d d i t i o n , to curi'eitt d e n s i t y , i t prov ides only a 

f u r l b e r KlinpJ.il y 111 i s ana lys i s and I i i s f - o rde r approximat ion to tl ie 

to be cons is ten t w i t l i t i le approxima- complex geometry ol ' the ac tua l I i t-Id 

t i o n s u t i l i z e d in o i l ie r c l iapters ol conl inur. i t ion w i t h i n 1 lie so leno id . 

t h i s r e p o r t , we have a lso neglected Kach d i I I orcni ia I vojiiini- ol t lie 

I lie r ad ia l component ol the magnetic solenoid winding experiences a body 

l i e l d . i ' l ius, l o r I b i s p re l im inary lorce given by the vector cross 

ana l ys i s we assume tha i the maun,-tic product ol the local c u i r e n l and 

Mux dens i ty vector is always d i r e r led magnell. I lux dens i 1 y v e c t o r s : 

along t lie x -cuurd iua lo d i r e c t i o n 
. . A -

114 - l i t ] K ] , i u be cons ls te i i l w i t h dl-'/dv ••= j • II . C J - K ! ) 

I In- c r y o s t a t i c s t a b i l i t y c r l l e r i o n 

developed e a r l i e r in t h i s chapter , .Since 1 he Mux dens i ty vector is 

we assume that: t i le magnitude ol the assumed to have only a / . - d i r e c t i o n 

I lux dens i ty vector var ies l i n e a r l y component, and the current dens i ty 

I rum a maximum value al the inner vet t o r Is always d i r ec ted along the 

scirlace of the so leno id winding to 1 anient ia I coord inate d i r ec t i on , the 

a n u l l value a l the ouLcr sur lncc ol | l u l | y l o n e is always r a d i a l l y d i r e c t e d . 

the windiiij--,: Thus, by neglect Inn the rad ia l f i e l d 

dens i ty component we have e l im ina ted 

| i l | - B - ( |B 1 U 1 . | ) ( l - l ' V t , J , ( ' i - I M the ax ia l •-oiiipon.-nt of the magnet i ,-

body l o r c e . lite small r e l a t i v e s lue 

where ul t IK- a x i a l component ot the magnet ic 

body lo rce a l lows i t to be neglected 

I'. Hie d is tance Lhrough the in t i l l s p re l im ina ry a n a l y s i s . 

winding from tl ie inner The r a d i a l l y d i r e c t e d , magnetic 

su r face , neglecLing the hotly force i s t ransmi t ted through the 

inner c o i l - s u p p o r t s t r u c t u r e , volume of each wind ing layer to the 

and In te r face of tl ie winding layer and 

i t s associated supporting s t r uc tu r e . 
t the t o t a l winding th i ckness , |.'ur a given cur rent and f l u x - d e n s i t y 

neglecting the inner c o i l - d i s t r i b u t i o n , the compressive s t r e s s 
support s t ruc tu re . o _ on the interface between the 
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winding layer and the support alruL-
ture l.s determined hy the sum ol nil 
the contributions made hy each dif­
ferential conductor layer across the 
entire thickness of Lhe winding layer 
L. Thus, for a given maximum allow-
ahle compressive stress limit 

t 

Strain 10'2 in./in. 

fig. r)-ll). Si ivss/si rain prupeiiles 
of OI'IIC copper at 'i K, '1~/' wliere 
10, ,, - U.2 '• 10'' Ibf/in1'. 

determined to he loo high, they may 
he reduced with little design penalty 
hy dividing Lhe solenoids into a 
larger numher uf propurtionally 
thinner conductors and j-lructure 
layers. 

In addition to the transverse 
compressive stress exerted on the 
conductor, the deflect ion of its 
supporting structure under the mag­
netic loads will load the conductor 
in tension. Unlike the transverse 
compressive stress previously con­
sidered, It Is net clear that tills 
axial tensile stress can he substan­
tially reduced by separating the 
solenoid windings into more layers. 
Since the cylindrical structure sup­
porting the second conductor layer 
can be made very thick, and since the 
magnetic forces are smaller in the 
second conductor layer, the maximum 
tensile stress experienced by the 

the thickness ol a particular winding 
layer is determined by the aveiage 
value ol tin- product of the current 
and the magnetic flux densities across 
the winding layer. 

With I lie current density values 
given in Table 5-1 and the winding 
layer thickness shown in Tig. 5-1, 
the maximum compressive stress of the 
conductor is about 15 ksl for the 
high-field design (|li0| = 1H T). Al­
though this peak stress level Is 
probably slightly above the yield 
point of fully annealed, high-purity 
copper (-10 to 11 ksl, fig. 5-10), 
a very modest amount of strain hard­
ening will raise the yield point 
above 15 ksi (1'ig. 5-10). Since (as 
will be discussed shortly) the con­
ductor must he strain hardened by 
drawing in order for it to withstand 
the tensile loading along its axis, 
the compressive yield stress trans­
verse to the conductor may well exceed 
the fully annealed laiue. If com­
pressive stress levels of 15 ksl are 
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c o n d u c t o r w i l l occur in tin* f i r s t 

l a y e r ol conduct u r s . 

To e s t imat e t tie max 1 mum t ens i 1 c 

at r e s s l e v e l tn the f i r s t c o n d u c t o r 

l a y e r , we d e v e l o p e d t w o H imp 1 i 1 l e d 

c a l c u l a t iona l models of t h e f i r s t 

c o n d u c t o r l a y e r and i t s .support 

S t r u c t u r e . I n t i l e f i r s t m o d e l , We 

negi e e l e d Lhe st rengl li of the conduct.or 

aud a p p l i e d the e n t i l e r a d i a l magnet ic 

I D r e e e x e r t e d on t he 1 i rsi. e o n d u c l o r 

l a y e r t o the inner s u r f a c e of the 

s u p p o r t i n g a l r u c t u r e . We I lien c a l c u ­

l a t e d the c o n d u c t o r at rea.s leve l o 
ct 

t roiu l lie del l e d ion ol I he suppor i 

s t r u c t u r e hy e q u a l i n g the conduct u r 

lump s t r a i n i w i th the suppor t at r u e -

Lure hoop s t l a i n < . 

.) - I-: r - K < , ( ' ) - n ) 
el c c r a 

'1'if lurtiier aimplily Ihia an<ilyaia 
we uae membrane theory to ca I cu I at e 
t he support -at. rue Lure hoop at ra l u lor 
a cylindrical pressure vessel. Thus, 
beaidea neglecting, Lite strength of 
Lhe wind ing layer , this simpl e ea I c.u-
laLlon also neglects Lhe finiLe Lhlck-
riess ol the support sLrucLure jLsell; 

where 

r -": mean radius of structure, 
e 

p ^ pressure on inner surface 
of structure = u , and 

cc 
10'J 

1 r a d l . l l H i l l k i l o s : , o l s i 111 . -

U U i : . 

Although t i l l s model ovo re s t linat e s 

t h e c o n d u c t o r t e n s i l e s t r e s s l eve l 

by n e e j e c t l n u , Ilie sireii)>lli of the 

c o n d u c t o r I t s e l l , l( K'LMlly s i m p l l -

I i e s the s t r u c t u r a l c a l c u l a t i o n s hy 

r e p l a c i n g the a c t u a l , s t a t i c a l l y In -

d e t e r m i n a l e c o i l s t r u c t u r e wi th a 

s i m p l i f i e d , s t a t i c a l l y d e t e r m i n a t e 

c a l c u l a l lona l model . 1'iom Ki|. ( 5 - 1 4 ) , 

we o b t a i n a hoop s t r a i n ol l e s s than 

II. >X I n r I h e lliK.ll-1 l e l d c a s e 

( | II | - 1(1 'I') wil h I lie cur re i i i den-

s i l i e s (• i v e n ill Tali I e '> - ! . 

ill l l l e s e c o n d s( l n i l l i r a I m o d e l , 

we d e v e l o p a somewhat iiioiL- advanced 

a n a l y t i c a l a p p r o x i m a t i o n hy model ing 

Ihe l i r s t winding layei and i l s sup­

p o r t i n g s i rucl m e as c o n r t a t t r i c 

c y l i n d r i c a l t ubes ol l i n e a r l y e l a s l i c 

m a t e r i a l . The i nne r lube r e p r e s e n t iu^ 

I he l i r s i winding l a y e r is loaded on 

i t s inner r a d i u s w i t h a p r e s s u r e 

eipial t o Ihe max iiiiiuii c o m p r e s s i v e 

c o n d u c t o r s t r e s s o | K,|. C i - I | ) | , 

wh i l e i t s o u t e r r a u i u a i s loaded wi th 

file c o n t a c i p r e s s u r e p between t he 

c o n d u c t o r l aye r and i l s s u p p o r t i n g 

si l e c t u r e . The load o on lite inner 

r a d i u s ol the c y l i n d r i c a l tube simu­

l a t i n g the c o n d u c t o r l a y e r models 

the magnet ic body fo rce d i s t r i b u t e d 

th roughou t the c o n d u c t o r volume. 

S ince the s t r u c t u r a l s t r e n g t h of t h e 

c o n d u c t o r has no t been n e g l e c t e d in 

http://lliK.ll-


this model, the contact pressure be­
tween the structure and winding layer 
will be less than the maximum com­
pressive stress. How much less will 
depend on the relative stiffness of 
the winding layer and its support 
structure. The outer tube representing 
the support structure is loaded on 
its inner radius with the contact 
pressure between the winding layer 
and the support structure. 

Although this model is more 
sophisticated than the preceding one, 
the replacement of the magnetic force 
distributed throughout the volume of 
the winding layer with an equivalent 
load applied to the inner surface oT 
the winding layer appears to under­
estimate the deflection of the support 
structure and the conductor tensile 
stress level. Since the conductor 
and its support structure form a 
statically indeterminate structural 
system, the contact pressure between 
the winding layer and its supporting 
structure must he determined from an 
auxiliary condition. 

The contact pressure may be analy­
tically determined by equating the 
relationships developed from the 
theory of elasticity for the displace­
ment of the outer surface of tha coil 
winding layer with the inner surface 
of the supporting structure: 

\ m+1 X 
= f (m, G 
*r 

K J . 

(5-15) 

whe re 

outside radius of winding ? iyer 
inside radius of winding layer 

outside radius of structure 
inside radius of structure ' 

shear modulus of structure, 

shear modulus of winding layer, 
and 

1_ 
Nv (l'oisson's ratio) 

With the contact pressure deter­
mined, the maximum hoop strain in 
the winding layer may be analytically 
determined from the solutions of the 
equations of elasticity for a cylin­
drical pressure vessel 

[f (m, G , G , R , R ) 0 ] s c s e cc 

1 + R2 + i 

«-l)l 
(5-16) 

From Eq. (5-16), we determined that 
the hoop strain for the high-field 
case with the geometry given in 
Fig. 5-1 is approximately 0.14%. 
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As anticipated, the second struc­
tural model yields a lower conductor 
hoop strain than the first model. 
Since the hoop strains calculated with 
either the first or second structural 
model imply stress levels of about 
25 to 35 ksi, far above the yield 
stress of annealed copper ( 11 to 
12 ksi), either the copper stabilizer 
material must be work hardened or a 
method must be developed to prestress 
the coil support structure. Since 
work hardening the copper stabilizing 
material will substantially increase 
its electrical resistance at cryogenic 
temperatures (between 2 to 4 times, 
see Fig. 5-11), the maximum allowable 
current densities calculated earlier 
would decrease. However, since the 
increase in resistance due to the 
magnetic field at high field strengths 
is much greater (AR = 10 at |B| = 18 T, 
Fig. 5-8) than the work-hardening 
effect, the reduction of the maximum 

Fig. 5-11. Resistivity/strain proper­
ties of OFHC copper at 4 K. 5 -' 

allowable current density by work 
hardening will be more noticeable in 
the low-field regions of the .solenoid 
winding. 

Thus, when the work-hard ning 
resistance increase is added to the 
magneto-resistance effect previously 
considered, the current density in 
the high flux density regions of the 
solenoid winding is not greatly 
affected. However, the maximum 
allowable current density in the low 
flux density regions of the solenoid 
winding is substantially reduced if 
the copper stabilizing material is 
work hardened. If we are to maintain 
the central field strength, a reduc­
tion in the solenoid current density 
necessitates an increase in the sole­
noid winding cross section from the 
design illustrated in Fig. 5-1. 

In addition to the strength of the 
copper stabilizing material, the brittle 
nature of the Nb,Sn superconductor 
material also imposes limitations on 
the conductor hoop strain. It was 
experimentally determined that multi-
filamentary conductors of Nb,Sn could 
withstand tensile strains of approxi­
mately 0.6% without degradation in 
the critical current density. The 
ability of the conductor to withstand 
such large strain values was attributed 
to an initial prestressing of the 
conductor resulting from the difference 
between the thermal expansion coeffi­
cients of the niobium filaments and 



the copper stabilizing material. Thus, 
it appears that prestressing the 
support structure to reduce conductor 
strain is not necessary. 

INTERNAL STRUCTURE OF THE YIN-YANG COIL 

We shall now determine the maximum 
value of the average current density 
for the cryogenic-aluminum Yin-Yang 
winding shown in Fig. 5-1 as a function 
of tiie maximum allowable value of the 
local current density. For a given 
maximum local current density and : 
magnetic field strength in the con­
ductor, the average current density 
is determined by the fraction of the 
current-carrying conductor that is 
displaced by the noncurrent-carrying 
internal-support structure. From the 
structural analysis discussed here, 
the fraction of the Yin-Yang coil 
cross section that must be reserved 
for the internal structure is 
determined for all three of the mag­
netic designs. For the high-field 
case (|]i0| = 18 T, Fig. 5-ij, we 
consider the design of the internal 
structure in more detail in order to 
determine the thickness of the plates 
between adjacent layers of conductors. 
With the fraction of the winding cross 
section occupied by the internal 
structure (average structural fraction 
f) determined from the analysis con­
tained here and with the average 
currert density values initially 

utilized to develop the magnetic 
design, we may determine j, the local 
value of the current density in the 
cryogenic-aluminum conductor necessary 
to achieve the desired magnetic 
performance: 

j = T/f . (5-17) 

After determining the thermal 
design implications (coolant passage 
length and area fraction, pumping 
power, coolant pressure, etc.) of 
operating at the desired conductor 
current density from the conductor 
thermal analysis described later under 
"Thermal Analysis of the Cryogenic 
Yin-Yang Coil," we can assess the 
feasibility of the magnetic design 
based on the initially assumed average 
current density values. 

Because it greatly simplifies this 
preliminary analysis and because it 
represents a reasonably valid approxi­
mation, we estimate the magnitude and 
direction of the magnetic forces act­
ing on the conductors by assuming that 
they are immersed in a spatially uni­
form, axial-direction (Fig. 5-1) mag­
netic field at the field strength of 
the mirror point. This assumption 
neglects the perturbations in the 
magnetic field strength and geometry 
caused by the finite length of the 
solenoid windings and the Yin-Yang 
coils themselves. Since the magnetic 
force system exerted on the TMR Yin-
Yang coil differs considerably from 



a conventional Yin-Yang coil system, 
a sketch of the magnetic force system 
is presented in Fig. 5-12. The sketch 
was developed by applying the l.orent/. 
force law to the Yin-Yang coil winding 
immersed in the assumed uniform axial 
field. 

To estimate the average structural 
fraction for the Yin-Yang coil wind­
ing, we used the internal structure 
configuration for the winding cross 
section of the major arc where the 
magnetic forces are strongest (xz -
plane, Fig. 5-12) to size the intornal 
structure over the entire length of 

the coil winding. Since with this 
assumption the internal structure is 
sized by the maximum value of the 
magnetic forces, whereas in an actual 
design it may be possible to reduce 
the size of the internal structure 
where the magnetic, forces are smaller, 
this estimation process Is probably 
conservative. However, a more 
sophisticated analysis of the average 
structural Traction would require a 
more detailed design of the internal 
structure involving consideration of 
the important and difficult problems 
associated with fabricating and 

Major arc 

Fig. 5-12. Magnetic force sysi n in the TMR Yin-Yang c o i l . 
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assembl ing an actual winding. Such 
a design effort is beyond the scope 
of this preliminary design study. 

Another serious design problem 
neglected iri this analysis i;: .'.ms"[! 
by the abrupt change in the directional 
orientation of the local magnetic 
force with respect to the Yin-Yang 
winding cross section between the 
major and minor arcs. 1f the columns 
of the internal structure are oriented 
in the direction of the magnetic force 
along the major arc (x-dltection, 
i'ig. 5-1), the magnetic arc will be 
transversely oriented to the columns 
of the internal structure along the 
minor radius. Thus, either the orien­
tation of the internal structure 
columns relative to the wincing cross 
section must be changed between the 
major and minor arcs, or the plates 
separating adjacent conductor layers 
must be redesigned to support the 
magnetic forces along the minor arcs. 
Although this change in loading poses 
a formidable structural challenge, 
the very small magnitude of the mag­
netic forces in the transition region 
between the major and minor arcs may 
allow the relative orientation of the 
internal structure columns to be 
rotated along the direction of the 
magnetic forces. 

We determined the average structural 
fraction for the Yin-Yang winding 
cross section in the xz-plane. In 
this structural design, the winding 
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conductors are divided into a series 
of layers (Fig. 5-1, detail C) wiiose 
thickness is chosen to limit the 
compressive stress in the conductors. 
The magnetic forces distributed over 
each layer are transferred by the 
internal stricture to an external 
structure. The internal structure 
in a layer of conductors consists of 
a series of compressively loaded 
columns that transfer the total mag­
netic force distributed over all the 
proceeding conductor layers through 
tile conductor layer under considera­
tion. Since the columns do not con­
tact tile conductors in the layers 1 hey 
pass through, the conductors in each 
layer are subjected only to the mag­
netic forces distributed throughout 
their own volume. A flat plate Is 
used between each layer of conductors 
to transmit to the columns the total 
magnetic force distributed over the 
preceding layer of conductors. 

After passing through the last 
layer of conductors, the columns 
transmit the load from the preceding 
conductor layers to the external 
structure supporting the Yin-Yang 
coil winding. Since the columns are 
carrying the cumulative total of all 
the magnetic forces distributed over 
all the preceding layers of conductors, 
they must become larger and larger 
as they approach the external structure 
(Fig. 5-1). Thus, because of the 
increasing amount of current-carrying 



later in lie- '>-!'>.>. II »• neglect 
buckling anil assume a ratio between 
coolant-passage wall thickness .mil 
the coolant-passage radius nl about 
0.1!), tin- maximum allowable conductor 

a hie is about 1.10 N/m 

conductor displaced from each addi­
tional conductor layer by the internal 
structure, each additional conductor 
layer lowers the average current dens­
ity. In addition, as the winding 
thickness Is increased by adding ad­
ditional conductor layers, the internal (]3 ksi). With Lhe assumed constant 
structure eventually displaces the 
conductors, thus setting an 
absolute limit to the current-carrying 
capacity oI" a conductor of fixed width. 

The thickness of each conductor 
layer t is determined by the requiro-
meiiL that the compressive stress on 
the outer surface of the conductor 
layer he equal to the maximum allowable 
design stress of the conductor o . 
Since the annealed, high-purity alumi­
num used in the cryogeiiic-aluiiiinum 
conductor is very weak (o w 2 to 

s t r e s s v. 

magnetic f ield sLrenglh | Il| = | il | 
and with the local current density 
in Lhe conductor constant at the 
maximum allowable value j , the thick­
ness uf each layer of conductors i s 
constant ami may lie determined by the 
lullowing r e l a l i unsh ip : 

I = u . / Q I O (5-18) 

i ksi), we treat it as an incompres­
sible fluid that transfers the magnetic 
body forces to the internal structural 
system and the external case surround­
ing the coll winding. Thus, the maxi­
mum allowable conductor design stress 
is determined by the strength of the 
coolant passage ducts located inside (5-19) 

each conductor rather than by the 
high-purity conductor material itself. l^uaticm (5-19.) Was derived by re-

Thc I taction o\~ each conductor 
layer occupied by the internal struc­
ture (local structural I'racLion 1" ) 
may be determined in terms of the 
local structural fraction of the pre­
ceding layers by Lhe following 
reJ at ionsh ip: 

i-J 
(n /o ) 

1=1 

In this analysis, we assume that 
the coolant passage ducts are con­
structed of high-strength, aluminum-
alloy tubes around which the low-
strength, high-purity conductor 
material is extruded into a conductor 
of square cross section (as shown 

quiring that the internal structure 
in a conductor layer support the 
magnetic forces distributed over all 
the preceding layers without exceeding 
o , the maximum design stress of the 
s 
structural material. Since the 
structural fraction of the first layer 
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of conductors Is always known (f = 0) 
Kq. (VJ'J) may he applied successively 
beginning with the first conductor 
layer Lo determine the structural 
fractions of each layer of conductors. 
The average structural fraction 1 of 
a given winding design, which will 
not In genera J conn I st of an Integer 
iiiimher <if equal-thickness winding 
layers |l, I*>|. C>-1H)J, IM given hy 
(he lol lowing rel.at ionnJif p lor a 
winding of total thickness T: 

T / l >• Z (i - ',„> 
I I 

( W O ) 

•'• K » - » * ) ( ' - ' • „ „ * , . , ) 

n nuiiiher ol winding layers •" T/ l , 

II* l a r g e s t I n t e g e r leiui lli.ui n , 

and 

f , nLriK'Lui al I r a c l ion ol s i 
c o n d u c t o r l aye r I . 

The second term on the r I g h t - h a n d 

Hide- of Kq. ( V 2 0 ) r e p r e s e n t s the 

c o n t r i b u t i o n t o t h e a v e r a g e s t r u c t u r a l 

f r a c t i o n from the I ant c o n d u c t o r l a y e r , 

which In g e n e r a l 1H not an t h i c k tut 

t h e p r e c e d i n g l a y e r s . When t h e 

BimultaneouH syntem of e q u a t i o n s 

formed by Kqs. (5 -18 ) and (!i-20) IH 

l t e r n t i v e l y s o l v e d wi th the a p p r o p r i a t e 

m a t e r i a l p r o p e r t y v a l u e s o , o , and 

t h e I I c l d - s t r eng th li v a l u e , we can 

d e t e r m i n e the loca l c o n d u c t o r c u r r e n t 

d e n s i t y v a l u e j r e q u i r e d lo at f a i n 

the a v e r a g e c u r r e n t d e n s i t y | used 

in the magnet Ie d e s i g n . 

Table V J l l i i l i i t he requi red loca l 

c u r r e n t d e n s i t y v a l u e s l o r a l l t h r e e 

den Ign I'.'iHi'H a long wf ( h the I oca 1 

a v e r a g e c u r r e n t d e n s i t y and s t r u c t u r a l 

f racl ion in each conduct o r l aye r a s 

c a l c u l a t e d I row Kqs. (V-IK) and ('»-'/()). 

h e l o r e c o n s i d e r i n g the v i a b i l i t y ol 

t in 1 r e q u i r e d loca l c u r r e n t d e n s i t y 

v a l u e s g iven In T a h l e V I , we .shall 

c o n s i d e r the d e s i g n of Llie i n t e r n a l 

s t r u c t u r e l o r Mie h J g J r - l i r l d c a s e In 

somewhat g r e a t e r d e t n i I . 

in e v a l u a t i n g t h e a v e r a g e c u r r e n t 

d e n s i t y , wi" have t a c i t l y assumed that 

the Mat. p la t er> which t r a n s f e r I he 

magnet Ic I o r c e on each comluc t o r l aye r 

t o the columns p a s s i n g th rough the 

l o l l o w l n g c o n d u c t o r l a y e r a r e s u f J I -

c / e n l l y t h i n tha t t hey iiave no s l g n l l -

Jcant e i l e e l on t h e a v e r a g e c u r r e n t 

d e n s i t y . To invent I g a t e t he vaI Id i t y 

of t h i s a s s u m p t i o n , we e s t i m a t e t h e 

r e q u i r e d t h i c k n e s s ol the p l a t e s t 

from t h e f o l l o w i n g a n a l y s i s . 

S i n c e t h e p l a t e s a r e loaded In 

bend ing hy the magnet ic f o r c e s e x e r t e d 

cut t h e c o n d u c t o r l a y e r Iter.ween a d j a c e n t 

columns, t h e i r t h i c k n e s s Is de t e rmined 

for a g iven maximum d e s i g n s t r e s s a 

hy t h e s p a c i n g between a d j a c e n t 

columns ( a , Kifj. ! i - 1 3 ) . To e s t i m a t e 

t h e r e l a t i o n s h i p between the p l a t e 

l> 

sp 
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c e n t e i - ; . ( i - e e n i e i s p a r I i\y, o l I h e 
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H e p a r a t l UK l l i < - ' | ' • ">« l ' I • * ' 

c o n d u c t o r J a y e r s ) : 

»i> 

(5-21) 

T h i n r e l n t l o n s h l p I I C K U T L H t h e 

romp 1 e s s I v e | y l oaded e o | l imns. hot h 

e x p e r Imeut a I and u n a l y t i r a l s t u d i e s 

have 1-0111 ! rmed t hat t he max {mum 

n o m i n a l : i l r c i i : ; o - I' A t h a t an 
u 

a l u m i n u m eo l i im i i r a n s u p p o r t he t o t e 

c o l l a p s i n g . l f l ;» l u i i e L l o n o l t h e r a t i o 

o l t h e l e n g t h o f t h e i-olumn '>' l o i t s 

r a d i u s o l y.yrnl I on r ( l / A ) ' " . I n 

t h e l i n e a r e l a u t l e l o a d i n g r a n ^ c , t he 

maximum n o m i n a l s i r e n s l a ^ ' v e n as 

a I u n c i I on o l i h e c l a s t i c modu lus and 

t he d l i i K i i s i u n l ess neomuLrJe p n r a n i e t c r 

e l i e i : t n o l t h e p l u t e g e o m e t r y and o f KfVi* by t i n - I vu le r r e l a t i o n s h i p 
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columns in each conductor layer are 
located on common centers (Fig. 5-i) 
whose spacing is set by the minimum 
allowable spacing in the second con­
ductor layer [a , Eq. (5-22)]. With 
this arrangement, the second conductor 
layer is operating with a buckling 
safety factor of two, whereas the 
other conductor layers have buckling" 
safety factors greater than two, The 
calculated dimensions of the internal 
structure components are tabularized in 
Fig. 5-13. From the plate thicknesses 
given there, it may be seen that the 
assumption that the plates did not 
significantly reduce the average 
current density is justified. 

Next, we shall develop a thermal 
analysis of the cryogenic-aluminum 
conductor in order to determine the 
feasibility of the local current 
density values required to attain the 
average current density values used 
in the magnetic design. 

THERMAL ANALYSIS OF THE 
CRYOGENIC YIN-YANG COIL 

In *"his section, we shall evaluate 
feasibility of operating the cryogenic 
Yin-Yang coil at the desired local 
current density values (Table 5-2). 

The feasibility of operating the 
coil at a particular current density 
level is primarily determined by the 
thermal design implications of the 
associated Joule dissipation power 

density. For a given current density, 
the Joule dissipation is determined 
by the electrical resistance of the 
aluminum conductor p.,. Since for a Al 
given lovel of impurities, the re­
sistance of the aluminum conductor 
material increases very abruptly if 
the conductor temperature is raised 
above about 20 K (Fig. 5-15), the 

10' 

10"! 

i i mini—i i 111IIii—i i 11 Mill i: 

Pure aluminum : 

u^nA. LliiL ' • • ' L 

io m2 

Temperature - K 

103 

Fig. 5-15. Electrical resistivity 
of pure aluminum and of aluminum 
alloys as a function of temperature 
(from Ref. 5-10). The asterisk 
marks the data point [p(0,4) ss 1.2 
x 10 -3 pA-cm] used in preparing 
Fig. 5-17. 
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outlet temperature T of the helium 
coolant must lot be over about 20 K. 
The inlet temperature of the helium 
coolant is limited by the rapid de­
gradation of the refrigerator coeffi­
cient of performance as the coolant 
temperature is lowered. Because of 
this, the refrigerator power require­
ments appear to limit T., the inlet 
temperature of the helium coolant, 
to temperatures dbovu ab">ut 12 to 
15 K. Thus, compared to many other 
more conventional heat-transfer 
systems, the cooling system for a 
cryogenic-aluminum coil must operate 
within a very narrow temperature range 
AT = 5 to 8 K. 

We can express the thermal design 
implications for a cryogenic-aluminum 
Yin-Yang coil in terms of a local and 
a global design requirement. Locally 
at each point along the conductor, 
the total temperature rise required 
to transfer the Joule dissipation from 
the interior of the conductor to the 
helium coolant itself must not ".ause 
the conductor temperature to 
substantially exceed 20 K. Because 
of the high conductivity of the 
aluminum conductor and its small 
physical size, the temperature dif­
ference required for the conductive 
transfer of the Joule dissipation 
energy to the surface of the helium-
coolant passage appears to be insig­
nificant relative to the convective 
film drop. Thus, for this preliminary 

analysis it appears that the conductive 
temperature difference can be neglected 
and only the film drop AT need be 
considered in formulating the local 
criterion. 

In addition to the local design 
requirement discussed above, the 
cooling system for a nonsuperconducting, 
steady-state coil winding must be 
designed so that the global tempera­
ture rise AT of the coolant over the 
entire length S. of each coolant pass­
age is not excessive. Since the 
global temperature rise is «ev?relv 
constrained in a cryogenic-aluminum 
coil system AT = 5 to 8 K, there is 
a severe limitation on t^e length J', 
of the cooj_,nt passages between inlet 
and outlet manifolds. Although the 
impact of the coolant passage length 
on the coil design is difficult to 
quantify without performing a much 
more detailed design study, the design 
of the inlet and outlet manifolding 
will probably become much more diffi­
cult as the coolant passage length 
becomes shorter. 

To analytically evaluate the design 
requirements discussed above, we must 
choose a conductor configuration. 
For this study, we developed the con­
ductor design shown in Fig. 5- 'f 
where we assume that the square, high-
purity aluminum conductor has been 
extruded around a thin, high-strength, 
aluminum-alloy cooling tube in the 
center of the conductor. The geometry 
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High-strength Al 

Alloy coolant tube 

High-purity Al conductor 

Coolant passage 

Current J 

Fig. 5-16. Cryogenic aluminum conductor the Yin-Yang coil, where 
f - cross-sectional area of the coolant duct . 

total cross-sectional area of the conductor 

of the conductor assembly (cooling 
tube and surrounding conductor) is 
determined by the ratio of the coolant 
duct to the conductor cross-sectional 
areas f, the dimension of the conductor 
side d, and the length S. of the coolant 
passage between inlet and exit mani­
folds. 

To analytically evaluate the 
thermal implications of the local 

ship between the current density and 
the film drop, 

AT, 
. ( u f ) 1 ^ 2 1 

Al 
2h (5-23) 

where the Joule dissipation power in 
a differential length of conductor 
is equated to the rate of convective 

design criterion, we develop a relation- heat transfer to the helium coolant. 
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Since the conductor .ross section 
is assumed constant alon^ each conduc­
tor, the terms enclosed ly the brackets 
on the right-hand side of Eq. (5-23) 
are constant along a given coolant 
passage. The convective heat transfer 
coefficient h is determined from the 
coolant parameter values with the 
following version of the Reynold's 
analogy: 

(jpj = 0.023 (Si£) °' 8, (5-24) 

where 

k : thermal conductivity of helium 
coolant, 

C -T specific heat of helium P 
coolant, 

y = viscosity of helium coolant, and 

~pu = mass velocity of helium coolant. 

The electrical resistivity of the 
aluminum conductor p is a function 
of its purity, temperature, and flux 
density. Thus, for a particular 
current density, coolant parameter 
values, and conductor design, the 
film drop is fixed for a given con­
ductor temperature T . Since the 
outlet temperature of the coolant is 
approximately determined by subtract­
ing the film drop from the maximum 
conductor temperature (T. as T - AT ), 

the film drop must be kept quite low 
(.'.!,& 1 K) to prevent a significant 
reduction of the alrc.uly small global 
temperature rise. A decrease in the 
global temperature rise reduces the 
length of the coolant passages. The 
local therii.al design requirement 
expressed by Eq. (5-23) is conceptu­
ally similiar to the cryostatic sta­
bility criterion developed for the 
superconducting solenoid windings 
[Eq. (5-3)]. 

To analytically evaluate the impli­
cations of a particular current density 
value with respect to the global 
design requirement, we develop the 
following relationship between the 
coolant passage length and the global 
coolant temperature rise fror. the 
first law of thermodynamics: 

AT (5-25) 

In developing this relationship, we 
neglect frictional dissipation and 
evaluate the bulk properties of the 
coolant at the mean coolant temperature. 

To evaluate the film-temperature 
drop and coolant-passage length for 
a given current density, we must 
determine the value of several cool­
ant parameters. Since the coolant 
entrance and exit temperatures are 
largely determined by the use of 
cryogenic-aluminum conductor material, 
only the coolant pressure must be 
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specified to determine the thermo­
dynamic properties of the helium 
coolant. In this first-cut analysis, 
we somewhat arbitrarily limit the 

coolant pressure to about 4 atm. 
In addition to the thermodynamic 

properties of the helium coolant, to 
evaluate the film temperature and the 
length of the coolant passage the mass 
velocity (pu) of the helium coolant 
must also be specified. The mass 
velocity of the coolant is limited 
by the large refrigerator power re­
quired to remove the friction dissi­
pation power from the coolant at those 
very low temperatures. To evaluate 
this limitation, we develop an analyt­
ical expression from the first law 
of thermodynamics for the ratio P of 
the pumping pofcer to the Joule dissi­
pation power for an entire coolant 
passage. This relationship assumes 
an isentropic reversible pumping 
process: 

^ j 2 P A 1 , 
(rb) 

<W 
1=1 

y (5-26) 

where 

P i = 
p o 5 

y = 

entrance coolant pressure, 

exit coolant pressure, and 

C /C for helium coolant. P v 

We determine the ratio of outlet 
to inlet coolant pressures, neglecting 
compressibility effects, from the 
[allowing relationships; 

'ij-
0 2RT(f. 

x n ' 

0.32 

(5-27) 

(5-28) f = 0.00140 + 0.125/Re' m 

where 

T - mean coolant temperature, 

R ^ perfect gas constant, 

r, £ hydraulic radius, and 

Re S Reynold's number = —^—. 

Since the pumping power ratio calcu­
lated with Eqs. (5-26) through (5-28) 
does not include either the nonisen-
tropic behavior of a real pump or the 
pressure losses in the coolant passage 
manifolding, the calculated pumping 
jower ratio must be very small (P S 0.1) 
to avoid significantly increasing the 
refrigeration costs. We determine 
che resistivity of the high-purity 
cryogenic aluminum conductor as a 
function of flux density for a repre­
sentative conductor temperature (20 K) 
from a previous analysis in Ref. 5-6 
(see Fig. 5-17). 

To determine the thermal design 
implications of operating the cryogenic-
aluminum Yin-Yang coil at the desired 
current density level (J = 3949 A/cm , 
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Table 5-3), we calculate the global 
temperature rise .'-T, film temperature 
J.T., pumping power fraction P, pressure 
ratio P /P., exit coolant T , and 
conductor temperatures T from the c 
previously developed relationships 
for typical coolant parameters 
(Table 5-A). All these calculations 
are based on the current density 
required for the high-field case 

IBI-T 
Fig. 5-17. Resistivity of high-purity 
aluminum (using magnetoresistance 
data from Ref. 5-6, where 

R = £12^221 . 2 1 0 0 , and 
p(0,4) 

p (0,273) = 2.5 x 10" 8 fi-M. 

Table 5-4. Coolant passage length 
d = 0.025 m, f = 0.15, 
pu = 220.3 kg/m 3, T ± = 
and j = 4700 A/cm 2]. 

Hm) AT(K) T Q(K) 

7.5 4.30 19.30 
10.0 5.73 20.73 
12.5 7.16 22.16 

(;B « 18 T illustrated in Fig. 5-1. 
From Table 5-4, it is seen that for 
the high-field current density the 
length of the coolant passage is less 
than the circumferential distance 
around the coil winding (•- ~ 13.8 m) . 
This in combination with the rela­
tively small size of the conductors 
- 576 conductors are required to fill 
the Yin-Yang cross section — implies 
a large number of parallel coolant 
paths. If the 13.8-m circumference 
of the Yin or Yang coil is divided 
into two 6.9-m coolant paths, then 
about 1150 parallel coolant paths are 
required for each coil winding (Yin 
or Yang). 

In addition to the large number 
of coolant passages, the inaccessible 
location of the passages, which are 
deep within the winding, will further 
complicate the coil design. Although 
we have not considered it in this 
preliminary study, the development 
of a manifolding system capable of 
servicing a large number of often 
inaccessible flow passages while 

in cryogenic-aluminum coil [where 
p. = 4.04 x 105 N/ m2 (4 atm), 
1$ K, J = 3949 A/cm 2, 

P 0 / P i P T c(K) 

0.945 0.082 20.11 
0.926 0.083 21.54 
0.907 0.084 22.97 
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satisfying the additional requirements 
imposed by structural, electrical, 
and constructional considerations 
appears very difficult. Thus, al­
though a cryogenic-aluminum Yin-Yang 
coil design with the required current 
density appears thermally feasible, 
the relatively short allowable coolant 
passage length - probably less than 
one circumferential length around the 
coil - renders the development of a 
complete design for a cryogenic-
aluminum coil a formidable and as yet 
unsolved design challenge. 
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SUMMARY 

We have cot -ilelcd pro I I in I nary 
nucltoiijcs appraisals of the shielding 
required for the Yin-Yang magnets In 
tlu- TMK plugs and of the cuntral-cel I 
blanket composition that would provide 
a tritium-breeding ratio of I . II). It 
was specified thai shielding for the 
pi ug ro I I must : 

• I.lull t tola! nuclear! y induced 
heal In)', In the col] and cold structure 
lo 107. of the 1 l( heat lri(. In Ihe un-
1rradlated col I, 

• l.ltnlt local nurlcarly Induced 
heal in); to three limes the un I rr.id lal ed 
values, and 

• Allow a 1-year operational I line 
between room-temperature anneals ol 
the cryogenic aluminum In the Yin-Yang 
magnets. Calculations showed Dial an 

•b4-cm-thick, lungsten-bascd shield 
would meet those requ i remenls, 
Requirements for the central-eel 1 
blanket and shielding would be met by 
a M-cm-lhick, slalnless-steel blanket 
that contains liquid lilhlum. Such a 
blanket would have a trlIlum-brcodIng 
ratio of 1.1.0 and would provide an 
energy multiplication of 1.20. 

INTRODUCTION 

Tritium breeding, conversion of 
thermonuclear neutrons to heat, radia­
tion damage, activation, and component 

129-i 

and biological shielding are all 
important nucleonics subjects that must 
be considered In the design of a fusion 
reactor-. for Ibis Initial appraisal 
of the tandem mirror reactor (TMK), the 
limited nucleonics effort expended was 
concent rated in two areas: 

• Shielding required lor the end-
plug Yin-Yang col Is. 

• Central-cell blanket. 
I ' rolecL Ing the Yin-Yang p lug c o l l s , 

which a r e made of aluminum and d e s i g n e d 

l o be used a l c r y o g e n i c t e m p e r a t u r e s . 

Is t h e major s h i e l d i n g c h a l l e n g e In 

O i l s TMK d e s i g n . Tin- c r i t i c a l a r e a 

a p p e a r s lo be a t Hie Inner m i r r o r of 

(.In1 p/i/g where //'/' |)/,;sra.i e x l e n d / n g 

from the c e n t r a l c e l l g e n e r a t e s 14-McV 

n e u t r o n s a t a s ign 11 ic . int r a l e . 

'file enhanced I) and f a v o r a b l e geometry 

ol t h e c e n t r a l c e i l a l l o w us t o con­

t e m p l a t e a b l a n k e t of modest pe r fo rm­

a n c e . The enhanced <) e l i m i n a t e s I lie 

need l o r energy m u l t i p l i c a t i o n ; ami 

the very low a r e a l o r neuLron s t r e a m ­

ing (from t h e l a r g e l e n g t h - t o - d i a m e t e r 

r a t i o ui t h e c y l i n d r i c a l c e n t r a l c e l l ) 

coup led w i th no r equ i remen t fo r energy 

m u l t i p l i c a t i o n l e a d s lo on ly a minimal 

r equ i r emen t for n e u t r o n m u l t i p l i c a t i o n 

in t h e b l a n k e t . Our o v e r a l l o b j e c t i v e 

i s t o keep the. b l a n k e t a s s i m p l e and 

Inexpens ive as p o s s i b l e . S h i e l d i n g 

for the s u p e r c o n d u c t i n g c o i l s of Ihe 

c e n t r a l c e l l I s In t h e 90 cms between 

the b l a n k e t and t h e c o i l s . Nine ty cm 

of s t e e l - and l e a d - b a s e d s h i e l d i n g 



p l u s t in 1 b l anke t slum lil p r o v i d e mure 

lli.in enough p r o t e c t i o n l o r t h e s e r o i l s . 

SIIIKI.DINC Till-: YIN-YANC COII.S 

Tin- plasma pliiRS at e i t h e r <MIII of 

tin- TMK a r c c o n f i n e d l>y minlmum-ll 

mapm-l I<- l i i - I d s . Tin' f i e l d ol' c;n h 

pluf. i s )>i'iii>r;iLi'tl l>y a pa i r of 

c r y o g e n i c - a l u m i n u m , Yin-Y.inn r o l l s 

su r rounded by two supcrcnnduc l I up, s o l e -

n u h l s . To Mini I n u c l e a r heal in>; .itul 

r a d i a t i o n damage t o a c c e p t a b l e l e v e l s , 

both s e t s ol r o l l s must he s h i e l d e d 

I rom the lus io i i n e u t r o n s | -cnora icd iu 

IK>I li I In- plasma |>IIIJ;K .-IIKI JII I lie 

i:i-ul r.'i I ce I I . 

Tin- o v e r a l l j-eoinet ry ot t lie plup. Is 

shown In F l u . f>-1 . l-'ij'.uro d-Z(.-i-d) 

shows (hi- Yin-Y.llir, c o l l s , tin- p lasma, 

.mil i In- s p a c e aval l.-ibli- l o r sli It-1 d ill)',. 

Nolo where I lit- majuicl li- Mux bundle 

c o n t a i n in)-, llu- pl.-isra.-i p a s s e s hi-iwi-i-n 

I In- l a c e s ol tin- Yln-Y.-mc col I . 

Slil i-Id Inc. l l i r r r i s ,-• major rlia I I ollf'.c 

because s p a c e Is .'il .1 premium. A l s o , 

Uli' t h i c k n e s s nl Lin- sh i l - Id reqil I led 

b e t w e e n t i l l - CO I J l.ll-l-S W i l l h a v e .III 

imporl.-inl e l ' l c c l on tin- ov i - r a l l s i z e 

ot tin- pi up, ami t h u s on I t s c o s t . 

Finn r e 6-2 shows a "0-cni s e p a r a t i o n 

between the f a c e s ol" t h e Yln-Yaii({ 

c o i l , a plasma t h i c k n e s s of '>() cm, anil 

a plasma wid th of 90 to 100 eta. A 

5-cm-t l i lck vacuum boundary around the 

plasma p r o v i d e s room l o r t h e l . ' i MeV 

a l p h a p a r t i c l e s w i t h t h e i r I . 5-cm 

j-.v I'O r.ul i us [ha t a n - )',ene r a t e d on 1 ln> 

onli-r l i i - l i l I h n - s . Tin- renin I ni up 

space ( 10 cm) i s a v a i l a b l e for 

sb i e l d inj-.. These dinii-nsfons a r c 

approx final i-1 V cons f st ant w i t h llu- plup, 

d e s i p n assumed in I In- o t h e r c h a p t e r s 

of i b i s r e p o r t and a r e a s t a r t inj-. 

point for I lie s h i e l d a n a l v s i s . 

Kolh 1)1) C'./iS-Mi-V) neul runs and l)T 

(I4 .1-MoV) n e u t r o n s a r e proi 'uced in 

the phi)-, p l a sma . l-'ij-.ure b- ' l shows an 

est Im.-ll e of I he s o u r c e d I si r I hut I oils 

Snleiioiil coils 

Yin-Yang coils 
0 
I i I !_ l_ 

I'lp,. f i - l . Ocotllelry of t h e TMK plup,. 

I I 

http://pl.-isra.-i


Shielding 

Plasma 
-Alco i l Coil case 

(a) Sect. A A 

Beam line 

Coil case-' L C o i l Shielding -

(b) Sect. B-B 

0 1 2 
1 I I I I I I iJ 

m 

Klg. 6-2, Cross sect ions through the TMK |)1UK» showing space avai lable for 
sh i e ld ing . 
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Beam line 
Plasma 

" Shielding 
(c) Sue!. C-C 

Coil 

Beam line 

(d) Seel. D-D 

0 1 2 
1 i I . I i I i I 

l-'if,. h.2 (CnnLJnuc-d) 

IT ) 



for I licsc 1)1) rind l)T neut rons. The 

Z I T U |iolnt on tin- / . - ( h o r i z o n t a l ) ax i s 

Is the |> 1 uf, ( ( . ' l i ter ; the l-ifl-cm point 

I K ;I po in t In the center of the Y i n -

Yanj>, col J located between 1 he pluf, and 

I lie c e n t r a l c e l l . 'I'he nonsytninelr I c 

d ls [ r l hn t Ion of Hie IIT reac t ion ra le 

resn l lH from l)T plasma ix lend lnp, from 

the cen t ra l eel I In to the plu,'.. 

beyond z » 110 cm. Hie l)T reac t ion 

ra le remains constant at: 1.9 • 10 

neul rons/cm ' s . I'lasma area and 

neutron source slrene.lhs versus ' / . ' 

an- 1 Is lcd In Tahle f i - l . The ra les al 

which 1)11 and I IT nenl rons are general ed 

in I hi' Inner ha I I ol t he pi nf, and 

be tween t h e l a c e s o l t i l e I n n e r V I 11 — 

Y.-nif. pint', are I lu ted In Table U-\'. 

The l)T iK'ill rim.'i prodnceil between I lie 

Inner laces ol I he Yln-Yanp. c o l l s plus 

10" 

10' 

10 

10' 

VJ 

. ' M M M l 1 
Inside (.'dye-i 

l : 

^v^nlu.1 

I3T 

of coil fan 

DO 
" ^v^nlu.1 

I3T 

of coil fan 

DO -
^v^nlu.1 

I3T 

of coil fan 

DO 

-

yS Mostly (80%P> \ 

\ DPI"!I 
\ T w : T«< \ ^ 
-" °|ili«i 

\ • 

• • • • M l io%- A 

1 1 1 1 

0 | l l H ( | t 
i 
i 

I » 
0 20 -10 60 1)0 100 120 110 
' Mi(J|il.ini; of 

l>lii(| plasma Inner i • mirror ' 

I ' l l ' , f i - ' i . Kill hunt Ions ol III) and IIT 
neutron p rodu i t l on In the ins ide 
li.-i I I ol t in ' TMK pl i i j . (where if I n ­
d ica tes r e n t r a l eel I ) . 

d - l . Neutron proil i icl Ion In Inner l u l l ol a TMK pluc,. 

7. 

I'laimi.i n t i ' . i , 

( ) « ' . • n/> 

/ I 

(> 1. 1 

I ' l f ' . ' l 

Jh I t . ' . 

1,/ 6 . 1 

'jt, '../ 
/ ( I ' . .4 

»'• ':.() 
'111 4.(. 

112 4.2 
120 ).U 
1411 (.4 
I V . J.n 
K i H 4 . 2 

M l ' - ' , 

II, 

II 

I I 

/ . I t. t 

H. 1 

' i . ' l 
/ .<! 

1.1 /..<> 
t,.2 l . ' l -•./ '..(1 ; • . ; 'I.H 

V.\ I I . HH }.J 'i.O . ' . i .'.'• 
tl.1.7 11.1". I I . .'> I . . . 1.4 . ' . i i 

1) II (1 1.'* n.ff/i n.'il 
0 (1 (1 l . ' l i t. /:' l.n 

() I I (1 l . ' l 0.110 l . l 
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Tab 11' ' i - ^ . Conoial iuu ra les ol 1)1) ami l)T i i c i i t ro im, 

Com-rat I on r a t r 
(neut rons / s ) 

Ituicr ha l f of pliij-,; Kotwoen lu res ol inner 
x = I) U) 17(1 .-in Yln-Y.-uif, r o l l ; z -> 110 l o 1/0 cm 

1)1) m.Mit roiiK 

DT nciil rails 

l . i ' l •• 1(1 V) 1 .1 /i • 10 

( 0 . 0 ' J MW) 

li.Vi •• 1 0 ' " d. ' i • 10 

.( 'J.7'i MW o l |/i-Mi-V neutrons) ( I . / i d MW) 

Ci.7(i MW of i'.'i-MoV nout r ims) 
.18 

I / 

1 / 

I be 1 Iiiif t «•«! spare l o r sli le l t l i i ip , In 

t h i s region combine to form the 

(loin I nan I s l i l i ' l i l ln ) ' , probli ' in l o r I ho 

TMK. 

.Shield In); Is requi red lo I I mi l 

heal iny, ami rad Lit. foil (I ast-nent run) 

damage in t lie r o l l s lo ac rcp lah l c 

l e v e l s . 

• lU'.il iiiK ol I hi' c o i l s ami cold 

s t r u c t u r e llltisl be l i m i t e d lo keep r e ­

qu i red rel ' r l>;erat ion power to accept­

able l e v e l s . 

E 1 1 ' 1 j ^ K ' 1 ' f 0.20 h\y 
c: 
f 0.10 D i • 

Q - > ^ ^ — ' <-A ^ - r r i i .1 1 1 1 1 
0 0.4 0.8 1.2 1.6 2.0 

//< 10 , Bneulrons/cin' ' >0.1 MoV 

I'lK. »-4 . Radiat ion- induced r e s i s t ­
i v i t y |i|) Increase for copper and 
aluminum vs lus t neutron f iuence 
(K > 0.1 M e V ) i ? I n i t i a l r e s i s t i v i t i e s 
were 7.7 ' 10 Si Tin and 3.3 x I 0 7 

l i ' c a , r e s p e c t i v e l y . The i r r a d i a t i o n 
temperature wna 4.9 K. (I'roni Kef. 
6 -1 . ) 

4 Radiat ion damage lo the aluminum 

conductor and other c o i l components 

must a lso In- l i m i t e d ; t nst -lu-uL run 

damage lo 1 l ir conductor increases U s 

c i r r i r l c a l res i s tance . 

Kif;ure (>-/* shows ( l '>r>) data fo. 

I In* liicri'.-iiii- In i r rad ia l ion- induced 

I T S i :;l i v i t y |• a;; a I iiin-t Ion ol nout run 

Muc in . (wiLh a very s l l j ' J i t l y degraded 

I i ss ion spectrum) l o r copper and 

aluminum al ' i . ' i K. Anneal ing at room 

temperature produces H'tl iccuvcry in 

copper and complete recovery in 

aluminum. The in f luence oi c y c l i c 

anneal Inf.* on the product ion oi damage-

induced r e s i s t i v I Ly ir; uncc-rt a i n . 

The temperature and r e s i s t i v i t y assumed 

lo r l l ie aluminum conductor in the Y i n -

YaiiK c o i l s are 20 K and '>.<* " 10 

iit'cin. The r e s i s t i v i t y increase versus 

neutron f luenco (K •- 0.1 MoV) lo r t h i s n 
conduct or Is assumed to he the same us 

shown In I ' l ^ . f>-4. Since conducLor 

cur rent must remain cons tan t , an 

Increase in conductor res is tance 

mani fests i t s e l f as an Increase In 

Joule ( i . K) heat J lift. 
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Material Composition 
Outer coil Al 50% + Fe 50% 
Inner coil Al 100% 
Coil case Fe100% 
Shielding W80% + H 2 O 

(borated) 20% 

Fig. 6-5. Model used for Monte Carlo calculation of nuclear heating and 
neutron and gamma fluxes in the mirror regions of the TMR plug. 

fluxes at the specified DD and DT 
neutron-source strengths. Calculated 
local integral flux spectra for 
neutrons and gammas are given in 
Fig. 6-6 and 6-7, respectively. 

With only 15 cm of shielding, these 
calculations predict that direct 
nuclear heating is 107 kW. Also, at 
the calculated local neutron flux 
[*• DT+DD (E > 0.1 MeV) x 10 
neutrons/cm «s], the allowable local 
radiation-induced resistivity 
increases in aluminum of 3 * p 
= 0.0162 ufi-cm is reached after only 
3,780 s (1 h) of operation [t = Ap/ 
4r/<!> = 0.0162/2.21 x 10 - 1 9/1.94 
x 1 0 1 J s]. 

It is clear that shield thickness 
must be increased and that the local 
allowable fast-neutron flux from DT 
neutrons will dictate what that shield 

thickness must be to allow 1 year of 
operation between anneals. The allow­
able local flux (E > 0.1 MeV) is: 

d> - AD x — — x — 
^allowable ' Ap t A<)> 

= 0.0162 (un-cm) x i 
2,21 x 10 -19 

)jJ2 -cm 1 
2 7~ 

neutrons/cm 3.15 * 10 s 
9 2 

= 2.jj x 1.0 neutrons/s-cm 
Thus, our calculations show that the 
local neutron flux must be reduced 
four orders of magnitude below that 
achieved with the 15-cm-thick shield. 

To estimate how thick the shield 
must be, we must know the attenuation 
properties of the shield. These 
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Fig. 6-6. Local neutron flux spectra from DD and DT neutrons. 
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Fig. 6-7. Local gamma flux spectra from DD and DT neutrons. 

properties are estimated by repeating 
the Monte Carlo calculations with a 
25-cm-thick shield. Results of these 
calculations are listed in Table 6-3. 
Comparing the 15- and 25-cm cases 
gives scaling relationships by which 
we can estimate the required shield 
thickness. These relationships are 
listed in Table 6-4 as decade 

attenuation lengths (thickness of 
shield needed for a factor of 10 
reduction in nuclear heating and 
neutron fluxes). With a 12.5-cm 
decade attenuation length for the 
local fast fluence from DT neutrons, 
the estimated shield thickness needed 
to protect the i'in-Yang coil from DT 
neutrons is 
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t . = 15 cm + log | •—-—— | I. 
allowed "J local 

15 + log ( ^ ^ \ 12 
\2.33 x 10 I 

.5 

= 63.7 cm. 

Our assumption that DT fusion in 
the inner mirror dominates the 
shielding requirement for the plug 
coil appears to be correct. Providing 
the coils with ~64-cm-thick shields in 
the inner mirrors will require a 
significant increase in plug size, 
because the initial plug design allows 
for only 15 cm of shielding. 

Another potential problem area is 
where beam lines pass close to coils. 
We have not examined beam-line shield­
ing; however, we assume that a plug 
sized to provide the ~64-cm-thick 
shielding for the inner coil will have 
more than enough room to allow 
shielding the beam lines also. This 
assumption must be checked when a more 

exact and complete TMR shielding study 
is undertaken. 

We used a tungsten-based shield for 
this shield analysis. Since tungsten 
is quite expensive, a cheaper iron 
plus lead shield should be used for 
most of the plug, where ~1 m of 
shielding can be accommcdated. (If 
the latter were used in the inner 
region, "90-cm-thick shielding would 
be. needed.) 

CENTRAL-CELL BLANKET AND SHIELDING 

The fusion neutrons (effectively 
all 14-MeV DT neutrons) produced in 
the central plasma cell are converted 
to useful heat and used to breed 
tritium in the blanket. This blanket 
plus shielding must limit the nuclear 
heating and radiation damage in the 
superconducting coils of the central 
cell to acceptable levels. 

The principle nucleonics objective 
for the blanket is the provision of 
adequate tritium breeding at low cost: 
energy amplification in the blanket is 
not a primary objective. Although 

Table 6-4. Shield attenuation lengths. 

Source 
neutron 
energy 
(MeV) 

Shield attenuation length (cm/decade) 
.For energy deposition For neutron flux (E > 0.1 MeV) 
Local Total Local Total 

14.1 
2.45 

12.7 
9.42 

12.2 
9.21 

12.5 
8.84 

12.2 
9.34 
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there are many conceptual blankets 
that might meet this objective, we 
have chosen to look first at one 
consisting of a stainless-steel 
structure, a liquid-lithium (natural) 
tritium-breeding medium, and helium 
coolant. This choice does not imply 
that this blanket is best, only that 
it is a reasonable starting point. A 
breeding ratio T/n of 1.10 tritons per 
DT fusion in the central cell is 
considered adequate. An excess of 
0.10 tritons per DT fusion would cover 
losses and allow for uncertainties in 
the calculations and nuclear data. 

To determine the performance 
envelope of a cylindrical, stainless-
steel blanket containing lithium, we 
performed a series of neutronics 
calculations in which the blanket was 
modeled as a cylindrical annulus 119 m 
long with an inner radius of 154 cm. 
Calculations were made for various 
combinations of first-wall thicknesses 
(0 or 2 cm) and ratios (0 to 0.3) of 

r 

stainless-steel volume fraction to 
lithium volume fraction. 

Results of these calculations are 
plotted in Fig. 6-7 for three effect­
ive lithium thicknesses. (Effective 
thickness is geometric thickness times 
volume fraction.) For these calcu­
lations, the lithium volume fraction 
is held constant at 0.649 while the 
stainless-steel volume fraction is 
varied. For thuse calculations, we 
used 316 stainless steel (SS-316) 

having n density of 7.97 g/cm 
composed of 68.5wtZ Fe + 12wt™ Ni 
+ 17wt% Cr + 2.5wt£ Mo. A cylindrical 
volume source of isotropic, 14-MeV 
neutrons, 2.3 m in diameter and 119 m 
long, approximated the plasma. 

The curves in Fig. 6-7 are used to 
examine the tr**:'eoffs in blanket 
mnchanical.design (e.g., first-wall 
thickness, ratio of structure to 
lithium, and blanket thickness) needed 
to achieve the desired T/n = 1.10. To 
use the curves, specify two of the 
three variables and find the third 
variable by a linear interpolation 
between the appropriate curves. 

After a number of iterations, we 
evolved an acceptable mechanical 
design for the blanket that meets the 
tritium-breeding requirement. This 
design has a 0.5-cm-thick wall, a 
lithium volume fraction of 0.691, and 
a SS-316 volume fraction of 0.179. 
From Fig. 6-8, the thickness required 
for T/n = 1.10 is 34.1 cm. Energy 
multiplication in this blanket is 
1.20. 

The conceptual design of the 
central cell allows for 90 cm of 
shielding between the blanket and 
blanket, coolant plena and the super­
conducting coils of the central cell. 
Based on an early shielding study, 
the blanket plus 90 cm of iron- and 
lead-based shielding should provide 
sufficient protection for the central-
cell coils. 



No first wall 
2-cm-thick first wall 

Curve no. 
Blanket thickness 

X fuel volume fraction: 

1 90 cm X 0.649 = 58.4 cm 
2 135 cm X 0.649 = 87.6 cm 
3 180 cm X 0.649= 116.3 cm 

Fig. 6-8. Tritium breeding r a t i o T/n in a l i th ium and s t a i n l e s s - s t e e l blanket 
vs the r a t i o of the volume fract ion of s t a i n l e s s s t e e l to that of l i th ium 
VFgg/VFjj. Blanket geometry: c y l i n d r i c a l ; inner radius = 156cm; Length = 119 cm. 
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SUMMARY 

We present a conceptual design of 
a high-current, 1.2-MeV D injector 
with an anticipated operating effi­
ciency of 73%. Major advances in beam 
technology are needed to meet these 
requirements, including a continuous 
source of negative ions, an efficient 
electron-stripping cell, and the 
development of associated power con­
ditioning and control equipment. All 
components in our proposed beam line 
are elaborations of physics experiments 
already reported in the literature; 
therefore, we believe the neutral-beam 
requirements of the tandem mirror re­
actor (TMR) can be realistically sat­
isfied in the not too distant future. 

INTRODUCTION 

The TMR requires four neutral-
beam injectors, each capable of de­
livering a continuous 122.5 A of 1.2-
MeV deuterium. Considerable develop­
ment must be expended to make these 
injectors reliable, efficient, and at 
reasonable cost. No revolutionary 
inventions are needed to meet these 
goals because suitable beam-line com­
ponents can be made from extrapolations 
of current experimental apparatus. In 
this study of neutral-beam injectors, 
we shall therefore consider the general 
characteristics of the beam line and 
the nature of the components best 

suited to it, analyze each component 
in detail, avid evaluate the performance 
of the ensemble. 

GENERAL CONSIDERATIONS 

High-energy neutral beams are formed 
by neutralizing ions, previously ex­
tracted from a plasma source, which 
are accelerated to the desired energy 
and aimed at an appropriate focus. 
As a consequence, the power efficiency 
of a neutral-beam line is highly 
dependent upon the ion neutralization 
efficiency. 

Neutral beams of 100 keV or less 
can be efficiently made from positive 
ions that have been neutralized by 
charge exchange in a gas or vapor cell 
however, this process is so ineffective 
at higher energies that efficiency 
enhancement techniques become attract­
ive. For good performance, we must 
have either continuous recirculation 
of unneutralized ions through the 

* i • „ M neutralizer cell or energy recovery 
from the remaining unneutralized 

7-3 ions. 

At 1.2 MeV, less than 0.04% of an 
atomic deuterium ion beam is neutra-

7-4 
lized in a gas or vapor cell. Be­
cause enhancement techniques are not 
much help, we must turn to other, 
more effective sources of neutrals. 
Beams of molecular ions could be 
considered for this purpose. 
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About 102 of a beam of 2.4-MeV of 
D_ ions can be neutralized in a gas 
cell to split into two 1.2-MeV atomic 
components. Similarly, 23% of a 
3.6-MeV beam of D, ions can be neutral­
ized to dissociate into three 1.2-MeV 
atomic components; however these high 
voltages introduce insulation problems. 
Only 1.2 MV is required when negative 
ions are used as a source of very 
high-energy neutral beams. 

The extra electrons can be de­
tached from negative deuterium ions. 
This detachment could be done for a 
beam of 1.2-MeV ions with either an 
electric field of about 4 MV/cm or a 
magnetic field of approximately 36 T; 
however, these fields are excessive. 
Although photodetachment could achieve 
95% stripping, the required optical 
cavity is too large to be practical. 

The optimum stripping efficiencies 
of gas, vapor, and plasma cells are 
insensitive to the target composition 
and are relatively independent of the 
beam energy above 100 keV. A well 
designed plasma cell of proper thick­
ness could strip 85% of an incident 
negative-ion beam; a gas or vapor cell 
of suitable thickness could strip 65% 
of a corresponding beam. 

If the size of the optical cavities 
required for photodetachment cannot be 
significantly reduced, plasma stripping 
of negative ions will be the most 
favorable method for forming 1.2-MeV 
neutrals. Plasma stripping offers the 
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highest neutralization efficiency in 
a practical stripping-cell design. 

The stripping-cell plasma considered 
here is generated by ionizing cesium 
vapor on two hot, tungsten plates — 
one on each side of the ion-beam 
line — in a process similar to that 
employed in a Q machine. The tung­
sten temperature must be high enough 
to support electron emission for space-
charge neutralization of the cesium 
ions. 

Although negative ions are easy to 
strip, their large stripping cross 
section creates problems in the accel 
region of the beam. The ions and 
electrons generated from charge ex­
change and ionization of the back­
ground gas in the wake of the high-
energy beam will bombard the grid, 
causing it to sputter and overheat. 
To obtain an acceptable grid loading 
which can be sustained continuously, 
the background gas density must be 
low and the beam current density held 
down, thereby reducing the rate of 
background ion and electron production. 

The current density of the beam in 
a Pierce extraction geometry ~ is 
already limited by the maximum toler­
able voltage stress between adjacent 
grids. In addition, a low-pressure 
environment must be maintained above 
the accel column. 

Suitable pressure can be obtained 
if the injector walls at ground poten­
tial are covered with cryopump panels. 



The cryopumps should be rotated oc­
casionally so that they can be outgas-
sing on the outer side while still 
pumping on the inside. 

Forming negative ions via double-
charge exchange in a cesium-vapor cell 
helps to reduce the gas load. This 
cell converts about 20% of an incident 
2-keV positive ion beam into neg?-

• 7 " 8 • tive ions and acts as a gas curtain 
to block the 'flow of low-temperature 
neutral gas streaming out of the pos-

7-9 ltive-ion sources. As a result, 
the gas flowing out of the positive-
ion source can be pumped independently 
from that in the negative-ion accel 
region. 

In this study, we use a Lawrence 
Berkeley Laboratory/Lawrence Livermore 
Laboratory ion source with hollow-
tungsten, barium impregnated cathodes 
to provide a long, continuous operat­
ing life. We extract a beam 8 cm 
wide and 5 m long. This cross section 
facilitates gas removal and simplifies 
the design of the cesium double 
charge-exchange cell and the plasma-
stripping cell. The narrow beam also 
makes it possible to use short grid 
laterals, which are easier to maintain 
at a uniform temperature. 

The extraction grids are 40% trans­
parent and have hollow molybdenum 
laterals that are cooled to 500°C by 
a flow of liquid metal. The source, 
mounted inside a large vacuum duct, is 
supported by high-voltage insulators 
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above and below the beam line. Gas is 
removed from this region by two large 
mercury ejector pumps mounted at the 
upper and loKjr ends of the pump duct. 

Maintaining reliable high-voltage 
vacuum insulation is a critical prob­
lem in the design of an MeV injector. 
Experience shows there is less likeli­
hood of breakdown across a series of 
low-voltage gaps than there is across 
a single high-voltage gap. Therefore, 
electrostatic shields are introduced 
at various intermediate potentials 
between the high-voltage components 
and ground. These shields are at the 
same potential as the various grids in 
the accel column. The source is at 
-600 kV with respect to ground; the 
stripping cell is at +600 kV. Back­
ground pressure in this region is 
reduced by pumping through 80% trans­
parent electrostatic shields. 

The capacitance between adjacent 
shields stores many joules of energy. 
Thus any incidental discharge can 
easily turn into a catastrophic arc. 
This arc can be inhibited by forming 
the shields out of many small sections. 
These sections can be isolated by 
using resistors which impede the 
transfer of energy from section to 
section. 

Auxiliary components are housed 
above and below the beam line in large, 
high-pressure SF, vessels that are o 
shielded from the neutron and gamma 
fluxes emitted by the reactor. These 



vessels hold electrical power supplies, 
isol.ition transformers, high-voltage 
insulators, liquid-metal heat exchang­
ers, and gas and water services for 
the ion source. Although the design 
of power supplies is not a trivial 
task, we shall not address that prob­
lem in this study. 

THE SOURCE OF NEGATIVE IONS 

As part of an operating reactor, 
the source must deliver a continuous 
beam of negative ions for thousands of 
hours while permitting very little 
low-temperature gas to flow into the 
accel region. This can be accom­
plished with a suitably designed 
double charge-exchange cell. If the 
cell has the proper thickness (i.e., 
vapor density-length product), the 
cesium vapor converts 20% of a 2-keV 
beam of positive ions into negatives; 
the remainder of the beam exits as 
2-keV neutrals. The cesium vapor also 
acts as a curtain that blocks the 
flow of low-temperature gas along 
the beam line. 

To facilitate pumping low-tempera­
ture gas from the source, the ions are 
formed into a large beam of narrow 
width. The source (Fig. 7-1) delivers 
800 A of positive ions, (at a current 

-2 density of 0.5 A-cm ) through a 
sequence of four 40% transparent grids 
that are 8 cm wide and 5 m long. 

Average current density in the ex-
-2 tracted beam is 0.2 A"cm 

A version of the LBL/LLL source 
(described elsewhere ) can be modi­
fied to use indirectly heated, hollow 
cathodes made of two tungsten, 
barium-impregnated emitters mounted 
face to face. The source plasma 
originates from a series of 45-V 
discharges, requiring 1.93 kW of arc 
power per extracted ampere, and the 
heaters operate at 5 V with 0.19 W/A. 

Arc chamber 

Extraction 
grids 

Fig. 7-1. Details of a 800-A ion 
source where m = 40%, r|2 = 50%, n.3 
= 10%; P h t r = 0.15 MW(5 V ) , and Par.„ 
= 1.54 MW (45 V). a r c 
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Thus, the total arc power is 1.5-1 M'.-.' 
and the filament power is 0.15 MW. 

Gas seeping out of the ion source 
plasma flows through the aperture in 
the grids and is pumped away via a 
large vacuum duct behind the source 
(see Fig. 7-2). Although the LBL/LLL 
source delivers an ion beam with a 

composition of ' = 75A I) , -, = 15% 
+ + 
D,, and ' = 10/. D,, we can assume 
that the beam composition, in the 
absence of hot-tungsten filaments, 
will be n, = 40% D +, n = 50% D*, and r, = 10% 0 , with a gas efficiency ' 

1 i +i> 
= 30%, the extracted ion current (D ) 
is accompanied by a gas flow of 

&7ty 

Duct for 
10"3 Torr pump 

V /-

Pressurized SF K 

power supply 
chamber that 
houses the HV 

gsa. 

!on 
beam 
line 

Ion 
source 

Fig. 7-2. Pumping through the high-voltage insulators. 
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Q p= ( 0.19)(^-l)(|n 1 + r,2 

3 'I T + 302 Torr-l-s 

This gas is removed by two large 
mercury ejector pumps located at the 
upper and lower ends of <-he pump duct. 
The throat pressure of the pump is -3 assumed to be 10 Torr; the pressure 
in the vicinity of grid 4 is maintained 

-3 at 2 x 10 Torr. To accommodate the 
gas at 500 K, the pump duct radius 

must be at least 

T 1/2 
K r % r>) 

I 7.28 IT Ap V T / 

1/4 
= 30 cm. 

Grid 1 floats (see Fig. 7-3), draw­
ing a net zero current of ions and 
electrons from the plasma; grid 2, at 
-11.75 kV with respect to the source, 

-2 extracts 0.5 A*cm of positive ions 
from the plasma. These ions are sub­
sequently decelerated to -1.75 keV at 

Ion Double 
source charge 

exchange 
Grid no. — - 1 2 3 4 5 6 

Accel 
column 

Stripping 
cell 

10 11 12 

^fn&^-H-H^ 

Electrostatic 
shields 

12' 11 ' 10' 9' • • • • 
- D 0 -

Component profile 

800 

I 400 -

g -400 

m -800 - • - (600+10) 

-200 
-400 

• -(600 + 0.5) 

Potential profile 

f- 10° 
o 
I 10"2 

= 10"4 

01 
a. 10"b 

./.. 
1.14x 10" 4 lav.) 

2x 10 " 3 -
*-Cesium cell 

Pressure profile 

Fig. 7-3. Beam-line profiles (component, potential, and pressure). 
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grid 4 for injection into the cesium-
vapor cell. To prevent ions from be­
ing drawn into the grid 2-3 region, 
grid 3 is biased at +500 V with respect 
to grid 4. Extraction grids 1 through 
4 are curved to aim the positive ions 
at a line focus in the plane of grid 6. 
The maximum theoretical peak current 
density that can be obtained at the 
focus of a two-dimensional beam is 

T ^ e V \ 1 / 2 

(7-1) 

where J is the emitted current dens-K 
ity, V is the beam energy in the region 
of the focus, KT is the ion energy, 
and u is the half angle that encompass­
es all ion trajectories passing through 
the focus. If 20% of the positive ion 
current is converted into negative ions 
in the cesium cell and the grid is 40% 
transparent, the virtual source of 
negative ions has a current density of 

-2 0.04 A*cm . The potential at grid 6 
is 2.25 keV relative to the ion source; 
the angle a equals the ratio of half 
the beam width (4 cm) to the distance 
from the ion source to the focus 
(50 cm). 

We can assume from Eq. (7-1) that 
the ions have a distribution of veloc­
ities normal to the beam axis that is 
a function of their temperature in the 
source. However, allowance should be 
made for the transverse energy imparted 
to the ions by the curvature of the 
electric fields, by scattering, and by 

+ + the dissociation of the D, and D 
molecules in the beam. The effective 
transverse energy of ions emitted 
from an LBL/LLL source operating at 
15 kV is observed to be 4.6 eV, and 
the corresponding energy of the ions 
emitted from this source will be at 
last twice that value. Therefore, the 
peak current density of negative ions 
in the plane of grid 6 must be about 

_2 0.056 A-cm , with an average value of 
somewhat less than that. 

Extracted positive ions in transit 
from the ion source to the cesium-
vapor cell are subject to charge 
exchange with the background gas. The 
fraction of the beam lost in this way 
can be estimated by 

F10 = "b °10 X ' 

where n, is the density of the back-b 
ground gas, a _ is the average cross 
section of neutralization, and X is 
the path length. If one assumes an 
equal pressure drop across each grid, 

-2 then a source pressure of 10 Torr 
and a pressure beyond grid 4 of 

-3 2 x 10 Torr will result in a pres-
-3 sure of 8 x 10 Torr in the grid 

1-2 region. With the gas at 1000 K, 
the background density between grids 
1-2 will be 8 x 1 0 1 3 cm - 3. Ions can 
be extracted from the plasma at 

_2 0.5 A-cm with a bias of -11.75 kV 
if the grid 1-2 spacing is 0.28 cm 
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(according to Child's Law). The 
neutralization cross section cor­
responding to the mean ion energy 
across the gap is estimated to be 

—16 ? 6 x 10 cm /D,, so that F,„ equals 
1.5%. Conditions between grids 2-3 
are similar; hence, another 1.5% of 
the beam is lost there. 

The above values are recorded in 
the second and third lines of Table 7-1, 
along with an estimate.! background 
ionization rate that is equivalent to 
0.1% of the positive-ion beam. Only 
776 A of the 800 A of ions emitted 
from the source enter the double 
charge-exchange cell. 

T a b l e 7- 1 . D i s t r i b u t i o n o f c u r r e n t s a l o n g t h e b e a m l i n e . 

Region a l o n g 
beam 

n e u t r a l i z a t i o n 

Beam ^ a c u r r e n t 
Background 
i o n i z a t i o n 

Background 

Ion 

b c u r r e n t 

Region a l o n g 
beam 

n e u t r a l i z a t i o n D + D" D° Background 
i o n i z a t i o n 

Background 

Ion K l e c t r o n 
L ine beam l i n e CO (A) (A) (A) (%) (A) (A) 

I Ion s o u r c e 

E x t r a c t o r : 
be tween g r i d s 

799 .7 

2 1-2 1.5 78?. 7 ( 1 2 . 0 ) 0 . 1 0 . 8 - 0 . 9 

3 2 - 3 1.5 775.9 ( 1 1 . 8 ) 0 . 1 9 . 8 - 0 . 8 

Double charge-
4 exchange cell 

Between grids 
5 3-6 

80.0 155.2 (620.7) 10.0 

0.2 

-15.5 1.5 

0.3 

6 6-7 1.3 - 153.2 ( 2 . 0 ) 0 .24 0 .4 0 .4 

7 7 -8 0 . 5 - 152.4 ( 0 . 8 ) 0 . 2 4 - 0 . 4 0 . 4 

8 8-9 0 . 3 - 152.0 ( 0 . 4 ) 0 . 1 6 - 0 . 2 0 . 2 

9 9-10 0 .2 - 151.7 ( 0 . 3 ) 0 . 1 1 - 0 . 2 0 . 2 

10 1 0 - 1 1 0 .2 - 151.4 ( 0 . 3 ) 0 .09 - 0 . 1 0 . 1 

11 11-12 0 . 1 - 151.2 ( 0 . 2 ) 0 .07 - 0 . 1 0 . 1 

12 S t r i p p i n g c e l l : 
be tween 
g r i d s 1 2 - 1 2 ' 8 1 . 5 ( 2 7 . 2 ) ( 0 . 8 ) 121.2 0 .2 0 .2 - 0 . 2 

13 D r i f t r e g i o n 
t h r o u g h e l e c t r o ­
s t a t i c s h i e l d 
and beyond) 0 . 6 ( 0 . 7 ) 122.5 0 .6 0 .7 0 .7 

The main beam current is italicized; numbers in parentheses represent beam loss. 
The positive current flow is in the direction of the beam. 
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The combined reaction of cesium and 
background gas between grids 3-6 
constitutes the double charge-exchange 
cell. Thus, 20/i of the positive ion 
beam is converted to negatives and the 
remaining 80% exits as neutrals. This 
is shown in the fourth and fifth lines 
of Table 7-1, along with an >stimated 
electron drain (equal to 10% of the 
beam current) out of the cesium to 
grid 3 and a corresponding drain of 
positive ions (equal to 0.2% of the 
beam current) to grid 6. Consequently, 
155 A of D~ and 621 A of neutrals 
enter the accel region at ~2 keV. 

THE HIGH-VOLTAGE ACCEL COLUMN 

must be about the same as the beam 
width. Therefore, if AV is the poten­
tial between adjacent grid£, the 
average stress between them is 

1/2 
(I) " */3 © "' ^ • (« 

The greatest stress occurs between 
grids at Che highest potential. If we 
specify a mazimum tolerable stress 
(Ê ,) to be permitted between grids, we 
can establish a maximum current density 
that can be used in the accelerator. 
By rearranging Eq. (7-2), we find 

J M = (9/16)a E 2 v " 1 / 2 

(7-3) 

A Pierce-type accel system acceler­
ates the negative ions as though they 
were part of a beam of infinite cross 
section. This is done by varying the 
potential along the beam line in 
accordance with Child's Law for planar 
geometry; i.e., 

v3/2 

Equation (7-3) shows that the maxi­
mum allowable current density in a 
Pierce column varies inversely with 
the square root of the desired energy 
beam. If we apply Eq. (7-3) to a 
deuterium negative-ion beam with no 
molecular components, we have 

= W 0̂ (&) 
1/2 

where J is the beam-current density, 
q is a constant, and V is the potential 
at any distance X from the ion source. 

The potential along a beam of finite 
size is controlled, in practice, by a 
sequence of grids placed around the 
beam at suitable voltages. If this 
potential is to be effective, the 
spacing between adjacent grids (AX) 
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= 3.88 x 10~a AV~3/2. 

Thus, if E^ is assumed to be equal to 
or less than 50 kV/cm, the current 
density in a 1.2-MeV accelerator 
should not exceed 0.05 A -cm . 

If we rewrite Child's Law, we can 
find the appropriate grid location at 
any potei ;ial from 



X - (q/J) 1 / 2 V 3 / 4 the difference: 

8.81 '. 10~ 4 V i / 4 cm, (7-4) 

where ./ equals 0.05 A»cm . We have 
used Eq. (7-4) to estimate the location 
of grids 6-12, arbitrarily setting the 
(;rid potentials at multiples of 200 kV. 
find we chosen to conduct a more 
detailed study, we would have used 
computer analysis to verify the grid 
potentials, location, and shape. 

The positive-ion beam extracted 
from the source is driven through the 
cesium double charge-exchange cell, 
where 20Z of it becomes negative and 
the remainder becomes neutral. As a 
result, all ions extracted from the 
source enter the accel region, but only 
those atoms in the high-energy neutral 
beam leave the injector. A gas load 
equivalent to their difference must be 
pumped away by the cryopump panels 
surrounding the beam line. 

The low-temperature gas flow equiv­
alent to the extracted ion beam (I ) 
can be expressed as 

4 B=(0.19)(f n i + n 2 + f n 3 ) l + 

= 129.2 Torr-l's - 1. 

The gas flow equivalent to 122.5 A of 
neutral beam D is 

Q N = (0,19)D° = 23.3 Iorr-1'S - 1. 

cp = (Q. %) = 105.9 Torr-l-s" 

The cryopumps must therefore handle 

A baffled cryopanel has a pumping 
speed of 9 l's /cm . This will be 
reduced in practice to about 2 

-1 2 l's /cm to allow for the pumping 
restriction created by the electro­
static shields between the beam line 
and the pumping walls. Thus, two 5-m 
by 5-m walls of cryopanels — one on 
each side of the beam line — will 
establish a pumping speed of 10 
l's , and the average pressure in 
the injector will be less than 

P = ~ p = 10~ 4 Torr. 

The fraction of negative ions that 
becomes neutral as a result of electron 
stripping between the various grids of 
the accel system can be estimated by 

-10 
"'AX 

•10 dX. 

The ionization rate of the background 
gas can be similarly evaluated in 
terms of a fraction of the incident 
beam; i.e., 

AX 
dX. 

The stripping cross section for 
negative ions (a 1 0 ) and the ioniza­
tion cross section (a.) are both known 
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to be functions of the energy of the 
incident ion bean (see Fig. 7-4); the 
variation of the beam potential along 
the beam path has been previously 
evaluated. This enables • s to deter­
mine that the cross sections are a 
function of the beam path (see 
Fig. 7-5). We have calculated the 
area under each section of curves, 
corresponding to particular grid saps. 
The fractions 1" and I". arc computed 
from an assumed background gas density 
of n = 2.3 - 10 "" cm . These values 
are tabulated as the beam neutrali­
zation and the background ionization 
in lines b through 11 of Table 7-1. 
From these values, we determine that 
only 151 A of D enters the stripping 
cell. 

Tlil. S'lKlI'l'lNl'. l.i.1.1. AND KEYON1) 

Tlie fractions of the incident 
negative-ion beam that remain negative, 
become neutral, or become positive can 
be represented by the same equations 
for both a vapor cell and a plasma 
cell; i.e., 

'o = _;_-j.o_. 
-10 " ""01 

exp(--;01") . 

e*P(-o_1():0 (7-5) 

(7-6) V - exp (-J_i0n), 

where M is the stripping cross 
section of the negative ion, and 0 01 

o u 
0.4 0.8 1.2 
Beam energy — Me V 

& 

12 

8h 

4h 

Grid no. 
7 8 9 10 11 12 
I I I I I 

" \ ^ - 1 0 -

'/^r~^ - - T -
. ; 

0 10 20 30 

8.3 ' 5.7 5.0 4.6 '4.3'4.1' 
Beam length — cm 

Fig. 7-4. Ionization and charge-
exchange cross sections as a func­
tion of beam energy. 

Fig. 7-5. Ionization and charge-
exchange cross sections along the 
beam path. 
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is the corresponding ionization cross 
section of the neutral. At high energy, 
we neglect the crosc sections C. . , 
a - i . i , a n d Vr 

The appropriate cross sections for 
a 1.2-MeV negative ion beam are listed 
below for both vapor and plasma. 

Cross section 
— ' 6 7 (10 ^ cm /atom) 

a-io 

°01 

Vapor 

1.2 

0.26 

Plasma 

14.0 

0.66 

The solutions to Eqs. (7-5) through 
(7-7) are plotted as a function of 
target thickness in Figs. 7-6 and 7-7. 
An optimum stripping of 65% is obtain­
able with a vapor target that is 1.6 * 
10 cm - thick; an optimum 85% strip­
ping can be obtained with a plasma 

15 -2 target 2 x 10 cm thick. The high 
efficiency of plasma stripping has 

•c- J 7-10 been experimentally verified. 
The unneutralized portion of the 

beam at the optimum vapor- and plasma-
cell thickness is composed of almost 
equal densities of positive and nega-

would remain negative. This is shown 
in the twelfth line of Table 7-1. 

The positive ions, generated from 
negatives by the loss of two electrons, 
have a 2.4-MeV energy relative to the 
ion source, or a 1.8-MeV energy rela­
tive to ground. The beam cross-
sectional area is somewhat larger than 
8 x 500 cm and has a positive-ion 
current of 27.2 A. This corresponds 
to a positive-ion current density of 

-3 -2 less than 6.8 x 10 A*cm and a 
_2 power density of less than 12,2 kW»cm 

at the ground-potential beam dump. If 
the beam were allowed to expand to 
about four times its original size, it 
could be readily collected in a grounded 

-2 beam dump at an intensity of ~3 kW'cm 
(see Fig. 7-8). A power savings of 
17.1 MW could be realized, assuming a 
35% efficient thermal recovery. 

A plasma thickness of roughly 2 
15 2 x 10 ions/cm is required in the 

stripping cell to obtain the desired 
efficiency. This creates a need for 
a cell, 20 to 200 cm long, with a 
plasma density of 10 to 10 cm 
The plasma ion density in the strip-

tive ions. This composition introduces ping cell must be sufficiently high 
problems when one attempts to recover 
the energy from the ions. To circum­
vent this difficulty, we propose to 
use an over-dense plasma cell. The 
stripping efficiency of this over-
dense cell would be reduced to 81.6%, 
18.0% of the beam would change to 
positive ions, and the remaining 0.5% 

80% or better — to prevent a signifi­
cant fraction of the high-energy 
neutralized beam from being re-ionized 
by collisions with background neutrals. 

These requirements can be satisfied 
in a metal-vapor plasma produced by 
surface ionization if the ionization 
potential of the vapor is low and the 
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Fig. 7-6. Beam composition in a cesium-vapor stripping target. 

7-6 surface has a high work function. experiments on "Q machines" and the 
Surface ionization for the impingement like have shown that atom, ion, and 
of metal vapor on most refractory electron fluxes are a function of 
metals has been studied, and the theory surface ionization and thermionic 
for cesium vapor in contact with hot electron emission, not volume effects. 
tungsten is well known. Numerous The stripping cell must therefore have 
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Fig. 7-7. Beam composition in a cesium-plasma s t r ipp ing c e l l . 
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a cesium ion density equal to the 
electron density. This requires an 
emitted electron current density of 10 

-2 
to 100 A'cm and a corresponding tung­
sten temperature of 1400 to 3300 K, 
depending on what fraction of the 
surface (0) is coated with cesium. 
Since the evaporation rate of cesium 
atoms and ions from the tungsten sur­
face depends upon the temperature and 
0, an 80% ionized plasma implies a 
value of G that is no greater than 
0.1. Experiments have shown that 
these requirements can be met for 
plasma densities of 10 to 10 cm 
when the temperature of the tungsten 
is at 2300 to 2800 K. 

For several reasons, stripping 
cells should be designed at relatively 13 -3 low density (10 cm ) and greater 
length (200 cm): 

• Structural and thermal problems 
are simplified at the lower tempera­
ture; 

• The ion and electron recombina­
tion rate is reduced in the lower-
density plasma volume; and 

• If several layers of heat shields 
surround the stripping cell, the only 
significant heat loss will be through 
the open ends; therefore, the heat 
loss depends primarily upon the 
temperature of the wall and not upon 
its length. An estimated 1 MW of 
heating should be made available for 
this application. 

The openings at the ends of the 
cell correspond to the beam cross 
section — roughly 8 by 500 cm. 
Barriers can be added along the beam 
line to restrict the flow of cesium 
that streams out of the stripper and 
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Fig. 7-8. A 1.2-MeV neutral-beam in jec to r . 
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along the beam line into the ion 
source or the reactor. Cesium losses 
in a Q mechine are prevented by a 
transverse magnetic field of about 
0.1 T. If such fields were introduced 
at the entrance and exit to the strip­
ping cell, no serious deflection of 
the ion beam would result at 1.2 MeV. 
Hot-tungsten sheets can be hung 
vertically in the injectors, thus 
limiting the severity of the structural 
problem. 

If the background pressure beyond 
the stripping cell is 10 Torr or 
less and the gas temperature is 500 K, 
the density will be about 2 x 10 cm ". 
The ionization cross section of the 
neutral beam at 1.2 MeV will be 

16 ? 
-0.32 x 10 cm /D-, and the back­
ground ionization cross section will 
be about the same. The fraction of 
the neutral beam lost in a 10-m 
drift region will correspond to 
F Q 1 = nUg.X = 0.6%, while the back­
ground ionization corresponds to 
0.7 C/s. These values are shown in 
the last line of Table 7-1. 

SYSTEM PERFORMANCE 

Throughout this study, we have 
estimated the background charge-
exchange and ionization currents along 
the beam line (see Table 7-1). 
Table 7-2 shows the corresponding 

grid currents that result when every 
background ion goes to its closest 
positive electrode and every electron 
goes to its closest negative elec­
trode. The power supplies needed to 
sustain these currents are shown in 
Fig. 7-9. Table 7-3 shows the power 
dissipation derived from Table 7-2 
at each of the grids. 

All electrodes (including the ion 
source) are maintained at about 500°C 
by removing the dissipated heat via 
circulating liquid metals. This 
allows recovery of some waste heat by 
means of high-voltage, insulated, heat 
exchangers located in the pressurized 
SF, chambers. Some of this thermal 
energy can be used to heat the mercury 
ejector pumps and to evaporate the 
cesium in the double charge-exchange 
cell. The remainder, converted to 
electricity at 35% efficiency, results 
in a savings of 15.5 MW, as shown in 
Table 7-4. From the net result shown 
in Table 7-5, we determine that the 
neutral-beam injector has an overall 
power efficiency of 73%. 

It is impossible to establish 
accurately the cost of each injector 
from the data we have presented. How­
ever, we can estimate the cost on the 
basis of $320/kW divided by the beam 
efficiency. This gives an estimated 
total of $65 million for the entire 
injector system for the TMR. 
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Table 7-2. Estimates of grid cu r r en t s . The odd-numbered l i n e s represent the 
beam los s due to charge exchange; the even numbered l i nes show the 
background current caused by ion iza t ion . 

Region between 
Line g r ids 

Drift 
re£ ion 

11. S D 

C-.S D+ 

•y.: J 

Secondary emission i r o s bombardment by 620.7 A of n e u t r a l s . In a d d i t i o n . 310 i \ -* t V - r n - - - . . , . , - . - . , , . . . 
bea= to nega t ive . Grids i and 5 a re e l e c t r i c a l l y c « i » n . " - t ^ r a n t J . . t n . i* . t s j i r t - t* convert ttu- jv> 

123.2 A of e l e c t r o n s i s removed t'roa the negat ive-1 . ' : , bears to ' o r - 1 ' j ' A a' i e - -*r , l* , - J ^ . i 
p o s i t i v e ions - for a t o t a l of 177.6 A of e l e c t r o n s . " ' " ' " *'" * - t - " ' " n * ^ «=»ved :.- :or= . 



Table 7-3. Grid dissipation data taken from Table 7-2. 
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CONCLUSIONS Table 7-4. Energy recovery. 

We have described a neutral-beam 
injector that consists of five com­
ponents, each entailing a significant 
development effort. These components 
are 

• A continuously operating source 
of negative ions. This source uses a 
gas-tight, cesium-vapor cell equipped 
with a flowing, liquid-metal cooling 
system. 

• A high-voltage, negative-ion 
accel system design with conservative 
giid loadings and an acceptable level 
of high-voltage stress. 

• A plasma-stripping cell modeled 
after a "Q machine" and a beam dump 
to collect the unstripped ions. 

• A large injector assembly whose 
walls are covered with continuously 
regenerating cryopanels and a complex 
set of high-voltage electrostatic 
shields that inhibit voltage break­
down. 

• Reliable power supplies with 
associated protective equipment and 
diagnostic display and control com­
ponents. 

The prospect of a 122-A injector 
of 1.2-MeV neutral deuterium atoms 

Electrode Dissipated 
Electrode area (cm 2) power(kW) 

Ffii ( 150 
p 10,000 { 
arc \ 1,540 

Grid 
1 2,000 5 
2 2,000 140 
3 2,000 12 
4,5 2,000 -
6 2,500 40 
7 2,500 280 
8 2,500 140 
9 2,500 80 

10 2,500 60 
11 2,500 50 
12 2,500 30 
12' 2,500 -
11' 2,500 20 
Beam dump 18,000 

Total: 
48 ,960 18,000 

Total: 52. ,347 

Total waste heat (from 
table above) 52,347 kW 

Direct use of waste heat: 
Mercury ejector pump 6,000 
Cesium double charge-

exchange cell 2,000 
Total: less direct use 
of waste heat 8,000 

Waste heat 44,347 
Electric power obtained 

from waste heat (at 35%-
conversion efficiency) 15,521 kW 
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may be awesome, but we have identified cessful physics experiments. ."rans-
no basic constraints that would pre- lating these ideas into a reliable 
vent its construction. The model we operating machine will, nevertheless, 
present is, in fact, based upon sue- be an impressive undertaking. 

Filament "\ 
supply \ 30 kA J 

Bias 
supply 
1.75 kV 
800 A 

•600 kV 
160 A 

Anode Cesium cell 

Grid no. 1 2 3 

! ! ! 

I l l 
Arc 
supply 
35 kA 

L&l 

+500 V 
20 A 

-10 kV 
25 A 

6 7 8 10 11 12 

! 1 !! ! ! 1 1 I 

-500V 
1 A 

-200 kV 
1 A 

-400 kV 
2 A 

+200 kV 
0.5 A 

-600 kV 
180 A 

+400 kV 
0.1 A 

Fig. 7-9. Power supplies needed to sustain the currents in a 1.2-NeV neutral-
beam injector. 
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Table 7-5. Power distribution. 

Power 
supply 

Voltage 
(kV) 

Current 
(A) 

Power output 
(MW) 

Efficiency 
(«) 

Power input 
(MW) 

Filament 5 a 30b 0.15 90 0.17 
Arc 45a 35b 1.58 90 1.76 
Bias 1.75 800 1.40 90 1.56 
Grid 
2 10.0 25 0.25 90 0.28 
3 500 20 0.01 90 0.01 
6 -500 1 - 90 -

Cathode -600 160 96.00 97 98.97 
Grid 
7 -400 2 0.80 90 0.89 
8 -200 1 0.20 90 0.22 
10 200 0.5 0.10 90 0.11 
11 400 0.1 0.04 90 0.04 
12 600 180 108.00 97 111.34 

Total power supply input: 
Auxiliary equipment: 
Mercury ejector pumps (operate from waste heat) 
Roughing pump (negligible) 
Cryopumps (at 0.7 K/l.s ) 
Double charge-exchange cell (operates from waste heat) 
Plasma-stripping cell 

Total power: 
Energy recovery (from Table 7-4): 
Beam power output (122.5 A at 1.2 MeV): 
T . _ ,.. . beam power output 
Injector effxciency c c 

215.35 

0.00 
0.00 
0.70 
0.00 
1.00 

217.00 
15.50 

147.00 

total power — energy recovery :73% 

Expressed as volts. 

Expressed as kiloamps. 
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SUMMARY 

Direct converters to recover 
power from the plasma lost from the 
ends of the Tandem Mirror Reactor 
(IMS) can be very effective. The 
high ambipolar potential and the low 
ion temperature result in good ef­
ficiency even with a single collector 
stage. About 60% of the total efflux 
power (carried by escaping fuel ions, 
alpha particles, and electrons) can 
be directly recovered after allowing 
for losses due to plasma electrons, 
grid interception, secondary and 
thermionic electrons. The two types 
of region in the TMR — the central 
cell and the end plugs — result in 
two distinct energy groups of ions 
and suggest a two-stage direct con­
verter. The addition of a second 
collector stage in the direct con­
verter raises its efficiency to about 
70%. The direct converter would also 
serve to control the recycling of 
cold electrons from the end walls. 
Problems associated with space 
charge, voltage holding, and capaci-
tively stored energy appear to be 
solvable. 

INTRODUCTION 

A TMR produces a set of condi­
tions at the ends that is quite 
different from that of other mirror 
reactors. In particular, the high 

ambipolar potential in the end plugs 
results in a high minimum energy for 
the efflux ions when they reach the 
direct converter (DC). Also, the 
high potential in the end plugs 
enhances the confinement of the alpha 
particles. Methods for preventing 
the buildup of alphas are discussed 
in the chapter on plasma physics 
(Chapt. 3). Here, we assume for 
simplicity that the alphas thermalize 
and finally escape to the DC in a 
manner similar to the escape of fuel 
ions from the central cell. If in 
fact the efflux alphas are concen­
trated in a particular flux tube, 
this should not require any major 
change in the DC. The large poten­
tial difference between the plasma in 
a plug and the grounded grid at the 
DC is not expected to be a problem. 
The plasma density at the magnetic 
mirror is low compared to the 
density at the center of the plug 
(10 cm vs 10 cm ) . For electron 
density to be equal to the ion 
density at both places, the potential 
at the mirror must be down about 1/13 
from the value at the center. 
Therefore, because the potential at 
a mirror is less than kT = 42 <eV, 
only a modest potential difference 
exists between the mirror and the end 
wall. 

Even so, there remains a small 
gradient in potential outside of the 
mirrors that tends to pull cold 



electrons from the end walls into the 
plasma. These electrons are produced 
on the end walls almost entirely by 
ion rather than electron impact, be­
cause the energy of the primary elec­
trons is so high (~42 keV) that 
their coefficient for the production 
of secondary electrons is extremely 
small. Therefore, by collecting the 
ions on positive collectors in a 
direct converter, the only electrons 
produced at the end walls will be 
those from the grids in front of the 
DC. The direct converter thus can 
play the dual role of recovering 
power from the ions and of control­
ling the release of electrons from 
the ends. 

The magnetic field at the DC is 
low, only about 100 G, because of the 
large expansion ratio that is 
required to reduce the power density 

2 from the 1400 MW/m in each mirror 
2 throat to the allowed 1 MW/m at the 

DC. 
Other novel features of the TMR 

that affect the DC are the high value 
of Q and the two distinct groups of 
ion energies, as discussed next. 

PARTICLE ENERGIES AT THE 
DIRECT CONVERTER 

The performance of the DC depends 
on tha energies of the various 
charged particles at the entrance to 
the DC. The energies there are 

170 

determined by the energies and the 
ambipoiar potentials inside the plug 
and central-cell regions. Although 
the DC actually consists of two units 
(one at each end), the currents and 
powers to the DC are calculated here 
for the combined DC system. Quanti­
ties evaluated at the DC will be 
indicated by a prime to distinguish 
them fron the corresponding values 
inside the reactor. Otherwise, the 
notation used here is the same as 
that used in the section on plasma 
physics. 

The total charge particle power 
P'. at the DC is given by the sum 

P' = I'E" + I'E' + ~ i'E' + I'E' , dc p p c c 2 'j. -j. e e ' 
(8-1) 

where l' = 4 38.5 A is the ion current 
P 

from the plugs, which is just equal 
to the trapped fraction (89.6%) of 
the neutral-beam equivalent current 
injected into the plugs. The average 
energy E' of these ions at the DC is 
equal to the injection energy, 1200 
keV, first reduced by the loss due to 
electron drag during the containment 
time of an average plug ion, and then 
increased by the difference in poten­
tial between plug and DC. The amount 
AE by which electron drag reduces 
the energy of a plug ion during its 
lifetime is estimated here by multi­
plying the average rate of energy 
transfer by the average lifetime of 
a plug ion. That is, 



i E p = (E p-1.5T e)(nT) p/(nr) l e 

= 743 keV, 

Mien Eqs. K-l and 8-2 ari> combined, 
I" is determined in terms oi* l'd'c, and 
P ' is known : dc 

because K = 878 keV in the plugs and 
p 1 2 

the equ ipa r t i t i on time (n ') ^ as 10 
T ^ in these u n i t s . Hie potent ia l 

e 
drop from plug to DC i s \^ + \^ = 150 
kV. Therefore, E' = 807 keV. Tiie 
current l ' from the cent ra l ce l l to 

c 
the DC can be determined from the 
power balance (below) to be 1̂  = 
1284 A. The mean energy of these 
ions as they c lear the po t en t i a l 
ba r r i e r in the end plugs lias been 
shown to be equal to T t h e r e , and 
T = 30 keV. fhey are then 

c 
accelerated by the 350-kV poten t ia l 
d i f ference , giving F = 380 keV. 

The e l e c t r i c a l current due to 
alpha p a r t i c l e s , I/j = 288 A, i s 
obtained d i rec t ly from the rate of 
fusion r eac t ions : I.' = 2ePj./E F, with 
P = 2532 >1W and E„ = 17.58 MeV. All 
of the alphas are assumed to therma-
l i ze (f, = 1.0, see Chapt. 3) , so 

dc 

Here, 1' 

= P. + 0.2 P. 
i n I 

0.8 I ' E . • (8-3) 

526 MW is the power that 
i s injected and trapped, and Pj. = 
2530 MW is the fusion power. The 
second term in the right-hand side of 
Eq. 8-3 gives the power car r ied by 
the a lphas , and the las t term repre­
sents the 807. of the res idual k ine t i c 

- 3 „+ 
energy, E c = ^ l ' c , of the react ing D 
and T + ions that i s carr ied away by 
the resu l t ing neutrons and is not 
available for d i rec t conversion. 
This las t term has only a 1% effect 
here and is therefore ignored in 
determining V' and l \ When these 
three equations are combined, the 
resul t i s that T/ = 1284 A and 1^ = 
2011 A. 

I t i s i n t e r e s t i ng to check the 
sel f -consis tancy of the parameters. 
From Table 2-2 in Chapt. 2, the 

that the mean energy of the alphas at volume of plasma in the cen t ra l c e l l the DC i s !T = 30 + 2 * 350 = 730 keV 
by the same reasoning as for E^. 
Since the e lec t rons are a lso e l e c t r o ­
s t a t i c a l l y confined, t he i r mean 
energy at the DC i s ju s t E^ = T g = 
42 keV. The electron current 1^ must 
be equal to the sum of the ion 
c u r r e n t s : 

is V„ 452 m-
„20 

the density is n 

I' = I' + I' + 1/ . e p c o (8-2) 

1.1 * 10 K""1, and (at) = 
7.7 * 10 2 0s/m . Combining these 
values gives I', the loss current 
from the central cell, as 

I' = V n e/(nx) = 1140 A. c c c c 

This is only about 10% lower than the 
value obtained from P ^ and serves as 
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Fig. 8 -1 . The d i s t r i b u t i o n in ion 
energy a t the d i r ec t converter . For 
He"1-1", the energy per uni t charge i s 
p lo t t ed . 

a s a t i s f ac to ry check on the various 
quan t i t i e s involved. In analyzing 
the DC, we use I ' = 1284 A. c 

The approximate energy distribu­
tions for these three groups of ions 
at the DC are sketched in Fig. 8-1. 
For the fuel ions from the central 
cell, we take a two-dimensional 
Maxwellian 

d I ' e, 
— - = (5.06 x 10° A/fc'.V) dE' c 

• expC-E^/30.0), 350 <_ E^, 

where the low-energy cutoff is set by 
the minimum energy that an ion can 
have after passing over the potential 

barrier in the plugs. Similarly, for 
the alpha particles we take 

dl ,11 — ~ = (1.35 ' J0 l A/keV) 
dE' 

'J. 

• exp(-E'/30.0), 730 - E' . 
'J. — X 

The distribution function for the 
ions from the plugs is different. 
Neutral atoms injected with energy 
E . are ionized and trapped in the P»in 
plugs. Once ionized, they begin to 
lose energy to the electrons, which 
have a lower mean energy. As the ion 
energy decreases due to the electron 
drag, the frequency of elasLic col­
lisions with other ions increases, 
with the result that as its energy is 
lowered an ion has an increasing 
probability of finding the loss cone 
and escaping from the plug. The 
energy distribution of the ions 
escaping from the plug is therefore 
peaked at low energy. At the DC, the 
entire distribution is shifted up in 
energy by the difference in poten­
tial. 

An expression that fits this 
description and gives the known total 
current and power from the plugs is 

dl' _ E 
dE' P 

= 3.47 x 10 9 x (E' - 350)" 3" 6, 

6 5 8 1 E' 1 1 5 5 ° 

The lower limit on E ' is determined 
P 

by the ambipolar potential (j> = 350 kV 
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and the mirror ratio R = 2.14 in the 
plugs: 

K m,-n = i ^ T = 6 5 8 k e V . p,mm R - 1 

The upper limit is just the 1200-keV 
injection energy increased by the 
350-kV difference in potential. 

Figure 8-1 shows a plot of the 
combined energy distribution for the 
three groups of ions at the DC. The 
two distinct energy groups suggest 
that to recover both groups ef­
ficiently the DC should have two 
collector stages. The possible ef­
ficiencies of both a single-stage and 
a two-stage DC are evaluated here. 

GRIDS 

power to the DC. To picvide an 

adequate sink for the electrons and 
to handle the large thermal power, 
the grounded grid is about 5% opaque 
to the beam. It therefore receives 
about 13% of the total power to the 
DC. 

The thermal load on the negative 
grid results only from the ions that 
it intercepts. It is therefore 
desirable to keep this grid as trans­
parent as possible. Considerations 
of heat transfer and of voltage hold­
ing set the minimum practical opacity 
at 1 to 2% for this grid. 

Neither grid can be allowed to 
reach a temperature where thermionic 
electron emission is significant, 
because neither the DC nor the 
reactor can tolerate a large flux of 
cold electrons. It is this restric­
tion that sets the limit on the power 
density that can be handled by the 
DC. 

Convectively cooled grids can be 
used up to equivalent input power 

2 densities of about 500 W/cm if the 
span is less than about 3 m. Beyond 
these ranges, the grid becomes too 
opaque to be practical. Both water 
and high-pressure helium have been 
studied as coolants. Smaller tubes 
can be used for water than for 
helium, but the heat is removed from 
water at a temperature that is too 
low to allow efficient recovery in a 
thermal cycle. However, because of 

The direct converters that are 
evaluated here use immersed grids to 
control the electrons and prevent 
them from reaching the positive ion 
collectors (see Figs. 8-2 and 8-3). 
Two grids are used: the first is 
held at ground potential and the 
second is held negative to reflect 
the electrons. Therefore, the sink 
for the electrons is the grounded 
grid, which must be designed to 
handle all of the power from the 
electrons plus the power from those 
ions that are intercepted. It can be 
seen from the immediately preceding 
discussion of particle energies that 
the electrons carry about 8% of the 
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1032-MW input: 
438.5-A, 807-keV D + 

1284-A,380-keV, D + + T + 

288-A, 731-keV He + + 

2011-A,42-keVe~ 

First Second Ion 
grid grid collector 

V = 0 -170 kV +350 kV 

/777 
Ground 

connection 
152-A input 
at-170kV 

1853-A output 
at +350 kV 

Fig. 8-2. Power and current flow in a single-stage direct converter on the 
TMR, where the efficiency is n D C = 1(1853 * 350) - (152 x 170)]/1.032 * 10 6 

= 0.603. 

the danger of failure among the many 
tubes operating close to their 
mechanical limits, convectively 
cooled grids of all kinds should 
probably be avoided. 

Here, we postulate radiatively 
cooled grids. Grids made from a 
carbon/carbon composite material 
appear able to handle the highest 

power density of any of the possible 
materials for radiatively cooled 
grids. Besides having a high 
emissivity and a relatively high work 
function (for lower temperature and 
decreased thermionic electron 
emission), the carbon grids appear 
strong enough to span large 
distances, thus reducing interception 

First Electron Second 
First 
grid 

Second 
grid 

ion 
collector 

suppressor 
grid 

ion 
collector 

V = 0 -170 kV +345 kV +340 kV +648 kV 

1032-MW input: 
438.5-A, 807-keV D + 

1284-A, 380-keVD + + T + 

288-A, 731-keV H e + + 

2011-A, 42-keVe" J 7 I i 
Ground 152-A input 

connection at-170kV 
1473-A 35-A 344-A 
output at output at output at 
+345 kV +340 kV +648 kV 

Fig. 8-3. Power and current flow in a two-stage direct converter on the TMR, 
where the efficiency is % c = 1(1473 x 345) + (35 x 340) + (344 x 648) 
- (152 x 170)]/1.032 x 10 6 = 0.695. 
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of the beams by support structure. 
Since the efflux plasma is guided by 
the magnetic field that exists 
outside the Yin-Yang coils at the 
ends, the beam is fan shaped with a 
cross section that is thin compared 
to the width. By orienting the coils 
so that the two efflux fans are both 
horizontal, the grids can be sup­
ported above and below across the 
smaller dimension. No support struc­
ture need be immersed in the beam. 

The lengths of the fan-shaped 
expanders are determined by the 
amount of expansion required to 
reduce the power density to values 
that the grids can tolerate. Studies 
of radiative heat transfer in similar 
grid structures have shown that 
graphite grids whose elements have 
circular cross sections are useful up 

2 to about 200 W/cm when the energy of 
the incident D and T ions is about 
170 keV. Here, the mean energy is 
W. = 472 keV, with the result that 
the collector voltages are about 
three times higher and the loss of 
power due to thermionic emission at 

2 200 W/cm is also about three times 
higher than at 170 keV. However, 
thermionic emission decreases rapidly 
as the beam power density is 
decreased. A power density of 100 

2 W/cm appears to be reasonable, and 
that is the value that was chosen for 
this preliminary study. 

Because the grounded grid 
receives all of the primary electrons 
and most of the secondary and ther­
mionic electrons in addition to the 
intercepted ions, it actually 
receives about three times as much 
power as it simply intercepts from 
the ions. Thus, the effective power 
density at the grounded grid is about 

2 
330 W/cm . To radiate this increased 
power without heating to thermionic 
emission temperatures, the elements 
in the grid can have a noncircular 
cross section. This can give an 
increased surface area for radiating 
away the heat without increasing the 
beam interception. Maintaining the 
alignment of such elements may be a 
serious problem. 

The spacing between grids must be 
small enough to avoid space-charge 
limitation of the input beam current. 
Since the input power density is 100 

2 
W/cm and the mean ion energy is 472 
keV, the current density is 
2 x 10 A/cm . In Fig. 8-1 note 
that there are two groups of ions; 
those with a mean energy of 380 keV 
per unit of charge, and those with 
807 keV. Also in Fig. 8-1, note that 
the first ion collector should be set 
at 350 kV. When retarded by 350 kV, 
these two groups of ions have the 
same density as a 1.6 x 10 A/cm 
beam of mono-energetic ions with 380 
keV of initial energy. Such a beam 
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is space-charge limited at 350 kV 
when the spacing is 3.0 m from the 
V = 0 equipotential. Therefore, the 
spacing between negative grid (-170 
kV) and first collector (+350 kV) 
need only be less than 4.5 m. 

Such a large spacing is easily 
compatible with voltage-holding 
requirements. According to the 
Paschen curve, gas breakdown in H_ is 
avoided if the pressure is kept below 
2 x 10~ Torr. Data on surface-
initiated breakdown indicates that 
the 520-kV difference can be held 
across gaps in vacuum as small as 10 
cm. 

Although the interelectrode spac­
ing could be reduced to a few tens of 
cm, the stored electrostatic energy 
that could be released in a spark is 
reduced if the spacing is large. 
Sparks that are driven by less than 
about 10 J of capacitively stored 
energy tend to heal the surface and 
help to prevent other breakdowns, 
whereas much more than 10 J damages 
the surface and makes other break­
downs more likely. The energy stored 
in the capacitor formed by the col­
lector and the negative grid is 0.30 

2 J/m when the spacing is 4.0 in and 
the voltage difference is 520 kV. 

2 Therefore, 10 J is stored in 33 m of 
2 area, and since each DC has 516 m of 

frontal area, each must be divided 
into about 16 sections to keep the 
energy stored in each section below 

10 J. It was partly to facilitate 
this division into sections that both 
of the fan-shaped expander tanks were 
oriented horizontally. Separate 
supports for the different sections 
can be located about and below the 
beam without increasing the intercep­
tion. 

The actual design of the DC is 
left for future work. This prelimi­
nary analysis simply indicates that 
a design is possible and it predicts 
the performance of the DC. A much 
more detailed study is required to 
select the materials and design the 
structure. Additional thought must 
be given to the design of the heat-
transfer system, of the high-voltage 
insulators, of the cryopanel vacuum 
pumps, and of the plasma scrape-off 
region. (The scrape-off region acts 
as a dump for high-Z impurities on 
the outer flux lines.) 

DIRECT CONVERTER EFFICIENCIES 

The efficiency of the DC can be 
determined by tabulating the amount 
of power that is lost to each of the 
various loss mechanisms. Table 8-1 
itemizes the amounts of power that 
are made unavailable for direct 
conversion by each mechanism in the 
approximate order that they are 
encountered by the incident beam. In 
the following text, a single-stage DC 
is considered first; a two-stage DC 



is then analyzed by comparing it with 
the single-stage unit. 

Efficiency of a Single-stage 
Direct Converter 

The first loss from the 1032 MW 
of incident power is that o." the 
primary electrons. A 2011-A electron 
current arrives at the DC with a mean 
energy of 42 keV per electron. This 
amounts to 85 MW of incident power 
that is dissipated on the first grid. 
Since the first (grounded) grid is 5Z 
opaque, it intercepts 47 WW of the 
947 MW of ions. Similarly, the 
negative grid intercepts 2%, or 18 
MW, of the remaining ions. This 18 
MW of ions amounts to 38 A, which 
also contributes to the drain on the 
negative power supply listed near the 
1 ottom of the table. 

Loss of ions by charge exchange 
with gas in the expander is negli­
gible at these relatively high ener­
gies if the pressure is held below 
5 x 1 0 - 5 Torr. 

A single collector can recover 
all 1872 A of ions that pass through 
the grids if the collector potential 
is not greater than the minimum ion 
energy per unit of charge. In Fig. 
8-1, note that the minimum energy is 
350 keV. Since the recovered power 
is proportional to the collector 
potential, it is set at the maximum 
value, 350 kV. Then, the recovered 
power is 350 kV x 1.872 kA = 655 MW 

from the 882 MW of ion power that 
reaches the collector. The 227-MW 
difference is removed as heat from 
the collector. 

We mentioned earlier that 38 A of 
ions are intercepted on the negative 
grid. Each ion releases about two 
secondary electrons from the grid. 
Also, a small emission current of 
thermionic electrons will result from 
the heating of the grid by the ions. 
Thus, the total drain on the negative 
power supply is about four times 
(allowing one unit of 38 A for emission) 
the ion current, or 152 A. At a grid 
potential of -170 kV, this is a power 
loss of 26 MW. Grid potential if set 
at -4T to stop nearly all primary 
electrons. 

The final loss mechanism in a 
single-stage DC is due to that part 
of the 38 A of thermionic electrons 
from the negative grid that is 
accelerated onto the collector. 
About half of the electrons will go 
each way because they are emitted 
uniformly over the surface of a grid 
element. Secondary electrons are 
created only on one-half of the sur­
face, and they all exit away from the 
collector and, together with half of 
the thermionic electrons, deposit 
another 16 MW of heat on the grounded 
grid. Half of 38 A collected at 350 
kV results in a loss of 7 MW of 
power. Finally then, 622 MW of net 
electric power is recovered from the 



incident 1032 MW. A single-stage DC 
can therefore be expected to recover 
60.3% of the total incident power. 

Table 8-1 summarizes the losses 
and Fig. 8-2 shows schematically the 
recovered and supplied power. The 
table shows that the largest loss is 
due to the rather poor match of a 
single collector potential to a 
spread in energy. However, all 227 
MW of ion heating plus 10 MW of elec­
tron heating at the collector is 
available for thermal conversion. 
(This includes 3 MW listed as a drain 

on the negative supply.) The 173 MW 
of heat radiated from the grids is 
difficult to recover because of the 
large area that receives it. In the 
chapter on parametric analysis 
(Chapt. 10), it is assumed that all 
410 MW of heat is used in a thermal 
cycle. 

Efficiency of a Two-Stage Direct 
Converter 

The presence of two distinct 
groups in the ion energy distribution 
(see Fig. 8-1) suggests that a DC 

Table 8-1. Summary of losses from the one- and two-stage direct converters for 
a 1032-MW input power. 

Loss mechanism 

One-stage Two-stage 
Loss Remains Loss Remains 
(MW) (MW) (MW) (MW) 

Unrecovered primary electrons 
Interception of ions by grounded grid 
Interception of ions by negative grid 
Charge exchange 
Remaining kinetic energy of ions when 
collected 

Loss due to the mean angle of incidence 
Loss due to the spread in angle of 
incidence 

Drain on negative grid power supply 
Collection of thermionic electrons 
Suppressor grids 

Recovered power: 
Lost power: 
Efficiency (%): 

85 947 85 947 
47 900 47 900 
18 882 18 882 
0 882 0 882 

227 655 101 781 
0 655 11 770 

0 655 13 757 
26 629 26 731 
7 622 7 724 
0 622 7 717 

622 717 
410 315 
60.3 69.5 
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with two collectors could be more 
efficient that a single-stage unit. 
A two-stage Venetian-blind (V3) DC is 
similar to the single-stage DC just 
examined, but has an added collector 
and suppressor grid (see Fig, 8-3). 
As shown in Table 8-1, losses to the 
first two grids and to charge 
exchange are the same for one- and 
two-stage direct converters. The 
main advantage of the VB comes from 
its two collectors, whose potentials 
can be adjusted to fit the energy 
distribution of the ions. 

Figure 8-1 suggest that with 
ideal energy sorting it should be 
possible to collect all central-cell 
ians and a-particles at 350 kV and 
all plug ions at 658 kV. The 
currents of these three groups of 
ions after allowing for grid inter 
ception are 1195 A, 268 A, and 4f> A, 

respectively. The recovered power 
then could be 512 MW on the first 
collector and 269 MW on the second, 
for a total of 781 MW recovered and 
the remaining 101 MW appeari-ig as 
heat. 

To sort the ions according to 
energy, the VB must be tilted at an 
angle whose optimum value is 6.9° to 
give the ions a mean incident angle 
of 83.1°. This tilting requires the 
reduction of the collector potentials 
by a factor cos (6.9ij) = 0.986 and 
reduces the recovered power by the 
same factor to 770 MW. Also, the 

17 

energy sort ing is not perfect because 
the spread in incident angle causes 
some high-energy ions to be inter­
cepted by the low-energy collector. 
The larger expansion in the magnetic 
expander reduces this spread and the 
resulting interception on lateral 
surfaces to a small but significant 
value. This interception results in 
about 10% of the 408 A of plug ions 
being collected at 350 kV instead of 
> 658 kV, tor a loss of about 13 MW. 

As in the single-stage DC, the 
drain on the negative power supply 
amounts to 26 MW. Also, because we 
assume that all thermionic electrons 
that reach the collectors are caught 
on the first collector at 350 kV, the 
7-MW loss is the same as for a 
single-stage collector. 

One additional loss in the VB 
results from the emission of 
secondary electrons from the suppres­
sor grid (see Fig. 8-3). This grid 
is directly behind the first col­
lector assembly and is held at a 
slightly lower potential than that 
collector to prevent secondary elec­
trons produced on the first collector 
from flowing to the higher potential 
of the second collector. About 80% 
of the 1463 A of ions collected on 
the first stage is first transmitted 
by it and then passes through the 
suppressor grid from behind. If the 
grid is 1% opaque and if the 
secondary emission coefficient is 



about 2, then 23 A of electrons will 
be released from the rear surface of 
the grid and pulled into the second 
collector. Since the potential 
difference is about 310 kV, the power 
loss is 7 MW. 

Finally then, the net power 
recovered by the two-stage VB out of 
the total incident 1032 MW is 717 MW, 
for a net efficiency of 69.52 
(compared to 60.3 % for the single-
stage direct converter (see Table 8-1 
and Fig. 8-3). The 142 MW of heat 

generated on the two ion collectors 
is available for processing in a 
thermal cy:le because both collectors 
are convectively cooled. This 142 MW 
is composed of 101 MW from ion 
kinetic energy, 11 MW plus 13 MW from 
interception due to angles of inci­
dence, 3 of the 26 MW from the nega­
tive grid, 7 MW of thermionic elec­
trons, and 7 MW from the suppressor 
grid (see Table 8-1). In the single-
stage DC, 237 MW (227 + 3 + 7) of heat 
is generated on the single collector. 
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SUMMARY 

In this chapter, we describe the 
power requirements and supplies for 
the Tandem Mirror Reactor (TMR) ion 
sources, direct converters, and mag­
nets. The efficiencies of the power 
supplies are also estimated. 

POWER SUPPLIES FOR THE ION SOURCES 
AND THE DIRECT CONVERTER 

The TMR has four ion sources and 
a one-stage direct converter at each 
end. Figure 9-1 shows the direct 
converter and a single ion source with 
its associated power supplies. 

In normal operation, a substantial 
amount of power for the ion sources 
comes from the direct converters; how­
ever, before plasma buildup, the direct 
converters consume rather than supply 
power. Also, the heaters in the 
cesium cell require power during start­
up. During startup, the entire system 
requires 887 MVA; during running, 
229 MVA. 

The output of the direct converter 
is positive 350 kV at 1853 A. The 
positive accel grid of the ion source 
requires 700 kV; to utilize the output 
of the direct converter for this grid, 
a 268-kV topping power supply is 
provided. A series tube modulator 
provides isolation between the four 
sources. A total of 712 A is required 
for the four ion sources; the remain-

183 

ing 1141 A from the direct converter 
is converted to 60 Hz and returned to 
the 230-kV ac power bus. 

Ion Source Power Supplies 

The power supplies and associated 
equipment for the ion sources can be 
broken down into the following major 
categories: 

• Filament and arc power supplies 
powered from an 800-Hz power source. 

• Low-capacity insulating trans­
formers . 

• 60-Hz to 800-Hz converters. 
• Negative 600-kV power supply. 
• Positive topping power supply. 
• Modulator regulator. 
• Intermediate power supplies for 

the positive and negative grid of the 
ion source. 

• Q-machine power supply. 

The filament and arc power supplies 
are mounted on the high-voltage struc­
ture of the ion source. To reduce the 
physical size and weight, they are 
powered from a 300-Hz power source. 
The size of both transformers and 
filters can be substantially reduced 
by using high-frequency power. Be­
cause laminated transformer cores can 
be used, 800 Hz was chosen as a logical 
frequency. Smaller power supplies 
offer an additional advantage: because 
they have a reduced capacity to ground 
and therefore less stored energy, 
damage to the ion source grid during 
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sparking is reduced. The filament 
supply is a low-voltage, high-current 
transformer having built-in reactance 
to limit the turn-on current when the 
filaments are cold. The arc supply 
is a transformer-thyristor arrangement 
in which the thyristor control provides 
constant-current characteristics. 
The arc supply has a turn-down feature 
that reduces the arc current whenever 
a spark discharge is detected in the 
accel power supplies. 

The high-voltage insulating trans­
formers are designed for low inter-
winding capacity. This is achieved 
by making small coils with high current 
density and fay providing large windows 
in the core. The insulation is pres­
surized sulfur-hexafloride gas. 

The 60-Hz to 800-Hz converters are 
a conventional rectifier-thyristor, 
inverter-transformer arrangement that 
is optimized for low losses by running 
low current densities in the trans­
former windings. 

The negative 600-kV accel power 
supply is a transformer-rectifier-
filter arrangement having a series 
tube modulator in the output and 
thyristors in the primary line to 
adjust the output voltage. A sensitive 
current detector in the output detects 
sparking in the source electrodes and 
signals the arc supply to reduce the 
arc current. 

The positive topping power supply 
is similar in design to the negative 
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power supply except that it does not 
have a modulator and it is large 
enough to power four sources. 

The positive 600-kV modulators are 
a series high-vacuum tube arrangement 
and provide precise voltage control 
of the accel voltage during source 
conditioning. After the sources are 
baked in, a remotely operated switch 
bypasses the series tubes, thereby 
reducing the power loss caused by the 
tube drop. A spark-gap crowbar diverts 
the output of the accel power supply 
in the event of a spark breakdown in 
the ion source grids. 

The power supplies for the negative 
grid of the ion source are relatively 
low-voltage power supplies electrically 
stackfed on the main accel voltage to 
achieve the required grid potentials. 
These power supply cabinets are at 

600-kV accel potential; therefore, 
power is supplied to them by an in­
sulating transformer. 

The power supply for the Q-machine 
is at 600 kV above ground; therefore, 
power is provided to it from an in­
sulating transformer that also pro­
vides power to the 268-kV topping 
power supply. 

Direct Converter Power Supplies 
The direct converters require two 

different power supplies: a conven­
tional transformer-rectifier that 
supplies power at all times to the 
first grid and an inverter-rectifier 



connected to the collector assembly 
that can supply power during start-up 
and also recover power and deliver it 
to the power lines during normal opera­
tion. The inverter-rectifier consists 
of a thyristor-rectifier bridge that 
converts ac to dc and a thyristor-
inverter bridge that converts dc to 
ac. The inverter bridge is an elec­
tronic switching device that sequen­
tially connects a dc bus to the ap­
propriate lines of an ac system. The 
rectifier bridge and the inverter 
bridge each has its own firing cir­
cuits. The input signals of the two 
firing circuits are driven from an 
inverter-rectifier logic chassis that 
provides a continuous transition from 
rectifier to inverter operation by 
means of a single input signal. 

The direct converter power supplies 
are mounted outdoors on a transformer 
pad, and the high-voltage units are 
insulated by high-pr ssure sulphur-
hexafloride gas. 

POWER SUPPLIES FOR THE MAGNETS 

The reactor has the following cryo­
genic magnets: 

• Two plug coil sets, each consist­
ing of a Yin-Yang coil pair and a 
solenoidal pair. 

• Thirty-four central-cell sole­
noids. 
The same power-supply design is used 
for all coils. The inventory of power 

supplies for the entire reactor is as 
follows: 

• Yin-Yang coils: 2 power 
supplies 

• Plug sojenoidal coils: 4 power 
supplies 

• Central-cell solenoids:!^ power 
supplies 

Total:23 

Each power supply has the following 
ratings: 

• Output voltage: 60 V 
• Output ripple: <250 mV 
• Output current: 10 kA 
• Power: 600 kW 
The charging time of the magnet, 

coils is 24 h. The power supplies 
have the following unique features: 

• The output dc circuit breaker is 
capable of interrupting 10 kA with 
10 kV across the contacts. A discharge 
resistor absorbs the energy stored by 
the magnet. 

• The rate of charge into the mag­
net coil is precisely controlled in 
accordance with a prescribed plan. 

• In the event of a magnetic quench 
or fault, the power supply would be 
automatically de-energized. 

• The power supply contains an in­
verter that returns the energy stored 
in the magnet to the power lines when 
the magnet is discharged. 

• The power supply has a two-loop 
regulator that provides a current 
stability of 1% and controls and limits 
the maximum rate of change of voltage. 



• The power supply has a control 
system that detects the onset of a 
magnetic quench and continuously moni­
tors the following parameters: 
— Coil current 
— Charging and discharging voltage 
— Coil interturn voltage 
— Lead voltage drop 
— Level in liquid-helium reservoir 
— Helium-gas pressure and evaporation 

rate 
— Change in magnet coil flux. 

The power supplies for the magnets, 
in common with all other major elec­
trical components, ha\. provisions for 
either manual or computer control. 
Also, computer storage is provided for 
taking and storing the values of 
various coil parameters. 

POWER SUPPLY EFFICIENCIES 

All power supplies in the TMR 
system are optimized for high effi-

Table 9-1. Estimated efficiencies 
of TMR power supplies. 

Power supply Efficiency 
(MVA) (%) 
10 >97 

4 to 10 >95 
4 ,-90 

ciency by running the current densities 
of the transformer windings at a con­
servative level. The power loss in 
the rectifier thyristors is negligible 
(about 0.5%). We expecL large systems 
of this type to have an efficiency in 
excess of 95%. Utility companies that 
operate large dc transmission systems 
attain an overall efficiency better 
than 97%. The efficiencies that we 
have estimated for the TMR power sup­
plies are listed in Table 9-1. 
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SUMMARY 

The results of this parametric 
design study illustrate the variation 
in Tandem Mirror Reactor (TMR) 
characteristics with changes in the 
independent design parameters, reveal 
the set ol design parameters that 
minimize the cost of the reactor, 
and show the sensitivity of the 
optimized design to physics and tech­
nological uncertainties. 

THE ANALYTIC MODEL 

Physics 
The heart of the analytic model 

for the TMR is the simple, self-
consistent description of TMR physics 
given in Chapt. 3. (An almost 
identical physics model was presented 
in App. B of Ref. 10-1.) This model 
relates the densities, energies, and 
containment times of the ions and 
electrons in the plugs and central 
cell. The plugs are assumed to be 
mirror machines having classical end 
losses and sustained by the injection 
of high-energy neutral beams. (Since 
the purpose of the end plugs is to 
stopper the central cell and not to 
produce fusion power, single-species 
injection is proposed, e.g., either 
deuterium or tritium.) The central 
cell is fueled by low-energy neutral 
beams of d :uterium and tritium. 

Electrons heated by the energetic 
ions in the plugs in turn heat the 
cold ions in the central cell. 

The equations of the physics model 
can be self-consistently solved in a 
number of ways. In this first ana­
lytic model, we find it most con­
venient to specify the plug injection 
energy, the plug mirror ratio, the 
mirror ratio between the plugs and 
the central cell, the plasma fl in 
the plugs and in the central cell, 
and the temperature of the central-
cell ions. The physics output then 
consists of the various energies, 
containment parameters (ax's), dens­
ity ratios, the plasma volume ratio 
between the central cell and plugs, 
and Q (thermonuclear power divided 
by trapped injected power). 

Reactor Design 
Next, we specify the particular 

reactor design. First, specification 
of a single magnetic field strength 
(usually the central field of the 
plug) allows calculation of all the 
plasma densities and the fusion power 
density in the central cell. Then, 
specification of the blanket energy 
multiplication factor M and various 
efficiencies (of thermal conversion, 
direct conversion, and neutral-beam 
injection) allows calculation of 
power flows. At this point, the 
power quantities are only relative 
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because an absolute power level has 
not been selected. 

Finally, specification of a single 
dimension or power quantity (we usually 
choose to specify the net electric 
power) allows complete design of the 
reactor. The dimensions of the 
cylindrical central-cell plasma and 
the approximately spherical plug 
plasmas are completely determined by 
the central cell-to-plug volume ratio, 
the fusion power density of the 
central cell, the desired total fusion 
power, and the requirement for mag­
netic flux conservation throughout 
the machine. 

The plug magnets are designed to 
provide the specified magnetic field 
and to be large enough to contain 
the plug plasma. The scaling laws 
for the plug magnets were derived 
from the point designs described in 
Chapt. 5. 

The design of the central cell 
begins at the cylindrical first wall 
(three alpha gyroradii away from the 
plasma) and proceeds outward through 
the blanket, shield, magnet, support 
structure, handling and maintenance 
equipment, and finally the reactor 
building. The scaling ln-.is for the 
central cell were derived from the 
point design described in Chapt. 4. 
In all cases, the blanket and shield 
thicknesses are held constant at 94 
and 86 cm, r, spectively. Thus, the 
primary variables in the central-cell 

design are the length, first-wall 
radius, and magnetic field strength. 
The plant design is completed by siz­
ing the injectors, the direct con­
verters, and the thermal conversion 
system. 

Cost Estimate 
Estimates of direct capital costs 

for all elements of the power plant 
permit a final estimate of the cost 
of power. 

The cost of the central cell tends 
to be dominant and is therefore the 
most carefully evaluated. It is 
broken down into separate cost es­
timates (see Table 10-1) for the 
blanket, shield, vacuum vessel, 
solenoidal coil, coil restraining 
structure, coil case, main support 
structure, the crawler-transporter 
under each central-cell module, and 
the central-cell portion of the re­
actor building. The scaling laws for 
these costs were derived from the 
point design described in Chapt. 4. 

The cost of the p'ug is broken down 
into separate cost estimates (see 
Table 10-2) for the plug coils, coil 
restraining structures, coil refriger­
ators, and the plug portion of the 
reactor building. The scaling laws 
for the coil-related costs are derived 
from the point designs in Chapt. 5. 

Cost estimates for the thermal 
conversion , direct conversion, and 



Table 10-1. Summary of cost estimates for centra] c e l l . 

Item Cost estimate 

Blanket (estimated on a per unit mass basis): 
Stainless steel structure 
Neutron moderator and tritium-breeding 
material 

Shield (estimated on a pji unit mass basis): 
Stainless steel 
Lead cement 
Borated carbon 

Vacuum vessel (estimated on a per unit mass basis): 
Stainless steel 

Solenoidal coil (always at a low magnetic field 
strength (2.4 T in the point design) and 
conservatively sized for an overall current 

2 density of 1200 A/cm .) 
Conductor (density assumed to be that of 
copper) 
Cost of winding the coil 
Coil restraining structure and coil case 
(stainless steel) 

Main support structure (steel) 

Crawler-transporter under each central-cell 
module (cost assumed to scale linearly with 
the mass of the central-cell module) 

Central-cell portion of the reactor building 
(cost assumed to scale linearly with the 
length of the central cell L and with the 
square of the outer radius of the central 
cell r ,. ) outer 

$22/kg 

$25/kg 

$11/kg 
$l/kg 
$5.50/kg 

$14/kg 

$6.60/kg 
$0.0023/A-m 

$14/kg 

Sll/kg 

Normalized to $600 thousand 
for a 3-m-long module 
weighing 7.2 x 10 kg. 

Normalized to $24 million 
for L = 100 m and r c 
4.5 m 

outer 

The $25/kg estimate was made for lithium aluminate, one of the proposed 
breeding materials (see Chapt. 4). The final design choice was for an approx­
imately equal volume of encapsulated liquid lithium. We believe that our 
blanket cost estimate is somewhat high for this case. 

193 



Table 10-2. Summary of cost estimates for plugs. 

Cost estimate 

Plug coils (a cryogenic-Al Yin-Yang coil pair inside 
a superconducting solenoidal pair) 

Solenoidal pair (designed for an overall current 
2 density of 3000 A/cm ) 

— plus winding 
Stainless-steel restraining structure for the 
solenoidal pair 
Yin-Yang coil pair (pure-Al conductor and Al-alloy 
internal structure) 
— plus winding 
Coil restraining structures (a stainless-steel 
external restraining clamp whose mass is 
estimated from the Yin-Yang study in Ref. 10-2) 

Coil refrigerators (cost of refrigeration scales with 
the 7/10 power of the refrigerator input power, which 
is estimated to be 50 W of heat per W removed from the 
coil, This input power — 23 MW in the point design — 
is also subtracted from the gross electric power of 
the plant when we calculate the net electric power) 

Plug portion of the reactor building (assumed to scale 
with t 
cell) 
with the square of the outer radius r of the central ^ outer 

§0.0013/A-m 
$0.0023/A'm 

522/kg 

$22/kg 
$0.0023 A-m 

$22/kg 

$40 million 

Normalized to $19 
million of r outer 
= 4.5 m 

injection systems are summarized in 
Table 10-3. 

The reactor systems just discussed 
do not include all of the systems 
considered in the cost estimate for 
our Standard Mirror Fusion Reactor 
as reported in Ref. 10-2. Systems 
not explicitly included are the cryo-
panel vacuum system for the injectors 
and direct converters, the refrigera­

tion system for the cryopanels and 
the superconducting coils, the plant 
electrical equipment, instrumentation 
and controls, the tritium handling 
system, miscellaneous buildings, and 
site improvements. Our preliminary 
estimate for the cost of these systems 
for a 1000-MW(e) TMR is $2-70 million. 

As an economic figure of merit, 
we add all the above direct capital 
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Table 10-3, Summary of cost estimates for thermal conversion, 
conversion, and injection systems. 

Item Cost estimate 

Thermal conversion system (includes blanket coolant 
loop, direct converter coolant loop, steam genetators, 
turbine generators, steam condensers, all steam and 
water piping, cooling towers, and the turbine hall). 

$70/kW of thermal 
power handled by the 
thermal converter. 

Direct conversion system (includes direct converter vacuum $130/kW of charged-
tank, collector elements, electrical conditioning equip- particle power enter-
ment, and thermal panels for the radiative cooling of ing the direct con-
collector elements) verter. 

Injection system (includes injector plus their power 
supplies) 

$200/kW of electri­
cal power input to 
the injectors. 

The effect of a higher injection system cost will also be discussed. 

costs and divide by the net electric 
power to obtain the direct capital 
cost per unit of installed capacity 
[$/kW(e)]. We have used the minimiza­
tion of this figure of merit to 
optimize the design of the TMR. (In 
our Standard Mirror Fusion Reactor 

10-2 study, we pointed out a deficiency 

We emphasize that the estimated 
costs are direct capital costs only 
and that no indirect costs have been 
added. In our Standard Mirror Fusion 
Reactor study,10-2 w e estimated that 
indirect costs (indiract field costs, 
engineering services, contingency, 
interest during construction, and 
general office costs) are 1.48 times 
the direct capital costs. 

of the $/kW(e) figure of merit; 
namely, designs with higher neutron 
loadings on the first wall are not 
properly penalized for their more 
frequent outages for blanket mainte­
nance. For that reason, we used the 
cost of net electrical energy 
(mills/kWh) as the economic figure 
of merit in Ref. 10-2. We shall 
adopt this method for future analytic 
models of the TMR. We suspect that 
our results will be about the same 
since the first-wall loading of the 
optimized TMR point design is only 

2 2.1 MW/m (vs 3.3 for our standard 
mirror reactor). 
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COST OPTIMIZATION 

Input for the Point Design 
We chose to specify a net electric 

power of 1000 MW(e) for the TMR point 
design. (hov/er and higher power 
levels will lie discussed later in this 
chapter.) Other input parameters 
held constant in our search for an 
optimized point design were as listed 
in Table 10-4. 

Table 10-4.Parameters held constant in 
determining an optimized TMR 
design, for net electric 
power of 1000 MW(e) and 
deuterium plug injection. 

Parameter Value 

Vacuum mirror ratio in plug 1.07 
Beta of plug plasmas 1.0 
Beta of central-cell plasma 0.7 
Traction of u-particles 
adiabatically confined 1.0 

Vacuum central field of plug 16.5 T 
Blanket energy multiplication 1.2 
Thermal conversion efficiency 0.4 
Direct conversion efficiency 0.6 
Injection efficiency 0.8 

Optimization of the Point Design 
The remaining input parameters 

that must be specified in order to 
calculate a TMR design are the injec­
tion energy, the temperature of the 
central-cell ions, and the vacuum 
mirror ratio between the center of 
the plug and the central cell. We 

varied these three parameters in our 
search for an optimized point design. 
The results are shown in Figs. 10-1, 
where we plot $/kW(e) versus the 
three parameters. The minimum cost 
of $12&0/kW(e) occurs for 
Injection energy = 1.2 MeV 
Central-cell ion temperature = 30 keV 
Plug-to-central cell R =7.0 vac 
We choose this minimum cost design 
as the TMR point design. 

In Figs. 10-2 and 10-3 we show the 
variations of two reactor figures of 
merit: the recirculating power frac­
tion (defined as the gross electrical 
power minus the net electrical power, 
divided by the gross electrical power) 
and the neutron loading of the first 
wall. TMR optimization is always a 
tradeoff between a good power balance 
(low recirculating power fraction) 
and a high central-cell power density 
(high neutron loading of the first 
wall). Note that moving off-optimum 
results in a "good" change in one 
figure of merit and a "bad" change 
in the other. 

The energy-dependent curves,(a) 
in Figs. 10-1,2, and 3 indicate a 
rather shallow cost minimum over the 
range of injection energy considered. 
This is somewhat misleading because 
the performance of the TMR becomes 
very sensitive to injection energy 
at lower energies. Figure 10-4(a) 
shows the cost of the 1000 MW(e) TMR 
over a wider range of injection energy. 
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Fig. 10-3. Effect on the neutron 
loading of the first wall of 1000-
ME(e) TMR's of variation in the 
parameters defined in Fig, 10-1. 
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Fig. 10-4. Performance of 1000-MW(e) 
TMR: (a) variation in cost over a 
range of injection energies, and 
(b) variation of the total neutral-
beam power and current injected 
into the plugs. 

Shown in Fig. 10-4(b) is the varia­
tion of the total neutral-beam power 
and current injected into the TMR 
plugs. Note the sharp increase in 
cost with decrease in injection energy. 
At 800-keV injection energy, Q has 
dropped to 2.9 and the recirculating 
power fraction has increased to 0.56. 
At still lower injection energies, Q 
drops precipitously, primarily be­
cause the plugs can no longer support 
a large central-cell plasma at fusion 
temperatures. At 650-keV injection 
energy, Q is only 0.5 and the reactor 
no longer produces net power. 
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Table 10-5. Plasma parameters for the TMR point deisgn. 

1.2 MeV 
878 keV 
42 keV 
30 ; keV 
263 keV 
88 1 keV 

1.0 
0.7 

Parameter Value 

Injection energy 
Average plug ion energy, E P Electron temperature, T e 
Central-cell ion temperature, T 
Electron potential, •',•• 

Central-cell ion potential, <;.• 

Plug £ 
Central-cell E 

Plug particle ni 2.5 x lO^s/cm 3 

14 Central-cell particle nT 7.7 x 10 

Central-cell to plugs plasma volume ratio 500 

Plug-to-central cell ion density ratio 7.96 

<av> D T 6.64 x 10~ 1 6cm 3/s 

Plug ion density, n 8.57 x 1 0 1 4
 Cm 

Central-ceil ion density, n 1.08 x 10 

Plug plasma radius, r 0.48 m 
Central-cell plasma radius, r 1.22 m 

3 Fusion power density 5.41 W/cm 
2 First-waXl neutron loading, r 2.06 MW/m 

Q 4.81 
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Table 10-6. Physical characteristics of the TMR point design. 

Item Value 

Plug vacuum mirror ratio, R , 6 vac, plug 
Plug vacuum central field, B_ , 

0, plug 
Plug center-to-central cell mirror ratio 
Central-cell vacuum field 

1.07 
16.5 T 
7.0 
2.4 T 

Central-cell dimensions 
Length, L £ 

First-wall radius, r 
Outside radius 

fw 

101 m 
1.56 m 
4.52 m 

Description of the Point Design 
The plasma characteristics of the 

o -nized point design are given in 
Table 10-5. The physical character­
istics of the reactor are given in 
Table 10-6. The power-flow quantities 
are given in Table 10-7. Finally, 
Table 10-8 gives the breakdown for 
the direct capital costs of the point 
design. 

OTHER DESIGN CONSIDERATIONS 

We investigated the effect on re­
actor design of values other than 
those used in the point design. 

Other Power Levels 
Figure 10-5(a) shows the $/kW(e) 

cost of TMR's designed for net power 
outputs ranging from 250 to 2000 MW(e). 
The results plotted represent designs 
that have not been reoptimized; i.e., 

P n e t - 10 3 MW(e) 

Fig. 10-5. Effect upon (a) cost and 
(b) recirculating power fraction 
f r and neutron loading of the first 
wall r n of variation in the net 
power output Pnet °f the TMR. 
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Table 10-7, Power-flow quantities in the TMR point design. 

Item 
Value 
(MW) 

Electric input power to injectors 
Injected neutral-beam power 
Trapped neutral-beam power 

734 
587 
526 

Fusion power 2532 

Thermal power into blanket 
Thermal power out of blanket 

2026 
2431 

Charged-particle power into direct converter 
Electric power out of direct converter 

1033 
620 

Thermal power into thermal converter 
Electric power out of thermal converter 

2844 
1138 

Gross electric power 1757 

Auxiliary power 23 

Net electric power 1000 

Recirculating power fraction: 
System efficiency: 

0.43 
0.34 

they have the same injection energy, 
central-cell ion temperature, and 
plug-to-central cell mirror ratio as 
the point design. We found that re-
optimization of the central-cell ion 
temperature, the plug-to-central cell 
mirror ratio, and the ignition energy 
for the 250 MW(e) and 2000 MW(e) cases 

had almost no effect on the costs shown 
in the figure. Figure 10-5(b) shows 
that the cost decreases with increas­
ing power for two reasons: a decrease 
in the recirculating power faction 
and an increase in first-wall loading. 
The optimized 2000-MW(e) TMR has a 150-
m-long central cell and costs $980/kW(e). 
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Table 10-8. Cost breakdown — TMR point design. 

Item 
Cost 

(millions of $) % 0! E t o t a l 

8, .9 

4. .9 

0 .9 

2, .7 

1. .6 

4, .0 

1. 
24, 

.7 
,7 

13 , .3 

3 , .4 

1 1 . ,5 

10 . 5 

1 5 . .5 

2 1 . ,1 
IOC ) 

Central cell 
Blanket 
Shield 
Vacuum vessel 
Coil 
Coil structure 
Main structure 
Crawler-transporter 

Plug coils 
Reactor building 
Injector system 
Direct conversion system 
Thermal conversion system 
Other 

Subtotal: 

114 
62 
11 
35 
21 
51 
22 
316 

171 
44 
147 
134 
199 
270 

Total: 1,281 

Tritium Plug Injection 
For the point design, we assume 

that deuterium is injected into the 
plug. However, we also investigated 
tritium injection because of the 
potential advantage it offers: at 
the same energy, beam penetration 
through the plasma is less and velo­
city space scattering is slower (i.e., 
the plug nT is greater). A third 
physics effect, this one detrimental, 
is an increase in the equilibration 
time between the ions and electrons 
in the plugs. This effect tends to 
reduce the attainable volume ratio 

between the central cell and the plugs, 
and hence to reduce Q. 

We recalculated the point design 
with tritium injection (without re-
optimization) and found only a slight 
cost reduction [from $1280/kW(e) to 
$1240/kW(e)]. As expected, nx 

r,14„ 
plug 

increased (to 3.4 x lO ^ s ) , but the 
reduction in volume ratio (to 300) 
resulted in a net decrease in Q (to 
3.9). However, the recirculating 
power fraction increased only a small 
amount (to 0.46) because the neutral-
beam trapping fraction increased to 
0.98. Finally, the neutron loading 
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of the first wall increased to 
2 2.5 MW/m because the smaller volume 

ratio resulted in a shorter, fatter 
reactor. 

Reoptimization of the tritium 
injection case would result in the 
tradeoff of some of the increased 
wall loading for a lower recirculati­
ng power fraction. However, che 

potential for improvement is not 
great. For this reason and also 
because of the added complications 
of handling tritium in the high-
energy injectors (for which we 
assessed no additional costs), we 
discarded the tritium option. 

Variation of Central-Cell B 
The point design value of the 

central-cell beta B was 0.7, and the c 
central-cell plasma was assumed to 
obey the "long, thin" approximation; 
i.e., 

Fig. 10-6. Cost of optimized 1000-
MW(e) TMR's as a function of central-
cell beta B c and plug beta S p. 

ably shorter and fatter than the point 
design: the central-cell length L is 
55 m (versus 100 m) and the first-wall 
radius is 2.2 m (versus 1.6 m). The 
recirculating power fraction is 
reduced to 0.34, and the first-wall 
loading is increased slightly to 

2 2.2 MW/m . 

B , = B (1 - B ) plasma vacuum c 
1/2 

Recent physics analyses indicate that 
the central-cell plasma may be stable 
for B as high as 0.95. Figure 10-6 
shows the cost of optimized (central-
cell ion temperature and plug-to-
central cell mirror ratio) 1000-MW(e) 
TMR's as a function of 6 . For c 
B =0.95, the cost of an optimized 
1000-MW(e) TMR is reduced to 
$1080/kW(e). This reactor is consider-

Variation of Plug B 
The point design value of plug 

beta S was 1.0, and the plug plasma 
was assumed to obey a "short", fat" 
approximation for 2XIXB-llke plasmas; 
i.e., 

B . = B (1 - -E ) plasma vacuum 2 

Note that complete exclusion of the 
magnetic field by the plasma (just 
prior to field reversal) would require 
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B = 2. Experiments on 2XIIB indicate 
P 
that 13 in the range of 1 to 2 may 

P 
be possible. 

Figure 10-6 shows the cost of 
optimised (central-cell ion tempera­
ture and plug-to-central cell mirror 
ratio) 1000 MW(e) TMR's as a function 
of 6 . It can be seen that there is 

P 
an optimum value of 3 =1.7, for 
which the reactor coat is reduced to 
$1000/kW(e). This reactor is much 
more compact than the point design: 
L is 57 m and the first-wall radius c 
is only 0.7 m. The recirculating 
power fraction is reduced to 0.33, 
and the neutron loading of the first 
wall is a high (probably too high) 
7.2 MW/m . The latter effect results 
because the optimum plug-to-central 
cell mirror ratio is only 3.5 (versus 
7.0 for the point design), which 
results in a high ion density in the 

14 -3 central cell (5.7 x 10 cm ). This 
optimum design for high plug 3 would 
probably change if we adopted the 
mill/kWh minimization method, in­
cluding the costs of blanket main­
tenance . 

Variation of f, a 
For the point design, we assume 

that f , the fraction of alpha part­
icles adiabatically confined, was 
unity. Although this appears possible, 
it also appears that the confinement 
of these particles could be intention­
ally spoiled by a redesign of the 

transition region between the plug 
and the central cell. Alpha heating 
would then be reduced, but at the 
same time the reduced alpha pressure 
in the central cell would permit a 
higher fuel density in the central 
cell. 

We investigated the design of a 
1000-MW(e) TMR with f =0.5 and found 

a 
that reoptimization (injection energy, 
central-cell ion temperature, and 
plug-to-central cell mirror ratio) 
yielded a cost of $1350/kW(e), 5% 
higher than the point design. The 
loss of alpha heating caused this 
reactor to optimize at a plug injec­
tion energy of 1.5 MeV. 

Variation of B 0, plug 
The vacuum magnetic field strength 

at the center of the plug, B. , 
0, plug 

was chosen to be 16.5 T for the point 
design. Figure 10-7(a) shows the 
predicted reactor cost (without re-
optimization) as B„ , is varied 

0, plug 
from 15 to 18 T. Figure 10-7(b) 
shows that as B. , is increased, 0, plug 
both reactor figures of merit — the 
recirculating power fraction and 
neutron loading of the first wall — 
improve, and thus the cost decreases. 
The decreasing rate of cost reduction 
with increasing B„ , is due to 0, plug 
the rapidly increasing cost of the 
plug magnets. Increasing the plug 
field from its point design value to 
18 T reduces the reactor cost by only 
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1.8%. Also, we note that there is 
only a 3.4% increase in reactor cost 
if we reduce the plug field from its 
point design value to 15 T. 

Variation of the Vacuum Mirror 
Ratio of the Plug 

The vacuum mirror ratio of the 
plug coil, R , , was chosen to r vac,plug 
be 1.07 for the point design. A plug 
mirror ratio this low, coupled with 
a maximum allowable magnetic field 
strength, permits either a high con­
fining field in the central cell (high 
fusion power density) or a high ratio 
of field (and thus density) between 
the plugs and the central cell (good 

central-cell confinement). The low 
plug mirror ratio was chosen in the 
expectation that these gains were 
more important than better plug con­
finement . 

Figure 10-8 shows the predicted 
cost of optimized (central-cell ion 
temperature and plug-to-central cell 
mirror ratio) 1000-MW(e) TMR'S as a 
function of R . for a constant vac,plug 
value of the plug mirror field 
(17.7 T). This means that as 
R , i s increased from its point vac,plug 
design value of 1.07, the vacuum 
magnetic field strength at the center 
of the plug decreases from its point 
design value of 16.5 T. Figure 10-8 

15 18 16 17 
B„, plug - T 

Fig. 10-7. Effect on (a) predicted 
reactor cost and (b) recirculating 
power fraction f r and neutron load­
ing of the first wall T n of varia­
tion in BQ, plug' t n e vacuum mag­
netic field strength at the center 
of the plug, for 1000-MW(e) TMR's 
with vacuum mirror ratio of the 
P l u8 Rvac.plug =1-07. 

vac, plug 

Fig. 10-8. Predicted cost of optimized 
1000-MW(e) TMR's as a function of 
the vacuum mirror ratio of the plug 
•Vac,plug f o r P l u8 m i*ror field 
Bmirror = l'-7 T-

shows that an optimum mirror ratio 
exists at about R v a c > p l u g =1.25, 
somewhat higher than the point design 
value. However, the optimum is quite 
shallow, and the minimum cost is only 
1.5% less than that for the point 
design. 

205 



Variation of Blanket Energy 
Multiplication 

The blanket energy multiplication 
factor, M, is 1.2 for the point design. 
Figure 10-9 shows the predicted n 
for 1000-MW(e) TMR's (without r 
optimization) as a function of M. 
The cost is insensitive to smail 
changes in M. 

The Effect of a Beryllium Blanket 

On the basis of our conceptual 
design of a Standard Mirror Fusion 

10-2 Reactor, we predict that an M of 
1.7 to 1.9 could be achieved in TMR 
with a beryllium-bearing blanket, 
which would cost about 2,4 times as 
much as the non-beryllium blanket. 

M 

Fig. 10-9. Predicted cost for 1000-
MW(e) TMR's (without optimization) 
as a function of the blanket energy 
multiplication factor M. 

We investigated the use of a beryl­
lium blanket in the 1000-MW(e) TMR, 
and found that with reoptimization 
(central-cell ion temperature and 
plug-to-central cell mirror ratio), 
a beryllium-bearing TMR would be 3% 
less expensive at M = 1.7 and 6% less 
expensive at M = 1.9. Either of these 
reactors would be considerably shorter 
than the point design (L = 62 m for c 
M = 1.7; L = 59 m for M = 1.9). c 

Variation of Conversion Efficiencies 
The point design values for con­

version efficiencies are 0.4 for the 
thermal converter (including the 
bottoming cycle of the direct con­
verter, 0.6 for the direct converter, 
and 0.8 for the injector system. 
(Recent work on the injector system, 
discussed in Chapt. 7, indicates that 
0.7 may be a more accurate prediction 
of the injector system efficiency.) 

Figure 10-10 shows the percentage 
change in the predicted cost of 
1000-MW(e) TMR's without reoptimiza­
tion) as a function of the three ef­
ficiencies. For a given percentage 
point change in efficiency, the change 
in reactor cost is the greatest for 
changes in the thermal efficiency and 
the least for changes in the direct 
converter efficiency. 

We also investigated the effect 
of a simultaneous 5 percentage point 
change in all three efficiencies from 
their point design values. For a 5 
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Fig. 10-10. Percentage change in the 
predicted cost of 1000-MW(e) TMR's 
(without reoptimization) as a 
function of the efficiencies (a) 
of the thermal converter n t, (I)) 
of the direct converter n,jc> and 
(c) of the injector system tij• 

percentage point decrease in the ef­
ficiencies, the predicted cost of the 
1000-MW(e) TMR (without reoptimiza-
tion) increased by 14%; for a 5 point 
increase, the reactor cost decreased 
by 9%. 

Variation of Injector Cost 
For the point design (and all the 

parametric variations discussed above) 

the injector system for the plug 
estimated to cost $200/kW of electrical 
power input to the injectors. (Since 
the point design value for injector 
efficiency was estimated to be 0.8, 
this cost is equivalent to $250/kW 
of neutral-beam power.) Because 
recent work suggests that this value 
may be low, we investigated the effect 
of a doubled cost for the injector 
system: $400/kW of electrical power 
input, or $500/kW of neutral-beam 
power. The result for a >vo\>tlmi;;cd 

(central-cell ion temperature and 
plug-to-central cell mirror ratio) 
1000-MW(e) TMR is an 11% increase in 
the pri ted reactor cost. Thus, 
it is quite important to resolve the 
question of injector cost. In Chapt. 7, 
the cost estimate of $320/kW is in­
termediate between the $250 and $500 
values; our best current estimate 
therefore represents a 5% increase 
in reactor cost. 

Electron Heating 
Direct heating of electrons in 

the TMR is an attractive idea because 
it would reduce the required neutral-
beam injection energy in the end plugs, 
in our investigation of the effect 
of electron heating, we assume that 
the electrical efficiency of such 
heating as well as its cost per unit 
power is the same as for the neutral-
beam injectors. Figure 10-11 shows 
the optimum neutral-beam energy and 
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10-11. Optimum neutral-beam 
jection energy and predicted 
st of optimized lOOO-MW(e) TMR's 
functions of f e , the fraction 
the total heating that goes to 
: electrons. 

the predicted cost of optimized 
1000-MW(e) reactors as functions of 
f the fraction of the total heating 
e 

that goes directly to the electrons. 

For our point design with neutral-
beam injection only, f = 0 . There 
is an optimum value of f near 0.75 
for which the cost of the reactor is 
reduced to $1160/kW(e). The neutral-
beam injection energy for this 
optimized reactor is 500 keV. 
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SUMMARY 

In this chapter, we present some 
preliminary thinking about how to 
start up the Tandem Mirror Reactor 
(TMR). Considerations include startup 
time, total invested 1.2-MeV neutral-
beam power, and the sequence followed 
to achieve a steady-state, power output 
of 1000 MW(e). 

THE SCENARIO 

In our preliminary thinking about 
the startup scenario lor the TMR, we 
consider a startup procedure in which 
beams from the 1.2-MeV neutral-beam 

ft modules impinge on a low-energy, 
initial plasma target of density 
" L n = n r. = O- 0 1 a r» where n , p t=0 pO pf pf 
is L;.e final (asymptotic) plug density. 
We neglect the initial power and energy 
required to provide the target plasma. 
The initial target density in 2XIIB 
is about 1% of the maximum value 

]2 (plasma stream density n * 10 ; 
final 2X density fi - 10 1*). We wish 
to calculate the startup time t and 

• r s 

the total neutral-beam energy W 
invested during startup of the TMR: 

„t 
W t Pfc (t) dt. (11-1) 

The startup time t can be defined 

When any module is "on", it is on at 
full voltage, current density, and 
power. 

as the time required for the density 
in the plug (and the corresponding 
density in the solenoid 

to reach 63% of Its maximum value, 
at which time the gross electric power 
of the reactor (0.4 of that at full 
power) should be just sufficient to 
take over and power the neutral beams 
for a zero net power (<J I). Dif­
ferent beam power time functions 
P (t) may be considered to minimize 
startup energy. 

The rate equation for n (t) is 
given by 

p _ _b0 
dt qV " P 

1 - exp [-n p(2r p)o e f f] 

2 n P_ 
(nx) 

(11-2) 

where V =4/1 irr is the volume of 
P P 

the plug [perhaps r = r (t), but it 
might be taken constant with certain 
profiles of target plasma and beam 
injection]. 

We assume that the incident beam 
current I . may be approximated by a 
pencil beam aimed through the plasma 
diameter and that it is attenuated 
by an effective cross section 

a eff 
Z<a iv> 

, which i s nearly a l l 
ionizat ion on deuterons a t E 

,-16. 
in j 

= 1.2 MeV (<J e f f * 1 x 1 0 _ i D c m 2 a t 
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1.2 MeV). Furthermore, we assume that 
the plasma confinement product (nt) 

P 
is independent of density, as is 
appropriate for classical loss rates 
due to ion-ion scattering and electron 
drag. .Since the TNR plasma energy 
balances for T and T are also in-e i 
dependent of n or n as long as we 
keen n /n constant, we can take T , 

p c q 3/2 e 

T. and (ni) 6 '. 10' E, . * 2.5 i u _ 3'p lnj 
'• 10 cm «s constant to zero order. 

When n is small, the plasma is 
P 

thin to the beam, and the loss term 
n /(nl) can be neglected. Equation 
P P 
(11-2) then gives 

dn 1, n 

d^af/V ( 2 V ( 0
e« ) ; ai"3) 

that is, n increases exponentially 
P 

in time as 

n p(t) * n p Q exp(t/T 0), (11-4) 

with a time constant T_ given by 

that is, 

IV 
0 \0 ( V °eff (11-5) 

At high density, the plasma becomes 
thick to the beam, so that 
exp[-n_(2Vp)a f f ] =0, and the loss 
term n£/(nf) begins to dominate. 

P P 
Equation (11-2) predicts that the 
density will saturate to a maximum 
value n _ at equilibrium (dn /dt = 0) 
given by 

x b0 pf . 
q V p ' CnT)p ' (11-6) 

pf 
r w » V 
L "V

P J 
1/2 

(11-7) 

Starting with 0.01 n density in the 
thin-plasma limit and assuming con­
stant I , r , and T , we can estimate 

b p 0 
the startup time for the density to 
exponentiate to 0.63 n , 

t = T_ In 63 s 0 4t V (11-8) 

Let us consider the case where all 
the beam current and power required 
to maintain the steady state at 

14 -3 n , = 8.6 x 10 cm , r = 48 cm at 
p f p ,14 
inj 1.2 MeV, and nT = 2.5 * 10 

cm -s are switched onto the target 
at t 0 and maintained constant 
during the buildup. For these para­
meters, Eq. (11-6) gives I.„ = 219 A 

DU for all beam trapped and I.„ = 244 A bO 
for 102 beam transmission in the 
steady state. Then Eq. (11-5) gives 
an exponentiation time constant 
T n = 32 ms and a startup time 
t * 0.13 s. This is a very short 
time. The beam energy consumed 
during this time is 

W Q * (2)(244 A)(1.2 x 10 6) 

(0.13) = 76 MJ. 

This energy is within the range of 
energy that can be stored in devices 
such as batteries or homopolar gener­
ators. In fact, however, t = 0.13 s 
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is too short for reactor startup 
because the characteristic time 
constant for hot alpha particles and 
electrons to heat solenoid ions is 
nt, /n = (2.7 * lo"cm 3/s)/10 1 4cm~ 3 

drag e 
* 2.74 s. Thus, fusion power will 
not be generated until several seconds 
after the plug plasmas have been built 
up. 

The thermal time constant for the 
blanket is much larger: 

blanket 

(106cm3)(500°C) 
\ cnr^C/ 

2 * 10 6 W/m 2 

= 10 s. 

Most of the neutral-beam power can 
be supplied by the direct converter 
once the plasma starts to burn (i.e., 
after a few seconds), so that the power 
that must be taken off the local grid 
can be a small fraction (>25%) of the 
net final power put into the grid. 

THE STARTUP SEQUENCE 

If we assume that we shall achieve 
a steady-state power of 1000 MW(e) 
with the TMR, the startup sequence 
would be as follows; 

1. The magnet is cooled down and the 
field is generated. 

2. The blanket and the thermal con­
version part of the direct con­
verter are warmed up by circulating 

helium, which is heated externally. 
Assume this requires 25 MK. 

3. The cryogenic magnet is energized; 
this requires about 25 MW of 
refrigeration power. A rough 
estimate for the energizing time 
is 10 s. 

4. A target plasma is created from 
energy stored in a capacitur bank. 

5. The neutral-beam modules are turned 
on in tlie plugs; this consumes 
734 MW(e). 

6. The plug plasma builds up to full 
density, and the plasma becomes 
steady state with 90% beam attenu­
ation after 0.1 s. 

7. The direct converter then begins 
to recover the injected, trapped 
beam power. This is 320 MW from 
the direct converter plus 85 MW 
from the thermal bottoming cycle. 

8. After 3 s, the center-cell plasma 
reaches its steady-state density 
and temperature. (Because we assume 
a D-D mixture in the center cell, 
the fusion power will be low.) 

9. The mixture is changed in about 
10 minutes to a 50-50 D-T mixture 
so as to keep the power transient 
in the thermal conversion system 
less than 57, per minute, which is 
standard power plant operation. 
Figure 11-1 shows the power that 

must be supplied versus time during 
startup of the TMR. Note that 800 MW 
is supplied for 0.1 s and 400 MW for 
a few minutes. 
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Fig. 11-1. Net electrical power from TMR during the startup sequence. 

It should be emphasized that startup months. It may be possible to start 
is an event that can be scheduled for 
times when excess capacity from the 
grid is available. Also after startup 
the reactor will run continuously 
until a scheduled maintenance or un­
planned outage occurs; that could be 

up with less than full power in the 
beams and thus reduce the 800-MW and 
400-MW power requirements. 

In the next study on the TMR, the 
question of startup will be examined 
more carefully in a systems context. 
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We shall treat questions such as the 
best ways to store energy during plasma 
buildup, the fraction of full load that 
can be sustained, the factors affecting 

t r.in.s ivul power loading (i.e., )tow fast 
can we go from the power-consuming 
phase to the power-output phase), and 
load-fo]lowing characteristics. 
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CHAPTER 12. ASSESSMENT OF NEEDED TECHNOLOGY 

li. W. Moir 

Summary 

Technology Representing State-of-the-Art or Being Develops 
Technology Needing Special Development Programs . 
References 
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SUMMARY 

Much of t h e t e c h n o l o g y needed fnr 

t h e Tandem Mir ro r Reac to r (THR) i s 

e i t h e r s t a t e - o f - t h e - a r t o r i s a l r e a d y 

b e i n g deve loped for o t h e r fus ion 

r e a c t o r d e s i g n s . We have proposed 

s p e c i a l development programs for 

a r e a s of t e c h n o l o g y not f a l l i n g i n t o 

e i t h e r of t h e s e c a t e g o r i e s . 

TECHNOLOGY REPRESENTING 
STATE-OF-THE-ART OR BEING DEVELOPED 

b l a n k e t 

The b l a n k e t in t h e TMR has a 

s i m p l e c y l i n d r i c a l geometry and 

modest (2 MW"m ) wal l l o a d i n g . 

T h c r c l o r o , the m a t e r i a l r e q u i r e m e n t s 

and f i r s t - w a l l d e s i g n a r e s i m i l a r to 

if not e a s i e r t o f u l f i l l Lhan t h o s e 

in o t h e r fu s ion r e a c t o r d e s i g n s . 

C e n t r a l - C e l l Magnet 

The c e n t r a l - c e l l magnet is a Nb-'I'l, 
2.5-T, dc superconducting coll that 
could use s t a t e - o f - t h e - a r t technology. 

Superconducting Magnet for the 
End Plug 

The superconducting magnet in each 
end plug is constructed from Nb,Sn 
and has a 17.3-T field a t the winding. 
Because th i s magnet i s a simple so le -
noidal pair and has a simply curved, 
winding pat tern with a 4- to 5-m 
radius o£ curvature , there are no 

21 

s p e c i a l problems due t o geomet ry . 

The c o n d u c t o r i s now b e i n g deve loped 

and w i l l p r o b a b l y be a v a i l a b l e w i t h i n 

5 y e a r s . 

TECHNOLOGY NEEDING SPECIAL DEVELOPMENT 
PROGRAMS 

(•'ryogon!_f_.M/iEJiet 1 o r _ l M t ' J-S.1'. I'1ug 

The c r y o g e n i c Ytn-Yang magnet used 

In each end p l u g i s made of aluminum, 

p roduces an i n c r e m e n t a l 1-T f i e l d 

super imposed on t h e 1 7 . J - T f i e l d of 

t h e s o l e n o i d a l p a i r , and I s abou t 'i m 

in d i a m e t e r . T h i s c o i l r e p r e s e n t s a 

modest e x t e n s i o n of s t a t e - o f - t h e - a r t 

t e c h n o l o g y and could p r o b a b l y be b u i l t 

in 10 y e a r s . See Ref. 1.2-1 fo r the 

magnet development program p l a n . 

Knjdi—J*1 tig Inje_i^trir 

A high-energy (1200-kcV) hifih-
efficiency ( 807.) neutral-beam injector 
Is used for the end plugs. The 
negative-ion technology that Ls the 
basis for t h i s injection system does 
not now e x i s t , and only a small 
development program i s underway. How­
ever, the baste processes are well 
known and each Individual s tep has 
been demonstrated. Rapid progress 
is l ike ly once a s izable effor t i s 
mounted. A program plan for the 
development of a neutral-beam injector 
whose design i s bas»d on the production 

of negative-ion beams i s discussed 
12-2 elsewhere. 

9 



Direct Energy Conversion 
The direct converter on each end 

of the TMR is beyond the state of the 
art. Small-scale experiments at 
100 keV are underway that are relevant 
to the 300- to 400-keV conditions in 
TMR. Also, we plan to mount a small 
plasma direct converter on each end 
of the Tandem Mirror Experiment (TMX). 
The development plans for direct 
energy conversion are discussed in a 
draft program plan for direct con-

12-3 version. 

Plasma P r o d u c t i o n and Con t ro l 

A g r e a t d e a l of e x p e r i m e n t a l i n ­

f o r m a t i o n i s needed on t e c h n i q u e s f o r 

p lasma p r o d u c t i o n , i m p u r i t y c o n t r o l , 

pumping, e t c . I t i s p a r t i a l l y in 

r e s p o n s e t o t h i s need t h a t we have 

i n i t i a t e d t h e T M X . 1 2 ~ 4 
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